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PREFACE 

The INTERNATIONAL DICTIONARY 
OF APPLIED MATHEMATICS defines the 
terms and describes the methods in the appli¬ 
cations of mathematics to thirty-one fields of 
physical science and engineering. These defi¬ 
nitions and descriptions have been chosen to 
comprise those terms in general use and those 
methods which have proved most fruitful in 
practical calculations and analysis. More¬ 
over, they are discussed in sufficient detail to 
permit the adaptation of methods from re¬ 
lated fields. For example, electric circuits are 
treated not only from the standpoint of stabil¬ 
ity and topology, but also from that of dy¬ 
namical analogies, because of the usefulness 
of this method in solving problems in acoustics 
and mechanics that are related to those in 
electric networks. 

Furthermore, to broaden the usefulness of 
this book, the important terms which are used 
here in defining or describing a concept or 
method of applied mathematics are also de¬ 
fined in these pages, even though they belong 
in the fields of pure mathematics, science or 
engineering. Thus the definitions and meth¬ 
ods of differential geometry, vector analysis, 
tensor analysis, mathematical statistics and 
other general mathematical fields are covered 
at considerable length. Moreover, since the 
primary objective of this book is to enable the 
reader to obtain the necessary mathematical 
results by the best available methods, the sub¬ 
ject of numerical analysis is treated in some 
detail, and in certain cases where no analytical 
method is available, empirical relationships 
are cited. 

To render available the fund of information 
which this book contains, a most comprehen¬ 
sive system of referencing has been developed. 
The key words occurring in a definition which 
are defined elsewhere in the book are printed 

in boldface type. These references make 
available the necessary related information 
whether from applied mathematics, pure 
mathematics, science or engineering. 

An important feature of this book is the 
group of four foreign language indices which 
list alphabetically the French, German, Rus¬ 
sian and Spanish equivalents of the terms de¬ 
fined in this book, accompanied by their Eng¬ 
lish equivalents. Thus the reader seeking a 
definition of a term in one of those languages 
need merely to find it with its English equiva¬ 
lent in the index for that language and then 
look up the English equivalent in the main 
part of this Dictionary. In cases where a 
foreign language has two or more equivalents 
of an English term, first consideration has 
been given to those which are essentially dif¬ 
ferent from the corresponding English expres¬ 
sion. 

The editorial policy followed in the organ¬ 
ization of this book has been directed to facili¬ 
tate speedy and convenient reference. To that 
end, the methods and relationships which bear 
proper names such, for example, as those of 
Abel, Dyson, Euler, Maxwell, etc., have been 
stated as far as possible in uninflected form 
(e.g., without the use of the possessive). Fur¬ 
thermore, the entries beginning with adjectives 
have been listed generally under the shortest 
form of the adjective (that is, acoustic rather 
than acoustical, electric rather than electrical, 
etc.). 

Necessarily, those questions of organization 
and arrangement have involved many com¬ 
promises. All those who have worked on this 
book will welcome the views of the readers on 
the effectiveness of the arrangement, as well 
as the selection of entries or any other respect 
in which the plan and scope of this Dictionary 
can be improved. 

The Editors 
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A 
ABAMPERE. The cgs electromagnetic unit 
of current. It is that current which, when 
flowing in straight parallel wires 1 cm apart 
in free space, will produce a force of 2 dynes 
per cm length on each wire. One abampere is 
ten absolute amperes. (See electromagnetic 
units.) 

ABBE-MAXWELL THEOREM. An axially 
symmetrical optical system is perfect if and 
only if it is plane-perfect for two different ob¬ 
ject planes perpendicular to the axis. 

ABBE NUMBER. In correcting an optical 

system for first order chromatic aberration the 
Abbe number or reciprocal mean dispersion of 
a medium v = {no — 1 ){np — nc) is used as a 
discrete substitute for dn/d\. The indices of 
refraction no, np, nc are for light of the wave¬ 
length of the mean of two yellow sodium lines, 
D (5892.9A), the blue hydrogen line, F 
(4861.327A), and the mean of two red hydrogen 
lines, C (6562.8A), respectively. For ordinary 
crown glass v is approximately 60. 

ABBE SINE CONDITION. An identity in¬ 
volving the second partial derivatives of the 
characteristic function of an optical system 
leads to an important relation that must be 
satisfied if a surface element containing a 
point source is to be imaged accurately into a 
corresponding surface element at the image 
point. This is Abbe’s sine condition 

ny sin 9 = — n'y' sin 9' 

where n, n' are indices of refraction, y, y' are 
distances from the optical axis, and 9, 9' are 
the angles light rays make with the optical axis 
in object, image space, respectively. If a sys¬ 
tem is corrected for spherical aberration and has 
an infinite exit pupil, then fulfillment of the 
sine condition is equivalent to freedom from 
coma. 

The Abbe sine condition is equivalent to the 
extended sine relationship 

ny sin 9 + n'y' sin 9' = yy'<t>, 

where cj> is the power of the system, when the 
approximation yy'<t> = 0 is valid. 

ABCOULOMB. The electromagnetic unit 
(emu) of charge. One abcoulomb is the 
amount of charge that passes when a steady 
current of one abampere flows for one second. 

ABEL EQUATION. A mass point moves 
along a smooth curve in a vertical plane and 
under the influence of gravity alone. Given 
the time, t, required for the particle to fall 
from a point, x, to the lowest point on the 
curve as a function of x, what is the equation 
of the curve? The problem leads to a Volterra 
integral equation of the first kind 

/(x). r *®£=. 
J0 V2g{x - t) 

which is a particular case of an Abel equation, 
where g is the acceleration of gravity. 

A more general case of the Abel equation is 

f{x) = f (x - y)~a<t>(y)dy 
Jo 

where fix) is continuously differentiable for x 

> 0 and 0 < a < 1. 
A first-order differential equation 

V' = fo(x) + fi(x)y + /2OO2/2 + /s(o:)2/3 

is also known as an Abel equation. When the 
fi(x) are given explicitly, the equation can often 
be converted into one of simpler type and 
solved in terms of elementary functions. In the 
general case the solution involves elliptic func¬ 
tions. 

ABELIAN GROUP. A commutative group, 
namely such that AB = BA where A, B are 
any two elements contained in it. A simple 
example is the cyclic group of order n. 

ABEL IDENTITY. The sum of n terms of a 

sequence eq, a2, a3, ■ • ■, where cq = fqci, a2 = 
b2c2, etc., can obviously be written in the form 

cq + a2 + • • • + = biSi + b2(s2 — Sj) 

+ • • • + bnisn — s„_i) 

where s,- =• C\ + c2 4-1- c,-. Then this sum 
can be at once rearranged as 

1 
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Ol + 02 + ' ' ' + °n = Si (61 — 62) + 

s2(^2 — ^3) + *•• + Sn_i(6n_i — bn) + Snbn, 

which is the Abel identity. (Cf. Abel in¬ 
equality.) 

ABEL INEQUALITY. Let k1} k2) • • • be a 

non-increasing sequence of positive numbers. 
Denote by A the greatest of the sums | oq |, 
! °i + °21 > 10,1 + a2 + a3 |, • • •, then the Abel 
inequality, which is easily deduced from the 
Abel identity, states that 

I cq&i + a2k2 H-b ankn | ^ Ak\. 

This inequality is useful for proving certain 
tests of convergence. 

ABEL TEST FOR CONVERGENCE. If 
cq + «2 + ’ • • is convergent and Ui, u2, • • • is 
a bounded monotonic sequence, then aiUi + 
a2u2 + • • • converges. 

ABEL THEOREM ON POWER SERIES. If 
a0 + eqz + a2z2 + • • • is a power series with 
unity for its radius of convergence and with 
convergent sum of coefficients a0 + cq + a2 + 
• • •, then the Abel theorem states that lim 

Z—>1 

(a0 + eqz + a2z2 + • • •) is equal to the sum 
a0 + Oi + a2 H-; that is, the power series is 
continuous up to and including the end point. 

ABERRATIONAL CONSTANT. The aber¬ 
rational constant is given by 

27ra cosec 1" 

k ~~ cTVl - e2 

in which a is the semi-major axis of the earth’s 
orbit, c is the velocity of light, T is the sidereal 
year expressed in mean solar seconds, and e is 
the eccentricity of the earth’s orbit. The value 
of the aberrational constant is about 20''47. 

ABERRATION OF LIGHT, ASTRONOM¬ 
ICAL (CORRECTIONS FOR). The appar¬ 
ent change in the direction of a celestial object 
due to the component of the earth’s motion 
perpendicular to the line of sight and the finite 
speed of light is known as the aberrational 

correction. 

Calling 6 the true direction and 9' the dis¬ 
placed direction (displacement due to aberra¬ 
tion) there results 

v 
sin (9 — 9') = - sin 9' 

c 

in which v is the velocity of the earth and c is 
the speed of light. Since v/c is a very small 
quantity one can write the above equation as 

V 
6 — 6' — - sin 9' cosec 1" which may be further 

c v 
simplified to 9 — 9' = k sin 9' in which k = - 

cosec 1" and k is known in astronomy as the 
aberrational constant. Since k does not ex¬ 
ceed 20''5, then 9 — 9' = k sin 9. 

Since the aberrational displacements are in 
the plane of the ecliptic the aberrational cor¬ 
rections to celestial latitude B and celestial 
longitude X are given by 

AX = — k sec B cos (X0 — X) 

AB = — k sin B sin (X0 — X) 

in which X0 is the longitude of the sun. 
The aberrational corrections to the equatorial 

coordinates of right ascension and declination 
are much more complicated since the plane of 
the equator is inclined to the plane of the eclip¬ 
tic in which the aberrational displacement takes 
place. Let 

C = —k cos e cos X0 

c = -Yt cos a sec 5 

d — iqj sin a sec 5 

D = —k sin X0 

c' = tan e cos 5 — sin a sin 5 

d' = cos a sin 8 

in which e is the obliquity of the ecliptic, a and 
8 are the true right ascension and declination, 
a' and 5' are the displaced right ascension and 
declination. 

The values of log C and log D vary through¬ 
out the year due to the position of the sun. 
They are tabulated as the Besselian star num¬ 
bers in almanacs for each day of the year. 

Finally there results 

a! = a. -(- Cc -h Dd 

8' = 8 -f- Cc' -f- Dd'. 

ABERRATIONS OF AN OPTICAL SYS¬ 
TEM. Let a point (x,y) in the object plane 
of an optical system be imaged by the point 
(x',y') in the image plane. In the approxima¬ 
tion of Gaussian optics, 

x' = mx, y1 = my 
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where m is the magnification. The aberrations 
of the system are the deviations, 

x = x' — mx, y = y' — my, 

which are decomposed in several ways into con¬ 
stituent aberration functions (see Seidel aber¬ 
rations and Nijboer-Zernike aberration func¬ 
tions) and various methods have been devel¬ 
oped for the calculation of the constituent 
aberrations (see the Schwarzschild-Kohl- 
schiitter formulas). 

ABERRATIONS OF LENSES, SEIDEL 
THEORY OF. See Seidel aberrations. 

ABSCISSA. The horizontal coordinate of a 
point in a two-dimensional system, commonly 
rectangular Cartesian, and usually designated 
by x. Together with the ordinate it locates 
the position of the point in a plane. 

ABSOLUTE ACCELERATION. The time 
rate of change of velocity with respect to axes 
fixed in space or to an inertial frame is a vec¬ 
tor called absolute acceleration. 

ABSOLUTE ACTIVITY. A quantity defined 
by the equation 

X = expfe) 
where k is the Boltzmann constant, T, the 
absolute temperature and n, the thermal po¬ 
tential. In systems undergoing chemical re¬ 
actions, this formula takes the following form: 

where A, is the absolute activity of component 
i, and is the chemical potential of component 
i. 

ABSOLUTE ANGULAR MOMENTUM. The 
angular momentum as measured in an abso¬ 
lute coordinate system, hence the vector prod¬ 
uct of the position vector of a particle by the 
absolute momentum of the particle. 

In the atmosphere the absolute angular mo¬ 
mentum M per unit mass of air is equal to the 
sum of the angular momentum relative to the 
earth and the angular momentum due to the 
rotation of the earth: 

M = ua cos <t> -f fla2 cos2 <j>, 

where a is the radius of the earth, u the rela¬ 
tive eastward speed, <f> the latitude, and fi the 

angular speed of the earth. (See angular mo¬ 
mentum balance, conservation of angular 
momentum.) 

ABSOLUTE CONTINUITY. Let the func¬ 
tion f(x) be defined on the closed interval [a,b] 
and let l denote the total length of a finite or 
countable number of nonoverlapping intervals 
(a,,6,) in [a,b], If the limit, as l approaches 
zero, of the sum 2|/(&,) — /(a,-)| is zero, then 
fix) is said to be absolutely continuous. An 
absolutely continuous function is a fortiori con¬ 
tinuous. 

ABSOLUTE CONVERGENCE. See conver¬ 
gence. 

ABSOLUTE COORDINATE SYSTEM. (Or 
absolute reference frame.) In meteorology, 
that inertial coordinate system which has its 
origin on the axis of the earth and is fixed with 
respect to the stars. Thus, any mechanical 
quantities in meteorology defined with respect 
to this frame take into account the movement 
of the earth. (See Coriolis force, absolute 
vorticity.) 

ABSOLUTE DERIVATIVE OF TENSOR. 
See intrinsic derivative of tensor field. 

ABSOLUTE DIFFERENTIAL CALCULUS. 
Theory of the differentiation of tensor fields. 
Also called tensor calculus, Ricci calculus. 

ABSOLUTE DISPLACEMENT. The change 
in position measured with respect to coordinate 
axes fixed in space or to an inertial frame is a 
vector called the absolute displacement. 

ABSOLUTE HUMIDITY. (1) (Also called 
vapor concentration, vapor density.) In a 
system of moist air, the ratio of the mass of 
water vapor present to the volume occupied by 
the mixture; that is, the density of the water 
vapor component. 

Absolute humidity is usually expressed in 
grams of water vapor per cubic meter or, in 
engineering practice, in grains per cubic foot. 
(Cf. mixing ratio, specific humidity, relative 
humidity, dew point.) 

(2) As occasionally used in air conditioning 
practice, the number of grains of water vapor 
per pound of moist air, which is dimensionally 
identical with the specific humidity. 

ABSOLUTE INVARIANT. See invariant. 

ABSOLUTE ISOHYPSE. A line that has the 
properties of both constant pressure and con- 
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stant height above mean sea level. Therefore, 
it can be any contour line on a constant-pres¬ 
sure chart, or any isobar on a constant-height 
chart. 

ABSOLUTE MAGNITUDE (STELLAR). 
The apparent stellar magnitude of a celestial 
object depends both upon the intrinsic bright¬ 
ness of the object and also upon the distance 
of the object from the earth. The absolute 
magnitude, either visual or photographic, is 
the brightness, expressed on the stellar magni¬ 
tude scale, that it would have if the object 
were at a distance of 10 parsecs (stellar paral¬ 
lax O'fl). If we call M the absolute magni¬ 
tude, mg the apparent magnitude and <f>" the 
parallax in seconds of the object 

M = mg + 5 + 5 log <f>". 

The sun has an apparent magnitude of —26.72 
and a parallax of 206265". The absolute mag¬ 
nitude of the sun is 4.85 Antares has an ap¬ 
parent magnitude of 1.22 and a parallax of 
07009. The absolute magnitude of Antares is 
found to be —4.0. Hence it follows that ac¬ 
tually Antares is nearly 4000 times as bright 
as the sun. 

ABSOLUTE MOMENTUM. (Often called 
absolute linear momentum.) The (linear) 
momentum of a particle as measured in an 
absolute coordinate system; hence in meteorol¬ 
ogy, the sum of the (vector) momentum of the 
particle relative to the earth and the (vector) 
momentum of the particle due to the earth’s 
rotation. 

ABSOLUTE REACTION RATE THEORY. 
A reformulation of the collision theory of 
chemical kinetics due to Wigner, Eyring and 
others makes possible the expression of the 
rate constant in a more general form. Similar 
considerations may be applied to a great many 
of other rate processes (see Eyring theory of 
transport processes). Because the purpose of 
this theory is to calculate the rate in terms of 
molecular quantities alone, it is often called 
the absolute reaction rate theory. 

Consider the reaction 

A + BC -» AB + C. U) 

To simplify the discussion, assume that A, B 
and C always remain in a straight line. The 
course of the reaction may then be followed by 
noting the values of the two interatomic dis¬ 
tances tab and tbc• At the beginning of the 

reaction rAB is large and rBc is small while at 
the end of the reaction rAB is small and rBc is 
large. 

Let us introduce the potential energy sur¬ 
face. The representative point of the system 
moves on this surface along the so-called reac¬ 

tion coordinate. The potential energy along 
the reaction coordinate is represented sche¬ 
matically in the figure. The maximum of the 

V 

Potential energy along the reaction coordinate. 

curve corresponds to a situation where three 
atoms are very close to one another. More¬ 
over this point is a maximum along the reac¬ 
tion coordinate but a minimum for the direc¬ 
tion normal to the reaction coordinate. In¬ 
deed the most probable path is the path in¬ 
volving the minimum potential energy in going 
from the initial to the final state. 

Therefore the point considered corresponds 
to a saddle point of the energy surface. It is 
called the activated complex. 

One may now assume that the reaction rate 
is the product of the following three factors: 
(1) the average number of activated com¬ 
plexes; (2) the characteristic frequency of the 
activated complex (that is, the inverse of its 
lifetime); (3) the transmission coefficient, 

K, which is the probability that a chemical 
reaction takes place after the system has 
reached the activated state. 

Moreover the number of activated com¬ 
plexes is calculated by the equilibrium as¬ 
sumption. (See equilibrium theory of chemi¬ 
cal reactions.) 

Using this description of the reaction process 
one derives the following expression for the 
reaction constant 

<t>r{T) kT ( Ex\ 
k = K—-exp-)• (2) 

<t>A(T)<t>Bc(T) h \ kT) 

Here the <t> terms are the partition functions 
f(T,V), the volume factor being removed 

/ = V<f>. (3) 
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4>T corresponds to the activated complex, the 
degree of freedom associated with the reaction 
coordinate being removed; k is Boltzmann’s 
constant, h is Planck’s constant, Ex is the 
energy associated with the activated complex, 
or activation energy of the reaction. 

This expression may also be written in the 
thermodynamic form 

= K — exp [ - (AH* - TAS*) /kT] (4) 
h 

where AG* is a suitable free energy of activa¬ 
tion and AH*, ASHhe corresponding enthalpy 
and entropy of activation. 

ABSOLUTE SCALAR. See scalar, absolute. 

ABSOLUTE TEMPERATURE. See tempera¬ 
ture. 

ABSOLUTE TENSOR (TENSOR FIELD). 
Tensor (tensor field) of weight zero. Often 
called tensor (tensor field) when context ad¬ 
mits no confusion. 

du 
r = n — (Newton’s law of fluid friction) 

dy 

where g is the absolute viscosity. In a general 
field of flow, ui, u2, u3, of a homogeneous, 
Newtonian, incompressible fluid, the shearing 
stresses are proportional to the respective rates 
of change of strain (Stokes’ law). The sym¬ 
metric stress tensor Uj is assumed to be a 
linear function of the rate of strain tensor ety. 
Taking into account that in a fluid at rest the 
stress is an isotropic tensor, we put 

Uj = —p?>ij + XSjj-efcjfc -f- 2fxeij 

where 8{j is the Kronecker delta. Since Uj = 0 
for en = 0, we have Ui = — 3p and 3X + 2g = 
0. Consequently 

Uj = —p&ij — fi^ije-kk + 2ge;y 

when p is now the hydrostatic pressure. The 
scalar g is defined as the absolute viscosity. It 
is a function of the thermodynamic state of the 
fluid and is independent of the velocity field. 

The ratio 

_ M 

p 

ABSOLUTE VALUE. See complex number. 

ABSOLUTE VELOCITY. The time rate of 
change of position measured with respect to 
absolute coordinate system (i.e., a system 
with coordinate axes fixed in space or to an 
inertial frame) is a vector called the absolute 
velocity. For example, (1) in a turbine, the 
average flow velocity measured with respect 
to the turbine casing. (See velocity diagram.) 
(2) In meteorology, the (vector) sum of the 
velocity of a fluid parcel relative to the earth 
and the velocity of the parcel due to the earth’s 
rotation. The east-west component is the 
only one affected: 

ua = u -f fta cos <f>; 

where u and ua are the relative and absolute 
eastward speeds, 12 the angular speed of the 
earth’s rotation, a the radius of the earth, and 
<t> the latitude of the parcel. 

ABSOLUTE VISCOSITY. (Also called dy¬ 
namic viscosity.) The property of a fluid 
which determines the shearing stresses which 
arise in it during motion. In pure shear flow, 
the shearing stress r is proportional to the 
transverse velocity gradient du/dy, 

of absolute viscosity to density is called kine¬ 
matic viscosity. 

ABSOLUTE VORTICITY. (1) The vorticity 
of a fluid particle determined with respect to 
an absolute coordinate system. 

(2) The vertical component rj of the absolute 
vorticity (as defined above) given by the sum 
of the vertical component of the vorticity with 
respect to the earth (the relative vorticity) £ 
and the vorticity of the earth (equal to the 
Coriolis parameter) /: 

V = f +/• 

ABSOLUTE ZERO. See temperature. 

ABSOLUTE ZERO UNATTAINABILITY. 
See thermodynamics, third law of. 

ABSORBANCE. The common logarithm of 
the absorptance. It may be applied to the 
total radiation, the visible radiation or to a 
particular part of the spectrum (spectral ab¬ 
sorbance). 

ABSORPTANCE. The ratio of the luminous 
flux absorbed by the body to the flux it re¬ 
ceives. (See spectral absorptance; internal 
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absorptance; absorptivity; extinction coeffi¬ 
cient.) 

ABSORPTION. (1) The process whereby the 
total number of particles emerging from a 
body of matter is reduced relative to the num¬ 
ber entering, as a result of interaction of the 
particles with the body. (2) The process 
whereby the kinetic energy of a particle is re¬ 
duced while traversing a body of matter. This 
loss of kinetic energy of corpuscular radiation 
is also referred to as moderation, slowing, or 
stopping. (3) The process whereby some or 
all of the energy of sound waves or electro¬ 
magnetic radiations is transferred to the sub¬ 
stance on which they are incident or which 
they traverse. (4) The process of “attraction 
into the mass” of one substance by another so 
that the absorbed substance disappears phys¬ 
ically. 

ABSORPTION COEFFICIENT. (1) In the 
most general use of the term absorption coeffi¬ 
cient, applied to electromagnetic radiation and 
atomic and sub-atomic particles, it is a meas¬ 
ure of the rate of decrease in intensity of a 
beam of photons or particles in its passage 
through a particular substance. (See absorp¬ 
tion coefficient for light.) (2) In the case of 
sound, the absorption coefficient (which is 
also called the acoustical absorptivity) is de¬ 
fined as the fraction of the incident sound 
energy absorbed by a surface or medium, the 
surface being considered part of an infinite 
area. (See also acoustic attenuation coeffi¬ 
cient.) (3) For the absorption of one sub¬ 
stance or phase in another, as in the absorp¬ 
tion of a gas in a liquid, the absorption coeffi¬ 
cient is the volume of gas dissolved by a speci¬ 
fied volume of solvent; thus a widely-used 
coefficient is the quantity « in the expression 
« = V0/Vp, where V0 is the volume of gas 
reduced to standard conditions, V is the volume 
of liquid and p is the partial pressure of the 
gas. 

ABSORPTION COEFFICIENT, AMPLI¬ 
TUDE. See acoustic attenuation coefficient. 

ABSORPTION COEFFICIENT FOR 
LIGHT. The absorption coefficient kv meas¬ 
ures the loss in intensity suffered by a beam 
of light of intensity /„ when passing through 
an absorbing layer of thickness ds. *„ de¬ 
pends on the physical properties of the absorb¬ 
ing substance, on the frequency v, and, some¬ 

times, on the direction of flow of radiation. 
The decrease in intensity is therefore 

dly/dS = — Kylp. (1) 

It is sometimes useful to introduce the 
absorption coefficient 

mass 

k
 II (2) 

or the atomic absorption coefficient 

Kv,at Kv/'M'f (3) 

where p stands for the density of the absorbing 
substance and n for the number of absorbing 
atoms per cubic centimeter. The loss of in¬ 
tensity is then 

dlv/ds = —Kv,MpIv (4) 

dly/ds = —KViatnIy. (5) 

Another usage in optics is to express the ab¬ 
sorption coefficient in terms of the wavelength 
rather than the frequency (as above). In this 
notation the absorption coefficient is written 
simply as a\ = —dl/I. Then by integration 
(see absorption coefficient, integrated) one 
arrives at the common form of Bouguer’s law 

of absorption, I = Iq exp ( — ax). In trav¬ 
ersing perpendicularly a thin layer of absorbing 
material of thickness x, the amplitude of vibra¬ 
tion of light is damped by the factor exp 
( — 2nmx/X) where m is the absorption index or 
absorption constant. In consequence the in¬ 
tensity is damped by exp ( —47rmx/X) and so 
the absorption coefficient is a = 4m/\ in terms 
of the absorption index. (For solutions, see 
Beer’s law.) 

ABSORPTION COEFFICIENT, INTE¬ 
GRATED. The total intensity of an absorp¬ 
tion feature (line or unresolved band) is given 

by 

(/„° - Iv)dv = I "AsJKvdv. 

Here I" and I„ stand for the initial and final 
intensities, Ky for the absorption coefficient 
at frequency v, and As for the thickness of the 
absorbing layer. The integral 

Kvdv 

of the absorption coefficient k„ over the fre¬ 
quency range is called the integrated absorp¬ 
tion coefficient. 



7 Absorption Constant — Absorption Refrigerator 

Solution 

Fig. 1. Block diagram of absorption refrigerator. 

ABSORPTION CONSTANT. A synonym 
for the optical absorption index. (See absorp¬ 
tion coefficient for light; index of refraction, 
complex.) 

ABSORPTION DISCONTINUITY. The dis¬ 
continuities of the absorption coefficient k„ (in 
terms of frequency) or a\ (using the wave¬ 
length notation), of a medium, correspond to 
spectral absorption lines and are often associ¬ 
ated with anomalies in other frequency (wave¬ 
length) dependent properties of the medium, 
e.g., the refractive index. 

ABSORPTION, EXPONENTIAL. The in¬ 
tensity of a beam of light of frequency v pass¬ 
ing through a homegeneous absorbing sub¬ 
stance, decreases exponentially according to 

1 = l0e~^ 

where I0 and I are the initial and final intensity 
respectively, k, the absorption coefficient for 
frequency v, and s the thickness of the absorbing 
layer (see also optical depth). 

Note that in wavelength notation, the co¬ 
efficient k„ becomes a(X), a\ or simply a. 

ABSORPTION FACTOR. Ratio of absorbed 
to unabsorbed radiation. (See also optical 
depth.) 

ABSORPTION OF RADIANT ENERGY. 
The transformation of radiant energy to a dif¬ 
ferent form of energy by the intervention of 
matter. 

ABSORPTION REFRIGERATOR. A re¬ 
frigerator in which the work of compression is 
considerably reduced by dissolving the refrig¬ 
erant in a suitable liquid before compression. 
Thus the compression of a liquid is substituted 
for that of a gas. To compensate for it, it is 
necessary to introduce a source of heat at a 
temperature higher than that of the surround¬ 
ings (i.e., of the cooling water available). (See 
Figures 1, 2 and 3.) 

The mixture of gaseous and liquid ammonia 
is evaporated in the evaporator until it be¬ 
comes dry saturated (state 1). After evapora¬ 
tion, the dry saturated vapor is passed into an 
absorber where it is absorbed in water, reject¬ 
ing heat Q„ to the surroundings. The tempera¬ 
ture of the water is only a little above atmos¬ 
pheric and the solubility of ammonia in water 

refrigerator. 



Absorption Refrigerator 8 

is very high. The liquid solution is com¬ 
pressed in a pump, the process requiring a very 
small amount of work only (IF ~ 0). The 
liquid solution is then heated in the generator 

Fig. 3. Heat flow diagram of absorption refrigerator. 

at a temperature Ty. This causes the am¬ 
monia to be driven off from the solution at the 
expense of heat Qg absorbed. At this tempera¬ 
ture the solubility of ammonia in water is con¬ 
siderably reduced. In order to maintain 
steady-state operation a weak solution is 
throttled back to the absorber, and the weak 
and strong solutions are made to exchange heat 
in a counter-flow heat exchanger (heat regen¬ 
eration) for the sake of economy. Gaseous, 
usually superheated, ammonia at state 2 is 
used to complete a conventional refrigeration 
cycle: (a) cooling at constant pressure from 
state 2 to state 3 in the condenser, with the 

possibility of undercooling below T3; (b) 
throttling in a throttle valve to state 4, etc. 

Energy is transferred at three levels: Tg in 
the generator, Tc in the evaporator (cold cham¬ 
ber), and Ta in the absorber and condenser. 
We have Tg > Ta> Tc. By the first law of 
thermodynamics 

Qg + Qc — Q23 + Qs- 

In the ideal case there is no entropy increase 
due to the operation of the refrigerator and 
hence 

Q Qc Q23 + Q» > o 
T'g~'Tc+ tT~ 

The performance of the refrigerator can be 
judged by the ratio Qc/Qg of the refrigerating 
effect, Qc, to the quantity of heat, Qg, added at 
the highest temperature. It is seen that 

Qc Tc{Tg - Ta) 

Qg ~ Tg(Tc - Ta) 

The so-called Electrolux refrigerator con¬ 
stitutes a special form of the absorption re¬ 
frigerator in which the pump has been replaced 
by a syphon, and the throttling valve has been 
eliminated. Instead of throttling through a 
valve, ammonia is mixed with inert hydrogen 
so that its partial pressure is decreased, giving 
the same effect as throttling. Owing to its 
great simplicity, it is widely used in domestic 
refrigerators. (See Figure 4.) 

Fig. 4. Block diagram of Electrolux refrigerator. 
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The concentrated solution of ammonia in 
water is boiled in the generator and the syphon 
action through the connector tube makes it 
rise to the separator. The gaseous ammonia 
flows to the condenser, whereas the liquid 
water, while cooling, returns to the absorber 

through a liquid trap. The gaseous ammonia 
is cooled in the condenser shaped like a finned 
heat exchanger, and eventually condenses. 
The liquid ammonia flows through a trap to 
the evaporator filled with hydrogen so that its 
partial pressure decreases to that correspond¬ 
ing to the low temperature prevailing. In the 
process, the evaporator absorbs heat Q from 
the cooling space at that reduced temperature. 
The mixture of hydrogen and ammonia flows 
down through a heat exchanger to the absorber 
where the ammonia vapor enters into solution 
freeing the hydrogen in the process. The hy¬ 
drogen rises to the evaporator, while the solu¬ 
tion of ammonia in water flows to the gen¬ 
erator to complete the cycle. 

ABSORPTIVE POWER. That part of the 
radiation of a given wavelength which is ab¬ 
sorbed by a body. When radiation falls on a 
surface, a portion A\ of it is absorbed, a portion 
R\ is reflected and a portion Z\ is transmitted, 
so that 

Ax + R\ + Z\ = 1, 

where A\ is the absorptive power or absorp¬ 
tivity, R\ is the reflecting power or reflectivity, 
Z\ is the transmitting power or transmissivity 
at wavelength X. Sometimes the adjective 
“monochromatic” is added to the above terms 
to emphasize that they relate to a definite 
wavelength. 

ABSORPTIVITY. See absorptive power. 

ABVOLT. See electromagnetic units. 

ACCELERATING CONVERGENCE OF 
SERIES AND SEQUENCES. See summation 
of series. 

ACCELERATION. The rate of change of the 
velocity with respect to the time is called ac¬ 
celeration. It is expressed mathematically by 

—, the vector derivative of the velocity, v 
dt 
with respect to the time, t. If the motion is in 
a straight line whose position is clearly under¬ 
stood, it is convenient to treat the velocity v 

and the acceleration ^ as scalars with appro- 
dt 

priate algebraic signs; otherwise they must be 
treated by vector methods. 

Acceleration may be rectilinear or curvi¬ 
linear, depending upon whether the path of 
motion is a straight line or a curved line. A 
body which moves along a curved path has 
acceleration components at every point. One 
component is in the direction of the tangent to 
the curve and is equal to the rate of change of 
the speed at the point. For uniform circular 
motion this component is zero. The second 
component is normal to the tangent and is 
equal to the square of the tangential speed 
divided by the radius of curvature at the 
point. This normal component which is di¬ 
rected toward the center of curvature also 
equals the square of the angular velocity mul¬ 
tiplied by the radius of curvature. The ac¬ 
celeration due to gravity is equal to an in¬ 
crease in the velocity of about 32.2 ft per sec 
per sec at the earth’s surface and is of prime 
importance since it is the ratio of the weight 
to the mass of a body. (For examples of ac¬ 
celeration in both curved and linear motion, 
see kinematics.) 

ACCELERATION, ANGULAR. See angular 
acceleration. 

ACCELERATION, CENTRIPETAL. See 
centripetal acceleration. 

ACCELERATION, COMPATIBLE. Another 
name for Coriolis acceleration. 

ACCELERATION, COMPLEMENTARY. 
Another name for Coriolis acceleration. 

ACCELERATION, COMPOSITION LAW 
OF (RELATIVITY). Let a'x, a'y, a'z be the 
components of the acceleration in 2' and w'x, 

w'y, io'z the velocity components in 2' and 
ax, ay, az the components of the acceleration 
in 2 (v the velocity of 2' with respect to 2 in 
the common a-direction) then 

cVc2 — v2" 3 

_/ 
a x 

. c2 + vw'x . 

1 
i 

1 
<N O 

>
 2 

2 

VW'yO'x 

. c2 + vw'x - 
a V 2 i / L c + vwxA 

vw' za'x 

1 <N 1 
<N 

>
 

. c2 + vw'x - a z 2 i / L c -F vw x J 

ACCELERATION, CORIOLIS. See Coriolis 
acceleration. 
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ACCELERATION, NORMAL. See centrip¬ 
etal acceleration. 

ACCELERATION OF GRAVITY. (1) The 
ratio of the weight of a material particle to 
its mass at any specific point in an approxi¬ 
mately uniform gravitational field. This is 
the acceleration writh which a body would 
fall in the absence of all other disturbing 
forces, such as those due to friction. 

(2) Specifically, the acceleration with 
which a body falls in vacuo at a given point 
on or near a given point on the earth’s sur¬ 
face. This acceleration, frequently denoted 
by g, varies by less than one percent over the 
entire surface of the earth. Its “average 
value” has been defined by the International 
Commission of Weights and Measures as 
9.80665 M/S2 or 32.174 ft/S2. Its value at 
the poles is 9.8321 M/S2 and at the equator 
9.7799 M/S2. 

ACCELERATION POTENTIAL. The scalar 
function (if it exists) whose gradient is equal 
to the total acceleration of a fluid. In me¬ 
teorology, this must include the Coriolis ac¬ 
celeration: 

d\ 
-h 2Q X V = - Vx 
dt 

where V is the velocity, 12 the angular velocity 
of the earth, and x the acceleration potential. 

So defined, this potential exists if and only if 
the atmosphere is barotropic, in which case 
X = 7r + <72, where it is the barotropic 
pressure function, g, the acceleration of 
gravity, and z, the vertical coordinate. 

However, if some thermodynamic variable a 

be taken as vertical coordinate, the horizontal 
acceleration will have a potential 

dVh 
-h Vtf-V/V* + 212 X V// = — V„x, 

dt 

where V// is the horizontal velocity and V„ the 
horizontal del operator in the u-surface. In the 
case of pressure as vertical coordinate, a = p, 

and x = gz. In the case of potential tempera¬ 
ture 6 as vertical coordinate, a = 6 and x = 
cpT + gz, where cp is the specific heat of air at 
constant pressure and T the absolute tempera¬ 
ture. Note that the acceleration potential acts 
as the stream function in the case of geo- 
strophic equilibrium. (See velocity poten- 
tial; potential.) 

ACCELERATION, TANGENTIAL. The 
component of acceleration along the path of 
motion is called the tangential acceleration. 
Its magnitude is dv/dt, the time rate of change 
of the speed along the path. 

ACCELERATOR, PARTICLE. A device de¬ 
signed to give to charged particles, such as elec¬ 
trons or positive ions, the high energies neces¬ 
sary to penetrate the Coulomb barrier of the 
target nucleus. 

ACCEPTOR BOND. See donor bond. 

ACCESS TIME. (1) The time interval, char¬ 
acteristic of a memory or storage device, be¬ 
tween the instant at which information is re¬ 
quested of the memory and the instant at 
which this information begins to be available 
in useful form. (2) The time interval be¬ 
tween the instant at which information is 
available for storage and the instant at which 
it is effectively stored. 

ACCOMMODATION COEFFICIENT. Let 
Ei be the average kinetic energy of the gaseous 
molecules which collide with a wall whose 
temperature corresponds to an equilibrium 
kinetic energy Ex per molecule. If and Ex 
differ, the average kinetic energy of the re¬ 
flected molecules will in general have a value 
Er intermediate between Ef and Ex. Knudsen 
has defined an accommodation coefficient a, 

which expresses how much of the maximum 
possible kinetic energy exchange does actually 
occur: 

Ei - Er 
a -- 

Ei - Ex 

Similar accommodation coefficients can be in¬ 
troduced for the internal degrees of freedom, 
or even for chemical reactions. 

ACCOMPANYING FLUID. The fluid in irro- 
tational motion which travels with a moving 
vortex system. It surrounds the substance of 
the vortex and is itself surrounded by fluid in 
irrotational motion which does not travel with 
it but which passes by it as if it were a solid 
body. Hill’s spherical vortex has no accom¬ 
panying fluid. 

ACCUMULATION POINT. One of a set 
such that any neighborhood of this point, no 
matter how small, contains a member of the 
set. All the points of a set which is every¬ 
where dense are accumulation points. 
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ACCURACY. The degree of exactness actu¬ 
ally possessed by an approximation, measure¬ 
ment, etc. It may be contrasted with preci¬ 
sion, which is the degree of exactness with 
which the quantity is expressed. For example, 
as a value of n, the number 3.1428 is more 
precise than accurate. 

an electron pair acceptor, which is called an 
acid. For example, in the reaction: 

(C2H5)20: + BF3 -> (C2H5)20:BF3 

the ethyl ether molecule is a base, the boron 
trifluoride an acid. The resulting complex is 
a Lewis salt. 

ACHROMATIC. In the accepted colorimetric 
sense: (1) for primary light sources, the color 
of the equi-energy spectrum {x — y = z = %) 
is taken as achromatic; (2) for surface colors 
the light source serving as illuminant is taken 
as achromatic. On this basis, an ideal white 
surface is always defined as achromatic what¬ 
ever may be the color of the light. 

In optical design: (3) an optical system is 
achromatic if it is approximately corrected for 
chromatic aberration in the sense that the 
focal length is the same for two distinct wave¬ 
lengths. 

ACHROMATIC LIGHT, SPECIFIED. (1) 
Light of the same chromaticity as that having 
an equi-energy spectrum. (2) The colori¬ 
metric standard illuminants A, B and C, the 
spectral energy distributions of which were 
specified by the C.I.E. in 1931, with various 
scientific applications in view: 

Standard A. Incandescent electric lamp of 
color temperature 2854°K. 

Standard B. Standard A combined with a 
specified liquid filter, to give a light of 
color temperature approximately 4800°K. 

Standard C. Standard A combined with a 
specified liquid filter to give a light of 
color temperature approximately 6500°K. 

(3) Any other specified white light. 

ACIDS AND BASES. DEFINITIONS OF 
BR0NSTED AND LEWIS. The two most 
common definitions of acids and bases are 
those of Brpnsted and Lewis. 

According to Brpnsted, an acid is a proton 
donor; a base, a proton acceptor. For exam¬ 
ple NH3 and H20 are acids in the reactions: 

NH3 NH2~ + H+; H20 OH" + H+. 

They act as bases in the reactions: 

NH3 + H+ -> NH4+; H2() + H + -+ H30+. 

In a more general definition, Lewis calls a 
base any substance with a free doublet of 
electrons which it is capable of sharing with 

ACKERET THEORY. A theory of two-di¬ 
mensional airfoils in supersonic flow. Since 
the theory is based on the linearized equation, 
it is valid only when the perturbation veloci¬ 
ties are small, and for Mach numbers that are 
not either near 1 or large enough to make the 
hypersonic similarity parameter Mr of order 
1. The limitation to small perturbation veloci¬ 
ties means that the theory can only be applied 
to thin airfoils, with sharp leading and trailing 
edges, at small angles of incidence. 

A C 

Ackeret theory. 

The theory gives the pressure coefficient at 
any point on an airfoil, where the surface is 
inclined at an angle 6 to the stream, as 

Cp 
2d 

Vm2 - l ’ 
(l) 

wrhere M is the Mach number of the stream. 
In Equation (1), the angle 6 is considered to be 
positive if its sign corresponds to deflection of 
the stream at a concave corner. Thus, in the 
figure, 9 and Cp are positive for the points A and 
B, and negative for C and D. 

By integration of Equation (1) over the 
surface of an airfoil, a number of simple results 
relating to lift, drag and pitching moment may 
be obtained. Thus for a thin airfoil of any 
shape, at an incidence a, 

4a 

Cl ~ Vm2 - 1 ’ 
(2) 

and for a symmetrical airfoil the center of 
pressure is at the half-chord point. 

Drag coefficients calculated from Equation 
(1) do not include any boundary-layer effects 
and are, in fact, coefficients of w^ave drag. For 
a thin flat plate the wave drag coefficient is 

4a2 

Cd “ “Ci = Va/2 - l' 
(3) 
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Equation (3) expresses the simple condition 
that, in inviscid flow, the resultant force on a 
thin flat plate acts in a direction normal to the 
plate. 

The total wave drag coefficient of an airfoil 
with thickness is the sum of two terms, the 
first given by Equation (3) and the second 
associated with the thickness of the airfoil. 
For a series of airfoils related by an affine 
transformation, the drag coefficient due to 
thickness at a given Mach number is propor¬ 
tional to the square of the thickness/chord 
ratio. 

ACOUSTIC ABSORPTION COEFFICIENT. 
See sound absorption coefficient of surfaces. 

ACOUSTIC ABSORPTIVITY. See sound 
absorption coefficient of surfaces. 

ACOUSTIC AMPLITUDE EQUATIONS, 
FINITE. See finite amplitude equations 
(acoustic). 

ACOUSTIC ATTENUATION COEFFI¬ 
CIENT. When a plane harmonic sound wave 
is propagated through an attenuating medium, 
it is generally found that the amplitude of the 
wave decays exponentially with distance. The 
absolute value of the natural logarithm of the 
ratio of the peak sound pressures (or the peak 
particle velocities) at two points, unit distance 
apart, is called the acoustic attenuation co¬ 
efficient or, more strictly, the acoustic ampli¬ 
tude attenuation coefficient. In the absence 
of scattering, this quantity can be related to 
other measures of internal friction (see fric¬ 
tion, internal). The acoustic attenuation co¬ 
efficient is generally measured in nepers per 
cm. 

ACOUSTIC ATTENUATION CONSTANT. 
See acoustic attenuation coefficient. 

ACOUSTIC CAPACITANCE. See com¬ 
pliance, acoustic. 

ACOUSTIC CENTER, EFFECTIVE. The 
point from which spherically divergent sound 
waves, emitted by an acoustic generator, ap¬ 
pear to diverge. 

ACOUSTIC COMPLIANCE. See compli¬ 
ance, acoustic. 

ACOUSTIC DAMPING. See damping, 
acoustic. 

ACOUSTIC ENERGY EQUATION. See 
Franklin equation. 

ACOUSTIC IMPEDANCE. See impedance, 
acoustic. 

ACOUSTIC INERTANCE. See inertance, 
acoustic. 

ACOUSTIC MASS. See mass, acoustic. 

ACOUSTIC MEAN FREE PATH. See mean 
free path, acoustic. 

ACOUSTIC OHM. See acoustic units. 

ACOUSTIC PHASE CONSTANT. The 
acoustic phase constant is the imaginary part 
of the acoustic propagation constant. The 
commonly used unit is the radian per section 
or per unit distance. In the case of a sym¬ 
metrical structure, the imaginary parts of 
both the transfer constant and the acoustic 
propagation constant are identical, and have 
been called the “wavelength constant.” 

ACOUSTIC POWER GENERATED. See 
radiation, acoustic. 

ACOUSTIC PRINCIPLE OF SIMILARITY. 
For any acoustical system involving diffraction 
phenomena, it is possible to construct a new 
system on a different scale which will perform 
in similar fashion, provided that the wave¬ 
length of the sound is altered in the same ratio 
as the linear dimensions of the original system. 

ACOUSTIC PROPAGATION CONSTANT. 
Of a uniform system or of a section of a system 
of recurrent structures, the natural logarithm 
of the complex ratio of the steady-state par¬ 
ticle velocities (see velocity, particle), volume 
velocities, or pressures at two points separated 
by unit distance in the uniform system (as¬ 
sumed to be of infinite length), or at two suc¬ 
cessive corresponding points in the system of 
recurrent structures (assumed to be of infinite 
length). The ratio is determined by dividing 
the value at the point nearer the transmitting 
end by the corresponding value at the more 
remote point. 

ACOUSTIC RADIATION. See radiation, 
acoustic. 

ACOUSTIC REACTANCE. See reactance, 
acoustic. 

ACOUSTIC RECIPROCITY THEOREM. 
See reciprocity theorem, acoustical. 
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ACOUSTIC REDUCTION FACTOR. The 
ratio of the sound energy density in a room 
containing a sound source to the sound energy 
in an adjoining receiving room: 

R.F. = T.L. + 10 log10 ^ (1) 

where R.F. is the acoustic reduction factor, in 
decibels, A is the total absorption in the re¬ 
ceiving room, in sabins, S is the area of 
the partition, in square feet and T.L. is the 
transmission loss, in decibels. 

Equation (1) shows that the reduction is 
due to both the loss introduced by the partition 
and the absorption in the receiving room. 

The choice of a partition for insulating a 
room against sound involves a number of con¬ 
siderations. Some of the factors are the fre¬ 
quency distribution and intensity level of the 
components of the objectionable sound, the 
transmission frequency characteristics of the 
partition, the ambient noise or sound level in 
the receiving room which will mask the objec¬ 
tionable sound, and the response frequency 
characteristic of the ear. 

ACOUSTIC RESISTANCE. See resistance, 
acoustic. 

ACOUSTIC SYSTEM OF ONE DEGREE 
OF FREEDOM. An acoustic system of one 
degree of freedom is shown in Figure 1. In 
one degree of freedom the activity in every 
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Fig. 1. Acoustic system of one degree of freedom. 

element of the system may be expressed in 
terms of one variable. In the acoustic sys¬ 
tem an impinging sound wave of pressure p 
acts upon an inertance M and an acoustical 
resistance rA comprising the air in the tubular 
opening which is connected to the volume or 
acoustical capacitance CA. The acoustical re¬ 
sistance rA is due to viscosity. 

The principle of the conservation of energy 
states that the total store of energy of all 
forms remains constant if the system is isolated 
so that it neither receives nor gives out energy; 
in the case of transfer of energy the total gain 
or loss from the system is equal to the loss or 

gain outside the system. The sum of the 
kinetic, potential, and heat energy during an 
interval of time is, by the principle of con¬ 
servation of energy, equal to the energy de¬ 
livered to the system during that interval. In 
the acoustical system of Figure 1 there are 
three forms of energy, namely, kinetic, po¬ 
tential, and heat energy. 

Kinetic Energy. The kinetic energy TKA 
stored in the inertance of the acoustical sys¬ 
tem is 

Tka = \MX2 (1) 

where M is m/S2, the inertance, in grams per 
(centimeter)4, m is the mass of air in the open¬ 
ing, in grams, S is the cross-sectional area of 
the opening, in square centimeters, X = Sx is 
the volume current, in cubic centimeters per 
second, x is the velocity of the air particles in 
the opening, in centimeters per second. 

It is assumed that all the air particles in the 
opening move with the same phase. 

Potential Energy. The potential energy VpA 
stored in the acoustical capacitance of the acous¬ 
tical system is 

II2 

Fpa =- 
2 CA 

(2) 

where X is the volume displacement, in cubic 
centimeters, CA = V/pc2 is the acoustical ca¬ 
pacitance, in (centimeters)5 per dyne, V is the 
volume of the cavity, in cubic centimeters, p is 
the density of air, in grams per cubic centime¬ 
ter, and c is the velocity of sound, in centime¬ 
ters per second. 

Kinetic and Potential Energy. The total 
energy stored in the system is 

1 X2 
WA = Tka + Vpa = \MX2 + - — • (3) 

2 C a 

The rate of change of energy in the system is 

dWA 

dt 
= MXX + 

XX 

CA 
(4) 

Dissipation of Energy. The acoustical energy 
is converted into heat by the dissipation due to 
viscosity as the fluid is forced through the nar¬ 
row slits. The rate at which acoustical energy 
Da is converted into heat is 

Da = rAX2 (5) 

where rA is the acoustical resistance, in acousti¬ 
cal ohms, and X is the volume current in cubic 
centimeters per second. 
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Equation of Motion. The power delivered to 
the system must be equal to the rate of kinetic 
energy storage plus the rate of potential energy 
storage plus the power loss due to dissipation. 

The rate at which work is done or power de¬ 
livered to the acoustical system by the applied 
sound pressure is XPeJat = pX. 

The rate of increase of energy (Tka + Vpa) 
of the system plus the rate at which work is 
done on the system or power delivered to the 
system by the external forces must be equal to 
the rate of dissipation of energy Da- Writing 
this sentence mathematically yields the equa¬ 
tion of motion for the acoustical system of 
Figure 1. 

xx 
MXX + rAX2 + — = PejatX (6) 

CA 

X 
MX + rAX H-- = Pe3ut. (7) 

CA 

Solution of Equation of Motion. The steady- 
state solution of the differential Equation 7 is 

r 4 + juM-— 
wG.4 

Acoustical Impedance. From Equation 8 the 
vector acoustical impedance zA, in acoustical 
ohms, is 

j 
zA = rA + juM-— • (9) 

u>tA 

Acoustical Reactance. Acoustical reactance 
xA is the imaginary part of the acoustical im¬ 
pedance zA of Equation 10. The acoustical re¬ 
actance x.4, in acoustical ohms, is 

1 
xA = coM- (10) 

0)CA 

Response. The response of the acoustical 
system of Figure 1 can be obtained from Equa¬ 
tion 8. The response is the volume current X, 
in cubic centimeters per second, for a constant 

Fig. 2. Response-frequency characteristic of the 
acoustic system of Figure 1. 

applied pressure p, in dynes per square centi¬ 
meter. A typical response-frequency charac¬ 
teristic is shown in Figure 2. 

Resonant Frequency. For a gertain value of 
M and CA there will be a certain frequency at 
which the imaginary component of the acousti¬ 
cal impedance is zero. This frequency is called 
the resonant frequency. At this frequency the 
ratio of the current to the applied voltage is a 
maximum. At the resonant frequency the cur¬ 
rent and voltage are in phase. The resonant 
frequency fr, in cycles per second, is given by 

fr ~ 2tt\/MCa ’ (U) 

Power. The power PA, in ergs per second, 
dissipated in the acoustical system of Figure 1 

is given by 

Pa = rAX2. (12) 

ACOUSTIC UNITS. In acoustics, the centi¬ 
meter-gram-second (cgs) system of units has 
been and is at present predominantly used; but 
some practical units such as English and met¬ 
ric system units of length are also being used; 
and the watt is commonly being employed for 
designating acoustic power. In recent years 
there has been a trend toward adoption of the 
rationalized meter-kilogram-second system of 
units in many fields of science and engineering. 
Therefore the MKS units are included in the 
table on page 15. 

ACOUSTIC VELOCITY (SOUND VELOC¬ 
ITY). The velocity relative to the medium at 
rest at which infinitesimal disturbances are 
propagated through a fluid. It is given by 

a2 = (dp/dp)s, 

where s is entropy, in general. For perfect 
gases the expression is simplified to 

a2 = 7 p/p = yRT, 

where y need not be a constant and can de¬ 
pend on temperature. (For a perfect gas y 
can be a function of temperature alone.) 

The velocity of sound plays an important 
part in the study of the flow of compressible 
fluids because the character of the flow changes 
its nature according to whether the flow veloc¬ 
ity is subsonic, sonic, or supersonic. (See 
compressible fluid flow; nozzles; Mach num¬ 
ber.) 
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Acoustic Units (Comparison of Cgs and MKS Units) 

Quantity Dimensions Cgs unit MKS unit 

Conversion 

Factor (Cgs 

units to 

MKS units) 

Sound velocity (particle LT-1 cm per sec meter per sec 10~2 
velocity) 

Volume velocity L3T-1 cu cm per sec cu meter per sec 10-6 
Sound energy ML3T-2 erg joule JO-7 
Force MLT-2 dyne newton 10~5 
Sound pressure (sound ML-1T~2 microbar (dyne per sq cm) newton per sq meter ter1 

energy density) 

Sound energy flux ML2T-3 erg per sec watt 10"7 
Sound intensity (specific MT-3 erg per sec per sq cm watt per sq meter 10“3 

sound energy flux) 

Acoustic impedance (re¬ 

sistance, impedance) 
acoustic ohm (dyne-sec per 

cm5) 

MKS acoustic ohm (newton- 

sec per meter) 

106 

Specific acoustic imped¬ 

ance (characteristic im¬ 

pedance) 

ML~2T~1 rayl (acoustic ohm X cm2 

or dyne-sec per cu cm) 

MKS rayl (MKS acoustic 

ohm X sq meter or new¬ 

ton-sec per cu meter) 

10 

ACTION INTEGRAL. For a generalized co¬ 
ordinate q{ and its conjugate momentum 
the phase integral, 

Ji - 

is called the action integral (see action vari¬ 
able). The integral is taken over one com¬ 
plete cycle of a system and is therefore only 
defined for periodic, or multiply periodic, sys¬ 
tems. The Bohr-Sommerfeld quantum condi¬ 
tion states that the action integral of a system 
must be an integral multiple of Planck’s con¬ 
stant {Ji = nh). (See Bohr-Sommerfeld 
quantum theory.) 

ACTION PRINCIPLE. In classical mechan¬ 
ics a variational principle (sometimes also 
called Hamilton’s Principle) which states 
that the motion of a mechanical system de¬ 
scribed by coordinates g4 = g{(£) can be char¬ 
acterized by the requirement that the action 
integral I(t->,ti) 

(1) 

where L = L(qi,qi,t) is the Lagrangian of the 
system, is stationary for the physically possible 
trajectories qi(t). More precisely, the action 
principle states that the variation </,(() —* qi(t) 
-f- 6qi(t) produces no change in / to first order 

in 8qi(t), if 5g,(() is an arbitrary variation van¬ 
ishing at time h and t2. The action principle is 
then equivalent to the Lagrangian equations of 
motion 

dL d (dL\ 
--— 1=0 (2) 
dqi dt \dqi/ 

(see Lagrangian formalism). Although the 
action principle states only that the action is 
stationary for variations vanishing at the end 
points ti and t2 one can deduce the result of a 
variation which does not vanish at the end 
points. This is possible because each state of 
motion is defined by fixing as many coordinates 
as can be fixed independently (for the case of a 
single particle e.g., the three spatial coordinates 
at two different times, or three coordinates and 
three velocities at one time) and then the whole 
past and future is determined by the field equa¬ 
tions. In the quantum theory the coordi¬ 
nates qiit) of a particle are operators. In the 
Heisenberg picture they satisfy the same eq¬ 
uations of motion (2) as in classical mechanics. 
This will be guaranteed if one assumes that the 
same action principle holds, namely 5/ = 0 

/»^1 

I = I L(qi,qi)dt 

for all variations of the <?,- vanishing at t\ and 
t2. In the quantum theoretic case by a varia¬ 
tion is meant a change of qi to qi + 5q> where 
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the hqi are c-numbers and not operators. Be¬ 
cause of the uncertainty principle (or equiva¬ 
lently due to lack of commutativity of q(t) and 
q(t') for t 9^ f) it is not possible in the quantum 
theory to assign values to the qi(t) throughout a 
physical motion. The motion is specified by 
giving values to the ql(t), or to the qi(t), at a 
single time t. The future of the state cannot 
then be determined from the equations which 
are of second order in the time. The action 
principle, 57 = 0, is therefore no longer suffi¬ 
cient to compute 67 for variations which do not 
vanish at t\ and t2. Additional statements 
must be made about the behavior of 67 for var¬ 
iations hq which do not vanish at the end point. 
This additional information is contained in the 
Schwinger action principle which is the quan¬ 
tum mechanical generalization of the classical 
action principle. It can be stated as follows: 

5(<7ib 192^2) — ~ (<hh I 571 q2t2) 
n 

which action principle gives the changes in the 
transformation function (q\ti\q2t2) due to par¬ 
ticular variations (including variations at the 
boundary), 57 being the variation induced in 7 
by such variations, where 7, the action integral, 
is now an operator function. 

The dynamical principle of the quantum 
theory of fields which governs the development 
of field systems between two space-like surfaces 
<r 1 and <r2, is called the Schwinger action princi¬ 
ple. It states that 

5(<ri | a2) = (*i I 5 jtj* d4x£(x) 2 

where the Lagrangian, which is a Hermitian 
operator function of the multicomponent Her¬ 
mitian field x{x), can in general be written in 
the form 

£(x) = i(0CA"dM9C - 5M9CA'i9C) - JC(x). 

The AM are finite dimensional and skew Hermi¬ 
tian matrices. They can be reduced into two 
classes, one consisting of real antisymmetrical 
matrices and the other of imaginary symmetri¬ 
cal matrices. This expresses the separation of 
the total field x into two fundamental classes 
of Bose-Einstein fields <t> (integer spin fields) 
and Fermi-Dirac fields ^ (odd half integer spin 
field). Corresponding to the symmetry of the 
relevant parts of the matrices AM, the Bose- 
Einstein fields must essentially be commutative 
at space-like points) and the Fermi-Dirac fields 

anticommutative in order that the first term 
in the Lagrangian be a non-trivial operator. 
Similarly the structure of JC must involve the 
<p and \p in a symmetrical and antisymmetrical 
fashion respectively. It can be shown that JC, 
and hence £, are even functions of the Fermi- 
Dirac field. 

The finite multiplicity of the Hermitian field 
X pertains in part to space time properties 
(spin) and in part to internal properties (charge, 
isotopic spin etc.). 

ACTION, QUANTUM OF. Synonym for 
Planck constant, h. (See also action integral.) 

ACTION VARIABLE. If one of the momenta 
of a classical dynamical system yields a closed 
curve when graphed against the conjugate co¬ 
ordinate, the area contained within this curve 
is the action variable corresponding to this 
degree of freedom. Usually denoted by J. 

ACTIVATED COMPLEX. A short-lived 
transition state which appears during chemical 
reactions, when the molecules can no longer 
be considered as reactants, and not yet as 
products. The activated complex is the point 
of maximum energy along the reaction path 
(see absolute reaction rate theory I. The dif¬ 
ference between the energy of the activated 
complex and that of the reactants is the activa¬ 
tion energy of the reaction. The activation 
entropy is defined similarly as the difference 
between the entropy of the activated complex 
and that of the reactants. 

ACTIVATION ENERGY. The excess energy 
over the ground state which must be acquired 
by an atomic system in order that a particular 
process may occur. Examples are the energy 
needed by a molecule to take part in a chem¬ 
ical reaction, by an electron to reach the con¬ 
duction band in a semiconductor, and by a 
lattice defect to move to a neighboring site. 

In the first example cited, the rate of an 
elementary chemical reaction can usually be 
expressed as a product of a function of the 
concentrations of the participants and of a 
rate constant. This latter can be written as 
A exp (—Ea/kT), where k is the Boltzmann 
constant, T, the absolute temperature, A, a 
frequency factor which varies slowly with the 
activation energy Ea which appears in the 
exponential. It is the minimum height of the 
potential barrier which must be crossed when 
one follows the reaction coordinate from the 
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reactants to the products. The figure illus¬ 
trates four typical situations. It is to be noted 
that it is only a case (a) that E„ is equal to the 
energy of the reaction. (See absolute reaction 
rate theory; equilibrium theory of reaction 
kinetics; and activated complex.) 

ADAMS-B ASHFORD METHOD. A method 
for solving an ordinary differential equation, 
y' = f(x,y), expressed in terms of difference 
operators, which uses the predictor 

Uv+i = yv + h[f„ + §v/„ 

R 

(0 (d) 
R: Reactants; P: Products. 

Activation energy. Variation of the energy along the 
reaction coordinate for two endothermic (a) and (b) 
and two exothermic (c) and (d) reactions. En is the 

activation energy. 

ACTIVATION ENTROPY. See absolute re¬ 
action rate theory; and activated complex. 

ACTIVATION RATE (NEUTRON REAC¬ 
TIONS). The activation rate for unit volume 
of a substance containing neutron flux is based 
upon the number of neutron-capture reactions 
taking place per unit time in a small energy 
range about a particular energy, E. Thus, 

overall activation rate -f 
Jo 

dE2act(E)*(r,E) 

where 2ac* is the macroscopic activation cross 
section and <&(r,E) is the total neutron flux at 
energy E at point r. 

ACTIVE FORCE. See force, external or 
active. 

ACTIVE MOLECULES, 
reactions. 

See unimolecular 

+ T2?2/, + fV3/„+-- 

and the corrector 

Vr+l = Vv + h[fv+1 — ^Y/„+1 

T2^ fv+l — 2*tf ^ fv+1 ~ ’ ’ 

The first amounts to approximating 

i. J f(x,y)dx 

by means of a quadrature formula which utilizes 
values of / at xv and to the left only, the second 
utilizes also the value of / at The correc¬ 
tor is to be used with the best current approxi¬ 
mation of yv+1, and reapplied until the next 
approximation does not differ significantly from 
the previous. The formulas have significance 
when y and / are vectors. (See F. B. Hilde¬ 
brand, Introduction to Numerical Analysis, 
McGraw-Hill Book Company, 1956; Lothar 
Collatz, Numerische Behandlung von Differen- 
tialgleichungen, 2nd edition, Springer, 1955). 

ADAMS-STORMER METHOD, 
method. 

See Stormer 

ADAPTATION. (1) The process taking place 
as the eye becomes accustomed to the lumi¬ 
nance or the color of the field of view. (2) 
The final state of the process. In particular, 
the terms light adaptation and dark adapta¬ 
tion are used, according as the luminance is 
of the order of at least several candela per 
square meter, or less than some hundredths of 
a candela per square meter. 

ADDITION OF TENSORS. The operation 
of forming the sum of (two) tensors. 

ADDITIVE COMPLEMENTARY COLORS. 

ACTIVE NETWORK. See network, active. 

ACTIVITY. See reference systems. 

ACTIVITY, ABSOLUTE. See absolute ac¬ 

tivity. 

ACTIVITY COEFFICIENT. See reference 

systems. 

Two lights are of complementary colors when 
it is possible to reproduce the color of a speci¬ 
fied achromatic light by a suitable mixture of 
these two lights. 

ADDITIVE MIXTURE OF COLORS. The 
mixture of light stimuli in such manner that 
they enter the eye simultaneously or in rapid 
succession and are incident on the same area 
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of the retina, or enter in the form of a mosaic 
which the eye cannot resolve. 

ADDITIVE PROCESS. A stochastic process 

in which the increments over non-overlapping 
time intervals are independent; i.e., a process 

is additive if, for b < t2 < t3 < • • •, the 
increments x(t2) — x(b), x(t2) — x(t2) • • •, are 
independent. The process is also known as a 
random walk process. An additive process may 
he defined in more than one dimension. It may 
also he defined for continuous t and is then 
sometimes known as a differential process. 

ADDRESS. The symbol designating a par¬ 
ticular cell in the storage unit of a stored- 
program computer. 

ADDRESS PART. In an instruction, any part 
that is usually an address. (See also code, 
instruction.) 

ADHESION, WORK OF. The work of ad¬ 
hesion Wab between two liquids A and B is 
the increase in free surface energy (see sur¬ 
face energy, free) on separating 1 cm2 of in¬ 
terface AB 

Wab = 1 a + 7b — tab 

where yA and yB are the surface tensions of 
A and B respectively against their vapors, and 
yab is the interfacial tension. For a solid- 
liquid interface the work of adhesion W8l is 
defined as the work required to separate 1 cm2 
of interface in a vacuum to give a naked solid 
surface 

Wsl = 75 + 7l — 7 sl 

where 7s and yi are the surface free energies 
measured in a vacuum. It may be shown that 

Wsl = ys — 7sv0 + Yz,(l + cos 6e) 

where 7sv0 is the surface tension of the solid 
covered by an absorbed film of liquid in equi¬ 
librium with the vapor, and Oe the equilibrium 
contact angle. 

ADIABATIC. (1) Occurring without gain or 
loss of heat by the system involved, for exam¬ 
ple adiabatic expansion. A completely adi¬ 
abatic process is unrealizable, but it can be 
closely approximated in practice by providing 
good thermal insulation and by carrying out 
the process rapidly so that little time is allowed 
for heat flow in or out of the system. (2) If 
a thermally-isolated system moves through a 
series of equilibrium states, i.e., undergoes an 

adiabatic and reversible process, the locus of 
the points representing these states on a graph 
is called an adiabatic. The present tendency 
is to avoid this usage and to replace adiabatic 
by the designations isentrope or isentropic 
line. (See adiabatic process.) 

ADIABATIC APPROXIMATION. The as¬ 
sumption that the electronic wave functions 
in a molecule or solid are distorted by the 
motion of the nuclei, but in such a way that 
their energy is a function only of the nuclear 
configuration at a given moment, and does 
not depend on the rate at which the nuclei are 
moving. 

ADIABATIC BULK MODULUS. See bulk 
modulus. 

ADIABATIC CHANGE. See adiabatic 
process. 

ADIABATIC CHANGES OF RADIATION 
PRESSURE. Suppose radiation is confined in 
a container whose volume is altered. If this 
change is performed in such a way that the 
entropy remains constant, it is a reversible 
adiabatic change. For such a change the 
radiation pressure and the volume are related 
by the equation 

pVM = const, (adiabatic). 

(See also adiabatic equation of state.) 

ADIABATIC COOLING LIMIT. See adia¬ 
batic saturation. 

ADIABATIC DEMAGNETIZATION. In a 
system whose state can be completely defined 
by the temperature and an external magnetic 
field B, the equation for a reversible adiabatic 
process is 

S(T, B) = const, (adiabatic). 

For a paramagnetic substance at temperatures 
which are not too low (for example T > 
10~2oK) the entropy depends only on the ratio 
II /T. Therefore 

B 
— = const, (adiabatic). 

Thus when the field is reduced the temperature 
drops. This is the principle of cooling by 
adiabatic demagnetization. 

ADIABATIC ENTHALPY DROP. See en¬ 
thalpy drop. 
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ADIABATIC EQUATION OF STATE. The 
adiabatic equation of state expresses the rela¬ 
tion between pressure and volume at constant 
entropy (instead of constant temperature). 
For a perfect gas of monoatomic molecules 
the adiabatic equation of state is of the form 

pV= const. (1) 

More generally, if y is the ratio of the 
specific heats (see thermal coefficients) at 
constant pressure and at constant volume re¬ 
spectively, the adiabatic equation of state of 
a perfect gas is: 

pVy — const. 

ADIABATIC FLAME TEMPERATURE. 
See combustion. 

ADIABATIC FLOW, ENERGY EQUATION 
FOR STEADY. See energy equation for 
steady adiabatic flow. 

ADIABATIC HEAT DROP. See enthalpy 
drop. 

ADIABATIC INVARIANT. A quantizable 
physical quantity which remains unchanged 
to some order of approximation under the ac¬ 
tion of a slowly varying spatial or temporal 
disturbance. 

ADIABATIC IONIZATION POTENTIAL. 
See ionization potential. 

ADIABATIC LAPSE RATE. The rate of de¬ 
crease of temperature with height in an atmos¬ 
phere in which a parcel of air displaced ver¬ 
tically assumes the same temperature as its 
surroundings if the changes are adiabatic. The 
potential temperature is then independent of 
height. For air of constant composition with 
gas constant R and ratio of specific heats y, 
the adiabatic lapse rate r is given by 

_ (y - f)g _ 

7 R ~ cp 

which in the earth’s atmosphere is 10°C per 
km with sufficient accuracy for practical 
purposes. The air is statically unstable or 
stable according to whether the lapse rate is 
greater or less than adiabatic, i.e., according 
to whether the lapse rate of potential tempera¬ 
ture is positive or negative. 

ADIABATIC LAW FOR QUANTIZED 
STATES (EHRENFEST). For a virtual, in¬ 
finitely slow alteration of the coupling condi¬ 

tions, the quantum numbers of the system do 
not change, and, in particular, the number of 
terms does not vary. 

ADIABATIC PROCESS. Any thermody¬ 
namic process, reversible or irreversible, which 
takes place in a system without the exchange 
of heat with the surroundings. When the 
process is also reversible, it is called isentropic, 
because then the entropy of the system re¬ 
mains constant at every step of the process. 
(In older text-books isentropic processes were 
called simply adiabatic, or quasi-static adia¬ 
batic; the distinction between adiabatic and 
isentropic processes was not always sharply 
drawn.) 

When a closed system undergoes an adiabatic 
process without performing work (unresisted 
expansion), its internal energy remains con¬ 
stant whenever the system is allowed to reach 
thermal equilibrium. Such a process is neces¬ 
sarily irreversible. At each successive state of 
equilibrium, the entropy of the system Si, has 
a higher value than the initial entropy, S0. 
Example (see also Joule’s experiment): When 
a gas at pressure p0, temperature T0, occupying 
a volume V0 (see Figure 1) is allowed to expand 

12 3 4 

Fig. 1. Successive adiabatic expansions of gas by 
withdrawing slides. 

progressively into volumes V\ = F0 + AT, 
etc., by withdrawing slides 1, 2, etc., one after 
another, it undergoes such a process if it is en¬ 
closed in an adiabatic container. After each 
withdrawal of a slide, the irreversibility of the 
process causes the system to depart from equi¬ 
librium; equilibrium sets in after a sufficiently 
long waiting period. At each successive state 
of equilibrium Ui = U2 = ••• = £/0, but S0 < 
Si < S2, etc. 

When an open system in steady flow under¬ 
goes an adiabatic process without performing 
external work, the enthalpy of the system re¬ 
gains its initial value at each equilibrium state, 
and the entropy increases as before. Example 
(see Joule-Thomson experiment and throt¬ 
tling): Successive, slow expansions through 
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dp dv 
— + 7 - = 0 
p v 
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porous plugs P\, P2 ••• (Figure 2), 
have 

but 
Hl = H2 = • • • = /T0, 

/So /Si < /S2, etc. 

when we 

This process is also necessarily irreversible (see 
stagnation enthalpy, stagnation temper¬ 
ature). 

Fig. 2. Successive, slow adiabatic expansions of gas 
through porous plugs. 

A closed system cannot perform an isentropic 
process without performing work. Example: 
(Figure 3). A quantity of gas enclosed by an 
ideal, frictionless, adiabatic piston in an adia¬ 
batic cylinder is maintained at a pressure p by 

G 

Fig. 3. Isentropic compression (or expansion) in 
cylinder. 

a suitable ideal mechanism, so that Gl = pA 
(.A being the area of piston). When the weight 
G is increased (or decreased) by an infinitesimal 
amount dG, the gas will undergo an isentropic 
compression (or expansion). In this case 

/S = const., dS = 0, (a) 

at any stage of the process, but 

U 9^ const., H 9^ const. 

During an isentropic process of a closed sys¬ 
tem between states 1 and 2, the change in 
internal energy equals minus the work done 
between the two states, or 

U2 - Ur = -W12 

work is done “at the expense” of the internal 
energy. 

Equation (a) is the general equation of the 
process. In the case of a perfect gas, the dif¬ 
ferential Equation (a) can be written in three 
alternative forms: 

dT dv 
T + (y-1}- = 0 (b) 

dT 7 — 1 dp 

~T i 
— = 0 
P 

where 7 can be a function of temperature. 
Since 7 (or cp or cv) of a perfect gas is a tabu¬ 
lated function of temperature (temperature 
alone), it is necessary to evaluate certain inte¬ 
grals, in order to facilitate practical calcula¬ 
tions. These are usually tabulated in the 
forms: 

rT dT 
*{T) = cp{T) — 

JTo T 

rT dT 
4>v(T) = cv(T) — 

JTo T 

Pr(T) = Po exp ^ 
HT)\ 

r) 

vr(T) = v0 exp ^ 
4>v(T) 

R 

where To, po, vQ denote an arbitrary reference 
state. (See Keenan and Kaye, Gas Tables, 
Wiley, 1958.) The integral equation of the 
isentropic process can then be written 

HT) ~ HTr) = if In (—) 
\pl/ 

<t>v(T) ■ - <t>v(Tr) 
= -*inQ 

V Pr(T) 

Pi Pr(Tr) 

V Vr(T) 

Vl Vr(Tr) 

where subscript 1 refers to the initial state of 
the system, and the symbols without subscripts 
refer to any other state. When the specific 
heats are constant, the above equations can be 
simplified to 

pvy = const.' 

TV"-1 = const. 

T 
——f = const. 
p~ 

(e) 
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The picture of an isentropic process in a 
thermodynamic diagram is called an isen- 
trope or an isentropic. It is the locus of all 
states of constant entropy passing through the 
initial state 1. In a T,S diagram the isentrope 
is always a straight line as shown in Figure 4. 

< > State 1 

Fig. 4. Temperature-entropy diagram of isentropic 
process. 

In any other system of coordinates, the shape 
of the curve depends on the thermodynamic 
properties of the system. The curve for a per¬ 
fect gas with constant specific heats in p,V co¬ 
ordinates (pVy — const.) is shown in Figure 5. 

Fig. 5. Pressure-volume diagram for perfect gas at 
constant specific heat. 

It is best obtained by cross-plotting from a log- 
log diagram. The subtangent ab at any state is 
equal to V/y. For steam at moderate pressures 
and temperatures it is found empirically that it 
can be represented by the equation 

Pvn = const. 

with n = 1.3, for superheated steam 
n = 1.035 -f- O.lx, for wet steam of dry¬ 

ness fraction x 
n = 1.135, for dry saturated steam. 

(See also Wilson line.) 

ADIABATIC SATURATION. When a mix¬ 
ture of air and water vapor is passed through 
an adiabatically insulated pipe over a large 
surface of water, the water will evaporate into 
the air until it becomes saturated. Owing to 
the extraction of the latent heat of vaporiza¬ 
tion, the temperature of the air will decrease, 
reaching a limit 2* at adiabatic saturation 
(adiabatic cooling limit). This temperature 

Adiabatic Saturation — Adjoint Equation 

is very close to that measured by a wet-bulb 
thermometer (thermodynamic wet-bulb tem¬ 
perature). By contrast, the actual tempera¬ 
ture t is called the dry-bulb temperature. 

Air -+ water __ 
vapor_ 

Adiabatic saturation. 

The temperature t* of adiabatic saturation 
is given approximately by Carrier’s equation 

Vw = Ps* 
P ~ Ps* 

2,830 - 1.442* 
(2 - 2*) 

where pw is the partial pressure of water vapor 
in entering air, ps * is the saturation pressure at 
temperature t*, p is the total pressure of enter¬ 
ing moist air. (See figure.) 

This formula is used to determine the relative 
humidity <2> = pw/ps of the entering air from a 
measurement of 2 and 2*. 

ADIABATIC WALL. (Perfect heat insula¬ 
tor.) Since in a rigorous development of the 
principles of thermodynamics it is necessary 
to introduce the concept of an adiabatic wall 
before the concept of heat, it is convenient to 
adopt the following alternative definition. If 
two closed systems are placed in contact 
through an adiabatic wall, their states can be 
varied independently of one another. Any 
state of one system can co-exist with any state 
of the other system through such a wall; the 
systems are not coupled in any way. (See 
diathermal wall.) The number of independent 
properties of the combined system is equal to 
the sum of the number of independent proper¬ 
ties of the component systems. 

ADIATHERMAL WALL. See diathermal 
wall. 

ADJACENCY MATRIX. See matrix, adja¬ 
cency. 

ADJACENT VERTICES. See vertices, adja¬ 
cent. 

ADJOINT EQUATION. Consider the differ¬ 
ential equation 

L(u) = u" + p{x)u' + q{x)u = 0. 

The operator adjoint to L{u) is 

L(v) = v" - p{x)v' + [g(x) - p'(x)]t>. 
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Then 

vL(u) — uL(v) — (d/dx)[P(u,v)] 

is the Lagrange identity, and 

P = uv[u'/u — v'/v + p(:r)] 

is the bilinear concomitant. If the adjoint 
equation L(v) = 0 can be solved, the original 
equation L(u) = 0 is equivalent to the first 
order equation P(u,v) = C, where C is an arbi¬ 
trary constant. 

An equation identical with its adjoint is said 
to be self-adjoint. Any second-order differen¬ 
tial equation may be put into self-adjoint 
form if the appropriate factor is introduced. 

These procedures are not limited to equa¬ 
tions of second order but may be generalized 
for those of any order. (See Sturm-Liouville 
problem.) 

ADJOINT FLUX. See flux, adjoint. 

ADJOINT OF A MATRIX. The adjoint of a 
square matrix A is the transpose of the matrix 
obtained from A by replacing each element 
of A by its cofactor. 

ADJOINT OF AN OPERATOR. The adjoint 
A* of an operator A is an operator such that, 
for all / and g in the domain of A, we have 
(Af,g) = {j,A*g). If A* = A, then A is said 
to be self-adjoint. (Compare, e.g., Sturm- 
Liouville problem.) 

ADJOINT SPINOR. See Dirac equation. 

ADJOINT WAVE FUNCTION. In Dirac 
electron theory the row-vector ip = ^*y4 where 
ip is the wave function, the asterisk denotes 
Hermitean conjugate and y4 is a Dirac op¬ 
erator. 

ADMISSION. In a reciprocating steam en¬ 
gine, the point at which the inlet (admission) 
valve opens to feed steam into the cylinder. 

ADMISSION, PARTIAL. In an impulse tur¬ 
bine, the device of admitting the working fluid 
(steam, combustion gases) over a portion of 
the inlet annulus only, in order to avoid the 
necessity of using inconveniently short blades. 

ADMITTANCE. The ratio of current to 
voltage in an alternating current circuit. 
Therefore, admittance is the reciprocal of im¬ 
pedance. Thus if the impedance of a circuit 
clement is 

Z = R+jX, \Z\2 = It2 + X2, 

its admittance is 

1 R - jX R . X 

Y ~ R + jX = R2 + A’2 “ Jz]2 ~ j Jzj2 

= G+jB. 

The real part of admittance is called conduct¬ 
ance (G); the imaginary part, susceptance 
{B). Note that positive reactance implies 
negative susceptance. 

ADMITTANCE, DRIVING-POINT (between 
the jth Terminal and the Reference Terminal 
of an n-Terminal Network). The quotient of 
the complex alternating component Ij of the 
current flowing to the jth terminal from its 
external termination by the complex alternat¬ 
ing component V} of the voltage applied to 
the jth terminal with respect to the reference 
point when all other terminals have arbitrary 
external terminations. In specifying the driv¬ 
ing-point admittance of a given pair of term¬ 
inals of a network or transducer having two 
or more pairs of terminals, no two pairs of 
which contain a common terminal, all other 
pairs of terminals are connected to arbitrary 
admittances. 

ADSORPTION. See Gibbs division surface; 
adsorption isotherm. 

ADSORPTION, HEAT OF. When a gas or 
vapor is adsorbed on a solid, heat is liberated. 
There are two ways of expressing these heat 
effects: (1) Integral heat of adsorption, which 
is the total amount of heat, Q cal, given out 
when 1 g of the outgassed solid takes up m g 
of the gas or vapor. It is expressed as calories 
per g of adsorbent, for an adsorption of m g 
of adsorbate. (2) Differential heat of adsorp¬ 
tion, 

d<t> 
-AH = M — 

dm 

where M is the molecular weight of adsorbate. 
Heats of adsorption may be measured by 
means of a calorimeter. They may also be 
calculated from heats of immersion and con¬ 
densation. 

In the case of a liquid, the heat of adsorp¬ 
tion of solute from solution may be determined 
from the thermodynamic relation: 

d(AG°) 
MI° = AG° — T —-- 

dT 
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where A//° and &G° are the heat of and free 
energy (see free energy (1)) of adsorption. 
For dilute solutions: 

AG° = - RT In -id- = - RT In--- 
-SO lution yCso lut ion 

where C80iution is the concentration of the solute 
in solution, Csoiw is the concentration of the 
adsorbed solute, V is the amount of adsorbed 
solute per unit area of surface, and y is the 
thickness of the adsorbed film. Older values of 
the heat of adsorption are subject to sizable 
errors. 

ADSORPTION ISOTHERM. The adsorp¬ 
tion isotherm expresses the equilibrium condi¬ 
tion between an adsorbed film, which is often a 
monolayer (see localized monolayers) and the 
vapor pressure. 

If one considers a localized monolayer with 
negligible interactions between the absorbed 
molecules and assumes, moreover, that all 
sites are equivalent, the adsorption isotherm is 

1-0 p0 Vo + V 

where 6 is the fraction of sites occupied by 
molecules, p the vapor pressure and p0 a char¬ 
acteristic constant depending on temperature, 
the nature of the molecule and the energy of 
adsorption. 

This formula was first derived by Langmuir 
and is known as the Langmuir adsorption iso¬ 
therm. 

Many other forms of the adsorption iso¬ 
therm have been suggested or derived in the 
literature. 

ADSORPTION ISOTHERM, LANGMUIR 
TREATMENT. See Langmuir adsorption iso¬ 
therm. 

ADVANCED POTENTIALS. The electro¬ 
magnetic potentials at a point r at time t due 
to sources at points r — R and times t + | R1 /c. 
These sources lie on the future light cone 
through the point r, t in space-time. Although 
these potentials arise in the mathematical 
formulation of classical field theory, they ap¬ 
pear to have no physical significance. (See 
retarded potentials.) 

ADVECTION. Transfer by the bulk motion 
of a fluid, e.g., horizontal transport by the 
wind. It is included in the more general term 

convection which, however, more usually de¬ 
notes transfer by turbulent or penetrative mo¬ 
tions of a fluid. 

Advection may be expressed in vector nota¬ 
tion by 

V-V0 

where V is the wind vector, tp the atmospheric 
property, and V the del operator. In three-di¬ 
mensional Cartesian coordinates, it is 

dtp dtp dtp 
U-\- v-b w- 

dx dy dz 

If (u, v) is taken as the horizontal wind, and 
w, the vertical air velocity, the first two terms 
comprise the horizontal advection and the last 
term is the vertical advection. The property 
tp may itself be a vector field. 

Often, particularly in synoptic meteorology, 
advection refers only to the horizontal or iso- 
baric components of motion, that is, the wind 
field as shown on a synoptic chart. 

AELOTROPIC MATERIAL. A material 
which is not isotropic. In elasticity theory, a 
material which is not isotropic with respect to 
its elastic properties. Also called anisotropic 
material. 

AERODYNAMIC CENTER. If Cm is the 
pitching-moment coefficient on an airfoil at 
incidence a, the position of the pitching-mo¬ 
ment axis on the chord line for which 

da 

is known as the aerodynamic center. For an 
unstalled airfoil, Cm varies almost linearly with 
a, so that the aerodynamic center is very nearly 
a fixed point, independent of a. For a sym¬ 
metrical airfoil the aerodynamic center coin¬ 
cides with the center of pressure, since Cm = 
Cl = 0 when a = 0. 

According to thin-airfoil theory, the aero¬ 
dynamic center of a two-dimensional airfoil in 
subsonic flow is at the quarter-chord point. 
The linear theory of supersonic flow shows that 
the aerodynamic center of a two-dimensional 
airfoil is at the half-chord point. 

AERODYNAMIC MEAN CHORD (OF 
WING). Referring to the figure on page 24 if 
c is the local chord of a wing at a distance y 
from the center line, the aerodynamic mean 
chord is defined as 
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where S is the area and b is the span of the wing. 
If a point P(x,y) is at a distance Xc from the 

leading edge, the point at a distance Xc from 

Aerodynamic mean chord. 

the leading edge of the aerodynamic mean chord 
is at a distance from the y-axis 

Thus Equation (1) defines the length of the 
aerodynamic mean chord and Equation (2) 
defines its position along the x-axis. 

The position of the mean quarter-chord 
point is found from Equation (2) by putting 
X = y4. 

AERODYNAMIC TIME UNIT. See airplane 
stability. 

AEROFOIL. See airfoil. 

AEROGRAM. (1) A thermodynamic dia¬ 
gram designed by Refsdal with logarithm of 
temperature as abscissa and the product of 
temperature and logarithm of pressure (T log 
p) as ordinate, increasing downward. Iso¬ 
therms are the only straight lines, but conveni¬ 
ent spacing between dry adiabats, saturation 
adiabats, and vapor lines is obtained. The en¬ 
ergy of a cyclic process is not proportional to 
the area enclosed by the curve representing 
the process. (2) The record traced by an 
aerograph. 

AFFINE CONNECTION, FUNDAMENTAL. 
See fundamental affine connection. 

AFFINE TENSORS AND FREE VECTORS. 
A quantity which behaves like a tensor under 
a linear (affine) coordinate transformation, 
but not under a general coordinate transforma¬ 
tion is called an affine tensor. From an affine 
tensor it is possible to construct a free vector, 

i.e., a vector not related to a given point (non- 
localized vector): Consider an affine tensor 
l\k and vector pA which is constant inside a 
“world-canal” (i.e., a region in the four dimen¬ 
sional world of tube shape, such that its lateral 
surface is space-like and the other two bound¬ 
aries are time-like). If 

dVg U,V 
dx* ~ ’ 

then the 

Jk = JJJ^9 Qki- Um'\*"dxldx2dx3 

form the components of a free vector. The 
integral is extended over the lateral surface of 
the world canal. 

AFFINE TRANSFORMATION. Using the 
indicial notation and summation convention, 
the transformation 

xl = a/xj + b\ 

with a/ and bl real constants, which transforms 
the point at xl to x\ The transformation called 
non-singular or singular according as its de¬ 
terminant | a/ | is non-zero or zero. If the 
constant terms bl are zero, the transformation 
is homogeneous affine. 

AFFINITY. See chemical affinity. 

AFOCAL SYSTEM. An optical system with 
foci at infinity. 

AFTER EFFECT, ELASTIC. Recovery of 
strain on unloading associated with delayed 
elasticity. (See elasticity, delayed.) 

AGE APPROXIMATION. In the analysis of 
the energy-dependent transport equation in 
neutron transport theory, an approximation in 
which the collision density, appearing in the 
integrand of the collision integral, is replaced 
by the first two terms of its Taylor expansion 
about lethargy value u. The approximation, 
used in conjunction with a Pi approximation 
for the angular dependence, leads directly to 
the Fermi Age Equation. (See PN Approxima¬ 
tion.) 

AGE EQUATION (FERMI). In the theory 
of neutron slowing-down in matter, the age 
equation 
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„ dq 
V2g(r,r') = — (r,/) 

07 

describes the slowing-down density of neutrons 
as a function of space and generalized age, t . 
It is generally solved under particular boundary 
conditions and the initial condition q(r,0) = 
S(r), where <S(r) gives the space distribution of 
neutron sources. The generalized age, 

t _ rE° dE' D(E') 

Je E' £2s + 7S a 

Parts by Volume Parts by Mass 

n2 0.7803 0.7547 

02 0.2099 0.2320 

A 0.00933 0.0128 

CO 2 0.00030 0.00046 
h2 0.0001 0.00001 

Ne 0.000018 0.000012 

He 0.000005 0.0000007 
Xr 0.000001 0.000003 

Xe 0.00000009 0.0000004 

For rapid calculation a simpler composition is 
often assumed: 

reduces to the usual age, r, when 20, the 
macroscopic absorption cross section is zero. 
For definition of 7, see Goertzel-Greuling 

approximation. 

AGE, NEUTRON. In the theory of neutron 
slowing-down in matter, the neutron age, 
t(E,E0) is defined by 

EodE’ D(E') 

• ’ 

where E is the neutron energy, E0 a reference 
energy, D{E) is the diffusion coefficient appro¬ 
priate to neutrons having energy E, £ is the 
average logarithmic energy loss for a neutron 
in collision with an atom of the moderating 
material, and 2S is the microscopic cross- 
section for scattering. In the case of slowing- 
down in a mixture, average values of D and 
£ 2S are used. Note that the age has dimensions 
of length squared. 

AGEOSTROPHIC WIND. The actual wind 
less the geostrophic wind (measured vector- 
ially). If there is no frictional drag or eddy 
stress the ageostrophic wind vA is related to 
the acceleration in the same way as the geo¬ 
strophic wind is related to the pressure gradi¬ 
ent; thus 

Dv 

where v is the air velocity relative to the earth, 
assumed horizontal, and f is twice the vertical 
component of the earth’s rotation. 

AIR, ATMOSPHERIC. Atmospheric air is a 
mixture of gases of remarkably constant com¬ 
position, except for its moisture content (H20 

vapor). The composition of dry atmospheric 
air is as follows: 

Parts by Volume Parts by Mass 

N2 0.79 0.77 

02 0.21 0.23 

The gas constant for air is 

R — 53.35 ft lbf/lbm °F = 29.27 kp m/kg °C 

= 287.0 J/kg °C, 

the molecular weight is 

M = 28.964 lbm/lbmol = 28.964 kg/kmol, 

the density at 0°C and 760 mm Hg is 

Po = 1.2928 kg/m3 = 0.08071 lbm/ft3. 

When air is treated as a perfect gas with con¬ 
stant specific heats, it can be assumed that 

cp = 0.240 Btu/lbm °F = 0.240 kcal/kg °C 
cv = 0.171 Btu/lbm °F = 0.171 kcal/kg °C 
7 = 1.40. 

See also atmosphere, standard. 

AIR COMPRESSOR. See compressor. 

AIR EXCESS RATIO. Ratio of volume of 
excess air supplied for combustion to theoreti¬ 
cal (stoichiometric) volume required for com¬ 
plete combustion. If X denotes the air ratio, 
then the air excess ratio 8 = X — 1. 

AIRFOIL, ALSO AEROFOIL. A surface 
whose cross section is so shaped as to provide 
nearly potential flow around it; when placed in 
an air stream, an airfoil produces a large lift 
and a relatively small drag. Airfoils are used 
for airplane wings, turbine and turbo-com¬ 
pressor blades, etc. 

AIRFOIL, LIFT AND MOMENT ON. See 
lift and moment on an airfoil, general for¬ 
mulae. 

AIRFOIL STARTED FROM REST. It is 
supposed that an airfoil is started impulsively 
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from rest with velocity V, the angle of inci¬ 
dence a being kept constant. Immediately 
after starting, the circulation round the air¬ 
foil is zero and the streamlines in the vicinity 
of the trailing edge are as sketched in Figure 
1. There is a rapidly rising pressure in the 

flow along the upper surface from the trailing 
edge towards the stagnation point S, and after 
a very short time a boundary layer develops 
in this region and separates, leading to the 
formation of a vortex as shown in Figure 2. 
This vortex, known as the starting vortex, does 

not remain in this position; it separates from 
the trailing edge and is left behind in the fluid 
as the airfoil moves on. The circulation round 
a path enclosing the airfoil and its wake re¬ 
mains zero, so that as the starting vortex is 
left behind in the wake the circulation round 
the airfoil alone becomes equal to the strength 
of the starting vortex, but of opposite sign. 

The general problem of an airfoil in ac¬ 
celerated motion will now be considered in 
greater detail. Vorticity of the sign shown in 
Figure 2 is shed from the lower surface, and 
from the part of the upper surface between the 
stagnation point S and the trailing edge (Fig¬ 
ure 1), while vorticity of opposite sign is shed 
from the part of the upper surface upstream 
of S. The former predominates, so that the 
net vorticity in the wake is of the sign shown 
in Figure 2. The shedding of net vorticity 
into the wake, and the associated growth of 
circulation around the airfoil, continue until 

the fluid is flowing smoothly from the trailing 
edge as in Figure 3. This state is only ap¬ 
proached asymptotically; the circulation and 
the lift then have their steady-flow values. 

This discussion shows that, immediately 
after starting an airfoil from rest, the circula¬ 
tion is less than the final steady-flow value 
corresponding to the Joukowski condition. 
There is also a deficiency of lift, although the 
Kutta-Joukowski law relating the lift to the 
circulation for steady flow is not applicable 
in unsteady flow. The phenomenon of lift de¬ 
ficiency just after the start was studied theo¬ 
retically by Wagner and is known as the Wag¬ 
ner effect. This term is also used with refer¬ 
ence to the corresponding deficiency of lift im¬ 
mediately after an abrupt increase of inci¬ 
dence. 

In the theoretical study of the problem by 
Wagner and others, it is assumed that the 
airfoil is thin, uncambered, and at a small 
angle of incidence. It is also assumed that the 
circulation at any instant is such that the 
fluid leaves the trailing edge smoothly, so that 
the velocity there is finite. It is found that 
the circulation and lift reach values within 
about 5% of the steady-flow values after the 
airfoil has travelled a distance of the order of 
10 times the chord. 

It is also found that immediately after an 
impulsive start, for an airfoil at constant inci¬ 
dence, or immediately after an abrupt increase 
of incidence from zero, for an airfoil at con¬ 
stant speed, the lift coefficient is exactly half 
the value in steady flow. (See A. Robinson 
and J. A. Laurmann, Wing Theory, Cambridge, 
1956.) 

AIRFOIL THEORY (TWO-DIMENSIONAL). 
For calculating the properties of thin airfoils 
of small camber, at small angles of incidence, 
the methods of thin-airfoil theory are most 
useful. For thick airfoils, or for large angles 
of incidence, thin-airfoil theory becomes in¬ 
accurate and other methods must be used. 

The family of airfoils known as Joukowski 
airfoils is obtained by conformal mapping of 
the flow past a circular cylinder, using the 
simple mapping function 

c2 
f = 2 + — (1) 

z 

In the Theodorsen method Equation (1) is 
used to transform a given airfoil in the £-plane Fig. 3. 
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into a contour in the 2-plane which is not ex¬ 
actly a circle but does not differ greatly from 
a circle. This “pseudo-circle” in the 2-plane 
is then related to a true circle in the 2'-plane 
by a further transformation. The calculation 
involves a process of successive approxima¬ 
tions, and although this converges rapidly the 
numerical work required is extensive. The 
method is exact and free from any restriction 
on thickness, camber or incidence, but it can 
only be used to calculate the pressure distribu¬ 
tion on a given airfoil, and not for the inverse 
problem of designing an airfoil to have a given 
pressure distribution. 

For this inverse problem, the Lighthill method 
may be used, if the thickness is so large that 
an exact theory is required. With this method 
it is unfortunate that the calculation has to be 
started with the velocity distribution pre¬ 
scribed, not on the airfoil itself, but on the 
circle into which the airfoil may be transformed. 
It is found in practice, however, that this does 
not restrict the usefulness of the method very 
seriously. The region outside the airfoil in the 
f-plane is transformed into the region outside 
the circle j 2; = a in the 2-plane by means of a 

transformation function f (2) such that — —» 1 
dz 

as 2 —» 00. The coordinates of the airfoil 
surface are obtained in terms of two integrals, 
involving the fluid speed and the direction of 
flow as functions of position on the circle in the 
2-plane. The fluid speed is prescribed at the 
start, and the direction of flow 6 is found as the 
conjugate Fourier series of log qQ, where q0 is 
the fluid speed at zero incidence. 

Lighthill’s method has also been applied in 
designing cascades of airfoils, and contrac¬ 
tions and bends in two-dimensional channels. 
For airfoils of small or moderate thickness, 
the approximate methods of Goldstein are 
more useful; these are considered briefly be¬ 
low. For very thick airfoils, especially those 
incorporating suction slots, the approximate 
methods cannot be used and Lighthill’s method 
is unrivalled. 

Goldstein has developed a series of syste¬ 
matic approximations to exact airfoil theory 
which lead to useful results with a compara¬ 
tively small effort in computing. His first ap¬ 
proximation corresponds to the linearized 
“thin-airfoil theory,” while the second and 
third are higher order approximations allow¬ 
ing for greater thickness and camber. The 

Air-fuel Ratio — Airplane Energy Equation 

approximations are based on Theodorsen’s 
method, and it is assumed that the differences 
between the pseudo-circle in the 2-plane and 
the true circle in the 2'-plane are small; this 
implies fairly small thickness and camber of 
the airfoil, but does not restrict the incidence. 
With this assumption, simplifications can be 
made in Theodorsen’s method which reduce 
considerably the labor involved in computing 
the velocity distribution on a given airfoil. 
Moreover, Goldstein has been able to develop 
his approximate methods so that they can be 
used fairly easily for designing airfoils to have 
prescribed velocity distributions. (See A. 
Robinson and J. A. Laurmann, Wing Theory, 
Cambridge, 1956.) 

AIR-FUEL RATIO. The ratio of the mass 
of air to the mass of fuel supplied in a com¬ 
bustion device. 

AIR INJECTION. The process of injecting 
the fuel into a diesel engine with the aid of a 
blast of air from a compressor. In modem 
engines air injection has been replaced by 
solid injection when the fuel is compressed to 
several hundred atmospheres in an injection 
pump and injected into the cylinder through 
an atomizer. The object in either case is to 
inject the liquid fuel in the form of a fine spray. 

AIR PARCEL. An imaginary body of air to 
which may be assigned any or all of the basic 
dynamic and thermodynamic properties of at¬ 
mospheric air. A parcel is large enough to 
contain a very great number of molecules, but 
small enough so that the properties assigned 
to it are approximately uniform within it and 
so that its motions with respect to the sur¬ 
rounding atmosphere do not induce marked 
compensatory movements. It cannot be given 
precise numerical definition, but a cubic foot 
of air might fit well into most contexts where 
air parcels are discussed, particularly those 
related to static stability. Any fluid parcel 
may be defined similarly. 

AIRPLANE ENERGY EQUATION. For an 
airplane of weight IF, flying at height h with 
velocity V, the sum of the potential and kinetic 
energies is 

Also, if D is the drag of the airplane and T is 
the propulsive thrust, 
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dE (dh V dV\ 
7 (T - D)  -= W — +-- 

dt \dt g dt / 

Thus the rate of climb is 

dh 

dt 

V VdV 
— (T - D)- 
W g dt 

AIRPLANE PERFORMANCE. For an air¬ 
plane of weight W, flying at constant velocity 
and climbing at an angle 6, the required pro¬ 
pulsive thrust T is given by 

T 
— = y cos 0 + sin 6, (1) 
W 

where y is the ratio of drag to lift. Thus the 
rate of climb, or vertical component of velocity, 
is equal to V{T/W — y), where V is the 
velocity of flight. 

For horizontal flight at constant speed and 
incidence, the distance flown while using fuel 
of weight / is 

V 

C~y 
l0ge 

w 
W-f 

where W is the total weight of the airplane and 
fuel at the start and C is the ratio of the weight 
of fuel used per unit time to the propulsive 
thrust. 

AIRPLANE STABILITY. In the theory of 
airplane stability it is usual to consider sepa¬ 
rately the symmetric disturbances, in which 
all the forces lie in the plane of symmetry, and 
the asymmetric disturbances in which there 
are rolling, yawing and side-slipping motions 
and associated forces. 

The equations are expressed in terms of 
body axes, with origin at the center of gravity, 
chosen so that in undisturbed horizontal flight 
Ox is in the direction of flight and Oz is vertical 
and downward. The velocity components in 
undisturbed flight are {U, 0, 0) and the com¬ 
ponents of the disturbance velocity are {u, v, 
w). The angular velocities about the x, y and 
z-axes are p, q and r, while the moments of 
inertia about these axes are A, B and C. The 
components of the resultant aerodynamic 
force acting on the aircraft are (X, Y, Z) and 
the aerodynamic couples about the three axes 
are L, M and N. Then, if 6 is the angular 
displacement about the y-axis from the un¬ 
disturbed state and terms involving products 
of inertia are neglected, the equations for the 

motion of the airplane when disturbed sym¬ 
metrically are 

mu = Xu-U + Xw-W + Xg-q ■ 

— mgd 

m{w — Uq) = Zu-U + Zw-W + Zq-q 

Bq = Mu-U + Mw-W 

+ Mq-q -(- M„-w + M0,. 

(1) 

where m is the mass of the aircraft. 
dzL 

In Equation (1), ti denotes — and Xu denotes 
dX dt 
— • M0 is the pitching moment due to dis¬ 

placement (if any) of the elevator control. 
With the exception of the term M-w-w in the 
third equation, terms involving aerodynamic 
forces or couples due to acceleration are neg¬ 
ligible. In practice the terms Xq-q, Zq-q and 
Mu ■ U, which are included here in the equa¬ 
tions, are also negligible. 

If <p and \p are the angles of roll and yaw, 
respectively, the equations of motion for asym¬ 
metric disturbances are 

m(i> + Ur) = Yv-v + Yp-p + Yr-r 

+ mg<t> 

Ap = Lv-v + Lp-p + Lr-r 

+ L0 

Cr = Nv-v + Np-p + Nr-r 

+ N0. 

In Equation (2), L0 and N0 are the rolling 
and yawing moments due to displacement 
(if any) of the ailerons and rudder. 

It is usual to convert Equations (1) and (2) 
into a dimensionless form. In principle, this 
is done by expressing all masses in terms of m, 
the mass of the airplane, all lengths in terms 
of a representative length l defining the scale 
of the airplane, and all times in terms of a 
quantity 

m 

~PUS’ 

where p is the air density and S is the wflng area. 

The quantity-is known as the unit of aero- 
pUS 

dynamic time. The equations in this dimension¬ 
less form apply to any airplane of the specified 
shape, whatever its size, weight, or altitude of 
flight. 

In solving Equations (1) and (2) it is often 
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assumed that the dimensionless forms of the 
derivatives Xu, Yv, etc., are not affected by 
changes of airplane velocity. Then, expressing 
the solution for the disturbance velocities in the 
form u = Uieu, p = and so on, a pair of 
quartic equations in X is obtained, one for 
Equation(l) and another for Equation (2). The 
form of the solution of these quartic equations 
determines the stability or instability of the 
motion. (See W. J. Duncan, Control and Sta¬ 
bility of Aircraft, Cambridge, 1952.) 

AIR PREHEATING. In order to increase 
the overall efficiency of a steam plant, the 
combustion gases from the boiler can be used 
to preheat the air supplied for combustion. 
The air preheater is also known as an econ¬ 
omizer. 

AIR-STANDARD CYCLE. An ideal sequence 
of processes forming a cycle which serves as 
a standard of comparison for the evaluation 
of the performance of internal combustion en¬ 
gines. The essential idealization consists in 
replacing the process of combustion by the 
addition of heat from an external source and 
by assuming that the working fluid has the 
properties of air (perfect gas with constant, 
or variable, specific heats) throughout the 
cycle. The precise details of an air-standard 
cycle for a particular type of engine are to a 
certain extent arbitrary and must be fixed 
by convention. 

AIR-STANDARD EFFICIENCY. The effi¬ 
ciency of an air-standard cycle which corre¬ 
sponds to a given internal-combustion engine. 

AIR RATIO. Ratio of volume of air supplied 
for combustion to theoretical (stoichiometric) 
volume required for complete combustion. 

AIRSCREW. An airscrew may be used either 
as a propeller, for converting shaft power into 
thrust, or as a windmill, for extracting energy 
from an air stream and converting this into 
shaft power. The lifting rotor of a helicopter 
in upward vertical flight may be regarded as 
a special form of propeller. 

The usual theory of airscrews has been de¬ 
veloped primarily for use in the design of 
propellers, but it is also applicable to wind¬ 
mills. Each element of a blade is regarded as 
an element of a twro-dimensional airfoil, oper¬ 
ating in a stream whose velocity is determined 
in magnitude and direction not only by the 
forward and rotational speeds, but also by 
the induced velocity due to the system of 
helical trailing vortices from the blades. It 
can be shown that the induced velocity at a 
given radius depends only on the thrust and 
torque loading at that radius. 

In the usual method of calculating the in¬ 
duced velocities, the airscrew is replaced by 
an equivalent airscrew having an infinite num¬ 
ber of blades and the same radial distribution 
of thrust and torque. This approximation 
gives very good results in many cases. For 
other cases, more refined theories are available 
in which allowance is made for the finite num¬ 
ber of blades in calculating the induced veloci¬ 
ties. (See H. Glauert, The Elements of Aero¬ 
foil and Airscrew Theory, Cambridge, 2nd 
Edition, 1947.) 

AIR-STEAM MIXTURES. Mixtures of air 
and steam play an important part in the 
study of atmospheric conditions, drying and 
air conditioning. In evaluating their proper¬ 
ties it is usually assumed that the air (or, gen¬ 
erally, gas) is perfect and non-condensing, 
and that the steam (or, generally, the vapor) 
is also a perfect gas, except that the fact that 
the steam condenses under specified conditions 
is taken into account. Processes involving 
mixtures of gases and vapor are usually studied 
graphically. (See psychrometric chart and 
Mollier diagram.) 

AIRY DIFFERENTIAL EQUATION. See 
Airy functions. 

AIRY DISC. The diffraction pattern in the 
Gaussian image plane of an axially symmet¬ 
rical optical system is given by 

,2?r , 
(p) 

pdp 

where p0 = n sin 0 is the exit aperture, n is the 
index of refraction in image space, 0 is the angle 
of projection, X is the wavelength, JT(p) is the 
mixed characteristic function of the system, and 
r is radial distance in the image plane from the 
focus. (J0 and J\ are Bessel functions of orders 
0 and 1.) If the system is free from spherical 
aberration so W(j>) = IF(0) is constant, then 

F(r) = 
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The intensity of the diffraction patterns is 

[ 2Ji (/3) 1 2 
I(.r)=I( 0) 1 

*■ r I ' 

2np0 
/3 =-r. 

The first positive zero of I(r), as determined 
from the first positive zero of J \(z) is approxi¬ 
mately rx = 0.61X/po. The Airy disc is then 
the illuminated circle in the image plane with 
center at the focus and radius rx. 

AIRY FUNCTIONS. In an investigation of 
diffraction near a caustic surface Airy intro¬ 
duced what is now called the Airy integral 

Ai(x) 
1 rx 

= — I exp i 
2tt 

(tx + %td)dt 

f cos (tx + }r)dt 

which satisfies Airy’s differential equation 

by means of the relations yx(xi) — Vi and 

Vx(Xi, Xj) = 

yx(xi, Xj, xk) = 

yx(xi) Xi - x 

yx(xj) Xj - x 
-— I 

(Xj - Xi) 

yx(xit Xj) Xj - x 

yx(xi, xk) xk - x 

(xk — Xi) 

Then yx(xi, Xj) is the result of linear interpola¬ 
tion based upon the abscissae Xi and Xj\ 
yx(xi, Xj, Xk) that of quadratic interpolation 
based upon the abscissae xXj, and xk; • • •. 
The process may be terminated whenever con¬ 
secutive entries in a column agree to sufficiently 
many figures. 

It is not necessary that the abscissae be 
equally spaced, or even ordered, but only that 
they be distinct. The method of Neville is 
based upon the same principle but utilizes the 
table 

x0 ~ x yx(x0) 

Xi — x ys(x i) 

X2 - X yx(x2) 

x3 - x yx(x3) 

The solutions of this equation are called Airy 
functions. A second solution is 

1 rx 
Bi(x) = - | {exp (tx — \td) 

7T Jq 

+ sin (tx + \tz))dt. 

AIRY INTEGRAL. See Airy functions. 

AIRY STRESS FUNCTION. See plane strain. 

AITKEN 62 PROCESS. See delta-square 
process. 

AITKEN METHOD OF INTERPOLATION. 
The procedure is to form a table 

Vx(xq, xi) 
yx(xo, x\, x2) 

Vx(xi, x2) yx(xo, xu x2, x3). 
. . Vx(Xl, X2, xa) 

yx(x2, x3) 

AITKEN NUCLEI. The microscopic particles 
in the atmosphere which serve as condensa¬ 
tion nuclei for droplet growth during the rapid 
adiabatic expansion produced by an Aitken 
dust-counter. These nuclei, often numbering 
many tens of thousands per cubic centimeter 
in city air, are both solid and liquid particles 
whose diameters are of the order of tenths of 
microns or even smaller. 

ALBEDO. (1) The reflection factor of a dif¬ 
fusely reflecting surface, e.g., a planet. (2) 
In particle physics, the albedo is the ratio of 
the current of particles (neutrons, photons, 
. . .) reflected from a surface, to the current 
incident upon the surface. (3) In cosmic ray 

xo ~ x yx(x0) 

Xi - x yx(xi) yx(x0, xx) 

x2 - x yx(x2) yx(x0, x2) yx(x0, xlt x2) 

x3 ~ x yx(x3) yx(x0, x3) yx(x0, xu x3) yx(x0, xlt x2, x3) 
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physics, albedo refers to those energetic 
charged secondary cosmic rays which move 
generally upward. Since some of these par¬ 
ticles go far into the upper atmosphere and re¬ 
turn to the earth’s surface (because of the 
effect of the earth’s magnetic field), measure¬ 
ments of primary cosmic radiation must be 
corrected for the contribution of the albedo 
particles. (4) In determining the albedo of a 
planet, it is evident that observations must be 
taken at all phases of the object as seen from 
the earth and an average value obtained. The 
average values of the albedo for various mem¬ 
bers of the solar system are: 

Mercury... 7% 

Venus. 59 

Earth. 29 

Ceres. 6 

Jupiter.... 44 

Saturn.... 42% 

Uranus... 

Neptune. . 

Pluto. 

45 

52 

3(?) 

(*1, •*'2; *j %n)(y 1) 2/2, ' ') 2/n) 

(Yijl^iVji Y ') Ytjn^iUj)) 

X(xj, x2, * j Xn) (Xxj, Xx2, * > Xx„), 

where X is a scalar and we have used the sum¬ 
mation convention. Setting 

h =" (bO, -,0),l2 = (0, 1, ••• In 

= (0, 0, • • 1) 

we have (x1} x2 • • •, xn) = XiU, and klj = y^kh- 
The U form a basis of the algebra and the y,jk 
are its structure constants. 

ALGEBRAIC EQUATIONS. An equation, 
or set of simultaneous equations, in which the 
unknowns occur as rational functions only. 
Hence the equations are expressible by equat¬ 
ing polynomials to zero. Here the case of a 
single equation in one unknown is considered: 

ALFEN WAVE. (Also called magnetohydro¬ 
dynamic wave.) A transverse wave in a mag¬ 
netohydrodynamic field in which the driving 
force is the tension introduced by the magnetic 
field along the lines of force. The dynamics 
of such waves are analogous to those in a 
vibrating string, the phase speed being given 

by 
C2 = yH2/iirp, 

where p is the permeability, H the magnitude 
of the magnetic field, and p the fluid density. 
Dissipative effects due to fluid viscosity and 
electrical resistance may also be present. (For 
further details see T. G. Cowling, Magneto¬ 
hydrodynamics, Interscience, 1957.) 

ALGEBRA. In general, algebra is the theory 
of multiplication and addition; see field, etc. 
Specifically, an algebra (the concept is im¬ 
portant, e.g., in quantum mechanics, and in 
crystallography) is defined as follows: 

Let K be any field (in physical practice, 
usually a complex field) whose elements we 
shall call scalars. Let yak, with i, j, k = 1, 
2, • • •, n, be any n3 elements of K. Then the 
set of all ordered n-tuples (xi, x2, • • •, x„) of 
element of K is called an algebra over K if 
addition, multiplication and scalar multiplica¬ 
tion are defined thus: 

(Xl, 2-2, Xn) 4“ (2/1 > 2/2, ‘ 2/n) 

= (*1 + yi, x2 + 2/2, • • •, Xn + yn) 

a0P(x) = a0xn + cqx” 1 4-\-an = 0, 

ao 5^ 0, 

where the a,- do not depend upon x, and are 
called the coefficients of the equation, while n 
is the degree. This equation is equivalent to 

P(x) = xn — cxxn~l 4-b (-l)nc„ = 0, 

G = (-l)Vflo, 

where the Cj are the elementary symmetric 

functions of the roots X;. 
The remainder theorem states that if a0P(x) 

is divided by x — r, the remainder is a0P(r): 

a0P(x) = (x - r)Q{x) + a0P(r); 

the factor theorem is a corollary and states that 
if r is a root of P{x) = 0, then x — r divides 
P(x). The “fundamental theorem of algebra” 
states that every algebraic equation has a 
root, real or complex. These theorems imply 
that P(x) can be factored completely: 

P(x) = (x - Xi) (x - x2) • • • (x — x„), 

each Xi being a root. If x,- = Xj for some i 9^ j, 
then Xi = Xj is a double root; if xt- = Xj = x*, a 
triple root, • • •. Counting a root x,- of multi¬ 
plicity to as being w coincident roots, one says 
that an algebraic equation of degree n has ex¬ 
actly n roots (neither more nor less). A Taylor 

series expansion gives 

P(x — r) = P(r) 4- (x — r)P'(r) 4- 

4- (x - r)"P(n)(r)/n! 



Algebra of a Group — Alienation 32 

Hence r is a root of multiplicity m if and only if 

0 = P(r) = P'(r) = • • • = P(m~l\r) ^ P(m)(r), 

hence r satisfies the derived equations 

P(i\x) =0, i = 0, 1, - 1. 

In general, setting y = x — r, if 

ft; = p(n-i) (r)/(n - t)!, 

then any root of 

2/” + b12/n_1+---+bn = 0 

is r less than a root Xi, hence the roots are said 
to have been reduced by r. Repeated syn¬ 

thetic division can be applied to the original 
equation to obtain the bt-, since bn = P(r) is 
the remainder after dividing P(x) by x — r; 
bn~i that after dividing the quotient by 
x — r; ■ • •. 

Other useful transformations are the follow¬ 
ing: 
The roots of 

a0yn ~ Giyn~l H-f ( — l)nan = 0 

are the negatives of the roots of the original; 
those of 

aoyn + ai aVn 1 + • * • + o„an = 0 

are a times the roots of the original; those of 

0n2/n + On— iyn 1 + • • • + Oo = 0 

are the reciprocals of those of the original. 
These can be derived by setting x = — y, 
x = y/a, and x = l/y. 

When the coefficients are integers, then 
any rational root when expressed as a fraction 
p/q in lowest terms is such that p divides a„ 
and q divides a0 without remainder. In par¬ 
ticular, any integral root must be a divisor of 
an. In principle all rational roots can be found 
exactly, and once any root r is known, all 
other roots must satisfy Q(x) =0 where 
Q = P/{x — r). For irrational roots see 
Budan theorem, Sturm theorem, Horner 
method, Newton method, Bernoulli method, 
Graeffe method, iterative methods. 

While these methods, except for Horner’s, 
apply as well to complex roots as to real, it 
may be convenient to evaluate P(z) with z = x 
-)- iy, and write 

P(z) = R(x, y) + il(x, y), 

after collecting real and pure imaginary terms. 

Then 
R(x, y) = J(x, y) = 0 

are two simultaneous equations in x and y, 
and any real solution (x, y) determines a com¬ 
plex solution z = x + iy of P(z) = 0. More 
to be recommended, however, is the Bairstow 
method for complex roots, which is, in fact, 
an adaptation of Newton’s method to complex 
roots. 

ALGEBRA OF A GROUP. The algebra of 
polynomials, with coefficients in a field K, of 
the elements a1} a2, •••, a* of a finite group 
G, where if 

x = Aqcq -f- k2a2 +•••-(- knan 

y = fc'jOj + k'2a2 + • • ■ + k'nan, 

then 

x + y — (ki + k'i)di + • • • + (kn + k'n)an 

and xy = l^i + l2a2 H-b lnan, 

where x and y have been multiplied together as 
polynomials, the product a,a;- being determined 
by the law of multiplication of the group. 

ALGORITHM. A term derived from the word 
algorism, which meant the art of computing 
with Arabic numerals. The term algorithm 
is now used (1) to denote any method of com¬ 
putation, whether algebraic or numerical, or 
(2) any method of computation consisting of 
a comparatively small number of steps; the 
steps to be taken in a preassigned order and 
usually involving iteration, which are spe¬ 
cifically adapted to the solution of a problem 
of some particular type. The best known 
example is Euclid’s algorithm for finding the 
highest common factor of two given numbers. 
Algorithms play an important role in the the¬ 
ory of computing machines. 

ALIASING. The introduction of error in the 
Fourier analysis of a discrete sampling from 
continuous data, by which frequencies too high 
to be analyzed with the given sampling inter¬ 
val contribute to the amplitude of lower fre¬ 
quencies. (See also Nyquist frequency.) 

ALIENATION. A term used, mainly in psy¬ 
chology, to denote the departure of random 
variables from dependence on one another. If 
r is the coefficient of correlation between two 
variables x and y, their coefficient of alienation 

is defined as y/— r2). Likewise, if x and y 
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are p-way and q-way vectors with dispersion 
matrices tq and v2 and if v is the dispersion 
matrix of all (p + q) variables together, the 
vector alienation coefficient is defined as 

V{ M/MM }• 
ALLOWED TRANSITION. See transition, 
allowed; selection rules; transition, forbidden. 

ALPHA DISINTEGRATION (ALPHA DE¬ 
CAY). The process whereby a nucleus disinte¬ 
grates spontaneously with the emission of an 
alpha particle (see radioactivity). The alpha 
particle is assumed to be formed at the instant 
of emission at the surface of the nucleus. 

ALPHA DISINTEGRATION ENERGY. (1) 
The energy of disintegration of an a-disintegra- 
tion process, equal to the value Qa = Ea + Er 

where Qa is the a-disintegration energy, Ea is 
the kinetic energy of the a-particle, and Er is 
the recoil kinetic energy of the product atom. 
If Ma and Mr are the masses of the a-particle 
and the recoil atom, respectively, then 

„ Mr 
En = —-— Qa 

and 

Er = 

Mr + Ma 

Mg 

Mr + M, 
Qa. 

(2) Often, the ground state a-disintegration 
energy, which is the total energy evolved, in¬ 
cluding the energy of gamma and associated 
radiations, when the disintegrating and product 
nuclei are in their ground states: Qa„. 

ALPHA-PARTICLE MODEL OF NUCLEI. 
The nuclei of mass A = 4n and charge Z = 2n, 
where n is an integer, are known to have bind¬ 
ing energies somewhat in excess of their neigh¬ 
bors, and approximately equal to the total 
binding energy of n free alpha-particles, or 
helium nuclei. For example, the binding 
energy of O16 is 127 Mev, whereas that of 4 
free a-particles is 113 Mev. Consequently a 
model has been proposed whereby these nuclei 
are supposed to consist of more or less stable 
a-particles as sub-units bound together by 
weak residual attraction forces similar to the 
van de Waals forces in molecules. The theory 
does not stand up to detailed investigation. 

ALTERNATING CURRENT (A-C). Current 
in which the charge-flow periodically reverses, 
as opposed to direct current, and whose aver¬ 
age value is zero. 

ALTERNATING CURRENT CIRCUIT. Sup¬ 
pose that any element of a circuit, such as a 
straight wire, a coil, or a capacitor, carries a 
current that varies periodically with the time 
t. A simple example occurs when the current 
I can be expressed as 

I = I0 cos wt = I0 cos 2-n-ft, 

where I0 is a constant amplitude, / is the fre¬ 
quency, and « is the angular frequency. The 
potential difference required to maintain this 
current is then also periodic and can be shown 
to be 

V = V0 cos (cet -f <t>), 

where V0 is the voltage amplitude and <fr is the 
phase angle. Further, 

Vo = I0Z, 

where Z is the magnitude of a quantity known 
as the impedance, and 

tan <j> = X/R 

where X is the reactance and R is the effective 
resistance. 

It is often convenient to express the current 
through and voltage across the circuit element 
by a complex number, I = I0elut or V = 
F0el(“<+<*>) and to consider the instantaneous 
current or voltage to the real part of the num¬ 
ber. The situation can then be represented on 
an Argand diagram as shown in the figure. The 

Imaginary 

Argand diagram for an alternating current circuit. 

vectors I and Y are then each of constant 
length, I0 and V0 respectively, and both rotate 
about the origin with an angular velocity w, so 
that the phase angle 4> between them remains 
constant. Then one can write 

V = ZI = (R + iX) I, 
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where Z is the (complex) impedance and i = 

V-i- 
The magnitude of Z is then 

Z = (ZZ*)^ = (R2 + X2)'A, 

Z* being the complex conjugate of Z. 
For a pure resistance R: 

Z/e = Zr = R; <t>R = 0; 

for a pure inductance L: 

Z l = i'Zl = fwL; 0l = 90°; 

and for a pure capacitance C: 

Zc = iZc — —i/coC) (f>c — —90°. 

Any real circuit element can either be approxi¬ 
mated (at a particular frequency) by one of the 
ideal elements mentioned above or can be con¬ 
sidered to be built up of a combination of such 
elements. Thus a coil of wire, such as a sole¬ 
noid, can often be considered to consist of a 
resistance R in series with an inductance L. 
When it carries an alternating current I, the 
potential difference across its terminals is 

V = IR + i\XL = IZ, 
so that 

Z = R + ioL and Z = (R2 + o2L2)A 

and 
tan 0 = L/R. 

Similarly, a capacitor or condenser can be ap¬ 
proximated as a pure capacitance C in parallel 
with a leakage resistance R. Then, if I/s is the 
current through the resistance and Ic that 
through the capacitance, 

V = I rR — flcWc = — ilo/wC. 

Taking the total current \ = \r -\- \c, it is 
found that 

Z = V/I = R{ 1 - ioCR)/( 1 + o2C2R2), 

Z = R/( 1 + o2C2R2)A 

and 
tan 0 = —oCR. 

Complex circuits may be built up of combina¬ 
tions of elements of the type discussed and the 
impedance of the combination found by the 
applications of the KirchhofT laws of networks 
to the instantaneous currents through and 
potential drops across the elements. When the 
current variation is more complicated than 

that expressed by the simple sinusoidal func¬ 
tion, e.g., if it includes a third harmonic: 

I = Jjg«* + I3e3io,t, 

a separate solution may be carried out for each 
value of o and the real parts of resulting in¬ 
stantaneous currents and voltages may be 
added. 

At any instant, energy is supplied to a circuit 
element at the rate 

Pi = IV = [I„ cos cof][F0 cos (ot + 0)] 

= IoV0 (cos2 ot cos 0 — sin cot cos cot sin 0). 

This instantaneous power may be either posi¬ 
tive or negative; when 0 9^ 0 power is delivered 
to the circuit during part of the cycle and re¬ 
turned to the source during other parts. The 
net energy delivered during any single cycle is X2W<*> r ^»2ir/w 

Pidt = Iovo cos 0J COS2 0otdt 

+ sin 0 I sin cot cos otdt . 
do J 

The average power is P = Ef + Eo/2w. As 
the second integral above is zero, the only con¬ 
tribution comes from the first integral, which 
has the value r/o. Hence 

P = COS 0 = IrmsVrm, COS 0, 

where /rm8 and Vrms are respectively the root- 
mean-square (or effective) current and the 
root-mean-square voltage. The factor cos 0, 
giving the ratio of the power to the product of 
the effective current and effective voltage, is 
called the power factor. (See also multiphase 
circuits.) 

ALTERNATING GRADIENT FOCUSING. 
The qualitative concept involved in alternat¬ 
ing gradient focusing can best be seen by con¬ 
sidering a charged particle moving in the z-di- 
rection of a Cartesian coordinate system. 
If from 2 = 0 to z = A there is a magnetic 
flux density B, whose x and y-components are 
respectively BqX and B0y where B0 is a con¬ 
stant, and if from z = A to z = 2.4 there is a 
flux density with the x and y-components re¬ 
spectively, — B„x and —B0y, then the particle 
which is moving along the z-direction will ob¬ 
tain a velocity directed towards the z-axis by 
the time it reaches z = 2A. In other words, a 
sequence of alternating gradient fields will 
tend to focus the particle towards the axis. 
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This principle is used in high energy accelera¬ 
tors to prevent spreading of the beam. 

ALTERNATING GROUP. The group of even 
permutations of n objects. 

ALTERNATING SERIES. A series whose 
terms are alternately positive and negative. 
The alternating series test for convergence 
states that if the terms of an alternating series 
decrease monotonically in absolute value to 
zero, then the series converges. 

ALTERNATING TENSOR. See tensor, al¬ 
ternating. 

ALTERNATION OF MULTIPLICITIES. 
See multiplicities, alternation of. 

ALTERNATIVE (THEOREM OF THE, 
FOR LINEAR EQUATIONS). The system 

n 

of n linear equations in n unknowns ^ a^xk = 
k- 1 

Vi, (i = 1, 2, • • • ,n) with fixed at-y, either has a 
unique solution for every set of constants y,- or 
else the corresponding homogeneous equations 
(with yi = 0) have a positive number r, with 
0 < r < n, of linearly independent solutions 

•^llj %12> ’ " %1 n> ' ' «rl, %rn> in which 
n 

case the transposed equations ^ akizk = 0, 
k = 1 

also have r linearly independent solutions 
Z\\1 Zl2> * y %lny * > ZT\y %r2 * ? Zrn nnd the 
original (non-homogeneous) equations are solv¬ 
able only if yi, y2, • • • yn is orthogonal to every 

n 

2.1 • * • Zin, that is only if ^ yp{j = 0, i = 
i =1 

1,2, •••,r the solution then being uniquely 
determined, except that any solution of the 
homogeneous equations may be added to it. 
(Compare Fredholm theorem for integral 
equations.) 

ALTITUDE (ASTRONOMIC). The coordi¬ 
nate of a celestial object, on the horizontal 
system of coordinates, that is measured from 
the horizon along the vertical circle through 
the object through 90°. The determination 
of altitude is the fundamental observation for 
the determination of a line of position on which 
the ship (either air or sea borne) is located. 
The measurement of altitude of the pole star 
by sailors, for determination of the latitude of 
their ship, has been referred to in literature 
for at least 2500 years. The altitude of an 
object is determined by navigators by the use 

of a sextant, either of the mariner’s or the 
bubble type. When the mariner’s sextant is 
used, the altitude of the lower limb of an 
astronomic object is measured from the ap¬ 
parent horizon. To obtain the astronomic 
altitude the observed altitude must be cor¬ 
rected for instrumental errors, dip of the hori¬ 
zon, refraction, and semi-diameter (if the alti¬ 
tude of the lower limb of the sun or moon 
was measured). If the bubble type of sextant 
is used, corrections must be applied for instru¬ 
mental errors, refraction, and Coriolis force. 

AMAGAT COORDINATES. Representation 
of the equation of state of a substance involv¬ 
ing a family of isotherms plotted in a system 
of coordinates PV versus P. In the case of a 
perfect gas {PV = RT) this gives a family of 
straight horizontal lines; hence, in the case 
of a real gas, the diagram shows up clearly the 
deviations from perfect-gas behavior. 

AMAGAT LAW. (Also known as the Leduc 
law.) The volume of a mixture of (perfect) 
gases is equal to the sum of the volumes of the 
components, each taken at the (total) pressure 
and temperature of the mixture. 

AMAGAT UNIT. A unit of volume often used 
in the study of the equation of state for gases. 
It is by definition the molar volume of the 
gas at 0°C and 1 atmosphere. The exact value 
of this unit depends upon the gas considered, 
but is approximately equal to 2.24 X 104 
cm3/niole. 

AMPERE. A unit of electrical current, ab¬ 
breviated as A or amp. (1) The absolute 
ampere is exactly one-tenth of an abampere, 

the electromagnetic unit of current. The ab¬ 
solute ampere has been the legal standard of 
current since 1950. (2) The International 
ampere, the legal standard before 1950, is the 
steady current which must flow across a sur¬ 
face in order that one International coulomb 

of charge shall pass the surface during each 
second. 1 Int. amp = 0.999835 abs. amp. 

AMPERE LAW. The term is used loosely for 
any one of several expressions that connect 
the magnetic field produced by a steady cur¬ 
rent with the magnitude of the current and 
the geometry of the system. In the following 
discussion rationalized MKSA units are used; 
to adapt to other systems see electromagnetic 

units. 
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The differential form, sometimes called the 
Laplace law, gives the field dH produced by 
a current I flowing in a differential length 
d\ of a filamentary conductor as dH = I 
(dl X r/r3, where r is the (vector) displace¬ 
ment of the point at which the field is meas¬ 
ured from the element dl. The differential 
vector dl has the same sense as the (positive) 
current flow. (For meaning of dl X r see 
vector product.) After integration over an 
infinitely long straight filament, this form of 
the law yields the Biot-Savart law. 

The integral, or circuital form of the law 
states that 

f Hds = 7, 

where the line integral is taken around any 
closed path that encloses the current I. (For 
the meaning of H • ds see scalar product.) The 
value of this integral is often called the mag¬ 
netomotive force. When this form of the law 
is combined with a symmetry argument it, 
like the differential form, leads to the Biot- 
Savart law. 

In the course of the development of his elec¬ 
tromagnetic theory, Maxwell modified the 
Ampere law to allow for the effect of displace¬ 
ment currents, as well as conductive currents. 

The Biot-Savart law is sometimes called the 
Ampere law. 

AMPERE RULE. The magnetic flux gen¬ 
erated by a current in a wire encircles the 
current in the counterclockwise direction, if 
the current is approaching the observer. This 
is also referred to as the “right-hand rule,” 
since if the thumb of the right hand is directed 
along the current, the fingers will curl in the 
direction of the magnetic flux. 

AMPERE THEOREM. The magnetic field 
due to an electric current flowing in any cir¬ 
cuit is equivalent at external points to that 
due to a simple magnetic shell, the bounding 
edge of which coincides with the conductor, 
and the strength of which is equal to the 
strength of the current. (See magnetic shell, 
equivalent.) 

AMPERE TURN. The unit of magnetomotive 
force in MKSA units. The integral form of 
Ampere’s law gives the magnetomotive force 
as 

where I is the total current enclosed by the 
line integral. This total current may result 
from N turns of wire each carrying a current 
i. Thus a magnetomotive force of 1 ampere 
turn may result from 1 ampere flowing in 1 
turn of wire, from 0.1 ampere flowing in 10 
turns of wire, etc. 

AMPERE TURN PER METER. The unit of 
magnetic field strength, H, in the MKSA sys¬ 
tem. A magnetic field strength of magnitude 
equal to that inside a long solenoid having N 
turns in a length L, where N/L = one meter. 
(See ampere turn.) 

AMPERIAN CURRENTS. The complete 
equivalence between magnetic dipoles of mag¬ 
netized matter and of circulating electric cur¬ 
rents enables one to postulate that the mag¬ 
netization of matter is due to circulating 
currents, known as Amperian currents (or 
magnetization currents). Unlike ordinary 
currents, the flow of Amperian currents is 
persistent and involves no dissipation. Am- 
perion currents are due to the orbital and spin 
magnetic moments of electrons. 

AMPLIFICATION FACTOR. A measure of 
the relative effectiveness of voltages on the 
plate and grid of a vacuum tube, defined 
as the negative of the ratio of the infinitesimal 
plate voltage change necessary to counteract 
a given infinitesimal change in grid voltage in 
order to keep the plate current constant. 

/_ dVA 
V evJi 

oc = j)Hds = I = Ni, 

g/ ip const. 

AMPLITUDE. (1) If a complex number is 
represented in polar coordinates it becomes 
r(cos 6 -f- i sin 6) and the angle 6 is the ampli¬ 
tude, argument, or phase of the number. (See 
de Moivre theorem.) The term is also used 
to designate a parameter occurring in elliptic 
functions and integrals. (2) The crest or 
maximum value of a periodic (or specifically 
a simple harmonic) function of space or time 
or, more generally, any parameter that wrhen 
changed, merely represents a change in scale 
factor. In amplitude-modulation systems, 
this quantity becomes a function of time, and 
its instantaneous value is of importance, but 
it is still referred to as the amplitude. 

AMPLITUDE (INITIAL). The maximum 
displacement from a reference point of a pe- 
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riodic function. The periodic function can 
describe the motion of a pendulum point, the 
motion of a point on a spring or of a point 
on a mechanical system which is performing 
oscillatory motion or it may represent the mo¬ 
tion of a wave in a medium. 

AMPLITUDE EQUATIONS, FINITE 
ACOUSTIC. See finite amplitude equations 
(acoustic). 

AMPLITUDE OF NORMAL CURVATURE. 
See curvature, amplitude of normal. 

AMPLITUDE OF OSCILLATION. The 
maximum excursion from the mean position is 
called the amplitude, e.g., A in the simple har¬ 
monic oscillation x = A sin (wt + <j>). Also 
used less precisely to denote the excursion, x 
at any time t. 

A.M.U. See atomic mass unit. 

ANABATIC WIND. An up-slope wind, par¬ 
ticularly noticeable on hillsides warmed by 
sunshine when the air in a valley is stably- 
stratified or when large stationary convection 
clouds (cumulus) are situated over the hill¬ 
tops. 

ANALOG COMPUTER. A computing de¬ 
vice in which quantities are directly repre¬ 
sented by physical magnitudes: distances, 
voltages, currents, rotations, etc. Hence the 
mathematical operations are direct operations 
upon these magnitudes. Examples are slide 
rules, differential analyzers, and most special 
purpose computers, as well as wind tunnels 
and model basins. Analog computers are to 
be contrasted with digital computers, although 
hybrid forms exist. Most often, as in digital 
differential analyzers, in overall use the ma¬ 
chine appears as an analog machine but con¬ 
tains components that operate digitally. 

ANALOGOUS SYSTEMS (NETWORKS). 
Systems whose behavior is described by the 
same type of equations. 

ANALOG-TO DIGITAL CONVERTER. Any 
device for providing a digital representation 
of quantities initially represented in analog 
form, i.e., by physical magnitudes. 

ANALYSIS. That branch of mathematics 
which deals with limit processes. Analysis 
may thus be regarded as a branch of topology. 

Traditionally, the name is given to the study 
of functions of real or complex variables aris¬ 
ing naturally from the differential and in¬ 
tegral calculus. 

ANALYSIS OF COVARIANCE. An exten¬ 
sion of the analysis of variance. In the latter 
the analysis is concerned with sources of vari¬ 
ability affecting a set of observations of a 
single variable y. It may be that there exist 
variables x (say one for simplicity) which are 
correlated with y but unaffected by sources 
of variability; and we wish to abstract the 
effect of x from y before analyzing the latter. 
For example, in an agricultural field-trial to 
test different fertilizers on certain plots, there 
may be prior differences in fertility in the plots 
(x) which can be measured and affect the 
yields {y), whereas our object is to test the 
effect of treatments on y irrespective of x. 
The object is attained by finding the regression 
of y on x, removing the effect of x and testing 
the residual values of y in a variance analysis. 
The process involves the calculation of vari¬ 
ances of x and y and their covariance—hence 
the name. The procedure can be extended to 
many variables and exact tests of significance 
are available. 

ANALYSIS OF VARIANCE. Basically an 
arithmetical technique for segregating the 
sources of variability affecting a set of ob¬ 
servations. Two main types of analysis may 
be distinguished, and the simplest cases of 
each are described below. 

(1) Suppose we have n observations in each 
of m classes and assume that the ;th observa¬ 
tion in the ith class can be written in the form 

Vij = cl T hi T Cij 

i = 1- • -m; j = 1 • • • n, 

where 6,-, ca are variates distributed about zero 
with variances a2, <j2. We can calculate a 
sum of squares about the overall mean, 
y, (yij — y)2, with (mn — 1) degrees of free- 

dom from the whole set of observations. From 
each class we can calculate a sum of squares 
about the class mean, y (y,-y — y,)2, with 

(n — 1) d.f.; the corresponding mean square 
will estimate a2, and the best estimate is ob¬ 
tained by pooling these sums of squares and 
degrees of freedom within classes. In the same 
way we can calculate a sum of squares between 
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classes, with (m — 1) d.f., as n Xj (Vi ~ V)2 (in 
i 

practice, class totals rather than class means 
would be used in the computation); the ex¬ 
pected value of the corresponding mean square 
is nab2 + cc2- The degrees of freedom and the 
sums of squares between and within classes 
should total exactly to the total degrees of free¬ 
dom and sum of squares. The computations 
can be conveniently set out in an analysis of 
variance table as shown: 

Source of Expected 
Variation D.F. S.S. M.S. M.S. 

Between 
classes... m — 1. n H (Vi-V)2 

i 
nab2 +0'c2 

Within 
classes... m(n — 1) X, X (ya-Vx)2 

< i 
<7 2 

Total.... (mn —1) X (vij-V)2 
i.j 

If o-fc2 = 0, the two mean squares form in- 
dependent estimates of ac2 and their ratio 
therefore follows the F-distribution if we 
assume normal distributions. An estimate of 
(7 b2 is given by 

M.S. between classes—M.S. within classesX 

n ) 

The quantity \/(l — a2/{a2 + <rc2)) is 
called the intra-class correlation; it measures 
the resemblance of two members of the same 
class as compared with two unrelated individ¬ 
uals. 

(2) Suppose that the observations can be 
classified in two ways and that we can write 

Vij = « + £>; + Cj + €ij 

i — 1 • • • m; j = 1 • • • n, 

2 bi = 0, 2 cj = 0 

where a, bi, Cj are constants and ei;- is a random 
variate with mean zero and variance a2. The 
observations can now be set out in a two-way 
table, and if we denote the row and column 
means by yx, yj, we can calculate two sums of 
squares 

n X (Vi ~ V)2, m X (y, - y)2 

* j 

with (m — 1) and (n — 1) d.f. which measure 
the amount of variation between these means. 
Subtracting these from the total sum of squares, 
X (2/o — V)2 with (mn — 1) d.f., we are left 
i.j 

with a residual sum of squares with (m — 1) 

(w — 1) d.f.; the corresponding mean square 
provides an estimate of a2. The analysis of 
variance table now takes the form 

Source of 
Variation D.F. S.S. M.S 

Difference 
between b’s.. . m — 1 nX(Vi~ V)2 

i 
Difference 

between c’s.. . n — 1 ™ X (Vi-y)2 

Residual. . (m —l)(n —1) by subtraction s2 

Total. (mn —1) X (2Hj-V)2 
i.j 

If all the b’s are zero, the first mean square in 
the table provides an independent estimate of 
<r2, and an overall test of significance for differ¬ 
ences between the b’s can thus be derived from 
Fisher’s distribution; the c’s can similarly be 
tested by means of the second mean square. 
More usefully, the variance of a row mean is 
estimated as s2/n and that of a column mean as 
s2/m. Fiducial or confidence limits for single 
mean or for a contrast between the means 
can therefore be derived using the t-distribu- 
tion with (m — l)(n — 1) d.f. 

(3) The analysis of variance can usefully be 
applied to regression problems, of which (2) 
above is a special case. Suppose that the nor¬ 
mal equations arising in the regression cal¬ 
culations are 

axxbx 4" fli2&2 + • • • + ciipbp = hi 

a2lbl + 022^2 4" • • • + CL2pbp = h2 

+ flp2^2 4-b cippbp = hp 

Then we can set up an analysis of variance in 
the form 

Source of 
Variation D.F. S.S. M.S. 

Regression.... p T'. bihi 
i 

Residual.n — p — 1 by subtraction s2 

Total. n — 1 2 (y — y)2 

and the mean square in the second line esti¬ 
mates the variance of the deviations of the ob¬ 
servations from their expected values. (See 
also analysis of covariance.) 

ANALYTIC CONTINUATION. If the func¬ 
tion fi (z) is analytic in a domain Dx of the 
complex plane and fo(z) in a domain D2 partly 
overlapping Dlt and if fx(z) = f2(z) in the 
overlapping part, then f2{z) is called the 
analytic continuation of fx(z). The method 
of obtaining /2(z) from fx(z) consists of ex- 
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pressing fi(z) as a power series with a certain 
circle of convergence; then re-arranging the 
series about a different center so that its new 
circle of convergence extends beyond the old 
one and so on successively. 

ANALYTIC CURVE. A curve whose para¬ 
metric equations, in three dimensions for ex¬ 
ample, are of the form, 

x = x(t), y = y(t), z = z(t), 

where x(t), y{t), z{t) are analytic functions 
of the real variable t. 

ANALYTIC FUNCTION. A function of a 
real or complex variable is analytic at a point 
if it can be represented in a neighborhood of 
this point by its Taylor series about it. A 
function of a complex variable z, say w{z), is 
analytic at any point in the 2-plane if it is 

d 
regular there, i.e., if w(z) and — {w(z)} are both 

dz 
finite and single-valued at the point. If this 
is true for all points on a contour or in a certain 
region, w{z) is analytic on that contour or 
within that region. 

If 2 = x + iy and w = u + iv, where x, y, u, 
v are real, then w(z) is analytic at any point 
where the Cauchy-Riemann relations 

du dv dv du 

dx dy dx dy 

hold and where the partial derivatives involved 
are continuous. 

ANAMORPHIC SYSTEM. An optical system 
in which the magnification is a function of 
direction in the image plane. 

ANASTIGMAT. An optical instrument that 
is corrected for astigmatism and curvature of 
field, i.e., which satisfies Petzval’s condition. 

ANCILLARY STATISTIC. In the theory of 
statistical estimation, a function of the ob¬ 
servations which adds information additional 
to that furnished by the statistic used as an 
estimate. The term was introduced by R. A. 
Fisher who appears, however, to have altered 
the meaning so that estimation with the use 
of an ancillary statistic is now equivalent to 
conditional estimation. 

ANELASTIC MATERIAL. A material hav¬ 
ing a constitutive equation which includes 
non-elastic effects, such as viscoelasticity or 
plasticity. 

ANEMOMETER LEVEL. (1) A level above 
the surface of the earth which is taken as the 
initial point of the Ekman spiral. Below this 
level is the surface boundary layer, above it 
the Ekman layer. (2) The height above the 
ground at which an anemometer is exposed; 
or, vaguely, the ideal height of exposure. 

ANGLE CHANGE, BALANCING. A com¬ 
plementary procedure to moment distribution 
for solving rigid frame problems by successive 
approximations. Angle changes instead of 
moments are determined. Clockwise rotation 
is taken as positive (see slope-deflection). 

ANGLE CHARACTERISTIC FUNCTION. 
If F, F' are the feet of perpendiculars from 
the origin onto a ray in object, image space, re¬ 
spectively, then the angle characteristic 
function T is the optical path length along 
the ray from F to F'. If (p,q,r) and ip',^/) 
are the optical direction cosines of the ray in 
object and image spaces, then 

T = T(p,q,r,p',q'/) 

and T is simply related to the point charac¬ 
teristic function (see Hamilton’s character¬ 
istic.) 

T = V (x,y,z,x',y',z') + (px + qy + rz) 

~(p'x' + q'y' + r'z') 

where (x,y,z) and (x',y',z') are the object and 
image points on the ray. The properties of T 
are thus simply obtained from the properties of 
V, but for many applications T is the most 
convenient characteristic function. In partic¬ 
ular, there is the elimination rule for calculating 
the angle characteristic of a stratified medium: 

Find the characteristic 71,-, i = 1, 2, 
for each layer of the stratified medium. The 
angle characteristic for a pair of consecutive 
layers is then 

Ti,i+i = Ti+ Ti+i 

where the intermediate variables are eliminated 
by means of equations expressing the fact that 
the sum so obtained has a stationary value 
with respect to arbitrary variations of the inter¬ 
mediate variables. Iterating this process leads 
to the characteristic of the stratified medium. 

Tl, 2-•> n = T\ + T2 -+-••• + Tn. 

ANGLE OF ATTACK. See angle of inci¬ 
dence. 
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ANGLE OF CONTACT. See capillarity. 

ANGLE OF CONVERGENCE. When the 
gaze is fixed on a point P in the binocular 
field of view then the angle between the rays 
through P and the nodal points of the eyes is 
the angle of convergence. (See Vieth-Muller 
torus.) 

ANGLE OF DEFLECTION. The angle x 
between the relative velocity vectors before 
and after the collision of two molecules. For 
hard spheres (see hard sphere model), x de¬ 
pends on the impact parameter b only. For 

Angle of deflection x in the case of a collision between 
two hard spheres (a) and in that of a more realistic 

(attractive-f repulsive) potential (b). 

more realistic potentials, where the intermolec- 
ular forces vary continuously with the dis¬ 
tance, it depends on both b and the relative 
velocity. (See figure.) 

ANGLE OF DEVIATION. The angular 
change in the direction of a ray of light, or 
other electromagnetic radiation, upon entering 
another medium. (See angle of incidence.) 

ANGLE OF DIFFRACTION. The angle be¬ 
tween the direction of an incident beam of 
light and any resulting diffracted beam. 

ANGLE OF INCIDENCE. See incidence, 
angle of. 

ANGLE OF PRINCIPAL AZIMUTH. Cir¬ 
cularly-polarized light incident on a metallic 
surface at the angle of principal incidence 
will be reflected as plane-polarized light. The 
angle between the plane of vibration of the 
reflected light and the plane of incidence is 
the angle of principal azimuth. 

ANGLE OF PRINCIPAL INCIDENCE. 
Plane-polarized light incident at an angle 
upon a metallic surface becomes in general 
elliptically-polarized. There is one particular 
angle of incidence, called the principal angle 
of incidence, for which one axis of the ellipse 
lies in the plane of incidence. 

ANGLE OF REFLECTION. The angle be¬ 
tween a ray of light, after a reflection at a sur¬ 
face, and the normal to the surface. This 
angle and the angle of incidence are in the 
same plane, and are equal angles. 

ANGLE OF REFRACTION. The angle be¬ 
tween a ray of light after refraction at an in¬ 
terface between two media and the normal to 
the interface. This angle and the angle of 
incidence are in the same plane. (See the 
Snell law.) 

ANGLE OF SHEAR. See simple shear. 

ANGLE VARIABLE. In classical mechanics, 
the dynamical variable w conjugate to the 
action variable J, and thus defined only for 
periodic motion. For such motion of fre¬ 
quency v, w = vt + const. 

ANGSTROM (A). The angstrom, or ang¬ 
strom unit, named for the pioneer spectroscop- 
ist Angstrom, is equal to 0.00000001 cm or 
10-10 meter, and is therefore sometimes called 
the “tenth-meter.” The unit so defined is the 
absolute angstrom. To obviate inconvenience 
due to variation of spectroscopic wavelengths 
with air pressure, another unit, the inter¬ 
national angstrom, has been adopted, such that 
the wavelength of the red line of cadmium is 
exactly 6438.4696 of these units. The two 
units are equal only in a vacuum. 

ANGSTROM COEFFICIENT. The coeffi¬ 
cient A in Angstrom’s formula for the scatter¬ 
ing coefficient for dust in the atmosphere. 

S = A\~B 

in which A is wavelength and B depends on the 
particle size. 

ANGSTROM, INTERNATIONAL. See ang¬ 
strom. 

ANGULAR ACCELERATION. The time 
rate of change of angular velocity is a vector 
called angular acceleration. 

ANGULAR CORRELATION IN NUCLEAR 
PHYSICS. Successive radiations emitted by 
atomic nuclei during radioactive decay or 
nuclear reactions are usually correlated in 
angle of emission. A measurement of the cor¬ 
relation gives information on the spins of the 
nuclear energy levels involved in the process. 

ANGULAR DIAMETER. See apparent diam¬ 
eter. 
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ANGULAR DISPLACEMENT. Change in 
angular position. Finite angular displacement 
is not a vector quantity, although it has both 
magnitude and direction. 

ANGULAR DISTRIBUTION IN NUCLEAR 
PHYSICS. In nuclear physics, the distribu¬ 
tion in angle, relative to an experimentally 
specified direction, of the intensity of particles 
or photons resulting from a nuclear or an 
extra-nuclear process. Commonly, the speci¬ 
fied direction is that of an incident beam, and 
the angular distribution is that of particles 
which are scattered or are the products of 
nuclear reactions. In such cases, the angular 
distribution in the laboratory system will de¬ 
pend upon the momenta and angular momenta 
of the incident and ejected particles. Alterna¬ 
tively, the specified direction might be that of 
an applied field, or a direction of polarization, 
or the direction of emission of an associated 
radiation. The measurement of the angular 
distribution of radiations emitted in a nuclear 
process is a common tool for investigating the 
spins of nuclear energy levels. 

ANGULAR IMPULSE. The quantity 

the time integral of the moment about a given 
point. Angular momentum is conserved when 
the sum of the angular impulses of all forces 
about a fixed point is zero. In general angular 
impulse about a fixed point equals change in 
angular momentum about the same point. 

ANGULAR MAGNIFICATION. In an axi¬ 
ally symmetric optical system, the ratio of the 
tangent of the angle with the optical axis made 
by a ray upon emergence from the system to 
the tangent of the angle for the conjugate in¬ 
cident ray. 

ANGULAR MOMENTUM. A conserved 
quantity which remains constant in an iso¬ 
lated system. For a single particle of mass 
m, rotating in a circle of radius r with an 
angular velocity to (in radians/second) the 
angular momentum is mr2w. For a symmetric 
body rotating about a fixed axis the angular 
momentum is 

H = (2m,fi2)u = 7w, 

or in vector notation, H = /«, where <o is a 
vector whose direction is given by the direction 

of progression of a right-handed screw. 7 = 
2mji’ is the moment of inertia with r,- being 
the perpendicular distance of the ilh mass mt- 
to the axis of rotation. 

For a body not rotating about a fixed axis, 
the situation is more complicated. The angular 
momentum of a single particle about a point, 
whether or not it be moving about this point, 
is in vector notation mrXv = mr X (to X r) 
where r is its vector distance to the point, v its 
instantaneous velocity, and <o its instantaneous 
angular velocity about the point. For a rigid 
body, the angular momentum is then given by 
77 = Ztoj-t,- X (w X ri) = 'Zm^rfu — (r,--w)r,j. 
This can be written as: 

HX — IXX C0X I xyCOy 7IZWZ, 
Hy = Iyx^x T" 7yyOiy 7yzWz, 

77z ~ 7ZX&X 7zyUy -f" 7ZZC0Z, 

where the Ixx, Ixy, etc., are the moments and 
products of inertia. In this case we do not 
in general have H = 7o. The angular mo¬ 
mentum vector thus does not have the same 
direction as the angular velocity vector; rather 
angular momentum vector is related to the 
angular velocity vector by a linear transforma¬ 
tion through the moment of inertia tensor, 
which is defined by the nine components Ixx, 
etc. 

If the principal axes are used, the products of 
inertia vanish and the angular momentum is 
given by Hx = 7ua>i, 772 = 722w2, 773 = 733w3, 
where a>i is the component of « along principal 
axis number 1, etc.; and where 7n is the mo¬ 
ment of inertia computed about axis number 1, 
etc. For the special case of a body rotating 
about a principal axis we again have II = 7a>. 

ANGULAR MOMENTUM (ATOMIC AND 
NUCLEAR PHYSICS). The angular momen¬ 
tum, or moment of momentum, of an elemen¬ 
tary particle or system of such particles that 
either (1) spins about an axis or behaves as 
though it spins about an axis, or (2) revolves 
in an orbit or behaves as though it revolves in 
an orbit. For an elementary particle, the 
angular momentum associated with axial ro¬ 
tation is called the intrinsic angular momen¬ 
tum, or spin. When a nucleus is considered 
as a single particle, its total angular momen¬ 
tum is also referred to as its spin. For an 
elementary particle, the component in a par¬ 
ticular direction of both kinds of angular mo¬ 
mentum is quantized; the quantum of spin 



Angular Momentum Balance — Angular Velocity 42 

angular momentum is y2fi, and the quantum of 
orbital angular momentum is h. 

The three Cartesian components of angular 
momentum are defined in quantum mechanics 
by the commutator relations 

[Jx,Jy] = ifiJz (and cyclic permutations) 

where 2irh is Planck’s constant. It then follows 
that the square of the total angular momentum 

J2 = j*2 + Jy2 + Jx2 

commutes with each of the three components. 
Simultaneous eigenstates of J~ and any one 
component, say Jz, may then be constructed. 
They satisfy the eigenvalue equations 

J 2<P(jm) = j{j + 1 )h2<f>(jm) 

J z4>(jm) = mfi<t>(jm) 

where j is integral or half-integral, and m runs 
in integer steps from —j to +j. The orbital 
angular momentum L = rXp satisfies these 
relations, provided the quantum numbers j and 
m are in this case integral. The half-integral 
eigenvalues arise from the spin motion which 
has to be defined directly through the commuta¬ 
tion relations. 

ANGULAR MOMENTUM BALANCE. An 
integral requirement for a system that is char¬ 
acterized by conservation of angular momen¬ 

tum. A description of the angular-momen¬ 
tum balance of a physical system includes: 
(1) a description of the partition of absolute 

angular momentum within the system; and 
(2) a description of the mechanism by which 
absolute angular momentum is transferred 
from one portion of the system to another and 
also between the system and its surroundings. 

ANGULAR MOMENTUM DENSITY (ELEC¬ 
TROMAGNETIC FIELD). For a region free 
of charge and current, the angular momentum 
density of the electromagnetic field with re¬ 
spect to the origin of the radius vector r is 
given by M = r X P, where P is the electro¬ 
magnetic momentum density. (See energy- 

momentum tensor.) 

ANGULAR MOMENTUM, ORBITAL. The 
angular momentum, H, associated with the 
motion of a particle moving in an orbit. 

II = mr X v, 

where m is the mass of the particle, r its vector 
displacement from the origin (fixed in an iner¬ 

tial system) and v is the velocity. (See 
angular momentum; angular momentum 

(atomic and nuclear physics).) 

ANGULAR MOMENTUM VECTORS, 
QUANTUM THEORETICAL ADDITION 
OF. Let A and B be two angular momentum 
vectors. Their magnitudes, according to quan¬ 

tum theory are given by y/A{A + 1 )(h/2ir) 
and y/B(B -f- l)(h/2ir), respectively [or ap¬ 
proximately by A(h/2iv), and B(h/2ir)]. Here 
A and B are the quantum numbers which can 
be integral, 0, 1, 2, •••, or half integral, }/%, 
/it • • •• The resultant C, of A and B, is 
obtained in the usual way from the parallelo¬ 
gram of vectors. However, C is again quan- 
tized, that is to say, can only take the values 

y/C{C -f- ])(h/2ir) [or approximately C(h/2ir)], 
where C is integral when A and B are both 
integral or both half integral, but is half in¬ 
tegral when only A or only B is half integral. 
Therefore, in order to obtain the quantized 
values of C, A and B can be added only in 
certain directions relative to one another. The 
possible values of C are 

C = (A + B), (A + B — 1), 

(A+B-2), ...,(A-£). 

ANGULAR NEUTRON FLUX. See flux, neu¬ 

tron, angular. 

ANGULAR RESOLVING POWER. See re¬ 

solving power. 

ANGULAR VELOCITY. A quantity relating 
to rotational motion. Its instantaneous value 
is defined as the vector, whose magnitude is 
the time rate of change of the angle 0 rotated 
through, for example, dd/dt, and whose direc¬ 
tion is arbitrarily defined as that direction of 
the rotation axis for which the rotation is 
clockwise. The usual symbol is w or 12. 

The concept of angular velocity is most use¬ 
ful in the case of rigid body motion. If a rigid 
body rotates about a fixed axis and the position 
vector of any point P with respect to any point 
on the axis as origin is r, the velocity r of P 
relative to this origin is r = to X r, where (o is 
the instantaneous vector angular velocity. 
This indeed may serve as a definition of o>. 

The average angular velocity may be de¬ 
fined as the ratio of the angular displacement 
divided by the time. In general, however, 
this is not a vector, since a finite angular dis- 



43 Angular Velocity, Effective — Anomalous Magnetic Moment 

placement is not a vector. The instantaneous 
angular velocity is more widely used. 

Angular velocities, like linear velocities, are 
vectorially added, for example, if a top is 
spinning about an axis which is simultaneously 
being tipped over toward the table, the re¬ 
sultant angular velocity is the vector sum of 
the angular velocities of spin and of tipping. 
(This enters into the theory of precession.) 
The derivatives of the Eulerian angles are 
sometimes very useful in describing the angu¬ 
lar motion of a rigid body which has com¬ 
ponents of angular velocity about all its prin¬ 
cipal axes. 

ANGULAR VELOCITY, EFFECTIVE. The 
effective angular velocity at a point is the root 
mean square value of the instantaneous angu¬ 
lar velocity over a complete cycle at the point. 
The unit is the radian per second. 

ANHARMONICITY. (1) The tenn mechan¬ 
ical anharmonicity refers to a mechanical vi¬ 
bration in which the restoring force acting on 
the system does not vary linearly with the dis¬ 
placement of the system from its equilibrium 
position. (2) A phenomenon to which the 
term electrical anharmonicity is applied oc¬ 
curs in the calculation of the intensities of 
infrared bands. This phenomenon is a de¬ 
parture of the variation of dipole moment 
with internuclear distance from a strictly 
linear relationship. 

ANHARMONIC OSCILLATOR. See oscil¬ 
lator, anharmonic. 

ANHARMONIC TERMS. Terms in the ex¬ 
pressions for the potential energy of a mole¬ 
cule or a crystal which depend on the third 
and higher powers of the displacements of the 
nuclei. 

ANIONS. See electroneutrality. 

ANISOTROPIC MATERIAL. See aelotropic 
material. 

ANISOTROPY ENERGY. The anisotropy 
energy, or the magneto-crystalline energy, as 
it is sometimes called, of a ferromagnetic crys¬ 
tal, is the excess energy required to magnetize 
a crystal along the hard directions of magnet¬ 
ization over the energy required to magnetize 
it along the easy directions. In a cubic crystal 
such as iron, it is a function of the direction 
cosines <*i, «2, «3, which the direction of mag¬ 
netization makes with the cubic axes. Sym¬ 

metry considerations show that only even 
powers of each a are involved, and the aniso¬ 
tropy energy fk can be expressed by the series 

fk = Ki(ai2a2~ + a2 a2 + a22ai2) 

+ K2a2a2 a32 -j- terms of higher degree 

It is found that the sum of the first two terms 
gives an adequate description of the behavior 
in most cases, and that K\ and K2 are material 
properties which depend on temperature. 

ANISOTROPY, MAGNETIC. See magnetic 
anisotropy. 

ANNIHILATION. See creation and annihila¬ 
tion operators. 

ANNIHILATION OPERATOR. See creation 
and annihilation operators. 

ANNULUS. The part of the plane lying be¬ 
tween two concentric circles. 

ANOMALISTIC YEAR. See year. 

ANOMALOUS DISPERSION. An abrupt 
change in the dispersion dn/dX of the index of 
refraction n as a function of wavelength A.. 

Such changes occur in the neighborhood of an 
absorption band of the spectrum. 

ANOMALOUS MAGNETIC MOMENT FOR 
A SPIN y2 PARTICLE. The Dirac theory 
for a spin y2 charged particle predicts that 
such a particle should have a magnetic mo¬ 
ment equal to 

Mo = eh/2mc 

where m is the mass and e the charge of the 
particle. The difference Am between the ob¬ 
served magnetic moment and the value eh/2mc 
is called the anomalous magnetic moment of 
the particle. The anomalous moment arises 
from the interaction of the particle with the 
vacuum fluctuations of the (quantized) elec¬ 
tromagnetic field and with those of any other 
field with which the particle can interact. 

For the case of the electron where only the 
interaction with the quantized electromagnetic 
field need be considered, one can treat the mod¬ 
ifications of the value of the magnetic moment 
from the Dirac value by the application of 
covariant perturbation theory. Up to the 
present the magnetic moment of the electron 
has been computed to fourth order in the cou¬ 
pling constant, 
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47vhc 

1 

137 

with the result that 

eh 

2 me 

eh 
= 0.0011596- 

2 me 

The best experimental value of An, as obtained 
from a measurement of the g factor of free elec¬ 
trons is 

eh 
AMexp = (0.001162 ± 0.000004)-- 

2 me 

in good agreement with the theoretical value. 
For the /x-meson there is a contribution to 

the theoretical value of the anomalous mag¬ 
netic moment due to its interaction with vac¬ 
uum fluctuations of the electron-positron field 
(vacuum polarization effect due to virtual 
electron-positron creation and annihilation). 

a2 
The magnitude of this contribution is — X 

7r 

1.08/xo so that the theoretically predicted pi- 

meson anomalous moment is 

( a a2\ 
A= ( 0.50 - + 0.75 — ) no 

= 0.001 1654m0- 

The best experimenal value of the anomalous 
magnetic moment of the ^-meson at present is 
0.0015 ± 0.0006. The values of the magnetic 
moment of the neutron and proton are 

eh 
2.7896- 

2 Me 

Mn = 1-9103 
eh 

2 Me 

where M is the proton mass. Their anomalous 
moment is thus 

eh 
A Mp = 1.7896- 

P 2 Me 

eh 
Ann = -1.9103- 

2 Me 

computations of the expected anomalous mo¬ 
ments of the nucleons based on pseudoscalar 
meson theory are very difficult to perform and 
to date no satisfactory calculation has been 
performed. 

No data is as yet available on the magnetic 
moments of the hyperons. 

We next briefly illustrate the type of Feyn¬ 
man diagrams which contribute to the anoma¬ 
lous magnetic moment. To second order in 
e, the electron’s anomalous magnetic moment 
can be computed from the three Feynman 
diagrams in Figure 1, 

Fig. 1. 

where the wavy line with an x denotes an 
interaction with an external electromagnetic 
field supposed weak enough to allow a per¬ 
turbation treatment of its effects. To fourth 
order in e, but still only considering one inter¬ 
action with the external field, the diagrams in 
Figure 2 contribute 

For the /x-mesonic calculation all the above 
diagrams will occur. There is, moreover, the 
diagram (Figure 3) indicated below (we de¬ 
note pi-meson lines by double lines) wherein 
the vacuum polarization effect is due to elec¬ 
trons. This term involves the ratio of the 

Fig. 3. 

Due to the largeness of the coupling constant electron mass to that of the /x-meson logarith- 
characterizing the interaction of nucleons mically and gives rise to the following contri- 
with mesons, valid and reliable theoretical bution to the yn-meson anamolous moment: 
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a 
5 He vp — —x 

7r 

i mu 

3 ln --h 3 log 2 - f| 
2 m. 

a2 me 
+ terms of order —- —■ 

7r2 tou 

a 
- 1.08. 
7 

ANOMALY, TRUE AND ECCENTRIC. In 
theory Kepler’s second law should predict 
the position of an object moving about the sun 
in an orbit, provided that one knows the semi¬ 
major axis, a, the eccentricity, e, the time that 
the object was at perihelion, r, and the orbital 
period T. Let P represent the position of the 
object at the time t. The radius vector sweeps 
out the area ASP in the time (£ — t) and, by 
the second law of Kepler, the proportionality 
relation is 

Area ASP:Area of ellipse:: (t — t) : T 
or 

irab 
Area ASP = (t — r) 

2tt 
Introducing the angular motion n = — 

Area ASP = ^nab(t — r) 

in which b2 = a2(l — e2). This equation ap¬ 
parently gives the desired position, but in 
practice it is very inconvenient to use. 

Anomaly, true and eccentric. 

From the figure: The radius vector makes 
an angle v with the major axis that is known as 
the true anomaly. It is linked to the orbital 
elements since v = 6 — u. 

Now draw a circle of radius, a, centered on 
C. The line RP, perpendicular to the major 
axis, is extended to the circle of construction 
and meets it in Q. The angle E at the center, 
is known as the eccentric anomaly, E. 

Since the orbit is an ellipse, PR:QR: :b:a 
and it may be shown that r cos v = a (cos E 
— e) and 

r = a(l — cos E) 

and this equation gives the radius vector in 
terms of the eccentric anomaly E. 

Further trigonometric analysis will result in 
an equation 

v 11 + e E 
tan - == /-tan — 

2 \ 1 — e 2 

which expresses the true anomaly, v, in terms 
of the eccentric anomaly E. 

Kepler’s Equation. From the definition of 
27T 

mean angular motion, n = —, one defines the 

mean anomaly M as M = n{t — r). Also, the 
area SPA = %(abM). We wish to express 
this area in terms of the eccentric anomaly, E. 
The shaded area (in figure) is equal to area 
PSR plus the area RPA. The area PSR may 
be shown to be equal to 3^ab sin E{cos E — e). 
The area of RPA is computed as follows: It is 
bounded by the elliptic arc PFA. Divide it 
into strips perpendicular to AB, and extend 
the strips to the circle on A B as a diameter. 

b 
Consider the strip FH. Since FTI = - GH, the 

a 
sum of all of the strips forming the area RPA is 

b 
equal to - times the sum of all the strips forming 

a 5 

the area QRA and the area RPA = -QRA. 
a 

The area of QRA is the area of CQA minus the 
area of QCR. The angle QCA = )^a2P and 
the area of the triangle QCR is j^a2 sin E cos E. 
One may now determine the area RPA = 
%ab(E — sin E cos E). Add RPA to the area 
of PSR, above, and the result is 

SPA = \aJb{E — e sin E) 

whence 

E — e sin E = M = n{t — r) 

which is Kepler’s equation. 

Kepler’s equation is thus a relation be¬ 
tween the eccentric anomaly, E, and the 
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mean anomaly, M. It should be noted that 
both E and M are expressed in circular meas¬ 
ure. Solutions of this equation for orbit com¬ 
puters are found in many computer tables. 

ANTENNA. Any structure used to couple a 
transmitter or receiver to a medium in which 
electromagnetic waves can propagate. These 
structures range in form from simple straight 
wires, used either singly or in arrays, to quasi- 
optical devices employing metallic mirrors or 
dielectric lenses. 

ANTENNA RESISTANCE. The quotient of 
the power supplied to the entire antenna cir¬ 
cuit by the square of the effective antenna 
current referred to a specific point. Contribu¬ 
tions to the antenna resistance come from such 
sources as radiation resistance, ground resist¬ 
ance, radio frequency resistance of conductors 
in the antenna circuit, and equivalent resist¬ 
ance due to corona, eddy currents, insulator 
leakage and dielectric power loss. 

ANTENNA RESONANT FREQUENCY. 

That frequency or frequencies at which the 
antenna appears as a pure resistance. 

ANTIBONDING ELECTRONS. See molec¬ 

ular orbital theory of valence. 

ANTIBONDING ORBITAL. See orbital, 

bonding. 

ANTICLASTIC CURVATURE. See curva¬ 

ture, anticlastic. 

ANTICLASTIC SURFACE. A surface or 
portion of a surface on which the two principal 
radii of curvature at each point have opposite 
signs. Also called surface of negative total 
curvature. 

ANTICOMMUTATION. The anticommuta¬ 
tor of two linear operators A and B is the quan¬ 
tity AB -f- BA. Two operators anticommute, 
if AB = —BA. In quantum mechanics, anti¬ 

commutation rules which give the expression 
for the anticommutator of two operators are 
sometimes of importance. The creation and 
annihilation operators related to the descrip¬ 
tion of a system of fermions satisfy simple 
anticommutation rules. 

ANTICOMMUTATION RULES. The com¬ 
mutation rules satisfied by the creation and 

destruction operators for particles obeying 
Fermi-Dirac statistics. Let 6„ and b„* be the 

destruction and creation operator for a 
(Fermi-Dirac) particle in the (one-particle) 
state characterized by the observables n. The 
Jordan-Wigner anticommutation rules then 
state that 

[bn,bm]+ = [&n*,bm*]+ = 0 (1) 

[b„,bTO*] + = Km (2) 

where [A,B]+ = AB + BA. (3) 

The anticommutator [A,B]+ is sometimes also 
denoted by {A,B). 

Consider the case of the spin ^ particles. 
In a quantum-field theoretic description, a sys¬ 
tem of free spin 3^ particles of mass m is de¬ 
scribed by a field operator \//(x) which is a four 
component spinor operator satisfying 

( — + m)\J/(x) = 0 (4) 

where y^y" -f yvy'i = 2gtiV, 70 is hermitian and 
y3{j = 1, 2, 3) anti-hermitian. Let /„, n = 
1, 2 • • •, be any infinite set of positive energy 
solutions of the Dirac equation { — iy^d^ + 
TO)/«(*) = 0 normalized and orthogonal in the 
scalar product 

if, 9) =Jj{x)y ^(x)d<rM(x) (5) 

(/ = /*70. One then can define the destruction 
operator as follows: 

ai = J'fj(x)yMf(x)d<rM(x). (6) 

If the field is neutral (self-charge conjugate, 
i.e., \pc(x) = \f/(x) where ic{x) = Ct*(x) and 
C such that C^y^C = —y,lT) C*C = 1, CT = 
— C) then (6) defines all the destruction opera¬ 
tors that have to be defined. If the field is 
charged, the destruction operators for the 
anti-particles are defined by the equation 

bj =JfJ(x)yM^c(x)daIJ(x), j = 0, 1, 2 - • (7) 

The commutation rules of a,- and 6,- are 

a3ak + akaj = 0 (8) 

ajak* + ak*aj = 5jk j, k = 1, 2 • • • (9) 

afbk + bkaj = aj*bk* + bk*aj* = 0 (10) 

bjbk + bkbj = 0 = bj*bk* + h'b* (11) 

ajbk* + bk*aj = aj*bk -(- bkaj* = 0. (12) 

One notes that the by behave like additional a’s 
associated with the charge conjugate wave 
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functions. There is therefore no loss of gen¬ 
erality in considering the set ay, j = 1, 2, 
satisfying (10) and (11). Now define the op¬ 
erator of “the number of particles in state j” 
by the equation 

Nj = a*dj j = 1, 2. 

It follows immediately from the anticommuta¬ 
tion rules that 

Nj2 = Nj and [Nj,Ni] = 0 

so that the possible occupation numbers for 
the states can only be one or zero, in accord¬ 
ance with the Pauli principle. It can be dem¬ 
onstrated that every discrete representation of 
the commutation rules (10), (11) by bounded 
operators is a direct sum of irreducible repre¬ 
sentations. The unitarily inequivalent irre¬ 
ducible representations are Ni in number. For 
only one of these representations does a no¬ 
particle state (i.e., a state 10 > for which ay 10 > = 
0 for all j) and an operator of the total number 

00 

of particles, 23 Ay, exist. 
i=i 

ANTICYCLONIC MOTION. Circulatory 
motion relative to the earth in the direction 
opposite to the vertical component of the 
earth’s rotation; clockwise when viewed from 
above in the northern hemisphere. Such mo¬ 
tion is produced in the atmosphere by hori¬ 
zontal divergence of air at rest, the vortex 
lines then being compressed vertically. 

ANTICYCLONIC VORTICITY. Vorticity 

relative to the earth in an anticyclonic direc¬ 
tion, i.e., in a direction opposite to the ver¬ 
tical component of the earth’s rotation. 

ANTIDERIVATIVE (OF A FUNCTION). A 
function whose derivative is the given func¬ 
tion. 

ANTIFERROELECTRICITY. A dielectric 
phenomenon in which neighboring lines of 
spontaneously polarized ions are aligned in 
anti-parallel directions. 

ANTIFERROMAGNETISM. In the Heisen¬ 

berg theory of ferromagnetism, the spins of 
electrons on neighboring atoms depends on 
the sign of the exchange integral. When this 
integral is positive, ferromagnetism is ob¬ 
served; when it is negative and sufficiently 
great in magnitude, an anti-parallel arrange¬ 
ment of neighboring spins occurs, and this is 

interpreted as leading to the phenomenon of 
antiferromagnetism. The temperature Tc, at 
which the susceptibility is a maximum, is re¬ 
ferred to as the Curie temperature, or some¬ 
times as the Neel temperature. Simple models 
of antiferromagnetism lead to the relation 

Xo = f Xc 

where Xo is the susceptibility at T = 0, and 
Xc is the susceptibility at Tc. The relation 
derived for the susceptibility x at temperature 
T > Tc is 

c 

X ~ T + aTc 

where c is a constant and, if only coupling be¬ 
tween nearest neighbors is considered, a is 
unity. 

ANTI-LINEAR OPERATOR. An operator, 
T, mapping any linear manifold 911 of a Hilbert 
space 3C onto another linear manifold 31 C JC 

is called anti-linear if the following relation 
holds for any vectors f,g, of 3Tt and complex 
numbers \,g 

+ gg) = A?1/ + gTg 

where g denotes the complex conjugate of g. 
Multiplication of an anti-linear operator by a 
linear operator yields an anti-linear operator, 
whereas the product of two anti-linear opera¬ 
tors is linear. If 3TC is dense in 3C, one can de¬ 
find the antihermitian conjugate operator T't 
by 

(Tf,g) = (TtgJ) 

= (J,T'g) 

ANTILOGARITHM (OF A NUMBER). A 

number whose logarithm is the given number. 

ANTI-NODAL POINTS. In Gaussian optics 

the anti-nodal points, or negative nodal points, 
are conjugate points for which the lateral 

magnification is (— 1 )vn/n' where n, n' are the 
refractive indices of object and image space, 
and v is the number of reflections in the optical 
system. 

ANTIPARTICLES. Every fermion particle 
which has been discovered thus far seems to 
have the property that it is a member of a 
family: together with this particle of mass m, 
spin y2, charge e, and magnetic moment g, 
there exists an “anti-particle” also having a 
mass m, spin y2, but a charge — e, and mag- 
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netic moment — fi. (This statement has been 
verified for the case of neutrinos, electrons, 
//.-mesons (the leptons) and of the protons, 
neutrons and A-particles. To each such 
fermion family there corresponds in the pres¬ 
ent formulation of quantum field theory, a 
spinor field operator. This spinor field oper¬ 
ator describes simultaneously the two kinds 
of particles with electric charge and magnetic 
moment of opposite sign. This is displayed 
by the decomposition of the (free) field oper¬ 
ator in terms of the creation and annihilation 
operator for the particle and antiparticle 

{6r(p)W+r(p)e-<** 

+ dr*(p)vJ(p)e^x} 

where 6r(p) is a destruction operator for a 
particle of momentum p and spin r and d*(p) 
a creation operator for an antiparticle of mo¬ 
mentum p and spin r. (u+ and v_ are posi¬ 
tive and negative energy solutions of the 
Dirac equation for momenta p and — p re¬ 
spectively.) (See also hole theory.) 

ANTI-PRINCIPAL POINTS. In Gaussian 
optics the anti-principal points, or negative 
principal points, are conjugate points for which 
the lateral magnification is —1. 

ANTIRESONANCE (PARALLEL IMPED¬ 
ANCE). In general, a condition of maximum 
impedance, as results when two or more im- 
pedors are connected in parallel, under such 
conditions that (for resistanceless impedors), 
Z approaches infinity when <oi2 = 1/LC. The 
term antiresonance is commonly used with 
suitable modifiers. 

ANTI-STOKES LINES. Raman lines (see 
Raman effect) displaced toward shorter wave¬ 
lengths with respect to the incident line. 

ANTISYMMETRIC WAVE FUNCTION. A 
wave function is antisymmetric if it changes 
sign in interchanging the variables of two 
particles: ip(xi, x2, ••*, xN) = — ip(x2, aq,--*, 
Xx), where x* stands for all the variables of the 
ith particles. The states of a system of N 
fermions is described by such an antisym¬ 
metric wave function. (See also exchange 
energy.) 

ANTITRIPTIC WIND. A wind in which the 
pressure gradient force is almost balanced by 
the drag at the ground, other forces and ac¬ 
celerations being small by comparison. 

ANTI-UNITAR\ OPERATOR. An operator 
W is said to be anti-unitary if it maps the 
Hilbert space 3C onto itself and obeys 

(Wg,Wf) = (for) 
_ (a) 

= (Wf,Wg) 

for every / and g in JC. It follows from the 
definition that W is an anti-linear operator, and 
that it has an inverse W~l, which is identical 
with the antihermitian conjugate operator Wf. 
(See time inversion operation.) 

APERTURE. (1) In general, an opening al¬ 
lowing the passage of radiant energy. (2) In 
particular for axially symmetrical optical sys¬ 
tems, the aperture, or the aperture stop, is a 
circle in a plane perpendicular to the axis that 
just allows the passage of a minimal axial 
bundle of rays. The size of the aperture is 
specified by either the angular aperture (aper¬ 
ture angle) or the angle of projection. (See 
aperture angle.) 

APERTUKE ANGLE. The angle subtended 
by the radius of the entrance pupil of an op¬ 
tical instrument at an axial object point. The 
projection angle is similarly associated with 
the exit pupil and an image point. 

ANTISYMMETRIC FUNCTION. A function 
which is transformed into its negative when a 
pair of the independent variables is inter¬ 
changed. 

ANTISYMMETRIC RELATION. A binary 
relation R is called antisymmetric (see, e.g., 
lattice) if aRb and bRa imply a = b. 

APERTURE, EXIT. See exit aperture. 

APLANAT. An optical system, in which the 
first two Seidel aberrations (spherical aberra¬ 
tion and coma) are reduced to very small 
values and the largest remaining aberration 
is the off-axis astigmatism, used to flatten the 
field. 

ANTISYMMETRIC TENSOR. See tensor, APLANATIC POINTS OF A SPHERE. Con- 
skew-symmetric. eider a sphere of radius R separating two 
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media of refractive indices no and nu There 
exist two points at distances 

from the center of the sphere so that a spher¬ 
ical wave diverging from either point is re¬ 
fracted at the surface of the sphere into a 
spherical wave apparently diverging from the 
second point. The two points are virtual 
conjugate points. (Sec also the definition fol¬ 
lowing.) 

APLANATIC SURFACE. A surface separat¬ 
ing two media is an aplanatic surface under 
refraction (or reflection) if there exist two 
conjugate points (either real or virtual). The 
aplanatic surfaces of revolution are the 
Cartesian surfaces. 

APOCHROMATIC SYSTEM. An optical 
system having the same focal length for at 
least three wavelengths. An apochromatic 
system is thus more highly corrected for chro¬ 
matic aberration than an achromatic system. 

APODIZATION. A modification of the am¬ 
plitude transmittance of the aperture of an 
optical system for the purpose of reducing or 
suppressing the energy content of the diffrac¬ 
tion rings relative to that of the central maxi¬ 
mum or Airy disc. 

APPARENT DIAMETER. The angle sub¬ 
tended, at the eye of an observer, by a diam¬ 
eter of an object is the apparent diameter or 
angular diameter of the object. 

APPARENT MAGNITUDE. See stellar 
luminosities. 

APPARENT VOLUMETRIC EFFICIENCY. 
Ratio of effective swept volume to total swept 
volume of a compressor or a four-stroke in¬ 
ternal combustion engine. The effective swept 
volume Vu is smaller than the swept volume 
V, owing to the effect of the clearance volume 
€0V,. Hence the apparent volumetric efficiency 

M = Vu/V. 

is a measure of the influence of clearance on 
delivery. Assuming that compression 12 and 
expansion 34 are polytropic (pVn = const) it 
is found that the apparent volumetric efficiency 
is reduced to zero when the pressure ratio 

This puts an upper limit on the pressure ratio 
P2/P1 which can be used with a given clearance 
ratio e„. In practice, the pressure ratio 
P2/P1 is kept well below this limit for other 

reasons (lubrication, thermal stresses, saving 
in work through interstage cooling), and when 
high values of P2/P1 are required it is necessary 
to employ multi-stage compressors. 

APPLICABLE SURFACES. Two surfaces 
are said to be applicable to each other, if there 
exists a one-to-one correspondence between 
the points on the two surfaces such that the 
lengths of corresponding linear elements on the 
two surfaces are equal. 

APPLIED FORCE. See force, applied. 

APPROXIMATION IN THE MEAN. A func¬ 
tion / (x) is approximated in the mean by the 
sum 

n 

y. apii if lim I (/ — 2aiutfwdx = 0 
i = l n—► « J 

where w is the appropriate weighting func¬ 
tion. 

APSE LINE. The line joining the centers of 
two molecules at the point of closest approach 
during a collision. A unit vector k along the 
apse line is frequently used, together with the 
initial relative velocity, to characterize the 
collision. 

ARAGO SPOT. If an object casts a circular 
shadow on a plane when illuminated by a point 
source, then a bright region, called the Arago 
spot, appears in the diffraction pattern at the 
center of the shadow. (See diffraction 
evolute.) 
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ARCH. A curved bar or truss subjected to 
combined compression and bending produced 
by forces in its plane. In a masonry or Vous- 
soir arch which is unable to carry tensile stress, 
the pressure line or funicular polygon must 
be inside the arch from the crown or highest 
point to the springing or juncture with the 
foundation. When the moving or live load is 
large compared with the dead weight, appre¬ 
ciable binding occurs and reinforced concrete 
or steel arches are required. 

Arches may be classified as fixed or hinged. 
A fixed support resists rotation and transla¬ 
tion. It exerts thrust, transverse force and 
moment. A hinged support permits rotation 
and exerts thrust and transverse force only. 
A fixed arch is fixed at both supports. A two- 
hinged arch is hinged at both supports. A 
three-hinged arch has a third hinge, usually 
at the crown and is a statically determinate 
structure. When foundation conditions are 
unfavorable, the outward thrust of the arch 
may be carried by a tension member between 
supports. Such a structure is called a tied 
arch. 

ARCH, HINGED. See arch. 

ARCHIMEDES PRINCIPLE. The resultant 
upward force due to fluid pressure, on a body 
wholly or partially submerged in a stationary 
fluid, is equal to the weight of the fluid dis¬ 
placed by the body. (See also stability of a 
floating body.) 

ARCH, TIED. See tied arch. 

ARC-SINE DISTRIBUTION. A probability 
distribution which arises in the theory of re¬ 
current events. It is of the form 

2 • /— 
p(x < x0) = -arcsin Vi,, 0 < x < 1. 

7T 

ARC SPECTRUM. The spectrum of the neu¬ 
tral atom of an element. (See also spark 
spectrum.) 

AREA, CENTER OF. See centroid (of a geo¬ 
metrical figure). 

AREAL VELOCITY. See velocity, areal. 

AREA RATIO. In a convergent-divergent 
nozzle, the ratio of the exit area to the throat 
area. The area ratio determines the Mach 
number of the flow at exit on condition that 
the flow in the throat is sonic. The diagram 

gives the relation between the exit Mach num¬ 
ber and the area ratio a for isentropic flow 
and for a perfect gas with constant specific 

heats and a value of the specific heat ratio (y) 
of 1.4. 

AREA RATIO, NOZZLE. See area ratio; 
nozzle area ratio. 

ARGAND (OR GAUSS) PLANE. A mapping 
of the complex numbers onto a Cartesian 
plane (a Euclidean plane with Cartesian co¬ 
ordinates) is called the Argand plane (or 
the Gauss plane) if the complex number 
z = x + iy corresponds to the vector (or al¬ 
ternatively to its end-point) issuing from the 
origin with end-point x,y. The x-axis is the 
real axis and the y-axis is the imaginary axis. 
The length r = (a2 + b2)^ of the vector gives 
the modulus or absolute value of z, and the 
angle 9 between the real axis and the vector 
gives the argument of z. The resulting dia¬ 
gram is of great aid to visualization because 
it allows a simple geometric interpretation of 
the multiplication of complex numbers; for 
then, in polar form, z = r (cos 6 + i sin 0) = 
reie, and if £ = p(cos <f> + i sin <f>) = pe^ then 

= rPei{6+'t,) which means that the moduli 
have been multiplied and the arguments have 
been added. 

ARITHMETIC MEAN. The arithmetic mean 
of a number of observations x,- (i = 1, • • •, n) is 
the simple average 2x,/n. Thus if a and b are 
the first and last terms respectively of an arith¬ 

metic progression, then the intermediate 
terms are said to be arithmetic means between 

a and b. In particular ° is the arithmetic 
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mean between a and b. The arithmetic mean 
is commonly referred to simply as the mean. 

The arithmetic mean is the most generally 
used measure of location. In samples from a 
normal distribution, the mean is an efficient, 
and indeed sufficient, estimate of the location 
parameter, though in other distributions other 
estimators may be preferable. If x is the mean 
of a sample drawn from a finite population of 
N members, Nx is an unbiased estimate of the 
population total. 

A useful generalization of the arithmetic 
mean is the weighted mean. If each observa¬ 
tion Xi has attached to it a weight to,- the 
weighted mean is given by 2wtx,/2w;, observa¬ 
tions with large weights being given greater 
influence. If we have a set of estimates xt- of a 
quantity £, and if the variance of z * is cr2/to, with 
Wi known, the estimate of £ with least variance 
is the weighted mean of the x,-, and the variance 
of this estimate is cr2/Si 

ARITHMETIC PROGRESSION. A sequence 
of numbers a, a + d, a 2d, • • • , a + 
(n — l)d in which each term is greater than 
its predecessor by a constant d, called the 
common difference. 

ARITHMETIC UNIT. The portion of a 
stored-program computer devoted to the actual 
execution of the commands. 

ARRHENIUS EQUATION. See order of 
chemical reactions. 

ARTICULATION POINT. See vertex, cut. 

ARZELA THEOREM. Same as Ascoli 
theorem. 

ASCOLI THEOREM. If f1(x), /2(x), • • ■ is 
any set of functions defined and equicontinu- 
ous on a closed interval [a,b], then there exists 
a subsequence /^(x), /i2(z), which con¬ 
verges uniformly on [a,6] to a limit function 
f(x). The theorem can be extended directly 
to any number of independent variables. 

ASPECT RATIO (OF WING). For a wing 
of span b and area S the aspect ratio is equal 
to b2/S. For a wing of rectangular plan form 
this is simply the ratio span/chord. 

ASPIRATION PSYCHROMETER. An in¬ 
strument used to measure the humidity of air. 
It consists of two thermometers, wet-bulb and 
dry-bulb, over which a stream of the air whose 
humidity is to be measured is maintained by 

a small blower. The wet-bulb thermometer 
has its bulb covered with an envelope which 
is kept soaked with moisture. The knowledge 
of the two different temperatures is sufficient 
to determine the humidity. (See psychrom- 
etry, psychrometric chart, wet-bulb tempera¬ 
ture, Mollier H, S diagram, adiabatic cooling 
limit.) 

ASSEMRLY. (1) A thermodynamic macro¬ 
scopic system. (2) An ensemble. 

ASSEMRLY STRESSES. Stresses set up 
during fabrication by glueing, bolting, rivet¬ 
ing, or welding due to initial mismatch, per¬ 
manent deformation or differential cooling. 
Stresses over large areas may be termed re¬ 
action stresses to distinguish them from 
residual stresses which are localized. 

ASSOCIATE BERTRAND CURVES. See 
Bertrand curves. 

ASSOCIATED POLYNOMIALS (OR FUNC¬ 
TIONS). See under the respective names; 
e.g., for associated Legendre polynomials, see 
Legendre polynomials, similarly for Laguerre, 
etc. 

ASSOCIATED TENSORS. See tensors, asso¬ 
ciated. 

ASSOCIATED VECTORS. See vectors, as¬ 
sociated. 

ASSOCIATE MATRIX. See hermitian con¬ 
jugate. 

ASSOCIATION. In statistics this expression 
has a precise meaning, namely, the relation¬ 
ship between variables which are simply 
dichotomized. In a 2 X 2 table of the follow¬ 
ing kind 

Attribute 

A not A Totals 

Attribute B a b o -f - b 
not B c d c + d 

Totals a + c b + d N 

where, for example, a is the number of indi¬ 
viduals bearing attributes A and B, there is 
said to be positive or negative association ac¬ 
cording as a is greater than or less than 
(a + b)(c + d)/N. Various coefficients can be 
constructed to measure the intensity of associa- 
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tion, the commonest being the coefficient of asso¬ 
ciation 

ad — be 
Q -- 

ad + be 

ASSOCIATIVE LAW. An operation, denoted, 
for example, by °, obeys the associative law if 
(a ° b) ° c = a ° (b ° c) for all a, b, c in its do¬ 
main. Thus, in elementary arithmetic: 

a + (b + c) = (a + b) + c; 

(ab)c = a(bc) = abc. 

ASTIGMATIC DIFFERENCE. The distance 
between the tangential and sagittal foci on a 
ray. 

ASTIGMATISM. (1) Qualitatively, astig¬ 
matism is the image error due to the lack of 
coincidence of the sagittal and the tangential 
foci on a ray. (2) Quantitatively, the third of 
the five Seidel aberration functions is the 
astigmatism function of a system. The astig¬ 
matism is also measured by the astigmatic dif¬ 
ference. (See also the astigmatism of a sur¬ 
face.) 

ASTIGMATISM OF A SURFACE. The 
astigmatism of an optical surface separating 
two media with relative index of refraction n 
is (n — 1) |kj — k2\ where k\} k2 are the princi¬ 
pal curvatures of the surface. For a surface 
given explicitly, z = z(x,y), the astigmatism 
is approximately 

(n - l)V(zxx - zyv)2 + (2zxy)2 

if the surface is nearly flat in the sense that 
(z*)2, (zy)2, (z*Zy) are negligible. 

ASTRONOMICAL COORDINATE SYS¬ 
TEMS. The table at the bottom of this page 
presents the spherical coordinate systems in 
common use in astronomy and navigation. 
The corresponding terrestrial coordinates are 
shown for the purpose of clarity. 

ASTRONOMICAL DISTANCE UNITS. (1) 
The Astronomical Unit. The mean distance of 
the earth from the sun, 92,900,000 miles, is 
known as the astronomical unit. It is used 
for distances within the solar system and, in 
a few cases, for stellar distances. 

(2) Stellar Parallax. The angle subtended 
at a star by the mean distance of the earth 
from the sun, i.e., one astronomical unit, is 
the stellar parallax of the star and is sym¬ 
bolized by p". 

Distance (in astronomical units) = 206265/p" 

(3) The Parsec. The distance at which one 
astronomical unit would subtend one second of 
arc is known as the parsec. 

1 parsec = 3.08 X 1013 km 

= 1.92 X 1013 miles. 

(4) The Light Year. The distance that would 
be covered by an object moving with the ve¬ 
locity of light in one year is defined as the light 
year. 

1 light year = 9.46 X 1012 km 

= 5.88 X 1012 miles. 

Distance (in parsecs) = 1 ”/p" 

Distance (in light years) = 3".26/p" 

Astronomical Coordinate Systems 

Eaeth Celestial Equator Horizon Ecliptic 

Equator 

Poles 

Meridians of 

longitude 

Prime meridian, 

meridian of 

Greenwich 

Parallels of 

latitude 

Latitude 

Colatitude 

Longitude 

Celestial equator 

Celestial poles 

Hour circles, 

celestial 

meridians 

Hour circle of 

Greenwich 

meridian, local 

celestial 

meridian 

Parallels of 

declination 

Declination 

Polar distance 

SHA, R.A., 
GHA, LHA, t. 

Horizon 

Zenith, nadir 

Vertical circles 

Principal vertical 

circle, prime 

vertical circle 

Parallels of 

altitude 

Altitude 

Zenith distance 

Azimuth, 

azimuth angle, 

amplitude 

Ecliptic 

Ecliptic poles 

Circles of latitude 

Circle of latitude 

through the 

Vernal equinox. 

Parallels of latitude 

Celestial latitude 

Celestial colatitude 

Celestial longitude 

Galactic 

Galactic equator 

Galactic poles 

Great circle through galactic 

poles and intersection of 

galactic equator and celes¬ 

tial equator at about SHA 
80° 

Galactic latitude 

Galactic colatitude 

Galactic longitude 
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ASTRONOMICAL REFRACTION. In any 
type of astronomical observing the light from 
the external object must pass through the at¬ 
mosphere of the earth. The index of refrac¬ 
tion of the atmosphere increases from zero at 
the point of entry to the value at the observer. 
The rate of increase of this index of refraction 
depends upon a number of variables that are 
very imperfectly known at the present time. 

The major effect of this atmospheric refrac¬ 
tion is to cause objects to appear to be at a 
greater altitude than they would be if there 
were no atmosphere. The amount of this re¬ 
fraction is zero for an object in the zenith, 
and it increases with diminishing altitude. 
Below altitude 15° the value of the refraction 
is uncertain, although some tables of refraction 
include values for less than 15°. 

As a result of a number of long series of 
observations at various observatories all over 
the earth, tables of “mean refraction” have 
been published. Corrections to the mean 
refraction for the air temperature and baro¬ 
metric pressure of the observer’s station are 
published with the tables. 

A fair approximation to mean refraction, 
corrected for the observer’s air temperature 
and barometric pressure, may be obtained 
from the relationship 

R = 
983B 

460 + T 
cot h0 

in which B is the barometric pressure in inches, 

T is the air temperature on the Fahrenheit 

scale, h0 is the observed altitude of the object, 

and R is the refraction in seconds of arc. The 

corrected altitude would be h = h0 + R. 
Since refraction is along a vertical circle, 

the azimuth is not affected by refraction. To 

determine the effects of refraction on the 

celestial coordinates other than those in the 

altazimuth system, the astronomical spherical 

triangles must be solved. 

ASTRONOMICAL UNIT. See astronomical 
distance units. 

ASYMMETRIC TOP MOLECULE. See 

polyatomic molecules, types of. 

ASYMPTOTE. The limiting position of a 
tangent to a curs e, where the point of contact 

is at an infinite distance from the origin. 

Where there are no infinite branches, as in the 

cases of the circle and the ellipse, there is no 
real asymptote. 

Suppose the equation of a given curve can 
be expanded in a power series 

n oo 

V = /(*) = Z akxk + £ bk/xk = Sr + S2. 
k=0 k=1 

Then, if lim S2 = 0, the equation of the asymp- 
X— 

tote is y = Si. If this equation is linear, the 
asymptote is a straight line; otherwise, it is a 
more complicated curve. In the linear case, 
the equation of the asymptote may be written 
as 

y = mx + b; m = lim f'(x)\ 
Z—>oo 

b = lim [f(x) — xf'{x)]. 
X—>oo 

For example, for the hyperbola x2/a2 — 
y2/b2 = 1, we have 

y = ± - Vx2 — a2 = - {x + |x_1 -1-), 
a a 

so that the equations of the asymptotes are 

b 
y = ±-x. 

a 

ASYMPTOTIC CONDITION. The require¬ 
ment that a field theory (see relativistic 
quantum field theory) have an interpretation 
in terms of asymptotic particle observables. 
The asymptotic particle observables are a set 
of operators which represents the observables 
of stationary incoming and outgoing beams of 
particles having a sharp mass, and the same 
transformation, statistical, and orthogonality 
properties as free particles. 

ASYMPTOTIC DIRECTION. See conjugate 

directions. 

ASYMPTOTIC LINE (ON A SURFACE). A 
curve whose tangent at each point lies in an 
asymptotic direction at that point. 

ASYMPTOTIC REACTOR THEORY. The 
mathematical formulation of neutron trans¬ 

port theory in which the behavior of the neu¬ 
tron flux, which is generally agreed to hold 
far from boundaries and sources, is assured to 
hold throughout the system. In particular, it 
is assured that the flux is separable into space 
and energy factors, and that the space factor 
follows the equation (v2 + r) = 0. (See 
buckling; first fundamental theorem.) 
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ASYMPTOTIC SERIES. A divergent series 
of the form 

Ao + Ai/x + A<i/x2 + • • • + An/xn + • • * 

is an asymptotic representation of a function 

/(*) A 
lim xn[f(x) — <S„(a;)] = 0 

X—► oo 

for any value of n, where S„ is the sum of the 
first (n 1) terms of the series. For any 
fixed value of x, there is a corresponding value 
of n for which the “error” |/(x) — S„(x) | is a 

minimum, and, by taking x sufficiently large, 
we may make this minimum error as small as 
desired. 

A familiar example of an asymptotic series 
is the Euler-Maclaurin formula. 

Asymptotic expansions are unique; that is, 
a given function can be represented by only 
one such series. They may be integrated, two 
or more of them may be multiplied together, 
but in general they may not be differentiated. 

ATHERMAL SOLUTIONS. A class of non¬ 
ideal solutions for which the excess Gibbs free 
energy (see excess functions) is mainly due 
to the excess entropy 

gE « -Tse- 

Such a behavior is found in mixtures of macro¬ 
molecules for which the deviations from ideal¬ 
ity are mainly due to the difference in size be¬ 
tween solvent and solute. (See polymer mix¬ 
tures.) 

ATHERMANOUS. Opaque to infrared radia¬ 
tion. (See diathermanous.) 

ATMOSPHERE. (1) The layer of air which 
surrounds the earth. (2) A gaseous envelope 
surrounding a body, or a mass of gas occupy¬ 
ing a region. Hence (3), the gas filling or 
circulating through a furnace to provide de¬ 
sired conditions during heating or for metal¬ 
lurgical purposes. (4) A standard unit of 
pressure (see atmosphere, standard). (5) In 
Germany, the pressure of 1 kp/cm2, i.e., of 

one kilopond (kilogram force) per one square 
meter. 

ATMOSPHERE, STANDARD. (1) A unit 
of pressure, defined as the pressure exerted 
by a column of mercury 760 mm high, having 
a density of 13.5951 gm cm-3 and subject to 

gravitational attraction of 980.665 dyne gm-1, 
which is equal to 1.013250 X 10° dyne cm“2. 
(2) In meteorology, an atmosphere having a 
sea-level pressure of 1.013250 X 106 dyne 
cm-2 (1,013.25 millibars); a sea-level tem¬ 
perature of 15°C; and a lapse-rate of 6.5°C up 
to 11 km. 1 atm = 1.013250 bar = 101325 
N/m2 = 1013250 dyne/cm2 = 1.03323 kp/cm2 

= 760 Torr = 14.6960 M/m2. 

ATMOSPHERIC PRESSURE-ALTITUDE 
RELATIONS. Pressure-altitude relations in 
the atmosphere are mathematically precise 
and can be determined from the hydrostatic 
equation 

dp 

and the equation of state for air 

V = pRT, 

which leads to the relation 

'T0 - \hgmlRy 1 

V = V° L To -I 

where X is the lapse rate, m is the molecular 
weight of the air sample, and the zero sub¬ 
scripts denote conditions at height zero. In 
terms of y, the ratio of specific heat at con¬ 
stant pressure to that at constant volume, the 
derivation is 

dp = — pgdh (1) 

where p is density at height h. 
Since for adiabatic expansion 

PP~7 = poPo-7 (2) 

where the subscript 0 denotes sea-level condi¬ 
tions, then (1) becomes, 

/p\lly 
dp = ( — J p0gdh (3) 

\Po/ 

which yields on integration 

7—1 

For use as a convenient reference, various 
standard atmospheres have been established. 
That of the NACA is given on the next page. 
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NACA Standard Atmosphere 

An arbitrary and fictitious atmosphere established for comparison purposes. At sea level, a pressure of 29 92 
mches (760 nun) of mercury, a temperature of 50°F (16°C), with the air perfectly dry is the beginning assumption. 
Ihis state is considered to be the average condition prevailing at 40° North latitude. The temperature in the 
standard atmosphere decreases with altitude. At 40°N latitude it drops approximately 1.98°C for each 1000 feet 
increase in altitude until 35,332 feet is reached. After this the temperature remains at —55°C. The meteorological 

average temperature decrease is calculated at 0.5°C per 100 meters increase in altitude (or about 1°F per 300 feet). 
This amounts to 1.52°C for each 1000 feet increase in altitude. The following table gives the values of various 
parameters as established for the Standard Atmosphere: 

Pressure 

Altitude Temperature Inches Density 
(Peet) (°F) Psia mercury Millibars Atmospheres (Slugs/ft3) 

0 59.0 14.7 29.92 1013 1.0 0.002378 
2,500 50 13.4 27.3 930 .910 
5.000 41.2 12.2 24.89 850 .850 0.002047 
7,500 32 11.11 22.4 750 .750 

10,000 23.3 10.11 20.58 699 .688 0.001755 
15,000 . 5.5 8.29 16.88 571.62 .564 0.001496 
20,000 -12.3 6.75 13.75 465.63 .459 0.001268 
25,000 -30 5.45 11.1 375.89 .371 0.001068 
30,000 -48 4.36 8.88 300.0 .295 0.000893 
35,000 -65.8 3.46 7.00 238.4 .235 0.000740 
40,000 -67 2.72 5.54 187.61 .185 0.000585 
45,000 -67 2.14 4.36 147.65 .146 0.000462 
50,000 -67 1.68 3.44 116.15 .115 0.000364 
55,000 -67 1.32 2.71 91.43 .091 0.000287 
60,000 -67 1.04 2.13 72.13 .071 0.000227 
65,000 -67 .83 1.68 56.89 .056 0.000179 
70,000 -67 .65 0.000141 
80,000 -67 .41 0.000088 
90,000 -67 .26 0.000055 

100,000 -67 .16 0.000035 

ATOM, BOHR. A model of the hydrogen 
atom (and of hydrogen-like ions such as He + 
and Li+ + ) based on the nuclear atom of 
Rutherford, and on classical mechanics ex¬ 
cept for the superposition of non-classical, 
quantum, conditions. An electron of charge 
— e and mass m experiences a Coulomb force 

of attraction to a nucleus of positive charge 
-\-Ze (where Z is 1 for hydrogen, 2 for ionized 
helium (He + ), etc.) given (in mksa units) by 
F = Ze2/4we0r2. This attractive force provides 
the centripetal force necessary for the electron 
to move in a circle of radius r, i.e., Ze2/4ve„r2 
= mv2/r. Classically, an electron moving in 
a circular orbit would radiate electromagnetic 
waves and hence would spiral into the nucleus. 
Bohr assumed as his first non-classical condi¬ 
tion that this classical radiation law did not 
hold if the electron were in one of a discrete 
set of “stationary” orbits determined by a 
quantum condition on its angular momentum, 

i.e., if mvr = nh/2ir, where h is the Planck 
constant. This condition, together with the 
force equation, leads to the expression for the 
radii of the allowed orbits: r„ = n2h2e0/Tre2n 
(n = 1, 2, • • •) and to the expression for the 
energy of the electron when it is in one of the 
allowed orbits: En = —me4/8n2h2 (n = 1, 2, 
•••) (in mksa units). The negative sign re¬ 
sults from the fact that the zero of potential 
energy has been taken at infinity. 

The second non-classical condition imposed 
by Bohr was that a photon of radiation is 
emitted in the transition from a higher to a 
lower stationary state, with the frequency, /, 
of the radiation being given by the Planck law, 
i.e., / = &Em - n/h = (Em - En)/h. 

In a modified form the Bohr atom can in¬ 
clude elliptic as well as circular orbits ac¬ 
counted quite well for the spectra of hydro¬ 
gen and hydrogen-like ions, but was unable to 
account for many of the features of more com- 
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plex atoms. It has been superseded by the 
quantum mechanical theory of the atom. (See 
also wave mechanics; Schrodinger equation.) 

ATOM, BOHR-SOMMERFELD. A modifi¬ 
cation of the Bohr model of the atom (see 
atom, Bohr), in which quantized elliptic or¬ 
bits, as well as circular orbits, are allowed. 
The quantum conditions of the Bohr-Sommer- 
feld quantum theory were applied to the radial 
and angular components of the motion, lead¬ 
ing to two quantum numbers instead of one, 
the radial quantum number (n') and the azi¬ 
muthal quantum number (fc). The principal 
quantum number n = n' -(- k largely deter¬ 
mines the energy of the stationary states as 
in the Bohr atom. However, there is a small 
relativistic effect on the energy expressed in 
terms of the fine structure constant and of 
both n and k. The quantum number n can 
take on values 1, 2, •••, and the quantum 
number k can take on the values 1,2, • • •, n. 

In addition to the principal and azimuthal 
(angular momentum) quantum numbers, n 

and k, a third, the magnetic quantum number 
m appeared as a result of space quantization. 
Thus, the component of the angular momen¬ 
tum in some given direction can only take on 
discrete values, +mh/2n, where m = 0, 1, 2, 

The Bohr-Sommerfeld model of the atom 
has been replaced by the wave-mechanical or 
quantum mechanical atom, yet as a modelistic 
visual aid it is still used (with caution), e.g., 
in the vector model of the atom. Its major 
fault lies in the fact that it assigns precise 
orbits to the electrons and is therefore in viola¬ 
tion of the Heisenberg uncertainty principle. 
(See also atom, de Broglie; atom, vector model 
of; quantum numbers of electrons in atom.) 

ATOM, DE BROGLIE. Similar in all respects 
to the Bohr atom (see atom, Bohr) except that 
the quantum condition on the angular mo¬ 
mentum electron, mvr = nh, results not as an 
ad hoc assumption but as a result of imposing 
a condition on the wavelength of the de 
Broglie wave associated with the electron. 
This wavelength, A, should fit an integral 
number of times into the circumference of the 
circular orbit, thus 2wr = n\. If this condi¬ 
tion is combined with the de Broglie rela¬ 
tion between wavelength and momentum, 
mv = h/A, the Bohr condition results. 

ATOM, ELECTRON SHELLS IN. See elec¬ 
tron shells in atom. 

ATOM, EVEN TERM OF. See even term of 
an atom. 

ATOMIC ABSORPTION COEFFICIENT. 
See absorption coefficient. 

ATOMIC BOND (ALSO CALLED HOMO- 
POLAR BOND, OR COVALENT BOND). 
The chemical bond between two neutral atoms. 
While ionic binding of atoms in a molecule 
can be explained on a classical basis, the fact 
that neutral atoms can attract one another 
strongly and form very stable (homopolar) 
molecules such as, for example, H2, N2 and 
CO, can be explained only on the basis of 
quantum mechanics. Rigorous theoretical 
treatment of homopolar binding is possible 
only in the simplest cases (H2+ and H2). For 
the discussion of more complicated cases vari¬ 
ous approximation methods have been de¬ 
veloped. (See atomic bond energy; hydro¬ 
gen molecule, Heitler-London theory for; 
Heitler-London theory of valence; orbital 
theory of valence.) 

ATOMIC BOND ENERGY. The molecular 
wave function is approximated in the Heitler- 
London method (see also valence bond 
method) b}' a superposition of possible 
“atomic” and “ionic” configurations of the 
molecule. Each of these corresponds to a 
possible situation of the system electrons + 
nuclei at infinite separation of the nuclei. In 
the case of the H2 molecule, for example, if 
A and B refer to the nuclei, and 1 and 2 to the 
electrons, the symmetrical wave function is: 

’P = Oi’/'a(1),/'b(2) + a2ypA (2)^s(l) 

+ &3'1/a (l)lAa (2) + ®4’/'s (1)’/'/} (2). 

The two first terms of the right hand side 
of this equation correspond to atomic con¬ 
figurations at infinite separation, since each 
electron is linked to a nucleus. Their con¬ 
tribution to the bond energy is called the 
atomic, homopolar, or covalent bond energy. 
(For further treatment, see hydrogen mole¬ 
cule, Heitler-London theory for.) 

The other two terms represent ionic con¬ 
figurations (H+ + H_) at infinite separations 
of the nuclei, and their contribution to the 
bond energy is called the ionic bond energy. 
The ratio of the atomic to ionic bond energies 
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varies from one molecule to another. (See 
ionic bond character.) Note that the ionic 
configurations are responsible for the electric 
dipole moment of heteropolar molecules. 

ATOMIC CONFIGURATION. See config¬ 
uration, atomic; atomic bond energy. 

ATOMIC ENERGY. (1) The constitutive 
internal energy of the atom, which would be 
absorbed when the atom is formed from its 
constituent particles, and released when ic is 
broken up into them. This is identical with 
the binding energy and is proportional to the 
mass defect. (2) Energy released as the re¬ 
sult of the disintegration of atomic nuclei, 
particularly in large scale processes. 

ATOMIC ENERGY LEVELS. (1) The val¬ 
ues of the energy corresponding to the sta¬ 
tionary states of an isolated atom. (2) The 
set of stationary states in which an atom of a 
particular species may be found, including 
the ground state, or normal state, and the ex¬ 
cited states. 

ATOMIC ENERGY LEVELS, STATISTICAL 
WEIGHT. See statistical weight of atomic 
energy levels. 

ATOMIC EXCITATION FUNCTION. See 
excitation function, atomic. 

ATOMIC FREQUENCY. Each atom in a 
solid vibrates about its equilibrium position 
wfith a frequency v characteristic for that solid. 

Estimations of atomic frequencies may be 
made in several ways including: 

(1) Measurement of the elastic constants 
of the solid, which are related to the Debye 
temperature © (and hence v) by 

0 = hv/k = 35.74 X 10~4M-XK-y2p-y*[f(<T)]-X 

where 

/(<r) = 2[2(1 + <r)/3(l - 2<r)]^ 

+ [(1 + <0/3(1 - <0]* 

where M is atomic weight, k is compressibility, 
p is density, <r is Poisson’s ratio, k is Boltz¬ 
mann’s constant, and h is Planck’s constant. 

(2) Measurement of the compressibility k of 
the solid, when 

v2 = AN^V aAM~l 

where Va is atomic volume, N is Avogadro’s 
number, and A is Madelung’s constant. 

(3) Measurement of the coefficient of expan¬ 
sion a of the solid, when 

v = 2.91 X 10 u(C9/Va*a)* 

where Cv is the molar specific heat at constant 
volume. 

(4) Determination of the melting point, Tm, 
of the solid, when 

r = K(Tm/MVa*)* 

where K is a constant which must be deter¬ 
mined experimentally. 

(5) From measurement of the wavelengths 
of the “residual rays” remaining after several 
reflections of infrared radiation from the solid. 
The rays are caused by resonance of the atomic 
ions so that their wavelength is directly related 
to the atomic frequency. 

ATOMIC (SPECIFIC) HEAT. See Dulong- 
Petit rule. 

ATOMIC HEAT OF FORMATION. Of a 
substance, the difference between the enthalpy 
of one mole of that substance and the sum of 
the enthalpies of its constituent atoms at the 
same temperature; the reference state for the 
atoms is chosen as the gaseous state. The 
atomic heat of formation at 0°K is obviously 
equal to the sum of all the bond energies of 
the molecule, or to the sum of all the dissocia¬ 
tion energies involved in any scheme of step- 
by-step complete dissociation of the molecule. 
(See also bond energy; dissociation energy.) 

ATOMIC LINE STRENGTH. See line 
strength, atomic. 

ATOMIC MASS. The mass of an atom or 
nuclide expressed in atomic mass units, usually 
on the physical scale (a.m.u.). Examples 
(E. R. Cohen and W. M. DuMond, 1955, 
Encycl. Phys., Springer-Verlag, Berlin): 

Atomic mass of neutron: 
Mn = 1.008982 ± 0.000003 

Atomic mass of hydrogen: 
Mn = 1.008142 ± 0.000003 

Atomic mass of deuterium: 
Md = 2.014735 ± 0.000006 

Atomic mass of proton: 
Mp = 1.007593 =b 0.000003 

Atomic mass of electron: 
Nm = (5.48763 ± 0.00006) X 10-4 

(N is Avogadro’s constant, m is electronic 
rest mass.) 
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ATOMIC MASS CONVERSION FACTOR. 
The ratio r of the values for the atomic mass 
in terms of the chemical scale and in terms 
of the physical scale, respectively. The chem¬ 
ical scale is based on an atomic weight 16 for 
oxygen in its natural isotopic composition, the 
physical scale on an atomic weight 16 for the 
oxygen isotope of mass 16. Since the isotopic 
composition of oxygen varies slightly with its 
source, experimentally determined values of r 
vary somewhat (r = 1.000278 for air and car¬ 
bonates, r = 1.000268 for water and rocks). 
R. T. Birge (1942) gives r = 1.000272 on the 
basis of the abundance ratio 016:018:017 = 
506:1:.204. Adoption of a definite value for r 
by international agreement is pending at the 
time of writing (1959). 

ATOMIC MASS UNIT (a.m.u.). The unit of 
atomic mass in terms of the physical scale, i.e., 
the weight, in grams, of an atom of atomic 
weight 1, based on an atomic weight 16.0000 
for the oxygen isotope O16. 

1 a.m.u. = 1.67330 X 10~24 g. 

(See also atomic mass conversion factor.) 

ATOMIC MULTIPLETS, HUND RULES 
FOR. See Hund rules for atomic multiplets. 

ATOMIC NUMBER. The atomic number Z, 
the ordinal number of an element in the pe¬ 
riodic system, is equal to the electric charge 
of the nucleus in terms of the electronic charge, 
and gives the number of electrons surrounding 
the nucleus in a neutral atom. 

ATOMIC NUMBER, EFFECTIVE. A num¬ 
ber calculated from the atomic numbers of a 
compound or mixture, giving the latter’s char¬ 
acteristics as an x-ray absorbing medium. An 
element of this atomic number would interact 
with photons in the same way as the compound 
or mixture. Various formulae for this number 
have been developed, of which the following 
are perhaps best known: 

Spier: Based on theoretical considerations 
involving absorption and scattering coefficients 
{Brit. J. Radiol. 19, 52, 1946) : 

Z — effective atomic number 

= (axZx2M + a2Z2294 + ...)i/2.94 

where Zx, Z2, etc., are atomic numbers of indi¬ 
vidual constituents, and ax, a2, etc., the frac¬ 
tional electron contents of elements Zx, Z2, etc., 
in the compound. 

Fricke and Glasser: Based on theoretical 
considerations of photoelectron production 
(Fortsch. a. d. Gebiete der Roenlgenstrahlen, 33, 
243, 1925): 

axZxA -(- aoZo4 • • • 

axZi -(- o2Z2 • • • 

where Zx, Z2, etc., are the atomic numbers of 
the constituents, and ax, a2, etc., their fractions 
by weight. 

ATOMIC ORBITAL. See orbital. 

ATOMIC RADIUS. The length of a chemical 
bond can often be evaluated as a sum of two 
radii characteristic of the atoms involved in 
the bond, and of the type of bond (single, 
double or triple). Tables of such radii and an 
additivity rule allow one to predict the size 
of the skeleton of many molecules with rea¬ 
sonable accuracy, except when appreciable 
resonance with neighboring bonds takes place. 
(See also bond length; bond character.) 

ATOMIC REFRACTION. The product of 
the specific refraction of an element by its 
atomic weight. 

ATOMIC SCATTERING FACTOR (ATOM¬ 
IC SCATTERING POWER). A quantity 
defined as the ratio of the amplitude of the 
radiation scattered by an atom to that scat¬ 
tered by a single electron. For radiation of 
wavelength A, scattered at an angle 0, the 
scattering factor is given by the relation 

f °° sin kr 
f = I U(r)-dr 

J o kr 

where k = 4ir sin 0/A. U(r) is a radial dis¬ 
tribution function, such that U(r)dr represents 
the number of electrons between spherical sur¬ 
faces of radii r and r + dr, with their centers 
at the nucleus of the atom. It may be noted 
that only at 0 = 0 is / equal to Z, the number 
of electrons in the atom; for all other angles of 
scattering / < Z. 

ATOMIC SPECTRA. The radiation absorbed 
or emitted by (free) atoms and ions, corre¬ 
sponding to transitions between two electronic 
states (see combination principle). If both 
electronic states involved are stable atomic 
states the corresponding radiation consists of 
discrete lines; if the transition involves the 
removal of an electron (ionization) the emitted 
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or absorbed radiation is continuous. Atomic 
spectra in the usual sense of the term are the 
spectra in the optical and x-ray regions, corre¬ 
sponding to electronic transitions between 
atomic energy levels of considerably different 
energy (i.e., different electronic orbitals). For 
atoms and ions with comparatively simple 
electronic structure, especially hydrogen, he¬ 
lium, the alkali metals, the alkaline earths, 
and the corresponding ions (see Sommerfeld- 
Kossel displacement law) these spectra form 
characteristic series of lines whose separation 
and intensity decreases in regular manner to¬ 
wards shorter wavelengths. At the point of 
convergence, the series limit, the series merge 
into regions of continuous absorption or emis¬ 
sion. (See also Rydberg equation, Ritz for¬ 
mula, Hicks formula.) In a wider sense the 
term atomic spectra includes radiation in the 
millimeter and centimeter region, correspond¬ 
ing to transitions between component levels 
of the same multiplet or of the same hyper- 
multiplet. 

ATOMIC SPECTRA, BURGER-DORGELO- 
ORNSTEIN SUM RULE FOR. See Burger- 
Dorgelo-Ornstein sum rule for atomic spectra. 

ATOMIC SPECTRA, FINE STRUCTURE 
OF. See fine structure. 

ATOMIC STATE, MEAN LIFETIME OF. 
See mean lifetime of an atomic state. 

ATOMIC STRUCTURE, COUPLING IN. 
See coupling in atomic and molecular struc¬ 
ture. 

ATOMIC TERM SYMBOLS. The different 
energy levels of an atom are designated S, P, 
D, F, • • • terms according as the quantum 
number of the resultant electronic orbital 
angular momentum has the values L = 0, 1, 
2,3, • • •. The value of the multiplicity 2S + 1 
(S, quantum number of the resultant electron 
spin) is added to the symbol for L as a left 
superscript, the value of J, the quantum num¬ 
ber of the resultant total electronic angular 
momentum, as right subscript. 

ATOMIC UNITS (HARTREE). In atomic 
problems it is often convenient to use the set 
of units; fi, the quantum of angular momentum 
(Dirac h); m, the mass of the electron; and e, 
the charge on the electron, rather than the esu, 
emu, or mksa systems. In the atomic system 
of units, the unit of length is the radius of the 

first Bohr orbit a = fi2/me2, and the unit of time 
is t = fp/me*, which is the time for the electron 
to travel one radian in the first Bohr orbit. 

ATOMIC WEIGHT. The mass of an atom 
of any element, the mass of the oxygen atom 
being taken at 16 atomic mass units. The 
atomic weight is also called the equivalent 
weight or the relative weight. Since many 
elements, as they commonly occur in nature, 
are mixtures of isotopes, the accepted values 
of their atomic weights are in reality mean 
values of the isotopic atomic weights of the 
various isotopes present. The atomic weight, 
as defined above, is often called the “chemical 
atomic weight,” taking as its basis a value of 
16, for ordinary atmospheric oxygen. Since 
atmospheric oxygen consists of a mixture of 
3 different isotopes, a “physical atomic weight” 
scale has been established which assigns to the 
lowest mass isotope the value 16. (See next 
entry.) 

ATOMIC WEIGHT UNIT (a.w.u.). The 
unit of atomic mass in terms of the chemical 
scale, i.e., the weight, in grams, of an atom 
of atomic weight 1, based on the atomic weight 
16 for oxygen of the isotopic composition 
found in natural substances (e.g., fresh lake 
or rain water). 

1 a.w.u. = 1.6738 X 10-24 g. 

(See also atomic mass conversion factor.) 

ATOMIZER. See air injection. 

ATOM, ODD TERM OF. See odd term of 

an atom. 

ATOM, RUTHERFORD. A theory of the 
structure of the atom in which a small nucleus 
concentrates practically all the mass, and has 
a positive charge equal to the atomic number. 
An equal number of electrons, surrounding the 
nucleus, fill the major part of the atomic 
volume. This idea is the basis of the Bohr- 

Sommerfeld atom, and of all subsequent 
theories. 

ATOM, THOMSON. An early model of an 
atom in which the positive charge was con¬ 
sidered to be distributed continuously through¬ 
out the volume of a sphere, and in w'hich nega¬ 
tive electrons (of sufficient number to give 
electric neutrality) were imbedded. The elec¬ 
trons normally occupied positions of equilib¬ 
rium, but were capable of executing harmonic 
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motions about their equilibrium positions when 
disturbed (e.g., by an incident electromagnetic 
wave). 

ATOM, VECTOR MODEL OF. In quantum 
mechanics, as in classical physics, angular 
momentum is a vector quantity whose direc¬ 
tion, for a particle moving in a plane orbit, is 
perpendicular to the plane of the orbit and 
with a sense given by the progression of a 
right-handed screw. In quantum me¬ 
chanics, however, angular momenta (both 
orbital and spin) are quantized in magnitude 
and direction and special rules have to be set 
up for their vector addition (see angular mo¬ 
mentum, coupling of). The anomalous Zee- 
man effect spectral doublets, hyperfine struc¬ 
ture, and many other spectral phenomena are 
explained in terms of the vector addition of 
the various vector contributions to the total 
angular momentum of atoms, nuclei, etc. (See 
also Semat, Introduction to Atomic and Nu¬ 

clear Physics, Rinehart and Co., 1954.) 

ATTACK, ANGLE OF. See incidence, angle 
of. 

ATTENUATION. (1) The decrease of flux 
density (as, for example, light in an absorbing 
medium) with the distance propagated. (2) 
In statistics, the weakening (lowering in abso¬ 
lute value) of a correlation coefficient due to 
errors of observation in the variables. (3) For 
attenuation of sound, see acoustic attenuation 
coefficient. 

ATTENUATION CONSTANT. See propaga¬ 
tion constant. 

ATTENUATION FACTOR. (1) In travers¬ 
ing a distance x in a medium with absorption 
coefficient a the amplitude of vibration of light 
is damped by the factor exp (— «x), called the 
attenuation factor. (2) A measure of the 
opacity of a layer of material to sound waves 
traveling through it. It is equal to I0/I where 
/o and I are the sound intensities of the wave 
entering and leaving the layer, respectively. 

AUDIBILITY, THRESHOLD OF (THRESH¬ 
OLD OF DETECTABILITY). For a speci¬ 
fied signal, the minimum effective sound pres¬ 
sure of the signal that is capable of evoking 
an auditory sensation in a specified fraction of 
the trials. The characteristics of the signal, 
the manner in which it is presented to the 

listener, and the point at which the sound pres¬ 
sure is measured should be specified. 

Unless otherwise indicated, the ambient 
noise reaching the ears is assumed to be neg¬ 
ligible. The threshold may be expressed in 
decibels relative to 0.0002 microbar or to 1 
microbar. Instead of the method of constant 
stimuli, which is implied by the phrase “in a 
specified fraction of the trials,” another psy¬ 
chophysical method (which should be speci¬ 
fied) may be employed. 

AUDIOGRAM. A graph showing hearing 
loss, percent hearing loss, or percent hearing 
(see hearing, percent) as a function of fre¬ 
quency. 

AUGER COEFFICIENT. The ratio of Auger 
yield to fluorescence yield, which is also ex¬ 
pressed quantitatively as the ratio of the num¬ 
ber of Auger electrons to the number of x-ray 
photons ejected. (See Auger effect.) 

AUGER EFFECT. (Also called auto-ioniza¬ 
tion or pre-ionization.) The radiationless 
transition in an atom from a discrete electronic 
level to a continuous (ionized) level of the 
same energy. Levels for which the prob¬ 
ability of radiationless transition is high are 
broadened, with consequent broadening of 
spectral lines corresponding to radiative tran¬ 
sitions involving this level. The selection 
rules for radiationless transitions are 

AJ = 0; A<S = 0; AL — 0; even <—j—>• odd. 

AUGER YIELD. The Auger yield for a given 
excited state of an atom of a particular ele¬ 
ment is the probability of deexcitation by the 
Auger effect rather than by x-ray emission; 
it is the difference between unity and the 
fluorescence yield for that state, and also 
equals the sum of the Auger yields for the 
various possible Auger transitions from that 
state. 

AUGMENTED THRUST RATIO. The ratio 
of thrust obtained by a turbojet with its after¬ 
burner operating to that without. It is given 
by the relationship: 

FJF = 

Ujq - V 

Vj — V 

Vrea/Te - „ 

where Fa is the thrust with afterburner opera¬ 
ting, F is the thrust without, Vja is the exhaust 
jet velocity with afterburner operating, Vj is 
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the exhaust jet velocity without, V is the inlet 
velocity (velocity of vehicle), Tea is the exit 
temperature (°R) with afterburner operating, 
Te is the exit temperature without, and v is the 
ratio V/Vj. 

AUTOBAROTROPY. The state of a fluid 
which is characterized by both barotropy and 
piezotropy when the coefficients of barotropy 
and piezotropy are equal. This condition 
indicates that the fluid will remain barotropic. 

AUTOCORRELATION. The correlation of 
the members of a time-series among them¬ 
selves. More precisely, if {a^} is the realiza¬ 
tion of a stochastic process with mean m and 
variance <x2, the autocorrelation coefficient of 
order k is pk, the limiting value, as n—> oo, of 

1 ” 
—y X fe+fc “ m)(xt ~ ™). 

n<r 

The expression is also used for a sample value 
of pk derived from a realization of finite 
length n, the quantities m and o-2 then being 
replaced by estimators calculated from the 
realization. An alternative name for the sam¬ 
ple value is serial correlation. 

AUTOCORRELATION COEFFICIENT IN 
TURBULENCE. A coefficient relating a fluc¬ 
tuating quantity with its value at another 
point separated by a fixed interval of time or 
space, used in the statistical theory of turbu¬ 
lence. Assuming that mean values can be 
properly defined, i.e., that 

1 r 0 
Q = — Q{6)d0 

20 J_@ 

is independent of 0 for a wide range of values of 
0, Taylor’s (Lagrangian) autocorrelation coef¬ 
ficient R$ for a single particle moving in a field 
of turbulent motion is definable at time t by 

Ri = u'(t)u'(t + £)/V2 

where u' is the fluctuating velocity component 
being analyzed, and $ is a time interval. This 
coefficient, being a characteristic of the turbu¬ 
lence, must yield a mixing length which is also 
a measure of the turbulence. Since R£ —> 0 as 
£ —it is reasonable to suppose that 

j /fyi£ tends to a definite limit as t —* in 
Jo _ . 
which case, together with the turbulent inten¬ 

sity (u'2)^, it yields the length 

The measurement of the Lagrangian autocor¬ 
relation coefficient presents serious practical 
difficulties; it is therefore more convenient to 
use the Eulerian coefficient defined by a space 
interval x; thus 

rx = u'(X)u\X + x)/u7i, 

the fluctuations u' at X and X + x being 
measured simultaneously. 

Still easier to measure is the correlation with 
the same quantity observed at the same point 
after an interval r, which we may define as 

rT = u'(t)u'(t + t)/u'2, 

but its interpretation requires that the fre¬ 
quency analysis of the local velocity fluctua¬ 
tions be approximately identical with that 
produced when the wave-number analysis of the 
instantaneous variation of velocity along a line 
in the direction of the mean motion is advected 
with the mean velocity. This is only true if 
the fluctuations are small compared with the 
mean flow. In that case x is assumed to be the 
same as ut where u is the mean velocity. 

The above definitions are strictly applicable 
only to homogeneous isotropic turbulence. 

AUTOCORRELATION FUNCTION. A 
function used, for example, in statistics and in 
information theory of the form 

1 rT 
0u(r) = lim — I /(<)/(< - r)dt 

r-> oo 2 T J_T 

where r is a time-delay parameter. The func¬ 
tion j{t) is considered to be continuous, and the 
function rejects phase information in regard to 

/(<)• 
The autocorrelation function is related to the 

power spectrum of f(t) by the Fourier-trans- 
form pair 

1 r* 
$n(r) = — I <fcn(u)e3UTdu) 

2tt %J —QQ 

$11 («0 = f $n(r)e_-'“Tdr 
•/—00 

where $n(w) represents the power density 
spectrum of /(<). 

AUTOFRETTAGE. The process of inducing 
a favorable distribution of initial or residual 
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stress in a tube. Compressive hoop stresses 
which reduce the tension caused by interior 
pressure may be produced at the inside diam¬ 
eter by winding the tube with wire under 
tension, by shrinking one or more tubes on the 
outside of the inner one, or by applying in¬ 
terior pressure above the elastic limit but 
below the flow limit or collapse load. 

The plastic limit load or pressure is not 
altered by autofrettage but the fatigue life 
under lower pressure is increased. 

AUTO-IONIZATION. See Auger effect. 

AUTOMORPHISM. See group (or homo¬ 
morphism). 

AUTOMORPHISM GRAPH. See graph, 
automorphism. 

AUTOREGRESSION. A regression relation¬ 
ship connecting the members of a time-series 
whereby the value at one point, say ut, is ex¬ 
pressible in terms of values at previous points, 
ut-1, ut-2, •••, plus a stochastic term. The 
commonest case is that of linear autoregres¬ 
sion exemplified by 

Ut — <XiUi_i + a2Ut -2 + • • • + <XkUt—k + ft 

where the a’s are parameters and e is a random 
variable. A series obeying such a relation may 
be regarded as the realization of a particular 
kind of stochastic process, known as an auto¬ 
regressive process. The simple case when 
k = 1 is usually known as a Markov scheme; 
that for k = 2 is called a Yule scheme. 

AUXILIARY EQUATION. Using the symbol 
D = d/dx, a given linear differential equa¬ 
tion with constant coefficients may be written 
in the form 

Dny + aiDn ly + • • • + any = 0. 

replaced by cg( 1 + a^x + a2x2 H-h 
ag_ixe~1)eT‘x. Imaginary roots, if they occur, 
have the form r± = A ± iB and the term in 
the solution becomes eAx(c+ cos Bx + c_ sin 
Bx). 

AVAILARILITY. See available energy. 

AVAILARLE ENERGY. The maximum 
quantity of work which can be performed by 
a closed system in a given state (energy E, 
volume V, etc.) as it undergoes a transforma¬ 
tion at the end of which it is in thermodynamic 
and mechanical equilibrium with the surround¬ 
ings, usually the terrestrial atmosphere. The 
surroundings is imagined to be in thermal 
equilibrium, and infinite in extent, its pressure 
and temperature being p0 and T0, respectively. 
Denoting the properties of the system by sub¬ 
script o when it has reached equilibrium with 
the surroundings, it can be shown that the 
available energy 

® = wmax = (E + p0] — TVS) 

- (Eo + p0Vo - T0s0). 

The preceding relation is derived from the 
second law of thermodynamics, and hence is a 
consequence of it under the specified conditions, 
that is, in particular wrhen the system interacts 
with one source of heat at temperature T„, 
that of the surroundings. It is implied that 
the process from state (E,V,S) to state 
(E0,V0,S0) is reversible and that the change in 
the sum of the entropies of the system and its 
surroundings is zero. 

AVAILABLE POTENTIAL ENERGY. That 
portion of the total potential energy which 
may be converted to kinetic energy in a 
closed system. 

The auxiliary equation is 

rn + cqr"-1 -f a2rn~2 -\-\- an = 0, 

regarded as an algebraic equation in the un¬ 
known r. If the roots of this auxiliary equation 
are rx, r2, • • •, rn, then the general solution of 
the original differential equation is 

y = cieUX 
i 

the c/s being arbitrary constants, provided the 
roots are all unequal. If one of them, rg is 
repeated g times the corresponding terms in the 
general solution of the differential equation are 

AVERAGE DEVIATION. The average de¬ 
viation (A.D.) of a number of like quantities 
Xj is the average of the absolute departures 
of their individual values from their mean 

A.D. = 

where the mean 

El Xi-x 
y=i 

n 

ZXj 

n 
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The A.D. is a measure of the expected departure 
of any single observation of a series from the 
“true value which would be obtained by the 
averaging of an infinite series of observations. 
The average deviation of the mean (a.d. is 

a.d. = A.D. Vn — 1. 

A.D. and a.d. are related to other measures 
of uncertainty if the individual values are 
distributed according to a particular rule, such 
as the Gaussian error function. 

AVERAGE POTENTIAL MODEL FOR 
MIXTL RES. Statistical treatment' of mix¬ 
tures i Prigogine. Bellemans. Scott i are usu¬ 
ally based on the statistical theorem of cor¬ 
responding states and on the introduction 
of average-composition-dependert interaction 
constants. If limited to first-order terms, they 
reduce to the theory of conformal solutions 
but they give also an approximate estimate 
of higher order terms in the difference of inter- 
molecular forces. 

AYOGADRO HYPOTHESIS. Equal volumes 
of gases under the same conditions of pressure 
and temperature contain the same number of 
molecules. (See Avogadro number.) 

AYOGADRO NUMBER. The number of 
molecules in a mole (N = 6.024S X 1023 
mole-1). It is equal to the ratio of the gas 
constant R to the Boltzmann constant k. 

AAV.U. See atomic weight unit. 

.AXES, MOVING. See moving axes. 

AXES OF MOLECULES, PRINCIP AL. See 
moments of inertia of molecules. 

.AXIAL BUNDLE. A bundle of rays emanat¬ 
ing from an object point on the axis of an 
axially symmetric optical system. 

AXLAL-FLOW COMPRESSOR. A rotary 
compressor in which the fluid flows mainly in 
the axial direction, in contrast to a centrifugal 
compressor in which the flow is mainly radial. 

.AXIAL-FLOW TURBINE. A turbine in 
which the fluid flows mainly in the axial direc¬ 
tion in contrast with a Ljungstrom turbine in 
which the flow is mainly radial. 

AXIAL LOAD. A tensile or compres-ive force 
applied along the effective centerline of a 
straight member. The term may also be em¬ 
ployed for an eccentric load parallel to the 

axis, with the term central axial load used to 
indicate the absence of bending. 

AXIAL MAGNIFICATION. The ratio of the 
interval between two adjacent image points 
on the axis of an optical instrument to the 
interval between the conjugate object points. 

AXLAL RAY. (1) Two linearly independent 
optical paths, one from an axial object point 
and one from an off-axis object point, deter¬ 
mine all paraxial optical paths in the Gaussian 
optics of a system. These are referred to as 
the axial and field rays, respectively. 12 > In 
general, a meridional ray of an optical system 
intersecting the axis in the object plane is an 
axial ray. 

.AXLAL THRL'ST. The axial component of 
force exerted on a nozzle, turbine or turbo- 
compressor by the fluid passing through it. 
It consists of a term due to change of momen¬ 
tum and a term due to a difference in pressures 
at inlet and exit. 

.AXIAL VECTOR. See pseudovector. 

AXIS, CENTROIDAL. See centroidal axis. 

.AXIS. NEUTRAL. See neutral axis. 

.AXIS, OPTIC(AL). (1) A direction through 
a doubly-refracting crystal along which no 
double refraction occurs. A uniaxial crystal 
ha> one such direction, a biaxial crystal has 
two such directions. 121 The surface of a mir¬ 
ror and all surfaces of a lens or lens system are 
usually figures of revolution about a common 
axis, called the optical axis. 

.AXIS, PRINCIPAL. A line for which some 
quantity or property has a maximum, mini¬ 
mum or stationary value. Principal axes of 
stress for a point of a body are directions in 
which the principal stresses act. Principal 
axes of inertia for a point of a body are axes 
about which the moment of inertia is station¬ 
ary; they are the axes of the inertia ellipsoid 
associated with the point. (See Mohr circle. I 

AXIS, STRONG. The cross section of any 
beam in bending will have one line through 
its centroid about which the area moment of 
inertia 

Ix =fy2dA 

is maximum. This line is known as the strong 
axis. In an I-beam it is the line in the cross 
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section perpendicular to the web at the mid¬ 
height of the beam and often called the 1-1 or 
x-x axis. 

AXIS, WEAK. The line in the cross section 
about which the area moment of inertia is 
least. In an I-beam cross section it is the 
bisector of the web perpendicular to the 
flanges and often is called the 2-2 or y-y axis. 

AZEOTROPIC SYSTEMS. Consider a mix¬ 
ture of water and alcohol in the presence of the 
vapor. This system of two phases and two 
components is divariant (see phase rule). 
Now choose some fixed pressure and study 
the composition of the system at equilibrium 
as a function of temperature. The experi¬ 
mental results are shown schematically on the 
figure. 

Azeotropic system. 

The vapor curve KLMNP gives the composi¬ 
tion of the vapor as a function of the tempera¬ 
ture T, and the liquid curve KRMSP gives 
the composition of the liquid as a function of 
the temperature. These two curves have a 
common point M. The state represented by 
M is that in which the two states, vapor and 
liquid, have the same composition x,tA on the 
mole fraction scale. Because of the special 

properties associated with systems in this state, 
the point M is called an azeotropic point and 
the system is said to form an azeotrope. In an 
azeotropic system, one phase may be trans¬ 
formed to the other at constant temperature, 
pressure and composition without affecting the 
equilibrium state. This property justifies the 
name azeotropy, which means a system which 
boils unchanged. 

AZEOTROPY. See azeotropic systems. 

AZIMUTH (ASTRONOMIC). The coordi¬ 
nate in the horizontal system of coordinates 
that is measured westward in the plane of the 
horizon from the prime vertical (prime merid¬ 
ian or south point of the horizon) to the inter¬ 
section of the vertical circle through the object, 
with the horizon. 

The azimuth angle is measured at the center 
of the celestial sphere in the plane of the hori¬ 
zon from the direction of the elevated pole 
(north or south to agree with the latitude) 
east or west through 180°. 

The altitude of an object is the arc of the 
horizon either east or west to the intersection 
of the vertical circle through the object with 
the horizon. 

Any of these quantities may be expressed in 
terms of arcs of the almucantor (parallel plane 
to the equator) through the object. 

AZIMUTH ANGLE. (1) The angle in the 
spherical coordinate system. (2) For plane- 
polarized light incident on the surface of a 
dielectric, the angle between the plane of vi¬ 
bration and the normal to the plane of inci¬ 
dence. This same word applies to incident, 
reflected and refracted light. (3) AVhen a 
celestial object is located with respect to the 
horizon and a meridian plane, the azimuthal 
angle is that between the meridian and the 
vertical plane through the body and the zenith. 



BABINET PRINCIPLE. Two diffraction 
screens are complementary if the clear regions 
of the first are opaque regions of the second 
and vice versa. J. Babinct proved that the 
Fresnel diffraction patterns of a point source, 
due to complementary screens, are identical 
except for a region near the central image. 

BACK FOCAL LENGTH. The axial dis¬ 
tance between the last optical surface in an 
axially symmetrical optical system and the 
second (or image space) focal point. 

BACK-PRESSURE TURBINE. In industrial 
processes and in building heating, it is neces¬ 
sary to supply heat at a moderate temperature 
only, namely at a temperature far below that 
which can be maintained in a furnace. Con¬ 
sequently, supplying heat directly constitutes 
a loss from the point of view of the second 
law of thermodynamics, because the tempera¬ 
ture difference could be made use of for the 
production of work. It is more economical to 
produce steam at the highest temperature pos¬ 
sible and to expand it in a back-pressure tur¬ 
bine to the temperature required for heating 
or processing. The latter temperature deter¬ 
mines the back pressure for the turbine. 

Back-pressure turbine. 

(See also extraction turbine.) 

BACK-SCATTERING (BACKWARD SCAT¬ 

TER). The scattering of radiant energy into 
the hemisphere of space bounded by a plane 
normal to the direction of the incident radia¬ 

tion and lying on the same side as the incident 
ray; the opposite of forward scatter. 

BACK-SCATTERING COEFFICIENT B 

(ECHOING AREA). For an incident plane 
wave, the back-scattering coefficient B is 4w 
times the ratio of the reflected power per unit 
solid angle (<t>,) in the direction of the source 
divided by the power per unit area (IF*) in 
the incident wave: 

o Wr 
B = It — = 47rr2 —> 

Wi Wi 

where Wr is the power per unit area at dis¬ 
tance r. For large objects, the back-scatter¬ 
ing coefficient of an object is approximately 
the product of its interception area by its 
scattering gain in the direction of the source, 
where the interception area is the projected 
geometrical area and the scattering gain is 
the reradiated power gain relative to an iso¬ 
tropic radiator. 

BACKWARD DIFFERENCE OPERATOR. 

See difference operators. 

BACKWARD DIFFERENCES. See differ¬ 

ence operators. 

BAIRSTOW METHOD. A method for find¬ 

ing complex roots of an algebraic equation. 

Let z2 + az + b be a trial divisor of/(z) and 

form 

f{z) = (z2 + az + b)2Q(z) 

+ (z2 + az + b)q(z) + r(z), 

where 

r(z) = rjz + r0, q(z) = qxz + q0. 

This means that r is the remainder after dividing 

/ by z2 + az -j- b, and q the remainder after 

dividing the quotient. Solve 

(aqi - q0)8a - qx8b = -rlt 

bqi&a — q08b = — r0 

for 8a and 8b; then z2 + (o -f- 8a)z + b + 8b 
will be, in general, closer to a true divisor. The 
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method is an adaptation of the Newton method 
to finding complex roots and was originally 
described by Bairstow; later by Hitchcock. 

BALANCE. A horizontal shaft with attached 
masses (as, for example, the armature of a 
motor or the rotor of a turbine) is said to be 
in static balance if at rest there is no turning 
moment about the axis of the shaft in any 
angular position. A rotor in static balance 
may produce oscillating bearing reactions 
when the shaft rotates. The reduction of these 
oscillatory forces to an acceptable value is 
called dynamic balancing. Balance is achieved 
when a principal axis of inertia of the rotor 
coincides exactly with the axis of the shaft. 

BALANCED DESIGN. See incomplete 
block. 

BALANCING, DETAILED. See detailed 
balancing. 

BALMER SERIES. Series of lines in the 
spectra of atomic hydrogen and the hj^drogen- 
like ions He+, Li++, • • •. The wave numbers 

vn = — are given by the formula 
Xn 

Vn 3, 4, 

where R stands for the Rydberg constant and 
Z for the atomic number. 

The first lines of the Balmer series of hy¬ 
drogen (“Balmer lines”) were discovered early 
as strong absorption lines in the visible region 
of the solar spectrum, and are traditionally 
denoted as Ha(X, 6563 A), H(3(X, 4861 A), H7 
(X, 4340 A), etc. 

BALMER TERMS. The energy levels of the 
hydrogen atom and of the hydrogen-like ions, 
without consideration of fine structure, i.e., 
the energy of the Bohr orbits 

En = 
2IT2tie2 Z2 

h2 n2 

(m and M are electronic and nuclear mass 
respectively). 

BANACH SPACE. A complete, normed vec¬ 
tor space. The most important examples of 
Banach spaces have functions for their ele¬ 
ments, e.g., the space C of functions continuous 
on a closed interval with norm equal to maxi¬ 
mum of absolute value. A Hilbert space is a 
particular example of a Banach space. 

BAND. In the spectrum of a molecule, a 
group of closely spaced lines, corresponding 
to the possible transitions from the rotational 
energy levels belonging to one vibrational 
level to the rotational levels of another vibra¬ 
tional level (see molecular energy levels, vi¬ 
brational energy levels of a molecule, rota¬ 
tional energy levels of a molecule). The 
rotational fine structure of a band depends on 
the selection rules which are valid for the 
transition concerned, and varies widely be¬ 
tween the bands of different molecules, and 
between bands corresponding to different types 
of transitions in the same molecule. (For 
more detail see rotation-vibration spectra of 
molecules.) Lines having the same difference 
A7 = J' — J" between the rotational quan¬ 
tum numbers of the upper and lower state 
form series of regularly spaced lines, called 
branches (Q-branch for A J — 0, R- and P- 
branch for A J = +1 and —1, respectively, 
£- and O-branch for A J = -)-2 and —2, re¬ 
spectively, •••). 

BAND, CONDUCTION. See conduction 
band. 

BAND EDGE ENERGY. The energy of the 
edge of the conduction band or valence band 
in a solid; that is, the minimum energy re¬ 
quired by an electron in order that it may be 
free to move in a semiconductor or the maxi¬ 
mum energy it may have as a valence electron. 

BAND, FUNDAMENTAL. See fundamental 
band. 

Here h is Planck’s constant, e is the electronic 
charge, Z is the atomic number, n is the 
principal quantum number 

n = 1, 2, 3, • ••, 

and n is the reduced mass of the electron 

mM 
n =-. 

m + M 

BAND ORIGIN. See zero line of a band. 

BAND PRESSURE LEVEL. The effective 
sound pressure level (see sound pressure, ef¬ 
fective) for the sound energy contained within 
a specified frequency band of a given sound. 
Both the width of the band and the reference 
pressure should be stated. 

BAND SEQUENCES. See band system. 
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BANDS, OVERTONE. See overtone bands. 

BAND SPECTRA. See band system; molec¬ 
ular spectra. 

BAND SYSTEM. In the spectrum of a mole¬ 
cule, a band system consists of the bands cor¬ 
responding to all the transitions possible be¬ 
tween the vibrational energy levels of one 
electronic state to the vibrational levels of an¬ 
other electronic state. (For formulas repre¬ 
senting the wave numbers of the zero lines of 
a band system, see electronic spectra of mole¬ 
cules.) In the case of a diatomic molecule 
the wave numbers of the zero lines (or of the 
band heads) of the bands belonging to a band 
system are conveniently arranged in a table 
(Deslandres table) such that bands with the 
same lower vibrational quantum number v" 
and increasing upper vibrational quantum 
number v' (v' progressions) form vertical col¬ 
umns, and bands with the same upper vibra¬ 
tional quantum number v' and increasing lower 
vibrational quantum number v" (v" progres¬ 
sions) form successive horizontal rows. The 
differences between successive columns or suc¬ 
cessive rows of wave numbers correspond to 
the differences between successive vibrational 
energy levels of the lower and upper electronic 
states, respectively. The bands forming diag¬ 
onals in the Deslandres table correspond to 
transitions with v' — v" = const. (Band se¬ 
quences.) 

BAND THEORY OF SOLIDS. Electrons in 
a periodic lattice of ions occupy energy levels 
which fall into groups or bands. In the al¬ 
lowed bands, the energy levels are closely 
spaced, and form effectively a continuum. 
There are, however, ranges of energy in which 
there are no levels at all, and these are called 
forbidden bands or energy gaps. The elec¬ 
trical properties of the material depend on how 
the electrons are distributed in the various 
bands. Thus, when only the lower bands are 
filled, and there is a wide energy gap above 
them, the material behaves as an insulator. 
When the gap is narrower, or when impurity 
centers are present, which create extra levels, 
some electrons may be raised to the conduc¬ 
tion band, where they can carry current. The 
material is then a semiconductor. In metals, 
there is a partially-filled band in which the 
electrons behave as if they were free. 

BANDWIDTH. (1) The number of cycles 
per second expressing the difference between 
the limiting frequencies of a frequency band. 
(2) For an amplifier or other device, the range 
of frequencies for which some characteristic 
(such as gain) falls within specified limits 
(e.g., not less than one half of its maximum 
value). (3) In radio communication usage 
the number of cycles per second required to 
convey the information being transmitted, 
either visual or aural. 

BANDWIDTH, EFFECTIVE. (1) For a 
specified transmission system, the bandwidth 
of an ideal system which (a) has uniform 
transmission in its pass band equal to the 
maximum transmission of the specified sys¬ 
tem, and (b) transmits the same power as the 
specified system when the two systems are re¬ 
ceiving equal input signals having a uniform 
distribution of energy at all frequencies. 
This may be expressed as follows: 

Effective bandwidth = f Gdf 
Jo 

where / is the frequency in cycles per second 
and G is the ratio of the power transmission 
at the frequency /, to the transmission at the 
frequency of maximum transmission. 

(2) For a band-pass filter (see filter, band¬ 
pass) the width of an assumed rectangular 
band-pass filter having the same transfer ratio 
at a reference frequency, and passing the same 
mean-square value of a hypothetical current 
and voltage, having even distribution of energy 
over all frequencies. 

BANDWIDTH OF A WAVE. The least fre¬ 
quency interval outside of which the power 
spectrum of a time-varying quantity is every¬ 
where less than some specified fraction of its 
value at a reference frequency. This defini¬ 
tion permits the spectrum to be less than the 
specified fraction with the interval. Unless 
otherwise stated, the reference frequency is 
that at which the spectrum has its maximum 
value. 

BAND, ZERO LINE OF. See zero line of a 
band. 

BAR. The general term for a structural mem¬ 
ber whose length is much greater than its cross- 
sectional dimensions. A bar under compres¬ 
sion may be called a column or a strut. A 
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bar in bending is a beam, a bar in torsion is a 
shaft, a bar in tension may be called a tie. 

BARBA LAW. The statement that geomet¬ 
rically similar bars of the same material but 
of different size deform similarly. Deviations 
from similarity are labeled as size effects. 

BARDEEN-COOPER-SCHRIEFFER THE¬ 
ORY OF SUPERCONDUCTIVITY (1957). 
An extension of the ideas of the Frohlich-Bar- 
deen theory in which the exchange of virtual 
phonons and the short range Coulomb repul¬ 
sions between the members of a pair of elec¬ 
trons having spins in opposite directions lead 
to a correlation of the electrons in a super¬ 
conductor. The correlation leads to stable 
electron pairs having energies near the Fermi 
level and seems to account satisfactorily for 
the major properties of superconductivity. 

BARN. The unit of nuclear cross section, 
equal to 10“24 square centimeter. The most 
common sub-unit is the millibarn, equal to 
10~27 cm2. 

BAROCLINIC. Possessing density gradients; 
when applied to the atmosphere implying the 
presence of horizontal temperature gradients 
and therefore of vertical gradients of horizon¬ 
tal wind. Potential energy is stored in a baro- 
clinic airstream, and a measure of the avail¬ 
ability of this for the production of wind sys¬ 
tems is the Richardson number, Ri — gfi/JJ'2. 
Here 

1 69 
P —- 

9 dz 

is the static stability represented by the vertical 
gradient of potential temperature 0, and U' is 
the wind shear representing, through the ther¬ 
mal wind equation, the horizontal gradient of 
temperature. Thus for geostrophic winds 

„ 69 / /dd\2 

where z is measured vertically, and x hori¬ 
zontally normal to the isotherms. / is twice the 
vertical component of the earth’s rotation. 
The instability of a baroclinic airstream in¬ 
creases with decreasing Ri and disturbances 
like extra-tropical depressions may arise in 
baroclinic airstreams whose Rossby number is 
of the order of unity. 

BAROCLINITY. The state of being baro¬ 
clinic. 

BAROMETER FORMULA. Equation for 
the density p(z) of an isothermal gas at a 
height z in the earth’s gravitational field (con¬ 
stant gravitational acceleration g), 

p = 

where /3 = 1/kT (k is Boltzmann’s constant, T, 
absolute temperature), m, the mass of one atom 
of the gas, and C, a normalizing constant. 

BAROTROPIC. Of uniform density; when 
applied to the atmosphere implying the ab¬ 
sence of horizontal temperature gradients and 
therefore of vertical gradients of horizontal 
wind because of the absence of a thermal wind. 
A barotropic atmosphere moves horizontally 
with a velocity independent of height. 

BAROTROPIC INSTABILITY. The hydro- 
dynamic instability arising from certain dis¬ 
tributions of vorticity in a two-dimensional 
non-divergent flow. This is an inertial in¬ 
stability in that kinetic energy is the only form 
of energy transferred between current and 
perturbation. The variation of vorticity (i.e., 
shear) in the basic current may be concen¬ 
trated in discontinuities of the horizontal wind 
shear (to be distinguished from Helmholtz in¬ 
stability, where the velocity itself is discon¬ 
tinuous) or may be continuously distributed in 
a curved velocity profile. A well known neces¬ 
sary condition for barotropic instability is that 
the vorticity must change sign (i.e., vanish) at 
a point of maximum shear. 

In barotropically unstable flow, certain iso¬ 
lated characteristic wavelengths are associated 
with neutral waves, separating the damped 
from the amplified waves. Applications to 
atmospheric jet-stream wind profiles have cal¬ 
culated neutral wavelengths to be of the order 
of 9000 km, with shorter waves damped and 
longer waves amplified. It has been suggested 
therefore that the shorter cyclone waves pro¬ 
vide a source of kinetic energy to the jet 
stream. 

BAROTROPIC MODEL. Any of a number 
of model atmospheres in which some of the 
following conditions exist throughout the mo¬ 
tion: coincidence of pressure and temperature 
surfaces; absence of vertical wind shear; ab¬ 
sence of vertical motions; absence of horizontal 
velocity divergence; and conservation of the 
vertical component of absolute vorticity. 

Certain of these models would be more prop- 
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erly called autobarotropic models; often the 
barotropic model is the same as the equivalent- 
barotropic model used in numerical forecast¬ 
ing. 

BAROTROPIC PRESSURE FUNCTION. 
The scalar function in a barotropic fluid, the 
gradient of which is equal to the specific pres¬ 
sure force: 

Vir = aVp, 

where ir is the barotropic pressure function, a, 
the specific volume, and p, the pressure. 

BAROTROPIC VORTICITY EQUATION. 
The vorticity equation in the absence of hori¬ 
zontal divergence and vertical motion, so that 
the absolute vorticity of a parcel is conserved, 

d 
“(f +/) =0, 
dt 

tvhere £ is the relative vorticity and / the 
Coriolis parameter. This equation may also 
be interpreted as governing vertically-aver¬ 
aged flow in which divergence is present but 
wind direction is constant with height. (See 
also equivalent-barotropic model.) 

BAROTROPY. The state of being barotropic. 

BARREL DISTORTION. See geometric dis¬ 
tortion. 

BARRIERS, NOISE LEVEL REDUCTION 
OF. See noise level reduction of barriers. 

BARTLETT FORCE. A central force be¬ 
tween two nucleons which is derivable from a 
potential containing an operator which ex¬ 
changes the spins of the two particles but not 
their positions. Nuclear forces are known to 
be spin-dependent, and some of their properties 
can be described in terms of the Bartlett force. 

BARYCENTRIC PARALLAX. A small oscil¬ 
latory motion of the earth around its orbit 
about the sun due to the fact the center of mass 
of the earth-moon system does not coincide 
with the center of the earth, but moves about 
as the moon rotates around the earth. The 
period of this motion is one synodic month. 
Data on the barycentric parallax are chiefly 
of use in calculating the mass ratio of earth 
and moon. 

BARYON. The generic name of the “elemen¬ 
tary” particles of mass in the interval from 
the nucleonic mass up to (but not including) 
the deuteron mass. The word “elementary 
particle” is here used in the sense of a system 
having a definite mass and spin, a lifetime 
long compared to strong interaction times 
(which are of the order ~10-23 sec) and 
having a well defined charge and other elec¬ 
tromagnetic properties. At present (1960) 
eight such particles are known. They are 
listed in Table 1 below. 

The six particles listed in Table 1 which are 
heavier than the neutron or proton are called 
hyperons. 

BASE OF A SYSTEM OF LOGARITHMS. 
See logarithm. 

BASE OF A SYSTEM OF NUMBERS. See 
radix. 

BASES. See acids and bases, definitions of 
Brpnsted and Lewis. 

BASE VECTORS (FOR A COORDINATE 
SYSTEM). If r denotes the vector position 
relative to a fixed origin, of a point P in space 
and xl are the contravariant coordinates of P 
in a curvilinear coordinate system x, then for 
each value of i, dr/dxl is a vector tangential to 
the coordinate line xl through P. The vectors 
dr/dxl are called the base vectors for the 
curvilinear coordinate system x. 

Table I 

Mass Mean life Charge 

Particle (in electron masses) (in seconds) (in multiple of e) 

p (proton) 1836.12 ± 0.04 stable > 4 X 1023 years + 1 
n (neutron) 1838.65 ± 0.04 1050 =fc 200 0 
A0 2182.5 ± 0.4 2.9 ± 0.2 X 10-10 0 
yo 2329.9 ± 0.3 <2 X 10~12 0 

2+ 2327.9 db 0.6 0.7 ± 0.1 X lO-10 + 1 
y— 2341.6 ± 0.8 1.6 ± 0.2 X 10~10 -1 

.**r 2585 ± 6 ~3 X 10~10 -1 
•^*0 ~2587 =fc 10 ? 0 
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BASE VECTORS, RECIPROCAL (FOR A 
COORDINATE SYSTEM IN THREE-DI¬ 
MENSIONAL SPACE). The vectors a1 given 

by 

• a2 X a3 
a =-> etc., 

[aia2a3] 

where a( are the base vectors, [aia2a3] is the 
scalar triple product of these and a2 X a3 is 
the vector product of a2 and a3. 

BASIC STIMULUS. The standard stimulus 
(usually achromatic) used to determine the 
units of the reference stimuli of any trichro¬ 
matic system. 

BATHO FORMULA. The average shear 
stress in a thin-walled tube subject to torsion 
without appreciable distortion of the tube is 
t = 2G6A/s where s is the mean perimeter, 6, 
the angle of twist per unit length, A the cross- 
sectional area and G the shear modulus. 

BAUER-WACH TURBINE. A turbine driven 
by the exhaust steam from a reciprocating 
steam engine. (See exhaust-gas turbine.) 

BAUSCHINGER EFFECT. Reduction of the 
yield stress for reversed loading after plastic 
flow. More generally, the reduction of the 
yield limit, when the yield stress system 
changes, or changes direction from that of first 
loading. 

BAY. The portion of a structure between two 
adjacent bents or frames. 

BAYES’ SOLUTION. In the theory of statis¬ 
tical decision-functions, a Bayes’ solution is 
one which minimizes the average risk in¬ 
volved, the average taking place over some 
prior probability distribution. 

BAYES’ THEOREM. Let Cl, c2, c3 • • • c„ be 
some s mutually exclusive random events such 
that one of them must happen and let P(C{) be 
the probability of c{. These events we shall 
describe as causes. Let E be some event which 
can be directly observed and let P(E\c-i) be 
the probability that E will occur on the as¬ 
sumption that Ci has already happened. Let 
P(Ci\E) be the probability of ^ after E has 
occurred. The probabilities P(c<) are called 
“a priori” probabilities, i.e., probabilities not 
at all dependent on the event E, w’hereas 
P(Ci\E) are called “a posteriori” probabilities 

since these depend on the event E having oc¬ 
curred. Bayes’ theorem states 

P(ci\E) = 
P{ci)-P(E\ci) 

ip(cj)P(E\Cj) 
i 

The theorem states exactly how the probability 
of a certain “cause” changes as different events 
actually occur. The theorem was published 
posthumously in 1764. When all conditions 
of the theorem are fulfilled there is no objec¬ 
tion to Bayes’ theorem. The difficulties in 
applying the theorem depend upon the fact 
that P(Ci), the “a priori” probabilities, are 
not known and are assumed often to be equal 
in the absence of other knowledge. This is 
known as Bayes’ postulate, or the “equidis- 
tribution of ignorance.” Many statisticians 
find it unacceptable and most modern theories 
of inference attempt to avoid it. 

BEAM. A body bounded by a right cylin¬ 
drical (or prismatic) surface and by two 
parallel planes which are normal to the gener¬ 
ators of the cylindrical surface, the dimension 
of the body parallel to the generators being 
large compared with the characteristic dimen¬ 
sions perpendicular to them. Also called rod, 
shaft or bar. By an extension of meaning, the 
cross-sectional form may vary, if explicitly 
stated, as when the term is used to designate 
certain rolled or extruded sections, such as 
I-beams, WF-beams, T-beams, etc. Fre¬ 
quently, the term beam is reserved for a bar 
subjected primarily to bending so that its 
curvature changes. For pure bending about 
a principal axis in the elastic range 1/p = 

M/EI for an initially straight beam where p 
is the radius of curvature, M is the bending 
moment, El is the flexural rigidity (E is 
Young’s modulus and I is area moment of 
inertia.) The curvature 1/p is approximated 
by d2y/dx2 in most problems. Maximum 
bending stress in an elastic beam is given by 
Mc/I where c is the distance from the neutral 
axis to the extreme fiber. 

BEAM, BENDING OF. See flexure, simple 
(of a beam). 

BEAM, CANTILEVER. A beam which is 
rigidly connected at one end to a fixed sup¬ 
port and free to move at the other end. This 
theoretically fixed condition rarely occurs be¬ 
cause of deformation of the supporting ma- 
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terial. The maximum bending moment and 
maximum shear occur simultaneously at the 
face of the support. The usefulness of this 

Cantilever Beam 

type of beam is demonstrated in structures 
such as canopies, unbraced airplane wings and 
cantilever retaining walls. 

BEAM-COLUMN. A beam-column is a bar 
subject to appreciable axial compression P, as 
well as bending. Non-linear problems arise 
because the transverse deflections y which 
occur increase the bending moment signifi¬ 
cantly by the addition of a Py term. The 
elastic deflections which would be found in 
the absence of P are magnified by 1/(1 — 
P/PE) approximately, where PE is the Euler 
buckling load. (See critical load—Southwell’s 
method.) 

BEAM, COMPOSITE. A beam which is com¬ 
posed of two materials properly bonded to¬ 
gether and having different properties. Rein¬ 
forced concrete beams, steel beams mechani¬ 
cally bonded to a concrete deck, and wood 
beams reinforced with steel plates are typical 
examples. It has become a rather prevalent 
practice in recent years to provide for compos¬ 
ite action between the steel stringers and con¬ 
crete floor of highway bridges. This permits 
the use of lighter beams than would otherwise 
be possible. 

The analysis of composite beams depends 
on the assumption that a plane section before 
bending remains plane after the load is ap¬ 
plied. Therefore the two materials must be 
connected in such a way that they will act as 
a unit. This condition is realized in the rein¬ 
forced concrete beam by means of the bond 
(see bond stress) between the reinforcing rods 
and the concrete. In the case of reinforced 
wood beams the parts are connected by bolts 
properly spaced to resist the shearing forces 
(see shear l between the plates and the beam. 
Steel beams are bonded to the concrete flange 
by means of lugs or spirals welded into the 
top flange of the steel beam. 

The flexture formula is applicable to com¬ 
posite elastic beams if the beam is trans¬ 
formed into an equivalent homogeneous sec¬ 
tion by means of the transformed area method 

which is found in texts on strength of mate¬ 
rials and reinforced concrete design. 

BEAM, CONJUGATE. The equations for 
small deflections of beams 

d2y dd M 

dx2 dx El 

and the relation between moment, M, shear, V, 
and transverse load per unit length 

d2M _ dV 

dx2 dx ^ 

show that the shear and bending moment in a 
conjugate beam loaded by M/El is the slope 
and deflection of the actual beam, respectively. 
Boundary conditions for the conjugate beam 
must be chosen appropriately. An actual 
hinged end transforms to a hinged end, a fixed 
end becomes free, and conversely. 

BEAM, CONTINUOUS. A beam which has 
more than two supports and therefore is stat¬ 
ically indeterminate unless hinges are inserted. 
The continuity over the supports increases the 
load-carrying capacity. The junction condi¬ 
tions at a support are continuity of moment, 
except when an external moment is applied, 
and continuity of slope in the elastic range. 
(See Clapyron theorem of three moments.) 

BEAM CURVATURE. See curvature of 
beam. 

BEAM, CURVED. A beam curved in the 
plane of bending. Although displacement may 
vaiy linearly, the strain distribution is non¬ 
linear because of this initial curvature. (See 
Winkler-Bach formula.) When the depth of 
the beam is small compared to its radius of 
curvature, the non-linearity is negligible and 
the equations for straight beams apply with 
change in curvature replacing curvature. 

BEAM, DEEP. A beam whose length is a 
small multiple of its depth, say less than five, 
and which carries transverse load by a combi¬ 
nation of beam and arch action. For such a 
short or deep beam, the assumption of plane 
cross sections remaining plane does not give 
good answers for the maximum stresses in¬ 
duced. 

BEAM EQUATIONS OF MOTION. The dif¬ 
ferential equation of small motion of a beam, 
ignoring rotary inertia and shear, is 
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where El is the flexural rigidity, p is the mass 
density, A is the cross-sectional area and / 
is the applied force per unit length of beam. 

BEAM, FIXED-ENDED OR ENCASTRE. 
A beam with ends so firmly connected to the 
supports that in the elastic range the end 

Fixed-ended beam. 

tangents remain fixed in direction. At loads 
sufficient to produce plastic hinges at the ends 
of the beam, the supports are presumed ca¬ 
pable of carrying the full plastic moment. 

BEAM, HAUNCHED. A beam whose thick¬ 
ness increases toward its supports. Tables and 
graphs are available for both reinforced con¬ 
crete and metal beams to permit the designer 
to employ the same techniques as for the 
simpler problems of uniform cross section. 

BEAM ON ELASTIC FOUNDATION. The 
term elastic foundation usually refers to the 
simplest type in which the local foundation 
reaction ky is proportional to the local deflec¬ 
tion y. The governing differential equation 
for the bending of an elastic beam of flexural 
rigidity El then is 

d2 ( d2y\ 

where q is the applied load per unit length. 

are riveted to supports are generally assumed 
to be simply supported unless a special type of 
moment connection is used. 

BEARING. (1) Any member used to support, 
guide, or restrain a moving part of a mecha¬ 
nism. (2) That part of a structure that trans¬ 
mits load to the supports, such as a pedestal 
under a bridge. A compressive force or stress 
is often referred to as a bearing stress. Also 
the load-carrying capacity under thrust as 
for a footing or a pile foundation is called 
bearing capacity. (3) A term used in naviga¬ 
tion, surveying, and a variety of other activi¬ 
ties to describe direction. Various methods 
are used to define bearing. Frequently true 
bearing is defined as the direction measured 
from the north to the east through 360°. 
However, one might well find a southeast di¬ 
rection described as bearing 135°, 135° true, 
southeast, south 45° east, north 135° east, etc., 
etc. 

Bearing may be determined by compass, in 
which case it must be corrected for deviation 
and variation to obtain a true bearing. 

Bearing may be relative, in which case other 
information must be furnished before the 
actual direction can be found. For example, 
a look-out on a ship on heading 045° true and 
an object is seen 65° to the right of the bow. 
In this case he might report as 065° right, in 
which the deck officer would interpret this 
direction as 110° true. 

The various professions dealing with direc¬ 
tions have their own schemes for naming a 
direction. Astronomers seldom use the term 
bearing, preferring azimuth, measured from 
the north to the right (i.e., to the east) through 
360°. 

BEAM, OVERHANGING. A beam which 
extends beyond its support at one or both ends. 
The overhang is a cantilever whose support 
end is not fully fixed. (See bending moment.) 

BEAM, SHORT. A deep beam. 

BEAM, SIMPLE. A beam which rests on twro 
end supports in such a manner that its ends are 
free to rotate on the supports. Since riveted 

^ Simple Beam ^ 

connections are elastic, the end restraint 
offered by this type of connection is not very 
reliable. Therefore, beams and girders which 

BEAT(S). A series of alternate maxima and 
minima in vibration amplitude, produced by 
the interference of two wave trains of differ¬ 
ent frequency. 

BEAT FREQUENCY. The difference fre¬ 
quency resulting from the combination of two 
applied frequencies. 

BEATTIE AND BRIDGEMAN EQUATION. 
A form of the equation of state, relating the 
pressure, volume, and temperature of a gas, 
and the gas constant. The Beattie and Bridge- 
man equation applies a correction for reduc¬ 
tion of the effective number of molecules by 
molecular aggregation, due to various causes. 
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It has been stated in more than one form, an 
example of which is: 

RT( 1 - e) 
P =--(7 + B) - — 

A 

Fi 

BEI. The imaginary part of the Bessel func¬ 
tion Jn(xe±irlli) = bern(x) ± i bei„(x), where 
the real part is denoted by ber. 

BEL. See gain, gain ratio. 

in which P is the pressure, T is the absolute 
temperature, V is the volume, R is the gas 
constant and A, B and e are quantities defined 
in terms of five empirical constants, A0) B0) 
a, b, and c by the following relationships: 

c 

VT3' 

BEER LAW. The law discovered by Beer in 
1852, that the absorption coefficient for light 
passing through a solution of a given salt in 
a non-absorbing solvent is proportional to the 
concentration. The absorption coefficient a 
of the Bouguer law can therefore be expressed 
as ac, where a is the molar absorption coeffi¬ 
cient and c is the concentration in moles per 
liter. Sometimes written 

I = I0e~acx 

where I is the intensity of light transmitted, 
70 is the intensity of the incident light, e is the 
natural logarithmic base, c is the concentration 
of the solution in moles per liter, x is the thick¬ 
ness of the transmitting layer, and a is the 
molar absorption coefficient. 

In general Beer’s law is used for light of a 
particular narrow wavelength band and then 
a is the specular molar absorption coefficient. 

The Beer law is also written 

I = I0\0(CX 

where e is known as the molar extinction co¬ 
efficient. Not all solutions obey the Beer law. 
(See also the Bouguer law.) 

BEHRENS-FISHER TEST. A statistical test 
of significance for the difference between the 
means of two samples which emanate from 
normal (Gaussian) populations with different 
variances. The test is based on fiducial prob¬ 
ability (see fiducial inference) and is not uni¬ 
versally accepted as valid. 

BELLEVILLE SPRING. A sprung flat disc 
or washer in the form of a conical shell or an 
assemblage of shells. (See springs.) 

BELTRAMI DIFFERENTIAL PARAME¬ 
TERS. If </> and i/f are invariant functions of 
position on a surface for which the contra- 
variant metric tensor is aa^, then aa/30 a<f>,/3 is 
a surface invariant called Beltrami’s first dif¬ 
ferential parameter of <t>. aa04>^ is a surface 
invariant called Beltrami’s second differential 
parameter of <f>. aali<j>>a\]/^ is a surface invariant 
called Beltrami’s mixed differential parameter 
of <f> and ip. In a surface coordinate system 
ua, <t> a denotes d(j>/dua and denotes d\f//dup. 

BELTRAMI-ENNEPER THEOREM. The 
torsions of the two asymptotic lines through a 
point on a surface are the positive and nega¬ 
tive square roots of the negative of the Gauss 
curvature. (See curvature of a surface, sec¬ 
ond.) 

BELTRAMI FLOW. A fluid motion in which 
the vorticity vector is parallel to the velocity 
vector at every point of the fluid. 

BELTRAMI-MICHELL COMPATIBILITY 
EQUATIONS. Differential equations which 
must be satisfied by a static stress field in a 
body of isotropic elastic material satisfying 
the generalized Hooke law. In a rectangular 
Cartesian coordinate system x, they may be 
written, using the indicial notation and sum¬ 
mation convention, as 

d2(T{j 1 d2akk 

dxicdxk 1 + v dxtfxj 

v dFk / dF i dFA 
- 0{j ~ I | I * 

1 — v dXfc \aXj dX{/ 

where cry denotes the stress components and 
the components of the body forces per unit 
volume in the system x) v is Poisson’s ratio 
and 8ij is the Kronecker delta. The equation 
represents six independent equations. It is 
derived from the equation of compatibility of 
strain for infinitesimal deformations by using 
the generalized Hooke law and the equations 
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of equilibrium to effect substitutions. Also 
called equations of compatibility of stress 

BfiNARD CELLS. The configuration as¬ 
sumed when slow overturning motion is in¬ 
duced in a viscous fluid by heating it below. 
The cells are usually square or hexagonal when 
the fluid is confined between horizontal planes, 
the hexagonal form requiring a slightly smaller 
Rayleigh number to produce the motion. 

In a fluid in which the viscosity decreases 
as temperature increases, the motion is up¬ 
wards in the center of the cells and downwards 
at the edges. In a gas it is usually downwards 
in the center. 

The motion is slow, so that the inertia forces 
are negligible and the viscous stresses are bal¬ 
anced by the pressure gradients produced by 
the density variations. The heat is transported 
from the hot to the cold surface partly by 
convection and partly by conduction. 

The cells are about 2 y2 times as wide as they 
are dee]) and the precise configuration depends 
on the conditions imposed on the velocity and 
temperature at the bounding surfaces. 

If both upper and lower surfaces are per¬ 
fectly conducting and the cells of square plan, 
the ratio, a, of cell width to height and the 
Rayleigh number, required just to produce 
motion, are as follows: 

Upper Lower 

Boundary Boundary 

free free 
free rigid 
rigid rigid 

Rayleigh 

a Number 

tt/V2 = 2.22 27tt2/4 = 651 
2.67 1100 
3.14 1708 

where at a rigid boundary the velocity is zero 
and at a free boundary there is no shear stress, 
while the temperature is uniform in both cases. 

In this case the Rayleigh number is defined 
as g/3ah4/Kv, a being the coefficient of cubical 
expansion, /3 the vertical temperature gradient, 
h the depth, and k and v the thermometric 
conductivity and dynamic viscosity of the fluid. 

BENDING. Change of curvature. When pro¬ 
duced by a transverse load, bending is accom¬ 
panied by shearing deformation, which is not 
generally of great importance except in short 
or deep beams or in beams whose web is de¬ 
signed explicitly to carry the shear with mini¬ 
mum material. 

BENDING A LENS. In the approximation of 
thin lens theory, i.e., negligible lens thickness, 

the power of a lens with spherical surfaces of 
radii rit r2 is 4> = (n — 1) (ri ~1 — r2_1) where 
n is the index of refraction. By bending the 
lens of an axially symmetric lens system is 
meant varying the curvatures of the spherical 
surfaces so that (ri-1 — r2_1) is an invariant 
for each component lens of the system. Then 
the power, the Petzval sum, and the longi¬ 
tudinal and lateral chromatic variations of 
focus remain constant, while in general the 
spherical aberration, coma, astigmatism, and 
distortion of the system vary. As a result, 
bending the component lens of a system is a 
basic perturbation method in lens design. 

BENDING, MEMBRANE ANALOGY. See 
membrane analogy bending. 

BENDING MOMENT. The bending moment 
at any cross section of a beam is the component 
in the cross section of the vector sum of the 
moments of all the forces acting on the beam 
to one side of the section about the centroid 
of the cross section. An internal resisting mo¬ 
ment at any section is the sum of the moments 
of the normal or bending stresses about an 
axis in the cross section passing through the 
centroid. 

A graphical representation of the variation 
of bending moment on a beam is called a bend¬ 
ing moment diagram. An illustration of a 
bending moment diagram is given below for 
an overhanging beam with a uniformly dis- 

w 0 per Ft. 

tributed load covering the entire length of the 
beam. The maximum bending moments which 
are indicated on the diagram occur where the 
shear changes sign. Since the product of a 
force and distance is a moment, bending mo¬ 
ments are expressed as foot-pounds, inch- 
pounds, etc. 
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BENDING OF A BEAM. See flexure, simple 
(of a beam). 

The power consumption of the high-pressure 
pump is considerable. 

BENDING, PURE. Bending unaccompanied 
by shear or normal force. The bending mo¬ 
ment is constant so that plane cross sections 
must remain plane because of symmetry. 

BENDING, UNSYMMETRICAL. See un- 
symmetrical bending. 

BENEDICT-WEBB-RUBIN EQUATION. 
An empirical equation of state for a gas of the 
form 

V = RpT — (boRT - A0 - p2 

-f- (bRT — gl)p3 aotpt’ 

+ [(1 + 7p2)cp3/i3] exp (-7P2), 

where R, B0> A0, C0, b, a, c, a, y are empirical 
constants, different for every gas. The equa¬ 
tion is nearly of the virial form (except for the 
last term) and covers a wide range of pressures 
and temperatures. It is particularly useful for 
mixtures of inert gases, when the following 
empirical combination rules apply: 

If X denotes any of the constants A0, C0, y, 

then for the mixture (no subscript) in terms of 
two components (subscripts 1 and 2), we can 
write 

X = (XlXiH + T2X2*)2. 

Here X\ and x2 are the respective mole fractions. 
If Y denotes any one of b, a, c, a then 

Y = (x1Y1* + x2Y2*)z, 

etc., for n components. The constant B0 can 
be calculated from 

T,S diagram for Benson boiler. (Point a, compressed 
water; curve b, superheated steam.) 

BENT. A transverse frame which forms an 
integral part of a structural unit or supports 
another structural unit. Bents are designed to 
carry lateral as well as vertical loads, and are 
made of structural steel, reinforced concrete, 
prestressed concrete, or wood. They are used 
extensively in connection with viaducts and 
industrial buildings. Viaduct bents consist of 
columns held firmly together by bracing in 
horizontal and vertical planes. Bents in build¬ 
ings are composed of a roof truss and the sup¬ 
porting columns or of a roof girder rigidly at¬ 
tached to the columns so as to form a rigid 
frame. The bents support longitudinal beams, 
commonly called purlins, on which the roof is 
laid. 

BENZENE, STRUCTURES OF. In order to 
explain the observed stability of the benzene 
molecule (and of other aromatic molecules), 
different structures have been suggested in the 
pioneer days of organic chemistry. 

B0 = XiB0i + X2B02- 

BENSON BOILER. A boiler in which steam 
is generated at a pressure higher than the crit¬ 
ical (= 3206.2 lbf/in2 = 225.65 kp/cm2 = 
218.39/atm). In this manner the transition 
from the liquid to the superheated vapor phase 
is continuous and no bulky boiler drum is re¬ 
quired. The sequence of states traversed by 
the working liquid in a Benson boiler is shown 
in the figure. The boiler can be operated with¬ 
out trouble also at pressures somewhat lower 
than the critical, because the change in volume 
on evaporation is still quite small. The boiler 
can be regulated by regulating its pressure. 

(a) 

Structures proposed for the benzene molecules, [(a 
and b), Kekule structures; (c, d and e), Dewar struc¬ 
tures; (f), Claus structure; (g and h), Ionogenic 

structures.] 

The valence bond method calculates the 
energy of these molecules by means of a 
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weighted average of such configurations. The 
better known of these are the two Kekule and 
the three Dewar structures (a, b, and c, d, e of 
the figure, respectively). The structure (f) 
proposed by Claus must not be considered in 
the valence bond method, since it can be ex¬ 
pressed as a linear combination of the other 
five configurations. lonogenic structures 
(g, h) have also been considered. 

BERGMANN SERIES. A series of lines in 
the spectra of the simpler atoms, the alkalis, 
alkaline earths, helium, etc., corresponding to 
transitions from an upper F state to a lower 
D state. (Also called fundamental series.) 

BERNOULLI DISTRIBUTION. See bino¬ 
mial distribution. 

BERNOULLI EQUATION. A first order 
non-linear differential equation 

dy 
— + f(x)y = g(x)yn. 
dx 

It may be made linear by the substitution 
y = w”-1, giving 

du 
— + (1 - n)f(x)u = (1 - n)g(x). 
dx 

BERNOULLI EQUATION APPLIED TO 
FLUIDS. An integrated form of the equa¬ 
tion of steady motion, viz. 

BERNOULLI METHOD. Given the alge¬ 
braic equation 

(1) xn + axxn 1 + • ■ • + an = 0, 

let h0, hi, • • •, hn_i be arbitrary numbers, not 
all zero, and form hn, hn+l, • • •, by 

hnJrV -f- axhn+v_x + • • • + anhv = 0. 

If (1) has a unique root of largest modulus, then 
in general the quotients approach that 
root. The method can be extended to tran¬ 
scendental equations. Let 

(2) f(z) = 1 + cxz + c2z2 -1- 

converge in some circle about the origin in the 
complex plane, and let 

(3) g(z) = go + Q\Z + <72 z2 + • • • 

represent any function analytic in the same 
circle, and having no zero in common with/(z). 
Let 

ho = go, 

cxh0 + hx = gx, 

c2^0 + Cxhx + h2 = 02 

Then if /(z) has a unique zero of smallest 
modulus lying within that circle, then hjh^+x 
approaches that zero. If there are two zeros 
whose moduli are less than those of all others, 
then the roots of /dp 

-b 2y2 + A = const. 
P 

along a streamline or vortex line, where £2 is 
the potential of the body forces. If the mo¬ 
tion is irrotational there are no vortex lines 
and the expresssion is constant throughout the 
fluid. In general it is constant on a surface 
composed of all the vortex lines through a 
streamline, called a Bernoxdli surface. 

In a liquid of constant density moving irro- 
tationally under gravity 

V + |pv2 + gpz = po 

where p0 is the stagnation pressure at the 
height z = 0. The effect of gravity may be 
removed by writing p' = p + gpz. p' is then 
the departure of the pressure from the hydro¬ 
static value, and the Bernoulli equation is 

z hp ^M+l 

z ^hi+i h^+ 2 

1 h^_|_2 h^+ 3 

= 0 

approach those zeros of f(z). Likewise one 
can form cubics whose roots approach the 
three smallest roots. (See Alston S. House¬ 
holder, Principles of Numerical Analysis, Mc¬ 
Graw-Hill Book Company, 1953.) The QD 
algorithm improves upon this principle. (See 
National Bureau of Standards, Further con¬ 
tributions to the solution of simultaneous 
linear equations and the determination of eig¬ 
envalues, NBS Appl. Math. Series 49, 1958.) 

BERNOULLI NUMBERS. Coefficients Bv of 
the Bernoulli polynomials. Except for Bx, 
those with odd subscripts vanish. The values 
of the first several are 

p' + ^pv2 = p'o 

and p'o is then called total pressure. 

B0 — 1, Bx — 2, B2 — Ba — 

Bo = thf* = ~^o> Bio = 
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They are the coefficients in the expansion 

00 

u/(eu - 1) = £ Bvuv/v\. 
o 

They occur in the Euler-Maclaurin formula. 
(See Niels Erik Norlund, V orlesungen uber 
Difjerenzenrechnung, Berlin, Springer, 1924.) 

difference in absolute value more than a stated 
positive amount e approaches zero. In sym¬ 
bols 

lim P ( = 0. 

It should be clear that the theorem does not 
state 

BERNOULLI POLYNOMIALS. These poly¬ 
nomials Bv(x) of degree v occur as coefficients 
in the expansion 

00 

uex7(e“ - 1) = E uvBv(x)/v\. 
o 

They satisfy the differential equations with 
boundary conditions 

B'Ax) = vBr-x( x), Bv{ 1) = (-1)^(0), 

and can be written symbolically in the form 
By{x) = (B + x)v, where the right member is to 
be expanded as though v were an exponent: 

{B + x\ 
v(v — 1) 

— By VXBy _1 -f- - X By ^2 “t" ' ' * 
2 

and the coefficients are the Bernoulli numbers. 
In the same fashion a recursion for the Ber¬ 
noulli numbers is 

x 
lim - = p. 
S—*00 S 

The theorem states roughly that if s is suf- 
cc 

ficiently large usually - will not differ much 
s 

from p. However, cases may occur though 

quite infrequently when - will differ consider- 
s 

ably from p. Bernoulli’s theorem is one of the 
“laws of large numbers.’’ 

BERNOULLI TRIAL SOLUTION. See sepa¬ 
ration of variables. 

BERNSTEIN POLYNOMIAL. Given a func¬ 
tion f(x) defined on the closed internal [0,1] 
the polynomial 

Bn(x) = X)/(i‘/n) ( ) x\l - x)n~\ 
i=o W 

B'y — (B + 1 )y, V > 1. 

Both the Bernoulli numbers and the Bernoulli 
polynomials are defined in other ways. 
They are used in numerical integration for¬ 
mulas and in the calculus of finite differences. 
(See Niels Erik Ndrlund, Vorlesungen uber 
Difjerenzenrechnung, Berlin, Springer, 1924.) 

BERNOULLI PROBABILITY FUNCTION. 
See binomial distribution. 

BERNOULLI THEOREM. This theorem 
was published posthumously in 1713. Let the 
probability of an event p be constant from 
trial to trial, and the probability of failure be 
denoted by q. Let the relative frequency be 

X 
denoted by - where x is the number of successes 

in s trials. Let P ^ - — p ^ denote the proba¬ 

bility of obtaining the absolute value of the 

deviation - — p. Usually this deviation will be 
s 

small. Bernoulli’s theorem states that as the 
number of trials s increases, the probability of a 

where ^ .J, is the binomial coefficient, is the 

Bernstein polynomial of order n for the func¬ 
tion/^). These polynomials are important in 
the theory of probability in the summation of 
divergent series, and in the theory of approxi¬ 
mation. 

BERTHELOT’S EQUATION OF STATE. A 
form of the equation of state, relating the 
pressure, volume, and temperature of a gas, 
and the gas constant R. The Berthelot equa¬ 
tion is derived from the Clausius equation and 
is of the form 

PV = RT 1 + 
9PTC / 

128PCT \ 

in which P is the pressure, V is the volume, T 
is the absolute temperature, R is the gas con¬ 
stant, Tc is the critical temperature, and Pc the 
critical pressure. 

BERTRAND CURVES. A pair of curves 
having their principal normals in common are 
called associate, or conjugate, Bertrand curves. 
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BESSEL FUNCTION. The differential equa¬ 
tion 

x2y" + xy' (x2 — n2)y — 0, n = const. 

is called Bessel’s equation of order n. Certain 
of its solutions (see below) are called Bessel 
functions. The general solution is 

y = AJ n(x) + BYn(x) 

where 

/.w-t—^—(Ta 

and Yn(x) = J_n(x) if n is not an integer. 
These functions are called Bessel functions of 
the first kind. If n is an integer, then J_n(x) = 
( — 1 )nJn(x), so that Yn(x) is defined as 

Jjk(x) cos kx — 
F„(x) = lim -— 

ft—>n sin /C7T 

which is called a Bessel function of the second 
kind. The functions, much used in physics, 

Hna)(x) = J„(x) + fF„(x) i = V-l 

i7n(2)(x) = Jn(x) - iYn{x) 

are Bessel functions of the third kind; they are 
also called Hankel functions of the first and 
second kind, respectively. Other combinations 
of Bessel functions are also given names. 
These functions have certain standard proper¬ 
ties of recurrence, orthogonality, etc. (See 
special functions.) 

BESSEL FUNCTION, MODIFIED. The 
modified Bessel function of the first kind is 

7„(z) = *-Vn(«), 

and that of the second kind is 

Kn{z) = \ir (sin mr)-'[I_n(z) - 7n(z)]. 

BESSEL FUNCTION, SPHERICAL. The 
function, 

3n(z) = j£jn+yi(z), 

where Jn+x(z) is a Bessel function of half 
integral order. 

BESSEL INEQUALITY. Let u be a vector 
in Euclidean n-space with length |ju|| and let 
Ui, u2 • • • ur be an orthonormal set of vectors. 

Then Bessel’s inequality states that 

(u,ux)2 H-h (u,uT)2 < || u ||2, 

where the parentheses denote scalar product. 
The particular case r = n, for which equality 

holds, is called the Pythagorean theorem or 
Parseval’s equation. Similarly, if mx, w2, • • • is 
a complete orthonormal set in Hilbert space, 
then Bessel’s inequality states that {u,ux)2 + 
(u,u2)2 H-< || u ||2. 

For example, if scalar product is defined by 
integration as in the case of a standard Fourier 

series, then (w,wt) = Jfuidx and Bessel’ 

equality states that I o idx y <^f2dx. 

s m- 

BESSEL INTERPOLATION FORMULA. 

(For notation see difference operators.) 
The formula is most useful for 0 < u < 1 

Taking v = u — %, an alternative, and more 
symmetric, expression is 

Eu = Eh fj. + v8 + — (v2 — 
Z ! 

+ 7T, v(y2 ~ i)58 + 77 (v2 ~ 4) O'2 - 
3! 4! 

BETA DISINTEGRATION (BETA-DECAY). 
The process whereby a nucleus disintegrates 
spontaneously with the emission of /^-particles 
(i.e., electrons or positrons) and neutrinos (see 
radioactivity). Since electrons and neutrinos 
cannot exist within the nucleus, they are as¬ 
sumed to be emitted by means of a weak cou¬ 
pling between the electron and neutrino fields 
on the one hand, and the neutron and proton 
fields on the other, in much the same way as 
electromagnetic radiation can be emitted when 
a charged particle changes its state of motion. 
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Thus, the process of /3-decay involves the 
simultaneous interaction of four fields. The 
strength of the coupling is far weaker than 
the coupling between the electron and photon 
fields. The exact nature of the coupling is not 
yet certain; but recently it has been found that 
parity is violated in the process of /3-decay, 
and this discovery is likely to lead to a better 
understanding of the process itself. 

BETA DISINTEGRATION ENERGY. (1) 
The disintegration energy of a beta-decay 
process; symbol Qp. For negatron emission it 
is equal to the sum of the kinetic energies of 
the /3-particle, the neutrino, and the recoil 
atom (usually negligible), and is obtained ex¬ 
perimentally from the maximum energy of the 
/3-particle spectrum. For positron emission, 

the energy equivalence of two electron rest- 
masses must be added to the aforementioned 
sum, since the products include the positron 
and one negative electron in addition to the 
neutral product atom, the energy equivalent to 
their masses ultimately appears as radiant 
energy of annihilation radiation. For electron 
capture, the disintegration energy is equal to 
the sum of the kinetic energy of the neutrino 
and the electronic excitation energy of the 
product atom (usually, the binding energy, in 
the neutral product atom, of an electron equiv¬ 
alent to that which was captured). 

(2) Often, implicitly, the ground-state /3-dis¬ 
integration energy, which is the total energy 
released in a /3-transition between isobars in 
their ground states; symbol Qp0. It includes 

the energies of any y-radiation and associated 
radiations following the /3-process itself. 

BETA DISTRIBUTION. A statistical distri¬ 
bution of the form 

dF =-x“-1(l — x)&~ldx, 0 < x < 1. 
B(a,l3) 

Another form of the type 

dF 
B(aM 1 + y)a+0 

dy, 0 < y < oo, 

is sometimes known as a beta distribution of 
the second kind. The first form is also known 
as a Pearson Distribution of Type I and the 
second form as a Pearson Distribution of Type 

VI. 

BETA FUNCTION. An improper integral 

(1 — x)n ldx; 

m > 0, n > 0. 

It can be expresssed in terms of the gamma 
function by the equation 

B(rn,n) 
T(m) T(n) 

T(m + n) 

BETA-RAY SPECTRUM. See spectrum, beta- 
ray. 

BETHE METHOD. In the theory of the 
slowing down of neutrons at large distances 
from a source, one of the effective analytical 
methods. The starting point of the analysis 
of the transport equation is the integral equa¬ 
tion form and its goal, the elucidation of the 
constants in an expression such as, 

N(x,E) = Ax ^ exp - C \x\ 

for the neutron density at large distance x 
from a plane isotropic source. Bethe’s method 
is particularly effective at distances such that 

X 

where X is the mean free path (assumed) in¬ 
dependent of energy, and M2 is the slowing 
down area. 

BETHE-SALPETER EQUATION. The rela¬ 
tivistic equation describing the evolution and 
properties of a two-particle system. Consider 
for example the case of two fermions, de¬ 
scribed by quantized fields ij/a{x) and \pb{y), 
respectively, which interact through the me¬ 
dium of a boson field </>. 

Let the equation of motions of these op¬ 
erators be 

(-nMdM + rna)iaix) = Ja(x) 

(-t7% + mb)fb(y) = Jb{x) 

(□ + M2)<Kz) = j(x) 

(1) 

where Ja, Jb and j are the sources of the \pa, \pb 
and <f> fields, respectively, and are operator 
functions of \pa, ypb, <t>. The Bethe-Salpeter 
amplitude for the two particle state |'P) is then 
defined as 

x(x,y) = (¥„, WO^G/))*)- (2) 
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where T denotes the chronological opera¬ 

tor, and |tf0 > is the vacuum state vector. 
The Bethe-Salpeter equation is the equation 
obeyed by this amplitude and is of the form 

(— tVdxM + ma)(—iy',dyli + mb)x{x,y) 

= —ifd4x'J'd4y'K(x,y;x'y)x(x'y) (3) 

where K is a kernel determined from the right- 
hand side of Equation (1). 

BETTI NUMBER. See graph, nullity. 

BETTIS RECIPROCAL THEOREM. See 
reciprocal theorem. 

BEV. Symbol for one thousand million (i.e., 
one billion) electron volts, a unit of energy 
equal to 1.602 X 10~3 erg. Sometimes de¬ 
noted by Gev. 

BIANCHI IDENTITY. The relation 

Blajk,l + Blakl,j + Blalj'k = 0 

between covariant derivatives of the curva¬ 
ture tensor B^ki. 

BIAXIAL CRYSTAL. A crystal which has 
two distinct optic axes. 

BIAXIAL STRESS. See stress, combined. 

BIEDENHARN IDENTITY. The relation 

between the six-j symbols of Wigner, which 
was derived by Biedenharn (1953) and also 
by Elliott (1953). It should be noted that the 
six-j symbol is given by Racah’s symmetrized 
W coefficient (1957): 

w ia6cl = Iabcl 
l dej j 1 def I 

BIENAYME-CHEBYSHEV INEQUALITY. 
If x is a random variable with mean m and 
variance a2, the inequality states that 

P{ \x — m\ > to] < \/t2, all t > 1. 

It is a particular case of Chebyshev inequality. 

BIGIT. A binary digit. This term has been 
proposed in order to reserve bit for use only as 
a measure of information. 

BIHARMONIC EQUATION. The partial 
differential equation 

d4<t>/dx4 + 2 d4<t>/dx2dy2 + d4<f>/dy4 = 0 

satisfied, for instance, by small deflections of 
a plate. The usual coefficients for a square 
mesh are in the form (see star) 

1 

2-8 2 

1 -8 20 -8 1 

2-8 2 

1 

BILATERAL. This term has rather wide 
usage in the same sense as the term reciprocal, 
meaning that the reciprocity principle applies, 
and that the network to which the term refers 
is capable of transmission equally in two direc¬ 
tions between a specified pair of ports. 

BILINEAR CONCOMITANT. See adjoint 
equation; Sturm-Liouville problem. 

BINARY. In the binary representation of 
numbers, the radix is 2, this being used in 
many digital computers. 

BINARY MIXTURE CYCLES. Engine or re¬ 
frigeration cycles which involve the use of 
solutions. The saturation temperature of a 
solution (binary mixture) is higher, at a given 
pressure, than that of the liquid and in this 
manner superheated vapor can be obtained at 
a lower operating pressure. For example a 
84.6% KOH solution in water boils at 900°F 
under a pressure of 215 lbf/in2, giving off 
steam at that temperature. Pure water boil¬ 
ing at that pressure could yield steam at 384°F 
only. The steam obtained in this way could 
be made to perform work in a suitable engine, 
and the condensate could be re-absorbed in a 
concentrated solution. In the process a consid¬ 
erable quantity of heat of absorption would be 
liberated, and that heat could be utilized for 
the evaporation of water. Binary mixture 
cycles have been proposed, but not actually 
used for the generation of power; the reverse 
cycle is realized in an absorption refrigerator. 

BINARY POINT. The radix point in the rep¬ 
resentation of a number with the radix 2. 

BINARY STARS. The term binary star was 
apparently first introduced by Sir William 
Herschel in 1802 to designate “a real double 
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star—the union of two stars that are formed 
together in one system by the laws of attrac¬ 
tion.” When the relative motion of the com¬ 
ponents of a double star is established, syste¬ 
matic observations are begun. Usually one 
of the components is brighter than the other 
and this is considered as stationary and known 
as the 'primary. The angular distance of the 
secondary from the primary is called the dis¬ 
tance. The direction of the secondary from 
the primary is known as the position angle. 
Position angle is measured from the direction 
of the north celestial pole toward the east 
through 360°. 

N 

Fig. 1. Binary star—observed position. 

Figure 1 shows the observations of a binary 
star extending from 1831 to 1946. Proper 
“smoothing” of the data will provide what is 
called the apparent orbit. This orbit will be 
an ellipse, and the Keplerian law of areas will 
be maintained by the line joining the stars in 
direction, length, and time. However, it is 
very unlikely that the primary star will be 
at the focus of the apparent ellipse as deter¬ 
mined by the measurements. 

To determine the apparent orbit of a binary 
star, i.e., the ellipse that will best fit the ob¬ 
servations, one must first fit an ellipse to the 
plotted points by estimation. Figure 2 shows 
such an ellipse. In the fitting of the ellipse 
to the observations the position of the pri¬ 
mary is ignored. 

Letting the direction defining the position 
angle 0° be considered as the x-axis of a coor¬ 
dinate system and position angle 90° be the 
direction of the y-axis, a plane is defined that is 
perpendicular to the line of sight. The origin 

of this system is the primary star, which is as¬ 
sumed to be fixed. Points on the ellipse that 
best fit the observations can be referred to the 
Cartesian system. If the length of SC is p and 
KSC is the angle 0 then for C: x = P cos 6 and 
V = p sin 0. Five such measurements spread 

X 

Fig. 2. Binary star—orbital ellipse fitted to observed 
position. 

out over the ellipse are enough to determine the 
equation of the ellipse as Ax2 + 2Hxy + By2 
+ 2Gx + 2Fy + 1 = 0. In actual practice 
there are a great many observations and each 
one will yield xy coordinates to be represented. 
Many methods have been used by different 
computers. There is a further consideration 
to use in testing the apparent ellipse. Kepler’s 
second law provides that equal areas are swept 
out in equal times by the radius vector of an 
elllipse. In projection the ratio of areas will 
be maintained. Hence, if t\, t2, t3 are the 
times at which the companion star is at points 
C, D, E then the ratio of the area CSD to the 
area DSE must be equal to the ratio of (f2 — 
ti) to (t3 — t2). This can be carried on for 
points all around the ellipse, determining the 
areas with a planimeter. This is, of course, 
only an apparent orbit. 

There are many methods for the determina¬ 
tion of the true orbit of a binary star. How¬ 
ever, they are essentially exercises in geom¬ 
etry and trigonometry. (C.f. spectroscopic 
binary stars; eclipsing binary stars.) 

BINARY STARS, DYNAMIC PARALLAX 
OF. See dynamic parallax (of binary stars). 

BINARY STARS, ECLIPSING. See eclipsing 
binary stars. 

BINARY STARS, SPECTROSCOPIC. See 
spectroscopic binary stars. 
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BINAURAL PHASE EFFECT. If the sound 
intensity at the ears is maintained alike and 
differences in phase are introduced, there is 
an angular displacement 6 of the apparent 
sound source from the median plane. The 
relation between this angle and the phase dif¬ 
ference 4> is given by 

e = K<t>, 

where K depends upon frequency. 

BINDING ENERGY. This term is used in 
atomic physics with two closely related mean¬ 
ings: the binding energy of a particle (or other 
entity) is the energy required to remove the 
particle from a system; the binding energy of 
a system is the energy required to disperse the 
system into its constituent entities. Explicit 
definitions are obviously necessary. 

Some explicit definitions for the binding en¬ 
ergies of particles are the following: 

(1) The electron binding energy is the en¬ 
ergy necessary to remove an electron from an 
atom. It is identical with the ionization po¬ 
tential. 

(la) The total electron binding energy is the 
energy necessary to remove all the electrons 
from an atom to infinite distances, so that only 
the nucleus remains. It is equal to the sum 
of the successive ionization potentials of that 
atom. 

(2) The proton binding energy is the energy 
necessary to remove a single proton from a 
nucleus. Most known proton binding energies 
are in the range 5-12 mev, although that for 
H2 is 2.23 mev, that for He4 is 19.81 mev, and 
those for Li5 and Be9 are negligible. 

(3) The neutron binding energy is the en¬ 
ergy required to remove a single neutron from 
a nucleus. Most known neutron binding en¬ 
ergies are in the range 5-8 mev, though that 
for H2 is 2.23 mev, that for Be9 is 1.67 mev, and 
that for C12 is 18.7 mev. 

(4) The alpha-particle binding energy is the 
energy required to remove an alpha-particle 
from a nucleus. For most light nuclides the 
alpha-particle binding energy is positive and is 
equal to several mev. For nuclides of mass 
number about 125, it is approximately zero. 
For nuclides of mass number about 150 to 200, 
it is negative by about 1 to 3 mev, but the life¬ 
times for alpha-disintegration are generally 
too long for detection of alpha-activity. For 
most nuclides of mass number exceeding 200, 
the alpha-particle binding energy is negative 

by about 4 to 8 mev, leading to observable 
alpha-activity. 

Some explicit definitions for the binding en¬ 
ergies of systems are: 

(1) The nuclear binding energy is the en¬ 
ergy that would be necessary to separate an 
atom of atomic number Z and mass number A 
into Z hydrogen atoms and A-Z neutrons. This 
energy is the energy equivalent of the differ¬ 
ence between the sum of the masses of the 
product hydrogen atoms and neutrons, and 
the mass of the atom; it includes the effect of 
electronic binding. (See total electron bind¬ 
ing energy above.) 

(2) The binding energy of a solid is the en¬ 
ergy required to disperse a solid into its con¬ 
stituent atoms, against the forces of cohesion. 
In the case of ionic crystals, it is given by the 
Born-Mayer equation. 

BINGHAM MATERIAL. A material exhibit¬ 
ing a yield limit a0 and viscous resistance to 
flow for stresses above this limit: 

1 
€ = - (a — (T0), <T > (T0 

V 

e = 0, a < (T0. 

BINODALS. Consider the volume-composi¬ 
tion diagram of a binary mixture for states 
corresponding to the coexistence of a liquid 
and of a gaseous phase. If the temperature is 
below the critical region (see critical point; 
critical phenomena in the vaporization of mix¬ 
tures) one obtains a diagram of the form rep¬ 
resented in Figure 1. 

Fig. 1. Volume-composition diagram of a binary mix¬ 
ture below the critical region. 

The line Vas Vse corresponds to the molar 
volumes of the vapor phase, while Va1 Vb1 re¬ 
lates to the liquid phase. The lines such as 
rl-rg, ql-qe, etc., joining two phases in equi¬ 
librium are called binodals by the Dutch School 
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(van der Waals, Kohnstamm). In the critical 
region the diagram takes the form indicated in 
Figure 2. K is the critical point. The curve 
VAe-K-Va1 is the saturation curve. (See also 
spinodal curve.) 

Fig. 2. Volume-composition diagram of a binary mix¬ 
ture in the critical region. 

BINOMIAL COEFFICIENT. The coefficient 
of the variable in a binomial series (a + x)n. 

The (k + l)th coefficient of order n is ———;, 
k\(n — k)! 

usually designated by the symbol It 

equals the number of combinations of n 
things taken A; at a time. Properties of the 
coefficients include 

BINOMIAL DISTRIBUTION. If a trial can 
have one of two mutually exclusive results 
(say “success” and “failure”) and if the prob¬ 
ability p of a “success” is constant over a 
series of n independent trials, then the prob¬ 
ability of obtaining r “successes” is 

and n are negative and n is not restricted to 
integral values. 

BINOMIAL THEOREM. The theorem that 

where 

(a + x)n = \ an V, 
i=o W 

is a binomial coefficient. 

BINORMAL. The normal to a space curve at 
a point, which is perpendicular to the oscu¬ 
lating plane at that point. The unit binormal 
to the curve at P is a unit vector in the direc¬ 
tion of the binormal, usually chosen so that the 
unit tangent, unit normal and unit binormal 
form a right-handed system. 

BIOT NUMBER. In solid propellant rocket 
propulsion, a parameter describing the rate of 
transfer of heat from the center of a burning 
grain to the outer cylindrical surface. It is 
given by: 

hRe 
(B =- 

X 

where (B is the Biot number, h is the heat 
transfer coefficient, Re is the external radius of 
grain, and X is the thermal conductivity. 

BIOT-SAVART LAW. A law giving the mag¬ 
netic field in the neighborhood of a long, 
straight conductor carrying a steady current 
I. This law, discovered experimentally, may 
be written 

2n r 

where r is the normal distance from the con¬ 
ductor and I is the magnitude of the current 
flowing in the conductor. The above can be 
derived from the relationship 

Pr 
n\ 

rl(n — r)! 
prqn- dB 

Mo Idl sin 9 

47t r2 

where q = 1 — p. This function is sometimes 
called the Bernoulli probability junction, and 
the probability distribution of r is called the 
binomial distribution since the probabilities 
can be obtained by expanding (q + p)n by the 
binomial formula. The mean of the distribu¬ 
tion is np, the variance npq. It is sometimes 
known as the Bernoulli distribution. 

The negative binomial distribution has 
formally the same probability function but p 

which gives the incremental magnetic field due 
to a current element of length dl and strength 
I in terms of distance r and angle 9 in the figure 
(dB is directed into the page). 
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This incremental law was first proposed by- 
Biot, but it is often referred to as the Ampere 
law or A mpere formula. 

BIPOLAR COORDINATES. Choose two 
points ± a on the X-axis of a rectangular co¬ 
ordinate system. Then any point in the XT- 
plane could be measured in either of two polar 
coordinate systems where the poles are at 
x — ±a; the polar axis in both systems is the 
X"-axis; the two polar angles are 9lt 62; the two 

Bipolar coordinate system. 

radius vectors are rlt r2. Define the param¬ 
eters £ = — d2; rj = In r2/Vi and, in terms of 
these parameters, 

x 
a sinh r\ 

cosh y] — cos £ 
; V = 

a sin £ 

cosh 7] — cos £ 

which are families of circles along the X- and 
T-axes, respectively. Translation of these 
circles along the Z-axis produces the curvilinear 
coordinate system known as bipolar coordi¬ 
nates. They are families of right circular 
cylindrical surfaces with axes parallel to the 
Z-axis and centers at y — 0, x = 0, respec¬ 
tively (£,7] = constant), where 

variables, also called a quartic equation. If, 
as is usually the case, only one variable occurs, 
its general form is a0x4 + axx3 + a2x2 + a3x + 
a4 = 0. The transformation x = y — ai/4a0 
removes the term in x3, so that the equation 
becomes a0y4 + b2y2 + b3y + b4 = 0. The 
standard form is y4 + py2 + qy + r = 0, 
where p = b2/a0, q = b3/a0) r = b4/a0. 

BIQUINARY. A form of number representa¬ 
tion combining the radices 2 and 5. (See 
radix.) 

BIREFRINGENCE. A synonym for double 
refraction. 

BIREFRINGENCE, FLOW. In the flow of 
viscous liquids, composed of anisotropic mole¬ 
cules, the forces of shear tend to orient the 
molecules, leading to birefringence. 

BIRTH-AND-DEATH PROCESS. A stochas¬ 
tic process, usually Markovian, which de¬ 
scribes a “population” the members of which 
may “die” or “give birth” to new individuals. 
A great many processes are of this type, e.g., 
epidemics, sub-atomic showers and certain 
kinds of factory production. The limiting case 
where no “deaths” occur is known as a birth 
process. 

Its mathematical description is as follows: 
The system described by a birth-and-death 
process changes only through transitions from 
states En to their next neighbors En+X or En_x. 
If at any time t the system is in state En, the 
probability that during (t, t + h) the transition 
En —> En+i occurs equals \nh + o(h), and the 
probability of En —> En_x equals unh + o(h). 
The probability that during (t, t + h) more 
than one change occurs is o(h). Here, the term 
o(h) denotes a quantity which is of smaller 
order of magnitude than h. The definition of a 
birth process follows analogously. 

0 < £ < 27TJ —CO < 7] < CO. 

The third surface is a plane perpendicular to 
the Z-axis (z = constant). 

BIPRISM. An optical prism with a vertex 
angle only slightly less than 180°, devised by 
Fresnel to produce a double virtual image of 
a point source. 

BIQUADRATIC EQUATION. An algebraic 
equation of the fourth degree in one or more 

BISERIAL CORRELATION. The correlation 
between two variables when one of them can 
take only one of two values or is a simple 
dichotomy. Earlier forms of biserial correla¬ 
tion coefficients depended on the assumption 
that the dichotomy was based on an under¬ 
lying normal (Gaussian) distribution. The 
so-called point biserial coefficient assigns the 
values 0 and 1 to the dichotomic classification 
and proceeds to calculate a product-moment 
correlation coefficient on that basis. 
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Bit — Blade, Twisted 

BIT. (1) A unit of measure of information; 
viz., that amount represented by one of two 
alternatives. A binary digit, i.e., 0 or 1, in 
number representation with the radix 2. (2) 
In digital computer terminology, the term bit 
has been extended to denote a character (in a 
two-character language), an abbreviation for 
“binary digit,” or a unit of storage capacity. 

BIVARIANT SYSTEM. See phase rule. 

BLACK BODY. A body whose surface ab¬ 
sorbs all radiation and does not reflect any. 
Ideal black bodies do not exist in nature, but 
a very good approximation is obtained at a 
small opening of a hollow box, like the one 
shown in the figure. The interior of the hollow 

Black body. 

box is made of an irregular surface of reason¬ 
ably high absorptive power, and its walls are 
kept at a constant temperature. Any ray, say 
a in the figure, entering through the opening 
undergoes a multiple reflection before it can 
emerge again. At each reflection a proportion 
of the energy is absorbed, and consequently, 
the amount of energy leaving through the 
opening is extremely small. Hence the sur¬ 
face of the opening acts very nearly like that 
of an ideal black body. A hollow box of this 
type is sometimes called a “hohlraum” (Ger¬ 
man). Since the absorptivity of a black body 
is equal to unity, its emissivity, by the Kirch- 
hoff law, is also unity, and it emits the maxi¬ 
mum possible amount of radiation. 

BLACK BODY RADIATION LAWS. See 
Planck radiation formula; Wien displacement 
law; Stefan-Boltzmann law; Kirehhoff law. 

BLADE. An element of a turbine or turbo¬ 
compressor stage which effects a change in 

the flow direction of the working fluid and 
which forms the channel for it. The part of 
the blade which is nearest the section at which 
it is fixed to the wheel is called its root, the 
other end is called its tip. Sometimes the tips 
of the blades are fixed in a shroud (see figure). 

A two-dimensional arrangement of blade 
sections is called a cascade. The blade cross 
sections are made in the shape of airfoils. 

BLADE EFFICIENCY. (Also known as dia¬ 
gram efficiency.) In a turbine or turbo-com¬ 
pressor stage, the ratio of the useful work per 
unit mass flow and time to the real enthalpy 
drop across the stage. (See stage efficiency.) 

BLADE-SPEED RATIO. In a turbine or 
compressor velocity diagram the ratio u/V 
of peripheral velocity to absolute velocity at 
entry. 

BLADE, TWISTED. In a turbine or turbo¬ 
compressor stage, the velocity diagram changes 
along the (finite) blade length. The angles 
of the flow can only coincide with the entry 
and exit angles of the blade at one section 
(usually at mid-length), at the design diam¬ 
eter. At all other sections, entry is oblique, 
and the degree of reaction changes along the 
blade length. These deviations from ideal 
flow are the source of losses in efficiency. In 
order to avoid them, the blade angles (see 
velocity diagram) may be continuously varied, 
and this causes the blades to be twisted. 

The amount of twist can be calculated in 
two alternative ways: the free vortex type and 
the constant reaction type. In the free vortex 
type, the flow velocity in front of and behind 
the blade is made to vary inversely with the 
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radius (in an axial arrangement), in the same 
way as in a free vortex. In the constant re¬ 
action type the inlet and outlet blade angles 
are the same for the rotor and stator. The free 
vortex type has the advantage that there exists 
radial equilibrium between the pressure forces 
and the centrifugal forces. However, the 
amount of twist required is rather high, being 
somewhat smaller for the stator blades. The 
constant reaction type gives a radial increase 
in velocity, which is incompatible with a con¬ 
stant axial velocity. Equilibrium can only be 
established by increasing the axial velocity 
with decreasing radius, but the necessary twist 
is smaller and the same for rotor and stator 
blades. 

BLASIUS EQUATION. (1) The differential 
equation 

2f'"+ff" = 0 (a) 

which describes the stream function 

* = {vxUSAM (b) 
where 

v = (UJvx)* 

in boundary layer flow past a flat plate at zero 
incidence (and, hence, zero pressure gradient 
along the flow). The function /(17) determined 
by the above equation and the boundary con¬ 
ditions/^) = 0, /(oo) = 1, is called the Blasius 
function. Equation (a) must be integrated 
numerically and the Blasius function, together 
with its derivatives, is available in tabular form 
(see Schlichting, transl. Kestin, Boundary Layer 
Theory, McGraw-Hill, 1960). 

(2) The empirical formula 

X = 0.3164 Re~025 (c) 

which describes the relation between the pres¬ 
sure loss coefficient 

iW)l- 
d 

for fully developed turbulent flow in a pipe of 
diameter d and the Reynolds number Re = 
pud/p (where Ap is the pressure loss over length 
(; u is the mean velocity; p is the (constant) 
density; p is viscosity. The Blasius equation 
can be used in the range 2300 < Re < 100,000. 
A comparison between the Blasius formula and 
experiment is shown in the figure. 

Logarithmic graph of pressure loss coefficient (X) of 
fluid flow in smooth pipes plotted against Reynolds 
number. The experimental results are denoted by the 
small crosses, the graph of the Blasius formula (c in 
accompanying article) is c, the graph of the Prandtl 
formula (d in accompanying article) is d, and the 
graph of the laminar flow formula (e in accompanying 

article) is e. 

At higher Reynolds numbers, the loss coef¬ 
ficient is given by Prandtl’s semi-theoretical 
formula 

—7= = 2.0 logio (SeV^X ) —0.8 (d) 
VX 

and in laminar flow, the theoretical solution 
gives 

All formulae are valid for smooth pipes only. 
(See lift and moment on an airfoil, general 
formulae.) 

BLASIUS FORMULA. See Blasius equation. 

BLAST LOADING. The forces applied to a 
structure by the pressure waves emanating 
from an explosion are called the blast loading. 
Both reflection and diffraction must be taken 
into account. The peak pressures may be 
several times those of the incident shock, but 
last only a short time. Drag or dynamic pres¬ 
sure loading behind the shock front may be 
more damaging. 

BLEEDING. The action of extracting steam 
between the stages of a turbine, in particular 
for the purpose of feed-water heating. (See 
camotization.) 

BLOCH FUNCTION. It can be shown that 
the wave function of an electron in a peri¬ 
odic lattice has the form 
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where u(r) has the periodicity of the lattice 
(i.e., is the same in every unit cell) and k is 
the wave vector of the electron. 

BLOCH THEOREM. (1) The lowest state 
of a quantum-mechanical system in the ab¬ 
sence of a magnetic field can carry no cur¬ 
rent; an important result for the theory of 
superconductivity. (2) The statement that 
every electronic wave function in a periodic 
structure can be represented by a Bloch func¬ 
tion. (Bloch’s proof was general for solutions 
of the Schrodinger equation with a periodic 
potential.) 

BLOCK. In computer practice, a group of 
words considered as a unit. 

BLOCKAGE CORRECTION. See wind tun¬ 
nel interference. 

BLOCK RELAXATION. A variant of the 
method of relaxation for solving linear sys¬ 
tems in wrhich one solves two or more equations 
of the set simultaneously for the corresponding 
unknowns in terms of current approximations 
to the others. This generally speeds conver¬ 
gence if convergence occurs. 

BLOW-DOWN. The sudden reduction in 
pressure inside a reciprocating engine cylinder 
following the opening of the exhaust valve or 
ports. 

BLOWER. A device for supplying a stream 
of air at relatively low pressure in which com¬ 
pression is performed by a rotating member. 
Compression may be performed either by dy¬ 
namic action, as in a turbo-compressor, or by 
positive displacement, as in a Roots blower. 

BLUFF BODY, FLOW PAST. A bluff body 
may be defined, rather loosely, as a body on 
which the positive pressure gradient is large 
enough to cause separation of the boundary 
layer. This definition is a loose one, because 
in general the conditions for separation depend 
on the Reynolds number, and in particular on 
whether the boundary layer is laminar or 
turbulent. Nevertheless, the definition is con¬ 
venient, serving to distinguish broadly between 
this class of body and the class of streamline 
bodies on which separation does not occur up¬ 
stream of the trailing edge or tail. 

The drag of a bluff body is relatively large, 
because the rise of pressure towards the rear 
of the body, which would occur in potential 

flow, does not occur in a real fluid downstream 
of separation. Thus there is a relatively low 
pressure at the rear of the body and a large 
drag due to the distribution of normal pressure. 
The surface-friction drag is of the same order 
as for a streamline body and is usually almost 
negligible in comparison with the normal- 
pressure drag. 

Because a turbulent boundary layer sepa¬ 
rates less readily than a laminar one, the posi¬ 
tion of separation on a bluff body is further 
downstream when the boundary layer is turbu¬ 
lent at separation than when it is laminar. 
Thus with a turbulent boundary layer the 
pressure at the rear of the body is higher, and 
the drag coefficient is lower, than with a 
laminar boundary layer. This leads to a con¬ 
siderable reduction of drag coefficient as the 
Reynolds number is increased through the 
critical Reynolds number, at which the bound¬ 
ary layer at separation changes from the 
laminar to the turbulent state. At Reynolds 
numbers a little below this critical value, 
slight roughening of the surface may cause 
the boundary layer to become turbulent before 
separation and hence lead to a large reduction 
of drag. 

(See also drag; separation of boundary 
layer.) 

BLUNDER. Any malfunction, human or 
otherwise, such as faulty arithmetic, use of 
an incorrect formula, etc., in a computation. 
The term blunder is also applied to the result 
of such a malfunction. (See error.) 

BLUR CIRCLE. See circle of least confusion. 

BODE DIAGRAM. See frequency response 
representation. 

BODE LAW. In the latter part of the 18th 
century an empirical relationship was noticed 
between the mean distance of the various 
planets from the sun. This relationship was 
first published by Bode in 1772 and has since 
become known as Bode’s law, in spite of the 
fact that there is certain evidence that it was 
known and used by Titus a number of years 
previous to the time of its announcement. 

Bode’s Law may be stated as follows: write 
down a series of 4’s; to the first one add 0, to 
the second one add 3, to the third one add 
6 = 3 X 2, to the fourth one, 12 = 6 X 2, to 
the fifth, 24 = 12 X 2, etc.; the resulting num¬ 
bers divided by 10 will give the approximate 
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mean distances of the planets from the sun in 
astronomical units. The sequence is as fol¬ 
lows: 

Planet Bode Distance Mean Distance 

Mercury. .. 4 + 0 = 4 0.39 
Venus. .. 4 + 3 = 7 0.72 
Earth. . . 4 + 6 = 10 1.00 
Mars. . . 4 + 12 = 16 1.52 

4 + 24 = 28 
Jupiter. .. 4 + 48 = 52 5.20 
Saturn. . . 4 + 96 = 100 9.53 
Uranus. .. 4 + 192 = 196 19.19 
Neptune. . . 4 + 384 = 388 30.07 
Pluto. . . 4 + 768 = 772 39.5 

The value in the last column is the actual mean 
distance of the planet from the sun in astro¬ 
nomical units. 

BODE RELATIONSHIP. See frequency re¬ 
sponse representation. 

BODY FORCES. Forces on matter not re¬ 
sulting from inertia or contact with adjacent 
matter, e.g., gravitational or electromagnetic 
forces. They are usually assumed to be pro¬ 
portional to the mass to which they are ap¬ 
plied. 

BOHMER INTEGRALS. See Cornu spiral. 

BOHR FREQUENCY CONDITION. The 
assumption made by Bohr, in extension of 
Planck’s quantum theory, that the frequency 
v (sec-1) of radiation absorbed or emitted 
by an atom is proportional to the energy dif¬ 
ference Ei — E2 between two quantum states, 
according to the relation 

hv' = Ei — E2 

where h stands for Planck’s constant. 

BOHR MAGNETON. The Bohr magneton 
(sometimes referred to as electronic Bohr 
magneton) is the unit used to measure the 
magnetic moment due to the orbital motion 
and the spin of the electron. The Bohr 
magneton is defined (in emu) as: 

Ho — he/ {Airmc) = 0.92731 X 10~20erg gauss-1. 

It is equal to the magnetic moment of an elec¬ 
tric point charge moving in an orbit with 
angular momentum h/2-rr. Here e and m stand, 
respectively, for the electronic charge and 
mass, c for the velocity of light, and h for 
Planck’s constant. 

BOHR ORBITS. The orbits of the electron 
about the nucleus in Bohr’s original model of 
the hydrogen atom. (See electron orbits in 
an atom.) 

BOHR RADIUS. The radius of the innermost 
circular electron orbit (in non-rationalized 
c.g.s. units) 

h2 
a° ~ 7~2-2 4rme 

= (5.29172 ± 0.00002) X 10~9 cm 

in Bohr’s model of the hydrogen atom, some¬ 
times also referred to as first Bohr radius. 
Here h stands for Planck’s constant, e and m 
respectively for charge and mass of the elec¬ 
tron. The Bohr radius is often used as a unit 
of length in atomic physics. 

BOILER. A device for the production of a 
flow of steam at high pressure and temperature 
for use in heating, in the production of power 
with the aid of a turbine, etc. 

BOILING. The process of change of phase 
from liquid to gaseous states, also referred to 
as evaporation. The opposite process is called 
liquefaction. Sometimes a distinction is made 
between boiling, which involves the vigorous 
production of bubbles in the liquid, and evap¬ 
oration which occurs mainly at the surface of 
the liquid and proceeds much more calmly. 

BOILING CURVE AND CONDENSATION 
CURVE. Consider the phase diagram of a 
binary system forming a liquid and a vapor 
phase at constant pressure. Curve I is the 
boiling curve, which gives the coexistence tem¬ 
perature as a function of liquid composition; 
and curve II is the condensation curve, which 
gives the coexistent temperature as a function 
of the composition of the vapor phase. If the 

Temperature-composition of a liquid-vapor system at 
constant pressure. 
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temperature is increased, vaporization begins 
when the boiling curve is crossed. Inversely, 
condensation begins when the temperature is 
decreased below the condensation curve. 

BOILING POINT. The temperature at which 
boiling occurs for a given pressure. Some¬ 
times the pressure is specified as that of 1 
atmosphere. (See phase change.) 

BOILING POINT CONSTANT. Consider a 
dilute solution in which all solute species may 
be regarded as non-volatile. The vapor in 
equilibrium with the solution is then formed 
from the solvent only. Call T° the boiling 
point of the pure solvent at the pressure con¬ 
cerned, and T the boiling point of the solution. 
For a dilute solution the difference 

6 = T - T° 

will be small compared with T°. 
If the solution is also ideal one has 

(1) 

R(T°)2 Mi 
e =-Z^ms 

Aeh° 1000 , 
(2) 

Mi is the molar mass of the solvent, Aeh° its 
latent heat of vaporization in kcal per mole at 
temperature T°, ms the molality of solute s; 
0e is called the boiling point constant, or ebullio- 
scopic constant. It depends only on the proper¬ 
ties of the solvent. For water 

0e = 0.51°C. 

BOLTZMANN CONSTANT. The multiply¬ 
ing constant, k, in the relation between entropy 
of a state and the logarithm of the probability 
of that state, or in the relation between the 
average kinetic energy and the absolute tem¬ 
perature. The Boltzmann constant is also 
equal to the ratio of the gas constant to the 
Avogadro constant. Its value is 1.3803 X 
10-18 g cm2 sec-2 degree C-1. 

BOLTZMANN DISTRIBUTION. See Max- 
well-Boltzmann distribution; Boltzmann prin¬ 
ciple, distribution. 

BOLTZMANN EQUATION. See transport 
equation. 

BOLTZMANN FACTOR. (1) The tempera¬ 
ture-dependent statistical weight factor e ~liE 
for a particle of energy E in a system at a 
temperature 1 /kfi (k is the Boltzmann con¬ 
stant). (See also Maxwell-Boltzmann dis¬ 
tribution.) (2) A correction factor applied to 

calculated line intensities in spectra due to 
thermal excitation. 

BOLTZMANN FORMULA. See Boltzmann 
principle. 

BOLTZMANN H-THEOREM. See H-the- 
orem. 

BOLTZMANN-PLANCK EQUATION. The 
relation between entropy S and number of 
complexions W, 

S = k In W, 

where k is the Boltzmann constant. 

BOLTZMANN PRINCIPLE (DISTRIBU¬ 
TION). A somewhat general law relating to 
the statistical distribution of large numbers 
of minute particles subject to thermal agitation 
and acted upon by a magnetic, and electric, or 
a gravitational field, or by inertia. The num¬ 
ber of particles, N, per unit volume in any 
region of the field, when the system is in sta¬ 
tistical equilibrium, is given by the equation 

N = Noe-W. 

Here N0 is the number of particles per unit 
volume in a region of the field where E, the 
potential energy of the particle, is zero, and 
where e~^E is the Boltzmann factor, which is 
temperature-dependent. (See Maxwell-Boltz¬ 
mann distribution.) 

BOLTZMANN STATISTICS. In the case of 
a system of independent particles, there wall 
be N\/ni\n-2\ ••• different microstates corre¬ 
sponding to the same macrostate character¬ 
ized by the numbers n{ of particles in the z-th 
single particle level, provided no symmetry 
considerations are taken into account. The 
macrostate characterized by a set of n4 will 
then have a weight proportional to Ilyfn,!) -1. 
This corresponds to Boltzmann statistics. 

BOLTZMANN TRANSPORT EQUATION. 
See transport equation, Boltzmann. 

BOLTZMANN TRANSPORT EQUATION 
FOR NEUTRONS. See neutron transport 
theory. 

BOLTZMANN-VLASOV EQUATIONS. The 
basic equations which govern a high tempera¬ 
ture plasma in which the collisional mean free 
path is much greater than all the characteristic 
lengths of the system, first used by Vlasov. 
They are 
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dfj 
■j- + y-Vi + 
dt 

E + 
v X B 

c 

l dB 

Vv/, = 0 

V x E = - 
c dt 

4ir 1 dE 
VXB = -j+- — 

c c at 

VB = 0 

V • K = 47TCT 

(1) 

(2) 

(3) 

(4) 

(5) 

whose bond character is unambiguous; exam¬ 
ples are diamond, graphite, benzene, and 
ethylene, with respective double bond char¬ 
acters of 0, y3, y2, and 1. 

BOND, CONJUGATED DOUBLE. The al¬ 
ternation of single and double bonds. By elec¬ 
tron transfer the positions of the single and 
double bonds can be exchanged, leading to an 
exchange energy. 

BOND, COORDINATE. See coordinate 
bond. 

j = Z 0 ffM'v (6) 
i J 

= X ejJ (7) 

Equation (1) is the usual Boltzmann equation 
for the one-particle distribution functions fj of 
charge and mass e, and rnj respectively. The 
electromagnetic fields E and B are determined 
by the usual Maxwell Equations (2)-(5). The 
current density j and the charge density <r are 
are given by Equations (6) and (7). The sum¬ 
mations in (6) and (7) are over all particle 
species. 

BOLZANO-WEIERSTRASS THEOREM. If 
A is a bounded set containing infinitely many 
points in a metric space S, then A has at least 
one limit point. This theorem is of funda¬ 
mental importance in analysis, in the case, for 
example, that S is the set of real numbers. 

BOND ANGLE. In a polyatomic molecule, 
the angle formed by the lines connecting one 
nucleus with two others, that is, the angle be¬ 
tween two chemical bonds. 

BOND CHARACTER. Empirical additive 
rules and tables of atomic radii have been 
used to predict the skeleton size of various 
molecules (see atomic radius; bond length). 
For the atoms which can form single, double 
or triple bonds, a different radius must be used 
for each kind of bond. 

In some cases, the observed deviation from 
this additive rule can be attributed to a change 
in bond character caused by resonance with 
neighboring bonds. (For instance, the C—Me 
distance in toluene is smaller than the C—C 
distance in diamond.) The bond character 
can be estimated from the observed inter¬ 
atomic distance, and from a plot of bond 
length versus bond character for substances 

BOND, COVALENT. See homopolar bond. 

BOND, ELECTROSTATIC. See heteropolar 
bond. 

BOND, ELECTROVALENT. See hetero¬ 
polar bond. 

BOND ENERGIES. It has been suggested 
that aQf°, the heat of formation of a molecule 
from its constituent atoms (see atomic heat 
of formation), could be computed from a table 
of average bond energies, and the assumption 
of additivity: 

aQ/° = nxt-xj' Exi-Xj- 
all types 
of boyids 

nxi—Xj is the number of bonds between the two 
atomic species, X, and Xj, in the molecule. 
Exi—Xj is the average bond energy associated 
with each of these bonds. Fairly accurate pre¬ 
dictions of the heats of formations of organic 
molecules can be made in this way, particularly 
for the larger hydrocarbons, alcohols and other 
aliphatic derivatives. 

The differences between the observed heats 
of formation of ds-trans isomers and of 
branched and unbranched hydrocarbon chains 
show that the additivity rule is not strictly 
rigorous. Various improvements have been 
suggested. 

It is only in the case of diatomic molecules 
that bond energies and dissociation energies 
(see dissociation energies) are equivalent. In 
the simple case of the II20 molecule, the dis¬ 
sociation energies of the two successive steps 
H20 —> H + OH -> H + H + 0, differ by 
about 10%. 

BOND ENERGY, ATOMIC. See atomic bond 
energy. 

BOND, HETEROPOLAR. See heteropolar 
bond. 
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BOND, HOMOPOLAR. See homopolar 
bond. 

BOND, HYBRID. See hybridization of eigen¬ 
functions. 

BONDING ORBITALS. In the molecular 
orbital theory (see molecular orbital method) 
of the chemical bond, when two atoms are 
brought together their electrons move into 
characteristic orbitals of the molecule. These 
electrons and orbitals are called either bond¬ 
ing or anti-bonding depending on whether they 
strengthen or weaken the resulting chemical 
bond. If their effect on the bond energy can 
be neglected, they are non-bonding orbitals or 
non-bonding electrons. 

For example, the two electrons in the funda¬ 
mental state of the H2 molecule are bonding 
electrons. But when two H atoms with elec¬ 
trons of parallel spin are brought together, one 
electron only goes into a bonding orbital. The 
other moves into a strongly anti-bonding 
orbital, leading to an unstable molecule. The 
inner K orbitals in the Li2 or Na2 molecules 
are non-bonding. (See bond types.) 

BOND, IONIC. See heteropolar bond. 

BOND LENGTH. Distance between the 
nuclei of the two atoms participating in a 
bond. (See atomic radius; bond character; 
mobile bond order.) 

BOND ORDER. See mobile bond order. 

BOND, ir-Tr. A covalent bond resulting from 
the interaction of two electrons having 77-wave 
functions. The resulting wave function must 
be symmetrical with respect to an interchange 
of the two electrons, i.e., the wave functions 
of the two electrons must point in the same 
direction. This leads to a rigidity of the bond: 
the terminal groups of atoms are not free to 
rotate with respect to one another. A good 
example of this rigidity is the cis-trans iso¬ 
merism for C=C double bonds. 

BOND, ct-o-. A covalent bond resulting from 
the interaction of two electrons having o-wave 
functions. In view of the symmetry character 
of these wave functions, the terminal groups 
of atoms should be free to rotate with respect 
to one another around the bond axis. (See, 
however, hindered rotation.) 

BOND STRESS. The effectiveness of rein¬ 
forcement, such as that of steel in concrete or 

fibers in reinforced plastic, depends upon the 
transmission of load from the weaker material 
to the reinforcement. If this transfer takes 
place inside the member (as contrasted with 
post-stressing technique) it must be by shear 
on the surface of the reinforcement. This 
shear stress is called bond stress and often is 
the limiting feature. The smaller the diameter 
of the reinforcement for a given cross-sectional 
area of rod, wire or fiber, the lower the bond 
stress. 

BOND TYPES. One may classify the various 
types of interatomic (and intermolecular) 
bonds occurring in nature into 4 broad cate¬ 
gories : 

(1) Electrostatic bonds resulting from Cou¬ 
lomb forces between positive and negative 
ions (ionic bonds) or between dipoles or multi¬ 
poles. The forces are non-directional; the 
coordination number is high. (See hetero¬ 
polar bond.) 

(2) Covalent bonds in which the atoms 
share one or more electrons; in some cases, 
each atom provides valency electrons (pure 
covalent bond); in other cases, the valency 
electrons are provided by one of the atoms 
only (coordinate bond). The forces are direc¬ 
tional and the coordination number usually 
low. (See homopolar bond.) 

(3) Metallic bonds. The attractive forces 
result from the exchange interaction of the 
electron gas with the ionic lattice. The forces 
are non-directional, and the coordination num¬ 
ber high. 

(4) Van der Waals bonds. Van der Waals 
forces are important in molecular crystals. 
They result from London dispersion forces. 
They are non-directional, and have a high 
coordination number. 

Perfect cases of the three first types are 
seldom encountered in nature, but bonds ex¬ 
hibiting virtually all degrees of transition be¬ 
tween them exist. In most cases, however, 
one or the other of these limiting cases is a 
better first approximation for the calculation 
of the bond energy. The bond is said to be 
primarily electrostatic, covalent, or metallic 
in character. 

(See also atomic bond energy; valence 
forces, subsidiary; valency, directed.) 

BOOLEAN ALGEBRA. A distributive lat¬ 
tice which has universal bounds and has com¬ 
plements. (A lattice is distributive if a(b + c) 
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= ab + ac and a X be = (a X b)(a X c), 
has universal bounds if it contains elements 0 
and I with 0 ^ a ^ I for all a, and has com¬ 
plements if for every a there exists an a' such 
that aa' = 0 and a + a' — I.) Boolean algebra 
can be characterized in many other, equivalent 
ways. The subsets a, b, • • • of a set of ob¬ 
jects S form a Boolean algebra if ab denotes the 
intersection and a + b the union of a and b. 
The algebra of statements a, b, c • • • with con¬ 
nectives “and,” “or,” “not” form a Boolean 
algebra if a + b means a or b (including the 
possibility of both), while ab means a and b. 
Boolean algebras are important in the design 
of computing machines. 

BORE. See hydraulic jump. 

BORN AND VON KARMAN THEORY. This 
theory followed the Debye theory of specific 
heats, in which a solid is treated as a continu¬ 
ous medium with a characteristic maximum 
frequency vmax. In the Born and von Karman 
theory, the solid is treated as an infinitely 
extended vibrating atomic lattice in which the 
vibrations of any given particle influence only 
immediately adjacent particles. This results 
in an energy equation of the form 

i,2,3 E = H JJJ —^f{vp)d4>d\pdx 

where 

f(vp) = hv/[exp (hv/kT) — 1] 

and <f>, 4/, x, are phase differences in the vibra¬ 
tions of neighboring points at a given instant, 
N is the number of atoms in the lattice, and k 
is the Boltzmann constant. There are three 
sums for the three types of vibration (one 
longitudinal and two transverse). 

BORN APPROXIMATION. A quantum me¬ 
chanical approximation method used particu¬ 
larly for the computation of cross sections in 
scattering problems. This approximation can 
be used when the relative kinetic energy of two 
particles is large compared to their interaction 
energy. The approximation consists of the as¬ 
sumption that the wave function of the sys¬ 
tem is made up of an incident plane wave, 
eikz, plus a spherical scattered wave, v (r), with 
|v (r) | « 1. Qualitatively, this approximation 
is based on the idea that the large size of 
the relative kinetic energy compared to the 
interaction energy insures that the distortion 
of the incoming plane wave by the potential 

can be neglected and that the weak potential 
will scatter a very small part of the incident 
wave. 

BORN-HABER CYCLE. A thermodynamic 
cycle of operations used to obtain the electron 
affinities of certain atoms. It may be illus¬ 
trated by consideration of the metal halides, 
when the cycle includes: 

(1) A break-up of the crystal into ions, 
with attendant energy change U, the lattice 
energy. (See Born-Mayer equation.) 

(2) Change of the ions formed into atoms, 
with energy changes of 7, the ionization energy 
for the positive ion; and E, the electron affinity, 
for the negative ion. 

(3) Condensation of the gaseous atoms into 
(a) a metallic solid, involving an energy 
change S, where S is the heat of sublimation 
per gram-mole, and (b) a halogen molecule, 
with energy change %D, where D is the dis¬ 
sociation energy. 

(4) Reaction of metal and halogen to form 
the metal halide, the heat of reaction being Q. 
Then 

E = Q + S+%D-U. 

BORN-INFELD THEORY. A non-linear 
modification of Maxwell’s equations. The 
Maxwell equations themselves remain un¬ 
changed, but e and n are related by the equa¬ 
tions 

1 / B2 - E2 

*=;= V1 + 
^In a later modification 

1 / B2 - E2 (E-B)2 

M = 7 = \1+ b2 

b is a new universal constant, viz., the absolute 
electrostatic field at the center of a point 
electron. The electrostatic field of a point 
electron of charge e at a distance r is 

The total electrostatic energy W is finite, viz., 

W - 1.2361 
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where 

a = (“electronic radius”). 

The theory is not unique and does not lead to 
new results which may be compared with 
those of experiment. 

BORN-MAYER EQUATION. An equation 
which expresses the lattice energies of crystals 
in the form of the equation 

Z2e2N A c 
U =-b exp (— rp) + — + t0 

r r 

where r is the interatomic distance. The first 
term represents the Coulomb energy, where 
Ze is the ionic charge, 22V is the number of 
ions in the crystal, and A, the Madelung con¬ 
stant, which varies with crystal structure. The 
second term allows for repulsive forces, the 
factor p being calculated from results of meas¬ 
urement of the compressibility of the material. 
The third term accounts for the van der Waals 
forces, while the final term e0 represents the 
zero-point energy. 

BORN-OPPENHEIMER METHOD. An 
argument for calculating the force constants 
between atoms in a molecule or solid, based 
on the observation that the motion of the 
electrons is so rapid compared with that of 
the heavier nuclei that it can be assumed that 
the electrons follow the motion of the nuclei 
adiabatically. That is, one calculates the 
eigenvalues of energy for the electrons with 
the nuclei in fixed positions; the variation of 
this electronic energy with the configuration 
of the nuclei may then be treated as a con¬ 
tribution to the potential energy of the inter¬ 

atomic forces. 

BORN REPULSION. The interaction of the 
electron shells of two atoms leads to a strong 
repulsion at sufficiently short range (Pauli ex¬ 
clusion principle). This effect, which is diffi¬ 
cult to calculate, was represented empirically 
by Born by an additive term c/rn in the po¬ 
tential energy of interaction for his ionic lat¬ 
tice model. (See Born-Mayer equation.) A 
similar term was used by Lennard-Jones to 
represent the intermolecular repulsion at close 
range. (See Lennard-Jones potential; index 
of repulsion.) 

BOSANQUET LAW. A relationship in mag¬ 
netism analogous to the Ohm law in electricity. 
It is of the form 

magnetomotive force 
Flux =-; <f> = ff/(R. 

reluctance 

Ignoring frequency, the reluctance of an air 
gap of length l and cross-sectional area A is 

l 

while that of the core of length L is 

(Rc 
L 

HsHvA 

making the total: (R = (Rg + (Rc. The mag¬ 
netomotive force, in rationalized units, is £? = 
NI. Using mksa units, l is in meters, A in 
square meters, I in amperes, £F in ampere- 
turns, and the flux (<£) in webers. 

BOSE-EINSTEIN DISTRIBUTION. (1) In 
a gas composed of a fixed number of particles 
that obey Bose-Einstein quantum statistics, 
the number of particles, ni} in a state of energy, 
Ei, is given by 

m = 1 /[AeEilkT - 1], 

where A is a constant that depends on the total 
number of particles present. Gases composed 
of particles with integral spin, such as helium 
of mass number 4, obey this distribution law. 

(2) In applying the Bose-Einstein statistics 
to photons, the assumption of a fixed number 
of photons cannot be made. This fact leads 
to a slightly different distribution function 
than the one above, namely the constant A is 
unity, i.e., 

m = l/[eEilkT - lj. 

This distribution law leads to the Planck radia¬ 
tion formula for black bodies. 

BOSE-EINSTEIN GAS. Systems of non¬ 
interacting or only weakly interacting bosons. 
A perfect Bose-Einstein gas shows the phe¬ 
nomenon of Einstein condensation. A system 
of weakly interacting bosons can represent 
helium gas. Of special interest in that con¬ 
nection is the so-called hard sphere boson gas 
which shows a transition similar to the lambda 
transition of helium. 
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BOSE-EINSTEIN LIQUID. Liquid whose 
constituent particles are bosons. The best 
known example is ordinary liquid helium. 

BOSE-EINSTEIN STATISTICS. In the case 
where the particles in a system of independent 
particles are described by a symmetrical wave 
function, there will be only one possible macro¬ 
state characterized by a set of numbers nj of 
particles in the i-th single particle level, 
namely, the one corresponding to a symmetric 
superposition of all possible microstates. This 
means that in Bose-Einstein statistics every 
macrostate ■will have the same weight. (See 
also quantum statistics.) 

BOSON. The generic name for the elementary 
particles obeying Bose-Einstein statistics. The 
connection of spin with statistics establishes 
that all bosons have integral spin or zero spin. 

BOSONS, COMMUTATIVE RULES FOR. 
See commutative rules for bosons. 

BOUGUER LAW. The law discovered by 
Bouguer in 1729, that the absorption of light 
in homogeneous materials depends on thick¬ 
ness according to the exponential expression 
given under absorption coefficient. The law 
was rediscovered by Lambert and is often re¬ 
ferred to as the Lambert law of absorption. 
It is also related to the Beer law, which is ob¬ 
tained by setting the absorption coefficient 
a = ac. When the law is expressed in terms 
of common logarithms: 

I = I0\0~kx, 

k is known as the extinction coefficient. 
These laws may be applied to a narrow band 

of wavelengths, giving the specular coefficient 
of absorption or the specular extinction co¬ 
efficient according to the form of the equation 
used. They do not hold for broad spectral 
bands if the coefficients depend appreciably 
on the wavelength. 

BOULVIN DIAGRAM. The sequence of 
processes in a reciprocating steam engine can¬ 
not be drawn on a T,S diagram because the 
mass of steam contained in the engine cylinder 
varies during one cycle. It is much smaller 
during compression than during expansion, and 
varies continuously during admission and ex¬ 
haust. The difficulty can be circumvented if 
certain more or less arbitrary assumptions, 
suggested by Boulvin, arc made. It is assumed 

that the cylinder is filled with a mass m + mr 
(m is the mass of steam admitted; mr is the 
mass of residual steam) during the whole of 
the cycle, and that the processes in the boiler 
and condenser take place in the cylinder. It 
is imagined that there is no exhaust, but that 
the steam condenses in the cylinder, the heat 
of condensation being rejected through the 
walls, and the volume of steam being reduced 
practically to zero. Similarly, it is imagined 
that there is no admission but that the con¬ 
densate evaporates in the cylinder. In this 
way an imaginary cycle with constant mass 
m + mr is assumed to be performed. 

The mass of steam m admitted is calculated 
from the measured steam consumption, and 
the mass of residual steam, mr, is calculated 
under the assumption that it is dry saturated 
at the beginning of compression. 

A Boulvin diagram is shown in the figure. 
In it, jklmnp represents the indicator diagram 

cross-plotted from a p,V diagram. Line A is 
the boundary curve for mass m, and line A' is 
the boundary curve for mass m + mr. The 
shaded areas represent the quantities of heat 
exchanged with the cylinder walls. 

The Boulvin diagram illustrates the nature 
of the exchanges of heat which takes place in 
the engine cylinder. Its importance is pri¬ 
marily historical, owing to the fact that recip¬ 
rocating steam engines are at present confined 
to marginal applications only. 

BOUND. Let 5 be a set of real numbers, e.g., 
a sequence, the values of a function, etc. A 
number M, if it exists, which is greater than 
or equal to any member of S, is an upper bound 
for S, and the least such upper bound if it 
exists is called the least upper bound (l.u.b.) 
of S, and similarly for lower bounds. 
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BOUNDARY CIRCLES. In impedance 
matching, circles of constant standing-wave 
ratio which represent the boundaries of all 
transformation circles which may he trans¬ 
formed to the definition circle. 

BOUNDARY CONDITION. A specified re¬ 
quirement for the solution of a given differen¬ 
tial equation or set of equations at a given 
set of values of the independent variables. 

BOUNDARY CONDITION, KINEMATIC. 
See kinematic boundary condition. 

BOUNDARY CONDITIONS, MARK. In the 
analysis of the Milne problem in transport 
theory by means of the spherical harmonics 
method, the (vacuum) boundary condition— 
in the nth order approximation—which states 
that the angular flux vanishes at %(n + 1) 
positive values The m are given by the 
positive roots of P„ + 1(n) = 0, where P„(/*) is 
the nth Legendre polynomial. These condi¬ 
tions were first propounded by C. Mark. 

BOUNDARY CONDITIONS, MARSHAK. In 
the analysis of the Milne problem in transport 
theory by means of the spherical harmonics 
method, the (vacuum) boundary condition— 
in the nth order approximation—which states 
that the first %(n + 1) odd moments of the 
returning flux vanish. These conditions were 
first propounded by R. E. Marshak. 

BOUNDARY CONDITIONS, NEUTRON 
DIFFUSION THEORY. Across an interface 
between two media, the neutron current, as 
given by Fick’s Law, and the neutron flux 
are assumed continuous. At an outer bound¬ 
ary the neutron flux does not vanish; it is 
assumed to vanish at a point, the extrapolated 
end-point (z0), lying outside the boundary. 
Alternatively, one may say that the magni¬ 
tude of the logarithmic derivative of the flux, 
evaluated at the boundary, is equal to the 
reciprocal of a length, the linear extrapolation 
length, l. In general l =£ z0. 

BOUNDARY CONDITIONS, NEUTRON 
TRANSPORT THEORY. In moving across 
an interface between two media in direct con¬ 
tact, a packet of neutrons suffers no change. 
More precisely N(r + RSI, E, SI) is a continuous 
function of R for r + RSI at the interface. At 
an outer boundary of a geometrically simple 
medium N(r, E, SI) = 0 for all SI directed into 
the medium, and r on the surface. 

Boundary Circles — Boundary Layer 

BOUNDARY CONDITIONS ON THE 
ELECTROMAGNETIC FIELD VECTORS. 
(1) At an uncharged boundary between two 
media the normal components of the magnetic 
flux density B, and of the electric displacement 
D are continuous. If the boundary carries a 
surface charge, then the difference in the nor¬ 
mal components of D is equal to the surface 
charge density. (2) Also the tangential com¬ 
ponent of the electric field intensity E is con¬ 
tinuous at a boundary, and the tangential 
component of the magnetic field intensity H is 
continuous if the boundary carries no surface 
current. If there is a surface current, the 
difference in the tangential components of H 
on the two sides of the boundary is the surface 
current per unit length flowing along the 
boundary. 

BOUNDARY CONDITION, STANDARD. 
W hen applied to the Schrodinger equation of 
quantum mechanics, this condition requires 
that the wave function and its derivative 
vanish at infinity. 

BOUNDARY CURVE. See saturation curve. 

BOUNDARY LAYER. The Navier-Stokes 
equations for flow of a viscous fluid are non¬ 
linear, and solutions can only be obtained for 
a few special cases. For this reason, much 
theoretical work in fluid dynamics has been 
concerned with a hypothetical ideal fluid, 
which differs from real fluids in two important 
respects. The ideal fluid is assumed to have 
zero viscosity, so that there can be no shear 
stresses, and in addition it is assumed that it 
can have a non-zero velocity at a solid bound¬ 
ary, i.e., that it can slip at the boundary. Real 
fluids have viscosity, so that shear stresses are 
developed, and they must have zero velocity 
of slip at a solid boundary (except for gases 
at very low densities). 

With a fluid of zero viscosity the condition 
of no slip at a boundary can only be satisfied 
by introducing a vortex sheet at the boundary. 
In a real fluid, with viscosity, there is an out¬ 
ward diffusion of vorticity from the boundary 
into the fluid. At high Reynolds numbers, 
however, the rate of outward diffusion of vor¬ 
ticity is small compared with the rate of con¬ 
vection with the stream, so that the vorticity 
is confined to a layer, the boundary layer, 
whose thickness is small compared with the 
length of the body. Thus, in the important 
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case of a body in a uniform stream, the flow 
outside the boundary layer is irrotational and 
may be calculated by neglecting viscosity. 
Effects of viscosity are confined to the bound¬ 
ary layer, and if this does not separate its only 
effect on the irrotational flow is equivalent to 
a small change in the shape of the body. If 
the boundary layer separates there are impor¬ 
tant effects on the irrotational flow which will 
be discussed later. 

A boundary layer may be either laminar or 
turbulent, or in a state of transition between 
these two conditions. In a laminar boundary 
layer the shear stresses are caused directly by 
viscosity, while over the greater part of a 
turbulent layer the shear stresses are due 
mainly to the Reynolds stresses associated 
with the turbulence, the viscous stresses being 
comparatively small. 

At low Reynolds numbers, and when the 
pressure gradient in the stream direction is 
strongly negative, laminar boundary layers are 
stable. Instability of a laminar boundary 
layer, followed by transition to turbulent flow, 
occurs more readily as the Reynolds number 
or the positive pressure gradient is increased. 

For a laminar boundary layer it can be shown 
that 8/1, v/u and r0/pU2 are all 0where 
8 is the thickness of the layer, l is the length 
of the body, v and u are velocity components 
normal and tangential to the surface, r0 is the 

shear stress at the boundary, and R = -—- is 
M 

the Reynolds number based on the stream ve¬ 
locity U. Thus at high Reynolds numbers 
8 <3C l and v <3C «. As a consequence the 
Navier-Stokes equations can be simplified by 
omitting certain terms; in particular the varia¬ 
tion of pressure across the boundary layer can 
be neglected. Approximate solutions of the 
resulting boundary-layer equations can be ob¬ 
tained by various methods. 

The flow in a turbulent boundary layer is 
inherently much more complicated than that 
in a laminar layer, because in the fonner case 
there is no simple relation between the shear 
stress and the distribution of mean velocity. 
The methods available at present for calculat¬ 
ing turbulent boundary layers rely on em¬ 
pirical data to a considerable extent. 

Separation of a boundary layer can only 
occur when the pressure gradient in the stream 
direction is positive. Because the kinetic 
energy of the fluid in the boundary layer is 

reduced by the action of viscosity, the pres¬ 
sure gradient may cause the fluid near the 
boundary to be brought to rest. In the figure 

Increasing 
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Separation of boundary layer. 

this occurs at the point 0, and the flow further 
downstream is reversed in direction. The 
limiting streamline at the boundary (of zero 
velocity) diverges from the boundary along 
OA, and the other streamlines are also de¬ 
flected outward. There is a considerable effect 
on the irrotational flow outside the boundary 
layer, leading to a change of pressure distribu¬ 
tion which in turn affects the flow in the 
boundary layer. Thus the final flow pattern, 
and in particular the position of the separation 
point 0, depend on an interaction between the 
flow inside the boundary layer and the external 
flow. 

When separation does not occur, the ob¬ 
served pressure distribution at high Reynolds 
numbers usually agrees well with the results 
of ideal fluid theory, because the boundary 
layer is thin and has only a small effect on 
the irrotational flow. When separation occurs, 
however, the separated boundary layer may 
cause large changes in the boundary condi¬ 
tions for the irrotational flow, so that the pres¬ 
sure distribution on the body differs consider¬ 
ably from that calculated for an ideal fluid. 
(See also laminar boundary-layer equations; 
separation of boundary layer; tuibulent 
boundary layer.) 

BOUNDARY LAYER, CALCULATION OF 
DEVELOPMENT. See transition of turbu¬ 
lent flow in a boundary layer. 

BOUNDARY-LAYER CONTROL. Bound¬ 
ary-layer control is applied in two forms. In 
one of these, fluid is sucked into a porous or 
perforated wall to increase the stability of a 
laminar boundary layer, thus preventing or 
delaying transition to turbulent flow and re¬ 
ducing the drag due to surface friction. The 
volume flow required per unit area of surface 
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is of order U X 10-4 at Reynolds numbers of 
106 to 107, where U is the free-stream velocity. 

The other form of boundary-layer control 
is applied to prevent separation of a boundary 
layer, either laminar or turbulent. This form 
of control may be applied by sucking fluid into 
the surface, by blowing fluid tangentially along 
the surface in the direction of the stream or, 
for a turbulent boundary layer, by various 
devices such as vortex generators which pro¬ 
mote more rapid mixing in the layer. 

BOUNDARY LAYER DISPLACEMENT 
THICKNESS. See displacement thickness 
of boundary layer. 

BOUNDARY LAYER ENERGY EQUATION. 
See energy equation for boundary layer. 

BOUNDARY LAYER, ENERGY THICK¬ 
NESS OF. See energy thickness of boundary 
layer. 

BOUNDARY LAYER, FORM PARAMETER 
FOR TURBULENT. See form parameter for 
turbulent boundary layer. 

BOUNDARY LAYER IN A COMPRESSIBLE 
FLUID. When a compressible fluid flows past 
an insulated body at a high Mach number, 
the temperature at the body is greater than 
that in the free stream. At high Reynolds 
numbers the change of temperature occurs 
across a thin layer adjacent to the body, the 
thermal boundary layer. For all gases the 
Prandtl number is of order 1, and as a conse¬ 
quence the thickness of the thermal boundary 
layer is of the same order as that of the ordi¬ 
nary (velocity) boundary layer. 

In general, calculation of boundary-layer 
flow in a compressible fluid is difficult, because 
of the interaction between the thermal and 
velocity boundary layers and because of the 
variation of viscosity with temperature. Non- 
dimensional quantities such as the skin-fric¬ 
tion coefficient depend not only on the Rey¬ 
nolds number, external pressure distribution 
and surface roughness (as for an incompres¬ 
sible fluid), but also on (i) the Mach number, 
(ii) the Prandtl number, (iii) the functional 
relation between viscosity and temperature, 
(iv) the conditions of heat transfer at the 
boundary. 

For either a laminar or a turbulent bound¬ 
ary layer at a given Reynolds number, the 
skin friction coefficient decreases with increas¬ 

ing Mach number. With zero heat transfer, 
increasing Mach number reduces the stability 
of a laminar boundary layer, but heat transfer 
from the fluid to the body leads to a consider¬ 
able increase of stability. 

BOUNDARY LAYER IN UNSTEADY 
FLOW. When the flow in a boundary layer 

is unsteady, an additional term — appears 
dt 

in the equations. Thus for a laminar bound¬ 
ary layer the equations are 

du du du 1 dp d2u 
-1-U-V  =-\- V r (1) 

dt dx dy p dx dy2 

and the equation of continuity. The bound¬ 
ary conditions are the same as for steady flow, 
except that the velocity in the potential flow is 

St) 
now U(x,t). The pressure gradient — is de- 

da; 
termined by the potential flow, in accordance 
with the equation 

1 dp dU dU 
-= — + u- 

p dx dt dx 
(2) 

The equations can be solved by a process of 
successive approximation. Neglecting the 

terms in — , — and in Equations (1) and 
dx dy dx 

(2), a first approximation to u(x,y,t) is obtained 
from the equation 

du d2y dU 

(3) 

This first approximation is then used to 
calculate approximately the neglected terms 
and hence obtain a second approximation to 
u{x,y,t), and so on. 

The method outlined above can be used for 
a laminar boundary layer that is either started 
from rest or in periodic motion. For a turbu¬ 
lent boundary layer in unsteady flow there is 
no satisfactory theoretical approach and very 
few experiments have been made. (See also 
laminar boundary-layer equations.) 

BOUNDARY LAYER, LAMINAR. See lam¬ 
inar boundary layer equations. 

BOUNDARY LAYER, MOMENTUM EQUA¬ 
TION FOR. See momentum equation for 
boundary layer. 
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BOUNDARY LAYER, MOMENTUM 
THICKNESS OF. See momentum thickness 
of boundary layer. 

BOUNDARY LAYER ON A FLAT PLATE, 
LAMINAR. For a thin flat plate at zero in¬ 
cidence, in a steady uniform stream of incom¬ 
pressible fluid, the pressure is uniform and the 
laminar boundary-layer equations reduce to 

du du d2U 
(l) — +V — = v—- 

dx dy dy2 

du dv 
-b — = 0. (2) 
dx dy 

Taking the x-axis along the plate, with the 
origin at the leading edge, the boundary con¬ 
ditions are u = v = Q at y — Q and u = U at 
y = oo, where U is the velocity of the free 
stream. 

The velocity profiles at different values of x 
are all similar, so that if u and y are expressed 
in suitable nondimensional terms all the velocity 
profiles are given by a single function. A 
stream function \p is introduced, so that 

The shear stress at the wall is to = m ( — ) 
\dy/v- 0. 

Hence it can be shown that the skin friction 
coefficient is 

Cf = 

TO 

bu~2 
0.664 

a 

If D is the drag per unit breadth of a plate of 
length l, wetted on both sides, integration of 
the expression for C/ shows that the drag coef¬ 
ficient is 

Experiments with laminar boundary layers 
on flat plates agree well with these results, 

Ux 
provided the Reynolds number — is not less 

v 
than about 104. In a stream of very low turbu¬ 
lence the boundary layer may remain laminar 

Ux 
for values of — up to about 3 X 106 

BOUNDARY LAYER, REATTACHMENT 
AFTER SEPARATION. See reattacliment of 
boundary layer after separation. 

d\p d\p 
u = — and v = — 

dy dx 

Then, putting 

V = tf(~) and * = (vUx)'Af(y), 

Equation (1) reduces to 

BOUNDARY LAYER, SEPARATION OF. 
See separation of the boundary layer. 

BOUNDARY-LAYER SHOCK-WAVE IN¬ 
TERACTION. See shock-wave boundary- 
layer interaction. 

BOUNDARY LAYER, TRANSITION OF 
TURBULENT FLOW IN. See transition of 
turbulent flow in a boundary layer. 

//" + 2f" = 0, (3) 

where the primes denote differentiations with 
respect to y. Equation (3) has been solved 
numerically, with the appropriate boundary 
conditions, by expressing / as a series in powers 
of y. A few points from the numerical solu¬ 
tion are given in the following table. 

V 0 1 2 3 4 5 6 

f 0 0.1656 0.6500 1.3968 2.3058 3.2833 4.2796 

3
 ll 0 0.3298 0.6298 0.8460 0.9555 0.9915 0.9990 

BOUNDARY LAYER, TURBULENT. See 
turbulent boundary layer. 

BOUNDARY VALUE PROBLEM. A type 
of problem encountered in the solution of a 
differential equation or a system of differential 
equations which must meet given requirements 
for the value (s) of the independent variable, 
called the boundary points. For ordinary dif¬ 
ferential equations the usual numerical method 
of solution is to approximate the derivatives 
by finite differences and solve the resulting 
difference equations. This leads to matrix 
inversion, and the solution of linear equations, 
and possibly to the need for finding eigen¬ 
values and eigenvectors. (See also partial dif¬ 
ferential equations.) 

The Dirichlet problem, often called the first 
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boundary value problem, can be stated in the 
form: Assume a function of / continuous over 
a boundary surface S, with R the region 
bounded. The boundary problem is to find a 
solution of the Laplace equation =0 that 
is regular in R, continuous in R + & and satis¬ 
fies the equation <j> = / at the boundary. This 
solution can be expressed in terms of Green’s 
function. 

The Neumann problem, often called the 
second boundary value problem, can be stated 
in the form: Assume a function of / continuous 
over a boundary S, with R the region bounded. 
The boundary value problem here is also (as 
in the Dirichlet problem above) to find the 
solution of the Laplace equation, with the 
conditions specified above, but with the added 

conditions that the surface integral 

vanishes, and also that the normal derivative 
is equal to / on the boundary surface. The 
solution can be expressed in terms of Neu¬ 
mann’s function. 

The Robin problem, often called the third 
boundary value problem, is subject to condi¬ 
tions specified above for the Neumann prob¬ 
lem, but the equation it must satisfy is 

gd<t>/dn + H = f, 

where g and «^, as well as /, are functions that 
are continuous on S. The solution can be 
expressed in terms of Robin’s function. 

BOUNDED. A function f(z) is said to be 
bounded if there exists a constant M such that 
|f(z) | < M for all z in the domain of definition 
of /. A sequence of numbers alt a2, • • • is 
bounded if |a„| < M for all n. A set of points 
is bounded if their distances from any one 
of them is bounded. (See also variation, 

bounded. I 

BOUND PARTICLE. A particle surrounded 
by a potential barrier, and having insufficient 
kinetic energy to pass over the top of the 
barrier. In quantum mechanics, a particle 
which is classically bound may penetrate 
through a barrier. (See penetration prob¬ 

ability.) 

BOUSSINESQ PROBLEM. See problem of 

Boussinesq and Cerruti. 

BOW NOTATION. Bow’s notation is a 
standard method of representing, by letters 
of the alphabet, forces and stresses in graph¬ 

ical analysis. This analysis may consist of 
such problems as the graphical solution of 
stresses in simple framed structures or the 
determination of the resultant of an inde¬ 
pendent system of unbalanced forces lying in 
the same plane and having a common point 
of application. The accompanying figure il¬ 
lustrates the method of applying Bow’s nota- 

Pu 
Force System Force Polygon 

tion to the latter system. Let Pi, P2, P3 and 
P4 be a system of unbalanced forces lying in 
the same plane and having a common point 
of application. Denote the space between the 
line of action of each force by the letters A, 
B, C and D. Next construct a figure called 
a force polygon. This is accomplished by 
drawing a line parallel to Pi and laying off 
its magnitude to a definite scale denoting the 
ends of the line by the letters a and b. From 
point b lay off be equal in magnitude and 
parallel to P2. Repeat the operation for the 
other forces. Upon completion of this graph¬ 
ical figure it will be found, in general, that 
the line representing P4 will not pass through 
point a. The distance from point a to end of 
this line, which will be lettered e, represents 
the value of the resultant of P4 ,P2, P3 and P4 
according to the scale used. The direction 
of ae determines the line of action of the re¬ 
sultant. Thus, in Bow’s notation a force in 
space is designated by the space letters on 
either side of it, whereas the forces as part of 
the force polygon are named by the letters 
at their extremities. This notation is further 
illustrated in the accompanying figure. 

BOYLE-CHARLES LAW. The Boyle law ex¬ 
presses the variation of pressure and volume 
of a body of ideal gas at constant temperature; 
the Charles law expresses the proportionality 
of pressure to absolute temperature (at con¬ 
stant volume), while the Gay-Lussac law 
states the proportionality of volume to abso¬ 
lute temperature (at constant pressure). 

A single statement covering all these rela¬ 
tionships is the Boyle-Charles law, which leads 
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to, or is a form of, the ideal gas law. Its 
mathematical expression may be written: 

pv = p0i>0(l -f at), 

in which poV0 is the value of pv at temperature 
t = 0, and a is the volume coefficient of ex¬ 
pansion for the gas in question. If the centi¬ 
grade scale is used, a is for all gases approxi¬ 
mately equal to %73 or 0.003663 per centi¬ 
grade degree. 

BOYLE CURVE. See Boyle temperature. 

BOYLE LAW. (Mariotte law, law of Boyle- 
Mariotte.) At constant temperature the vol¬ 
ume of a gas varies inversely as the pressure, 
and the pressure varies inversely as the vol¬ 
ume. In other words, the product of the pres¬ 
sure and volume of a gas is constant at a given 
temperature. This law holds only for the 
ideal or perfect gas; all real gases depart from 
it to a greater or lesser extent. 

BOYLE-MARIOTTE, LAW OF. See Boyle 
law. 

BOYLE TEMPERATURE. The temperature, 
different for each gas, at which the perfect gas 
law is obeyed for a wide range of pressures 
from zero upwards. The figure represents an 
Amagat diagram for carbon dioxide. It is seen 

Amagat diagram for carbon dioxide. The Boyle curve 
is the dotted line, while the Boyle temperature is the 

intersection of that line with the pV-axis. 

that the isotherms in the gaseous phase pass 
through flat horizontal minima. If carbon 
dioxide obeyed the perfect gas law pV = RT, 
its isotherms would be straight horizontal lines! 

The real gas behaves most nearly like a per¬ 
fect gas in the neighborhood of the above 
minima. Their locus, shown by a dotted line, 
is called the Boyle curve. The isotherm (500°C 
for carbon dioxide) which corresponds to the 
intersection of the Boyle curve with the axis 
p = 0, possesses a large range of pressures from 
zero upwards in which the gas behaves very 
nearly like a perfect one. Hence the tempera¬ 
ture which corresponds to the isotherm passing 
through the intersection of the Boyle curve 
with the axis p = 0 is called the Boyle tem¬ 
perature of a gas. 

For a gas obeying the van der Waals equa¬ 
tion, the equation of the Boyle curve in re¬ 
duced coordinates is the parabola 

{VrVr)2 - 9(prUr) + 6Pr = 0. 

Hence the reduced Boyle temperature cor¬ 
responds to 

PrVr = 9 or Tr = ^ = 3.375. 

The table below gives Boyle temperatures for 
several gases: 

Gas Boyle Temperature 

He —249°C 
h2 —166°C 
n2 +51 °C 

If the virial equation is used, it is seen that 
the Boyle temperature corresponds to that 
temperature for which the second virial co¬ 
efficient vanishes, or B = 0. 

The general equation of the Boyle curve is 

V+p = 0. 

BRACHISTOCHRONE (CURVE OF 
SHORTEST DESCENT). The curve along 
which a particle will fall from one point to 
another in the shortest time, under the in- 

y 
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fluence of gravity only. (See calculus of vari¬ 
ations.) In the illustration, a brachistochrone 
is the curve connecting two points A and B in 
the same vertical plane such that a mass slid¬ 
ing frictionless under the sole influence of 
gravitation will reach B in the shortest pos¬ 
sible time after leaving A. The curve is a 
cycloid. Its equation is 

faces are spaced at d = 2.814 X 10~8 cm or 
2814 x-units, and if the incident rays have a 
component of wavelength X = 714 x-units, 
the above equation gives sin 0 = 0.1269m 
Then if the crystal is rotated slowly, there will 
be a distinct reflection when 0 reaches 7° 17' 
(n = 1), again at 14° 42' {n = 2), also at 
22° 23' (n = 3), etc. 

x — r(0 + sin 0) 

y = r(l — cos 0). 

(See also tantochrone and Huy gen’s pendu¬ 
lum.) The line of descent is 

r 

BRACKETT SERIES. Line series in the 
spectra of the hydrogen and the hydrogen-like 
ions He + , Li++, etc. The wave numbers 

1 

are given by the formula 

vn (n = 5, 6,- • •), 

where R stands for the Rydberg constant and 
Z for the atomic number. 

BRAGG RULE. An empirical relationship 
whereby the mass stopping power of an ele¬ 
ment for a-particles is inversely proportional 
to the one-half power of the atomic weight. 
This relationship is also stated in the form 
that the atomic stopping power is directly 
proportional to the one-half power of the 
atomic weight. The wide usefulness of the 
Bragg rule is due to the fact that it leads to 
relations between the stopping powers of dif¬ 
ferent elements for a-particles. It also ap¬ 
plies to other heavy charged particles as well 
as a-particles, and to the same degree of ap¬ 
proximation. 

BRAKE HORSEPOWER. The power output 
measured at the driving shaft of an engine. 
In the case of a prime mover it represents the 
net power delivered. 

BRAKE MEAN EFFECTIVE PRESSURE. 
The ratio of the (indicated) mean effective 
pressure P to the mechanical efficiency rjm: 

BRAGG LAW. The law expressing the condi¬ 
tion under which a crystal will reflect a beam 
of x-rays with maximum distinctness, at the 
same time giving the angle at which the re¬ 
flection takes plaice. This law is also valid 
for the reflection of de Broglie waves associated 
with electrons, protons, neutrons, etc. For 
x-ray reflection it is customary to use the 
complement of the angle of incidence and re¬ 
flection, that is, the angle which the incident 
or the reflected beam makes with the crystal 
planes, rather than with the normal. Let this 
“Bragg angle” be 0. If the planes or layers 
of atoms are spaced at a distance d apart, and 
if X is the wavelength of the x-rays, Bragg’s 
law is expressed by the equation 

nX 
sin 0 -- 

2d 

The condition for an intensity maximum is that 
n must be a whole number. For example if the 
planes of rock salt parallel to the natural cubical 

P 
Pb = — 

V m 

Hence the brake horsepower of a reciprocat¬ 
ing engine is given by 

(For explanation of symbols see mean effec¬ 
tive pressure.) 

BRAKE THERMAL EFFICIENCY. (Also 
known as overall efficiency.) Ratio of brake 
horsepower of a prime mover to the energy 
supplied in producing it. The energy is usu¬ 
ally supplied in the fuel, and in each particular 
case it is necessary to specify whether the 
brake thermal efficiency is based on its higher 
or lower calorific value. Standards of differ¬ 
ent countries differ on this point. The specific 
fuel consumption or the specific steam con¬ 
sumption are, in effect, reciprocals of the brake 
thermal efficiency. 
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BRANCH. (1) See branch point. (2) In 
topology, an element of a tree. 

BRANCH CUT. See branch point. 

BRANCHING FRACTION. In a radio¬ 
nuclide undergoing disintegration by more 
than one mode, the ratio of the number of 
atoms disintegrating by a particular mode to 
the total number of atoms disintegrating (per 
unit time), is the branching fraction for the 
particular mode of disintegration. 

BRANCH POINT. If f(z) is a multivalued 
function of the complex variable z and there 
exists a single-valued analytic function g(z) 
such that at each z for which f(z) is defined, 
the value of g(z) coincides with one of the 
values of /(z), then g(z) is called a branch of 
/(z). A curve in the domain of definition of 
/(z) such that, if the points on this curve are 
removed, the remainder of the domain of def¬ 
inition is an open set for which there exists a 
branch of / (z), is called a branch cut. A 
point at which a branch cut originates is called 
a branch point. Thus, if /(z) = z%, the nega¬ 
tive real axis, including the origin, is an exam¬ 
ple of a branch cut, while the origin itself is a 
branch point. (See also Riemann surface.) 

BRAVAIS-MILLER INDICES. A modifica¬ 
tion of the Miller indices suitable for describ¬ 
ing hexagonal crystals. In this system, three 
axes are taken, perpendicular to the hexag¬ 
onal axis and at angles of 120° to one an¬ 
other. The symbols then consist of the re¬ 
ciprocal intercepts on these axes, followed by 
the reciprocal intercept on the hexagonal axis, 
all reduced to integers, e.g., (0001). The first 
three indices are not independent but must 
add to zero. 

BRA VAIS POINTS. In Gaussian optics, the 
self-conjugate points of an optical system. A 
system thus has either zero, one, or two Bravais 
points. 

BRA VECTOR. A vector in Hilbert space, 
contragradient to a ket vector, denoted by the 
symbol (B \. The scalar product of a bra and 
ket vector forms a scalar, the Dirac bracket 
expression {B\A). On the other hand, | A)(B| 
is an operator. 

BRAYTON CYCLE. See Joule cycle. 

BREAK-FREQUENCY. Sec frequency re¬ 
sponse representation. 

BREDT FORMULAS. In the analysis of the 
torsion of thin-walled closed sections, it may 
be assumed that the shear stress is uniform 
across the thickness of the tube wall. Bredt 
formula is a name given to a specific result 
obtained, as for example, 

r = T/2At 

where r is the shear stress, T, the twisting mo¬ 
ment and A, the area enclosed by the midline 
of the closed tube of local thickness t. (See 
Bathos formula.) 

BREEDING GAIN. In nuclear reactor the¬ 
ory, the breeding ratio minus one. 

BREEDING RATIO. In nuclear reactor the¬ 
ory, the number of fissionable nuclei produced, 
via neutron capture, per fissionable nucleus 
destroyed. 

BREIT-WIGNER FORMULA. A formula 
relating the cross section a of a particular 
nuclear reaction to the energy E of the incident 
particle, when E lies close to the energy E0 
required to form a discrete resonance level of 
the compound nucleus. If the spin of the in¬ 
cident particle is i and of the target nucleus I, 
and if J is the spin of the compound state, then 
the cross section for a reaction in which par¬ 
ticle a is absorbed and particle b emitted is 
given by 

= (2 J + i)ttX2_rarb 

(2i + 1)(27 + 1) (E - E0)2 + ir2' 

Here ra/T is the probability that the compound 
state, once formed, will disintegrate by the re¬ 
emission of the incident particle without loss of 
energy, while Tb/T is the probability that 
particle b will be emitted from the compound 
state; T is the width of the level; and 2?rX is 
the de Broglie wavelength of the incident par¬ 
ticle. In the case of the radiative capture of 
slow neutrons, for example, T„ is proportional 
to the incident neutron velocity, while I\ is 
approximately independent of neutron energy, 
but much larger than Tn. If there is no com¬ 
peting process other than elastic scattering of 
the neutrons, we then have r = T„ + r7 a r7 

= constant. The term X2 is inversely pro¬ 
portional to the square of the incident neutron 
velocity, hence <x\n,7) oc E~^/{(E — E0)2 + 
J4T2} approximately. The energy7 dependence 
is in general more complicated than this, but 
the main effect in the immediate neighborhood 
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of the resonance is produced by the Lorentz 
denominator. 

BREWSTER ANGLE. The Brewster angle 
or polarizing angle (see polarized light! of a 
dielectric is that angle of incidence i for which 
a wave polarized parallel to the plane of inci¬ 
dence is wholly transmitted (no reflection). 
Thus tan i = n/n' where v and n' are the in¬ 
dices of refraction in the media before and 
after refraction. An unpolarized wave of in¬ 
tensity I0 incident at this angle is resolved 
into a transmitted partly polarized component 
and a reflected component of intensity I which 
is now 100% polarized with its electric vector 
perpendicular to the plane of incidence and 
where 

/ = J7. sin2 « - r) = \I, • 

If, on the other hand, the incident light were 
already 100% polarized at Brewster’s angle, 

(See Brewster law.) 

BREWSTER LAW. A simple relationship, 
for any dielectric reflector, between the polariz¬ 
ing angle (see polarized light) for the reflected 
light of a particular wavelength and the rela¬ 
tive index of refraction of the substance for 
the same wavelength. The relationship is that 
the tangent of the polarizing angle is equal to 
the relative refractive index. 

BRIGGS LOGARITHMS. See logarithm. 

where a = Jg/3(H + NIs)/kT, 0 is the Bohr 
magneton, eh/lirtnc, J is the momentum quan¬ 
tum number, and 

2me magnetic moment 

e angular momentum 

Cg is 1 for orbital motion alone; 2, when the 
moment is due entirely to spin). 

BRILLOUIN ZONE. An electron moving 
within an ionic crystal moves in a potential 
field which may be approximated to as that 
of a constant potential within the crystal (as 
in the elementary Drude-Lorentz theory), 
modified by a varying potential which varies 
as the periodicity of the lattice. The allowed 
solutions of the wave equation for such a sys¬ 
tem are those for which the energy lies in a 
series of bands, the wave vector k of the elec¬ 
tron being imaginary at other values. The 
values of k at which discontinuities occur lie 
at the surfaces of polyhedra in k-space called 
Brillouin zones. The Brillouin zones may be 
calculated for a given lattice structure. 

BRITISH THERMAL UNIT (ABBREVI¬ 
ATED B.TH.U. OR BTU). The unit of heat 
in the English system of units. Originally de¬ 
fined as Yiso part °f the quantity of heat re¬ 
quired to raise 1 lbm of water from its freezing 
point to its boiling point at a pressure of one 
atmosphere. Nowadays the unit is defined by 
the equation 

1 kcaliT/kg =1.8 Btu/lb 

exactly. Here 1 kcaln denotes the interna¬ 
tional steam tables kilocalorie. (See thermal 
units.) 

BRILLOUIN EFFECT. Upon the scattering 
of monochromatic radiation by certain liquids, 
a doublet is produced, in which the frequency 
of each of the two lines differs from the fre¬ 
quency of the original line by the same amount, 
one line having a higher frequency, and the 
other a lower frequency. 

BRILLOUIN FUNCTION. In the quantum 
theory of paramagnetism, a quantum-me¬ 
chanical analog of the Langevin equation (see 
Weiss theory; Langevin function) was devel¬ 
oped by Brillouin, with the following result: 

h 

h 

2 J + 1 (2 J + l)o 
-ctnh- 

2 J 2 J 

1 
-ctnh a/2./ 

2 J 

1 BTU = 1055.056 J = 1075.857 kpm 

= 0.252074 kcali5° = 0.251996 kcaliT 

= 2.93071 X lO-4 kw.hrint. 

BRITTLE FRACTURE. Some structural ma¬ 
terials at normal operating temperature fail 
in a brittle manner. Cast iron, unreinforced 
concrete, glass and some plastics are common 
examples. Far more troublesome is the brittle 
fracture of metals, especially structural steel, 
which normally exhibit great ductility. For 
each type of test for brittle behavior (notched 
bar impact, notched bar tension or slow bend, 
etc.), there is a transition temperature or range 
below which the material behaves in a brittle 
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manner and above which failure is truly duc¬ 
tile. Evidence is accumulating that the prior 
strain history of the material is of great im¬ 
portance in the effective exhaustion of duc¬ 
tility. 

BROADENING OF SPECTRAL LINES. A 
spectral line emitted by an atomic or nuclear 
system does not consist of a single frequency, 
but rather of a continuous group of frequen¬ 
cies, which may be very narrow in its extent. 
The inherent width of a line is known as its 
natural width. A spectral line may be addi¬ 
tionally broadened by Doppler broadening and 
by collision, or pressure broadening. In the 
latter case, the lifetime r of an excited state 
may be reduced during a collision, which in 
turn increases the energy level width, r, of the 
excited state through the relation, r = H/t. 

Since the change in energy AE in the transition 
and the frequency of emitted radiation are 
related by AE = hv, any broadening of the 
energy change results in a broadening of the 
frequency spectrum. 

BR0NSTED AND LEWIS TREATMENT 

OF ACIDS. See acids and bases, definitions 

of Brpnsted and Lewis. 

BROUWER FIXED POINT THEOREM. 

The theorem that any continuous transforma¬ 
tion of a circle (circumference and interior) 
into itself must have at least one fixed point. 
The analogue in Hilbert space is often useful 
for proving the existence of a solution of a 
differential problem. There are numerous gen¬ 
eralizations. 

BUCKINGHAM POTENTIAL. The inter- 
molecular potential 

<t>(r) = b exp [ — ar] — cr-6 — dr~s (1) 

has an exponential repulsive part and an at¬ 
tractive part which is the sum of two power 
laws. It contains four parameters a, b, c, d. 
The choice of the exponents —6 and —8 in 

Buckingham potential. 

the attractive part is made for theoretical 
reasons (see intermolecular forces); the expo¬ 
nential form of the repulsive part is somewhat 
arbitrary. This potential becomes unrealistic 
for very small distances (see figure). 

BUCKLING. (1) The abrupt change from 
one equilibrium geometric configuration to a 
neighboring or a distant configuration. The 
simplest example is provided by a perfectly 
straight column under perfectly axial com¬ 
pression. As the axial load increases the 
straight configuration is always permisssible 
from the point of view of equilibrium. Above 
the Euler buckling load for an elastic column 
or the tangent modulus load for an elastic- 
plastic one, a bent configuration also is per¬ 
missible. The actual behavior depends upon 
the unavoidable initial imperfections of geom¬ 
etry or loading. In practice, therefore, if a 
neighboring buckled configuration exists the 
structure will buckle. If a distant one exists, 
as in many problems of shells and most prob¬ 
lems of buckling in the plastic range, the eigen¬ 
value problem associated with the buckling of 
perfect structures may have little practical 
relevance. It is necessary to follow the de¬ 
tailed history of the deflection and stress in an 
initially imperfect structure as the load is in¬ 
creased from zero. (2) In nuclear reactor 
theory, the distribution of thermal neutron 
flux far from boundaries and sources is as¬ 
sumed to satisfy the equation 

(V2 + /?2)<h(r) = 0. 

B2, the buckling, when expressed in terms of 

material properties is an intensive quantity, 
called the material buckling. When the differ¬ 
ential equation is assumed to hold throughout 
an unreflected system (see first fundamental 

theorem) and to describe a critical chain reac¬ 
tion, the lowest eigenvalue, B2, dictated now 
by the shape of the system, is called the geo¬ 
metrical buckling. 

BUCKLING, IMPACT. At high rates of 
loading, mass acceleration terms become im¬ 
portant and higher transient axial loads can 

be carried than the axial loads which would 
cause static buckling. 

BUCKLING LAG. The difference in load 

carrying capacity between a buckled sheet 
and a fully effective sheet may be described 
as due to buckling lag. 
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BUCKLING, LATERAL. See lateral buck¬ 
ling. 

BUCKLING, LOCAL. The load carrying 
capacity of a structure is often limited by 
local buckling or crippling. A column or 
frame may have sufficient strength if it acts 
as a unit but the flange or some other struc¬ 
tural element may buckle over a short length, 
precipitating collapse of the entire structure. 

BUCKLING, TORSIONAL OR TWIST. A 
column of open or profile section is relatively 
flexible and weak in torsion. If buckling 
about the weak axis is prevented, the column 
will tend to fail by twisting or torsional buck¬ 
ling. The lateral buckling of beams is an 
allied phenomenon. 

BUDAN THEOREM. Given any polynomial 
P(x) in the single variable x, let P and its 
derivatives be evaluated at x = r, for any r. 
Ignoring vanishing derivatives, let Vr repre¬ 
sent the number of variations in sign in the 
sequence P, P', P", • • •. Then the number of 
roots of P(x) =0 exceeding r is Vr 2c, 

where v is an integer ^ 0. Descartes’s rule of 
signs is a particular case with r = 0, where 
T0 is the same as the variations in sign in the 
coefficients. Any r for which I’,- = 0, all P[i) 
having the same sign, is an upper bound for 
the roots of P(x) = 0. In case Vr — V, = 1, 
there must be exactly one root on the interval 
from r to s. All roots are counted according 
to multiplicity, e.g., a double root is counted 
twice. 

BUILDING-UP PRINCIPLE. The method 
of deriving the different electronic terms of 
an atom or molecule by the hypothetical bring¬ 
ing together of their components. In the case 
of an atom this means successive addition to 
the nucleus of electrons in quantum states per¬ 
mitted by the Pauli principle. In the case of 
a molecule there are various alternatives. One 
is a procedure analogous to that used in the 
case of an atom, that is, successive addition of 
electrons to the nuclei with fixed internuclear 
distances, corresponding to those in the com¬ 
pleted molecule. Another is the bringing to¬ 
gether of the whole component atoms, a third 
the drawing apart of the component atoms 
from an assumed position of zero separation 
(“splitting the united atom”). 

BUILD-UP FACTOR. In the study of the 
penetration of radiation through matter, the 

point kernel (see kernel, point) representing 
the flux at one point due to unit source at an¬ 
other, will deviate from the first-flight or trans¬ 
port kernel, (4ttR2) 1 exp (-2/0. The de¬ 
viation, due to multiple scattering, is expressed 
by multiplying the transport kernel (see ker¬ 
nel, transport) by the factor B(li1, called the 
build-up factor. 

BULK COMPLIANCE. See compliance, bulk. 

BULK MODULUS (MODULUS OF VOL¬ 
UME ELASTICITY). The isothermal or isen- 
tropic bulk moduli are reciprocals of the iso¬ 
thermal or isentropic coefficients of compres¬ 
sibility. lienee 

In older publications the isentropic bulk mod¬ 
ulus is called the adiabatic bulk modulus. 

BULK TEMPERATURE. In beat transfer, 
the temperature of the bulk of the fluid. More 
precisely, in internal flow, the weighted mean 
temperature of the fluid in a cross section; in 
external flow, the temperature of the fluid at 
a large distance from the body, or the so-called 
free-stream temperature. 

BURGER-DO RGELO-ORNSTEIN SUM 
RULE FOR ATOMIC SPECTRA. See inulti- 
plet intensity rules. 

BURGERS MATERIAL. Material repre¬ 
sented by four-element model. (See visco¬ 
elastic models.) 

BURGERS VECTOR. A vector which defines 
the direction and magnitude of the slip pro¬ 
duced by a dislocation. 

BURNETT EQUATIONS. The Enskog- 
Ghapman method for the solution of the 
Boltzmann equation presents the distribution 
function as a series of successive approxima¬ 
tions (see Enskog series). The first order ap¬ 
proximation leads to the Navier Stokes equa¬ 
tions of hydrodynamics, in which the flux 
vectors are linear functions of the first order 
in (he gradients of the macroscopic quantities 
(density, velocity, temperature). It is only 
valid when these gradients are small. 

The second approximation leads to the 
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Burnett equations, where the flux vectors then 
depend on the second derivative of these 
macroscopic quantities, and on the square of 

the gradients. There is some doubt as to the 
rapidity of the convergence of the Enskog 
series, and attempts to apply the Burnett 
equations to such phenomena as shock waves 
and the transmission of sound waves in rare¬ 
fied gases have led to disappointing results. 

BURNING RATIv For solid propellant fuels, 
the rate of burning (r) is the linear measure 
(normal to the burning surface) of the pro¬ 
pellant grain which is consumed in unit time, 
usually expressed in inches per second. 

BURNING RATE, EROSIVE. The increase 
in burning rate over normal conditions, which 
is incident to the sweep of hot gases over a 
burning propellant surface. 

BURNING RATE, LINEAR. The rate at 
which a solid propellant burns normal to its 
surface under design combustion chamber 
pressure. The burning rate is in accordance 
with the Muraour relationship. It is given by 
the equation: 

dw/dl 
r() - a-ipcn - —-, 

Apyp 

where r() is the linear burning rate, a2 is an 
experimental constant, pr is the chamber pres¬ 
sure, n is a variable exponent, du>/dt is the rate 
of flow of propellant by weight, A,, is the burn¬ 
ing surface and y,, is the specific weight of 
propellant. 

BURNT GASES. Gases resulting from the 
combustion of a fuel with air in an internal 
combustion engine or other appliance (c.g., a 
boiler). The composition of the burnt gases 
is determined by the fuel composition, the air 

ratio, and the completeness of the combustion 
process. 

BUSEMANN SECOND-ORDER THEORY. 
A second-order theory, applicable to two- 
dimensional airfoils in supersonic flow. At a 
point on an airfoil where the surface is in¬ 
clined at an angle 0 to the stream, the pressure 
coefficient is 

2d (M2 - 2)2 + yM4 ' 
(< _ _L a2 

Vm2 - I L 2(A/2 - l)2 

(1) 
where M is the Mach number of the stream. 
The sign of 19 is the same as for the Ackeret 
theory, and if the term in d2 in Equation (1) 
is neglected the Ackeret formula is obtained. 

When Equation (1) was first derived by 
Busemann, a term in 08 was also obtained, but 
this third-order term is affected by entropy 
changes in shock waves and is not included in 
the usual form of the theory. 

In the expression for the lift coefficient of 
an airfoil the second-order terms cancel, so 
that the lift given by Equation (1) is the same 
as that given by the Ackeret theory. Also, for 
an airfoil which is symmetrical about the chord 
line and about the normal to the chord line 
through its center, the second-order terms in 
the expression for the drag cancel, so that again 
Equation (1) gives the same result as the 
Ackeret theory. In general, however, the sec¬ 
ond-order term in Equation (1) does affect the 
drag. It also affects the pitching moment, 
usually moving the center of pressure of a sym¬ 
metrical airfoil ahead of the half-chord posi¬ 
tion given by the linear theory of Ackeret. 

BY-PASS ENGINE. A type of jet-propulsion 
engine in which a fan driven by the gas-turbine 
engine provides an additional flow of air in 
the jet. 
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C. In neutron scattering and transport theory, 
the average number of neutrons appearing as 
the result of the collision of a neutron with an 
atomic nucleus. 

CABLE. The word cable often implies the 
idealization of a tension member which has 
no flexural strength or rigidity. 

CALCULATOR. In current usage the term 
is used interchangeably with computer as 
either one who or that which calculates or 
computes. Since the term “computer” more 
often designates a machine in current litera¬ 
ture, it is suggested here that “calculator” be 
applied only to the human being, and “com¬ 
puter” only to the machine. 

CALCULUS. The word comes from the Latin 
calculus, a stone or pebble used in reckoning. 
The unqualified word is usually taken to mean 
differential and integral calculus. For other 
kinds of calculus (e.g., calculus of finite dif¬ 
ferences, calculus of variations) see the re¬ 
spective headings. 

CALCULUS OF VARIATIONS. See varia¬ 
tions, calculus of. 

CALCULUS, SPINOR. See spinor calculus. 

CALLENDAR EQUATION. An empirical 
(thermal) equation of state for steam: 

T /273V w 
v = 47 _ + 0.001 - 0.075 (-) 

p \ T / 

where v, the specific volume, is expressed in 
m3/kg, T in °K, and p in kp/cm2. It is 
sufficiently accurate for pressures up to 20 

kp/cm2 (about 300 lb/in.2) and for tempera¬ 
tures below 500°C (932°F). The equation 
is not dimensionally correct; it is a modi¬ 
fied form of the Clausius equation. (See also 
steam tables.) 

CALLIER COEFFICIENT. The density of 
photographic negatives measured by parallel 
light is greater than if measured by diffused 

light. This effect is caused by scattering. 
Callier defined a coefficient as 

density measured by parallel light 
Q — - • 

density measured by diffused light 

The average value of Q is about 1.4 ± 0.2. 

CALORESCENCE. The transformation of 
infrared radiant energy into visible radiation. 

CALORIC EQUATION OF STATE. Often a 
distinction is made between the various types 
of equations of state. The relation between 
pressure, volume and temperature, the so- 
called p,V,T, relation, is then called the ther¬ 
mal equation of state. Equations involving a 
caloric parameter, such as enthalpy, internal 
energy, entropy, etc., arc then called caloric 
equations of state. 

CALORIE. See thermal units. 

CALORIFIC VALUE. The number of units 
of heat obtained by the complete combustion 
of a unit mass of a substance, usually a fuel. 
In measuring the calorific value, it is stipu¬ 
lated that the products of combustion are 
cooled to the initial temperature of the fuel, 
and it is necessary to specify whether combus¬ 
tion has taken place at constant volume or 
constant pressure. (See also combustion.) 

CALORIMETRIC COEFFICIENT. One of 
the following six coefficients, used to express 
the rate of absorption of heat during revers¬ 
ible changes of pressure, volume, and tem¬ 
perature: 

(1) Heat of compression at constant volume, 
(dq/dp)v. 

(2) Heat of expansion at constant pressure, 
(dq/dv)p. 

(3) Specific heat at constant volume, 
(dq/dT)v. 

(4) Specific heat at constant pressure, 
(dq/dT)p. 

(5) Latent heat of change of pressure, 
(clq/dp)r. 

((}) Latent heat of change of volume, 
(dq/dv)r. 

107 
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In these expressions, q is the quantity of heat, 
p, the pressure, v, the volume and T, the ab¬ 
solute temperature. 

CANDELA. The unit of luminous intensity. 
The magnitude of the candela is such that the 
luminance of a full radiator at the temperature 
of solidification of platinum is 60 candelas per 
square centimeter. Definition adopted by the 
9th General Conference on Weights and 
Measures (1948). 

CANDELA PER SQUARE METER. A 
metric unit of luminance, recommended by 
the C.I.E. 

CANDLE. A common synonym for the unit 
of luminous intensity, the candela. 

CANONICAL. Of standard form, especially 
if the form is simple. For example, a canonical 
matrix of a certain kind has non-zero elements 
only on the main diagonal. 

CANONICAL COORDINATES. The canon¬ 
ical coordinates of a particle are its coordinates qt 

and its conjugate momenta pi 

L is the Lagrangian of the system. The defi¬ 
nition of L is L(qit <ji, t) = T(qit qit t) - V t). 
T is the kinetic energy and V the potential 
energy of the system. 

By means of the defining equation for pu 
the velocities q, can be replaced in terms of the 
Pi in the Lagrangian, and the Lagrangian 
L*(qi, Pi, t) results. 

(*7i> Vii 0 L(.Qii 9»< 0 

i.e., T*(qit Pi, t) - V*(qi, t) = T(qit qit t) 

- y (?», t) 

But V*(qi, l) s V{qit t) 

Therefore 

L*(qit Pi, t) = T*(qit pi, t) - V(qi, t) 

and T*(qt, pi} t) = T(qit qit t). 

where the dots denote the derivative with re¬ 
spect to time. 

ness that p > q. Then it is possible to find p 
linear combinations of the x’s, ult u<i, • ■ ■, ap 
and q linear combinations of the y’s, vit v2, • ■ ■, 
vq all with zero mean and unit variance, such 
that 

i COV (U{Uj) = 0 i ^ j 

ii COV (V,-Vj) = 0 i 9*j 

in COV (UiVj) = 0 i j 

where cov ( ) denotes covariance. The cor¬ 
relation between tq and is called a canonical 
correlation; at most q of these correlations are 
non-zero. If u and v are the linear combina¬ 
tions corresponding to the largest canonical 
correlation, then v is the linear combination 
of the y’s which can be predicted from the x’s 
by linear regression with least residual vari¬ 
ance (the most predictable criterion), and u 
is the appropriate predictor. 

CANONICAL ENSEMBLE. An ensemble 
with a density p given by the equation 

P = 

where (8 = 1/kT (k, Boltzmann’s constant; T, 
absolute temperature), \p, a normalizing con¬ 
stant and e, the energy of the system. 

CANONICAL EQUATIONS OF MOTION. 
For the kth set of generalized coordinates and 
conjugate momenta in a conservative dy¬ 
namical system, there can be written a pair 
of first-order partial differential equations: 

dH dqk 

dpk dt 

dH dpk 

dqk dt 

where Id is the Hamiltonian function for the 
system and pk and qk are generalized mo¬ 
menta and coordinates, respectively. They 
are said to be canonically conjugate variables. 
These equations are called the canonical equa¬ 
tions of motion. (See also canonical coordi¬ 
nates; coordinates and momenta (general¬ 
ized).) 

CANONICAL CORRELATION. Suppose 
there is a p-variate population with variates 
jj, x2, • • - , xp, and a ry-variate population with 
variates y\, y2, ■ ■ ■, yq, and suppose for definite- 

CANONICAL EQUATIONS OF OPTICS. 
The optical paths x=x(z), y = y{z) in a 
medium of refractive index n =n(x,y,z) are 
the solutions of the canonical equations. 
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where 

dx dH dy 

dz dp dz 

dp _ dH dq 

dz ~ dx dz 

dll 

dq' 

dH 

dy 

H = —r = — V^n2 — p2 — q2 

CANONICAL VARIABLES. See Lagrangian 
formalism. 

CANTILEVER. Pertaining to overhang or 
projection beyond supports. (See beam, canti¬ 
lever and beam, overhanging.) 

CANTILEVER BEAM. See beam, cantilever. 

is the Hamiltonian function of optics and (p, 
q, r) is a tangent vector, to the optical path, 
of length n. The canonical equations are the 
Euler equations of the canonical form of the 
Fermat principle. 

CANONICAL FORM OF THE FERMAT 
PRINCIPLE. The optical paths joining the 
points P0, Pi in a medium with refractive index 
n = n{x,y,z) are the extremum of 

rPl V = I {pdx + qdy + rdz) 
«4Pa 

where {p, q, r) is a tangent vector, to the 
optical path, of length n. The Euler equations 
of this variational problem are the canonical 
equations of optics. 

CANONICAL TRANSFORMATION. A 
transformation from one set of generalized 
coordinates and momenta to a new set such 
that the form of the canonical equations of 
motion is preserved. This usually involves 
finding a transformation function S which is 
a continuous and differentiable function of 
the old and new generalized coordinates and 
the time. The transformation can be defined 

by 
dS 

L(q,q) = L\Q,Q) + — 
dt 

S = S(q, Q,t) 

dS dS 

Vk=aiP'Pt= ~ aftd 
_ dS 

H = H- 
dt 

where L is the Lagrangian function in the 
original set of coordinates, and L' is the La¬ 
grangian function in the transformed set of 
coordinates. II is the Hamiltonian function 
in terms of p, q, t, and H is the Hamiltonian 
function in terms of P, Q, t. 

CANTILEVER, PROPPED. A beam fixed 
at one end and propped or simply supported 
at the other. 

Propped cantilever. 

CAPACITANCE. (1) Electrical capacitance 
is the ratio of the electric charge given a body 
to the resultant change of potential. It is 
usually expressed in coulombs of charge per 
volt of potential change, that is, in terms of 
the farad, or its submultiples; the cgs electro¬ 
magnetic unit is the abfarad. If a conductor 
is completely isolated, that is, far removed 
from other conductors, including the earth, 
and is surrounded by a homogeneous, perfectly 
insulating dielectric, its capacitance depends 
only upon the size and shape of its external 
surface, and upon the dielectric constant of 
the surrounding medium. The capacitance of 
a circuit, whether “distributed” or intention¬ 
ally introduced by means of capacitors, acts 
as a capacitor in parallel with the conductor, 
and may have marked effect upon alternating 
or variable currents traversing it. 

(2) For acoustical capacitance, see com¬ 
pliance, acoustic. 

CAPACITANCE, ACOUSTIC (AL). See 
compliance, acoustic. 

CAPACITANCE, GEOMETRIC. The ca¬ 
pacitance of an isolated conductor in vacuo. 
For a sphere of radius a, 

Q 
V — — > hence C = Q/V = a 

a 

where electrostatic units are used. For a hemi¬ 
sphere of radius a, C — 0.845a. For many 
other bodies C is approximated by \ZS/4t, 

where S is the surface area. 
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CAPACITANCE, SPECIFIC ACOUSTIC. 
That coefficient which, when multiplied by 
2?r times the frequency, is the reciprocal nega¬ 
tive imaginary part of the specific acoustic 
impedance. (See impedance, specific acous¬ 
tic.) The dimensions of specific acoustic ca¬ 
pacitance are cm3/dyne. 

CAPACITOR. A device whose primary pur¬ 
pose is to introduce capacitance into an electric 
circuit or network. 

CAPACITY, CARRYING. See carrying ca¬ 
pacity. 

CAPILLARITY. For convenience in analyz¬ 
ing the phenomena of capillarity it is usual 
to assume that there is a surface tension at 
every surface separating a liquid from a gas, 

or from a solid, or from another liquid. The 
surface tension T is defined as the tensile force 
acting across any line in the surface, per unit 
length of line. The potential energy per unit 
area of surface, due to the surface tension, is 
also equal to T. 

The surface tension of any liquid in contact 
with a gas decreases with increasing tempera¬ 
ture. For an unassociated liquid the surface 
tension is zero at the critical temperature. 

As a consequence of surface tension there is 
a difference of pressure across a curved surface, 
the pressure being greater on the concave side. 
For a spherical surface of radius R the pres¬ 
sure difference is 2T/R. 

It can be shown that surface tension causes 
a cylindrical liquid surface to become unstable 
when the wavelength of a disturbance imposed 
on it exceeds the circumference. This is one 
of the principal causes of the breaking-up of 
liquid jets into small drops. 

When a liquid surface meets a solid, the 
angle between the surface of the liquid and 

that of the solid, at any point on the line of 
contact, is known as the angle of contact of 
that particular liquid and solid. 

If a cylindrical tube of small internal diam¬ 
eter, open at both ends, is held vertically with 
one end immersed in a liquid, surface tension 
will cause the liquid to rise in the tube as in 
the figure, provided the angle of contact for 
the liquid and the tube is less than 90°. If the 
diameter of the tube d is very small, so that 
the weight of liquid in the region ABODE is 
negligible, the height h to which the liquid 
rises in the tube is 

4T cos ip 
-♦ 

pgd 

where p is the density of the liquid and \p is 
the angle of contact at the wall of the tube. 
In many cases the liquid “wets” the tube, so 
that \p is small and cos \p = 1. For a few cases, 
such as mercury in glass, \p is greater than 90-° 
so that h is negative. 

CAPILLARY WAVES. Waves on a liquid 
surface in which the surface tension T provides 
an appreciable force. The pressure under the 
surface is increased by amount T V2f, where 
V2 is the two-dimensional Laplacian operator 
and f is the displacement from a plane, 
assumed small. In such cases gravity, which 
produces a pressure increment gp£ is, in effect, 

T 
replaced by [g -)-V2]. 

P 

Two-dimensional waves on deep water, of 
length 2ir/k, then have speed c given by 

which has a minimum value when k2 = gp/T. 
For waves with shorter length the velocity 
increases as wavelength decreases, so that the 
group velocity exceeds the phase velocity. 
These particular waves are called ripples. On 
water ripples have a wavelength less than-about 
1-2 cm (the value depending largely on T, 
which varies with temperature). 

CARATHEODORY PRINCIPLE. An inde¬ 
pendent formulation of the second law of 
thermodynamics. It is best stated in two 
parts: 

Part 1. In the neighborhood of any thermo¬ 
dynamic state of any system there exist states 
which are inaccessible from it along any re¬ 
versible adiabatic (i.e., isentropic) path. 
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Part 2. In the neighborhood of any thermo¬ 
dynamic state of any system there exist states 
which are inaccessible from it as a result of 
any (reversible or irreversible) adiabatic 
process. 

Caratheodory’s principle constitutes a gen¬ 
eralization of known experimental facts. The 
two parts of it are sufficient for the formula¬ 
tion of the second law and for derivation of its 
most essential corollaries. (See thermody¬ 
namics, second law of.) 

CARATHEODORY (MATHEMATICAL) 
THEOREM. A theorem which relates the 
property of integrability of Pfaffian expres¬ 
sions (linear differential forms) to the existence 
of inaccessible points. 

Given a Pfaffian 

dy = 'ZXidxi (a) 

where the Ar,s are functions of the xt- in an 
n-dimensional space 9C,, two neighboring points 
Xi, x'i are called accessible if they lie on an 
element of a curve satisfying the Pfaffian differ¬ 
ential equation 

XXidxi = 0. (b) 

Otherwise they are called inaccessible. 
The Pfaffian Equation (a) is called integrable 

if a function X(x,-) of the x,-s exists, such that 

dy = \{Xi)d4>(xi) (c) 

where 0(x,-) is also a function of the n independ¬ 
ent variables x*. The function X is then called 
an integrating factor of the Pfaffian. 

It may be noted that: (1) a Pfaffian in two 
independent variables X\, x2 always possesses 
an integrating factor, but that for n > 3 this 
is no longer the case; (2) if one integrating 
factor exists, there are infinitely many, because 
X' = \d\p/d<t> is also an integrating factor if 
0(0) is any given function of 0; (3) the curves 
which satisfy Equation (b) in the case of an 
integrable Pfaffian, also satisfy the condition 
0(xj) = const. Here, and above, the symbols 
Xfxi), 0(x,), etc., denote functions of all the 
n variables X;. 

Caratheodory’s mathematical theorem as¬ 
serts that if the Pfaffian Equation (a) is in¬ 
tegrable, then in the neighborhood of any given 
point A (x4), howrever small, there exist points 
which are inaccessible from it. 

The converse theorem is also true. In other 
words, if the Pfaffian Equation (a) possesses 
the property that in every arbitrarily-close 
neighborhood of a given point A (x4) there exist 

inaccessible points, then the Pfaffian is in¬ 
tegrable. 

Both theorems can be summarized in the 
statement that the existence of inaccessible 
points in the neighborhood of a given point is 
both necessary and sufficient for the integrabil¬ 
ity of a Pfaffian expression. 

The converse theorem plays an important 
part in Caratheodory’s formulation of the sec¬ 
ond law of thermodynamics. 

CARATHEODORY THEOREM (IN OP¬ 
TICS). Two surface elements can be imaged 
by a continuous manifold of rays tangential 
to both elements only if the optical magnitudes 
of the elements are equal, i.e., |ndS| = \n'dS'\. 

CARDINAL NUMBER. It is difficult to give 
a satisfactory definition of a cardinal number, 
but this difficulty is not of great importance, 
since it is clear under what condition two sets 
contain the same cardinal number of objects, 
namely that they can be put into one-to-one 
correspondence with each other. This cardinal 
number is called the power of the set. An 
infinite set that can put into one-to-one cor¬ 
respondence with the set of positive integers 
is said to be countable (or denumerable, or 
enumerable). A cardinal number which is not 
finite is called transfinite. 

CARDINAL POINTS OF AN OPTICAL 
SYSTEM. The focal points, the principal 
points and the nodal points constitute the 
cardinal points of an optical system. 

CARDINAL STIMULI. Four standard stim¬ 
uli by means of which the three reference 
stimuli and the basic stimulus of any trichro¬ 
matic system may be defined. Light of wave¬ 
lengths 700, 546.1 and 435.8 millimicrons and 
illuminant B have been adopted by the C.I.E. 

CARLSON METHOD. See SN method in 
neutron transport theory. 

CARNOT CYCLE. The hypothetical cycle 
in the diagram of Figure 1. The cycle consists 
of the following reversible processes: 1-2, iso- 

Fig. 1. Carnot cycle—p,V diagram. 
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thermal expansion during which a quantity 
of heat Q is transferred to the working fluid; 
2-3, isentropic expansion; 3-4, isothermal 
compression during which a quantity of heat 
Q0 is rejected by the working fluid; 4-1, isen¬ 
tropic compression to the initial state 1. If 
the working fluid is a perfect gas, then 

V xV 3 — F2F4. (&) 

The efficiency of a Carnot cycle 

V = 

Also 

so that 

£dW 
J _ Q-\Qo\ 

Q ~ Q 

Q _ \Qo\ 
T T0 

Q Qo = ( 
T + T0 

(b) 

(Here Q0 is negative according to the sign con¬ 
vection: see heat.) 

The efficiency of a Carnot cycle is independent 
of the physical properties of the working fluid, 
and, as shown by Equation (b), is a function 
of the two thermodynamic temperatures T and 
T0 only. If the two constant temperatures 
T and T0 are not measured on the thermody¬ 
namic temperature scale, but on an arbitrary 
empirical temperature scale, so that 

T corresponds to 6 and 

T0 corresponds to 60, 

we have 

(c) 

where f{6) is a universal function depending 
only on the properties of the empirical temper¬ 
ature scale. Its representation, Figure 2, in a 

Tk 

S 
Fig. 2. Carnot cycle—T,S diagram. 

T,S diagram is particularly simple. Since a 
reversible Carnot cycle has the highest effi¬ 
ciency of all cycles, reversible or irreversible, 
operating between a highest temperature T and 
a lowest temperature Tu, it can be used as a 

standard of comparison for real cycles. It also 
represents the ideal arrangement for the con¬ 
version of heat into work. 

The properties of Carnot cycles can be used 
for an elementary mathematical formulation of 
the second law of thermodynamics and the 
concept of entropy. 

The forward Carnot cycle (as discussed 
above), can, in principle, be used for the pro¬ 
duction of power (conversion of heat into work). 
When the cycle is operated in reverse, it can be 
used in principle as a refrigerator or heat pump. 
When the temperature, T, is equal to that of 
an available cooling source (atmosphere), the 
cycle rejects heat Q to it and absorbs heat Q0 
at a lower temperature Ta. It can thus serve 
as a refrigerator maintaining the temperature of 
a body at T0 < T by removing a heat leak Q0 
into it at the expense of the work, 

W = Q - \Q0\. 

When the temperature T0 is equal to that of 
an available source (surrounding atmosphere), 
the cycle can extract heat Qa from it and main¬ 
tain a body at a temperature T > T0 by 
supplying heat Q to it to cover its heat leaks 
at the expense of work W (heat pump). In 
either case, the Carnot cycle represents the 
minimum amount of work W required for the 
purpose under given conditions (determined by 
T and T0). 

The performance of a refrigerator is expressed 
by the coefficient of performance 

_ |Qo| = \Q0\ = To - 

W | Q | — I Qo | ~ T -To 

and the quantity of heat | Q0 | extracted from 
the cooling chamber is called the refrigerating 
effect. 

There exists no agreed coefficient to express 
the operation of a heat pump, but the ratio 

Q T 

W ~ T -T0 

can serve the purpose. 
It should be noted that the efficiency of the 

forward cycle is highest when T is as high as 
possible. Since, in practice, T0 will always be 
fixed by the temperature of the surrounding 
atmosphere, a high efficiency corresponds to a 
large difference T — Tu. In contrast, a high 
coefficient of performance, or a high effective¬ 
ness of a heat pump corresponds to a small 
difference T — Tu. 

It would appear that decreasing Tu for a 
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power cycle below that of the surrounding 
atmosphere is advantageous in that the effi¬ 
ciency t) is increased. However, it must be 
realized that this can only be achieved at the 
expense of work in operating a refrigerator, and 
no advantage is gained. 

CARNOTIZATION. A process of feed-water 
heating by bleeding steam in a steam plant, 
usually steam-turbine plant, in order to in¬ 
crease its thermal efficiency. Since the ideal 
limit of efficiency is that of a Carnot cycle, 
the process of increasing the efficiency of the 
cycle is called “carnotization.” 

The plant is drawn schematically in Figure 
1. The feed-water from the condenser is sup¬ 
plied by the feed pump, and pre-heated in the 
3 feedwater heaters with the aid of steam 
from the multi-stage turbine. The condensate 
passes through throttling valves from each pre¬ 
heater to the next one with a lower pressure 
and partly evaporates, the steam being utilized 
for pre-heating in the next stage. From the 
last pre-heater the condensate passes through 
the counter-flow heat exchanger in which it 
transfers its sensible heat, and finally reaches 
the inlet duct of the feed pump through the 
throttling valve. 

The process is illustrated in the T,S diagram 
of Figure 2. There it has been assumed that 
steam at three different pressures is bled from 
the plant and is used to heat the feed-water 
in stages. The quantity of steam bled from 
the turbine is so adjusted that, for example at 
pressure ps, its heat of condensation (the rec¬ 
tangle bounded by the line cd, the abscissas 

from c and d to the S-axis and the S-axis it¬ 
self) is equal to the sensible heat of the feed 
water between the temperatures corresponding 
to pressures p;i and p2 (the figure bounded by 
the line ab, the abscissas from a and b to the 

Fig. 2. T,S diagram of carnotization process. 

S-axis and the S-axis itself). By relating sim¬ 
ilarly the heat of condensation of the steam 
for the other pressure intervals to the sensible 
heat of the feed water for the corresponding 
temperature differences, and summing heats of 
condensation and sensible heat, it is found that 
the ideal work of the modified cycle differs 
from that of an equivalent Carnot cycle ghij 
only by the small triangle geb; hence the effi¬ 
ciency is almost equal to that of a Carnot 
cycle. As the number of stages is increased, 
the approximation to a Carnot cycle becomes 
closer. The above cycle is also known as the 
regenerative (steam) cycle, and it is said that 

Fig. 1. Steam power plant with interstage bleeding, illustrating carnotization. 
(Certain auxiliary equipment, e.g., superheater, economizer, etc., not shown.) 
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heat is being “regenerated” in the heat ex¬ 
changers. 

CARNOT THEOREM. The most essential 
corollary of the second law of thermodynamics. 
It can be stated in the following way: For any 
system there exist two properties, its thermo¬ 
dynamic temperature T and its entropy S such 
that in any infinitesimal reversible process, the 
quantity of heat exchanged is given by 

dQ = TdS. 

Furthermore, the thermodynamic temperature 
T is a positive function of the empirical tem¬ 
perature 0 measured on an arbitrary empirical 
temperature scale. The Carnot theorem is a 
direct consequence of Part 1 of the Caratheo- 
dory principle. 

Some authors prefer to reserve the designa¬ 
tion of Carnot’s theorem to the following corol¬ 
lary of the second law of thermodynamics: No 
engine operating between two reservoirs of 
fixed temperatures T and T0(T > T0) can have 
a higher efficiency rj than that of a reversible 
Carnot cycle operating between the same 
sources, thus, 

V < Vc 

T0 
where r?c = 1- 

T 

CARRIER DENSITY. In thermal equilib¬ 
rium, the density, n, of electrons, and p, of 
holes in a non-degenerate semiconductor are 
related by the equation 

np = NCNV exp (— Ea/kT) 

where E0 is the width of the energy gap be¬ 
tween the valence band and the conduction 
band, and Nv, Nc are the effective densities 
of states in these bands, i.e., 

Nc = Nv = 2(2irmkT/h2)^. 

CARRIER EQUATION. See adiabatic sat¬ 
uration. 

CARRY. (1) A signal, or expression, produced 
as a result of an arithmetic operation on one 
digit place of two or more numbers expressed 
in positional notation and transferred to the 
next higher place for processing there. (2) 
Usually a signal or expression as defined in 
(1) above which arises in adding, when the 
sum of two digits in the same digit place equals 
or exceeds the base of .the number system in 
use. If a carry into a digit place will result 

in a carry out of the same digit place, and if 
the normal adding circuit is bypassed when 
generating this new carry, it is called a high¬ 
speed carry, or standing-on-nines carry. If 
the normal adding circuit is used in such a 
case, the carry is called a cascaded carry. If 
a carry resulting from the addition of carries 
is not allowed to propagate (e.g., when form¬ 
ing the partial product in one step of a multi¬ 
plication process), the process is called a 
partial carry. If it is allowed to propagate, 
tlie process is called a complete carry. If a 
carry generated in the most significant digit 
place is sent directly to the least significant 
place (e.g., when adding two negative numbers 
using nines complements) that carry is called 
an end-around carry. (3) In direct subtrac¬ 
tion, a signal or expression as defined in (1) 
above which arises when the difference be¬ 
tween the digits is less than zero. Such a carry 
is frequently called a borrow. (4) The action 
of forwarding a carry. (5) The command di¬ 
recting a carry to be forwarded. 

CARRYING CAPACITY (LOAD). The load¬ 
carrying capacity of a structure is the maxi¬ 
mum load which can be applied prior to com¬ 
plete collapse or is the maximum load which 
can be applied without causing clearly exces¬ 
sive deflection or danger of brittle fracture. 
(See limit load.) 

CARRYOVER FACTOR. When elastic con¬ 
tinuous (rigid) frames are analyzed by the 
moment distribution technique, moments are 
balanced or distributed at each joint and part 
of the distributed moments are carried over 
to neighboring joints. The fraction carried 
over is called the carryover factor. When in¬ 
dividual beams and columns are of uniform 
cross section the carryover factor is one half. 
No moment is carried over to a hinged end, 
however. 

CARRY, SELF-INSTRUCTED. A system of 
executing the carry process in which informa¬ 
tion is allowed to propagate to succeeding 
places as it is generated and without receipt 
of a specific signal. 

CARRY, SEPARATELY-INSTRUCTED. A 
system of executing the carry process in which 
cany information is allowed to propagate to 
succeeding places only on receipt of a specific 
signal. 
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CARTESIAN COORDINATES. See coordi¬ 
nate. 

CARTESIAN OVAL. See Cartesian surfaces. 

CARTESIAN SURFACES. The aplanatic 
surfaces of revolution are the Cartesian sur¬ 
faces generated by revolving the Cartesian 
oval 

nQVx2 + y2 ± niV(x — a)2 + y2 = c 

about the z-axis. The Cartesian oval is a 
fourth degree algebraic curve. In certain 
cases, when the surface is aplanatic under re¬ 
flection, or in the case of refraction if one of 
the conjugate points is at infinity, then the 
Cartesian oval degenerates to a conic section. 
When both conjugate points are at infinity, the 
Cartesian oval degenerates to a line. 

Descartes’ investigation of the aplanatic 
properties of the conics is evidence that he 
anticipated Snell’s discovery of the laws of 
refraction. 

CARTESIAN TENSOR. See tensor field, 
Cartesian. 

CARTESIAN TENSOR FIELD. See tensor 
field, Cartesian. 

CARTESIAN VECTOR FIELD. See vector 
field, Cartesian. 

CASCADED CARRY. See carry. 

CASCADE OF AIRFOILS. An infinite set of 
similar airfoils, all placed at the same incidence 
and equally spaced. In the figure, only three 
of the airfoils are shown, but the set is as¬ 
sumed to extend to y = ± oo. The velocities 

at x = — oo and x = + oo are assumed to be 
uniform and equal to Vi and V2 respectively, 
with components u1? tq, u2 and v2 as shown. 
The equation of continuity then shows that 
Ui = u2. From the equation of momentum it 
can be shown that the Kutta-Joukowski law, 
relating lift to circulation, applies to a cascade 
if the stream velocity is taken to be the vector 
mean velocity 

v = |(v: + v2). 

Thus for each airfoil, if T is the circulation, the 
lift is pFT acting in a direction normal to V. 
The lift coefficient Cl, defined in terms of the 
vector mean velocity V, is 

s 
Cl = 2 - (tan aq — tan a2) cos am, 

c 

where tan am = §(tan ax + tan a2). 
The flow through a cascade of airfoils can 

be calculated in various ways by the use of 
conformal transformations. For the simple 
case of a cascade of thin flat plates, the cascade 
in the f-plane can be transformed into a circle 
in the 2-plane. In the general case, when the 
airfoils have thickness and camber, the cascade 
in the £-plane can be transformed into an oval 
in the 2-plane. If the airfoils are thin and of 
small camber, this oval in the 2-plane approxi¬ 
mates to a circle and can be transformed into 
a true circle in the 2'-plane by a method anal¬ 
ogous to Theodorsen’s method (see airfoil 
theory) for a single airfoil. 

The cascades that are of practical impor¬ 
tance usually consist of airfoils of large cam¬ 
ber. The solution by conformal transforma¬ 
tion is then very lengthy and complicated, and 
an alternative method is often used, in which 
each airfoil of the cascade is represented by a 
distribution of vorticity along the center line. 
This implies that the thickness of the airfoil 
is neglected, i.e., the method is analogous to 
thin-airfoil theory as applied to a single air¬ 
foil. (See A. Robinson and J. A. Laurmann, 
Wing Theory, Cambridge, 1956.) 

CASCADE REFRIGERATOR. An arrange¬ 
ment of refrigerators, each filled with a dif¬ 
ferent working fluid, operating in series, the 
evaporator of one serving as the condenser for 
the next. In this manner low refrigeration 
temperatures can be achieved with reasonable 
coefficients of performance. In addition, the 
properties of the refrigerants can be suited to 
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the respective temperature ranges. Cascade 
refrigerators have been used to liquefy gases 
in the last stage. 

Throttle 1 

I 
Throttle 2(£) 

Throttle 3 

I Cooling Water 

Condenser 1 

Evaporator 1 

Condenser 2 

Evaporator 2 

^vvvx 

Condenser 3 

Evaporator 3 

rf 
Brine to 

Cold Chamber 

(Surroundings) 

Compressor 1 

Compressor 2 

t2 

Compressor 3 

(Cold Chamber) 

T 1o 

Cascade refrigerator. 

CASTIGLIANO FIRST THEOREM. With¬ 
in the framework of classical elasticity theory, 
we consider a body to be subjected to concen¬ 
trated forces with components = 1,2, 3; 
a = 1, 2, •••) in a rectangular Cartesian co¬ 
ordinate system x. The components in 
the system x of the displacement undergone in 
the deformation, by the particle of the body at 
which the force Pt(a) is applied, are given by 

dU 
= dp (of > where U is the strain energy for 

the deformations produced by the system of 
forces P/a)(a = 1, 2, • • •)• 

When the boundary displacements are zero 
wherever they are specified and the stress- 
strain relation is elastic, the complement of the 
strain energy is a minimum. For a linearly 
elastic system, the complement of the strain 
energy equals the strain energy, so that the 
strain energy is also a minimum. The deriv¬ 
ative of the strain energy with respect to any 
applied force Pt- is then the displacement of the 
point of application of the force in the direction 
of the force: 

dU 

CATACAUSTIC. A caustic produced by re¬ 
flection. 

y = - (ex,a + e xla) = a cosh -• 
2 a 

The curve can be generated by the focus of a 
parabola rolling along a straight line and its 
shape is that taken by a uniform, heavy flex¬ 
ible cable freely suspended from its ends. The 
involute of the catenary is called the tractrix. 

CATENARY CURVE OR CABLE. A homo¬ 
geneous flexible cable, when suspended from 
two fixed points and allowed to hang freely, 
assumes the form of a catenary curve. The 
equation for a catenary cable with a linear 
mass density p is 

A pgx 
y = — cosh — 

pg A 

where g is the acceleration of gravity and A 
is a constant equal to pg times the perpen¬ 
dicular distance from the x-axis to the lowest 
point of the catenary. 

CATION. See electroneutrality. 

CATOPTICS. That part of optics dealing 
with reflection, especially spectral reflection. 
Formally called anacamptics, though “Catop- 
tics” was the title of Euclid’s book on reflec¬ 
tion. (See dioptics.) 

CATOPTRIC SYSTEM. (1) If an optical 
system is convergent, it is called catoptric if 
the object space focal length is positive and 
the image space focal length is negative. If a 
lens system is divergent, it is called catoptric 
if the object space focal length is negative and 
the image space focal length is positive. (2) 
Any mirror system. 

CAUCHY (INTEGRAL) CONVERGENCE 
TEST. If 

lim |an|1/n < 1, CATENARY. The locus of the transcendental 
equation n —* c© 
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then the infinite series 

00 

X an 
n=1 

converges absolutely. A corollary, known as 
the Cauchy ratio test, or sometimes as 
d’Alembert’s test, involves 

lim | an+i/an | = r. 
n —>oo 

If r > 1, the series converges; if r < 1, it 
diverges; if r = 1, the test fails and the series 
may either converge or diverge. 

CAUCHY DISTRIBUTION. A statistical 
distribution of the form 

dx 
dF =-—> —oo < x < °o. 

7r(l + X2) 

CAUCHY-EULER EQUATION. Synonym 
of Euler-Lagrange equation; see variations, 
calculus of. 

CAUCHY FORMULA FOR REFRACTIVE 
INDEX. There is no simple formula express¬ 
ing the index of refraction of a medium as a 
function of wavelength. A number of semi- 
empirical formulas have been used. One of 
these is Sellmeier’s equation. 

n2 = 1 + 
AjX2 

where 4] is a constant characteristic of the 
material and Xi is an idealized absorption wave¬ 
length of the medium. When Xj <K X this re¬ 
duces to 

n — 1 + Aj + 
AiX,2 

X2 

Cauchy suggested that the Laurent expansion 

n = ~San\~2n 

curves in the complex plane bounding a region 
1) in which f (z) is analytic. 

CAUCHY INTEGRAL THEOREM. If /(*) 
is an analytic function of a complex variable 
z which has no singular point within or on a 
given closed curve C, then 

where the integral is extended over the entire 
contour C. (See also Morera theorem.) 

CAUCHY NUMBER. A non-dimensional 
number arising in the study of the elastic prop¬ 
erties of a fluid. It may be written U2p/e, 
where U is a characteristic velocity, P the den¬ 
sity, and e the modulus of elasticity of the 
fluid. It is the square of the Mach number. 

CAUCHY PROBLEM FOR PARTIAL DIF¬ 
FERENTIAL EQUATIONS. The Cauchy 
problem for a set of partial differential equa¬ 
tions can be stated, in general form, as fol¬ 
lows: 

Let t, Xi, x2, ••*, xn denote independent 
variables, while ult u2, •••, um are the de¬ 
pendent variables. Let there be given m 
equations of the form 

dk'Ui 

where Ft- is a function of the independent and 
dependent variables and of partial derivatives 
of the latter of order not higher than kp In 
physical applications, t is usually the time and 
X\, x2, • • ■, xn are space coordinates. 

For a fixed t — t0, let the following conditions 
(the initial or Cauchy data) be prescribed 

dkUi 
u ' i Xn), k = 0, 1, • • • k% — 1, 

at 

would be more satisfactory. Herzberger’s dis¬ 
persion formula is the best currently available 
for most optical material. 

CAUCHY INTEGRAL FORMULA. 
formula 

/(*) * 
2wi Jc f — z 

The 

where the path of integration C consists of a 
finite number of simple closed rectifiable 

where the functions <t>ik are given over some 
region of the space (xlf x2, • • •, xn). 

For example, for a vibrating membrane 
(» = 2, m = 1, ki — 2) there is one hyperbolic 
partial differential equation 

dt2 dxx2 dx22 

and the Cauchy conditions are 

u(t0, xh x2) = 4>(X!, x2), 
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and 
u(t0, Xi, X2) = *2. 

representing the initial position and velocity, 
respectively. (See also Riemann method.) 

CAUCHY RELATIONS (IN CRYSTAL 
STRUCTURE). If it is assumed that the 
forces between the atoms of a crystal lattice 
are central forces (i.e., that they act along the 
lines joining the centers of the atoms), and if 
it is also assumed that each atom is at a cen¬ 
ter of symmetry (i.e., that if is the vector 
joining two atoms, replacing rjk by rkj does not 
change the structure), certain relations can be 
established between the elastic constants of 
the unstrained crystal. 

Thus, if the relations between the six com¬ 
ponents of the stress tensor and the six 
components of the strain tensor Sy are written 
in the usual way, we have 

Pi — 'SfCijSj. 

There are thus 36 elastic constants cy but the 
relation cy = cy necessary for the existence of 
a strain energy function reduces this number 
to 21. The Cauchy relations state that in 
addition 

Cl2 = ^66, C23 = C44, C31 = C55 

^14 ^65; ^25 ^46> C36 C54. 

Thus, if these relations were true, there could 
be no more than 15 independent elastic con¬ 
stants for a crystal. 

Ionic crystals are found to satisfy the 
Cauchy relations reasonably well, but metals 
do not, because the interatomic forces are not 
central. 

Poisson showed that, for an isotropic solid, 
the assumption of central forces led to a single 
elastic constant, the value of Poisson’s ratio 
being always 0.25. 

CAUCHY RELATIONS IN ELASTICITY 
THEORY. Relations between the elastic con¬ 
stants in the generalized Hooke’s law, which 
result from the assumption that the material 
consists of particles, between each pair of 
which a force acts along the line joining them, 
the magnitude of this force depending on the 
distance between the pair of particles. 

CAUCHY-RIEMANN EQUATIONS. For 
functions u — u(x,y) and v = v{x,y) the 
Cauchy-Riemann equations are 

du dv du di 

dv dy dy dx 

These equations are satisfied by the real and 
imaginary parts of an analytic function f{z) = 
u(x,y) + i(v,y) of the complex variable z. 

CAUCHY SEQUENCE. A sequence ai, a2, 
• • • of elements of a metric space is called a 
Cauchy sequence if, for every « > 0, there 
exists an integer N such that \am — an\ < e for 
all m, n > N. 

CAUSALITY, MICROSCOPIC. See causal¬ 
ity principle (2). 

CAUSALITY PRINCIPLE. (1) The hy¬ 
pothesis that a precisely determined set of 
conditions will always produce precisely the 
same effects at a later time. Classical physics 
was based on the idea that the precise de¬ 
termination of the initial conditions was pos¬ 
sible in principle. Quantum mechanics is 
based rather on the Heisenberg uncertainty 
principle, which indicates that such precise 
determination is impossible. (2) The prin¬ 
ciple of microscopic causality is the statement 
that signals never propagate with a velocity 
faster than that of light, no matter how short 
the distance involved. In the language of 
local quantum field theory, it is expressed by 
the statement that the commutator of two ob¬ 
servable (Hermitian) Heisenberg field opera¬ 
tors, taken at different space-time points, van¬ 
ishes if the separation between these points is 
space-like. If A{x) and B{y) are two such 
Heisenberg operators, causality asserts that 

[A(x), B(y)] = 0 for (x - y)2 < 0. 

The arguments which lead to this formulation 
are as follows: in quantum theory the lack of 
commutativity of two observable operators im¬ 
plies that these cannot be measured simul¬ 
taneously with arbitrary accuracy. However, 
measurements at points which are separated 
by space-like distances can never perturb one 
another, since relativity demands that signals 
(energy) cannot be propagated with a velocity 
greater than that of light. Hence the com¬ 
mutator of observables with space-like connec¬ 
tions must vanish. 

CAUSTIC. One of the earliest discoveries in 
optics (F. Maurolycus, 1575) was that the rays 
of a normal congruence are tangent to a sur¬ 
face, called the caustic surface, and that the 
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general ray is tangent to the caustic surface in 
two points. For example, the caustic of a 
parabolic mirror due to an incident beam of 
rays parallel to the axis of symmetry is a semi- 
cubic paraboloid of revolution. Gaviola’s 
caustic test for parabolic mirrors is based on 
the caustic being the locus of centers of curva¬ 
ture of the parabolic sections. 

The most instructive definition character¬ 
izes the caustic surface as a set of caustic 
curves. A caustic curve is the edge of regres¬ 
sion of the polar developable of a line of curva¬ 
ture on a wave front. This means that the 
set of normal planes of a line of curvature of 
a wave front are the tangent planes of a 
developable surface, the polar developable. 
The characteristic lines, or rulings, of the 
polar developable are the tangent lines of the 
edge of regression or caustic curve. This shows 
that the caustic surface consists of two sheets, 
whose points are the centers of curvature of 
the wave front, or the tangential and sagittal 
foci of the rays. 

CAVITATION. In a flowing liquid, if the 
motion causes the absolute pressure at any 
point to fall below the vapor pressure pv, 
bubbles of vapor are usually formed. Usually, 
at some point further downstream, the pres¬ 
sure rises again to some value above pv; the 
bubbles of vapor then collapse rapidly and 
often a loud noise is emitted and the high 
pressures generated locally cause pitting and 
corrosion of solid objects. 

Since any pressure variations in the vapor 
cavity are very small compared with those in 
the liquid, the boundary of the vapor cavity 
may be considered to be one of constant pres¬ 
sure. This has sometimes been applied as a 
method of determining the shape of a solid 
boundary to give constant pressure on the 
boundary. 

The ca vitation number of a stream of liquid 
pressure pi and velocity v is defined as 

Pi - Pv 

1/2Pv2 ' 

This number is a measure of the tendency for 
cavitation to occur when the stream is dis¬ 
turbed by the introduction of a solid body. If 
Cp is the pressure coefficient at any point on 
the body, cavitation may be expected to occur 
wherever — Cp > A. Thus a small value of A 
means that the body must introduce only small 
disturbances if cavitation is to be avoided. 

Cavitation is of great practical importance 
in connection with water turbines and ships’ 
propellers. In both these cases it is desirable 
to use the highest possible blade speed, but the 
speed that can be used is restricted by the 
necessity for avoiding cavitation, with its as¬ 
sociated loss of efficiency and corrosive dam¬ 
age to the solid surface. 

It has been shown that in water from which 
all dissolved air has been carefully removed it 
is possible for the pressure to fall considerably 
below pv without the formation of any bubbles 
of vapor. It is even posssible for the absolute 
pressure in the water to become negative. 

CAVITATION NUMBER. See cavitation. 

CAVITY FIELD IN A DIELECTRIC. The 
cavity field is the electrical field inside a 
spherical cavity of dielectric constant e2, which 
is included in a medium of dielectric constant 
ex, when the dipole moment of the sphere is 0 
(i.e., when the spherical cavity is not polarized, 
see polarization). If the static field inside the 
dielectric t\ has, at a sufficiently large distance 
from the cavity, the value E*,, the cavity field 
G has the value 

For an empty sphere e2 = 1, and 

c 3c* 

2*i + 1 

(See also reaction field.) 

CAYLEY-KLEIN PARAMETER. One of a 
set of four quantities used to describe the ori¬ 
entation of a rigid body. They are not linearly 
independent but may be expressed in terms of 
the Euler angles. When combined into matrix 
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equations they are related to the Pauli spin 
matrices which occur in quantum mechanics. 
(See also Euler-Rodrigues parameters.) 

C-CIRCUIT. An alternate term for funda¬ 
mental circuit. 

CEBYSEV. See Chebyshev. 

CELESTIAL SPHERE. An imaginary sphere 
of infinite radius upon which the celestial 
bodies are assumed to be fixed. The celestial 
sphere is used as a convenience in solving 
problems in celestial mechanics, navigation, 
and related fields. Points on the celestial 
sphere are determined by their celestial alti¬ 
tude and celestial azimuth. Since the celestial 
sphere is infinite in size, the earth’s radius is 
not significant in comparison, and calculations 
are based upon the assumption that terrestrial 
observations are made from the center of the 
earth rather than the surface. 

The field acting on each molecule in its cell 
is rapidly fluctuating, and may be replaced by 
an average field of spherical symmetry. If 
the lifetime of a molecule in its cell is suffi¬ 
ciently long, the exchange of places may be 
neglected in the evaluation of the thermody¬ 
namic properties (but of course not in the 
evaluation of the transport properties). 

Denote by ^ the partition function corre¬ 
sponding to a molecule in its cell referred to 
the energy of the particle at the center of the 
cell, and denote by w(r), the mean energy of 
interaction. Then the cell partition function is 

* = 4*J exp j~ [ —(«(r) - «(0))]J • r2dr 

(1) 

where oj(0) is the value of «(r) at the center of 
the cell. The configurational partition function 
of the liquid may be written 

CELL, BINARY. In computers, an elemen¬ 
tary unit of storage which can be placed in 
either of two stable states. 

CELL EMF (FORMULA FOR). Since the 
electrical work done by a reversible cell equals 
the decrease of Gibbs free energy (Gibbs func¬ 
tion) in the cell reaction 

-AG = W = Elt = Eg = EnF. 

It follows that 

nF 

where AG is the free energy change, n, the 
number of faradays passing through the cell, 
and F is the faraday (96,500 coulombs). 

CELL MODEL OF THE LIQUID STATE. 
For densities as high as those in the liquid 
state far below the critical temperature, one 
may expect a certain order in the mutual dis¬ 
tribution of the molecules. Intermolecular 
distances between first neighbors smaller than 
the molecular diameter are prohibited by the 
strong repulsive forces (see intermolecular 
forces) while distances much larger than the 
mean intermolecular distances are statistically 
very unlikely. 

This more or less regular structure forms 
the basis of the cell models. In its simplest 
form, it assumes that each molecule is confined 
to its own cell (Eyring, Eyring and Hirsch- 
felder, Lennard-Jones and Devonshire). 

Q -- T ^ exp 

where ^2 AG>(0) is the energy of the system 
when all particles are at the centers of their 
cells. 

Using an explicit expression for (o(r), all 
thermodynamic properties may be deduced 
from (2). 

The cell model gives a reasonable semi- 
quantitative description of the thermodynamic 
properties of a liquid. It suffers, however, 
from the basic weakness of a one-particle 
model. Correlations between molecules are 
not properly taken into account and the en¬ 
tropy is underestimated. The cell model has 
also been used for solutions (Prigogine). 

CELSIUS TEMPERATURE SCALE. See 
temperature. 

CENSORING. In the theory of sampling, a 
sample is said to be censored when the values 
of some of the members are unknown or de¬ 
liberately ignored. If values exceeding (or 
falling short of) a fixed variate-value are un¬ 
known or discarded the sample is sometimes 
said to be truncated. The distinction between 
censoring and truncation is sometimes blurred 
and usage is not uniform. 

CENTER, INSTANTANEOUS. The point 
about which a body having general motion 
may be considered to be in pure rotation (i.e., 
without translation) for any instant. The in- 

2 kT 
Nu(0) (2) 
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stantaneous center is not necessarily on the 
body; in fact, it can be, in the case of recti¬ 
linear motion, infinitely distant. 

CENTER OF A GROUP. The set (also called 
the central) of those elements of the group 
which commute with every element of the 
group. The center always includes the unit 
element. 

CENTER OF AREA. See centroid (of a geo¬ 
metrical figure). 

CENTER OF A SET OF VALUES. In sta¬ 
tistics, the center of a set of values is the point 
midway between the two extreme values. 

CENTER OF COLLINEATION. In Gaus¬ 
sian optics, the center of collineation is the 
point common to all rays joining conjugate 
points of (1) a spherical refracting surface, or 
(2) a thin lens. In case (1) it is the center of 
the sphere, in (2) it is the optical center. 

CENTER OF CURVATURE. See curvature. 

CENTER OF CURVE. See centroid (of a 
geometrical figure). 

CENTER OF GRAVITY. The point through 
which the resultant of the gravitational forces 
on a body acts for every position of the body. 
This point exists when the dimensions of the 
body are negligible compared with its distance 
from the center of the earth. Designating the 
total weight of the body by W, the weight per 
unit of volume V, by p, the position vector of 
any point by r, and the position vector of the 
center of gravity by rg. 

Wrg = f prdV. 
Jy 

CENTER OF INVERSION. (1) For geo¬ 
metrical meaning, see inverse surfaces. (2) A 
symmetry element possessed by certain crys¬ 
tals, wThereby the crystal can be brought into 
self-coincidence by the operation r —» — r, 
where r is the vector position of a point in the 
crystal referred to the center of inversion. 

CENTER OF MASS. That point in a body 
about which the sum of the moments of all 
the individual masses constituting the body is 
zero. If the individual (point) masses be 
called rrij and the vector position of mj from 
some fixed origin be called T), the center of 
mass is located r from the origin, where 

r'Znij = ’ZrrijTj 

the summation being extended over all of the 
masses constituting the body. For a body 
whose mass is continuously distributed over its 
volume, the coordinates of the center of mass 
are: 

where M is the total mass of the body and 
p = f(x, y, z) is the density as a function of 
position. If the density is constant throughout, 
the center of mass coincides with the center of 
volume. (See centroid of a geometrical 
figure.) 

CENTER-OF-MASS (COORDINATE) SYS¬ 
TEM. In general, any frame of reference 
moving with the center of mass of a system. 
Calculations in the center of mass system are 
often simpler than in other coordinate systems 
because the total momentum in the former is 
always zero. (See L-system and C-system.) 

CENTER OF MOMENTS. The point about 
which moments are computed. Symbolizing 
moment as r X F, the center of moments is 
the origin from which the position vector r to 
any point on the line of action of the force F 
is measured. 

CENTER OF OSCILLATION. The fre¬ 
quency of oscillation of a physical pendulum 
is given by 

j=— im. 
2tt V k2 + l2 

where l is the distance from the point of sus¬ 
pension to the center of mass, and k is the 
radius of gyration. A simple pendulum hav¬ 
ing the same frequency will be of length 

k2 + l2 

The point which lies at a distance li from the 
point of suspension on the line through the 
point of suspension and center of mass is called 
the center of oscillation. If the physical pen¬ 
dulum were to be suspended from this point, 
its frequency would be the same as for the 
original point of suspension. (See also pendu¬ 
lum, physical; pendulum, simple.) 
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CENTER OF PERCUSSION. See percus¬ 
sion, center of. 

CENTER OF PRESSURE. The point on an 
area of a submerged body at which the result¬ 
ant of the pressure force on the area acts. 

CENTER OF SHEAR. See shear center. 

CENTER OF SUSPENSION. See center of 
oscillation. 

CENTER OF SYMMETRY. See symmetry, 
center of. 

CENTER OF TWIST. See shear center. 

CENTER OF VOLUME. See centroid (of a 
geometrical figure). 

CENTIGRADE HEAT UNIT (ABBREVI¬ 
ATED C.H.U. OR CHU). Originally defined 
as M.0 0 Pai*t of the quantity of heat required 
to raise 1 lbm of water from its freezing to its 
boiling point at atmospheric pressure. This 
unit was used in engineering calculations based 
on the British system of units together with 
the Celsius (Centigrade) temperature scale. 
Now largely obsolete. (See thermal units.) 

CENTIGRADE TEMPERATURE SCALE. 
See temperature. 

CENTRAL DIFFERENCE OPERATOR. 
See difference operators. 

CENTRAL FORCE. See force, central. 

CENTRAL LIMIT THEOREM. An impor¬ 
tant theorem in probability to the general 
effect that the sum of n independent random 
variables with finite variances, suitably stand¬ 
ardized, tends to the normal (Gaussian) dis¬ 
tribution as n tends to infinity. There are 
various forms of the theorem; a necessary and 
sufficient condition is that no variate domi¬ 
nates the others. More general theorems con¬ 
cerning random variables which do not possess 
finite variances, or are not independent, are 
possible and are also known as central limit 
theorems. 

CENTRAL MEAN OPERATOR. See differ¬ 
ence operators. 

CENTRAL POINT OF A GENERATOR. See 
ruled surface. 

CENTRAL QUADRIC. A quadric which has 
a center, e.g., an ellipsoid or hyperboloid. By 

a suitable choice of the rectangular Cartesian 
reference system x, y, z, the equation of any 
central quadric may be written in the form 

where a, b and c are real constants. The origin 
of the coordinate system is then the center of 
the quadric and the directions of the axes x, 
y, z are the principal axes of the quadric. If 
a, b and c are all positive, the quadric is an 
ellipsoid. If a > b > c and c is negative, 
while a and b are positive, the quadric is a 
hyperboloid of one sheet. If a is positive and 
b and c are both negative, it is a hyperboloid 
of two sheets. 

CENTRIFUGAL. Moving outward or di¬ 
rected outward, in the sense of away from a 
center. 

CENTRIFUGAL COMPRESSOR. See axial- 
flow compressor. 

CENTRIFUGAL FORCE. A radially out¬ 
ward force experienced by an observer in a 
reference frame which is rotating at an angu¬ 
lar velocity u> with respect to an inertial frame. 
The centrifugal force is an inertial force and 
may be considered as the reaction to the 
centripetal force necessary to hold the ob¬ 
server at a fixed point in the rotating frame, 
and thus has a magnitude equal to and a di¬ 
rection opposite to the centripetal force. 

CENTRIPETAL ACCELERATION. The 
acceleration toward the center of curvature to 
which any particle moving in a curved path is 
subject. It is equal to v2/r where v is the 
speed of the particle and r is the radius of 
curvature of the path (see centripetal force). 
An equivalent term is normal acceleration. 

CENTRIPETAL FORCE. The radially in¬ 
ward force mv2/r required for motion of a 
particle of mass in, traveling at speed v in a 
curved path of radius of curvature r. When 
the motion is circular with angular velocity w, 
the centripetal acceleration v2/r may be writ¬ 
ten as ru>J. 

CENTRODE. The path of the instantaneous 
center of a plane figure having plane motion, 
that is, motion resulting when all points in the 
figure move in parallel fixed planes. Any 
plane body having plane motion which is 
neither entirely rectilinear nor entirely rota- 
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tive, but a combination of the two, may be 
considered at any instant as having rotary 
motion about a moving point called the in¬ 
stantaneous center of rotation. 

CENTROIDAL AXIS. An axis through the 
centroid of a cross section, therefore a possible 
neutral axes for bending. 

CENTROID (OF A GEOMETRICAL FIG¬ 
URE). The centroid of a given geometrical 
figure (curve arc, portion of a plane or curved 
surface, or solid) is the point whose coordi¬ 
nates are the mean values of the coordinates 
of the points of the given figure; it is inde¬ 
pendent of the choice of axes. The centroid 
of a geometrical figure corresponds to the 
center of gravity (or center of mass) of a 
homogeneous material body of similar form. 

For a plane curve arc, the centroid is given 
by formulae: 

where L is the length of the arc, and ds is the 
length of an infinitesimal portion of the curve. 

For a plane area, the centroid is given by: 

where A is the area of the given region, and dS 
is the area of an infinitesimal portion of the 
surface. 

For a solid, the centroid is given by: 

V = 

where V is the volume of the given region, and 
dV is the volume of an infinitesimal portion of 
the solid. 

CENTROID OF MASS. See center of mass. 

CEPHEID VARIABLES. See variable stars. 

than v will produce radiation which is sharply 
peaked along a cone in the forward direction. 
This cone is defined by the angle 8 = cos -1 
(c/nv), where c is the velocity of light in vacuo 
and n is the index of refraction of the medium. 
This phenomenon is roughly analogous to the 
formation of shock waves in a fluid medium. 

CETANE NUMBER. (Correctly cetene num¬ 
ber.) The use of the term cetane number is 
becoming widespread in (misplaced) analogy 
with octane number. (See knocking.) 

CHAIN RULE OF DIFFERENTIATION. 
Let w (ui, U2, •••, um) be a function of m 
variables Uj, each of which is a function Uj(xi, 
X2, ■ • •, xn) of n variables xt\ Then w is a 
(composite) function of the variables Xj and, 
under mild conditions of continuity on w and 
Uj, the partial derivative dw/dxj of w with re¬ 
spect to Xj is given by the chain rule: 

dw dw dUi dw du2 dw dum 
= . |-. - . ■ |-1 • • 

dXj dUi dXi du2 dXj dum dXi 

Many similar chain rules can be formulated for 
derivatives of higher order. 

CHANNEL. (1) A combination of transmis¬ 
sion media and equipment capable of receiving 
signals at one point and delivering related 
signals at another point. (2) In electronic 
computers, that portion of a storage medium 
which is accessible to a given reading station. 
(See also track.) (3) A bar having a section 
in the shape of a rectangle lacking one side. 
(4) A closed or partly-closed duct through 
which fluid flows. 

CHANNEL CAPACITY. The maximum pos¬ 
sible information rate through a channel sub¬ 
ject to the constraints of that channel; channel 
capacity may be either per second or per sym¬ 
bol. 

CHANNEL, ENERGY LENGTH OF. See 
energy length for pipe or channel. 

CHANNEL STORAGE. The water volume 
within a specified portion of a stream channel. 

CHANNEL, TRANSITION TO TURBU¬ 
LENT FLOW IN. See transition to turbulent 
flow in a pipe or channel. 

CERENKOV RADIATION. A charged par¬ 
ticle moving witS uniform velocity v through 
a medium in which the velocity of light is less 

CHANNEL, TWO-DIMENSIONAL, LAMI¬ 
NAR FLOW IN. For two-dimensional lami¬ 
nar flow, in a straight channel formed by paral- 
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lei walls at a distance 2b apart, the velocity 
distribution is given by 

any curve given in parametric form by x = x(t), 
y = y{t), z = z(t) such that 

u = ^-(b2 - y2), (1) 
2m 

where u is the velocity at a distance y from the 
center, p' is the longitudinal pressure gradient 
and m is the viscosity. 

If r0 is the shear stress at the wall, the skin 
friction coefficient is 

C/ = 
12 

7T 
(2) 

where V is the mean velocity and R is the 
Reynolds number based on this velocity and 
the channel width 2b. This type of flow is 
often known as plane Poiseuille flow. 

CHANNEL UTILIZATION INDEX. The 
ratio of the information rate (per second) 
through a channel to the channel capacity 
(per second). 

CHAPMAN-JOUGET CONDITION. In 
steady-state detonation the lowest possible 
shock wave velocity is given by 

IP2-P i\ 

1 1 

\ Pi P2 

where pi and p2 are the densities in front of 
and behind the incident shock, respectively, 
and P\ and P2 are the corresponding pressures. 

CHARACTER. (1) The trace (sum of the 
diagonal elements) of a matrix representation 
of a group. The character of all elements in 
a given class of the group is the same. (2) 
One of a set of elementary symbols (marks or 
events) which may be arranged in ordered 
aggregates to express information. A group 
of characters in one context, may be consid¬ 
ered as a single character in another, as in the 
binary-coded-decimal system. 

— = /(*, y), ~ = 9&,y), “ = h(x,y) 
dt dt dt 

is called a characteristic. The importance of 
these characteristics is due to the fact that 
every integral surface z = z (x,y) for the given 
partial differential equation is generated by a 
one-parameter family of characteristics; that 
is, every characteristic having a point in com¬ 
mon with the surface lies entirely on it. In 
general, boundary conditions may be assigned 
at will along any non-characteristic curve. 
The concept can be generalized for equations 
of higher order in a greater number of vari¬ 
ables. (See characteristics, method of.) (3) 
See characteristic equation of a matrix. (4) 
See equation of state. 

CHARACTERISTIC EQUATION (OF GEO¬ 
METRICAL OPTICS). The differential 
equation of geometrical optics 

V2 + V2 + V2 = n2 

is referred to as the characteristic equation or 
eikonal equation. The solutions are Hamil¬ 
ton’s characteristic (eikonal) of the optical 
system with index of refraction n = n{x, y, z). 

CHARACTERISTIC EQUATION OF A GAS. 
See equation of state. 

CHARACTERISTIC EQUATION OF A 
MATRIX. The characteristic equation of a 
square matrix A = [an), i, j — 1, 2, • • •, n, is 
det {A — XI) =0 regarded as an algebraic 
equation in X, where I is the identity matrix and 
det denotes determinant, so that in expanded 
form the equation is 

flu — k a\2 

021 o22 — X 

Oln 

O2 n 

= 0. 

Orel On2 Oren k 

CHARACTERISTIC. (1) A synonym for 
eigen-, as in eigenfunction and eigenvalue. 
(2) For a first-order partial differential equa¬ 
tion of the form 

dz dz 
f(x,y) — + g{x,y) — = h(x,y), 

dx dy 

This determinant is called the secular deter¬ 
minant, and this equation is often called the 
secular equation because of their application 
to the study of secular perturbations of the 
planets. (See also matrix.) 

CHARACTERISTIC EQUATION OF A 
SYSTEM. The equation which determines the 
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normal modes and hence the degree of stability 
of a system. 

If the system is envisaged as comprising n 
physical quantities qi(t), •••, qn(t), whose 
Laplace transforms Qi(s), •••, Q„(s) are re¬ 
lated by the n equations 

aim(s)Qi(s) + a2m(s)Q2(s) -b anm(s)Qn(s) 

= (to = 1, 2, • • •, n) 

in which /m(s) is a function of s depending on 
initial conditions or external inputs or both, 
then the equation 

A(s) 

an ®2i • • • ani 

Oi2 022 ’ • ' a„2 = 0 

ai„ Cl2n * ■ ‘ ann 

is the characteristic equation of the system. 
As a particular case, for a control system in 
which 

0o(s) — G(s)ee(s) = 0 

0o(s) + Oe(s) = 0,(s) 

in which 0,-, 0O, 0e, are the Laplace transforms 
of the input, the output and the error respec¬ 
tively and (?(s) is the output to error transfer 
function the characteristic equation is 

1 + G(s) = 0. 

CHARACTERISTIC FUNCTION. If F(x) 
is a probability distribution function, its char¬ 
acteristic function is given by the Fourier 
transform 

4>it) = 

The characteristic function is a moment gen¬ 
erating function. 

4>{t) = ^'T{it)r/r\, 

where //r is the rth moment of F (x) about the 
origin. The characteristic function uniquely 
determines the distribution function by the 
formula 

1 r * 1 - e_ixt 
F{x) - F(0) = — 0(<)-;-dt. 

27r %)_qq xt 

Likewise the characteristic function of a 
function g{xx, x2, • • •, xn) of variates r1; x2, • • •, 
xn distributed with function F{x\, x2) • • •, xn) 
is 

Jexp{itg}dF(xh x2,---, xn). 

If the variates are independent the character¬ 
istic function of their sum is the product of 
their individual characteristic functions, a fact 
which gives the characteristic function a fun¬ 
damental role in sampling theory. 

The logarithm of the characteristic function 
is called the cumulant generating function. 

CHARACTERISTIC FUNCTION OF A SET. 
The function whose value is unity for points 
of the set and zero elsewhere. 

CHARACTERISTIC FUNCTION OF OP¬ 
TICS. See Hamilton’s characteristic and 
eikonal. 

CHARACTERISTIC FUNCTIONS IN 
THERMODYNAMICS. See thermodynam¬ 
ics, characteristic functions in. 

CHARACTERISTIC IMPEDANCE. See im¬ 
pedance, characteristic. 

CHARACTERISTIC LENGTH. In propul¬ 
sion, the ratio of the volume of a combustion 
chamber to its nozzle throat area. It is a 
measure of the length of travel available for 
the combustion of propellants. To obtain the 
best performance possible, the chemical reac¬ 
tion should be completed before the gaseous 
combustion products reach the entrance to the 
exhaust nozzle. The objective is to minimize 
the characteristic length without introducing 
any significant reduction in the measured 
value of characteristic velocity due to incom¬ 
plete reaction of propellants. The relation¬ 
ship is: 

where L* is the characteristic length, Vc is 
the chamber volume, and At is the nozzle 
throat area. 

If the frequency function (probability density 
function), f(x), exists this is equivalent to 

f(x) = — I e ^^(Cjdt. 
2ir 

CHARACTERISTIC OF A LOGARITHM. 
See logarithm. 

CHARACTERISTIC OF A SURFACE. See 
surface characteristic. 
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CHARACTERISTIC POINTS (FOR A TWO- 
PARAMETER FAMILY OF SURFACES). 
The points defined by 

f{x,y,z,a,b) = 0, 

df(x,y,z,a,b)/da = 0, 

df(x,y,z,a,b)/db = 0, 

for particular values of the parameters a and b, 
where f(x,y,z,a,b) = 0 is a two-parameter 
family of surfaces. The envelope of the two- 
parameter family of surfaces is the surface whose 
equation is obtained by eliminating a and b 
from these equations. It is the locus of the 
characteristic points. 

CHARACTERISTIC POLYNOMIAL OF A 
MATRIX. See matrix. 

CHARACTERISTICS, METHOD OF. (See 
also characteristic.) A method of calculating, 
for instance, supersonic flow fields for an in- 
viscid gas. In its usual form, as considered 
here, the method applies only to irrotational 
flow, but it has also been extended to rota¬ 
tional flow. The method can be used for steady 
flow, either in two dimensions or with axial 
symmetry, or for unsteady one-dimensional 
flow. 

In steady supersonic flow the Mach lines are 
characteristics, in the sense used in the theory 
of hyperbolic equations. In the method of 
characteristics the network formed by the 
two families of Mach lines is computed numer¬ 
ically, step-by-step, the Mach angle and flow 
direction being found for each intersection 
point as the computation proceeds. It is usu¬ 
ally necessary to start the computation at a 
line on which the properties of the flow are 
known. 

In steady two-dimensional flow the condi¬ 
tions that must be satisfied along the Mach 
lines are 

v + 0 = constant for a + Mach line 

and 

v — 9 = constant for a — Mach line, 

where 6 is the inclination of the velocity vector 
to the axis, v is the Prandtl-Meyer function 
given by 

7r 

v = y — - + X 1 tan-1 (X cot y), 

where y is the Mach angle and 

X^ -- 
7+1 

The method of characteristics has been much 
used for computing the shapes of supersonic 
nozzles to give regions of uniform flow. (See 
also Prandtl-Meyer expansion.) (See H. W. 
Liepmann and A. Roshko, Elements of Gas- 
dynamics, Wiley, New York, 1957.) It is 
quite generally employed in the solution of 
problems governed by hyperbolic partial dif¬ 
ferential equations; for instance, in the theory 
of plasticity. 

CHARACTERISTIC TEMPERATURE. See 
Debye temperature. 

CHARACTERISTIC VALUE OF TENSOR. 
See eigenvalue equation. 

CHARACTERISTIC VECTOR OF A MA¬ 
TRIX. See matrix; principal vector; and 
eigenvalues and eigenvectors of matrices. 

CHARACTERISTIC VELOCITY. See veloc¬ 
ity, characteristic. 

CHARACTERISTIC WAVELENGTH OF A 
MEDIUM. The characteristic velocity (see 
velocity, characteristic) divided by the fre¬ 
quency: 

1//V^. 

CHARACTERISTIC X-RAY SPECTRUM. 
See x-ray spectrum, characteristic. 

CHARGE, BOUND. An electric charge which 
appears at the surface of a dielectric by virtue 
of its polarization. The surface density of 
these charges is equal to the polarization with¬ 
in the dielectric. Such charges are bound in 
the sense that they result from the creation and 
reorientation of dipoles within the dielectric. 
The total amount of bound charge throughout 
the volume of any dielectric is zero. Bound 
charges are distinguished from free charges. 
(See charge, free.) 

CHARGE CONJUGATION OPERATION. 
The operation which transforms any state con¬ 
taining n particles of type i, momenta pjt spin 
<Tj into a state of m anti-particles of type i, 
momenta p^, spin cry 

This operation is a unitary one and is usu¬ 
ally denoted by C. The transformation laws 
of a charged spin 0, spin % and spin 1 field 
under this operation is as follows: 
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Spin 0 C<i>(.r)C—1 = T),/’</>*(•r) 

€<*>(*) *C-‘ = fio $(■'<■) 

Spin M QKaOC"1 = vyfcfix) 

Cf(x)C~' = rjHctT(x)C 

Spin 1 (>M(.r)C-1 = «n<V(x) 

C<#>M*(;r)C-1 = VlC </>(*)• 

For the spin } ■> case C is the matrix satisfying 
CyJC = — yj (y^y, + 7»7k = 2(7M„). 

If the Hamiltonian for these field theories is 
invariant under the operation C:C//C~1 //, 
then C is a constant of the motion. The 
total charge of the system, however, anti- 
commutes with C. One can assume that 
C2 = 1. It. is known that the weak inter¬ 
actions violate (’-invariance. 

CHARGE CONSERVATION. See gauge in¬ 
variance. 

CHARGE-CURRENT DENSITY FOUR VEC¬ 
TOR. The four functions of position and time 

jM(r,0 where it, J2, ja, are the components of 
electric current density, and j\ = icp, where p 

is the charge density. For a Dirac electron 
field, 

j» = h,<V' y$ 

where $ is the adjoint wave-function. 

CHARGE DENSITY. Electrostatics deals 
both with finite, point charges, and distributed 
charges. (1) A distributed charge can he de¬ 
scribed in terms of its density (coulombs per 
cubic meter) at each point of the region of 
interest. The density is a three-dimensional 
analog of a simple derivative. (Sec the Pois¬ 
son equation.) (2) The term is also used to 
refer to the surface charge density, the charge 
per unit area. 

CHARGE DENSITY OF NUCLEI. Experi¬ 
ments in which atomic nuclei are bombarded 
with high energy electrons have shown that the 
electric charge of the nucleus, which arises 
from the protons, is distributed consistently 
with the formula 

P(r) - poll + e(r-S)/o]—1 

where It = rnA^ is a measure of the nuclear 
radius, r0 « 1.1 X 10-13 cm, A = mass num¬ 
ber, and a « ().(> X 10~13 cm is a measure of 
the thickness of the nuclear surface; po is a 
constant. 

CHARGE, ELECTRIC. A quantity of elec¬ 
tricity, measured in coulombs or related units. 
The flow of charge per unit time is the electric 
current. The elementary unit of charge is the 
charge on the electron. (See electron.) 

CHARGE, FREE. An electric charge on the 
surface of a conductor or those charges on the 
surface of a dielectric that are not bound (cf. 
charge, bound). When free charges occur at 
the interface of dielectrics, there is a discon¬ 
tinuity in the normal component of the elec¬ 
tric displacement vector at the interface, the 
magnitude of the change being equal to the 
surface density of free charges. 

CHARGE INDEPENDENCE. The property 
whereby the nuclear forces between a pair of 
protons, a pair of neutrons, or a neutron and a 
proton, arc the same in corresponding states 
of relative motion. Nuclear forces appear to 
possess this property to a high degree of ac¬ 
curacy. The result is that closely correspond¬ 
ing states can be found in nuclei of the same 
mass number A but possessing different num¬ 
bers of neutrons and protons, and this has led 
to a considerable simplification in the descrip¬ 
tion of the states of light nuclei. In heavier 
nuclei (A > 40) the electrostatic forces be¬ 
tween protons (which are clearly not charge- 
independent) destroy this simplification. The 
term is also used in an extended sense to de¬ 
scribe interactions between mesons and nu¬ 
cleons (neutrons and protons) which also ap¬ 
pear to be charge-independent. (See isotopic 
spin.) 

CHARGE IN SPACE, FIELD OF MOVING. 
See field of moving charge in space. 

CHARGE INVARIANCE. Hypothesis that 
nucleon-nuclean interactions are invariant 
under rotations in isotopic spin space. One 
consequence of this is the charge independence 
of nuclear forces. 

CHARGE-MASS RATIO. The ratio of the 
electric charge of a particle and its mass, im¬ 
portant in the physics of electrons, ions, and 
other electrified bodies of molecular order. 

CHARGE NUMBER. The charge number of 
an ion is the ratio of its charge to that of the 
proton H + . Thus Ba + + has the charge num¬ 
ber +2; PO4 has the charge number 
— 3. (See electroneutrality.) 
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CHARGE RENORMALIZATION. In quan¬ 
tum electrodynamics a procedure which allows 
the removal of certain divergences connected 
with the vacuum fluctuations of the charged 
matter field. Every charged particle induces 
a vacuum polarization, i.e., a reordering of 
the charge distribution of the vacuum. More 
specifically, a charged particle of charge Q as 
a result of its interaction with the electron- 
positron field, surrounds itself with a cloud of 
(virtual) electrons and positrons. Some of 
these, with net charge SQ, of the same charge 
as Q, escape to infinity (due to the infinite 
range of the Coulomb field), leaving a net 
charge — 8Q in the part of the cloud which is 
closely bound to the test body (i.e., within a 
distance h/mc). In the present formulation of 
quantum electrodynamics, SQ is infinite (the 
aforementioned divergence). The recognition 
that it is not Q but Q — SQ which is the experi¬ 
mentally observed charge of the particle (as 
long as one only probes distances greater than 
ft/rnc), and that it is this quantity which must 
be set equal to the observed charge, allows 
one to bypass the divergence difficulty. (See 
S matrix, evaluation of.) 

CHARGE-TRANSFER SPECTRUM. See 
spectrum, charge-transfer. 

CHARLES LAW. (Also known as the Gay- 
Lussac law.) Gases heated (or cooled) at 
constant pressure expand (or contract) by the 
same fraction of their volume for the same 
rise of temperature: 

v = i>0(l + at) at p = const. 

The law is found to be an asymptotic one for 
real gases being valid for p —» 0; V —> oo (per¬ 
fect gases). It is contained in the perfect gas 
law pv = RT. Here t is measured on the 
Celsius or Fahrenheit temperature scales, 
whereas T is measured on the Kelvin or Ran- 
kine scales, respectively. Charles’ law is now 
only of historical significance. 

CHATELIER (LE) -BRAUN PRINCIPLE. 
Let us perturb a system which is initially in 
stable equilibrium (see thermodynamic stabil¬ 
ity conditions) to a neighboring non-equilib¬ 
rium state. Since the initial equilibrium is 
supposed to be stable, the system will return 
to an equilibrium state. 

Theorems governing the behavior of per¬ 
turbed systems are often known as theorems 

oj constraint or theorems of moderation. The 
best knowm thermodynamic theorem of mod¬ 
eration is that of Le Chatelier-Braun (also 
called the Le Chatelier-Braun Principle) 
which in the form stated by Le Chatelier is: 

“Any system in chemical equilibrium under¬ 
goes, as a result of a variation in one of the 
factors governing the equilibrium, a compen¬ 
sating change in a direction such that, had 
this change occurred alone it would have pro¬ 
duced a variation of the factor considered in 
the opposite direction.” 

However this principle suffers from a num¬ 
ber of important exceptions. It is therefore 
preferable to study the “moderation” starting 
from the usual thermodynamic formalism 
without invoking a special principle. (See 
also van’t Hoff theorem; Chatelier theorem.) 

CHATELIER(LE) THEOREM. If a reac¬ 
tion is accompanied by an increase in volume, 
an increase in pressure leads to a reduction of 
the extent of reaction; correspondingly, if the 
reaction is accompanied by a decrease in vol¬ 
ume, an increase in pressure advances the 
equilibrium value of the extent of reaction. 

Quantitatively this theorem may be ex¬ 
pressed by 

where £ is the extent of reaction, and 

Vt.p 
T,p 

a-r.p 
T.p 

(2) 

where G is the Gibbs free energy (see ther¬ 
modynamics, characteristic functions). The 
chemical stability condition is 

ar,P < 0 (3) 

This theorem is also closely related to the 
Chatelier(Le)-Braun principle. 

CHEBYSHEV APPROXIMATION. See min¬ 
imax approximation. 

CHEBYSHEV EQUATION. A special case 
of the Gauss hypergeometric equation 

(1 — x2)y" — xy' + n2y = 0 

where n is an integer. The name is often 
spelled differently, particularly Tchebycheff. 
(See Chebyshev polynomials.) 



129 Chebyshev Expansion — Chebyshev System 

CHEBYSHEV EXPANSION. An expansion 
in Chebyshev polynomials. Since Tn = x” + 
terms of lower degree, xn = Tn -f- Chebyshev 
polynomials of lower degree. Let / (x) have 
the expansion 

/(x) = ao -f- cqX -f- a2x2 -)-•••, — 1 < X < 1. 

By expressing each xn in terms of Chebyshev 
polynomials and collecting terms one has 

/(x) = /30 -h /SiT'iCx) + 02T2(x) + • • •. 

It generally happens that for a given degree 
of accuracy this Chebyshev expansion can be 
truncated much sooner than the power series 
expansion, hence for computing purposes is 
more effective. (See minimax approximation.) 
(For more details see Zdenek Kopal, Numer¬ 
ical Analysis, John Wiley & Sons, Inc., 1955; 
Cornelius Lanczos, Applied Analysis, Prentice- 
Hall Company, 1956.) 

CHEBYSHEV INEQUALITY. Let g(x) be 
a non-negative function of a variate x. Then 

E\g{x)) 
P{g(x)>k}< . fc>0. 

k 

If g{x) = (x — m)2 where m is the mean of x, 
and k = t2a2, where a2 is the variance, the 
inequality reduces to the Bienayme-Chebyshev 
inequality. 

CHEBYSHEV POLYNOMIALS. The class 
of special functions obtained by orthogonaliz- 
ing over the interval [—1, 1] the sequence of 
powers 1, x, x2, • • • with the weighting func¬ 
tion w{x) = (1 — x2)-^. They satisfy the 
differential equation 

(1 - x2)y" - xy' + n2y = 0, n = 0,1, 2, • • •. 

They have the minimum property, among all 
polynomials of degree n with unity for leading 
coefficient, of having the least deviation from 
the real axis; that is: max | Tn(x) | = min. 
This property makes the Chebyshev poly¬ 
nomials important, e.g., in arranging a physical 
process so that its oscillations, which after a 
certain time may become very great, are a 
minimum in some fixed interval. 

By some authors the polynomials 

Pn(x) = 2n~lTn(x) = cos (n — cos-1 x) 

are called the Chebyshev polynomials. For 
these the recursion is 

Pn+i = 2xPn - Pn_x. 

(See Zdenek Kopal, Numerical Analysis, John 
Wiley & Sons, Inc., 1955; Cornelius Lanczos, 
Applied Analysis, Prentice-Hall Company, 
1956.) 

CHEBYSHEV QUADRATURE FORMULA. 
A formula of the form 

~b n 

I V){x)f{x)dx = W Yj /(x») + Rn, 
J a 0 

where the points x* are so chosen that the 
integration is exact when /(x) is a polynomial 
of degree as high as possible. It turns out the 
Xi can be determined as roots of an algebraic 
equation of degree n + 1, but unless n < 7 or 
n = 9 they do not all lie on the interval of 
integration. The formula is advantageous in 
particular in cases where the /(x,) are experi¬ 
mentally measured, since in the formula they 
are equally weighted. 

CHEBYSHEV SYSTEM (OF ORDER n). A 
set of functions 

They are given explicitly by: 

T0(x) = 1, Tn(x) = 21-n cos (w cos_1x), 

so that 
Tx(x) = x, T2{x) = x2 - 

T3(x) = x2 - |x, •••. 

Their normalizing factor is t~'a and their 
generating function is 2-n(l — i2)(l — 2tx + 
t2). They satisfy the recursion formula 

Tn+i(x) - xTn{x) + \Tn_i(x) =0, n > 1. 

Their Rodrigues formula is: 

0 ( — l)"2n! dn 
r»(x) = (l -x2)^ 

(2n)! dxn 
(1 - x2)n~'A. 

<t>o(x), <f>l(x), • • •, <t>n(x), 

linearly independent and continuous on an in¬ 
terval (a, b) with the property that if the linear 
combination 

F„(x) = a0<f>0(x) -1-b an(t>n{x) 

vanishes more than n times on the interval, 
then it vanishes identically, and hence a0 = 
aj = • • • = an = 0. Such a system is 

<t>0 1) ^*1 X, *> 07i x , 

for the interval from 0 to 2ir, the system 

0o = 1, 0i = sin x, 02 = cos x, •••, 

02n—i = sin nx, 02n = cos nx 
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is a Chebyshev system of order 2n. Sueb 
systems are of importance in minimax approxi¬ 
mation. 

CHECK. A process of partial or complete 
testing of (1) the correctness of machine oper¬ 
ations, (2) the existence of certain prescribed 
conditions within the computer, or (3) the 
correctness of the results produced by a 
routine. A check of any of these conditions 
may be made automatically by the equipment 
or may be programmed. (See also marginal 
checking; verification.) 

CHECK, AUTOMATIC. A check performed 
by equipment built into the computer spe¬ 
cifically for that purpose, and automatically 
accomplished each time the pertinent opera¬ 
tion is performed. Sometimes referred to as 
a built-in check. Machine check can refer 
to an automatic check, or to programmed 
check of machine functions. 

CHECK DIGITS. See check, forbidden- 
combination. 

CHECK, FORBIDDEN-COMBINATION. A 
check (usually an automatic check) which 
tests for the occurrence of a nonpermissible 
code expression. A self-checking code (or 
error-detecting code) uses code expressions 
such that one or more errors in a code ex¬ 
pression produces a forbidden combination. A 
'parity check makes use of a self-checking code 
employing binary digits in which the total 
number of l’s (or 0’s) in each permissible code 
expression is always even or always odd. A 
check may be made for either even parity or 
odd parity. A redundancy check employs a 
self-checking code which makes use of re¬ 
dundant digits called check digits. 

CHECKING, MARGINAL. A preventive 
maintenance procedure in -which certain oper¬ 
ating conditions, e.g., supply voltage or fre¬ 
quency, are varied about their normal values 
in order to detect and locate incipient defective 
units. (See also check.) 

CHECK, MACHINE. See check, automatic. 

CHECK, MATHEMATICAL. See check, 
programmed. 

CHECK, PARITY. See check, forbidden- 
combination. 

CHECK POINT. See point, way. 

CHECK PROBLEM. See check, pro¬ 
grammed. 

CHECK, PROGRAMMED. A check consist¬ 
ing of tests inserted into the program of the 
problem and accomplished by appropriate use 
of the machine’s instructions. A mathematical 
check (or control) is a programmed check of 
a sequence of operations which makes use of 
the mathematical properties of that sequence. 

CHECK, REDUNDANCY. See check, for¬ 
bidden-combination. 

CHECK ROUTINE OR CHECK PROBLEM. 
A routine or problem which is designed pri¬ 
marily to indicate whether a fault exists in a 
digital computer, without giving detailed in¬ 
formation on the location of the fault. (See 
also routine diagnostic; routine test; check, 
programmed.) 

CHECK, SELECTION. A check (usually an 
automatic check) in a digital computer to 
verify that the correct register, or other de¬ 
vice, is selected in the performance of an in¬ 
struction. 

CHECK, TRANSFER. A check (usually an 
automatic check) on the accuracy of the trans¬ 
fer of a word. 

CHEMICAL AFFINITY. The entropy pro¬ 
duction due to a chemical reaction has the 
form (see thermodynamics, second law of). 

diS 

dt 

1 
= - Av > 0, 

T 
(1) 

where A is the chemical affinity and v, the 
reaction rate (see chemical reaction rate); A 
is related to the characteristic functions U, H, 
A, G and to the chemical potentials y by the 
relations (see thermodynamics, characteristic 
functions of; chemical potentials). 

when | is the extent of reaction and vj the 
stoichiometric coefficient. 

The basic properties of the affinity A are 
that it is always of the same sign as the re- 
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action rate, and that if the affinity is zero the 
reaction rate is also zero, i.e., the system is in 
equilibrium. 

This definition of affinity is essentially due 
to De Donder and is called De Donder’s funda¬ 
mental inequality. In the notation used by 
G. N. Lewis and his school, it is supposed that 
$ increases by unity, therefore the relations 
(2) are written in the form 

A = — (AG)s,v — - —(AA)t,v 

= —(A G)t,p- (3) 

Note that in this entry, A is the affinity and 
A, the Helmholtz function (work function.) 

CHEMICAL CONSTANT. A constant oc¬ 
curring in the vapor pressure equation and 
determined by the introduction of an absolute 
entropy. (See thermodynamics, third law of.) 

CHEMICAL EQUILIBRIUM. A system is 
said to be in chemical equilibrium where the 
chemical affinities of all the possible chemical 
reactions are equal to 0. As long as one may 
neglect possible secondary interactions be¬ 
tween the reactants one can use the formula 
for the equilibrium constant K (see chemical 
equilibrium, calculation of) which is related 
to change in the Gibbs free energy AG by the 
formula 

/SAG = -NlnK, 

where /? = 1/kT (k is Boltzmann’s constant, 
T is the absolute temperature). This relation 
as well as the relation between K and the con¬ 
centrations of the reactants can be derived by 
the method of grand ensembles. The same 
method can also be used to evaluate correc¬ 
tions for the case of non-ideal gases. 

CHEMICAL EQUILIBRIUM, CALCULA¬ 
TION OF. This can be performed by using 
the method of grand ensembles, from which 
one obtains a formula for the equilibrium con¬ 
stant K, which is the ratio 

K = 
nct- 
n Cj 

where the Cj are the concentrations of the re¬ 
actants on the one side of the reaction equation 
and the Cj those on the other side. Another 
formula for K is 

K = 
n Zi 

n Zj 

where the Zj and Zj are the partition functions 
of the reactants. (See also Saha equilibrium 
formula and chemical equilibrium.) 

CHEMICAL INTERACTION. The under¬ 
standing of the types of bonds has improved 
to such a point in the last fifty years that it 
has become extremely difficult to distinguish 
between what used to be called chemical and 
physical interactions. An accurate definition 
of either term is practically impossible now. 

If one limits the definition of physical inter¬ 
actions to the van der Waals forces only, one 
must define the ionic and metallic lattices as 
"chemical molecules.” Even in the crystals 
of dipolar molecules, electrostatic interactions 
are important. If, on the other hand, one in¬ 
cludes the electrostatic forces in the definition 
of “physical interactions,” a major part of 
the bond energy of many molecules (NaCl for 
example) must be attributed to so-called phys¬ 
ical interactions. 

Steric factors (intramolecular van der 
Waals forces) affect the molecular structure 
and bond energy of many molecules; on the 
other hand, it is the hydrogen bonds, which 
are quasi-covalent in character (see coordinate 
bonds) which are largely responsible for the 
cohesion of water, HF, organic acids and alco¬ 
hols in the liquid and solid state. 

The classification of some interactions as 
chemical or physical is thus mainly a matter 
of convenience and tradition; it is more ac¬ 
curate to speak of the interaction as being 
mainly covalent, electrostatic, metallic or van 
der Waals in type. (See bond types.) 

CHEMICAL POTENTIAL, INFLUENCE 
OF CURVATURE ON. Consider a small 
spherical drop of curvature r. Its chemical 
potential ^ is related to the chemical poten¬ 
tial ji.0 of a bulk liquid phase at the same tem¬ 
perature (for the bulk phase 1/r = 0) by the 
relation 

2y 
Mr - Mo = — V (1) 

r 

where V is the molar volume of the liquid (sup¬ 
posed to be independent of pressure) and y, 
the surface tension. We see that the chemical 
potential increases when the drop becomes 
smaller. 

CHEMICAL POTENTIALS. Chemical po¬ 
tentials are defined in terms of the entropy by 
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the relationship (see thermodynamics, char¬ 
acteristic functions of) 

Mi , =-r(—) . 
Xdll,/ u,V 

(1) 

Apart from the factor T (the absolute tem¬ 
perature) the chemical potential is equal to 
the change of the entropy dS due to the intro¬ 
duction of the mole number dn* into the sys¬ 
tem, at constant total energy U and volume T . 

Other sets of independent variables than U 
and V are often much more convenient. One 
has also (see thermodynamics, characteristic 
functions of), 

The first and last members of Equation (2) 
show that /m is the partial molar quantity 
associated with the Gibbs free energy, G. 
Euler’s theorem gives then 

G = "iMi- (3) 
i 

reaction; absolute reaction rate theory; equi¬ 
librium theory in chemical kinetics; collision 
theory of chemical kinetics.) 

CHEMICAL REACTIONS, ORDER OF. See 
order of chemical reactions. 

CHEMICAL STABILITY CONDITION. 
(See thermodynamic stability conditions.) 
The chemical stability condition expresses the 
stability of the system with respect to per¬ 
turbations of the chemical equilibrium. At 
constant pressure and temperature the stabil¬ 
ity is expressed by 

where G is the Gibbs free energy (see thermo¬ 
dynamics, characteristic functions of) and £, 
the extent of reaction. This condition shows 
that G (£) is minimum when the chemical equi¬ 
librium is stable. (See also Chatelier (Le) 
theorem.) 

CHIEF RAY. See principal ray. 

CHILD - LANGMUIR - SCHOTTKY EQUA¬ 
TION. See perveance. 

The relation to chemical affinity is also very 
direct 

A = — viHi- (4) 
% 

It follows that the condition for chemical 
equilibrium is 

23 J'iMi = 0 (5) 
% 

where the Vi are stoichiometric coefficients. 
This formula expresses the law of mass action. 
Similarly the condition for two phases a and /? 
to be in equilibrium with respect to species 
i is 

ma = mA (6) 

The chemical potential has then the same 
value in the two phases. (See also membrane 
equilibrium; Gibbs-Duhem equation; ideal 
systems; absolute activity; thermal potential.) 

CHIO S METHOD (FOR EVALUATING A 
DETERMINANT). A method identical in 
principle with Gaussian elimination for matrix 
inversion and the solution of linear equations. 
If the elements are a,-/ and an 0, then from 
the zth row subtract the first multiplied by 
«ii/an- The result is a determinant of equal 
value with a zero in position (t, 1). After this 
has been done for each row other than the 
first, the determinant reduces to one of lower 
order. 

CHI-SQUARE. If a sample of n values is 
drawn from a normal distribution with vari¬ 
ance a2, and if the variance is estimated as 

s2 = S(x — x)2/(n — 1), 

then the ratio (n — 1 )s2/o2 is known as x2, and 
has the probability function 

CHEMICAL REACTION RATE. The quan¬ 
tity v defined by the equation: 

v = d£/dt. 

where | is the extent of reaction, and t, the 
time. (See conservation of mass; extent of 

p(x2)dX2 =—<•»&“)’ ahx2), 

0 < X2 < «, 

when v = (n — 1) is the degrees of freedom. 
This is a special case of the Pearson Type III 
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function; the probability integral is an in¬ 
complete gamma function. 

If an hypothesis completely specifies the 
frequencies /* to be expected in n classes, the 
goodness of fit of a sample providing fre¬ 
quencies /0 can be tested by calculating 

2 „(.fo-ft)2 

X ft 

and entering a table of x2 with (n — 1) degrees 
of freedom. This quantity closely approxi¬ 
mates the above distribution provided that 
none of the //s are too small—say, less than 5; 
to avoid this it is often necessary to combine 
two or more classes with small expectations. 
If the hypothesis specifies a probability dis¬ 
tribution in which p parameters have to be 
estimated from the sample in order to compute 
the expected frequencies, the degrees of free¬ 
dom are reduced to (n — p — 11. 

With discrete variates, x2 provides a sensi¬ 
tive test of departure from the Poisson dis¬ 
tribution. If we put 

X2 = (n - 1 )s2/x 

where x is the sample mean and n the number 
of observations the standard distribution is 
closely followed for a true mean >2. 

A similar test can be applied to the binomial 
distribution. In this form, x2 is sometimes 
referred to as the index of dispersion. 

The x2 distribution tends to normality for 
large values of v. The usual tables do not 
extend above v = 30; for larger values, it is 

ordinarily sufficient to take V (2x2) as nor¬ 

mally distributed with mean V (2v — 1) and 
unit standard deviation. 

CHOKING. The condition wherein the mass 
of a compressible fluid flowing through a duct 
has reached its maximum value. It is always 
associated with the attainment of sonic veloc¬ 
ity (local Mach number = 1) in some cross 
section of the duct. 

CIIOLESKI’S METHOD (FOR INVERTING 
A POSITIVE DEFINITE HERMITIAN 
MATRIX A). This method is to express the 
matrix first in the form 

A = R*R 

where R is upper triangular and 72* its conju¬ 
gate transpose, and thence to compute R~l and 
multiply by its conjugate transpose. The 

method is mathematically equivalent to the 
method of elimination, but requires the ex¬ 
traction of n square roots. 

CHORD. (1) A segment of a straight line 
between two specified points of intersection 
of the line with a given curve or surface. (2) 
In topology, an element belonging to the com¬ 
plement of a tree. (See also pitch.) 

CHORD METHOD. A method for the cal¬ 
culation of collision probabilities, introduced 
by P. A. M. Dirac. The principal result is: 

1 - Po = — f(l- e-™)<f>{R)dR. 

Here, P0 is the first flight collision probability 
in a body characterized by macroscopic cross- 
section 2 and chord distribution function <f>(R). 

CHORD OF AIRFOIL. The section of any 
airfoil may be formed by superposing a sym¬ 
metrical fairing on a curved mean line. In 
the figure, the broken curved line is the mean 
line and the chord, or chord line, is the straight 
line AB joining the ends of the mean line. 

The chord of an airfoil section has some¬ 
times been defined as the straight line joining 
the centers of curvature of the leading and 
trailing edges. For the usual airfoils of small 
camber, the difference between the two defini¬ 
tions is small. 

CHRISTOFFEL (3-INDEX) SYMBOLS. Let 
and gli be the components in the coordinate 

system x of the covariant and contravariant 
metric tensors respectively. The quantities 

1 / dgik dg/cj dgij\ 

2 \ dxi + dxi dxk) 

are called the Christoffel (3-index) symbols of the 
first kind, or three-index symbols of the first kind. 
They are usually denoted Tk;ij, or [ij,k]. The 
quantities 

Urn/dfft’n dgmj _ dgij\ 

2g \dxj dxi dxm) 

are called the Christoffel (3-index) symbols of the 
second kind, or three-index symbols of the second 
kind. They are usually denoted r* or {,*}. 
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CHROMATIC ABERRATION. The failure 
of all the light from one point of an object to 
form an image at a point because of the dis¬ 
persion of the material of the lenses. The 
focal length of a lens is, in general, greater 
for red light (longer wavelength) than for 
blue light (shorter wavelength). Systems 
consisting entirely of reflection optics do not 
show chromatic aberration. Hence, reflection 
optics are used extensively in infrared instru¬ 
ments. With compound lenses a proper choice 
of kinds of glass and of lens curvatures can 
partially compensate for chromatic aberra¬ 
tion over a not-too-large wavelength region. 

CHROMATICITY. The color quality of a 
light definable by its chromaticity coordinates, 
or by its dominant (or complementary) wave¬ 
length and its purity taken together. 

CHROMATICITY COORDINATES. The 
ratio of each of the three tristimulus values 
of a light to their sum. 

CHROMATICITY DIAGRAM. A chromatic¬ 
ity diagram or color triangle is a plane dia¬ 
gram showing the results of mixing color 

x 

CIE (x,y) chromaticity diagram plotted in rectangu¬ 
lar coordinates. 

stimuli, every color being represented un¬ 
ambiguously by a single point on the diagram. 
The most common chromaticity diagram at 
present is the CIE (x,y) diagram, plotted in 
rectangular coordinates. 

CHROMINANCE. The colorimetric differ¬ 
ence between any color and a reference color 
of equal luminance, the reference color having 
a specified chromaticity. In three-dimensional 
color space, chrominance is a vector which lies 
in a plane of constant luminance. In that 
plane it may be resolved into components, 
called chrominance components. 

CHRONOLOGICAL OPERATOR. The Dy¬ 
son chronological operator P is defined as fol¬ 
lows: Operating on a product of time-labeled 
operators, it rearranges them in the same order 
as the time sequence of their label, the latest 
one in time occurring first in the product 

P(Atii) ••• An{tn)) 

= Ai(ti)Aj(tj) • - • Atii) 

U> ti. (1) 

The Wick chronological product T is defined 
in the same way as Dyson’s chronological 
operator P, except that the T operator includes 
in its definition the sign of the permutation of 
fermion operator factors in going from the left- 
to the right-hand side of (1), i.e., 

T(Adh) • • • An(tn)) 

= dpA&i) • • • A Mi) 

/<>•••> h 

8P is ±1 according to whether the permutation 
is even or odd. 

CIE-DISTRIBUTION COEFFICIENTS. The 
tristimulus values of the spectral components 
of an equi-energy spectrum in the CIE 
(XYZ) system. These coefficients x\, y\, Z\ 
are so chosen that the values of y\ are identical 
with the relative luminous efficiencies F\. 

CIE (1931) STANDARD COLORIMETRIC 
OBSERVER. The receptor of radiation whose 
colorimetric characteristics correspond to the 
distribution coefficients x\, y\, z\ adopted by 
the International Commission on Illumination 
in 1931. 

CIE (1931) STANDARD COLORIMETRIC 
SYSTEM. A linear and single-valued colori¬ 
metric system for evaluating any spectral dis¬ 
tribution of energy with the aid of three func¬ 
tions of wavelength, the distribution coeffi¬ 
cients: x\, y\, z\. 

CIRCLE, GEODESIC. See geodesic circle 
on a surface. 
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CIRCLE OF CONFUSION. See circle of 
least confusion. 

CIRCLE OF CONVERGENCE. See con¬ 
vergence. 

CIRCLE OF CURVATURE. See curvature. 

CIRCLE OF LEAST CONFUSION. Due to 
imperfect imagery and to the fact that the 
images of points at different object distances 
are commonly observed on a single image- 
plane (e.g., the film in a camera), the image 
of a point object is, in general, a small region 
approximately circular, the circle of con¬ 
fusion, or blur circle. The smallest blur circle 
as the image plane is varied is the circle of 
least confusion. In thin lens theory the center 
of the circle of least confusion is the midpoint 
of the tangential and sagittal foci on a ray. 
The locus of centers is the surface of least 
confusion. For a thin lens this surface is a 
sphere centered at the center of the lens. 

CIRCLE, OSCULATING. See curvature. 

CIRCLE POLYNOMIALS. The polynomials 

RrTix) 

H(n-m) ( —l)*(n - k)\xn~2k 

k=o k\{%(n +m) - k}\{%(n - m) - k}\ 

were used by F. Zernike in his classic paper 
(1934) on the knife-edge test and the phase- 
contrast method in optics. The Rnm are 
orthogonal and are normalized upon multi¬ 
plying by the factor (2n + 2)~'2. Thus it 
follows that 

Rnm(r) cos md, Rnm(r) sin md, 

for n ^ m ^ 0, n — m even, is orthogonal 
over the unit circle. This set is also complete. 
The aberration function of an axially sym¬ 
metrical optical system can be expanded in 
terms of the functions Rnm(.r) cos md. Using 
this expansion, small aberrations of the same 
generic type may be balanced against each 
other to obtain maximum Strehl definition. 
(See Nijboer-Zernike aberration functions.) 

CIRCUIT. A connected graph or subgraph 
in which each vertex is of degree two. It can 
be shown that loop and circuit are equivalent 
concepts. Unfortunately the words circuit and 
network have been used interchangeably in 
the older electrical engineering literature and 
has been a constant source of confusion. The 

above definition substitutes precision for 
vagueness, and at the same time retains the 
full intuitive flavor of the word. (See also 
entries under network.) 

CIRCUIT, ALTERNATING CURRENT. See 
alternating current circuit. 

CIRCUIT ELEMENT. See element, circuit. 

CIRCUIT MATRIX. See matrix, circuit. 

CIRCUIT, ORIENTED. The e elements of 
a circuit of a finite graph (see graph, finite) 
can be arranged in cyclic order either as tj, e2, 
• • •, te, «i or ee, ee_i, te—2, • • •, «i, ee and these 
are, to within cyclic permutations, the only 
cyclic orders possible. If one of these two 
possible orientations is assigned to the circuit, 
the circuit is oriented accordingly. 

CIRCUITS, FUNDAMENTAL. Let G be a 
connected graph containing v vertices and e 
edges and T a tree of G. The end points of 
each chord (with respect to T) are connected 
by a unique tree path. A chord together with 
its corresponding tree path forms a funda¬ 
mental circuit. The number of fundamental 
circuits is equal to the number of chords or 
e — v + 1. If G is finite but not connected 
it consists of P maximal connected subgraphs, 
each of which possesses a tree and its asso¬ 
ciated fundamental circuits. 

CIRCULAR APERTURE. For the Fraun¬ 
hofer diffraction pattern of a circular aper¬ 
ture, see the discussion of the Airy disc. 

CIRCULAR CURVATURE. See curvature. 

CIRCULAR DICHROISM. The unequal ab¬ 
sorption of the two circular components of 
plane-polarized light in an optically active 
medium. 

CIRCULAR FUNCTION. A trigonometric 
function. 

CIRCULAR MOTION, UNIFORM. See uni¬ 
form circular motion. 

CIRCULAR POINT (ON A SURFACE). A 
point at which the principal curvatures (see 
curvature) of the surface are equal. 

CIRCULAR POLARIZATION. Polarization 
with a cycle that is a circle. (See polarization 
cycle.) 
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CIRCULATION. The circulation around a 
closed path of any vector field is the line in¬ 
tegral of that vector around the path. The 
vector ordinarily considered is the fluid ve¬ 
locity, and the circulation is 

<j) v-ds 

where v is the fluid velocity, and ds is a vector 
element of the path. It is equal to the flux of 

vorticity through the circuitJ"co-dS where dS 

is the element of any surface bounded by the 
circuit. 

CIRCULATION THEOREM (BJERKNES). 
A theorem stating that the rotation of a mass 
of horizontally moving air in the atmosphere 
is inversely proportional to the area of its pro¬ 
jection on the equatorial plane. Application 
of this theorem is extremely limited because it 
assumes strictly horizontal motion, and when 
subsidence or upward motion occur much 
greater changes in rotation are produced than 
are due to changes in latitude as envisaged in 
the theorem. The theorem is, however, of 
some historical interest. 

CIRCULATION THEOREM (KELVIN). In 
an inviscid fluid in which the density is 
uniquely determined by the pressure, and any 
body forces are conservative (and propor¬ 
tional to the mass to which they are applied), 
the circulation round a circuit always com¬ 
posed of the same fluid particles remains con¬ 
stant during the motion, i.e., 

— (fvdS = 0. 
DtJ 

In an inviscid fluid the resultant of con¬ 
servative body forces (e.g., gravity) and 
inertia forces is seen from the equation of 
motion to be in the direction of the pressure 
gradient, which, in the above case, is parallel 
to the density gradient: these forces cannot 
therefore change the vorticity. The only 
means of changing the vorticity is by distorting 
the fluid; but if the circuit moves with the 
fluid the flux of vorticity remains constant 
because the vortex lines move with the fluid. 

CIRCULATORY INTEGRAL. See integral, 
circulatory. 

CIRCUMHOROPTER. See Vieth-Muller 
circle. 

CLAIRAUT EQUATION. A first-order dif¬ 

ferential equation 

y = xp + /(p) 

where p = dy/dx. Its general solution is 
y = cx + /(c). It also has a (singular) solution 
obtained by elimination of p from the equations 

y = px + F(p); x + F'(p) = 0. 

CLAPEYRON EQUATION. See Clausius- 
Clapeyron equation. 

CLAPEYRON THEOREM. The equation of 
three moments was given by Clapeyron and 

Bertot: 

M n—l + 2M„ 
n 

+ 
n+l 

En In f^n+l-f n+l 

+ Mn 
n+l 

+1 
Fn-\- if n+l 

6-A n<Xn 

EnI nln 

fl-Tn+l^n+l 

f^n+l-In+l^n +1 

where n — 1, n, n+l are three adjacent 
supports of a continuous beam of constant 
flexural rigidity El span by span. Anan is 
the moment of the lateral load moment 
diagram between n — 1 and n about n — 1 and 
A„+1 bn+i of the lateral load moment dia¬ 
gram between n and n + l about n + l. 

CLASS. A complete set of mutually conjugate 
elements of a group. 

CLASSICAL. The adjective “classical” is in 
general applied to any physical theory or 
treatment that is based on the assumption of 
Newtonian mechanics. Such treatments in¬ 
clude all electrical and magnetic discussions 
based on the Coulomb law, the Ampere law, 
and the Maxwell equations. Classical theory 
is usually to be distinguished from relativity 
theory and quantum theory, although rela¬ 
tivistic treatments not involving the quantum 
hypothesis are occasionally referred to as 
classical, as are treatments involving quantum 
theory but not quantum mechanics. 

CLASSICAL APPROXIMATION. See 
Wentzel-Kramer-Brillouin approximation. 

CLASSICAL ELASTICITY THEORY. The 
theory of the relation between the forces and 
deformation in bodies of elastic or perfectly 
plastic material, in which it is assumed that the 
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displacement gradients are infinitesimally 
small. The strain-energy function is then a 
quadratic function of the displacement gra¬ 
dients, the stress components are linear func¬ 
tions of the displacement gradients and, 
throughout the theory, terms of the second 
and higher degrees in the displacement gra¬ 
dients are neglected in comparison with those 
of the first degree. Also called linear elasticity 
theory. 

CLASSICAL ELECTRON ENERGY. See 
electron energy (classical). 

CLASSICAL ELECTRON ORBIT. See elec¬ 
tron orbit (classical). 

CLASSICAL ELECTRON RADIUS. See 
electron radius (classical). 

CLASSICAL ELECTRON THEORY. The 
theory, primarily due to H. A. Lorentz (1906), 
to account for the varied phenomena (e.g., 
optics, electricity, chemistry) involving elec¬ 
trons. The fundamental assumptions of the 
theory were the following: The electron is an 
elementary particle with a charge e and a mass 
m; the motion of the electrons is determined 
by classical mechanics with the force acting 
on the electron given by the expression 

F = eE + - v X H 
c 

where e and v are the charge and velocity of the 
electron and E and II the electric and magnetic 
field strength. The dynamics of the electro¬ 
magnetic field in turn is governed by Maxwell’s 

equations 

1 dE 
-V X II = 4?rj V • E = 4xp 
c dt 

1 hll 

!_+VXE = 0 V-H = 0. 
c dt 

The source of the field strengths are the charge 
density p and current density j which are pro¬ 
duced by the electrons. 

To account for the constitution of matter 
Lorentz assumed that there are several elec¬ 
trons in each atom which are elastically bound 
to an equilibrium position and thus are able 
to perform harmonic vibrations with a given 
frequency. In electric conductors additional 
electrons were assumed to move freely about. 
With these assumptions Lorentz was able to 

account qualitatively and often semi-quantita- 
tively for such diverse effects as the absorp¬ 
tion, scattering and refraction of light by 
matter, the Zeeman effect, the optical proper¬ 
ties of metals and many more. 

In the explanation of the aforementioned 
phenomena it is possible to consider the elec¬ 
tron as a point particle. Lorentz investigated 
how far such a picture is tenable. If the elec¬ 
tric and magnetic energy of the electron’s own 
field is given by Eem, then from Einstein mass- 
energy relation, E = me2, this electromagnetic 
self-energy will contribute to the mass, m, of 
the electron an amount E^/c2 and one can 
write 

m = m0 + Eem/c2 

where m0 is the “mechanical” mass of the elec¬ 
tron, by which is meant all the contributions 
which are not of electromagnetic origin. For 
an electron of radius a the electrostatic self¬ 
energy is proportional to e2/a, and thus in the 
limit as a—>0 (point-electron) the self-energy 
is infinite. Within the framework of the 
Lorentz theory one is forced to abandon the 
motion of a point electron. In fact, no classical 
theory is able to account for or answers the 
questions concerned with the structure of the 
electron. Attempts at describing the electron 
as a charged sphere of radius r0 = e2/mc2, 
whose mass is entirely of electromagnetic 
origin runs into the difficulty that it cannot 
be stable (Earnshaw’s theorem). Also this 
procedure does not allow a consistent explana¬ 
tion of the mass of a moving electron, since 
the electromagnetic field that the moving par¬ 
ticle generates carries energy and momentum 
which are related to each other differently 
from the energy and momentum of a particle. 

CLASSICAL LIMIT. See principle of cor¬ 
respondence. 

CLASSICAL STATISTICS. See Boltzmann 
statistics. 

CLAUDE REFRIGERATOR. See reversed 
Rankine cycle. 

CLAUSIUS. The unit of entropy in calcula¬ 
tions in which heat is measured in calories and 
temperature is measured on the Kelvin thermo¬ 
dynamic temperature scale. Hence 1 clausius 
= 1 cal/°K. 

CLAUSIUS-CLAPEYRON EQUATION. An 
equation relating the latent heat l to the dis- 
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continuous change in volume accompanying a 
phase change and to the slope dp/dT of the 
pressure-temperature relation for the respec¬ 
tive phase equilibrium: 

l = (»" ~ v')T 
dp 

dT 

Here v" is the specific volume of one phase, v' 
is the specific volume of the other phase, and 
l is reckoned algebraically. For example, for 
evaporation l > 0; v" > vr. 

When one phase (say v") is a vapor, the equa¬ 
tion can be used to calculate the vapor pressure 
curve approximately. For evaporation or 
sublimation v" >>> v', and the equation becomes 

dp l dT 

~p ~ rY 

where R is the gas constant for the vapor phase 
assumed to obey the perfect gas law PV = RT. 
This can be integrated with a suitable assump¬ 
tion concerning l. For l = const., we have 

This is Clausius’ condition for the sharp 
imagery of curves by an axially symmetrical 
optical system. 

CLAUSIUS EQUATION OF STATE. A form 
of the equation of state, relating the pressure, 
volume, and temperature of a gas, and the gas 
constant. The Clausius equation applies a 
correction to the van der Waals equation to 
correct the pressure-correction term a for its 
variation with temperature. The Clausius 
equation takes the form 

V + 
T(V + c)2 J 

(y -b) RT 

in which p is the pressure of the gas, T is the 
absolute temperature, V is the volume, R is 
the gas constant, b is a constant, a is a tem¬ 
perature-dependent constant, and c is a func¬ 
tion of a and b. 

CLAUSIUS EQUATION OF STATE FOR 
STEAM. As applied to steam, the Clausius 
equation of state takes the form 

log eP 
l 

-f- const., 
RT 

(a) 

and for l = a — bT, we have 

a b 
log, P = - —— — — loge T + const, (b) 

til Jti 

Equation (a) shows that a plot of a subli¬ 
mation or a vapor pressure curve in the co¬ 
ordinates loge p,T~x will yield approximately 
a straight line whose slope is proportional to 
the latent heat. Equations (a) or (b) can 
be used for the interpolation of experimental 
results in ranges sufficiently far removed from 
the critical point where the assumptions break 
down. 

A similar relation is valid for chemical re¬ 
actions in the gaseous phase. 

CLAUSIUS CONDITION. If Act is a line 
element inclined at an angle to the normal 
plane of the principal ray of a pencil of angular 
half-aperture 0 in object space and if n, n' 
are the indices in object, image space, respec¬ 
tively, then in order that the image of Act be 
a line element in image space Act' with corre¬ 
sponding angles </>', 0' it is sufficient that 

(n cos <f> sin 0)Act = (n' cos 4>' sin 0') Act'. 

V + 
4>{T) 

(Y + c¥ 
or 

p{V -b) = RT - <t>(D 

(V - b) = RT 

V - b 

(7 + c)2' 

In the lowTer ranges of pressures and tempera¬ 
tures this can be simplified to 

V - b = 

RT 
-HT). 

V 

(See also Berthelot equation.) 

CLAUSIUS EQUATIONS. The Clausius 
equations give the general relations which exist 
between the thermal coefficients. For the 
variables T, p, and £ (extent of reaction) they 
are 

fdCp,{\ 
- + V) 

K dp y T.i dT p< f 

dhr.p _ 
. dT if \ )T,p 

/dhr.p\ 
- 

'd(hT,i+V)-] 

K dp J r.f L dt J T.p 

(1) 

(2) 

(3) 

The second equation is especially important; 
it relates the temperature coefficient of the 
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heat of reaction to the heat capacities of the 
components which take part in the reaction. 
It may also be written 

6 
— hT,p = 22 vicV'i (4) 

where cPil is the partial molar specific heat at 
constant pressure of component i (see partial 
molar quantities) and the stoichiometric 
coefficient of i in the reaction. 

Equations (2) and (4) axe also called the 
Kirchhofj equations. 

Similar equations exist for the thermal co¬ 
efficients in variables V, T, 

For non-reactive systems consisting of pure 
substances, equation (1) above gives 

(3 __r(*rv 
V dp )t \dT"/p 

CLAUSIUS FORMULATION OF THE SEC¬ 
OND LAW OF THERMODYNAMICS. 
Clausius derived the full contents of the sec¬ 
ond law of thermodynamics from the following 
statement of experimental fact: Heat cannot 
pass spontaneously from a body of lower tem¬ 
perature to a body of higher temperature. For 
a comparison with other statements, see second 
law of thermodynamics. 

CLAUSIUS INEQUALITY. The statement 
that the Clausius integral taken around any 
cycle is negative, or 

where the sign of equality refers to reversible 
cycles only. It is a consequence of the second 
law of thermodynamics. Alternatively, de¬ 
pending on the sequence in the exposition of 
the second law, it plays an important part in 
the argument. (See thermodynamics, second 
law of.) 

CLAUSIUS INTEGRAL. 

“2 dQ 

~t' i: 

The expression 

Along any reversible path, the Clausius in¬ 
tegral is independent of the path, and hence 

§ 
or 

dS 
dQ 

T ’ 

which can be used as a definition of entropy. 
(See Clausius inequality; thermodynamics, 
second law of.) 

CLAUSIUS-MOSSOTTI EQUATION. The 
polarizability a of simple non-polar molecules 
and atoms can be calculated from the density 
N0, in particles per unit volume, and from the 
static dielectric constant es by the Clausius- 
Mossotti equation 

— 1 

«s + 2 

47T 
-AU. (1) 

For a constant density, the dielectric constant 
is, according to (1), practically independent 
of temperature, and, at constant temperature, 
the dielectric constant of a gas depends 
strongly on the pressure. This formula is 
valid as long as the short range intermolecular 
forces can be neglected (see internal fields 
in dielectrics). 

An alternate form for (1) is: 

es — 1 M 

«« + 2 p 
(2) 

where M is the molecular mass, p the density, 
4:7T 

and [P] = — Na is the molar polarization (N is 
O 

Avogadro’s constant). 
In this form, the Clausius-Mossotti equation 

is practically identical with the Lorentz-Lorenz 
relation: 

n2 - 1 M 

n2 + 2 p 
[R] 

where n is the index of refraction, [R] = 

— Na(a), in the molar refraction, and <*(&>) is 
O 
the polarizability for an electrical field of 
angular velocity «. In fact, the Clausius- 
Mossotti equation is the limiting value of the 
Lorentz-Lorenz equation for non-polar sub¬ 
stances and for u —» 0, since, according to 
Maxwell’s law, the static dielectric constant 
can then be identified with the square of the 
index of refraction for an electromagnetic field 
of 0 frequency. 

CLAUSIUS-RANKINE CYCLE. See Rankine 
cycle. 

CLAUS STRUCTURE. See benzene, struc¬ 
tures of. 
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CLEAR. To restore a storage or memory de¬ 
vice in a digital computer to a prescribed state, 
usually that denoting zero. (See also reset.) 

CLEARANCE RATIO. See clearance volume. 

CLEARANCE VOLUME. The volume Vc 
contained between the piston and cylinder 
head of a reciprocating engine when the piston 
is at inner dead center position (maximum 
travel on inward stroke). The ratio of clear¬ 
ance volume Vc to swept volume V„ is known 
as the clearance ratio 

e0 = Vc/Vs. 

CLEBSCH-GORDAN COEFFICIENTS. Co¬ 
efficients Cjj'(JMmm') in 

■}#,. = £ £ 
m=—i m'=—j’ 

where 

Jz ^y,7»»(l) = 

Ji2)U-'m'( 2) = 2). 

lJW}2%m( 1) 

U(2)}2U'm'( 2) = j'W + l)U'-'(2) 

and 

{f,l) + Jf }•}#,. = = m + m0 

{j(i) + j(2)\Vi, = ju + m¥„., 
the operators J(1), J(2) being vector angular 
momentum operators. 

CLERK-MAXWELL RELATION. See Max¬ 
well relation. 

CLOCK PARADOX. If two identical clocks 
A, B are synchronized and A is accelerated 
arbitrarily and then brought back to compare 
with B, which has not been accelerated, then 
A will record a shorter time interval than B. 
This conclusion is a consequence of, and is 
understandable in terms of, relativity theory: 

tA is the time interval as it appears to A and 
tB is the time interval as it appears to B. v is 
the relative velocity of A with respect to B 
during its unaccelerated motion. (See also 
relativity, general.) 

CLOSED. A set of points in a topological 
space is closed if it contains all its limit points. 

A set of functions /i, /2, in Hilbert 
space is closed if every function g in the space 
can be approximated in the form 

Q = ai/i + 6*2/2 + • • • + ajn + • • •, 

with suitable constants at. 

CLOSED CURVE. See curve. 

CLOSED EDGE TRAIN. See edge train, 
closed. 

CLOSED LOOP. (1) Portion of a Feynman 
diagram describing the virtual creation of a 
number of electron-positron pairs together 
with the annihilation of all of them, as for 
example in the scattering of light by light. 
(2) See contour; Ampere law. 

CLOSED QUADRATURE FORMULA. A 
quadrature formula which explicitly includes 
the values of the ordinates at the end points, 
to be contrasted with an open quadrature 
formula in which the ordinate of at least one 
end point does not appear. Closed formulas 
are used as correctors, open formulas as pre¬ 
dictors, in the numerical solution of ordinary 
differential equations. 

CLOSED SHELLS. If particles obeying 
Fermi-Dirac statistics (i.e., electrons or nu¬ 
cleons) move to a first approximation inde¬ 
pendently of each other in orbits about a com¬ 
mon central field of force, each particle will 
possess certain discrete energy levels charac¬ 
terized by definite values of the angular mo¬ 
mentum l. The Pauli principle restricts the 
number of identical particles having a given 
energy and the angular momentum to a maxi¬ 
mum of 2(2Z+1). Such a collection of 
2(2Z + 1) identical particles is called a closed 
shell, since no further particles having the 
same energy and angular momentum can be 
added to it. Owing to the similarity of the 
radial wave functions of the particles in a 
closed shell, the structure acquires a special 
stability. The term is usually used in a 
slightly enlarged sense, to take account of all 
the particles allowed by the Pauli principle to 
occupy a group of levels lying close together 
in energy. Thus, for example, in a hydrogenic 
potential (V = e2/r) the 2s and 2p levels are 
degenerate. The corresponding closed shell 
would be considered to be made up of all the 
particles, 8 in this case, which can simulta¬ 
neously be put into these two levels. In the 
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case of light atoms whose potentials do not 
differ too much from the hydrogenic potential, 
one obtains closed shells of electrons corre¬ 
sponding to the filling of the Is level (atomic 
number Z = 2, i.e., He), then the 2s and 2p 
levels are filled at Z = 10 (=2 + 8), i.e., at 
Ne. In this way one obtains the series of 
noble gases He, Ne, A, Kr, Xe, and Rn. In a 
similar manner, one obtains especially stable 
nuclei containing 2, 8, 20, 28, 50, 82, or 126 
neutrons or protons. (See magic numbers.) 

CLOSED SYSTEMS. Thermodynamic sys¬ 
tems which can exchange energy but not 
matter with the outside world. (See also iso¬ 
lated systems; open systems; thermodynamic 
systems.) 

CLOSURE. The closure of a set of points is 
the set containing the given set and all its 
limit points. (See topological space.) 

CLOTHOID. See Cornu spiral. 

CLUSTER. (1) A group of atoms in a gas 
where each of the atoms in the group can be 
reached from any other one by traveling over 
a chain of atoms, of which any two consecu¬ 
tive atoms are lying within each other’s sphere 
of action. (2) A small group of liquid mole¬ 
cules with much the same spatial arrangement 
as in a solid crystal. Clusters are found in 
liquids for temperatures not far removed from 
the melting point. 

CLUSTERING PHENOMENA IN GASES. 
At any finite temperature, and especially near 
the condensation point, real gases contain 
clusters of atoms. 

CLUSTER INTEGRALS. Integrals over 
clusters of atoms occurring in the Mayer the¬ 
ory of virial coefficients. 

CLUSTERS, STAR. See star clusters. 

CLUSTER THEORY OF VIRIAL COEFFI¬ 
CIENTS. In statistical mechanics the virial 
coefficients are evaluated by considering 
clusters of atoms. 

c-NUMBER. Physical quantities correspond 
in quantum mechanics to linear operators 
which do not commute in general. Ordinary 
numbers which commute with all operators are 
called sometimes c-numbers to distinguish 
them from the operator quantities. 

COANDA EFFECT. When a two-dimen¬ 
sional jet of fluid is discharged tangentially 
along a convex solid surface, the jet tends to 
follow the curve of the boundary. The jet 
may remain attached to the surface for a con¬ 
siderable distance and be deflected through a 
large angle. Deflections up to about 180° have 
been observed. 

COCHRAN THEOREM. A theorem in sta¬ 
tistics concerning the distribution of quadratic 
forms. If Xi(i = 1, 2, • • •, n) are independent 
standardized normal variates and q} (j = 1, 2, 

k) are quadratic forms in the afls with 
ranks n} (j = 1, 2, • • •, k) and if 

k n 

H qj = H Xi2, 
j=i i=i 

then a necessary and sufficient condition for 
the qj to be distributed as x2 (see chi-square) 
with rij degrees of freedom respectively is that 

k 

X nj — n- 
j=i 

CODAZZI EQUATIONS OF THE SUR¬ 
FACE. See equations of Gauss and Codazzi. 

CODDINGTON SHAPE AND POSITION 
FACTORS. Coddington introduced dimen¬ 
sionless factors in third order optical theory 
that lead to expressions for aberrations in 
terms of homogeneous polynomials. The 
shape factor of a lens is 

r2 + D 
cr = - 

r2 ~ ri 

where ri and r2 are the radii of the first and 
second surface of the lens. The position factor 
of a lens is 

a — v 
T = - 

9 + V 

where p and q are object and image distances. 

CODE. For any given stored-program com¬ 
puter, each operation of its repertory is repre¬ 
sented by a code symbol, which is a particular 
sequence of characters. Also each cell in the 
storage unit is designated by a code symbol, 
the address of the cell. An ordered sequence 
of symbols representing operations and oper¬ 
ands (in the form of addresses) when repre¬ 
sented in the storage unit, directs the computer 
to perform the operations upon the operands 
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in the specified sequence, and this ordered set 
of code symbols is a machine code, and it de¬ 
fines a routine (or program). 

If more than one address is used, the code 
is called a multiple-address code. In a typical 
instruction of a four-address code the ad¬ 
dresses specify the location of two operands, 
the destination of the result, and the location 
of the next instruction in the sequence. In a 
typical three-address code, the fourth address 
specifying the location of the next instruction 
is dispensed with and the instructions are taken 
from storage in a preassigned order. 

In a typical one-address or single-address 
code, the address may specify either the loca¬ 
tion of an operand to be taken from storage, 
the destination of a previously prepared result, 
or the location of the next instruction. The 
arithmetic element usually contains at least 
two storage locations, one of which is an ac¬ 
cumulator. For example, operations requiring 
two operands may obtain one operand from 
the main storage and the other from a storage 
location in the arithmetic element which is 
specified by the operation part. 

CODE, ALPHANUMERIC. A binary coded 
decimal system in which the space combina¬ 
tions are employed to represent the alphabet, 
quotation marks, and other special symbol 
requirements. 

CODE, BINARY. Any code employing two 
distinguishable types of code elements. 

CODE CHARACTER. A particular arrange¬ 
ment of code elements used in a code, to repre¬ 
sent a single value. 

CODE ELEMENT. One of the discrete 
events in a code, such as the presence or ab¬ 
sence of a pulse, or of a dot or a dash or space 
as used in a Morse code. 

CODE, EXCESS-THREE. A number code in 
which the decimal digit n is represented by 
the four-bit binary equivalent of n -f 3. 

CODE, HOLLERITH. The IBM card code 
in which information is represented on a 
punched card by the position and number of 
punches. 

CODE OPERATION. (1) The list of opera¬ 
tion parts occurring in an instruction code, 
together with the names of the corresponding 
operations (e.g., “add,” “unconditional trans¬ 

fer,” “add and clear,” etc.). (2) Synonym 
for operation part of an instruction. 

COEFFICIENT. (1) An algebraic factor. 
(2) A quantity or parameter characteristic of 
a substance or a system. With the exception 
of some entries immediately following, coeffi¬ 
cients are listed in this book under the appro¬ 
priate characteristics. 

COEFFICIENT OF ASSOCIATION. See 
association. 

COEFFICIENT OF COMPRESSIBILITY. 
See compressibility. 

COEFFICIENT OF DETERMINATION. 
See determination, coefficient of. 

COEFFICIENT OF HEAT TRANSFER. 
See heat transfer. 

COEFFICIENT OF MUTUAL DIFFUSION. 
See mutual diffusion, coefficient of. 

COEFFICIENT OF PERFORMANCE. See 
refrigeration; Carnot cycle. 

COEFFICIENT OF PROBABILITY. Gibbs’ 
name for the ensemble density. 

COEFFICIENT OF TENSION. The relative 
change of pressure with temperature at con¬ 
stant volume of a pure substance, or the ex¬ 
pression 

0 = i(A) 
p \dT/ v 

when p is given at an arbitrary reference state. 
For a perfect gas the coefficient of tension /? 
is equal to the coefficient of thermal expansion 
a, and for both we have 

1 

COEFFICIENT OF THERMAL CONDUC¬ 
TIVITY. See Fourier law. 

COEFFICIENT OF THERMAL EXPAN¬ 
SION. (Also called coefficient of expansion.) 
The expression 

V \dT/p 

or the relative rate of change of volume with 
temperature at constant pressure. 
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For perfect gases 
1 

a = —• 

T 

In general there is no particular advantage in 
using the coefficient of expansion to describe 
the properties of gases in preference to the 
equation of state, but in the case of liquids or 
solids the coefficient of thermal expansion is 
independent of pressure (except for very high 
pressures) and nearly independent of tem¬ 
perature (over sufficiently wide temperature 
ranges). When this is the case, the use of 
the coefficient of thermal expansion offers some 
practical advantages. 

COEFFICIENT OF VARIATION. The co¬ 
efficient of variation of a distribution, V, is 
defined as the standard deviation divided by 
the mean, 

<r 
V = — 

m 

It is appropriate only where m is not close to 
zero. Some authors define it as 

V = 100 - 
m 

in order to avoid decimals. 

COEFFICIENT OF VISCOSITY. See vis¬ 
cosity, kinetic theory of. 

COERCIVE FORCE, H0. The magnetizing 
force at which the magnetic flux density is 
zero when the material is in a symmetrical 
cyclically magnetized condition. Coercive 
force is not a unique property of a magnetic 
material, but depends upon the conditions of 
measurement. 

COERCIVITY. The property of a magnetic 
material measured by the coercive force cor¬ 
responding to the saturation induction for the 
material. This is a quasi-static property only. 

COFACTOR. The cofactor of an element aik 
of a square matrix is the complementary minor 
of Oik, namely the determinant of the matrix 
obtained by crossing out the ith row and the 
ktb column, multiplied by ( —l)i + fc. 

COGRADIENT. A word used to describe the 
relationship of two tensorial quantities which 
have the same transformation properties. (See 
tensor field; contragradient.) 

COHERENT RADIATION. In coherent ra¬ 
diation there is a definite statistical correlation 
between radiation at different positions in a 
cross section of the radiant energy beam (or 
beams), whereas in noncoherent radiation 
these relationships are random. For example, 
a slit is filled with approximately coherent 
radiation when it receives light from a small 
distant source. Interference bands are ob¬ 
served only between coherent beams. (See 
partial coherence.) 

COHESION. Forces between the particles of 
any given mass by virtue of which it resists 
physical disintegration. The connotation of 
the term cohesion implies a difference from 
adhesion, in which the forces are operative 
chiefly in surfaces. 

COHESION ENERGY. See energy, cohesion. 

COHESION, FORCES OF. Attractive forces 
acting between molecules; these appear when 
the distance between two molecules is greater 
than a certain magnitude; below that magni¬ 
tude the intermolecular forces are repulsive. 

COHESION PRESSURE. The addition 
term a/V2 used in the van der Waals equa¬ 
tion to correct the pressure by adding the 
attractive force of the molecules. V is the 
volume of the gas, and a is approximately 
constant for a given gas. 

COHESION, WORK OF. The work required 
to separate a column of liquid 1 cm2 in cross 
section into two parts. It is given by 

Wc = 2jl 

yL is the surface tension between liquid and 
vapor in ergs per cm2. 

COLLAPSE AND COLLAPSE LOAD. The 
term collapse is applied primarily to excessive 
deflection or actual collapse in the plastic 
range. Often perfect plasticity is assumed. 
(See limit theorems.) 

COLLAPSE, INCREMENTAL. When live 
loads of sufficient intensity are applied re¬ 
peatedly to a structure, it is possible that 
plastic deformation will continue to occur and 
that deflections will grow. If the deflections 
grow without limit the structure is said to 
suffer incremental collapse. (See shakedown.) 

COLLECTIVE ELECTRON THEORY OF 
FERROMAGNETISM. The electrons re- 
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sponsible for ferromagnetism are supposed to 
be more or less free. Parallel alignment of 
their spins is favored by the exchange inter¬ 
action. With the introduction of Fermi- 
Dirac statistics, it is possible to show that a 
transition from the ferromagnetic to the para¬ 
magnetic state occurs at a certain tempera¬ 
ture, which is identified with the Curie point. 

COLLINEATION EQUATIONS OF OP¬ 
TICS. The mapping of object points into 
image points in Gaussian optics is a non¬ 
singular collineation, so the equations of this 
transformation in an appropriate coordinate 
system are the collineation equations of op¬ 
tics. One form of these equations is discussed 
under the paraxial ray tracing equations. 

COLLISION. Any interaction between free 
particles, aggregates of particles, or rigid 
bodies in which they come near enough to 
exert a mutual influence, generally with ex¬ 
change of energy. The term does not neces¬ 
sarily imply actual contact. The process is 
always subject to conservation of momentum, 
and in an elastic collision (see collision, elastic 
and collision, inelastic) also to conservation 
of energy. In the latter case, if the initial 
velocities are given, the velocities of the bodies 
after collision can be calculated by applying 
these two conservation principles. The subject 
is of special significance in atomic physics, 
where a collision is defined as a close approach 
of two or more photons, particles, atoms or 
nuclei during which an interchange occurs of 
charge, energy, momentum or other quanti¬ 
ties. 

COLLISIONAL TRANSFER. The momen¬ 
tum or energy transfer in a fluid can be re¬ 
solved into two main contributions: 

(1) Energy and momentum are carried 
through a surface element dS by those mole¬ 
cules whose trajectories cross this surface. 
This is the main mechanism of heat and mo¬ 
mentum transfer in dilute gases, i.e., in the 
density domain for which the Boltzmann equa¬ 
tion is valid. 

(2) At higher densities, one must also con¬ 
sider the collisional transfer which becomes 
increasingly important: it is the instantaneous 
transfer of energy and momentum from the 
center of one molecule to the center of the 
other during the collision. If these centers 
occupy opposite sides of the surface element 

dS during the collision, energy and momentum 
may be carried across dS even though neither 
molecule crosses the surface. 

COLLISION DENSITY, NEUTRON. The 
number of collisions of neutrons with matter 
taking place in unit time in unit volume of 
material. Quantitatively, it is the product of 
total macroscopic cross section of the material, 
and the neutron flux. 

COLLISION DIAMETER OF MOLE¬ 
CULES. The distance of closest approach 
between the centers of any two molecules in 
a collision. 

COLLISION, DIRECT. See direct and in¬ 
verse collision. 

COLLISION, ELASTIC. A collision during 
which no change occurs in the internal energy 
of the participating systems; or in the sum 
of their kinetic energies of translation. The 
total mechanical energy is conserved, hence 
the coefficient of restitution is unity. 

COLLISION FREQUENCY. The average 
number of collisions undergone by a particle 
per unit time. If v is the particle velocity 
and A its mean free path, the collision fre¬ 
quency v0 is given by the equation 

vc = v/\. 

COLLISION FREQUENCY BY MAX¬ 
WELL’S EQUATION. See Stosszahlansatz. 

COLLISION, INELASTIC. A collision dur¬ 
ing which changes occur both in the internal 
energy of one or more of the participating sys¬ 
tems, and in the sums of their kinetic energies 
of translation before and after the collision. 

COLLISION INTEGRAL. See Boltzmann 
transport equation. 

COLLISION INTERVAL. The average pe¬ 
riod between two consecutive collisions. It is 
equal to the reciprocal of the collision fre¬ 
quency. 

COLLISION, INVERSE. See direct and in¬ 
verse collision. 

COLLISION OF THE FIRST KIND. The 
collision of an accelerated particle (e.g., elec¬ 
tron) with an atom resulting in a transfer of 
energy whereby the atom becomes excited 
and the electron is slowed. 
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COLLISION OF THE SECOND KIND. 
The collision of an excited atom with a slow 
particle (e.g., electron) whereby the atom 
undergoes transition to a lower energy-state 
and the other particle is accelerated. 

COLLISION PARAMETER. See impact 
parameter. 

COLLISION PROBABILITY. (1) When a 
beam of particles is passing through matter, 
the probability that any single particle be re¬ 
moved from the beam in a distance dx is k dx, 
where k is in general the inverse of the mean 
free path. (2) The fraction of the particles 
removed from a collimated beam per centi¬ 
meter path length and per millimeter of pres¬ 
sure at 0°C. (3) For incident electrons, the 
number of electrons removed per unit electron 
current sometimes replaces the fraction. 

COLLISION PROBABILITY, FIRST 
FLIGHT. The probability that a neutron, 
originating with equal probability at any point 
in the interior of a body and having random 
direction of velocity, v, will escape from the 
body without undergoing a collision. It is 
denoted by the symbol P0. 

COLLISION THEORY OF CHEMICAL 
KINETICS. Consider a chemical reaction in¬ 
volving only one step, of the form 

A + BC —> AB + C. (1) 

A well studied example is 

H2 + I2 -> HI + HI. (2) 

This is a second order reaction (see order of 
a chemical reaction). The elementary col¬ 
lision theory of chemical kinetics assumes that 
the probability of reaction in a collision de¬ 
pends only on the translational degrees of 
freedom. For example one may assume that 
this probability is equal to a constant a when 
the relative translational energy along the line 
of centers has a specified value greater than 
Ex and is otherwise zero. 

One obtains then for the rate constant (see 
order of a chemical reaction) 

0 /2rkT\^ ( Ex\ 
k.^(_) ,exp(__) (3) 

where D is the collision diameter, and y the 
reduced mass; Ex is called the activation energy, 
and k is Boltzmann’s constant. 

This expression gives often the correct order 
of magnitude for simple processes. One may 
write (3) in the more general form 

k = aTe~EX/kT. (4) 

«r is known as the frequency factor. In some 
cases one finds, however, values of a larger 
than 1 or abnormal temperature dependence. 
In such cases the simple collision theory can¬ 
not be applied. (See absolute reaction rate 
theory.) 

COLOGARITHM. The logarithm of the 
reciprocal of a number. Sometimes used in 
logarithmic computation to avoid the use of 
negative mantissas or of subtraction of loga¬ 
rithms. 

COLOR. Color is (1) that characteristic of 
visual sensation which enables the observer 
to distinguish differences in the quality of 
the sensation, of the kind which can be caused 
by differences in the spectral composition of 
the light; (2) that characteristic of the light 
stimulus (light source or object), which gives 
rise to the visual sensation in (1), e.g., a red 
light, a white light, a red face, etc.; (3) as 
defined in (1) and (2), but restricted to the 
appearance of redness, greenness, etc., as dis¬ 
tinct from whiteness, grayness or blackness; 
i.e., chromatic color in contradistinction to 
achromatic color. (See additive mixture of 
colors; additive complementary colors.) 

COLORED BODY. A body for which the 
spectral transmission or reflection factor varies 
with wavelength. 

COLOR EQUATION. An algebraic represen¬ 
tation of the match of two stimuli, one of 
which, for instance, can appear as the result of 
an additive mixture. 

COLORIMETRIC PURITY. Colorimetric 
purity is calculated from the formula 

Pc = Pedd/V 

where the symbols have the same meanings 
as in the definition of excitation purity. 

COLOR INDEX. See stellar magnitudes and 
spectral classification of the stars. 

COLOR SOLID. That part of the color space 
which is occupied by surface colors. 
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COLOR SPACE. A manifold of three dimen¬ 
sions for the geometrical representation of 
colors. 

COLOR STIMULUS FUNCTION. The rela¬ 
tive spectral distribution of the radiation from 
a reflecting or transmitting body. If the light 
incident on the body has the radiation function 
S\ then the color stimulus function of a re¬ 
flecting body is given by 4>\ = S\-/3\, where 
/3x is the spectral luminance factor, and that of 
a transmitting body is <t>\ = where rx is 
the spectral transmission factor. 

COLOR STIMULUS SPECIFICATION. A 
set of tristimulus values of a light (mono¬ 
chromatic or otherwise). 

COLOR TEMPERATURE. The absolute 
temperature of the full radiator for which the 
ordinates of the spectral distribution curve 
of emission are proportional (or approxi¬ 
mately so), in the visible region, to those of 
the distribution curve of the radiation con¬ 
sidered, so that both radiations have the same 
chromaticity. (In German: Verteilungstem- 
peratur.) In certain countries, by extension, 
the term color temperature is used in the case 
of a selective radiator when, for the colori¬ 

metric standard observer, this radiator has 
the same color (or at least approximately the 
same color) as a full radiator at a certain 
temperature; this temperature is then called 
the color temperature of the selective radiator. 
(In German: Farbtemperatur.) 

COLOR TRIANGLE. The color triangle 
(chromaticity diagram) is a plane diagram 
showing the results of mixing color stimuli, 
every color being represented unambiguously 
by a single point on the diagram. 

COLUMN. A column is that part of a struc¬ 
ture whose purpose is to transmit, through 
compression, the weight of the structure and 
the superimposed loads to the foundation. 
Other compression members are often termed 
columns because of the similar stress condi¬ 
tions. The ratio of the length of the column 
to the least radius of gyration of its cross 
section is called the slenderness ratio. This 
ratio affords a means of classifying columns. 
All the following are approximate values used 
for convenience. A short steel column is one 
whose slenderness ratio does not exceed 50; 
an intermediate length steel column has a 
slenderness ratio ranging from 50 to about 

200, while a long steel column may be assumed 
as one having a slenderness ratio greater than 
200. A short concrete column is one having a 
ratio of unsupported length to least dimension 
of the cross section not greater than 10. If 
the ratio is greater than 10 it is a long column. 

If the load on a column is applied through 
the center of gravity of its cross section it is 
called an axial load. A load at any other point 
in the cross section is known as an eccentric 
load. A short column under the action of an 
axial load will fail by direct compression but 
a long column loaded in the same manner will 
fail by buckling (bending), the buckling effect 
being so large that the effect of the direct load 
may be neglected. The intermediate length 
column will fail by a combination of direct 
stress and bending. 

Euler derived a formula which gives the 
maximum axial load that a long, slender ideal 
column can carry without buckling. An ideal 
column is one which is perfectly straight, 
homogeneous and free from initial stress. 
This maximum load, sometimes called the 
critical load, causes the column to be in a 
state of unstable equilibrium, that is, any in¬ 
crease in the loads or the introduction of the 
slightest lateral force will cause the column 
to fail by buckling. The Euler formula for 
columns is given below. 

Ktt2EI 

in which P is the maximum or critical load. 
E is the modulus of elasticity. I is the mo¬ 
ment of inertia of cross-sectional area. I is 
the unsupported length of column. K is a 
constant whose value depends upon the con¬ 
ditions of end support of the column. For 
both ends free to turn K = 1; for both ends 
fixed, K = 4; for one end free to turn and the 
other end fixed K = 2 approximately, and for 
one end fixed and the other end free to move 
laterally K = %. 

Since the moment of inertia of a surface is 
its area multiplied by the square of a length 
called the radius of gyration, the above for¬ 
mula may be rearranged as follows. Using the 
Euler formula for hinged ends, and substitut¬ 
ing Ar2 for I the following formula results: 

P 7r2E 
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P . 
— is the allowable unit stress of the column, 
A 

l . 
and the quantity - is the slenderness ratio. 

r 
Since the structural column is generally an 

intermediate length column and it is impos¬ 
sible to obtain an ideal column, the Euler 
formula has little practical value for ordinary 
design. Consequently, various empirical col¬ 
umn formulae have been developed to agree 
with test data, all of which embody the slen¬ 
derness ratio. For design, appropriate factors 
of safety are introduced into these formulae. 

COLUMN ANALOGY. Hardy Cross gave the 
analogy between the bending moment in an 
arch or frame fixed at its ends and the total 
stress in an eccentrically-loaded stub column. 
The actual calculations are equivalent to the 
method of the elastic center, and in turn both 
can be arrived at simply through the general 
theorem of virtual work. 

COLUMN-BEAM. See beam-column. 

COLUMN BUCKLING. See buckling, col¬ 
umn. 

COLUMN, EFFECTIVE LENGTH OF. The 
Euler buckling load for elastic columns hinged 
top and bottom, K = 1, is arbitrarily chosen 
as the standard (see columns). The effective 
length of a column is the length of a hinged- 
ended elastic column of the same cross section 
which has the same buckling load. A canti¬ 
lever column of length L has an effective 
length of 2L; a fixed-ended column, an effec¬ 
tive length of L/2. 

COLUMN FORMULAS. See column. 

COLUMN, PIN-ENDED. A pin-ended col¬ 
umn or hinged-ended column is free to rotate, 
but not free to translate laterally at each end. 

COMA. (1) Qualitatively, coma is the image 
error due to the variation of magnification in 
a pencil of rays outside the paraxial region. 
The image point of intersection of a ray with 
the focal plane will vary in its distance from 
the axis according to the ray. In third order 
optics a comatic pattern is formed by a bundle 
of rays in the form of comatic circles whose 
envelope is a pair of lines intersecting in an 
angle of tt/3. (2) Quantitatively, the second 
of the five Seidel aberrations is the coma 
function of a system. 

COMATIC CIRCLES. Rays from an off-axis 
point through any zone of a lens meet the focal 
plane in a comatic circle, the radius of which 
is proportional to the radius of the lens zone. 

COMBINATION. An assignment of a group 
of objects into two or more mutually exclu¬ 
sive sets. The binomial coefficient (") is the 
number of combinations or ways of selecting 
k objects from a set of n objects. If the k 
objects are permuted among themselves, no 
new combinations are formed, but there are 
k\ new arrangements of each combination. 

COMBINATION DIFFERENCES AND 
COMBINATION SUMS. In the analysis of 
molecular spectra, correctly chosen combina¬ 
tions of the wave numbers of different lines 
form the basis for the determination of the 
individual molecular constants and of the dis¬ 
tances between different energy levels. For 
instance the combination differences 

R(J - 1) - P{J + 1) 

= FV"(J + 1) - FV"(J - 1) 

= A 2F"(J) 

= (4Bv" - 6DV"){J +i)~ 8DV"(J + i)3 

R(J) - P(J) 

= FV'(J + 1) - FV'(J - 1) 

= A 2F\J) 

= (4Bv' - 6DV')(J + |) - 8DV'(J + i)3 

are used to separate the rotational energy levels 
of the upper and lower vibrational states and 
to determine the rotational constants. 

The combination sums 

R(J - 1) + P(J) = 2v0 + 2(5/ - BV")J2 

- 2(Z>/ - Dv")J2(J2 + 1) 

are used to determine the band origins (zero 

lines) and the differences (5/ — Bv,") and 
(D/ — D/') of the rotational constants. 

Similar combination relations apply to the 
S and 0 branches observed in the Raman 

effect. 

COMBINATION PRINCIPLE. The prin¬ 
ciple, first recognized empirically by Ritz, that 
the frequency of every spectral line can be 
represented as the difference (combination) of 
two “terms” 

v = Ti — T2 
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selected from a comparatively small number of 
such terms which are characteristic for the atom 
in question. 

In its modern form 

v 'Ei 
.he 

E2 

he. 
cm 

the combination principle expresses the fact 
that every spectral line corresponds to a transi¬ 
tion in the atom (or molecule, etc.) between 
two energy levels and that the energy of the 
emitted or absorbed photon is equal to the 
difference in energy between the initial and 
final level. The quantities 

Ei E2 
— ; —> etc. 
he he 

are the spectroscopic term values, v, v, and 
A stand, respectively, for wave number, fre¬ 
quency, and wavelength of the spectral line, 
E for the energy of the level, h for Planck’s 
constant, and c for the velocity of light. 

COMBINATION SUMS. See combination 

differences and combination sums. 

COMBINATION VIBRATION. A vibration 
in a polyatomic molecule in which two or 
more normal vibrations are simultaneously 
excited. 

COMBINED LOADING. Combinations of 
bending, torsion, axial load, interior or ex¬ 
terior pressure, etc. 

COMBINED STRESS. See stress, combined. 

COMBUSTION CALCULATIONS IN EN¬ 

GINEERING. Combustion is the exothermic 
reaction between a fuel and oxygen carried out 
at elevated or high temperature in an indus¬ 
trial appliance, such as a furnace, burner, in¬ 
ternal combustion engine, combustion cham¬ 
ber, etc. By far the greatest proportion of the 
heat utilized in industry is obtained from com¬ 
bustion. The required oxygen is supplied 
chiefly by feeding atmospheric air (for compo¬ 
sition, see air, atmosphere). Sometimes oxy¬ 
gen is supplied directly or in the form of easily 
decomposed compounds (oxygenizers in rock¬ 
ets). The products of combustion are, as a 
rule, gaseous, and leave the device at a rela¬ 
tively high temperature. 

The chief components of all industrial fuels 
are carbon, C, and hydrogen, H; small amounts 

of sulfur, S, may also be present. Solid and 
liquid fuels may consist of a mixture of the 
above elements and their compounds. Liquid 
fuels are mostly mixtures of hydrocarbons. 
Gaseous fuels are mostly mixtures of gaseous 
combustible and inert compounds. 

Most combustion processes can be reduced 
to the following basic chemical reactions: 

(a) C + 02 -» C02 + 174,960 BTU 
(+97,200 kcal) 

(b) C + | 02 CO + 53,316 BTU 
(+29,620 kcal) 

(c) CO + | 02 -» C02 + 121,644 BTU 
(+67,580 kcal) 

(d) H2 + % 02 -> (H20)liq + 123,300 BTU 
(+68,500 kcal) 

(e) H2 + \ 02 (H20)vap + 103,950 BTU 
(+57,750 kcal) 

(f) S + 02 -> S02 + 127,548 BTU 
(+70,860 kcal) 

(g) CH4 + 2 02 -* C02 + 2 (H20),iq 
+ 382,320 BTU (+212,400 kcal) 

(h) C2H4 + 3 02 -> 2 C02 + 2 (H20)i;q 
+ 623,160 BTU (+346,200 kcal) 

(i) C2H6 + 3.5 02 -> 2 C02 + 3 (H20),iq 
+ 671,220 BTU (+372,900 kcal) 

The quantities of heat released are for the 
equations as written, i.e., per mole of fuel at 
0°C (32°F). It may be noted that reactions 
(a) and (f) involve no change in volume, i.e., 
no positive or negative contraction (the vol¬ 
ume of solid carbon or sulfur can be neg¬ 
lected) if the products of combustion are at 
the same temperature and pressure as the re¬ 
actants. In the other cases the volume either 
increases or decreases on combustion. (In re¬ 
action (g), there is no actual change in volume 
because the H20 is produced as vapor.) 

The heat released by the combustion of a 
fuel and by cooling the products of combustion 
to the initial temperature is known as its 
calorific value, H. When the fuel is a mixture 
of simple components, its calorific value can 
be calculated by proportional parts. Other¬ 
wise it must be measured. (See also VDI for¬ 
mula.) The calorific value of a fuel depends 
on whether combustion is at constant volume 
(e.g., bomb calorimeter) or at constant pres- 
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sure (Boys calorimeter, Junkers calorimeter). 
Denoting reactants by subscript 1 and prod¬ 
ucts by subscript 2, we have 

H v = Ui — U2 (1) 

Hp — H\ — H2 (2) 

and, since H = U PV, 

Hp-Hv = P{VX - Fa). (3) 

The difference Hp — Hv depends on whether 
or not there is contraction. 

The calorific value depends on the reference 
temperature, i.e., on the common temperature 
of the reactants and products at which it has 
been determined. (Normally these are listed 
for to = 0°C = 32°F.) Given Hp at t0, we can 
calculate Hp at any temperature t from the 
law of conservation of energy. Assuming con¬ 
stant specific heats for products and reactants, 
we have: 

Hp(t) - Hp(t0) 

= (t — t0) X) miCpl - m2CPi. (4) 
'■react prod 

For Hv, Cp in (4) should be replaced by Cv. 
The calorific value in a heat tone, and Equa¬ 
tion (4) applies to any heat tone at constant 
pressure. The rate of change of Hp or Hv with 
temperature, is not very large. As long as it 
is assumed that the air used in combustion as 
■well as the products of combustion are perfect 
gases, the calorific value is independent of 
pressure. 

All fuels which contain hydrogen or sulfur 
produce combustion gases with the easily con¬ 
densable vapors, H20 and S02. Their calorific 
values are measured at temperatures at which 
H20 or S02 appear as liquids and, therefore, 
include the latent heats of condensation, l. On 
the other hand, in practical applicances, the 
combustion gases are discharged at a higher 
temperature and the latent heats are not re¬ 
leased. The temperature at which this conden¬ 
sation occurs is called the dew point of the com¬ 
bustion gas. Accordingly, it is necessary to 
distinguish between the higher or gross calorific 
value Hg which includes the latent heat, and 
the lower or net calorific Hn value which ex¬ 
cludes it. If only steam is present, we have 

Hpg — Hpn = Ml = 19,381.6 Btu/lbmol 

= 10,750 kcal/lbmol, 

where M is the molar weight of steam (M = 
18.016 lbm/lbmol = 18.016 kg/kmol; and 

l = 1075.8 Btu/lbm = 592.1 kcal/kg is the 
latent heat at 0°C = 32°F). For pure hydrogen, 
Hn is approximately 19% lower than Hg. For 
pure carbon the two are equal. In practical 
calculations preference is given to the use of 
the lower calorific value. 

Combustion is a highly complex, irrevers¬ 
ible chemical process in which the dynamic 
conditions (motion of the gases), and the con¬ 
ditions for heat and mass transfer (diffusion) 
play important parts. The composition of 
the products of combustion and the actual 
amount of heat released depend on all those 
factors, and can seldom be predicted with 
certainty. 

The highest possible amount of heat is re¬ 
leased if all chemical elements in the fuel are 
oxidized to form the highest oxides. When 
this occurs, combustion is called complete. In 
the case of carbon, this implies that only C02 
and no CO is present in the products. In the 
contrary case, combustion is called incomplete. 
In practice, hydrogen always oxidizes to H20. 

Owing to the operation of the law of mass 
action, combustion can never be complete in 
practice, because at chemical equilibrium CO 
will always be present, even if only in minute 
amounts. On the other hand, owing to the 
highly irreversible nature of combustion, it 
must not be assumed that in a practical device 
the reactants and products are necessarily in 
chemical equilibrium. Moreover, owing to the 
inevitable motion of the gases, rapid compres¬ 
sion or expansion may take place, leading to 
states of frozen equilibrium. 

In practical devices an attempt is always 
made to approximate complete combustion as 
closely as possible. This could not be assumed 
if only enough air, Xmin, were supplied to pro¬ 
vide the exact, stoichiometric quantity of 
oxygen, Omin, necessary for combustion. Ac¬ 
cordingly the actual amount of air supplied, X, 
exceeds Xmin and their ratio 

X = X/Xmin (X > 1) 

is called the air ratio. Sometimes, the excess 
of air is described by the related quantity 

5 = 1 - X, 

called excess air ratio. An excess of air is 
required in order to provide the necessary con¬ 
centration gradients within the combustion 
zone, and to secure an excess of oxygen in 
order to shift the chemical equilibrium in the 
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direction of more complete combustion in ac¬ 
cordance with (Le) Chatelier’s principle. 

Since complete combustion constitutes a de¬ 
sirable, if unattainable, ideal, calculations re¬ 
lating to it are important in the design of 
combustion equipment. A complication arises 
in that it is customary to indicate the com¬ 
position of solid and liquid fuels by specifying 
mass fractions (denoted c, h, o, etc., for the 
elements, and w for the moisture content); on 
the other hand, the composition of gaseous 
fuels as well as that of all products of com¬ 
bustion is customarily given in mole-fractions 
or parts by volume, denoted, e.g., (CH4)/ for 
the fuel gas and, e.g., (C02)p for the products 
of combustion. It is always assumed that 
all gases are perfect. Often, in addition, it is 
stipulated that their specific heats are constant. 

The combustion gases are normally analyzed 
at a temperature below the dew point and, 
therefore, the analysis does not contain any 
indication about the H20 and S02 content. 
The analysis is then said to refer to dry (com¬ 
bustion) gases. The gases actually leaving 
the combustion zone, being at a temperature 
above the dew point, are referred to as wet 
(combustion) gases. 

The composition of a fuel can be conven¬ 
iently characterized by two dimensionless 
quantities a and v. For solid or liquid fuels: 

theoretical (stoichiometric) oxygen: 

0min = 29.92CO-ft3/lbm = 1.566 m3/kg 

theoretical air: 

Xmin = 142c<t ft3/lbm = 7.461 m3/kg 

volume of combustion gases: 

Vp = \Xmin + ^-(3h + fo + fw) ft3/lbm 

= \Xmin + if£(3h + |o + fu>) m3/kg 

(h w\ 
HoO content: ( —|-) 

\2 18/ 
lbmol/lbm 

S02 content: — lbmol/lbm. 
32 

For gaseous f uels of the general composition (4) 
we have: 

Omf„ = 0.5[(CO)/ + (Ha)/] + 2(CH4)/ 

+ 3(C2H4)/ - (02), ft3/ft3 (m3/m3) 

Xmin = —— Omin ft3/ft3 (m3/m3) 
U.aI 

Vp = 1 + \Xnin - 0.5[(CO)/ + (H2)/] 

H20 content: (H2)/ + 2(CH4)/ + 2(C2H4)/. 

In all cases, the molar (volumetric) composition 
of the dry gases is given by the equations: 

3 / o — s\ 

° = 1 + c(h-—) 
3 n 

v ~ 7 7 

Very often v is small and we may put v « 0. 
For a gaseous fuel of the following general 
composition: 

(CO)/ + (Ha)/ + (CH4), + (C2H4)/ + (02)/ 

+ (Na), + (C02)/ =1, (4) 

o-s[(CO)/ + (H2)/] + 2(CH4)/| 

+ 3(C2H4)/ - (02)/ J 

(CO)/ + (CH4)/ + 2(C2H4)/ + (C02)/ J 

y =_(N2)/_ 

(CO)/ + (CH4)/ + 2(C2H4)/ + (C02)/' 

For solid and liquid fuels, we can write (all 
volumes refer to normal temperature and 
pressure): 

(C02)p = 0.21/y 

(02)p = 0.21 (X - 1 )a/y 

(N 2)p = (0.79Xo- + 0.21 v)/y 

y = (X - 0.21)ff + 0.2l(v + 1) 

(C02)p + (02)p + (N2)p = 1. 

The excess air used can be calculated from 
the composition of the dry gases, with the aid 
of the formula: 

0.21 T 1 1 

When combustion is incomplete, the above 
equations do not apply, but owing to the 
complexity of the process, no general rules 
for calculations can be indicated. Very often 
the assumption is made that the reactants and 
products in the combustion chamber are in 
chemical equilibrium, and calculations are 
made with the aid of the law of mass action. 
This leads to several equations with several 
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unknowns and to considerable computational 
difficulties. The temperature prevailing in the 
combustion chamber appears as an important, 
unknown parameter. Since it is usually high, 
dissociation must be allowed for. 

The highest possible temperature of com¬ 
bustion is obtained when it is assumed that 
the process occurs in an adiabatic vessel, that 
combustion is complete, and that dissociation 
does not occur. The resulting (quite unreal¬ 
istically high) temperature t is known as the 
adiabatic flame temperature or the theoretical 
temperature of combustion. With the usual 
assumptions, it can be determined from the 
following equations: 

Solid or liquid fuels (//„ per unit mass) 

Hn + [C]l/r(tf ~ tr) + XXmln[Cp];« air[ta ~ tr) 

+ 0.21(X — l)A’min[Cp]Jro2 

+ 0.79XXm,„[Cp]|rN, j (t — tr). 

Gaseous fuels (H„ per mole) 

Hn + (tf - tr) £ z[Cp# 
fuel gas 

+ (<0 — ^r)XAmin[Cp]5“ 

= (t- tr) £ X[CPl!r. 
burnt gases 

Notation: tT is an arbitrary reference tempera¬ 
ture; Hn is assumed given at tr; ta is the temper¬ 
ature of air supplied; tf is the temperature of 
fuel supplied; X is the mole fraction; [c]Jj is the 
mean specific heat per unit mass within temper¬ 
ature limits as indicated; [Cp]1^ is the mean 
molar specific heat at constant pressure within 
temperature limits indicated; and t is the un¬ 
known adiabatic flame temperature. 

Dissociation (important above 1500°C) and 
heat losses through radiation, convection and 
incomplete mixing cause the real flame tem¬ 
perature to be non-uniform throughout the 
combustion zone and always lower than the 
adiabatic flame temperature t above. The 
combustion temperature increases with Hn and 
tf and ta (pre-heating); it is higher with pure 
62 than with air, because no nitrogen need be 
heated. The highest combustion temperatures 
of about 3100°C (5600°F) are attained in 

welding (oxy-acetylene) burners. Higher tem¬ 
peratures can be obtained in electric arcs. The 
flame temperature is reduced if A. is large, but 
as a rule there exists an optimum value for it. 
This, roughly, corresponds to the maximum 
excess of air which produces the best approxi¬ 
mation to complete combustion. Chemical 
losses reflect on the calorific value and bear 
more heavily on the final result than do phys¬ 
ical losses, consequently it is better to have 
too much air than too little. 

The components of combustible mixtures 
can exist side by side indefinitely at normal 
temperatures. In order to start combustion 
the mixture must first be heated to a definite 
temperature, the ignition temperature (see 
ignition limit). The heat released on ignition 
must be sufficient for the combustion, initiated 
by ignition, to propagate itself through the 
combustible mixture. The velocity of propa¬ 
gation of the combustion zone relative to com¬ 
bustible mixture is called flame or combustion 
velocity; it depends on the physical and chem¬ 
ical properties of the mixture, and ranges from 
about 1 m/sec (3 ft/sec) for CO-air mixtures, 
to 30 m/sec (100 ft/sec) for H2-O2 mixtures. 
The velocity of combustion can be reduced 
considerably, even to zero, by vigorous cool¬ 
ing (as in a Davy lamp); it is also strongly 
affected by the air-fuel ratio (see ignition 

limit*, and can be appreciably increased by 
inducing turbulence in the combustible mix¬ 
ture (as in internal combustion engines). The 
slowly progressing mode of combustion, also 
known as deflagation, can be replaced by an 
extremely fast propagation, known as detona¬ 
tion, which is induced in a tube owing to the 
compressibility of the gases involved. 

COMBUSTION VELOCITY. See combus¬ 

tion calculations in engineering. 

COMMAND (COMPUTER). (1) One of a 
set of several signals (or groups of signals) 
which occurs as a result of an instruction; the 
commands initiate the individual steps which 
form the process of executing the instruction. 
(2) Synonym for instruction. 

COMMENSURABLE. The term used to de¬ 
scribe the relationship between several quan¬ 
tities, e.g., b 1, i>2, and b3, for which a number 
C, not necessarily an integer, can be found 
such that bi = iqC, 62 = OoC, and b3 = n^C 
where rq, n2, and n3 are integers. If no such 
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number C exists, then b\, b2, and b3 are said 
to be non-commensurable. 

COMMUNAL ENTROPY. The contribution 
to the entropy of a system arising from the 
disorder when the molecules are sufficiently 
free to change positions frequently. 

COMMUTATION RELATIONS. Physical 
quantities are represented in quantum me¬ 
chanics by linear operators. Two linear oper¬ 
ators A and B do not commute in general, 
AB ^ BA. The commutation relations give 
an expression for the commutator AB — BA. 
Canonically conjugate dynamical variables 
q, p satisfy the commutation relations qp — pq 
= ih, where fi = h/2ir and h is Planck’s con¬ 
stant. Components Mx, My, Mx of an angular 
momentum operator satisfy the commutation 
relations 

and the creation operator ay* as the adjoint of 
the above. The commutation rules of the 
a’s and a*’s are given by (1). It can be 
demonstrated that the inequivalent discrete 
representations of the commutation rules (1) 
are N‘i in number. Tor just one of the irreducible 
representations does a no particle-particle state 
and an operator N — 'Ldj*dj corresponding to 
the total number of particles, exist. 

COMMUTATIVE LAW. An operator, de¬ 
noted by the small centered circle °, obeys 
the commutative law if a ° b = b ° a for all a, 
b in its domain. Thus, in elementary arithmetic 
a -f b = b + a, and ab = ba. 

COMMUTATOR. The commutator of two 
linear operators A and B is the expression 
[A,B] = AB - BA. 

MxMy - MyMx = ifiMz> 

MVMZ — MzMy — ihMx, 

MZMX - MXMZ = ihMy. 

(See Jordan-Wigner commutation rules.) 

COMMUTATION RULES FOR BOSONS. 
The commutation rules satisfied by the crea¬ 
tion and destruction operators for particles 
obeying Bose-Einstein statistics. If a„ and 
a„* are the destruction and creation operators 
for a Bose particle in the (one-particle) state 
characterized by the observable n, the Jordan- 
Klein commutation rules for them state that 

[an, am] = [a„*, = 0 

(1) 
[an, o,m ] Snm. 

Consider the case of neutral (uncharged) spin 
0 particles of mass p in greater detail. In a 
quantum field theoretic description, to a system 
of free spin 0 particles corresponds a Hermitian 
field operator 4>{x) = satisfying the 
equation 

(□ + p2)<t>(x) = 0. 

COMMUTING VARIABLES. In quantum 
mechanics those dynamical variables whose 
quantum mechanical operators commute. The 
set of variables whose operators commute with 
the Hamiltonian operator are constants of 
motion. 

COMPACT. A subset S of a metric space is 
compact if every infinite sequence of elements 
in S contains a sub-sequence which is con¬ 
vergent to an element of S. Thus the unit- 
sphere in a Euclidean space is compact, while 
the unit-sphere (the set of all vectors of unit 
norm) in Hilbert space is not compact. 

COMPARISON THEOREM (FOR CON¬ 

VERGENCE). A series ai + a2 -|-is ab¬ 
solutely convergent if | a< | < | b{ | for i = 1,2, 
3, • • •, where b1 + b2 H-is an absolutely 
convergent series. Similarly ax + a2 -f • • • 
is divergent if | a* | > | bi | for some divergent 
series b{. 

COMPATIBLE DISPLACEMENTS. See 

displacements, compatible. 

Let fj be a set of positive energy solutions of 
the Klein-Gordon equation orthonormal in 
the scalar product 

(/,„) = -ifd^x) (jtg(z) (2) 

then one defines the annihilation operator as 

a. dfi 
— *(*) “ /y(*) 
dxM dxM . 

(3) 

COMPENSATION THEOREM. If a net¬ 
work is modified by making a change, AZ, in 
the impedance of one of its branches, the 
current increment thereby produced at any 
point in the network is equal to the current 
that would be produced at that point by a 
compensating electromotive force acting in 
series with the modified branch, whose value 
is — iAZ, where i is the original current which 
flowed in the modified branch. 
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COMPLEMENT. (1) In decimal representa¬ 
tion, the complement of a number x is 10" — x, 
where v is some fixed integer, positive, nega¬ 
tive, or zero. In binary representation it is 
2" — x, where y is an integer. The subtraction 
of a number is thus essentially equivalent to 
the addition of its complement, and in com¬ 
puter construction it is generally easier to 
mechanize the formation of a complement 
than that of an arbitrary difference. In binary 
notation, the one’s-complement of x is the 
number obtained when each digit xt of x is 
replaced by 1 — x,. (2) The complement of 
a subset S of a set A is the set of all elements 
of A not included in S. (3) For the algebraic 
complement of a minor determinant, see 
“minor.” 

COMPLEMENTARITY. A concept intro¬ 
duced by Niels Bohr to express an essential 
feature of the quantum description of atomic 
phenomena. Though these phenomena tran¬ 
scend the scope of classical physical expla¬ 
nation, the account of all observations must 
be expressed in classical terms. Because of 
the impossibility of any sharp separation be¬ 
tween the behavior of atomic objects and the 
interaction with the measuring instrument, 
evidence obtained under different experimental 
conditions cannot be comprehended within a 
single picture. Different conditions lead to 
the observation of complementary aspects of 
the phenomenon, complementary in the sense 
that only the totality of mutually exclusive 
observations exhausts the possible informa¬ 
tion about the atomic object. Wave and par¬ 
ticle aspects are complementary aspects in 
the description of light or elementary particles. 
The description of a particle motion in terms 
of position coordinates is complementary to 
that in terms of momentum components. 

COMPLEMENTARY ACCELERATION. 
Another name for Coriolis acceleration. 

COMPLEMENTARY COLORS. See addi¬ 
tive complementary colors. 

COMPLEMENTARY DIFFRACTION 
SCREENS. See Babinet principle. 

COMPLEMENTARY ENERGY. Consider a 
body of elastic material, to which classical 
elasticity theory is applicable, to be in equi¬ 
librium under the action of specified body 

forces and specified surface tractions applied 
over part of the surface 2, while displace¬ 
ments are specified over the remainder 2U. If 
the components of the corresponding displace¬ 
ments, in a rectangular Cartesian coordinate 
system, are Ui (i = 1, 2, 3) and the components 
of the surface tractions acting on the portion 
2„ of the surface are Tit then the complemen¬ 
tary energy is defined by 

U — f TiUidZ, 
Jzu 

where U is the strain-energy associated with 
an arbitrary stress field and the summation 
convention is used. The theorem of minimum 
complementary energy states that the com¬ 
plementary energy is an absolute minimum 
for all variations of the stress field which leave 
the equations of equilibrium throughout the 
body and the boundary conditions on 2r sat¬ 
isfied. Also called principle of complementary 
energy. In the particular case when surface 
tractions are specified over the whole surface, 
the theorem is called the theorem of minimum 
strain energy, or theorem of least work, or 
Castigliano second theorem. 

COMPLEMENTARY FUNCTION (OF A 
LINEAR DIFFERENTIAL EQUATION). A 
solution of the corresponding homogeneous 
equation. (See linear.) 

COMPLEMENTARY WAVELENGTH. The 
complementary wavelength (of a light) is the 
wavelength of a spectrum light that, when 
combined in suitable proportions with the 
light considered, yields a match with the speci¬ 
fied achromatic light. 

COMPLEMENT OF A SUBGRAPH. See 
subgraph complement. 

COMPLETE COMBUSTION. See combus¬ 
tion. 

COMPLETE RADIATOR. A temperature 
radiator of uniform temperature whose ra¬ 
diant flux in all parts of the spectrum is the 
maximum obtainable from any temperature 
radiator at the same temperature. Such a 
radiator is called a black body because it 
will absorb all the radiant energy that falls 
upon it. No known surface is truly black at 
all wavelengths. 
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COMPLETE SET OF ORTHOGONAL 
FUNCTIONS, EXPANSION IN. (1) Con¬ 
sider the complete set of functions S„(x) that 
are orthogonal over an interval L, i.e., 

,L 

Sn(x)Sm*(x)dx = 0 / 
where Sm*(x) is the complex conjugate of 
Sm(x) and that are normalized to unity, i.e., 

,L 
Sn(x)Sn*dx = 1. / 

J n 

Then in the expansion 

F(x) = E®n5»(x) 
n 

of an arbitrary function F(x), satisfying the 
same boundary conditions as Sn, the coefficients 
are given by 

anan* = |aj2 = f F(x)Sn*(x)dx. 

Examples of complete orthogonal sets are the 
sin nx and cos nx functions of the Fourier 
series over the interval 0 to ir; the complex 
exponential functions einx, n — ■ • • —2, —1, 0, 
+ 1, +2 •••, over the interval 0 to ir; the 
Legendre polynomials Pn{x) over the interval 

0 to 1; the functions VxJp{rnx) over the in¬ 
terval 0 to 1, where Jp is the ptb order Bessel 
function of first kind and rn is its ntb root; etc. 

(2) The idea of expansion in a complete 
orthogonal set can be extended to the case 
where the expansion functions form a con¬ 
tinuous, rather than a discrete, orthogonal set. 
Again the orthogonality of the functions allows 
the determination of the expansion coefficients 
which are now continuous functions rather 
than discrete constants. An example of such 
an expansion is the Fourier transform. 

(3) In many problems of quantum mechan¬ 
ics, the quantum mechanical operators have 
both discrete and continuous eigenvalues. The 
complete set of eigenfunctions then includes 
both those belonging to the discrete spectrum 
and those belonging to the continuous spec¬ 
trum of the eigenvalues. The expansion of 
an arbitrary state function is then a sum over 
the discrete eigenfunctions plus an integral 
over the continuous eigenfunctions. 

COMPLETE SPACE. A metric space in 
which every Cauchy sequence is convergent 
to an element in that space. 

COMPLEX COMPLIANCE. See compli¬ 
ance, complex. 

COMPLEX INTEGRATION. See contour 
integration. 

COMPLEXION. A microstate of a system. 

COMPLEX MODULUS. See modulus, com¬ 
plex. 

COMPLEX NUMBER. A complex number, 
usually written a + bi (see below), is a pair of 
real numbers (a,b) with addition and multi¬ 
plication defined as follows: (a,b) + (c,d) = 
(a + c, b + d) and (a,b) X (c,d) = (ac — bd, 
ad + be). The real number a is the real part, 
and the real number b is the imaginary part, of 
the complex number (a,b). The names “real” 
and “imaginary” are historical accidents; since 
a complex number is a pair of real numbers, it 
is exactly as “real” as they are and, in fact, 
complex numbers are often useful for the repre¬ 
sentation of phenomena in the “real” world. 
A complex number (a,0) with zero imaginary 
part may be identified with the corresponding 
real number a. A complex number (0,f>) with 
zero real part is called a pure imaginary. The 
pure imaginary (0,1) is usually denoted by the 
symbol i; since (0,1) X (0,1) = ( — 1,0), the 
number i is a square root of — 1. Since (a,b) = 
(a,0) + (6,0) (0,1) = a + bi, every complex 
number may be written, as indicated above, 
in the form a + bi. In books on electricity, 
the letter i is usually replaced by j. Choosing 
r and 9 so that a = r cos 9 and b = r sin 9 leads 
to the polar or trigonometric form of a complex 
number z — r (cos 9 + i sin 9), and defining et9 
by the series elS = 1 + (i9) + (i9)2/2! +• —(- 
(i9)n/n! + • • •, gives the exponential form 
z = rel9, from which all the usual properties of 
complex numbers may be quickly derived. 
E.g., the De Moivre identity (rel9)n = rneul9. 

COMPLEX OF A GROUP. Any set of ele¬ 
ments of a group. 

COMPLEX POTENTIAL (IN HYDRODY¬ 
NAMIC FLOW IN TWO DIMENSIONS). 
If the motion of an incompressible fluid is 
plane, two-dimensional, and irrotational there 
exist a velocity potential <f> and a stream func¬ 
tion ip such that the velocity is given by 

d<t> dip 

dx dy 

d<p dip 

dy dx 

These are the Cauchy-Riemann equations. 
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The complex potential then is w = <f> + i\p. 
Also div v = V2<£ and curl v = V2\p, where 
v = (u,v). 4> only exists in irrotational motion 
(curl v = 0); \p exists even if curl v ^0, pro¬ 
vided div v = 0. 

The velocity is given by 

dw 
u — iv -- 

dz 
when z = x + iy. 

Some authors place a minus sign in front of 
<t> and \f/ as given here. 

COMPLEX RADIATION. Radiation com¬ 
posed of several monochromatic radiations. 

COMPLEX TRUSS. See truss, complex. 

COMPLIANCE, ACOUSTIC. The acoustic 
compliance of an enclosed volume of gas is 
equal to the magnitude of the ratio of the 

CA 
ffiZZZZZZZZ, 

fyzZZZZZZZZZA 

Graphical representation of the element, acoustical 
compliance, CA. 

volume displacement of a piston forming one 
side of the volume to the pressure causing the 
displacement. It is measured in cm5/dyne. 
It is also called the acoustic capacitance. 

COMPLIANCE, BULK. Compliance based 
on hydrostatic stress and dilatational strain. 

COMPLIANCE, COMPLEX. The reciprocal 
of the complex modulus, that is, the ratio of 
strain to stress in a steady-state oscillatory 
test, with oscillatory variables expressed in 
complex notation: 

k* (<o) — k\((o) — ik2{(o). 

COMPLIANCE, CREEP. Subjection of a 
specimen to a step function of stress is known 
as a creep test. The resulting ratio of strain 
to stress, k{t), is called the creep compliance, 
and is a non-decreasing function of the time. 
The superposition principle enables the strain 
response, t{t), to a general stress history o-(t) 
to be expressed in terms of k{t): 

rl dcr(r) 
«(0 = I k(t - r) —^ dr. 

•A-co dr 

This represents the constitutive equation of 
linear viscoelasticity in an integral form. 

COMPLIANCE, EQUILIBRIUM. The limit¬ 
ing value of the compliance of a viscoelastic 
material for slow loading or zero frequency. 

COMPLIANCE, GLASS. The limiting value 
of the compliance of a viscoelastic material for 
instantaneous loading or infinite frequency. 

COMPLIANCE, LOSS. The imaginary part 
of the complex compliance k2(w). 

COMPLIANCE, MECHANICAL. Compli¬ 
ance in a mechanical vibrating system is that 
coefficient which, when multiplied by 2it times 
the frequency, is the reciprocal of the nega¬ 
tive imaginary part of the mechanical imped¬ 
ance. The unit is the centimeter per dyne. 

COMPLIANCE, RECTILINEAL. See recti¬ 
lineal compliance. 

COMPLIANCE, ROTATIONAL. See rota¬ 
tional compliance. 

COMPLIANCE, SHEAR. Compliance based 
on shear stress and strain components. 

COMPLIANCE, STORAGE. The real part 
of the complex compliance, fci(<o). 

COMPONENT. (1) In its general usage, 
one of the ingredients of a mixture, or one of 
the distinct molecular or atomic species com¬ 
posing a mixture. In physical chemistry, one 
among the smallest number of chemical sub¬ 
stances which need to be specified in order to 
reproduce a given chemical system. (2) The 
projection of a vector on a particular coordi¬ 
nate axis or along some specified direction. 
(3) For component of a tensor, see tensor 
(tensor field). 

COMPONENT ANALYSIS. In statistics, a 
branch of multivariate analysis which seeks 
to exhibit a multivariate complex as dependent 
on a number of independent components, each 
component being a linear function of the orig¬ 
inal variables. If the components are chosen 
so that the first accounts for as much of the 
variation as possible, the second as much of 
the variation which remains, and so on, they 
are known as principal components. 

COMPONENT OF A SCALAR. See scalar. 

COMPONENT OF A VECTOR. In many 
problems it is useful to replace a vector, such 
as a force, by two or more vectors equivalent 
to it. The two or more vectors are called 
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components of the original vector. The proc¬ 
ess of finding the components is called the 
resolution oj the vector into components. 

COMPONENTS, INDEPENDENT. See in¬ 
dependent components. 

COMPONENTS OF SYSTEM. See indicial 
notation. 

COMPONENTS OF TENSOR (TENSOR 
FIELD). See tensor (tensor field). 

COMPOSITE BEAM. See beam, composite. 

COMPOSITION OF FORCES. See forces, 
composition of. 

COMPOSITION OF TWO TENSORS (TEN¬ 
SOR FIELDS). The operation of forming an 
inner product of two tensors (tensor fields). 
Also called inner multiplication. The inner 
product is said to be compounded of the two 
tensors from which it is formed. 

COMPOSITION OF VECTORS. See vector 
addition. 

COMPOSITION SERIES (OF A GROUP). 
Let G\ be a normal subgroup of a finite group 
G which is maximal, that is, such that the 
only normal subgroup of G which includes G\ 
is G itself; similarly, let G2 be a maximal 
normal subgroup of Gi and so on until in n 
steps we reach Gn = E, the group consisting 
of the identity element alone. Then the se¬ 
quence of groups so obtained 

G, Gi, G2, • •(?n—i, E 

is called a composition series for G. 

“COMPOUND” DISTRIBUTION. See con¬ 
volution. 

COMPOUND MULTIPLET. See multiplet. 

COMPOUND NUCLEUS. The intermediate 
state produced in a nuclear reaction between 
capture of the bombarding particle and emis¬ 
sion of the reaction product. For example, in 
the reaction N14 + n —» Ou + p the compound 
nucleus is N15. The appearance of sharp 
resonances in the cross section (i.e., reaction 
probability) as a function of energy of the 
bombarding particle can be interpreted only 
as the formation of an intermediate state long- 
lived relative to the time it takes a particle to 
traverse the nucleus, the mean life being 
r = h/T, where 2vh is Planck’s constant and 

r the width of the resonance. For example, 
level widths of about 0.1 ev are frequently 
observed in the interaction of slow neutrons, 
of energy about 1 ev, with heavy nuclei. The 
time required for a 1 ev neutron to cross a 
distance of about 10-12 cm is about 10-18 
sec, whereas the mean life of the state r is 
about 7 X 10-15 sec, which is much longer. 
During this relatively long time the compound 
state “forgets” its mode of formation, and can 
be expected to break up in a manner inde¬ 
pendent of how it was formed. Thus, the 
properties of the compound nucleus dominate 
the behavior of nuclear reactions in the neigh¬ 
borhood of resonances of the cross section 
(i.e., at low energies). At higher energies, 
when the de Broglie wavelength of the bom¬ 
barding particle becomes comparable with the 
average spacing of particles in the nucleus, 
only a small portion of the target nucleus inter¬ 
acts with the bombarding particle, so that a 
compound nucleus is no longer formed. The 
concept of the compound nucleus was intro¬ 
duced in 1936 by N. Bohr, since when it has 
had much success in the understanding of 
nuclear reactions. 

COMPOUND TRUSS. See truss, compound. 

COMPRESSIBILITY. The coefficient of (iso¬ 
thermal) compressibility is defined by 

1 /dV\ 

(1) 

The adiabatic (isentropic) compressibility 
coefficient ks is similarily defined by 

One has 

KS 

1 

V 

Gy 

~K ~C~P 

(2) 

(3) 

where Cv/Cp is the ratio of the heat capacities 
at constant volume and at constant pressure. 

COMPRESSIBILITY FACTOR. (1) The 
semi-theoretical factor Y in the standard- 
nozzle discharge formula which takes into ac¬ 
count the compressibility of the fluid being 
metered: 

CY 
m = 

VT= m‘ 
A0V2P(p1 - p2). 
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(See standard nozzle.) (2) Value of the ratio 

pV 

2 ~ RT 

for a real gas. Since for a perfect gas 2 = 1, 
the compressibility factor can serve as a meas¬ 
ure of the deviation of the properties of a real 
gas from perfect-gas behavior. 

COMPRESSION. (1) In general usage, com¬ 
pression is descriptive of the decrease of vol¬ 
ume of a compressible substance (solid, liquid 
or gaseous) due to the application of pressure. 
The common example of compression is found 
in cylinders filled with gas being compressed 
by the motion of a piston moving in the cylin¬ 
der. The pressure increase required for any 
given reduction of volume of a gas depends 
upon the particular condition surrounding the 
act of compression; for example, if the cylin¬ 
der is thoroughly insulated against heat trans¬ 
mission, the compression will be of a type 
known as isentropic, and the temperature of 
the gas will rise during compression because 
the mechanical work expended on the piston 
in obtaining the compression is converted into 
internal energy in the gas. On the other hand, 
if the cylinder is a good conductor of heat, 
and passes heat to the atmosphere as rapidly 
as it is received by the gas, the temperature 
at the end of compression may be the same as 
that at the beginning. In this isothermal 
compression the pressure at the end of com¬ 
pression is less than that of an equivalent 
isentropic compression. In general, actual 
compressions are neither strictly isentropic 
nor isothermal. (2) In structural engineer¬ 
ing compression is used to denote the type of 
stress which causes the fibers of a member to 
shorten. (3) In electronics, the ratio of the 
small-signal power gain g0 of a device to the 
power gain gq at some higher power level. 
Expressed in decibels: 

(Jo 
Compression = 10 logi0 — 

0i 

(See compressor.) (4) In television, the re¬ 
duction in gain at one level of a picture signal 
with respect to the gain at another level of 
the same signal. (See also black compression 
and white compression.) The gain referred 
to in the definition is for a signal amplitude 
small in comparison with the total peak-to- 
peak, picture signal involved. A quantitative 

evaluation of this effect can be obtained by 
a measurement of differential gain. 

COMPRESSION EFFICIENCY. See en¬ 
thalpy drop. 

COMPRESSION-IGNITION ENGINE. See 
diesel engine. 

COMPRESSION MODULUS. The ratio be¬ 
tween the applied hydrostatic pressure and the 
decrease in volume per unit volume of an iso¬ 
tropic elastic material. Often denoted k and, 
when the generalized Hooke’s law is applicable 
to the material, given in terms of the Lame 
constants by 

k — 3-(3X + 2n). 

Also called bulk modulus, or modulus of com¬ 
pression. 

COMPRESSION RATIO. In an internal 
combustion engine (gasoline, diesel), the ratio 
of the volume of the compression chamber 
(total of the swept volume, V*, and the volume 
at end of compression, Vc) to the volume at 
end of compression 

Fs + Vc 
r -- 

Vc 

The designation is somewhat illogical, but its 
use is universal. 

COMPRESSION WAVE. A simple wave or 
progressive disturbance in the one-dimensional 
isentropic flow of a compressible fluid, such 
that the pressure and density of a fluid particle 
increase on crossing the wave in the direction 
of its motion. 

COMPRESSOR. A machine whose function 
it is to provide a supply of gas at a pressure 
higher than that available. Compressors can 
operate on the static principle, as when com¬ 
pression is effected in a cylinder with the aid 
of a reciprocating piston driven from a crank¬ 
shaft, the gas being suitably led into and out 
of the cylinder by automatic (spring-loaded) 
or governed valves. Such machines are called 
reciprocating compressors or simply compres¬ 
sors. Compression can also be achieved by 
the dynamic principle, as when the gas is first 
accelerated with the aid of blades on a rotor 
and then decelerated in a suitably-shaped pas¬ 
sage so that its pressure becomes (approxi¬ 
mately) equal to the dynamic pressure of the 
stream. Such machines are called rotary com¬ 
pressors or turbo-compressors. 
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The thermodynamic process of compression 
is, in principle, independent of the details of 
the compressor, except that compression in a 
rotary compressor is more nearly isentropic 
than in a reciprocating compressor. 

The work of compression w per unit mass 
of gas, assuming the process to be reversible, 
depends strongly on the type of process under¬ 
gone by the gas, being highest for isentropic 
compression, lowest for isothermal compres¬ 
sion, and intermediate for polytropic compres¬ 
sion. In the case of perfect gases, we have: 
Ideal work of polytropic compression 

n—1 

(for isentropic compression substitute n = y). 
Ideal work of isothermal compression 

w = ViVi In (—\ 
\?i/ 

where 1 is the state at inlet; p\V\ = mRTx] 
P2 is the pressure at exit. 

Reciprocating compressors necessarily pos¬ 
sess a clearance volume. The ideal diagram 
of operation for such a compressor with clear¬ 
ance volume e0Fg (c0 being the clearance ratio) 

Fig. 1. Ideal p,Y diagram of reciprocating compressor. 
In this diagram, the clearance volume is Vc, the swept 
volume Vg is equal to VA - Vc, the clearance ratio 
eo Is Va/VB, and the effective swept volume is V, — 

V 
y D- 

a clearance volume, but the compressor be¬ 
haves as if its swept volume had been reduced 
to (Va. — FD) = jaFg where p is the apparent 
volumetric efficiency. Thus a larger compres¬ 
sor must be used and the actual work required 
increases because the losses are higher. 

Owing to the existence of a clearance vol¬ 
ume, the highest exit pressure attainable be¬ 
comes 

when the air filling volume Fs(l + e0) attains 
pressure p'b on reducing the volume to e0Fs so 
that none is left for delivery. 

In order to achieve high exit pressures it is 
necessary to build multi-state compressors by 
joining several of them (two, three, at most, 
four in practice) in series. When this is done, 
the gas can be cooled between the stages. In 
this manner the overall process of compression 
more nearly approaches an isothermal one, 
and the required work is reduced. The maxi¬ 
mum saving is achieved when the work per 
unit mass in each stage is the same, which 
implies equal pressure ratios in each stage. 
In a two-stage compressor, the intermediate 
pressure 

Px = ^PlP2- 

where the gas is compressed to pi in the first 
stage, and to p2 in the second. Dividing into 
stages also reduces thermal stresses. 

The output of the compressor is judged by 

its volumetric efficiency 

mass of gas delivered 
X =-—- 

mass filling swept volume 

The volumetric efficiency X differs from the 
apparent volumetric efficiency p because at the 
end of the inlet stroke (point A in Figure 1) the 
temperature of the gas TA is higher than that 
at inlet T0. Approximately 

X T0 

is shown in Figure 1. The work of compres¬ 
sion is here 

w = 

n—1 

for polytropic compression. The work of com¬ 
pression per unit mass is the same as without 

M Ta 

The volumetric efficiency X of a compressor 
can be improved and even made to exceed 
unity if a suitable long pipe is placed in front 
of its inlet. The periodic excitation from the 
piston causes high-amplitude pressure waves 
to travel through the inlet pipe. By proper 
steering it is possible to make the inlet pres- 
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sure higher than that outside. This process 
is sometimes called dynamic changing, Fig¬ 
ure 2. 

dynamic changing. 

A vacuum pump actually operates on the 
same principle as a compressor. The chamber 
to be evacuated is connected to the compressor 
inlet. The compressor draws gas at a decreas¬ 
ing pressure pi} compresses it to the constant 
atmospheric pressure p2 and ejects it. 

COMPTON EFFECT. Essentially, the scat¬ 
tering of a photon (quantum of electromag¬ 
netic radiation) by a free electron in which, 
owing to the conservation of energy and mo¬ 
mentum, the scattered radiation suffers a 
wavelength change, increasing by 

AX - X0(l — cos 0), 

where 6 is the angle through which the beam 
is scattered and X0, the Compton wavelength 
of the electron, is given by Xo = h/mc, where 
h is Planck’s constant, m the rest mass of the 
electron, and c the velocity of light. At the 
same time, the electron recoils. Thus, the 
fractional change of wavelength AX/X in¬ 
creases with decreasing wavelength, i.e., with 
increasing photon energy. The effect was dis¬ 
covered in 1923 by Compton who observed 
the change of wavelength of a beam of X-rays 
scattered by carbon. Although electrons are 
normally bound, at energies hv » e, the bind¬ 
ing energy, they can be considered as essen¬ 
tially free. The Compton effect is one of the 
famous effects which first demonstrated the 
corpuscular behavior of light. At long wave¬ 
lengths, the Compton scattering becomes sim¬ 
ply the classical, or Thomson, scattering. 
Compton scattering is peaked at forward 
angles compared with Thomson scattering. 
(See scattering.) 

COMPUTATIONAL INSTABILITY. An in¬ 
stability in a finite difference equation which 
does not exist in the differential equation ap¬ 
proximated thereby. 

COMPUTER. Any physical device used as 
an aid in computing. It is customary to dis¬ 
tinguish two general classes, analog computers 
and digital computers. (Also see calculator.) 

COMPUTER, ANALOG. See analog com¬ 
puter. 

COMPUTER, DIGITAL. See digital com¬ 
puter. 

COMPUTER FLOW DIAGRAM. A graph¬ 
ical representation of a program or a routine. 

CONCENTRATED FORCE. See force, con¬ 
centrated. 

CONCENTRATION. (1) The process of in¬ 
creasing the quantity of a substance or form 
of energy or other entity that exists in a vol¬ 
ume of space, as in increasing by evaporation 
the amount of solute contained in unit volume 
in a solution, or as in gathering heat, light, 
electricity, or other energy or form of energy. 
(2) The quantity itself of matter or other 
entity that exists in a unit volume, as the 
strength of a solution in mass of solute per 
unit mass of solution, or in the number of 
moles, hydrogen ions, etc., contained per unit 
volume or per unit mass. (3) In statistics, the 
measure of dispersion known as the coefficient 
of concentration is defined as G where 

2mi 

Ax being Gini’s mean difference and jiti being 
the mean of the distribution. 

CONCRETE, REINFORCED. Plain con¬ 
crete will carry relatively heavy compressive 
stresses, but any attempt to impose tensile 
stresses of appreciable magnitude will result 
in rupture and consequent failure. For this 
reason plain concrete cannot be used for struc¬ 
tural members subjected to a bending action 
.or to a direct tensile action. However, if steel 
bars are incorporated in such a manner as to 
carry such tensile action as may develop in 
the member, then a safe and satisfactory “rein¬ 
forced concrete” member may be used where 
otherwise a plain concrete member of the same 
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size, or even larger size, would be wholly in¬ 
adequate and unsafe. 

There are two physical phenomena which 
are primarily responsible for the successful use 
of steel and concrete jointly to form structural 
units or members: (1) The coefficients of ex¬ 
pansion and contraction for concrete and steel 
are very nearly the same, thus preventing un¬ 
desirable, or even disastrous, internal stresses 
due to differential expansion or contraction. 
(2) When the concrete hardens it grips the 
steel bars very tightly and securely and thus 
permits stress action between the two mate¬ 
rials, the result of this joint action being ex¬ 
hibited as the strength of the structural mem¬ 
ber to resist the imposed load. Usually the 
steel bars are roughened to give the so-called 
“corrugated bar” which further assists in 
strengthening the adhesion between the con¬ 
crete and steel by affording a sort of mechan¬ 
ical or interlocking bond. 

CONDENSATE. The liquefied working fluid 
in a steam power installation. 

CONDENSATION. (1) Change from gas¬ 
eous (or vapor) state to liquid state. (See 
change of state.) (2) In general, increase in 
density. (3) The local increase in density in 
a sound wave, as contrasted with rarefaction: 

quantitatively, 

p — Po 
s —-. 

Po 

where s is the condensation, p the local in¬ 
stantaneous density, p0 the constant mean 
density at a point. (4) Accumulation of 
electric charge, as of electrons in a capacitor. 

(5) Convergence of light, or formation of a 
beam of parallel light rays. (6) In chemistry, 
various combination reactions of molecules to 
form larger molecules. 

CONDENSATION, COEFFICIENT OF. It 
can be shown from kinetic theory that for a 
solid or liquid in equilibrium with its vapor 
at pressure p and temperature T, the mass of 
vapor molecules striking (and therefore also 
leaving) unit area per second is 

M = p VM/2nRT 

where M is the molecular weight of the vapor, 
and R the gas constant. If it can be assumed 
that every molecule striking the surface is con¬ 
densed, this expression will also give the rate 

of loss of weight of the solid or liquid at tem¬ 
perature T in a vacuum. If the assumption is 
not justified, the rate of loss of weight can be 
written 

p = ap y/M/2irRT 

the constant a being known as the coefficient 
of condensation. Experiments appear to show 
that this may be considerably less than unity 
in some cases. 

CONDENSATION CURVE. See boiling 

curve and condensation curve. 

CONDENSATION, EINSTEIN. See Einstein 

condensation. 

CONDENSED SYSTEM. A substance or 
mixture of substances in the liquid or solid 
state. The term has also been applied to the 
condensation into a state of zero momentum 
of the particles in an ideal gas obeying Bose- 

Einstein statistics. (See Einstein condensa¬ 

tion.) 

CONDENSER. (1) For the electric con¬ 
denser, see capacitor. (2) A device for lique¬ 
fying gases or vapors. In power plant prac¬ 
tice, in particular, a device for liquefying 
steam, especially the steam leaving a steam 
engine or steam turbine. In this manner the 
exit pressure is kept low, being roughly equal 
to the saturation pressure of steam which cor¬ 
responds to the temperature of the available 
cooling water. This increases the efficiency 
of the power plant by a considerable amount. 

CONDITIONAL CONVERGENCE. A series 
which is convergent but is not absolutely con¬ 
vergent is said to be conditionally convergent. 
(See convergence.) 

CONDITION NUMBER. An indicator of 
numerical stability. In particular, the condi¬ 
tion number of a matrix is usually taken to be 
a number that is equal to unity for a scalar 
matrix, and that is large when the matrix is in 
some sense nearly singular. Hence if the 
problem is to solve the linear system 

Ax = h, 

the problem is unstable in case the condition 
number of A is large. Among the several 
functions of the matrix that have been pro¬ 
posed, the most suitable seems to be 

7(A) - || A || || A-1 || 
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for some appropriately chosen norm. The 
reason for this is that for small changes in A, 
the ratio of the relative change in the solution 
to the relative change in A can be shown not 
to exceed 7(A). This is to say that if 5A repre¬ 
sents a small change in A, and <5x the induced 
change in x, then 

(II 8x ll/ll X ll)/(ll JA ll/ll A II) < II A II II A-1 II 

- 7(A), 

provided second-order effects are neglected. 
More exactly, if E = A-XSA and || E || <1, 
then 

(II Jx ll/ll X IDAII SA ll/ll A II) 

< t(A)/(1 - || E ||). 

It should be observed that this condition 
number relates only to the invertibility of a 
matrix, and has no relation to the finding of 
its eigenvalues and eigenvectors. If A is 
diagonalizable, 

A = PAP-1 

where A is diagonal, then P || || P^1 || seems 
to be the appropriate condition number for 
this problem. 

CONDON PARABOLA. In the Deslandres 
table of the band system of a diatomic mole¬ 
cule, the most intense bands are found to lie 
roughly on a parabola, the so-called Condon 
parabola. This effect finds a natural explana¬ 
tion in the Franck-Condon principle. 

CONDUCTANCE. A term used in electrical 
circuits and by analogy in acoustical or me¬ 
chanical systems to denote the real part of 
admittance. If the circuit or system has no 
reactance, its impedance consisting only of 
resistance, then its conductance is the recip¬ 
rocal of its resistance. 

CONDUCTION. The transmission of energy 
(heat, sound, electricity) by means of a me¬ 
dium without movement of the medium itself, 
as distinguished from convection, in which 
such movement occurs, or from radiation in 
which the energy quanta pass through the 
medium and so the transmission does not 
occur by means of the medium. (See con¬ 
duction, electric; thermal conduction.) 

CONDUCTION BAND. In the band theory 
of solids, materials are assumed to have a 
band of energy levels where electrons can move 

freely and carry current. In semiconductors 
and insulators, this band, known as the con¬ 
duction band, is normally empty, and is sep¬ 
arated from the filled bands below it by an 
energy gap. 

CONDUCTION BAND, DEGENERATE. 
See degenerate conduction band. 

CONDUCTION BAND, DENSITY OF 
QUANTUM STATES IN. See density of 
quantum states in conduction band. 

CONDUCTION, ELECTRIC. The transfer 
of electricity is accomplished by the motion 
of electric charge. In most metals, the moving 
charges are electrons; in semiconductors, both 
electrons and holes are important; in ionic 
crystals and electrolytes, positive and nega¬ 
tive ions are the carriers; in gas discharges 
both ions and electrons play their parts. 

CONDUCTION ELECTRONS, ORBITAL 
DIAMAGNETISM OF. See orbital diamag¬ 
netism of conduction electrons. 

CONDUCTION ELECTRONS, SPIN PARA¬ 
MAGNETISM OF. See spin paramagnetism 
of conduction electrons. 

CONDUCTION, EXCESS. In a semiconduc¬ 
tor, conduction by excess electrons, for exam¬ 
ple, by electrons introduced by donor impuri¬ 
ties and promoted to the conduction band. 

CONDUCTION, IONIC, IN SOLIDS. Since 
the ions of an ionic crystal may diffuse through 
the lattice, a small electrical conductivity is 
possible even though the material should other¬ 
wise be insulating. The process is very sensi¬ 
tive to temperature, and at low temperatures 
is also strongly dependent on the structure and 
purity of the material. 

CONDUCTION, METALLIC. The conduc¬ 
tion of electricity through solids wholly (or 
almost so) by the migration of electrons. 

CONDUCTION OF HEAT. See heat trans¬ 
fer; Fourier law. 

CONDUCTION, THERMAL. See heat trans¬ 
fer; Fourier law. 

CONDUCTIVITY, ACOUSTIC. The ratio of 
the volume current through an orifice to the 
difference in velocity potential between the 
two sides of the orifice. 
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CONDUCTIVITY, ELECTRICAL. Strictly 
defined only for a material which obeys the 
Ohm law and equal to the ratio: 

* = J/E, 

where J is the current density and E the elec¬ 
trical field vector. In any system of units, 
except the Gaussian, the conductivity is nu¬ 
merically equal to the inverse of the resistance 
of a cubical block of material having a current 
flow perpendicular to one pair of faces. The 
most commonly used unit is the mho per centi¬ 
meter. In anisotropic materials the conduc¬ 
tivity is a tensor, instead of a scalar. 

CONDUCTIVITY OF HEAT AND ELEC¬ 
TRICITY, STATISTICAL TREATMENT. 
See electron theory of metals. 

CONE IN SUPERSONIC FLOW. For a cone 
at zero incidence in a supersonic stream, pro¬ 
vided the open angle is not too large, a conical 
shock wave is formed with axis and apex coin¬ 
ciding with those of the cone. There is then 
no characteristic length in the problem, and 
conditions are constant over any conical sur¬ 
face whose axis and apex coincide with those 
of the cone. Numerical solutions for a wide 
range of cone angles and Mach numbers have 
been tabulated. 

This type of flow cannot occur if the cone 
angle is so large that the equations cannot be 
satisfied with an attached shock wave. The 
shock wave then becomes detached from the 
apex of the cone and is no longer conical. (See 
Z. Kopal, Tables of Supersonic Flow about 
Cones, M.I.T. Center of Analysis, Technical 
Report No. 1, 1947.) 

CONFIDENCE LIMITS. Suppose that we 
are given a series of samples from a population 
whose distribution contains a parameter 8, 
and that we can find a rule of procedure which 
enables us to derive from each sample an asser¬ 
tion of the form t\-^8 t2. If the rule is 
such that this assertion has a probability of 
being correct of a%, then t\, t2 are called a% 
confidence limits for 6. 

CONFIGURATIONAL COMPRESSIBILITY. 
See configurational heat capacity. 

CONFIGURATIONAL ELASTICITY OF A 
LIQUID. The compressibility of a liquid de¬ 
pends in part on resistance to compression 

owing to the thermal agitation of the mole¬ 
cules and in part on disturbance of the short 
range order. The contribution from the lat¬ 
ter is the configurational elasticity. 

CONFIGURATIONAL EXPANSION. See 
configurational heat capacity. 

CONFIGURATIONAL HEAT CAPACITY. 
Consider the heat capacity at constant pres¬ 
sure of a system in which a transformation 
defined by a parameter £ may occur: we have 
(see thermal coefficients) 

= ® = (1) 

The second term on the right-hand side refers 
to the effect of the temperature on the reaction 

coordinate £. This second term may be 
called the configurational heat capacity, Cvconf- 
because in many cases £ refers to the internal 
configuration of the system. 

Similar definitions may be given for the 
configurational compressibility nconf• and the 
configurational thermal expansion acon*\ If 
there exists a single parameter £ then one has 

(a<W.)2 
c conf. = VT±- ' (2) 

Kconf. ' ' 

CONFIGURATION, ATOMIC. The arrange¬ 
ment in space of the atoms of a molecule. 

CONFIGURATION, ELECTRON. See elec¬ 
tron configuration. 

CONFIGURATION FACTOR. See shape 
factor. 

CONFIGURATION, INTERACTION. Cal¬ 
culations of bond energy of molecules depend 
on assuming that the electrons are to be found 
in certain orbitals, for which approximate 
forms must be assumed. To improve the 
calculation it is necessary to consider the ad¬ 
mixture into the wave function of functions 
corresponding to other electronic configura¬ 
tions, supposed to represent excited states of 
the molecule. 

CONFIGURATION SPACE. The space of 
the coordinates of a system of particles. In 
the configuration space method in quantum 
mechanics, the state of a system is described 
by a wave function which is a function of a 
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point in configuration space, that is, a func¬ 
tion of all the coordinates of the particles. 

CONFLUENCE. (1) If oq, a2 are distinct 
singular points (see regular singularity) of a 
differential equation, another differential equa¬ 
tion may frequently be obtained as a limiting 
form when a2 approaches cq. The second 
equation is then said to result from the first 
by confluence. The importance of this pro¬ 
cedure arise chiefly from the fact that many 
of the linear equations of mathematical phys¬ 
ics can be obtained by confluence from the gen¬ 
eralized Lame equation. (2) In fluid flow, a 
confluence is a region in which the spacing be¬ 
tween streamlines decreases in the direction 
of flow. 

CONFLUENT HYPERGEOMETRIC FUNC¬ 
TIONS. There are four functions known as 
confluent hypergeometric functions: Rummer’s 
function, 2Fi[a;b;x], its associated solution 
U(a;b;x) and the two Whittaker functions 
Mk,m(x) and Wk,m(x). 

Most of the commonly used functions of 
mathematical physics, such as the Weber 
functions and Bessel functions, are special 
cases of confluent hypergeometric functions. 

They can be derived from the generalized 
hypergeometric function 

xEgfcii, a2) *, O'A) hi, b2) ■, bg, x] 

(0l)n(o2)n ’ ' ' iflA)n % 

= n=0 (hi)n(&2)« (hs)n^! 

where (a)n = a(a + l)(a + 2) • • • (a + n — 1) 
and (a)0 = 1, for all ar, br and x, real or com¬ 
plex, provided that no h is a negative integer; 
it is the solution of the generalized hypergeo¬ 
metric differential equation 

If A = B = 1, Rummer’s equation results: 

x 
d2y 

dx2 

dy 
+ (6 - x) --ay 

dx 
0. (3) 

Its simplest solution is Rummer’ $ function 

\F i (a;b;x) = 1 + -x 
b 

| a(a + l)x2 | a{a + l)(a + 2)x3 

+ b(b + 1)2! + b(b + 1 )(b + 2)3! + " ’ (4) 

If A = B + 1 in Equation (2), the equation be¬ 
comes a Fuchsian equation of the general type 

dB+1y 
xB(l - x) 

dxB+l 

B dny 
+ X) zn_1(anx - h„) —— + a0y = 0. (5) 

n=i dxn 

If B = 1, this equation becomes 

d2y 

*(1 ~x)i? 
dy 

+ {c — (1 + a + b)x} —-aby = 0, (6) 
dx 

the Gauss hypergeometric equation and one 
of its solutions is the Gauss hypergeometric 
function 

2F i[a;h ;c;x]. (7) 

If we replace x by x/b and let h —> <» in (6) 
and (7), then (b)nxn/bn —> xn and (6) reduces 
to Rummer’s equation (3), (7) to Rummer’s 
function (4). 

An alternative form of solution of Rummer’s 
equation is 

r(l - h) 
y = U(a;b;x) = ——-— iFi[a;h;x] 

r(l + a — b) 

r(h - 1) , . 
+-—— xx~biF,[1 + a - h; 2 - b;x] (8) 

r(a) 

Putting 

y = exp j- j*^l-^ dxj z = x~^be^xz (9) 

in Rummer’s equation, so that the coefficient of 
dy 
— becomes zero, the equation assumes the form 
dx 
of Whittaker’s normalized equation 

d2z /I k t — m2\ 

d?+\~l + ~x + ^~)Z = 0 
(10) 

where m = and k = — a. The 
inverse transform from Whittaker’s equation to 
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Rummer’s equation is z = x'/ibe~l'^xy where a = 
}/2 + m — k and 6=1 + 2m. 

One of the solutions of Equation (10) is 
Whittaker’s Junction 

z = Mk,m(x) 

= + m - k; 1 + 2m;x\. 

Any general solution of Whittaker’s equation is 
called a Whittaker function. 

An alternative solution for Whittaker’s equa¬ 
tion is the second Whittaker function 

Wk.m(x) = . I - ■ 
sin 2m.iT 

M k ,m (•*-) 

lr(| — m — fc)r(l + 2m) 

—m(x) I 

r(§ + m — k)T(l — 2m) j 

for all values real or complex of k, m and x. 
Using the standard notation for Bessel 

functions, they can be expressed in terms of 
confluent hypergeometric functions, in particu¬ 
lar Whittaker functions, as follows: 

M0,m( 2x) = r(l + rn)22m+^Im(x) 

M0,m(d=2ix) 

= r(l+m) exp {±%Tri(%+m)}22m+**x**Jm(x) 

W0,m(2ix) 

= V%irx exp { — Ji7r(2m + 1) }Hm(2)(x) 

W0,m(—2ix) 

= V~irx exp [\iiv(2m + 1) }Hma)(x). 

(For a discussion of all main properties of con¬ 
fluent hypergeometric functions, and tables of 
jFi[a;6;x], see Conjluent Hypergeometric Func¬ 
tions by L. J. Slater, Cambridge University 
Press, 1960.) 

CONFORMAL MAPPING. A mapping of 
one region upon another that is one-to-one 
and continuous, and such that angles are pre¬ 
served. Thus let arcs C\ and C2 in one region 
intersect in a point P; and let these be mapped 
into arcs C\ and C'2 intersecting in P'. Let 
Pi be any point on Clt mapped into P/1 on C\. 
Let cf> be the angle between tangents to Ci and 

C2 at P, (/>' that between tangents to C\ and 
C'2 at P'. Preservation of angles means that 
</>' = <f>. In case the regions are two-dimen¬ 
sional and simply connected, they can be re¬ 
garded as regions of two complex planes, and 
the mapping is then defined by z'=f{z), 
where f(z) is analytic in z throughout the 
region. 

CONFORMAL REPRESENTATION. See 
representation. 

CONFORMAL SOLUTIONS. Suppose that 
one may describe the interaction between one 
molecule of species r and one molecule of 
species s by the expression 

€rs{r) frs*(.9rsr) (1) 

where frs and grs are constants depending only 
on the chemical nature of r and s, and where 
f(r) is some simple two parameter law of 
interaction (see intermolecular forces). If 
all constants frs, gTs are of the same order we 
may consider a ‘‘first order” treatment in which 

differences 
(ft, -fr'*y 

are neglected for n > 1. 

In this case it is possible to develop a simple 
perturbational treatment (Longuet-Higgins) 
without any supplementary assumptions. The 
final excess functions are expressed in terms 
of the thermodynamic properties of one com¬ 
ponent (called the reference component) and 
in terms of the differences in the f and the g’s. 
Solutions which satisfy the conditions which 
we have stated above are called conformal 
solutions. 

CONFOUNDING. In the design of experi¬ 
ments, a method which reduces the size of a 
factorial experiment by sacrificing some of the 
comparisons which could be made with the 
full factorial layout. The comparisons usu¬ 
ally relate to higher order interactions and are 
said to be confounded. 

CONGRUENCE. See rectilinear congruence; 
congruent. 

CONGRUENCE, NORMAL. See rectilinear 
congruence. 

CONGRUENCE OF CURVES. A family of 
curves whose equations involve two independ¬ 
ent parameters. Also called curvilinear con- 
gruence, or congruence. 
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CONGRUENCE OF STRAIGHT LINES. 
See rectilinear congruence. 

CONGRUENT. (1) Two geometric figures 
are congruent if they differ only in their posi¬ 
tion in space; that is, they are congruent with 
respect to a given geometry if they can be 
transformed into each other by transformations 
belonging to the group of the geometry; e.g., 
in Euclidean geometry by translations, rota¬ 
tions and reflections. (2) Two elements a,b of 
a ring are congruent modulo m, written a = b 
(mod m), if there exist elements p,q,r in the 
ring such that a = mp + r, b = mq + r; 
roughly speaking, if they leave the same re¬ 
mainder when divided by m. Thus 3 = 2 
(mod 5). (3) Two square matrices A,B are 
congruent if A can be transformed into B by a 
congruent transformation; that is, if there 
exists a non-singular matrix C such that B = 
CAC, where C is the transpose of C. 

CONIC. The locus of a point in the plane 
such that the ratio of its distance from a fixed 
point, called the focus, to a fixed line, called 
the directrix, is a constant. The general equa¬ 
tion of the second degree represents a conic. 
(See ellipse, hyperbola, parabola.) 

CONICAL COORDINATES. A degenerate 
system of curvilinear coordinates obtained 
from an ellipsoidal system. The coordinate 
surfaces are: spheres with center at the 
origin of a rectangular system and radii u 
(u = const.); two sets of cones with apexes 
at the origin, one along the Z-axis and the 
other along the X-axis (v, w = const.). Con¬ 
ical coordinates are related to rectangular co¬ 
ordinates by the equations 

u2v2w2 

2 u2(v2 — b2){w2 — b2) 

V = b2(b2 - c2) 

2 U2(v2 — C2){W2 ~ C2) 

* = cV - b2) 

where c2 > v2 > b2 > w2. 

CONICAL REFRACTION. A singular re¬ 
fraction where a single ray of light is refracted 
into the set of generators of a cone (see cone, 
visual). This can occur, for example, in a 
biaxial crystal for a suitable angle of incidence. 

CONJUGATE. (1) See complex number. 
(2) See transform; matrix. 

CONJUGATE BEAM. See beam, conjugate. 

CONJUGATE BERTRAND CURVES. See 
Bertrand curves. 

CONJUGATE DIRECTIONS (AT A POINT 
P ON A SURFACE). The directions of the 
straight line joining P to a neighboring point Q 
on the surface and the line of intersection of 
the tangent planes at P and Q, in the limiting 
case as Q tends to coincidence with P. If 
these two directions are the same, the direc¬ 
tion is said to be a self-conjugate direction, or 
asymptotic direction. There are two real 
asymptotic directions at each point of a sur¬ 
face for which the two principal curvatures 
are of opposite signs. If the two principal 
curvatures have the same sign then the two 
asymptotic directions are imaginary. If one 
of the principal curvatures is zero, the two 
asymptotic directions at the point coincide. 

CONJUGATE ELEMENTS OF A GROUP. 
In a group G an element a is said to be conju¬ 
gate to an element b if there exists an element 
P in G such that b = pap-1. The relation of 
conjugacy is easily proved to be an equiva¬ 
lence, so that the whole group G is thereby 
divided into conjugate classes. A subgroup N 
is called a self-conjugate, or normal, subgroup 
if all the conjugates of every element of n (that 
is, all elements of the form pap-1 with a in N 
and p in G) are included in N. 

CONJUGATE FOCI. The interdependent 
distances between object and lens and lens 
and image are known as the conjugate dis¬ 
tances. As the distance from the object to the 
lens increases, that from the lens to the image 
decreases and vice versa. The formula ex¬ 
pressing the geometrical relation between 
these distances is: 

1// = l/v + 1 /u 

where / is the focal length of the lens, v, the 
lens-to-image distance, and u, the object-to- 
lens distance. The ratio of the conjugate dis¬ 
tances determines the size of the image. 
Thus: 

R = v/u 

where R is the relative size of the image to the 
object. If u = v, l/f = 2/uandw = 2/. Then 
the total u + v = 4/, which is the minimum 
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possible distance between real image and real 
object for a lens with positive focal length. 

The definitions of v and u given here are 
applicable only to a thin lens. The equations 
apply to any lens system, however, if v and u 
are measured respectively from and to the 
appropriate principal planes of the lens or 
the lens system. 

CONJUGATE GRADIENTS, METHOD OF. 
A method of successive approximations for 
solving a system of linear equations which is 
exact after, at most, n steps. The successive 
approximations are so chosen that each resid¬ 
ual is orthogonal to all preceding ones. 

CONJUGATE IMPEDANCES. See imped¬ 

ances, conjugate. 

CONJUGATE NUCLEI. A pair of nuclei of 
the same mass number for which the numbers 
of neutrons and protons are interchanged. 
Thus Be7, containing 4 protons and 3 neutrons 
is the conjugate of Li7 containing 3 protons 
and 4 neutrons. Owing to the neutron excess 
of heavy nuclei, only light nuclei can be con¬ 
jugate. Also known as mirror nuclei. A self- 
conjugate nucleus is one containing equal num¬ 
bers of neutrons and protons, e.g., B10. 

CONJUGATE NUMBERS. Two algebraic 
numbers are conjugate over a given field if 
they are roots of the same irreducible equation 
with coefficients in the field. Thus the complex 
numbers a + bi, a — bi are conjugate over 
the real field, since they are roots of the equa¬ 
tion x2 — 2ax + (a2 -+- b2) = 0. 

CONJUGATE POINT. (1) A singular point 
on a curve which is the real intersection of 
imaginary branches of the curve. The con¬ 
dition which must be met is 

/ a2/ \2 d2f d2f 

\dxdy) dx2 dy2 

Also called an isolated point. 
(2) The conjugate points of a compound 

pendulum are two support points on a line 
through the center of gravity for which the 
period of oscillation is the same. 

(3) The correspondence of object points and 
image points in Gaussian optics is one-to-one, 
and a pair of corresponding points are called 
conjugate points. The correspondence is linear 
so we also have the notions of conjugate lines 
and conjugate planes. 

CONJUGATE SUBGROUP. See group. 

CONJUGATE SYSTEM OF CURVES ON A 
SURFACE. Two one-parameter families of 
curves on a surface such that at a point of 
intersection of two curves, one from each fam¬ 
ily, the directions of the two curves are con¬ 
jugate directions. 

CONJUGATE VARIABLES. See canonically 
conjugate variables. 

CONJUGATION OF DOUBLE BONDS. 
Two double bonds are said to be conjugated 
when they are separated by one single bond. 
Butadiene, hexatriene, benzene are typical 
examples of molecules with two or three con¬ 
jugated double bonds. They are character¬ 
ized by a high electron mobility, and a lower¬ 
ing of the heat of hydrogenation, i.e., an in¬ 
creased stability. (See delocalization energy.) 

CONNECTED. A set of W of points in a 
topological space is said to be connected if it 
is not the union of two disjoint closed sets. 

CONNECTED GRAPH. See graph, con¬ 
nected. 

CONSECUTIVE MEAN. (Also called mov¬ 
ing average, overlapping mean, running 
mean.) A smoothed representation of a time 
series derived by replacing each observed value 
with a mean value computed over a selected 
interval. For example, if the observations are 
of daily maximum temperature and the se¬ 
lected interval is five days, then the value 
assigned to February 5th is the mean of the 
daily maxima from February 3rd through 7th, 
etc. 

Consecutive means are used in smoothing 
to eliminate unwanted periodicities or mini¬ 
mize irregular variations. 

CONSERVATION LAWS. A conservation 
law is a statement that some physical quantity 
remains constant during processes or inter¬ 
actions occurring within an isolated (closed) 
system. Among the major conservation laws 
of science are those of energy (including rest 
mass energy), momentum, and angular mo¬ 
mentum. (See following entries.) Some con¬ 
servation laws such as conservation of mass 
in the non-relativistic limit and the conserva¬ 
tion of parity in strong interactions, are of 
limited applicability. Other conservation 
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laws are discussed in the entries for the par¬ 
ticular conserved quantities. 

There is a close relationship between many 
of the conservation laws and the symmetry 
properties of nature, a given conserved quan¬ 
tity remaining invariant (conserved) under a 
given symmetry transformation. Thus the 
energy of a system remains constant under 
time inversion (replacing t by —t); the mo¬ 
mentum of a system is invariant under a linear 
transformation of the space coordinates; an¬ 
gular momentum is invariant under a rota¬ 
tional transformation. In situations where 
parity is conserved, it remains invariant under 
an inversion of the space coordinates. (See 
also Lagrangian formalism.) 

CONSERVATION OF ANGULAR MOMEN¬ 

TUM. If the total external torque or moment 
on a rigid body or a system of particles about 
a point vanishes, the total angular momentum 

of the system about this point is a constant. 
(See also moment of momentum.) 

CONSERVATION OF ENERGY. In a closed 
system the form and availability of energy 
may change, but the total energy is constant. 
Conservation of energy in an isolated mechan¬ 
ical system is an idealization. Friction and 
other dissipative forces and actions are sup¬ 
posed negligible so that the sum of the poten¬ 

tial energy and the kinetic energy is constant. 
For a mechanical system, which is non-dissipa- 
tive, work done on the system = increase in 
mechanical energy of the system. (See energy 

conservation in closed systems; energy con¬ 

servation in continuous systems; energy con¬ 

servation in thermodynamics.) 

CONSERVATION OF MASS IN CLOSED 

SYSTEMS. Consider an homogeneous closed 
system containing c components (y = 1 • • • c) 
among which a single chemical reaction is pos¬ 
sible. In such a system any variation in the 
masses will result only from the chemical re¬ 
action. Thus the change of the masses my of 
component y during the time interval dt can 
be written as 

dmy = vyMyd£ (1) 

where My is the molar mass of component y 

and vy its stoichiometric coefficient in the chem¬ 
ical reactions (see stoichiometric coefficients). 

This coefficient is generally counted positive 
when y appears in the right hand member of 

the reaction equation, negative when it appears 
in the left hand member; £ is the degree of 
advancement or extent of reaction. 

The total mass of the system is given by 

m = 23 my Summing (1) over y, the con- 
7 

servation of mass for a closed system is expres¬ 
sed by 

dm = [T. vyMyJ = 0. (2) 

The equation 

Y. vyMy = 0 
7 

(3) 

is called the equation of the chemical reaction 
or, more briefly, the stoichiometric equation. 

Instead of the mass of the components it is 
often useful to consider the mole numbers 
ni • • • nc. We then have, instead of (1) 

dny = vydtj. (4) 

Equations (1) and (4) are extended easily to 
r simultaneous reactions. We shall always 
designate the different reactions by indices 
(p = 1 ■ • • r). We then have instead of (1) 
and (4) 

r 

dmy = My ^2 vypd£p (5) 
P = 1 

r 

dny Vypdfcp (6) 
p=i 

where vyp denotes the stoichiometric coefficient 
of y in the reaction p. 

CONSERVATION OF MASS IN CONTINU¬ 
OUS SYSTEMS. The conservation of mass 
in a continuous system is expressed by the 
equation of continuity for the density 

dp 
— = — div p<o (1) 
dt 

where <o is the macroscopic velocity. This 
equation expresses the fact that the local 
change of the density is equal to the negative 
divergence of the flow of matter. 

Equation (1) holds also for a mixture; co is 
then related to the macroscopic velocities of the 
different components by 

Thus to is simply the velocity of the center of 
gravity in an element of volume. 
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In general, the local change of a physical 
quantity is due not only to the divergence of 
the current which is associated with it, but a 
“source” term has also to be taken into account. 
For instance, the equation of continuity for 
the density py of a component 7 participating 
in a chemical reaction is 

dpy 
-— = — divp7<0y -f vyMyVv (3) 
dt 

where Vv is the rate of the chemical reaction 
per unit volume. 

CONSERVATION OF MASS IN OPEN SYS¬ 
TEMS. In an open system we may split the 
change of mass of component 7 into an external 
part demy supplied from the exterior and an 
internal part d,m7 due to changes inside the 
system 

dmy = demy + d,m7. (1) 

Taking into account the Equations (5) and (6) 
introduced in the article on conservation of 
mass in closed systems we have 

r 

dmy = demy + My ^ vypd£p (2) 
P=1 

or 
r 

djiy deTiy “}~ ^ 1 (3) 
7=1 

Summing (2) over 7 and taking into account 

the stoichiometric equations vypMy = 0, we 
7 

obtain for the total change of mass 

dm = dem. (4) 

This relation expresses the conservation of 
mass in open systems and indicates that the 
change of the total mass is equal to the mass 
exchanged with the outside w’orld. 

The process of splitting the total change of 
mass of a component into an external part and 
an internal part may be used on arbitrary ex¬ 
tensive property. (See energy conservation 
in thermodynamics; thermodynamics, second 
law of.) 

CONSERVATION OF MASS, LAW OF. 
This law has been put in the form that matter 
can neither be created nor destroyed. More 
accurately, the total mass of any system re¬ 
mains constant under all transformations. 
(For the interpretation of this law in the light 
of relativity theory, see mass-energy relation.) 

CONSERVATION OF MOMENTUM. For 
a dynamical system consisting of n material 
particles of masses mlt rn2 • • • mn respectively 
and position vectors ru r2 • • • r„ respectively, 
if the only forces acting are the mutual inter¬ 
action forces of the particles the total mo¬ 
mentum of the system remains constant; for 
example, 

dr{ 
Zmi— = constant. 

dt 

The law of conservation of momentum is as 
fundamental to science as the law of conserva¬ 

tion of mass or the law of conservation of en¬ 

ergy. Like these laws, it holds in quantum 

theory and relativity theory as well as in more 
classical theories. 

CONSERVATION OF VORTICITY. (1) The 
statement that in the horizontal flow of an 
inviscid autobarotropic fluid, the vertical com¬ 
ponent of absolute vorticity of each individual 
fluid particle remains constant. The principle 
was first applied to the atmosphere by Rossby 
and is the dynamical principle underlying the 
equivalent-barotropic model of the atmos¬ 
phere. (2) The hypothesis that the vorticity 

of individual eddies is conserved during the 
turbulent mixing of a fluid. (See vorticity 

transport hypothesis.) 

CONSERVATIVE FORCE (FIELD). If the 

work integral J F-dr is independent of the 

path, the force F is said to be conservative. 
F is a function of position r only and a potential 
energy V must exist, F = — V V. 

CONSERVATIVE SYSTEM. A closed sys¬ 
tem in which mechanical energy is constant is 
called a conservative system, as is an open 
system in which all external work is available 
as potential and kinetic energy of the system. 

CONSERVED QUANTITIES. Those quanti¬ 
ties which obey conservation laws, e.g., mass- 
energy, momentum. 

CONSISTENT DEFORMATION, PRINCI¬ 
PLE OF. See compatibility. 

CONSISTENT ESTIMATOR. In statistics, 
an estimator which converges in probability, 
as the sample size increases, to the parameter 
which it estimates. 
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CONSTANT. An absolute constant is a single 
number which always has the same value. An 
arbitrary constant or parameter is one which 
has only one particular value in a given case, 
but may have another value in another case. 
For example, the equation x2 + y- — r2 repre¬ 
sents a circle. If r is an absolute constant, 
there will be one and only one circle described 
by this equation. However, if r is a parameter 
the equation represents the entire family of 
circles, infinite in number, which have center 
at the origin of a Cartesian coordinate system. 
A given circle of the family is found by the 
choice of r, which fixes the radius of the circle. 

CONSTANT HEAT SUMMATION, LAW 
OF. See Hess law. 

CONSTANT OF INTEGRATION. Let g(x) 
be the derivative, at each point x for which 
g(x) is defined, of a function j{x). Then, if 
F(x) is any function such that F'(x) = g(x), 
it is true that F (x) — f(x) = constant. This 
constant is called a constant of integration for 
gix). 

CONSTANT REACTION BLADE. See 
blade, twisted. 

CONSTITUTION. (1) The arrangement of 
the atoms in the molecule. (2) A diagram 
designed to show the relative positions of 
atoms and groups in two dimensions. When 
the arrangement is considered in three dimen¬ 
sions, so as to show spacial relationships, it is 
called a configuration. 

CONSTRAINT. A constraint is a restriction 
on the geometry of motion. It reduces the 
number of degrees of freedom of the system. 

Thus, any particle or collection of particles 
is said to be subject to constraint if the num¬ 
ber of degrees of freedom is less than 3N, 
where N is the number of particles. (Cf. the 
D’Alembert principle and the Gauss principle 
of least constraint.) 

The constraint may be given as a set of dif¬ 
ferential equations. If these equations satisfy 
integrability conditions, they are said to be 
holonomic, otherwise non-holonomic. If the 
constraints depend on time implicitly, they are 
called rheonomic; if they do not contain the 
time implicitly, they are called scleronomic. 

CONSTRAINTS, EQUATIONS OF MOTION 
UNDER. The following system of differential 
equations for N mass points: 

drx i dKx SKo 
m\ ,.o = ^i, + Xi —-V X2 

dt* 

+ • • • ~b Xz 

dxi dxi 

dKt 

dx-i 

m,i 
d2y\ 

— F i + X] 
dKi 

dt2 
+ X2 

dKr 

+ *•• + h 

dyi ” dy i 

dKt 

dy i 

mi 
d2Zi 

If 

dKi 
— Fi, + ki —-b X 

SKo 

+ • • • + Xj 

dzi dZi 

dKt 

dz, 

mN 
d2xx 

dt2 

dKi dK2 
Fnx + Xj --b X2- 

dx n dxjsr 

+ • • • + Xj • 
dKi 

dXN 

mN 
d2yN 

dt2 

dKi dK% 

Fnv + Xl 7-^ x2 7— dyN dyN 

dKt 
+ •••+ Xr 

dyN 

mu 
d2zyr 

dt2 

dKi dK2 
Fn + Xj-b X2- 

dzyr dZN 

H-b X; 
dKt 

dZN 

Fix is the x-component of the force acting on 
mass mh etc., Ki(xi, • • •, zn) =0, K2(xi, • • •, 
zn) = 0 • • • Kt(xi, • • •, zn) = 0 are l constraints 
acting among the particles. Xi, X2 • • • X; are 
unknown multipliers (so-called Lagrange mul¬ 
tipliers). The above 3A differential equations 
and the l equations Kx — 0, K2 = 0, •••, 
Kt — 0 are sufficient to solve for the 3N + l 
unknowns x1; • • •, zN, Xi, X2, • • • X;. 

CONSUMER’S RISK. Suppose a consumer 
accepts or rejects lots on the basis of samples 
chosen from such lots. The consumer’s risk 
then is the probability of accepting lots on 
the basis of the sample inspection when such 
lots should in reality be rejected. The con- 
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sumer’s risk arises from the error of accepting 
lots which should be rejected. 

CONTACT ANGLE. The angle formed by a 
liquid on the surface of a solid at the gas- 
solid-liquid interface, measured as the di¬ 
hedral angle in the liquid. Its value depends 
on the relative surface energies of the three 
interfaces, vapor-solid, vapor-liquid and solid- 
liquid. 

CONTACT POTENTIAL. The potential dif¬ 
ference observed between the surfaces of two 
metals in contact. It is due to the differ¬ 
ences in work function; the electrons in each 
metal tend to reach the same Fermi level, 
and potential builds up until this is estab¬ 
lished. A distinction must be made between 
the contact potentials in air and the so-called 
“intrinsic” contact potentials in a vacuum 
with all adsorbed gases removed. According 
to Millikan, the intrinsic potential difference 
between two metals A and B is expressed by 
V AB = Mj'a — vb)/b, in which h is the Planck 
constant, vA and vB are the critical frequencies 
of photoelectric emission for the two metals, 
and e is the electronic charge. In any case, 
if the electronic work functions of the metals 
are pA and pB, the contact potential difference 
is VAB = {pA — pB)/e. The work functions, 
and hence VAB, are in general dependent upon 
the medium surrounding the metals. Accurate 
measurements of these potentials are, unfor¬ 
tunately, very difficult. 

CONTACT RECTIFICATION CURRENT. 
For a metal-semiconductor contact, the rela¬ 
tion between the current density, j, and the 
voltage, V, applied across the contact, is of 
the form 

j = jo(E)[exp (eV/kT) - 1] 

where e is the electronic charge, k is Boltzmann’s 
constant, and T is the absolute temperature. 
E is the electric field strength at the contact 
due to surface charge, and j0(E) is given by the 
approximate expression 

jo(E) ~ a01E|exp 

where <r0 is the conductivity of the semicon¬ 
ductor in its deep interior, and Vb is the 
difference in electric potential between the 
inner boundary of the space-charge region and 
the peak of the space-charge barrier. 

CONTACT TRANSFORMATION. Let (q1} 

<?2, • * • qn, Pi,P2, • • • Pn) be a set of 2n variables 

and let (Qu Q2, • • • Qn, Pi, P2, • •; Pn) be 2n 
other variables which are defined in terms of 
them by 2n equations. If the equations con¬ 
necting the 2 sets of variables are such that 
the differential form P\dQx -f P2dQ2 + • —b 
PndQn ~ Pidqi — P2dq2-- —pndqn is, when 
expressed in terms of (<71, q2, qn, pi, p2, 
• • •, pn) and their differentials, the perfect 
differential of a function of (qx, q2, • • •, qn, px> 
p2) • • • pn) then the change from the set of the 
variables (qx, q2, • • •, qn, p1} p2) • • • p„) to the 
other set (Qi, Q2, ■■■, Qn, Pi, P2, • • • Pn) is 
called a contact transformation. The name 
derives from its property in 3-dimensional 
space: If two surfaces a and a' touch at a point, 
and if 2 and 2' are the new surfaces resulting 
from them under a contact transformation, 
then 2 and 2' touch again at the image point 
of the original point. The canonical trans¬ 
formation is a special case of a contact trans¬ 
formation. The canonical equations of 
motion preserve their form under such a 
transformation. 

CONTINGENCY. If the members of an ag¬ 
gregate can bear the qualities Ax, A2, • ■ ■ Ap of 
one characteristic and Bx, B2, •••, Bq of a 
second, they can be arranged in a p X q table, 
the number in the jth row and kth column, say 
fjk, being the frequency of individuals bearing 
Aj and Bk. This is called a contingency table. 
If the frequency in the marginal total of the 
ith row is and that in the kth column is 
the square contingency is defined as 

2 = (fa ~ U-J-j/n)2 ' 

i.i fifj/n 

The mean-square contingency, <t>2/n is equal to 
X2 (chi-square) for the table and is used as a 
test of independence of A and B. 

Pearson’s coefficient of contingency is defined 
as 

CONTINGENCY TABLE. See contingency. 

CONTINUANT. A determinant of the form 

bo «i 0 • • • 0 

— 1 bi a2 • • • 0 

0 -1 b2 •••0 , 

00 0 ••• bn 

K 
/ a, ••• an\ 

Vbnbi • •• b„/ 
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so called because the nth numerator and nth 
denominator of the continued fraction 

are 

CONTINUATION. See analytic continua¬ 
tion. 

CONTINUED FRACTION. See fraction, con¬ 
tinued. 

CONTINUITY EQUATION. A continuity 
equation can be applied to the flow of any 
conserved, indestructible quantity. The con¬ 
tinuity equation may be written in general 
form as 

V-(pv) = —p or V J = —p, 

where v is a flow velocity, p is a density, and 
J = pv is a current density. 

The continuity equation may be alternatively 
written in integral form as 

which may be interpreted as the statement that 
the net outward current of a quantity from a 
closed surface is equal to the rate of decrease 
of that quantity in the volume enclosed by the 
surface. 

(1) In fluid flow, mass is conserved and the 
equation of continuity holds, where p is mass 
per unit volume and v is the velocity of mass 
flow. In the case of an incompressible fluid, 
p is constant and the continuity equation be¬ 
comes Vv = 0. 

(2) In electric currents, charge is conserved 
and the equation of continuity holds, where p 
is the charge per unit volume, v is the velocity 
of charge flow, and J = pv is the electric current 
density. If the current is in a steady state, 
V J = 0. 

(3) In the flow of electromagnetic energy in 
charge-free space, this energy is conserved and 
the equation of continuity becomes: 

VP 
d /E D 

d/\ 2 
+ 

Here P = K X II is Povnting’s vector, the 
intensity of the radiation or power flow per unit 

area, and J4(E-D -f B II) is the electromag¬ 
netic energy density. 

If the space is not charge free, energy can be 
transferred to the charges and be lost from the 
field. In this case a term E-J must be added 
to the left hand side of the equation, repre¬ 
senting the rate of dissipation of energy per 
unit volume. 

(4) In quantum mechanics, probability is 
conserved, and the continuity equation can be 

written: V S = — P, where P is the probability 
density, \p\p*, and S is the probability density 
current given by S = (fi/2 — \pV\f/*). 

CONTINUITY OF A BEAM. When applied 
to a beam, the term continuity means continu¬ 
ity of slope and deflection at junction and sup¬ 
port points. Transmission of moment is im¬ 
plied as well. 

CONTINUITY OF PATH, PRINCIPLE OF. 
See ergodic theorem. 

CONTINUITY OF STATE. Transition be¬ 
tween two states, as between the gaseous and 
liquid states, in either direction, without dis¬ 
continuity, or abrupt change in physical prop¬ 
erties. The existence of a critical point makes 
it possible to pass from the liquid state to the 
vapor or vice versa, without at any stage ob¬ 
serving the appearance of a new phase. This 
is the principle of the continuity of state first 
pointed out by James Thomson. 

CONTINUOUS BEAM. See beam, continu¬ 
ous. 

CONTINUOUS CREATION HYPOTHESIS. 
Hypothesis that the universe is being created 
continuously by the formation, without ap¬ 
parent mechanism, of one nucleon per 109 

year-liter, a rate too small to be directly de¬ 
tected, but sufficient to keep the average den¬ 
sity constant despite the expansion of the 
universe. Galaxies which have receded to a 
distance of more than 2 X 109 years are sup¬ 
posed to disappear from view, and the whole 
universe is in dynamic equilibrium, recently 
created matter forming into galaxies to re¬ 
place those which are lost. Thus the universe 
is in a steady state, although the matter which 
composes it is being continually changed. 
This creation of matter throughout all space, 
without local energy conservation, is so great 
a mystery that the tlreory has not been gener¬ 
ally accepted. 
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CONTINUOUS FUNCTION. The function 
/(x) is continuous at the point p if, for every 
e > 0, there exists a 8 such that if |x — p\ < 8, 
then |f{x) — f{p) | < e. (Compare absolute 
continuity.) 

CONTINUOUS SPECTRUM. See spectrum, 
continuous. 

CONTINUOUS SYSTEMS. Systems in which 
the intensive state variables are not only func¬ 
tions of time but also continuous functions of 
the space coordinates. A piece of metal heated 
at one end and cooled at the other is an ex¬ 
ample of a continuous system. (See also dis¬ 
continuous systems.) 

CONTINUOUS SYSTEMS, LAGRANGIAN 
AND HAMILTONIAN FORMALISM FOR. 
In a continuous system one introduces a La- 

grangian density L = L(i^, grad ip, — >t) where 
dt 

the ip’s are the field variables, e.g., the metric 
tensor in general relativity or the scalar and 
vector potentials in electrodynamics. The 
corresponding Lagrangian equations (of the 
second type) are, 

The Hamiltonian density is defined as 

Ii = 
dL 

{“) 
- L. 

, . Oy 
The quantities — are the generalized velocity• 

dL 
densities and 7r = 

© 
are the generalizei 

momentum-densities. Thus one can also writ 

d\p 
H = it — — L. 

dt 

CONTINUUM. A compact connected set 
containing at least two points. 

CONTOUR INTEGRATION. This term usu¬ 
ally refers to integration over a (closed) sim¬ 
ple rectifiable curve in the complex plane. An 

integralJ' f(z)dz of a continuous function /(z) 

around such a curve C is most easily defined 
in case C is given in parametric form z = z(t) 

with real t, a < t < b, when j" f(z)dz is defined 

by 

where the maximum length of the subintervals 
(k — f*_i), with t0 =* a and tn = b, tends to 
zero. 

CONTRACTED RIEMANN-CHRISTOFFEL 
TENSOR. The tensor G>„ = Bwhere 
Bnvo€ is the Riemann-Christoffel tensor. Sum¬ 
mation on the repeated index e is implied. 

CONTRACTION (AS A RESULT OF COM- 
RUSTION). See combustion. 

CONTRACTION (WHEN INDICIAL NO¬ 
TATION IS USED). The operation of setting 
two indices on a symbol or product of symbols 
equal to each other and summing over the 
values which may be taken by the indices. In 
tensor analysis one of the symbols must be a 
superscript and the other a subscript. In Car¬ 
tesian tensor analysis they may both be sub¬ 
scripts. 

CONTRACTION, COEFFICIENT OF. The 
ratio of the sectional area of the parallel jet 
of liquid issuing from an orifice to the area of 
the orifice. Its value depends on the nature 
of the orifice and varies between 0.5 and 1. 

The canonical equations of motion are, CONTRAFLOW. See heat exchanger. 

CONTRAGRADIENT. A word used to de¬ 
scribe the relationship of two tensors which 
have different transformation properties. (See 
tensor field.) 
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CONTRAST, This term is used in physical 
science and statistics with at least four mean¬ 
ings. (1) In photography, the slope of the 
curve plotted between density and the log of 
exposure (see H and D curve). (2) In tele¬ 
vision, the ratio between the maximum and 
minimum brightness values in a picture. (3) 
In psychophysics, the change in the response 
to a stimulus as a result of the proximity in 
space or time of other stimuli. In general, the 
response to a stimulus of given physical in¬ 
tensity is reduced if neighboring stimuli have 
greater intensities, and vice versa. A measure 
of contrast is the contrast sensitivity which 
may be expressed, for example, for brightness 
by the expresssion AB/B, where B is the 
brightness of a background, and AB is the 
difference in brightness of a small spot that is 
just discernible against that background. (4) 
In statistics, a contrast between a set of inde¬ 
pendent observations Xj of equal accuracy is a 
linear function A = SA+Ci in which the sum of 
the coefficients 5Af = 0. If a2 is the variance 

of a single observation and A, A' are two con¬ 
trasts with coefficients A,-, A',-, then the variance 
of A is SAj2 and the covariance of A and A' is 
SAjA'i. If 2Ar A'i = 0, the contrasts are said to 
be orthogonal. 

CONTRA VARIANCE, ORDER OF. See ten¬ 

sor field. 

CONTRAVARIANT METRIC TENSOR. See 
metric tensor. 

CONTRAVARIANT STRESS TENSOR. See 
stress tensor. 

CONTRAVARIANT TENSOR (TENSOR 

FIELD). See tensor field. 

CONTRAVARIANT VECTOR (VECTOR 

FIELD). Contravariant tensor (tensor field) 
of order one. (See tensor field.) 

CONTROL. (1) A system or device which 
exerts a restraining, governing or direction in¬ 
fluence. (2) An experiment or test done to 
confirm or to rule out error in experimental ob¬ 
servations. (3) Usually, those parts of a digi¬ 
tal computer which effect the carrying out of 
instructions in proper sequence, the interpre¬ 
tation of each instruction, and the applica¬ 
tion of the proper signals to the arithmetic 
unit and other parts in accordance with this 
interpretation. (4) Frequently, one or more 
of the components in any mechanism respon¬ 

sible for interpreting and carrying out manu¬ 
ally-initiated directions. Sometimes called 
manual control. 

CONTROL, PROPORTIONAL, DERIVA- 
TI\ E AND INTEGRAL. Terms used mainly 
in connection with process control engineering. 
Most process control systems are regulating 
systems, that is, their aim is to keep the con¬ 
trolled quantity constant in the face of inter¬ 
nal or external disturbances. In such systems 
the “input” is therefore constant and corre¬ 
sponds to some pre-set value of the output or 
controlled quantity; deviation of the output 
from this set point constitutes the error, which 
must be measured and some function of which 
must be fed back to a suitable quantity occur¬ 
ring earlier in the process which thus modifies 
the output in such a way as to reduce the 
error. The function of error fed back normally 
consists of not more than three terms, the 
first (which must be present), being propor¬ 
tional to the error, the second proportional to 
its time derivative, the third proportional to its 
time integral. A proportional control system 
has only the first term present, a proportional 
plus derivative control system has only the 
first two terms present and so on. 

From a signal flow diagram point of view, 
such systems may be typified by the general 
diagram shown, in which the through line of 
dependence represents the process, qn(t) is the 
controlled quantity, qn its constant desired 
value, qm(t) is the quantity receiving the feed¬ 
back from error and A, B, C, determine the 
magnitudes of the proportional, derivative and 
integral feed-back terms respectively. 

In Laplace transform notation the output 
is therefore contributed to by the error via 
the relation 

£ contribution to output 

£ error 
= m(s)(A + Bs + C/s). 

The disturbance, which brings the control into 
operation by setting up an error, may occur 
prior to qm or between qm and qn. 
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CONTROL ROD, EFFECTIVE RADIUS OF. 
See radius, effective, of control rod. 

CONTROL SYSTEM EQUATIONS. See 
system equations. 

CONTROL SYSTEM SIGNAL FLOW DIA¬ 
GRAMS. See signal flow diagrams. 

CONTROL SYSTEM, STABILITY OF. See 
stability (of system). 

CONTROL SYSTEM, TYPE NUMBER. The 
number of integrations contained in the rela¬ 
tion connecting output to error, i.e., the (non- 

negative) power of - contained in the output to 
s 

error transfer function. Also called by some 
authors the “order” of the system. 

The type number is related to the ultimate 
error (as t —> °°) of the system when the input 
has the form of an impulse function or any of 
its integrals, as follows: 

Let the output to error transfer function be 
G(s) and let this transfer function be expressed 
in the form 

KG0(s) 

G« = 

where n is the type number of the system and 
the gain factor K has such a value that (?o(0) 
= 1. Then, denoting error and input by 6e(t), 
Oi(t) respectively 

0,00 _ l _ sn 

0,(s) 1 + G(s) sn + KG0(s) 

If, further, @,(s) = — (m < 0), so that 0,(0 

is the rath integral of unit impulse function at 
t = 0, 

sn-m 

©e(s) -- 
sn + KG0(s) 

These results are best stated in the form of a 
table of the ultimate error: 

In practical systems the number of integrations 
is never greater than 2. 

CONTROL VOLUME. See open system. 

CONVECTED COORDINATE SYSTEM. 

A coordinate system embedded in a body 
undergoing deformation, so that as the body 
deforms the coordinates of a particle in the 
coordinate system remain unchanged. 

CONVECTION. Transfer by the motion of 
a fluid, but often restricted to mean transfer 
by eddy motions only; sometimes used to refer 
to the eddy motion itself. Thermal, buoyant, 
or free convection refers to the transfer of 
heat (or buoyancy) by the motions which 
buoyancy forces produce. Forced convection 
is eddying motion produced mechanically as 
in a turbulent boundary layer or in a wind 
over a rough surface. (See also heat transfer.) 

CONVECTION CELLS. See Benard cells. 

CONVECTION CURRENT, ELECTRIC. 

See discussion under current, electric. 

CONVECTION, FORCED. See heat trans¬ 

fer. 

Hence by the Laplace transform limit theorem, 

assuming the system is stable, 
gn—m-f 1 

lim de(t) = lim s0e(s) = lim- 
.-0 .-*> sn + KGo(s) 

„1—TO 
= lim 

a—>0 1 -f- K 

git+l—m 

= lim- 
a—>0 K. 

if n = 0 

if n > 0 

CONVECTION, NATURAL. See heat trans¬ 

fer. 

CONVECTIVE POTENTIAL. The convec¬ 
tive potential, first introduced by Oliver 
Heaviside, is the scalar potential rigidly mov¬ 
ing with an electric charge of uniform velocity 
v. For a point-charge e this potential is 

_e(l ~ ff2) 

vV + (1 - /32) (y2 + z2) 
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where 
v 

0 = - 

c 

and the center of the coordinate system is at 
the location of the point charge. The surfaces 
of constant potential are ellipsoids of revolu¬ 

tion (see figure). The axis of revolution coin¬ 
cides with the direction of the velocity v. 
(See also field of moving charge in space.) 

CONVECTIVE (OR ADVECTIVE) RATE 
OF CHANGE. The rate of change produced 
by motion in a non-uniform field; equal to 

d 
v • grad = Ui — 

dxi 

d d d 
= u-v-h w — 

dx dy dz 

according to the notation used. 

CONVENTIONAL YIELD LIMIT. See 
limit, yield. 

CONVERGENCE. A sequence of real or 
complex numbers cq, 02, •••, an, •••is con¬ 
vergent, or converges, to a number l, called 
the limit of the sequence, if, corresponding to 
each number e, there exists an integer N, such 
that \l — an\ < e for all n > N, the vertical 
strokes denoting absolute value. 

A series cq + a2 -|-b an H-is conver¬ 
gent if the sequence of its partial sums slf s2, 
• • •, s„ converges where sn = cq + o2 + • • • 
+ an. A sequence or series which is not con¬ 
vergent is called divergent. 

A series is absolutely convergent if the 
series of corresponding absolute values |cq| + 

| o21 -|-(- | a„ | d-is convergent. A series 
such as 1 - + H ~ K -, which is con¬ 
vergent but not absolutely convergent, is said 
to be conditionally convergent. Of the many 
tests for convergence of a series the following 

are most often used: comparison test, ratio 
test (D’Alembert’s), Cauchy integral test. 
Absolutely convergent series are important be¬ 
cause they can be rearranged, multiplied to¬ 
gether, and so forth, in very much the same 
way as finite sums. For every power series 
a0 + cqz + a2z2 + • • • in a complex variable z, 
there exists a non-negative real number p 
(which may be zero or infinity) such that for 
| z | < p the series converges absolutely and for 
| z | > p the series diverges. The circle with 
center at the origin and radius equal to p is 
called the circle of convergence of the series. Xoo 

f(x)dx, 

with f(x) continuous for x > c, is convergent 
if, for every sequence c < d\ < d2 < ■ • • of real 
numbers which is not bounded, the sequence Xdn /»°o 

f{x)dx is convergent. Similarly,J f{x)dx 

/» 00 

is absolutely convergent if I \f(x) | dx is conver- 
J 0 

gent, with corresponding definitions for im¬ 
proper integrals of other forms. 

A sequence of functions ux(x), u2(x), ••• 
defined over an interval a ^ x 5= b is conver¬ 
gent over the interval if, for every p with 
a ^p ^ b the sequence of numbers Ui(p), u2{p), 
• • • is convergent. The sequence of functions is 
uniformly convergent to a function f(x) if cor¬ 
responding to each positive e, there exists an 
integer N, depending on e but not on x, such 
that 

| l{x) — fn(x) | < e for all x, 

provided only that n > N. Uniformly con¬ 
vergent series are important because they 
allow termwise integration, a property which 
is particularly valuable in the applications of 
Fourier series. The most important test for 
uniform convergence is the Weierstrass M- 
test. 

CONVERGENCE, ANGLE OF. See angle of 
convergence. 

CONVERGENCE, CONDITIONAL. See 
conditional convergence. 

CONVERGENT-DIVERGENT NOZZLE. A 
channel shaped so that a convergent portion 
a is followed by a divergent portion b, Figure 
1. The narrowest part of the convergent-di¬ 
vergent nozzle is called a throat. Convergent- 
divergent nozzles are used in turbines to ac¬ 
celerate the working fluid (steam or gas) to 
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high velocities. They are also used in wind 
tunnels to produce a parallel stream of air at 
very high velocities. 

Convergent-divergent nozzle. 

In view of these applications it is important 
to understand the behavior of a compressible 
fluid as it flows through a convergent-diver¬ 
gent nozzle. Assuming ideal flow (isentropic 
process of expansion), it is found that essen¬ 
tially two regimes of flow are possible. (1) 
Flow when the velocity at the throat is sub¬ 
sonic (throat Mach number < 1). The flow 
through the entire nozzle is subsonic, and the 
mass flow depends on the pressure ratio p2/Pi, 
where pi is the stagnation pressure in section 
1, and p2 is then the static pressure at 2. 
Hence, by measuring this pressure ratio one 
can determine the mean flow. Actually, the 
pressure at the throat is then measured (by 
Venturi meter). The variation of pressure 
along the nozzle axis for different back-pres¬ 
sure ratios p2/y>i, is shown in Figure 2. As 

0 

"A 

*A 

p"A 

p/p, 

Nozzle Axis 

the back pressure decreases from unity to 
p'/pi the preceding flow regime prevails, 
curves 1, 2, 3. 

When the back-pressure is reduced to p', 
the velocity in the throat becomes sonic (throat 
Mach number = 1) and the nozzle becomes 
choked. Any further reduction in back-pres¬ 
sure has no effect on the pressure (or velocity 
or temperature) distribution in the convergent 
part of the nozzle. The pressure at the throat 

then becomes equal to the so-called critical 
pressure. 

7 

(= 0.528pi for 7 = 1.4, i.e., for air) 

Isentropic flow all along the nozzle is then only 
possible for twro back-pressures, p' and p" 
whose values depend on the area ratio A2/At 
(curves OAC and OAB). For p' the flow at 
exit is subsonic, for p" it is supersonic, the Mach 
number depending also on the area ratio 
A2/At. Any reduction of back-pressure below 
p" has no effect on the flow in the nozzle at all. 

The flow patterns for back-pressures between 
p' and p" are complex. In a range p' to p"' 
(where p"' also depends on the area ratio 
A2/At for a given gas) a normal shock appears 
in the divergent portion (curves 4,5) moving 
from the throat towards the exit and gathering 
strength as p2 varies from p' down to p'". For 
back-pressures between p'" and p", ideally, the 
flow pattern is the same as for p2 = p", but 
boundary layer effects and the possibility of 
separation complicate the process and give rise 
to more complex patterns. 

Supersonic flow in a compressible fluid can 
be achieved in a steady-state only if a conver¬ 
gent-divergent nozzle is used for the purpose. If 
the nozzle is rigid (fixed-geometry nozzle) only 
one particular supersonic Mach number can be 
reached at exit. In order to regulate the exit 
Mach number it is possible to use a flexible noz¬ 
zle, which varies A t, and so varies the area ratio 
A2/At for a given A2. 

A convergent-divergent nozzle used to pro¬ 
duce a supersonic stream is also called a deLaval 
nozzle. 

CONVERGENT NOZZLE. A channel in 
which the cross-sectional area decreases along 
the flow axis. Convergent nozzles are used in 
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turbines to produce high-velocity streams of 
steam or gases. They are also used in many 
other engineering devices. 

When a compressible fluid flows through a 
convergent nozzle, the behavior of the nozzle 
depends essentially on the ratio of back-pres¬ 
sure pb to the upstream stagnation pressure p\. 
The (static) pressure in the exit section p2 need 
not be equal to the back-pressure Pb■ There 
are two distinct regimes of flow: (1) When the 
exit velocity is subsonic (M2 < 1), we have 
Pb = p2 and p2 > p*, where p* is the so-called 
critical pressure. 

y 

(= 0.528pi for 7 = 1.4, i.e., for air) 

(2) When the back-pressure pb becomes equal 
to or smaller than the critical pressure p* the 
nozzle becomes choked, and pb ^ p2. The 
exit velocity is then sonic (M2 = 1). In fact, 
the exit pressure p2 = p* and changes in the 
back-pressure (provided only that pb < p*) 
have no effect on the operation of the nozzle. 

Thus in the range p* < Pb < Pi the mass 
flow varies, increasing from 0 to a maximum 
m* at pb = p*, increasing with decreasing p^ 
In the range pb < p* the mass flow remains 
constant at m* and unaffected by 

In a convergent nozzle it is not possible to 
accelerate the stream to a supersonic velocity 
(M > 1). 

CONVERSION. In general, a change, often 
with the force of a directed or induced change. 
One specific use is a change in numerical value 
of a quantity resulting from the use of a dif¬ 
ferent unit in the same or a different system of 
measurement. 

CONVERSION RATIO. (1) The ratio of the 
number of internal conversion electrons to the 
number of gamma quanta emitted in the de¬ 
excitation of a nucleus of an atom. (See con¬ 
version fraction; internal conversion coeffi¬ 
cient.) (2) In nuclear reactor theory, synony¬ 
mous with breeding ratio, but often used when 
the fissionable nucleus produced is different 
from the nucleus consumed. 

CONVOLUTION. Given two functions f(t), 
g(t) of some independent variable t, the con¬ 
volution integral of }{t) and g(t) is (provided 
the integral exists) 

00 

f(r)g(t — r)dr 
-00 

or, changing the variable of integration from 
r to {t — r) 

/(<) * g(t) = I" f(t — r)^(r)dr. 
d —00 

The convolution integral is therefore a function 
of t and is symmetrical with respect to the 
functions fit) and g(t). 

The range of integration is sometimes re¬ 
stricted by limitations on fit) and g(t). For 
instance if /(<), g(t) = 0 when t < 0, then 
clearly the only valid range of integration is 
r = 0 to r — t. 

Convolutions are of particular importance in 
the theory of the Laplace transform, since the 
transform of the convolution of two functions 
is given by the product of their transforms. 

In probability theory, a term denoting the 
“sum” of a numer of random variables. If 
£i and £g are two independent random variables 
with distribution functions Fi(x{) and F2(x2), 
their convolution is the random variable f with 
distribution function F(z) where 

fit) *g(t) =J 

CONVERSION FRACTION. The ratio of 
the number of internal conversion electrons 
to the number of quanta emitted plus the 
number of conversion electrons emitted in a 
given mode of de-excitation of a nucleus. Par¬ 
tial conversion fractions refer to conversion 
fractions for various electron shells, e.g., K- 
conversion fractions, L-conversion fractions, 
etc. Sometimes called conversion coefficient. 

CONVERSION GAIN. In nuclear reactor 
theory, synonymous with breeding gain, but 
often used when the fissionable nucleus pro¬ 
duced is different from the nucleus consumed. 

F(z)= dF1(x1)dF2(x2). 
dd<Z 

The definition is easily extended to n variables 
which may be dependent. 

The expression “compound” distribution in 
the sense of convolution is to be avoided. It 
has been used in two senses: (1) where a statis¬ 
tical distribution is mixed in the sense that its 
members emanate from two or more different 
populations: (2) when a random variable £ has 
a distribution depending on a parameter a, 
cases arise where a itself may be regarded as 
having a probability distribution: the distribu- 
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tion of £ obtained by integrating over the course 
of a may then be described as compound. 

CONVOLUTION INTEGRAL. See first 
paragraph under convolution. 

CONVOLUTION THEOREM. See Laplace 
transform theorems. 

CONWELL-WEISSKOPF FORMULA. The 
mobility /x of electrons in a semiconductor in 
the presence of donor or acceptor impurities 
is given by 

n = [2V(fcT)« log (1 + .r2)]/AVVmH 

where 
x = 6edkT/e2 

and e is the dielectric constant of the me¬ 
dium, N is the concentration of ionized do¬ 
nors (or acceptors), 2d is the average distance 
between ionized donors, e and m the electronic 
charge and mass, etc. 

COOLANT. The fluid used to carry heat 
away from a system or device, such as an 
internal combustion engine, etc. 

COOLING. The process of reducing the tem¬ 
perature of a body or of extracting heat by 
circulating a fluid (coolant). 

COOLING BY ADIABATIC DEMAGNET¬ 
IZATION. See adiabatic demagnetization. 

COOPERATIVE PHENOMENA. Such proc¬ 
esses as order-disorder transformations in 
binary alloys, ferromagnetism, and melting, 
where certain subsystems will combine to form 
units which hold together in spite of the dis¬ 
rupting influence of thermal agitation. 

It is to a large extent possible to treat all 
these phenomena at the same time. The 
simplest model for such systems, and the one 
most investigated, is the Ising model. 

If one considers a simple cubic AB substitu¬ 
tional alloy, depending on whether the energy 
of an AB pair is less or larger than the aver¬ 
age of an AA and a BB pair, there will be a 
tendency for order, that is, for the formation 
of a superstructure of two sublattices, one a 
pure A and one a pure B lattice, where each A 
atom is surrounded by B atoms and vice versa, 
or a tendency for phase separation. At the 
absolute zero the order will be complete, but 
when the temperature is increased, there will 

be a chance that an A atom will move to the 
place of a B atom (/3-site) and thus be re¬ 
placed by a B atom on an a-site. The pres¬ 
ence of an A atom on a /3-site will induce a 
tendency for the neighboring a-sites to be 
occupied by B atoms, and a disordering tend¬ 
ency will set in which will lead to an avalanche 
effect, and at and above the Curie temperature 
there will no longer be a tendency of A atoms 
to be on a-sites, or B atoms to be on /3-sites, 
but there will still be a tendency for A atoms 
to be surrounded by B atoms and vice versa. 
The short range order parameter measures this 
latter tendency while the long range order 
parameter measures the tendency of A atoms 
to be on a-sites. 

In any statistical treatment of cooperative 
phenomena one derives an (approximate) ex¬ 
pression of the free energy in terms of the two 
order parameters, and by evaluating its ex¬ 
tremum, the equilibrium values of the order 
parameters are found. The statistical approxi¬ 
mations which are used most are the Bragg- 
Williams, and the quasi-chemical approxima¬ 

tion. 

COORDINATE. One of a set of numbers 
which determine the position in space of a 
geometric entity, usually a point but some¬ 
times a line, surface, etc., in such a way that 
a continuous change in the coordinates cor¬ 
responds to a continuous change of position, 
and conversely. The commonest system of co¬ 
ordinates is the Cartesian (or rectangular 
Cartesian) system in the plane or in 3-dimen¬ 
sional space. In a plane, the homogeneous 
coordinates of a point, whose Cartesian co¬ 
ordinates are x and y, are any three (not all 
zero) numbers {xi} £2, £3) for which Xi/x3 = x 
and x2/xs = y. The points for which x3 = 0 
form the line at infinity. Homogeneous co¬ 
ordinates are defined analogously for spaces of 
3 or more dimensions. If u = u(x,y) and 
v = v{x,y), then p,q are the curvilinear co¬ 

ordinates (the u,v coordinates) of a point P 
if P is the intersection of the curve u{x,y) = p 
with the curve v(x,y) = q. Commonly used 
coordinates of this sort are polar, cylindrical, 

spherical, elliptic and parabolic coordinates. 

COORDINATE BOND. Some molecules, 
such as H20, NH3, HF, HC1 • • • have in their 
outer shell one or more free electron doublets 
which they can eventually share with an atom 
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or molecule which has an incomplete outer 
shell. The resulting bond, where the doublet 
is shared between the two particles, is called 
a coordinate bond. Its properties are quite 
similar to those of covalent bonds: such bonds 
have directed valencies, and limited coordina¬ 
tion numbers. The reactions NH3 + H + —> 
NH4+ and HC1 0 —> HCIO are typical of 
the formation of such bonds. Coordinate links 
are also important in the formation of many 
ion-solvent complexes in aqueous and am- 
moniacal solutions. (See directed valency; 
bond types.) 

COORDINATE LINES ON A SURFACE. 
See surface. 

COORDINATES AND MOMENTA, GEN¬ 
ERALIZED. Generalized coordinates are co¬ 
ordinates chosen to describe the motion of a 
mechanical system, without having their exact 
nature immediately specified. The general¬ 
ized coordinates associated with a system hav¬ 
ing n degrees of freedom are denoted by qlf 

<?2, ••• Qn- 

The generalized momenta Pi, P2, ' ” Pn are 
defined by the equation: 

dL 

where L is the Lagrangian function for the 
system. The generalized momentum pi is said 
to be conjugate to the generalized coordinate 
qi. The Lagrange equations and the Hamilton 
canonical equations are expressible in terms 
of generalized coordinates and momenta. 

COORDINATES IN POLYATOMIC MOLE¬ 
CULES, NORMAL. See nonnal vibrations 
and normal coordinates in polyatomic mole¬ 
cules. 

COORDINATES, NORMAL. See normal 

modes. 

COORDINATE SYSTEM, ROTATING. See 
rotating coordinate system. 

COORDINATION NUMBER. (1) For an 
atom or group of atoms, the maximum num¬ 
ber of coordinate bonds which the atom, or 
group of atoms can form. (See coordinate 
bond.) (2) For a covalent crystal, the co¬ 
ordination number is the same as (1), but for 
an ionic crystal, it is the number of atoms at 

closest distance (nearest neighbors) of the 
given atom. 

COORDINATIVE VALENCY OF AN ION. 
See principal valency of an ion. 

CORE. See also kern. 

CORIOLIS EFFECTS. The Coriolis force, 
which is alternatively called the geostrophic 
force, or the deviating force, is the apparent 
force on particles moving relative to the earth 
when observed from the earth. For unit mass 
it is equal to 2v X where v is the velocity 
relative to the earth and U, is the earth’s rota¬ 
tion vector. The vertical component is negli¬ 
gible compared with gravity and the horizontal 
component is equal to v X f where f is twice 
the vertical component of the earth’s rotation. 

A generalized discussion of Coriolis effects, 
not limited to the earth as a frame of refer¬ 
ence, is given in polar coordinates as follows: 
A particle which is subject to no forces in a 
polar coordinate system r, d experiences a 
radial acceleration r(dd/dt)2 and a tangential 
acceleration —2 {dr/dt) (dd/dt). These ac¬ 
celerations result from the fact that every 
point fixed in a coordinate system rotating 
with an angular velocity dd/dt (with the ex¬ 
ception of the origin) is accelerated with re¬ 
spect to an inertial frame. The radial acceler¬ 
ation is known as the centrifugal acceleration; 
the tangential acceleration is called the Cori¬ 
olis acceleration. If Newton’s second law of 
motion is applied to the particle without cor¬ 
rection for the motion of the coordinate sys¬ 
tem, a centrifugal force mr(dd/dt)2 and a 
Coriolis force —2m (dr/dt) (dd/dt), where m is 
the mass of the particle, must be postulated to 
account for the behavior of the particle. 

CORIOLIS PARAMETER. Twice the verti¬ 
cal component of the earth’s angular velocity 
about the local vertical fl; usually denoted by 

/ = 2il sin <f> 

where <f> is the latitude. 

CORNU SPIRAL. James Bernoulli intro¬ 
duced the plane curve, defined intrinsically by 
the curvature being proportional to the arc 
length, and known as the Cornu spiral or 
clothoid. The Cornu spiral is represented 
parametrically by x = C(v), y = S(v) in 
terms of the Fresnel integrals. 
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C{v) = (27r) ^ f t ^cos tdt 

r t 2j = I cos - u~du, 
J0 2 

<S(t>) = r £_^sin hff 
*^o 

r*. » 
= I sin - u du. 

Jo 2 

Bohmer has considered the generalization 

C(v,a) = f f“-1cos £d£, 
J v 

S(v ,et) = f t*-1 Si 
J V 

sin tdt. 

The curve x = C(v,a), y = S(v,a) for fixed a, 
0 < a < 1 is a spiral and becomes the Cornu 
spiral when a = Yl- The intrinsic equation is 

p = (as)1-^ 

where p is the radius of curvature and s is the 
arc length. 

Distances on the Cornu spiral are used in 
computing intensities in the diffraction pattern 
resulting from Fresnel diffraction. Here the 
parameter v is wave velocity and 

v = l 
2 B 

D\(B + D) 

where l is the distance along the diffracting 
screen, B the distance from the source to the 
screen, D the distance from the screen to the 
point of observation, and X is the wavelength. 

CORONA DISCHARGE. Leakage of charge 
brought about by the ionization of a gas sur¬ 
rounding a charged conductor. This occurs 
when the potential gradient exceeds a certain 
value, but is not sufficient to cause sparking. 

CORPUSCULAR THEORY OF LIGHT. See 
dynamical equations of light rays. 

CORRECTION. A quantity added to a pre¬ 
viously obtained approximation to yield a 
better approximation. Sometimes the term is 
applied to x — x*, where x is the true value 
and x* the approximation, and is contrasted 
with the difference x* — x which is then desig¬ 
nated the error. This sense is not the one 
adopted in this book. 

CORRECTION TO VACUUM. The correc¬ 
tion of wavelengths, or of the speed of light, as 
measured in air to the appropriate values in 
vacuo. The index of refraction of air is 
1.00029 at 0° Centigrade, 1 atmosphere pres¬ 
sure, and at the wavelength of the mean of 
two yellow sodium lines, D (5892.9 A). 

CORRECTOR. In solving initial value prob¬ 
lems in ordinary differential equations, a 
quadrature formula to be used for improving 
a given approximate value of the dependent 

Cornu spiral. 
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variable at an advance point, and contrasted 
with a predictor used to obtain a first approxi¬ 
mation. A predictor formula uses an open 

quadrature formula, a corrector formula a 
closed quadrature formula. 

CORRELATION. In a general sense in sta¬ 
tistics this expression denotes the co-relation¬ 
ship of two variables. A correlation coeffi¬ 
cient attempts to measure the interdependence 
of the variables. 

More specifically the correlation or product- 
moment correlation of two variates x and y is 
defined as 

cov (x,y) 
p = —.. 

V (var x) (var y) 

or, for a finite series of values (xi,yi), 
(xn,yn) as 

n 

Z 0* - x)(vi - y) 
i=l 

r =-77 r n n 'I H 

Z 0* - x)2 X) (y< - y)2 
i i=i i=i > 

where x and y are the respective means. 
Other definitions are possible. When the 

observations are ranked but not measured, co¬ 
efficients of rank correlation of an analogous 
kind can be defined. For qualitative vari¬ 
ables joint relationship is usually described 
in terms of association or contingency. 

For variables which are distributed in the 
bivariate normal (Gaussian) form, the cor¬ 
relation defined above has a clear interpreta¬ 
tion, p being the parameter or (in the case of 
a sample) an estimate of the parameter, in 
the equation of the frequency function, 

f(x,y) 

= k exp (_!_Gl 
1 2(1 - p2) V,2 

2pxy y2 \ 
2 / 

°’l°’2 0"2 / 

In a multivariate complex, say for simplicity 
the three-variate case involving aq, x2, x3, each 
pair of variables has a correlation coefficient. 
It is also possible to consider the correlation of 
Xi and x2 for fixed x3. This is known as a 
partial correlation. If the correlation between 
Xj and Xk is pjk, the partial correlation for 
fixed xi, pjki is given by 

Pjkl = 
Pjk — PjlPkl 

ki - P,I2)(1 - PK2))^' 

In regression analysis, if a variable y is ex¬ 
pressed as a linear regression on p variables 
xi, x2> • * Xp, say PiXi + ^2^2 + • • • + PpXP) 
the correlation between y and the regression 
2/3,-X,- is called a multiple correlation. It meas¬ 
ures the closeness with which y is “predicted” 
by the regression equation. The multiple cor¬ 
relation is expressible in terms of the correla¬ 
tions between y and the individual x's and of 
the x's among themselves. 

CORRELATION, BISERIAL. See biserial 

correlation. 

CORRELATION, CANONICAL. See canon¬ 

ical correlation. 

CORRELATION COEFFICIENT. (As used 
in the statistical theory of turbulence.) A 
measure of the correlation between two fluc¬ 
tuating quantities in the turbulent motion of 
a fluid. If Up and Vp> are the values of two 
fluctuating quantities u and v at points P and 
P' their correlation coefficient is defined as 

UpVp>/(lip2 Vp2)lyi. 

When u — v this becomes the autocorrelation 

coefficient. The coefficient may also be defined 
to include a time interval which elapses be¬ 
tween the measurement of u at P and of v at P'. 
For the turbulence to be represented by sta¬ 
tistics such as correlation coefficients the mean 
values must be properly definable (see auto¬ 

correlation coefficient). 

If u and v are the fluctuations of two com¬ 
ponents of velocity in isotropic turbulence 

up2 = vp2, and if the turbulence is homogeneous 

vp2 = vp2, so that for homogeneous isotropic 
turbulence the correlation coefficient becomes 

UpVp'/Up2. 

The coefficient is used to measure transport 

by turbulence. Thus uv is a measure of the 
transport of x-momentum in the t/-direction 
(see Reynolds stress). 

The transport of heat in the direction of the 
axis of a buoyant jet is not given simply by 
the integral 

r w T pcdS 
‘'areaof jet section 

where w, T, p, and c are the velocity, tempera¬ 
ture, density, and specific heat of the fluid and 
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dS the element of area of the section; but there 
may also be an appreciable contribution from 

w'T' pcdS 

where uf and T' are the fluctuations of velocity 
and temperature, because the upward velocity 
fluctuations are probably correlated with the 
buoyancy which produces them. (Here the 
secondary effect of the simultaneous fluctua¬ 
tions of p are neglected.) 

Likewise in a turbulent jet in which there 
are no buoyancy forces, in the transport of 
effluent along the direction of the axis, namely 

{wa + w'<r')dS 

where <r(= <r + a') is the concentration of 
effluent, there may be an appreciable contri¬ 
bution from the second term because the ele¬ 
ments of greater concentration will tend to be 
those of greater velocity, so that w' and a' wall 
be correlated. 

The transport of momentum along a turbu¬ 
lent jet of uniform density is 

j' {d>2 + w'2\pdS 

and the second term may often be appreciable. 
Correlation coefficients are usually only 

properly definable when the mean flow is ap¬ 
proximately steady because only then can a 
satisfactory time mean value of a fluctuating 
quantity (denoted by a bar) be defined. 

CORRELATION DIAGRAM. In molecular 
physics, a diagram showing the correlation 
between the electronic orbitals in the united 
atom and in the separated atoms, respectively 
(see also building-up principle). Such dia¬ 
grams show the (approximate) energetic order 
of the different orbitals also for internuclear 
distances r intermediate between the limiting 
cases of r = 0 and r = oo. (For more detail, 
see G. Herzberg, Molecular Spectra and Mo¬ 
lecular Structure, I. Spectra of Diatomic 
Molecules, 2d ed., D. Van Nostrand Co., Inc., 
Princeton, 1945, p. 326 ff.) 

CORRELATION ENERGY. The energy as¬ 
sociated with the correlation effect in a metal, 
i.e., the tendency for electrons to keep apart, 
and hence for the positions of any two not to 
be entirely independent. It represents a cor¬ 

rection to a naive calculation of Coulomb 
energy. 

CORRELATION RATIO. In a one-way 
classification of observations y with classes 
defined by a quantitative variable x, the cor¬ 
relation ratio of y on x, yvx, is defined by 

2 Sum of squares between classes 
Vyx ~ “ ' - “* 

Total sum of squares 

the sum of squares being derived from an 
analysis of variance. 

Problems for which the correlation ratio 
was formerly used can now be treated more 
simply by analysis of variance techniques. 

CORRELATION, SERIAL. See autocorrela¬ 
tion. 

CORRELOGRAM. The graph of the autocor¬ 
relation coefficient pk as ordinate against k as 
abscissa. If the autocorrelations are estimated 
from a finite series as serial correlations rk, 
the graph of rk against k is also called a cor- 
relogram. 

CORRESPONDENCE. See mapping. 

CORRESPONDENCE PRINCIPLE. See 
principle of correspondence. 

CORRESPONDING STATES, LAW OF. All 
gases whose constituent atoms interact ac¬ 
cording to a Lennard-Jones potential will have 
the same equation of state if this equation 
is expressed in terms of reduced variables, 
that is, in the form 

where pc, Tc, Vc are the critical pressure, 
temperature and volume, and where <t> is the 
same function for all substances of the group. 
The quantities p/pc, T/Tc, V/Vc are also 
called the reduced pressure, temperature, and 
volume. 

All equations of state containing two inde¬ 
pendent parameters like the van der Waals 
equation or the Dieterici equation (see real 
gases) may be put into the form (1) above, 
or using the van der Waals constants, 

f{p, V, T, a, b) = 0. (2) 

The critical state (pc, Vc, Tc) is given by the 
two conditions 
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(£) =0 (3) 
\dV / t 

SI - ° (4) 

Thus, the two (and no more) parameters can 
be eliminated, and the equation of state can 
be written in terms of the reduced parameters 

= P/Pc 

* = v/vc 
6 = T/Tc 

in the form 
F(v, ({>, 0) (5) 

which does not contain the parameters a and b. 
Thus Equation (5) does not contain any quan¬ 
tities which depend on the nature of the gas 
and should be a universal form of the equa¬ 
tion of state. Such a universal equation of 
state written in terms of the reduced param¬ 
eters or corresponding states (expressing the 
principle of corresponding states) is satisfied 
with a good degree of precision by simple 
gases like argon, krypton, xenon, carbon 
monoxide and xenon, while the corresponding 
equations of state when not expressed in terms 
of reduced variables show greater or less di¬ 
vergence. 

If quantum effects become important, the 
law of corresponding states must be suitably 
altered. 

COSET. If H is a subgroup of the group G, 
a set of elements of the form ah, where a is in 
G and h runs through H is called a (left) coset 
of H in G and a set of the form ha is a right 
coset. The number of such cosets is called 
the index of H in G. 

COSINE EMISSION LAW. The energy 
emitted by a radiating surface in any direc¬ 
tion is proportional to the cosine of the angle 
which that direction makes with the normal. 
Thus, let the radiating surface, of area a, be 
emitting a luminous flux L (lumens) in the 

*— Area a 

normal direction (see figure), and, in any 
other direction making an angle 0 with the 

normal, the smaller quantity L'. Then since 
the apparent brightness is unchanged, L'/a' 
= L/a. This gives L'/L — a'/a. But a'/a 
= cos 0, hence L' = L cos 0. 

This law applies to thermal radiation as 
well as to light, and to diffusely reflected as 
well as directly emitted radiation. The law 
is true only for a perfectly diffusing surface, 
strictly, for a black body, but it is a good 
approximation to the behavior of many sur¬ 
faces. 

COSINE LAW. (1) See cosine emission law. 
(2) See Knudsen cosine law. 

COSINE LAW, KNUDSEN. See Knudsen 
cosine law. 

COTTON-MOUTON CONSTANT. See Cot- 
ton-Mouton law. 

COTTON-MOUTON LAW. A dielectric 
placed in a magnetic field may become double- 
refracting with retardation 8 of the ordinary 
ray over the extraordinary ray given by 

in which Cm is the Cotton-Mouton magnetic 
birefringence constant, l is the distance in the 
dielectric traversed by the light of wavelength 
X, and H is the magnetic field strength. Fur¬ 
ther, ne and n0 are the refractive indices of 
light polarized in planes parallel and perpen¬ 
dicular, respectively, to the direction of the 
magnetic field. 

COUETTE FLOW. A two-dimensional 
steady flow without pressure gradient in the 
direction of flow and caused by the tangential 
movement of the bounding surfaces. The 
only practicable type is the flow between con¬ 
centric rotating cylinders, although the flow 
between parallel planes with uniform rela¬ 
tive velocity is used in the elementary dis¬ 
cussion of viscosity. 

COULOMB. A unit of electrical charge, ab¬ 
breviation coul or Cb. (1) The absolute cou¬ 
lomb is defined as the amount of electrical 
charge which crosses a surface in one second 
if a steady current of one absolute ampere is 
flowing across the surface. The absolute cou¬ 
lomb has been the legal standard of quantity 
of electricity since 1950. (2) The Interna¬ 
tional coulomb, the legal standard before 1950, 
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is the quantity of electricity which, when 
passed through a solution of silver nitrate in 
water, in accordance with certain definite spec¬ 
ifications, deposits 0.00111800 gm of silver. 
1 Int. coul = 0.999835 abs coul. 

2 to atom B, one obtains for the potential 
interaction energy of the two atoms 

ffu =j*'^u(l)^a(2)W'V^(l)i/'B(2)dTi<2T2 

COULOMB BARRIER. A potential barrier 
produced by repulsive electrostatic forces, par¬ 
ticularly just beyond the surface of an atomic 
nucleus. 

COULOMB BOND ENERGY. See Coulomb 
integral. 

COULOMB DEGENERACY. Identity of 
the energy levels of a charged particle bound 
in a Coulomb field for different values of the 
orbital angular momentum, provided that the 
principal quantum number and spin state is 
the same, e.g., the 2S and 2P \A states of the 
hydrogen atom. (See Lamb shift.) 

COULOMB ENERGY. The contribution to 
the binding energy of a substance made by 
electrostatic interactions of ions and electrons. 
For a metal lattice, the Coulomb energy of a 
unit cell is approximately that due to a uni¬ 
form distribution of electrons over an s-sphere 
of equal volume and is given by 

U(r) = - 
3 Ze Zer2 

2 r83 

where Z is the number of conducting electrons, 
and rs is the radius of the sphere. 

COULOMB EXCITATION. If a high energy 
charged particle passes close to the nucleus of 
an atom, the time varying electric field felt by 
the nucleus can cause it to undergo a transi¬ 
tion to an excited state. The necessary energy 
for the transition can be looked upon as having 
been radiated by the passing particle and ab¬ 
sorbed by the nucleus. This excitation by the 
Coulomb field of the passing particle is called 
coulomb excitation. 

COULOMB FIELD. The field of an electric 
charge which can be described by a Coulomb 
potential. The electrons of an atom move in 
the Coulomb field of the atomic nucleus. 

COULOMB INTEGRAL. Consider a valence 
bond formed between two nuclei: A and B, 
carrying each a valence electron 1 or 2. If the 
bond energy is calculated by assuming that 
electron 1 is attached to atom A and electron 

where the i/'-terms represent the wave functions 
and where W is the perturbation potential. IF 
is the sum of the repulsive Coulomb energy of 
the two electrons located in volume elements 
dri and dro] of that of the two nuclei, and the 
attractive energy between electron 1 and 
nucleus B and electron 2 and nucleus A. 

Hu expresses the electrostatic interactions 
of the system and is called the Coulomb in¬ 
tegral. The corresponding energy is negligible 
for large internuclear distances; it becomes 
attractive for intermediate ranges, and leads 
to a strong repulsion at very small intermolec- 
ular distance. 

The Coulomb energy behaves thus qualita¬ 
tively just as one would expect a bond energy 
to do. However in absolute values, the bond 
energies calculated are usually much too small. 
The main contribution to the covalent bond 
energy results usually from the exchange in¬ 
tegral. (See exchange energy.) 

COULOMB LAW (ELECTROSTATICS). 
The force between two point charges in free 
space is a pure attraction or repulsion, and is 
given in rationalized MKSA units by 

where qi, q2 are the magnitudes of the charges, 
r is their separation, and e0 is a constant of 
nature. The numerical value of e0 depends 
upon the system of units used (see electric 
constant). When the charges are immersed 
in a homogeneous medium, which extends to 
distances much greater than r in all direc¬ 
tions 

where e is the permittivity, or absolute dielec¬ 
tric constant of the medium. 

COULOMB LAW (MAGNETISM). See mag¬ 
netic pole strength. 

COULOMB POTENTIAL. The potential de¬ 
scribing the field of an electrostatic charge. 
The potential energy acting between a charge 
e and a charge — Ze is given by V = —Ze2/r, 
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where r is the distance between the two 
charges. 

COULOMB WAVE FUNCTION. The wave 
function of a charged particle moving in a 
Coulomb field. In non-relativistic quantum 
mechanics the radial part of a Coulomb wave 
function is related to Laguerre polynomials; 
in relativistic electron theory to confluent hy¬ 
pergeometric functions. (See Gauss hyper¬ 
geometric equation.) 

COUNTABLE. A set of objects is said to be 
countable if it can be put into one-to-one cor¬ 
respondence with the set of positive integers 
1, 2, 3, •••. Synonyms are enumerable, de¬ 
numerable. 

COUNTABLE SET. See cardinal. 

COUNTER EFFICIENCY. Of a radiation 
counter tube, the probability that a tube 
count wall take place with a specified par¬ 
ticle or quantum incident in a specified man¬ 
ner. 

COUNTER-FLOW. See heat exchanger. 

COUPLE. A couple is a pair of equal and 
parallel but oppositely directed forces. The 
moment of a couple is a vector perpendicular 
to the plane of the two forces. Its magnitude 
is the same for all center(s) of moment. 

COUPLED CHEMICAL REACTIONS. The 
entropy production due to two simultaneous 
chemical reactions is (see thermodynamics, 
second principle of) 

djS 
T— = Ai^i + A2V2 ^ 0 (1) 

dt 

wrhere Ai, A2 are the affinities of the two re¬ 
actions (see chemical affinity) and tq, v2 the 
reaction rates (see chemical reaction rate). 
Only the sum in (1) is positive (or zero at 
equilibrium). Thus it is possible to have 

Aitq < 0 A2tq >0. (2) 

The first reaction is then called the coupled 
and the second the coupling reaction. Such 
reactions are of great biological interest. 

COUPLE, THEOREMS ABOUT. (1) The 
moment of a couple has the same value when 
moments of each force are taken about any 
axis perpendicular to the plane of the couple. 
(2) A rigid body acted upon by a couple is 

in translational equilibrium, but not rotational 
equilibrium. (3) A system of forces acting 
on a rigid body can be replaced by a single 
force acting at an arbitrary point of the body 
and a couple whose axis is parallel to the line 
of action of the force. The combination is 
called a wrench. 

COUPLING. An interaction between sys¬ 
tems, or between properties of a system. 
When there is little interaction, the coupling 
is sometimes said to be loose; with consider¬ 
able interaction, it is called tight. 

COUPLING CASES, HUND’S. See Hund’s 
coupling cases. 

COUPLING CONSTANT. A number, of the 
dimension of electric charge, measuring the 
strength of the interaction between interacting 
fields, defined in analogy with the electronic 
charge e which is the coupling constant between 
electrons and electromagnetic radiation. The 
interaction term between a Fermi field \p(x) 
and a boson field 0(x) is thus usually taken to 
be of the form g$(x)Y\p{x)<i>(x), where $ is the 
Hermitian conjugate of i^, T is some operator, 
and g is the coupling constant. In the case 
that g is small, transition probabilities are then 
proportional to the pure number (g2/he) in 
lowest order, where 2irh is Planck’s constant 
and c the velocity of light. In the case of 
electrodynamics, this quantity is the fine- 
structure constant (e2/he) ^ Y\zi- 

COUPLING, IN ATOMIC AND MOLECU¬ 
LAR STRUCTURE. The energy of a stable 
state of an atom or molecule is affected by the 
strength of interaction or coupling of the spins 
and the orbital angular momenta of the indi¬ 
vidual electrons with each other, with the 
angular momentum of molecular rotation and 
with the electric field along the molecular axis 
(“coupling to the molecular axis”). In an 
actual case these interactions may present a 
very complicated picture. In general, how¬ 
ever, a good approximation is obtained if it is 
assumed that certain interactions predomi¬ 
nate. One can work therefore with simplified 
vector models of atoms or molecules in which 
the individual angular momentum vectors are 
added together (see angular momentum vec¬ 
tors, quantum theoretical addition of l in the 
order of their strength of coupling. (See Rus- 
sell-Saunders coupling; (j, j) coupling; Hund’s 
coupling cases.) 
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COUPLING, (j, j). See (j, j) coupling. 

COUPLING, RUSSELL-SAUNDERS. See 
Russell-Saunders coupling. 

COUPLING, SPIN-ORBIT. See Russell- 
Saunders coupling. 

COUPLING, WEAK. Interaction between 
two particles by means of one or more fields 
which is such that the interaction energy may 
be expanded in powers of a dimensionless 
parameter which is small compared with 
unity, e.g., coupling of charged particles with 
each other through an electromagnetic field, 
where the dimensionless parameter is the fine- 
structure constant. 

COURSE (NAVIGATION). The direction in 
which a ship is moving relative to the surface 
of the earth is known as the course of the 
ship. The term course is also applied to the 
direction (or directions) that a ship is sup¬ 
posed to follow from one place to another. 
During the long history of navigation the term 
“course” has become very loosely used. For 
example, we say that a ship is following a 
great circle course from point A to point B 
when, theoretically, its direction of motion 
relative to the surface of the earth is con¬ 
tinually changing. In the discussion of mod¬ 
ern navigation several different types of 
courses are recognized, e.g., Great Circle 
course, Mercator course, Rhumb Line course, 
Lambert line, etc. For each of these we have 
a compass (or gyro) course, a magnetic course, 
and a true course. 

In a number of cases the terminology for 
courses is different for air- and sea-borne ships. 
Furthermore the different air services of the 
United States (Commercial, Army, Navy, or 
Air Force) use different terminology. For 
uniformity in this book, the terminology of 
the U.S. Navy surface navigation is used 
throughout. 

COVALENT BOND. See homopolar bond; 
atomic bond; bond types. 

COVARIANCE. (1) See entries under co¬ 
variant. (2) In statistics, the covariance be¬ 
tween two variates x and y is defined as 
E(x — |) {y — rj), where $, rj are the means 
of x, y and E denotes the expected value. If 
the population is p and the standard deviations 
o>, (tv, the covariance is equal to p<rx<rv. (See 
analysis of covariance.) 

COVARIANCE MATRIX. See dispersion. 

COVARIANCE, ORDER OF. See tensor 
field. 

COVARIANT COMMUTATION RULES. 
There exist general methods for obtaining the 
commutation rules between functions A(x), 
B(x) of the field variables <#>g(ar) due to Feyn¬ 
man, Peierls, Schrodinger and others. We 
outline here the method due to Peierls based 
on the Lagrangian formalism. 

Consider the modified Lagrangian density 

£'(x) = £(x) + XA(xi)5(x — aq). (1) 

This Lagrangian £' will yield modified field 
equations. The new solution for the field 
variable B(x) will be written in the form 

B'(x) = B(x) + X5i B(x) (2) 

where B' is completely defined by the equations 
of motion together with the boundary condi¬ 
tions b\B —» 0 as t —* — oo. If A contains no 
time derivatives, the modified Hamiltonian 
will be 

P'o = H'(t) = H - XA(*,)«(* - ti) 

It can be shown that B'(x) which is the solution 
of 

ihdtB' = [W, B'] (4) 

and B which is a solution of 

ihdtB = [H, B] (5) 

are related by the transformation 

B\x) = S(t)B(x)S{t)~\ x0 = t (6) 

where S(t) satisfies the equation 

dS(t) 
ih—— = 8HS(t). (7) 

dt 

To first order in X, the solution of (7) for S is 

S(t) = 1 - ~d(t - <i)A(xO (8) 
n 

where 0(t) = 0 for t < 0 and 0(t) = 1 for t > 0. 
If we substitute this expression in Equation (6) 
and compare the result with (2) we find 

ih8iB(x2) = [A(xi), B(x2)]0(t2 - h) (9) 

and similarly 

—ihb2A{xi) = [A(xj), B(x2)]0(ti - t2) (10) 
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combining these results in the symmetrical 
expression 

[A(xi), B(x2)\ = i{&xB(x2) - b2A(xx)). (11) 

The above is as it stands applicable to boson 
fields. For example, consider the scalar meson 
field <t>(x) [whose Lagrangian is £ = — 
— dM0dM<£)]. We wish to compute the com¬ 
mutator [$(xi), 0(^2)]- Let us therefore con¬ 
struct the modified Lagrangian 

£' = £(x) + XS(x — Xi)0(x). (12) 

The equation determining is then 

(□ + m2)5i<Kx) = «(x - xj) (13) 

with 5i <t> = 0 for t < tx. The solution of this 
equation is 

where 
5j0(x) = A/j(x - xi) 

Afl(x) = - 
1 re lk*x>l 
-1 I -*d4k 
(2tt)4 JCr k2 - m2 

(14) 

(15) 

with Cr a contour in the complex k0 plane which 
goes from — qq to +00 above the singularities 
k0 = ± \/k2 + m2. Similarly if 

Aa(x) = - 

1 r e~lk»x A 
-1 -5 d4k 
(2tt)4 JCa k2 - m2 

(16) 

anticommutation rules between the field oper¬ 
ators. We illustrate the necessary alterations 
for the case of the free Dirac field, whose 
Lagrangian is 

£ = —hVi—iy^du + m)\p 

— (19) 

Ihe addition to the Lagrangian of an infini¬ 
tesimal term of the form \\p(x)5(x - xx) would 
lead to (Bose) commutation rules. Instead one 
must consider the addition of terms of the type 
\d\J/(x)8(x — Xj) where 6 anticommutes with \p. 
The quantity S2^(x) is then determined by the 
equation 

(~f7MdM + m)b2\p(x) = 628(x - x2) (20) 

ht = 0 for t < t2 (20a) 

whose solution is 

W = Sr(x - x2)d2 (21) 
which 

Sr(x) = — (iy^dn + m)AR(x; m). (22) 
a A 

Combining this solution with the one for 
5i<A yields the following result for the commu¬ 
tator 

[0i^(xi), \J/(x2d2)] = — iOi{SA(xi — x2) 

where CA is a contour in the k0 plane from — =0 
to + « going below the singularities k0 = 

db \/kJ + m2, the Peierls prescription implies 
that 

l<t>(xi), 4>(x2)] = iH[Aa(xi - x2) - A*(xi - x2)] 

where 
= ih A(xi — x2) 

A(x) = 
-1 r e~ik^ . 
-1 I ~o-9 d4k 
(2tr)4 JC k2 - M2 

(17) 

(18) 

Sr{xx - x2)}62. (23) 

If now dx and d2 are chosen to anti-commute 
with each other and with all field operators, 
the commutator in (23) reduces to Q\[\p(,xx), 
$(x2)]+Q2, where [A, = AB + BA; whence 

!?(^2)]+ = iS(xx — x2) (24) 
where 

S(x) = SA(x) - SR(x) 

= + m)A(x; m). (25) 

and C is a contour in the k0 plane enclosing 
both singularities in the counterclockwise 
sense. 

-*-CA 

For half integral spin fields, it is necessary 
to alter the above prescriptions so as to obtain 

COVARIANT CURVATURE TENSOR. See 
Riemann-Christoffel tensor. 

COVARIANT DERIVATIVE OF TENSOR 

FIELD. are the components in a ge¬ 
neric coordinate system x of a tensor field 

of weight W. We define by 

jij- ■ -k 
t/T>q • • ■r,m dxm 

k 

Wtv"'k r r r I,™ • • t 1 

1 iaj• • 'k p i _J_ . . . 1 /V * * *a r» k 
1 Lpq • • *r A ma 1 1 Lpq • ■ -r A ma 

— /V • • -k p a _ . . . _ fij- • -k p a 
laq • • t 1 pm Lpq • • >a 1 rm y 
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where denotes the Christoffel (3-index) 
symbol of the second kind. The aggregate 
of functions so defined in each co¬ 
ordinate system is a tensor field of weight W 
with covariant order one greater than the 
original tensor field. It is called the covariant 
derivative of the tensor field. Since the Chris¬ 
toffel symbols are all zero for a rectangular 
Cartesian coordinate system, the components 
of the covariant derivative of a tensor field in 
a rectangular Cartesian coordinate system are 
the partial derivatives, with respect to the 
coordinates, of the components of the tensor 
field in that coordinate system. 

COVARIANT DIFFERENTIATION. The 
operation of forming the covariant derivative. 

COVARIANT METRIC TENSOR. See 
metric tensor. 

so that in the limit as n —* °o 

U(t 
i rl 

/) = 1 - - dhHjih) 
nJto 

dhHMHM 

f dtnHj(ti)Hj(t2) •••///(tn). 
J 

To write this expansion in a more symmetrical 
form Dyson has introduced the chronological 
ordering operator P defined so as to order any 
product of time-dependent operators in chrono¬ 
logical sequence, with the one with the earliest 
time label standing furthest to the right 

COVARIANT PERTURBATION THEORY. 
The time displacement operator in the inter¬ 
action picture U{t,t0), defined by 

u{t,t0)nto) = *(«) 

U(to,to) — 1 

where '£(£) is the state vector of the system in 
the interaction picture, satisfies the equation 

U(t,t0) = 1-7 f dt'Hi(t') Ufjt'jo) 

where H jit) is the interaction Hamiltonian 
(H = H0 + It is unitary 

U*{t,t0) = U-\t,to) 

for finite times t,l0, and in addition satisfies 
the relation 

U~\t,t0) = U(t0,t) 

for finite times t,t0. It also obeys the group 
property 

P[AmA&i) • • • Ak{tk)] = AM • • • AM 

Consider the expression 
if t\ > t2 > • • • tn. 

since the integrand of In is symmetric with 
respect to t\t2 ■ • ■ tn the total contribution is 
n! times a contribution from a particular time 
ordering of the t’s. If we take the sequence 
h > t2 • • • > tn as representative 

I n(t>io) — 

whence 

f" ldtnHI(h)---HI(tn) 
J to 

U(t,ti)U(ti,t0) — U{t,t0) 

which allows us to express a finite transforma¬ 
tion as a product of infinitesimal ones 

U(t,t') = U(ttti)U(ti,t2) * • • UdnMJUM') 

where U(tj,tj+i) is an infinitesimal transforma¬ 
tion from tj to tj+1. For the infinitesimal case 
U(tj,tj+i) can be approximated by 

U(tj,tj+i) « 1 - If" dt'Hjit 0 

um dtx... 
n=0 ' «/ J to 

f dtnPCHM'-'HjVn)). 
J to 

In field theory 

Hi(t) = j" Ki(x)d3x 

so that the S matrix has the following expan¬ 
sion 
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the integrals extending over all of space time. 
Since d4x and 3Cr(x) are invariants, this form 
of the S-matrix is explicitly Lorentz invariant 
if 3C/(x) and 3C/(x') commute for (x — x')2 < 0. 

COVARIANT STRESS TENSOR. See stress 
tensor. 

COVARIANT TENSOR (TENSOR FIELD). 
See tensor field. 

COVARIANT VECTOR (VECTOR FIELD). 
Covariant tensor (tensor field) of order one. 
(See tensor field.) 

COVOLUME. The quantity b in the van der 
Waals equation 

(P + £)(V -b)=RT 

which was intended to correct for the finite 
volume of gas molecules. 

CRACOVIANS. Except for the rule of com¬ 
position, Cracovians are the same as matrices, 
the Cracovian product of A and B being the 
matrix product ATB. Advocated by Banachie- 
wicz, they are in favor mostly among some 
European geodesists. Since any Cracovian 
identity can be expressed with matrices and 
conversely, it is clear that preference for either 
over the other can be based only on conven¬ 
ience, tradition, and taste, in some combina¬ 
tion. 

CRAMER RULE. Let 

anxi + ai2x2 d-b aXnxn = yx 

021^1 d“ 022^2 + - ’ * + «2n%n ~ V2 

am^l + dn2x2 d" ‘ ’ - + Onn^n — Vn 

be n linear equations in n unknowns with non¬ 
vanishing determinant D = det {aty}. Let 
Di denote the determinant of the matrix ob¬ 
tained by replacing the ith column of {aj;} by 
the column yx, J/2> ••*.!/«• Then Cramer’s 
rule gives the solution of the above equations 
in the form x,- = D{/D, i — 1, 2, ■ • •, n. The 

rule is of great theoretical importance, but of 
little value in computing practice. 

CREATION AND ANNIHILATION OPER¬ 
ATORS. We first illustrate the notion of anni¬ 
hilation operator for the case of an assembly 
of free spin zero, neutral particles. For such 
particles a one-particle state | k) is specified by 
the momentum k and energy k0 = Vk2 + m2 
of the particle and similarly an n-particle state, 

| ki, ••• k„) is specified by the energy and 
momenta of the particles. We also define a 
vacuum state, 10), which is the state which 
contains no particles. The normalization of 
these states is taken to be 

<0|0)=1 (la) 

<k'|k) = M(k - k') (lb) 

(k i ■ • -k m |kj • • -k„) = 8nm ■ y ] k\o8(ki 
n! p 

Lai) • • * kn()8(kn ka,n) (lc) 

where the summation is over all the permuta¬ 
tions of the set ax ■ ■ • an. These states form a 
complete set, the completeness relation being 

i-|o><PI+f?W| J k0 

d3kx r d3kn 

&oi J kon 

X |kx • • -kn)(ki- • -kn| -f-. (2) 

We next define the creation and annihilation 
operators ak* and ak by the equations 

10> = |k> 

ak|k) = |0) [ak]* = ak* (3) 

ak|0) = 0 for all k 

and more generally 

|kj • • -kn> = y== a*(k1) • • • o*(kn) 10>. (4) 
V n- 

The symmetric character of the state | ki • • • 
k„) requires that aki* commute with ak.*, 
i.e., 

[ak*, ak'*j = 0 (5) 

and by taking the adjoint of this equation 

[ak, Ok-] = 0. (6) 



Creep — Critical Coefficient 190 

The normalization of the one-particle state 
now demands that 

(k'jk) = (0|ak<ak*|0> 

= <0|[ak', ak*]|0) = k08(k - k'). (7) 

If we require the commutator of the a and a* 
operators to be a c-number then 

[ak, ok'*] = 8(k - k0*o. (8) 

One verifies that the orthonormality conditions 
(lc) are in fact generally satisfied with these 
commutation rules. 

A representation of these commutation rules 
is easily obtained from the defining Equations 
(3)-(4) and one finds 

<z*(A;)|ki-• -k„) = Vn + 11k, ki,k2- • -k„) 

a(k) |ki • ■ -kn) = —7= 6(k “ k,-) 
Vn i 

|ki • •k,_1kt-+1 • • -kn). 

This representation is irreducible. 
For an assembly of spin x/l particles (which 

obey the Pauli exclusion principle) the 
state of a single particle is specified by its 
momentum (energy) and spin quantum number 
which can take on two values, say ±1. We 
denote such a one-particle state by | p,s). An 
n-particle state is denoted by | pxSj, • • • p„s„) 
and the no-particle state by |0). The Pauli 
principle requires that no two particles have 
the same momenta and spin; more generally, 
that it be antisymmetric under the interchanges 
of any two particles. The normalization of 
these states is 

<0|0> = 1 

<ps|pV) = p08(p - p')<5„' 

(PlSl • ‘ -PnSn Ip'lS'l * 1 

1 
= 8nm : det | 5(pj — p>)5a. |. 

n! ’1 

We can again define creation and annihila¬ 
tion operators a*(ps) and o(ps) by 

a*(ps)|0) = |p s) 

1 
/= a (PlSl) - • -a (p«sn) | 0) = | piSj • •-pnsn) 

yn! 
a(ps)|ps) = |0) 

a(ps) 10) = 0. 

The antisymmetry of the vector p^ • • • 
p„sn) under the interchange of any two par¬ 
ticles implies that a*(ps) and a*(p's') must 
anticommute 

(a*(ps), a*(ps)} = 0 

(a(ps), o(pY)j = 0 

where {A,B} = AB + BA. The normaliza¬ 

tion of the states now implies that 

{a(ps), a*(PV)} = 8(p - p')Po5»»'. 

CREEP (OR CREEP FUNCTION). The 
strain variation due to loading by a step func¬ 

tion of stress. For a linear viscoelastic ma¬ 
terial this is equal to the creep compliance 
(see compliance, creep) multiplied by the 
stress. 

CREEP COMPLIANCE. See compliance, 
creep. 

CREEPING MOTION. Flow in which the 
viscous forces are much larger than the inertia 
forces (Re <5C 1). In terms of the velocity 
potential \J/, such that 

dip dip 

dy dx 

the motion satisfies the differential equation 

vV = 0 

whose particular solutions are sometimes 
called biharmonic functions. 

CRIPPLING. See buckling, local. 

CRITICAL ANGLE. See total reflection. 

CRITICAL ASSEMBLY. An assembly of 
fissionable material plus moderator which is 
capable of maintaining a fission chain reaction 
at very low power level and which is used 
mainly to study the behavior of the fissionable 
material under various conditions of geom¬ 
etry, composition, etc. 

CRITICAL COEFFICIENT. An additive 
property of substances which is also a measure 
of the space actually occupied by the mole¬ 
cules and is proportional to the critical volume. 

It is expressed as the ratio between the critical 
temperature Tc and the critical pressure Pc, 
or 
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(Some writers define the critical coefficient as 

Tc 
the product: RT — •) 

P C 

CRITICAL COMPOSITION. See critical 

solution phenomena. 

CRITICAL CONSTANTS. The temperature, 
pressure and density at the critical point. 

CRITICAL DAMPING. See damping, criti¬ 

cal. 

CRITICAL DENSITY. The density of a sub¬ 
stance which is at its critical temperature and 
critical pressure. 

CRITICAL EQUATION. In nuclear reactor 
theory, the equation obtained by equating the 
effective multiplication (see multiplication, 

effective) to unity. When the effective multi¬ 
plication is given an explicit expression, the 
critical equation determines the arrangements 
of material necessary for the maintenance of 
a chain reaction. 

structure is always obscured by the imperfec¬ 
tions of loading and geometry. For simple 
structures such as columns the magnification 
factor for the deflections is determined essen¬ 
tially by the reciprocal of 1 — (P/Per). 
Therefore if the deflection S is plotted against 
8/P where P is the load applied, points will fall 
on a straight line whose slope gives Per. 

P 8 8 
8 = (const.)-> or — =-1- const. 

(See beam column.) 

CRITICAL MACH NUMBER. For a body 
in a uniform stream, the critical Mach num¬ 
ber is the Mach number of the undisturbed 
stream for which sonic velocity is just reached 
at some point on the body. At stream Mach 
numbers above the critical value, there is a 
region of supersonic flow near the body, al¬ 
though the flow in the undisturbed stream may 
still be subsonic. 

CRITICAL FIELD. The magnetic field Hc 
below which the superconducting transition 

takes place at a given temperature. Empiri¬ 
cally, a relation is observed of the form 

Hc = H0{1 — (T/Tc)2} 

where II0 is a parameter characteristic of the 
material, and Tc is the critical temperature of 
the superconductor. 

CRITICALITY FACTOR. In the theory of 
neutron chain reactions, criticality factor is 
synonymous with effective multiplication. 
(See multiplication, effective.) 

CRITICAL LOAD, ABSOLUTE. The small¬ 
est critical load (eigenvalue) for a structure is 
sometimes called the absolute critical load. 

CRITICAL LOAD OR STRESS. A critical 
load or stress is the solution to an eigenvalue 
problem for the existence of neighboring con¬ 
figurations (see buckling I. There may be an 
infinite number of successively higher critical 
stresses in any problem, corresponding to more 
and more complicated buckled configurations 
generally of shorter and shorter wavelengths. 

CRITICAL LOAD, SOUTHWELL METH¬ 
OD. The experimental determination of the 
critical load For for a geometrically perfect 

CRITICAL MASS. The mass of fissionable 
material in a critical reactor. 

CRITICAL MASS PROBLEM, MINIMUM. 
See minimum critical mass problem. 

CRITICAL PARAMETERS. The critical 
temperature, pressure and volume. 

CRITICAL PHENOMENA IN THE VAPOR¬ 
IZATION OF MIXTURES. The critical point 
for a given composition is the point where the 
liquid and the gaseous phases become identical, 
as if they were a single component. (See 
critical point.) However, the critical pres¬ 
sure and critical temperature have a different 
significance for a mixture, than they do in the 
case of a pure substance. Indeed there may 
exist a range of pressure and of temperature 
above the critical point when condensation 
may still occur. 

Closely related to this behavior are the 
phenomena of retrograde vaporization and 
retrograde condensation. In the first case, 
when we raise the temperature at constant 
pressure, the vaporization begins, and then is 
followed by condensation until finally vapor¬ 
ization starts again. The description of retro¬ 
grade condensation is similar. (See also 
binodals; spinodal curve.) 
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CRITICAL POINT. Consider the family of 
isotherms of a pure substance in the fluid range 
(liquid or gas) such for example as shown in 
the figure for carbon dioxide. 

At sufficiently high temperatures each iso¬ 
therm is a continuous curve, but at low tem- 

10’1 V (Amagat units) 

Isotherms of carbon dioxide in the neighborhood of 
the critical point. 

peratures the isotherm consists of three por¬ 
tions. The first section of the curve at high 
pressures corresponds to the liquid state, while 
that at low pressures refers to the gaseous 
state. These two curves are joined by a hori¬ 
zontal line corresponding to the simultaneous 
presence of two phases, liquid and gas. 

The isotherm between those numbered 3 and 
4 in the figure represents the transition be¬ 
tween isotherms corresponding to the gas 
phase only, and those including a horizontal 
portion corresponding to a liquid-gas equilib¬ 
rium. In this isotherm the horizontal line has 
contracted to a single point of inflection C. 
This is the critical point characterized by the 
relations 

< 0. (1) 

The curve LUC gives the molar volume of 
the liquid. Similarly VV'C gives the molar 
volume of the gas. 

At the critical point the molar volumes of 
the liquid and of the gas become equal. In 

general a critical state is characterized by the 
fact that the two coexistent phases (here the 
liquid and the vapor) are identical. 

The curve VV'CL'L is called the saturation 
curve. 

The experimental data do not indicate the 
existence of a critical point for the liquid- 
solid transition. 

Above the critical point the substance can 
no longer exist in the liquid state. The critical 
temperature is thus the highest temperature 
at which the liquid and vapor can coexist. 
(See also critical phenomena in the vaporiza¬ 
tion of mixtures; critical solution phenomena; 
continuity of state; Maxwell theorem.) 

CRITICAL POTENTIAL. The minimum 
electrical potential which has to be supplied 
to an electron to bring about, on collision with 
an atom, the emission of a certain spectral line. 
The critical potential is equal to the energy 
above the ground state of the upper electronic 
state taking part in the transition. 

CRITICAL PRESSURE. (1) The pressure of 
a vapor at its critical point. 

(2) If a compressible fluid flows from a 
container through an orifice or other constric¬ 
tion, the volume flow depends on the pressure 
difference across the flow system only if the 
final pressure exceeds a definite fraction of the 
initial pressure. If either the initial or the 
final pressure is held constant, there is a criti¬ 
cal pressure separating a regime of flow de¬ 
pendence on pressure difference from one of in¬ 
dependence. The fraction depends on the na¬ 
ture of the fluid. (3) See convergent nozzle; 
convergent-divergent nozzle. 

CRITICAL PROPERTIES. See critical pa¬ 
rameters. 

CRITICAL REGION. (1) The region in the 
diagram of state of a substance in the neigh¬ 
borhood of the critical point. (2) In the sta¬ 
tistical theory of testing hypotheses, the space 
of possible events is divided into two regions, 
one regarded as concordant with the hypothe¬ 
sis, the other as discordant. If an event, e.g., 
the outcome of an experiment, falls into the 
second region the hypothesis is rejected and 
that region is therefore called critical. 

CRITICAL SIZE. In nuclear reactor theory, 
the value of some geometrical quantity 
(height, radius, •••) necessary to establish a 
steady chain reaction. In the case of a bare 
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reactor, the critical size is closely related to 
the lowest eigenvalue of the equation 

(V2 + B2)<t> = 0, <{> = 0 on bounding surface. 

CRITICAL SOLUTION PHENOMENA. In 
addition to critical phenomena in vaporization 
when the liquid phase becomes identical with 
the gas phase (see critical phenomena in the 

vaporization of mixtures) there also exist criti¬ 
cal solution phenomena in which two liquid 
phases or two solid phases each of which is a 
mixture, become identical at the critical point. 

For a binary mixture such a critical point is 
given by the conditions 

n 

is the molar Gibbs free energy (see thermody¬ 

namics, characteristic functions) and xB is the 
mole fraction. 

If the critical temperature is the highest at 
which the two phases can coexist it is called an 
upper critical solution temperature, if it is the 
lowest, then the critical point is called a lower 
critical solution temperature. 

There are also a few systems which exhibit 
both an upper and a lower critical solution 
temperature. 

CRITICAL SPEED. See speed, critical. 

CRITICAL STABILITY (OF SYSTEM). See 
stability (of system). 

CRITICAL TEMPERATURE. (1) The tem¬ 
perature of a substance at its critical point. 

(2) Of a superconductor, the temperature Tc 
at which the superconducting transition takes 
place in zero magnetic field. 

CRITICAL VOLUME. The volume occu¬ 
pied by unit mass, commonly one mole, of a 
substance at its critical temperature and 
critical pressure. 

CROCCO THEOREM. For an inviscid gas, 

dv 
T grad s + v X curl v = grad h0 + —• 

ot 

where s and h0 are the entropy and stagnation 
enthalpy per unit mass, T is the temperature 
and v is the velocity. 

If the flow is steady and adiabatic, the terms 
on the righthand side vanish and the equation 
becomes 

T grad s = —v X curl v. 

Then, if the flow is irrotational the entropy 
must be constant throughout. Conversely, if 
the entropy is not constant the flow cannot be 
irrotational. 

CROSSCORRELATION FUNCTION. A 

function used in information theory of the 
form 

i rT 
4>i2(t) = hm — I fi(t)f2(t - r)dt 

rf—^ccZl J_T 

where r is a time-delay parameter. The func¬ 
tion f{t) is considered to be continuous, and 
it retains phase information, provided either or 
both the functions, /i(£) or f2(t) are periodic. 
It can be shown by use of the convolution 

integral that the linear response of any net¬ 
work or system is given by the crosscorrelation 
function between output and input for an input 
of wide-band random noise. 

CROSS-DIFFERENTIATION IDENTITY. 

Alternative term for the Euler reciprocity re¬ 

lation. 

CROSS EFFECT. See normal stress effect. 

CROSS-FLOW. See heat exchanger. 

CROSS-LINKING. Chemical bonding be¬ 
tween the molecular chains of a high polymer, 
which prevent unrestricted viscous flow. 

CROSS METHOD. The method of solving 
elastic rigid frame problems by a successive 
approximation technique called moment dis¬ 

tribution as introduced by Hardy Cross. 

CROSS-OVER DESIGN. A class of experi¬ 
mental design in which two treatments to be 
compared are first applied to two sets of indi¬ 
viduals and then “crossed over” so that an 
individual receiving one treatment on one oc¬ 
casion receives the other treatment on the sec¬ 
ond. Various elaborations of the idea are 
possible. 

CROSS POLARIZATION. The component 
of the electric field vector normal to the de¬ 
sired polarization component. 
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CROSS PRODUCT OF VECTORS. See 
vector multiplication. 

CROSS SECTION. From its general meaning 
of a section at right angles to an axis, the term 
cross section has been extended to mean a 
measure of the probability of a particular 
process. It is expressed in units of area, al¬ 
though it is not usually identical with the geo¬ 
metric cross section across which the process 
occurs. For a collision reaction between nu¬ 
clear or atomic particles or systems, the cross 
section is an area such that the number of re¬ 
actions occurring is equal to the product of 
number of target particles or systems multi¬ 
plied by the number of incident particles which 
would pass through this area at normal inci¬ 
dence. If nt is the number of target nuclei or 
other particles per unit area of a substance ex¬ 
posed to an incident beam consisting of n0 
particles, then a = N/n0nt, where N is the 
number of reactions of a specified type. 
(While the cross section per atom of a medium 
is expressed in dimensions of area, the cross 
section per unit volume of medium is a recip¬ 
rocal length.) Nuclear cross sections include 
the cross section for fission, the cross section 
for slow neutron capture, and the cross section 
for elastic scattering. Atomic cross sections 
include the cross section for Compton collision 
and the cross section for ionization by electron 
impact. The total cross section is the sum of 
the separate cross sections by which a particle 
can be removed from a beam. 

CROSS SECTION, ABSORPTION. The 
total cross section for removal of an incident 
particle from a beam, minus the elastic scat¬ 
tering cross section. Sometimes therefore 
called the total inelastic cross section. In the 
case of neutrons, for example, it includes the 
cross sections for inelastic scattering, radia¬ 
tive capture, fission, and such reactions as 
(n, p), (n, a), and (n, 2n). 

CROSS SECTION, ACTIVATION. The 
cross section of formation for a particular 
radionuclide. It is most commonly used for 
neutron-induced reactions. 

*.(E) = 4tt(1 - g)R2 

+ 4:ir\o2g 
rn/2 R 2 

E - E0 + iT/2 ^ X0 

<ry(E) = ^r\02g 
/E0\* rnr7 

\e) (e - E0)2 + (r/2)2 

2 \2I + 1/ 

J = I + ^ (for slow neutrons) 

when the neutron energy, E is in the vicinity 
of E0, the energy required for the formation 
of a level. Here R, the nuclear “radius” is 
defined through the requirement that as(E) = 
4irR2 far from E0. 2irX0 is the neutron wave¬ 
length at resonance, r„ and I\ are the scatter¬ 
ing and x-ray widths, and T is the total width, 
all evaluated at resonance. I is the spin of the 
target nucleus. 

CROSS SECTION, DIFFERENTIAL. The 
cross section for a nuclear process whereby 
an angle is specified (relative to the direction 
of incidence) for the emission of particles or 
photons per unit angle or per unit solid angle. 

CROSS SECTION, DOPPLER BROAD¬ 
ENED. In the theory of neutron reactions, 
thermal motion of the target atoms causes the 
effective cross sections encountered by neu¬ 
trons to deviate from the Breit-Wigner values. 
Averaging over these motions gives a Doppler 
broadened cross section. <ry{E) for example, 
becomes: 

Oy{X,d) 4ttX02 
r„rT 

p2 

where 

x 

dy 

1 + y2 
exp 

(s - y)21 
4 9 J 

E - E0 4E0kT 
- 0 = -—• 

r/2 Ar2 

A is the mass number of the target nucleus. 
(For other notation, see cross section, Breit- 
Wigner.) 

CROSS SECTION, BREIT-WIGNER. In the 
theory of slow neutron resonance reactions, 
the cross sections for scattering and x-ray 
emission due to the formation of a compound 
nucleus with widely separated energy levels 
are given by 

CROSS SECTION, ELASTIC SCATTERING. 
The cross section for a scattering process in 
which, in the center of mass system, no energy 
is transferred to the scattering center, nor is 
there any change in the spin motions of par¬ 
ticle and scatterer. 
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CROSS SECTION, INELASTIC SCATTER¬ 
ING. The cross section for the scattering of 
an incident particle accompanied by excitation 
of the scattering center. The scattered par¬ 
ticle loses an amount of energy equal to the 
amount needed to raise the scattering center 
(nucleus, atom, or molecule) to one of its ex¬ 
cited states. Inelastic scattering is an impor¬ 
tant process of energy loss for neutrons pass¬ 
ing through a medium of high mass number. 

CROSS SECTION, INTERACTION. See 
interaction cross section. 

CROSS SECTION, IONIZATION. In gen¬ 
eral, the probability that a particle or photon 
traversing a gas, or other form of matter, will 
undergo an ionizing collision while passing 
through unit length of a volume just sufficient 
to contain one atom. The term is used espe¬ 
cially in radiation counter technology, where 
it is a measure of the probability that an elec¬ 
tron traversing a radiation counter will make 
an ionizing collision with one of the counter 
gas atoms. In the low voltage region the 
ionization cross section increases linearly with 
the electron energy. 

CROSS SECTION, MACROSCOPIC. Sym¬ 
bolized by 2, the product of the number of 
scatterers per unit volume and the appropriate 
cross section. Given a mixture of scattering 
materials, 

2 = Z Nm. 
i 

When the number of scatterers per unit volume 
is unknown, the macroscopic cross section is 
sometimes expressed per unit weight of scat¬ 
tering material. 

CROSS SECTION, MICROSCOPIC. Cross 
section per atom or molecule. 

CROSS SECTION OF BAR. The area cut by 
a plane perpendicular to the axes of the bar. 

CROSS SECTION, PARTIAL. A cross sec¬ 
tion for a particular process among several 
competing processes. (See cross section, 
total.) 

CROSS SECTION, RADIATIVE CAPTURE. 
The cross section for a process in which the 
incident particle is captured by the target 
nucleus to form a compound nucleus which 
rids itself of excess energy through emission of 
photons. In the case of neutrons, radiative 

capture is the chief absorption process for 
most elements for neutrons of low energies. 
The cross section is often inversely propor¬ 
tional to neutron velocity for sufficiently low 
energies. 

CROSS SECTION, REMOVAL. In the study 
of the penetration of radiation through mat¬ 
ter, consider a shielding system composed of a 
layer of water of thickness w into which a slab 
of heavier material of thickness, t, is inserted. 
The removal cross section, 2r characteristic of 
the heavy material and type of radiation in¬ 
volved, is defined by the assertion that attenu¬ 
ation of radiation by the water shield is aug¬ 
mented by the factor exp ( — Srt) when the 
slab is inserted. 

CROSS SECTION, RUTHERFORD. The 
cross section for elastic scattering of two 
electrically charged particles through their 
mutual Coulomb force. The total cross sec¬ 
tion is infinite owing to the infinite range of 
the Coulomb potential which gives rise to an 
infinite cross section for scattering into in¬ 
finitely small angles. However, the differen¬ 
tial cross section is given by 

da 

dn 

ZiZ2e2 

. 2/j.v2 

2 

I cosec4 

where 6 is the scattering angle in the center 
of mass system, z-^e and z2e are the charges, 
and it. the reduced mass, of the two particles, 
and v is their relative velocity. This cele¬ 
brated result, true only in the non-relativistic 
limit, was first given by Rutherford in his 
work on the scattering of a-particles by mat¬ 
ter. The differential scattering cross section 
for charged particles by nuclei are often ex¬ 
pressed in units of the Rutherford cross sec¬ 
tion to show clearly the departures in scatter¬ 
ing due to true nuclear scattering. 

CROSS SECTION, SCATTERING. The cross 
section for scattering of a particle or a photon 
out of a beam. It is the integral over the 
total solid angle of the differential scattering 
cross section. (See cross section, differential 
scattering, and the various entries under scat¬ 
tering.) 

CROSS SECTION, STOPPING. The same 
as atomic stopping power. (See stopping 
power.) 
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CROSS SECTION, TOTAL. The cross sec¬ 
tion effective for removing an incident par¬ 
ticle from a beam. It is the sum of the sepa¬ 
rate cross sections for all processes by which 
the particle can be removed from the beam. 
For example, the total cross section of an 
atom for a nuclear particle is essentially the 
total of the absorption and scattering cross 
sections; for a photon it is essentially the sum 
of the Compton scattering, photoelectric and 
pair production cross sections. 

CRYSTAL INDICES, MILLER. Three in¬ 
dices used to represent any crystal face in 
terms of the crystallographic axes and the 
crystallographic axial ratios. These integers 
give the ratio of the intercepts of the unit 
plane to those of the particular face. 

CRYSTAL INTERCEPTS. See crystallo¬ 
graphic parameters. 

CRYSTAL LATTICE. See space lattice. 

CROUT METHOD. A method of triangular- 
ization for matrix inversion. 

CRYOSCOPIC CONSTANT. Let us consider 
the crystallization curve of a dilute solution. 
We define the depression of the freezing point 
6 of the solvent by 

e = TV - t. (1) 

Tj° is the freezing point of the solvent and T 
of the solution. 

If a solution is both very dilute and ideal 
one has 

fl(7Y)2 Mt 
-2sw 

A/hx0 1000 
(2) 

Afhx° is the latent heat of fusion of the pure 
solvent at temperature TV, Mx the molar 
mass of the solvent, ms the molality of the 
solute s. 

The quantity 9C is called the cryoscopic con¬ 
stant (or freezing point constant). Its value 
depends only on the nature of the solvent. For 
water one has 

6C = 1.8G °C/mole in 1000 g 

and for cyclohexanol 

6C = 41.6 °C/mole in 1000 g. 

This wide range of values is related to the fact 
that 6C contains the entropy of fusion 

W/7V (3) 

which varies considerably from substance to 
substance. 

CRYSTAL ANGLES. The characteristic 
constant angles between the faces of any 
given crystal form. 

CRYSTAL ELEMENTS. The angles, plus 
the axial ratios or intercept ratios, in terms 
of which the position of any crystal face may 
be described. 

CRYSTALLIZATION CURVE. Consider a 
system of c components and suppose first that 
these components are completely miscible in 
the liquid state, but completely immiscible in 
the solid state. On freezing, the solution 
yields various crystals, each variety of which 
consists of a single component, since the forma¬ 
tion of mixed crystals is excluded. The co¬ 
existence curve of the solution with crystals 
of component l is given by the equation 

where X\ and are respectively the mole 
fraction and activity coefficient of component 1 
in the solution, Afhx° the latent heat of fusion 
at temperature T1 and TV the melting point 
of pure component 1. 

If the solution is ideal and the latent heat of 
fusion may be considered as independent of 
temperature this equation becomes 

This equation is due to Schroder and Van 
Laar. 

If we apply (1) or (2) to a binary mixture 
we obtain two crystallization curves which 
intersect at the eutectic point. At the eutectic 
point crystals of both 1 and 2 and the solution 
coexist in equilibrium. 

If the components are miscible in the solid 
phase, one has mixed crystals. 

CRYSTALLIZATION RATE EQUATIONS. 
Attempts have been made from time to time 
to establish equations for the linear velocity 
of crystallization (v) of substances. Empirical 
relationships of the form 

v = const. At/ri 
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have been used, where At is the degree of super¬ 
cooling and 77 is the viscosity of the liquid. 
Theoretical equations have expressed v as 
exponential functions of the work of formation 
of a nucleus, w, and activation energy q, e.g., 

w q 

v = Ae kTe kT 

where A is a constant, T is the absolute tem¬ 
perature, and k is the Boltzmann constant. 

CRYSTALLOGRAM. The x-ray diffraction 
pattern of a crystal, whence the crystal struc¬ 

ture may be obtained. 

CRYSTALLOGRAPHIC AXES. Usually 
three, sometimes four, lines meeting at a point 
which are so chosen as to bear a definite rela¬ 
tionship to the characteristic features of the 
crystallographic symmetry. They may, for 
example, be normal to the plane of symmetry, 
or parallel to, or coincident with, the edge be¬ 
tween principal faces or the axes of symmetry. 
Although the choice of axes is to some extent 
arbitrary, some sets produce a simpler repre¬ 
sentation than others. Whenever possible, the 
three axes are chosen to be at right angles to 
each other. 

CRYSTALLOGRAPHIC AXIAL RATIOS. 

The ratios of the crystal intercepts, i.e., the 
ratios of distances from the origin of the crys¬ 

tallographic axes to the points where they are 
intercepted by the faces of the unit cell. 

CRYSTALLOGRAPHIC GROUP. Any sub¬ 

group of the three-dimensional real orthogonal 
group which leaves invariant (as a whole) the 
set of lattice-points (i.e., with integral coordi¬ 
nates) in Euclidean 3-space. There are 32 
such groups, 11 being crystallographic groups 
of the first kind (i.e., subgroups of the rotation 
group), 11 being extended groups of the first 
kind (i.e., rotations followed by reflection 
through the origin) and 10 others. 

CRYSTALLOGRAPHY. The branch of phys¬ 
ical science which deals with the external 
shapes of crystals and with the geometrical 
relations between the atomic planes within 
them. If a solid crystal is broken, it is found 
to have separated along certain cleavage 
planes into polyhedral fragments, and meas¬ 
urements show that these planes were all orig¬ 
inally parallel to one or another of a few 
standard planes. In most crystal systems, 

each of the more prominent crystal faces be¬ 

longs to one of three plane-families, intersect¬ 
ing along the crystal axes (in hexagonal crys¬ 
tals there are four). It is observed (Haiiy 

law) that if the ratio of the intercepts of two 
crystal planes on one of these axes is a simple 
fraction, the ratios of the intercepts on the 
other axes are also simple fractions, and in 
this way it is established that the intercepts 
on any one axis must be multiples of a com¬ 
mon unit. A given family of planes is then 
labeled by its Miller indices or Bravais-Miller 
indices, the reciprocals of the ratios of its 
intercepts with each axis, expressed in terms 
of the common unit for that axis, and reduced 
to lowest integral terms. Study of the axial 

ratios, indices, and angles shows that all crys¬ 
tals may be classified into seven crystal sys¬ 

tems. All the above properties are satisfied 
if a crystal consists of a regular array of 
atoms, molecules, ions, etc., in a space lattice, 
and this is verified by the x-ray analysis of 
crystal structure. 

CRYSTAL MOMENTUM. An expression 
sometimes used for the quantity obtained by 
multiplying a wave vector by Planck’s con¬ 

stant, h. It has the dimensions of momentum, 
but when it refers to an excitation or electron 
wave in a crystal there is no real momentum 
associated with it, and it is not necessarily 
conserved in a collision. 

CRYSTAL, NORMAL MODES OF. See 
normal modes of a crystal. 

CRYSTAL PARAMETERS. The lengths of 
the intercepts on the crystallographic axes of 
the standard plane—that is, the lengths of 
the sides of the unit cell of the lattice. In 
general, only the crystallographic axial ratios 

can be determined directly. 

CRYSTAL PHASES («, /?, y, ••• c, etc.). 
Phases resulting from the ability of some al¬ 
loys to crystallize in more than one form, de¬ 
pending on the relative quantities of the con¬ 
stituents. Alloys of different metals may 
nevertheless give the same crystal lattices, so 
that a term such as the a-phase shows that 
there is a structural connection between them. 
(See Hume-Rothery rules.) 

CRYSTAL, RESONANCE FREQUENCY OF. 
The frequency at which a piezoid has either 
a maximum or minimum impedance, depend¬ 
ing upon whether parallel or series resonance 
is employed. 
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CRYSTAL SATURATION MAGNETO¬ 
STRICTION. When a cubic crystal such as 
iron is magnetized to saturation in a direction 
defined by the direction cosines <*i, <*2, «s, the 
fraction changes in length in a direction /?i, /?2, 
P3, is given to a first approximation by the ex¬ 
pression 

— = fXxCarfr2 + ot2~fi22 + aZ2Pz~ ~ i) 
+ 3X2(aio:2/3i/32 + a2az$2Pz + «zaiPzPi) 

where Xx and X2 are material properties. For 
the polycrystalline material with random orien¬ 
tation 

Al 2Xj -f- 3X2 

l ~ 5 

CRYSTALS, EQUATION OF STATE FOR. 
See Mie-Griineisen equation of state. 

CRYSTAL STRUCTURE. It was early sug¬ 
gested that the regular structure of crystals, 
embodied in the laws of crystallography could 
be explained if they were thought of as built 
up by the repetition of equal polyhedral cells, 
fitting together to fill space, each cell repre¬ 
senting a characteristic group of particles, 
perhaps the atoms and molecules of the com¬ 
pound. A rough calculation showed that the 
spacing of these units in many ionic crystals 
might be of the same order of magnitude as 
the wavelengths of x-rays, as deduced from 
quantum theory. Von Laue suggested, and 
verified, that diffraction of the x-rays occurs 
when they are passed through a crystal, suit¬ 
ably oriented. This diffraction effect is char¬ 
acteristic of the type of crystal, and by ob¬ 
serving the relative magnitudes and orienta¬ 
tions of the various diffracted beams one has 
clues to the crystal structure. 

Although it is easy to calculate the diffrac¬ 
tion pattern for a given crystal structure, it is 
quite another matter to deduce the crystal 
structure directly from the diffraction pat¬ 
tern. The first step is to determine the spac¬ 
ing of the atomic planes from the Bragg 
equation, and hence the dimensions of the 
unit cell. Any special symmetry of the space 
group of the structure will be apparent from 
space group extinction. A trial analysis may 
then solve the structure, or it may be neces¬ 
sary to measure the structure factors and try 
to find the phases for a Fourier synthesis. 
Various techniques can be used, such as the 

F2 series, the heavy atom, the isomorphous 
series, anomalous atomic scattering, expan¬ 
sion of the crystal and other methods. (See 
also x-ray analysis. 

CRYSTAL SYMMETRY. It is an obvious 
characteristic of a crystal that it possesses 
the property of appearing unchanged after 
the performance of some simple geometrical 
operation, such as rotation about an axis, or 
reflection in a plane. This symmetry (see the 
various classifications under the term sym¬ 
metry) is a consequence of the identical prop¬ 
erty of the underlying crystal lattice. 

CRYSTAL SYSTEMS. It can be shown by 
geometry that there exist 32 different classes 
of crystal symmetry, or point groups. These 
are conveniently classified into seven (by 
some authors, six) systems, characterized by 
their axial angles and ratios. (See crystal¬ 
lography, see table on page 199.) 

CUBATURE FORMULAS. See multivariate 
interpolation. 

CUBICAL DILATATION. The ratio between 
the change of volume of an element of a body 
in passing from an unstrained to a strained 
state (see state of strain) and the volume of 
the element in the unstrained state. 

CUBIC SYSTEM. One of the seven crystal 
systems. In this system, the axes are of equal 
length and intersect at right angles. 

CUMULANTS. The cumulants *x, #c2 • • • of a 
probability distribution function are defined 
by the identity 

exp 
' W)3 
libq H——— k2 + —— k3 + 

Z,! >) I 

r . , (it? , (it? 1 
= 1 -1- ttfi 1 + —— \x2 + —— Mr3 H- 

Z l ol 

= <t>(t) 

where n'i, m'2 * • • are the moments of the dis¬ 
tribution about the origin and <f>(l) is the 
characteristic function. t) = log 4>(t) is 
called the cumulant generating function, m 
is equal to the mean m'i and the other cumulants 
can be expressed in terms of the moments about 
the mean; the first four can be given by <q = 

/M, X-2 — M2, *3 = M3, *4 = M4 — 3fi22. 

The cumulants other than the first are in¬ 
variant under a change of origin and semi- 
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invariant under a change of scale. For the 
normal distribution all cumulants after the 
second are equal to 0; for the Poisson distri¬ 

bution all the cumulants are equal to p. 71 = 
kz/k2'2 and y2 = K4A22 provide measures of 
skewness and kurtosis. 

CUMULATIVE DISTRIBUTION FUNC¬ 
TION. See distribution function. 

CUMULATIVE FREQUENCY FUNCTION. 
See distribution. 

CUMULATIVE PROBABILITY FUNC¬ 
TION. See distribution. 

CURIE. A unit of radioactivity which was 
originally defined as the amount of emanation 
(radon) from or in equilibrium with one gram 

of radium. Because of experimental uncer¬ 
tainties this unit has been redefined by the 
revised recommendations of the International 
Commission on Radiological Units (July, 
1953) as follows: “The curie is a unit of radio¬ 
activity defined as the quantity of any radio¬ 
active nuclide in which the number of disin¬ 
tegrations per second is 3.700 X 1010.” 

CURIE EQUATION. See Curie-Weiss law. 

CURIE LAW. See Curie-Weiss law. 

CURIE POINT. The temperature of the 
ferromagnetic-paramagnetic change defined in 
the Curie-Weiss law. By analogy, the term 
is also used for the transition temperature of 
any cooperative phenomenon, such as that 
exhibited by ferroelectric substances. 

CRYSTAL SYSTEMS 

Systems Crystallographic Elements Essential Symmetry 
Number of 

Point Groups 

Cubic, or regular Three axes at right angles: all equal, 

a = 18 = 7 = 90° 

a'.b’.c = 1:1:1 

4 triad axes; 3 diad, or 

3 tetrad axes 
5 

Tetragonal Three axes at right angles: two equal. 

a = 0 = 7 = 90° 

a:b:c = 1:1 :y 

1 tetrad axis 7 

Orthorhombic or 

Rhombic 

Three axes at right angles: unequal, 

a = /3=7= 90° 

a:b:c = x:l:y 

3 diad axes, or 1 diad 

axis and 2 perpen¬ 

dicular planes inter¬ 

secting in a diad axis 

3 

Monoclinic Three axes, one pair not at right 

angles: unequal. 

a — y = 90° 

/3 ^ 90° 

a:b:c = x:l:y 

1 diad axis, or 1 plane 3 

Triclinic or 

Anorthic 

Three axes not at right angles: 

unequal. 

a, 7 ^ 90° 

a:b\c = x:\:y 

No axes or planes 2 

Hexagonal Three axes coplanar at 60°: equal. 

Fourth axis at right angles to other 

three. 

ai'.az'.azib = l:l:l:x 

1 hexad axis 7 

Rhombohedral or 

Trigonal 

Three axes equally inclined, not at 

right angles: all equal. 

a — /3 = 7 5^ 90° 

a:b:c = 1:1:1 

1 triad axis 5 
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CURIE SYMMETRY PRINCIPLES. See 
symmetry requirements in coupling of irre¬ 
versible processes. 

CURIE TEMPERATURE. See Curie point. 

probability, etc. (See continuity equations; 
current density.) 

CURRENT, AVERAGE. The average value 
of a current (I) over a time interval (tj, t2) is 

CURIE-WEISS LAW. The Curie law states 
that, above the Curie point 6 the magnetic 
susceptibility of a paramagnetic substance is 
inversely proportional to the absolute tem¬ 
perature, the constant of proportionality being 
the Curie constant C'. 

The Curie law was modified by Weiss to 
state that the susceptibility (*) of a para¬ 
magnetic substance above the Curie point is 
inversely proportional to the temperature ex¬ 
cess above that point, i.e., 

x = C'/{T - 0). 

The law does not hold near the melting 
point of a substance. 

CURL. A vector resulting from the action of 
the operator del on a vector, V. It can be 
written in Cartesian coordinates in the follow¬ 
ing forms: 

CURRENT, BEAM. The current carried by 
a beam of charged particles such as positive 
ions or electrons, e.g., the proton current in a 
high energy accelerator. The beam current I 
is given by I = zNe where z is the number of 
electronic charges (e) carried by the ion and 
N is the number of ions crossing a plane, per¬ 
pendicular to the direction of flow, per unit 
time. The beam current density, the time 
rate at which charges cross a unit area per¬ 
pendicular to their velocity is znev, where n 
is the number of particles per unit volume and 
v is their velocity. 

CURRENT, CONDUCTION. Electric cur¬ 
rent consisting of the flow of free charges, as 
distinct from displacement current. 

curl V = V X V 

_ j \dVz dVv\ + . Id^x A 
1 dy dz j l dz dx I 

+ k 

d/dx 
Vx 

dVy dVx1 

dx dy i 

j k 

d/dy d/dz 

Vy Vz 

The curl of a position vector is 3, R = ix + 
jy + kz, V X R = 3. 

If the curl of a vector function vanishes 
everywhere in a certain region, the function is 
said to be an irrotational vector (or a lamellar 
vector), in this region. It follows that if V is 
an irrotational vector so that V X V = 0, then 
V = V<£(V is the gradient of <f>), where <£ is 
some scalar function. 

European writers often use the word rotation 
instead of curl and the symbol rot V. 

CURRENT. (1) The term usually refers to 
an electric current, svhich is the time rate of 
flow of electric charge across a surface (see 
current, electric). (2) The term is also used 
for the time rate of flow of other physical 
quantities such as mass, quantum mechanical 

CURRENT DENSITY. (1) A vector repre¬ 
senting the time rate of flow of electric charge 
per unit area. The direction of the vector 
is the direction of positive charge flow; the 
magnitude is the limit of the flow rate per 
unit area as the area approaches zero. The 
area considered is perpendicular to the direc¬ 
tion of flow. (2) In nuclear physics, a vector 
such that its component along the normal to 
a surface equals the net number of particles 
crossing that surface per unit area and unit 
time. Commonly referred to simply as cur¬ 
rent, as in neutron current. (3) By analogy 
with electric current, a vector representing the 
time rate of flow of any quantity such as mass 
or momentum, per unit area in a transport 
process. 

CURRENT DENSITY, DISPLACEMENT. 
In a volume distribution of steady current in 
space, the current density j is everywhere 
solenoidal, i.e., V j = 0. For time-varying 
phenomena, the conduction current density, 
j, must satisfy the continuity equation, 

dp . 
V j + — = 0, where p is the electric charge 

density, p is related to the electric dis¬ 

placement vector, D, by the equation 
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V D = p (see Maxwell equations). The 
continuity equation then becomes 

V • = 0 

3D . 
where — is called the displacement current 

density. The sum of the conduction current 
density and the displacement current density is 
therefore everywhere solenoidal even when cur¬ 
rents and fields vary with time. 

In a dielectric D may be written D = 
eoE + P, where P is the polarization (see 
electric displacement vector). The displace¬ 
ment current density can therefore be written 
in two parts 

3D 3E 3P 
- = e0-1- 
dt dt dt 

The first member is called the vacuum dis¬ 
placement current density and does not have 
the significance of a current in the sense of 
being the motion of charges. The second 
term is called the polarization current density 
and corresponds to the actual motion of charge 
within the dielectric. 

CURRENT DENSITY, POLARIZATION. 
See discussion under current density, displace¬ 
ment. 

CURRENT, EDDY. Any change of magnetic 
flux in a conducting medium induces an elec¬ 
tromotive force which causes currents to flow 
in the medium. (See Faraday law of electro¬ 
magnetic induction.) Currents generated in 
this way are called eddy currents, and con¬ 
tribute to the power losses in conductors, con¬ 
ductive shields and magnetic cores. 

CURRENT, ELECTRIC. Broadly, the flow 
of electric charge. More specifically, the time 
rate at which charge crosses a given surface 
is the current across the surface. There are 
actually three types of current: conduction 
current, convection current, and displacement 
current. Conduction current is due to the 
motion of charges in a neutral system (as 
electrons in a conductor, or the motion of 
electrons and “holes,” which contribute largely 
to the current in semiconductors); convection 
current is due to the motion of unneutralized 
charge, as the motion of electrons in a vacuum 
tube; displacement current is an effect of a 
changing electric flux. Current is a scalar. 

The current through a specified surface is given 
by the integral over that surface of the normal 
component of current density. In loose usage, 
we often speak of the direction of a current; 
actually, being a scalar, current has a sense 
(plus or minus) but not a direction. The posi¬ 
tive sense of a current is conventionally taken 
as the direction in which positive charges 
would move if they were the carriers of the 
current. In metals, where the current is ac¬ 
tually carried by negative electrons, the flow 
of electrons is opposite to the positive direction 
of the current. E.g., one coulomb of negative 
charge passing to the left per second is one 
ampere of (positive) current to the right. 

CURRENT (OR STREAM) FUNCTION. 
The stream or current function is a scalar 
function of position used to describe steady 
two-dimensional flow of an incompressible 
fluid. The current function, tp, is defined by 

dtp dtp 
U = -• V =- 

dy dx 

where u, v are the components of the velocity 
parallel to Ox, Oy. It will be noticed that the 
flow across any line from the point A to the 
point B is 

cB rB 
I (udy — vdx) = I Vtp-ds 

dA d A 

= \PB — \pA. 

CURRENT, NEUTRON. The total neutron 
current is the vector quantity: 

J(r,t) dQQA’(r,£',fl,<)y, 

where the quantities appearing in the integral 
are defined under flux, neutron, angular. The 
current of neutrons of energy E is: 

J ir,E,t) =J'dQQN(r,E,Q,t)v. 

CURRENT, NOISE, EQUIVALENT. A 
quantitative representation in current units of 
the spectral density of a noise-current gen¬ 
erator at a specified frequency. The relation 
between the equivalent noise current /„ and 
the spectral density of the noise-current 
generator is 

In = (2 *Wi)/e 
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where e is the magnitude of the electronic 
charge. The equivalent noise current in terms 

of the mean square noise-generator current i2 
within a frequency increment Af is 

In =l?/(2eAf). 

CURRENT, PROBABILITY. In wave me¬ 
chanics, the probability of finding a particle 
at a given point is given by a probability 
density. The change in time of this probabil¬ 
ity density is given by the divergence of a 
current. In the case of a single particle de¬ 
scribed by a Schrodinger wave function 
ip{x,y,z), the probability density is \p(x.y,z) |2, 
and the expression of the probability current 
is given by 

n 
-; {\p* grad \p — \p grad \p*), 
2 mi 

where 1p* is the conjugate complex of \p, m is 
the mass of the particle, and h = h/2ir, h being 
Planck’s constant. 

CURRENT SHEET. An infinitely thin sheet 
carrying finite current per unit length normal 
to the lines of flow. This current may be 
either electric or magnetic. (See magnetic 
current.) 

CURRENT SOURCE, IDEAL. An energy 
source that provides at a given terminal-pair 
(port), a current function that is independent 
of the voltage at that terminal-pair (port). 
An ideal current source is idle when its en¬ 
vironment is a short circuit. 

CURVATURE. The curvature k of a plane 
curve y = f{x) at a point x0, y0 on the curve 
is defined as the rate of change of the inclina¬ 
tion of the tangent to the curve with respect 
to arc length. Thus 

d 
k = — arc tan y', 

ds 

or in Cartesian coordinates 

k = y"( 1 + y'2)-*. 

The reciprocal 1/* of the curvature is called 
the radius of curvature. The circle with this 
radius, with center on the normal, and passing 
through x0, y0 is called the circle of curvature, 
or the osculating circle, and its center is the 
center of curvature, while the plane in which 
it lies is called the plane of curvature or the 

osculating plane. The curvature of a curve 
in three dimensional space is the rate of change 
of direction of the tangent with respect to arc 
length, and the torsion (also called second 
curvature) is the corresponding rate of change 
of direction of the binormal. The principal 
curvatures of a surface are the maximum and 
the minimum of the normal curvatures (i.e., 
curvatures of normal sections of the surface). 
The product and the sum of the principal 
curvatures are called the total curvature and 
the mean curvature, respectively, of the sur¬ 
face at the given point. The mean value of 
the principle curvatures is the mean normal 
curvature at the point. The total curvature 
is also called the specific curvature or the 
Gauss curvature. The mean curvature is also 
called the first curvature or the circular curva¬ 
ture. The amplitude of normal curvature is 
half the difference between the two principal 
curvatures. (See also curvature of surface, 
center of.) 

CURVATURE, ANTICLASTIC. Longitudi¬ 
nal strain in a beam is accompanied by strain 
of opposite sign. Therefore curvature of lon¬ 
gitudinal fibers produces transverse curvature 
of opposite sign (saddle surface) known as 
anticlastic curvature. The ratio of the curva¬ 
tures is the ratio of the strains when the beam 
is narrow and is given by Poissons ratio. 
When the beam is wide, the anticlastic curva¬ 
ture is constrained and the beam is stiffer. 

CURVATURE, EULER THEOREM ON 
NORMAL. See Euler theorem on normal 
curvature. 

CURVATURE, GEODESIC. See geodesic 
curvature. 

CURVATURE, INFLUENCE OF. See chem¬ 
ical potential, influence of curvature on; and 
vapor pressure, influence of curvature on. 

CURVATURE, NORMAL. See normal cur¬ 
vature. 

CURVATURE OF BEAM. The curvature of 
the line of centroids of the cross section of 
the beam. When bending is in a single plane 
x,y and the beam is initially straight, the cur¬ 
vature usually is approximated by 

d2y 

dx2 
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as the square of the slope generally is small CURVATURE, SCALAR. See scalar curva- 
compared with unity. ture. 

CURVATURE OF FIELD. One of the five 
Seidel geometrical aberrations of lenses. If 
a system is corrected so that there is no spher¬ 
ical aberration, no coma, and no astigmatism, 
the third order theory images of off-axis points 
will lie on a curved surface called the Petzval 
surface. 

CURVATURE OF LENS, TOTAL. A lens 
with spherical surfaces of radii r*i, r2 has total 
curvature 

n r 2 

where an appropriate sign convention is used, 
such as rx > 0 if the center of curvature is to 
the right of the vertex (axial intersection of the 
surface). Thus for a thin lens, the power is 

1 
- = (n - 1 )K 
f 

where n is the relative index of refraction and 
/ the focal length. 

CURVATURE (GAUSSIAN) OF SPACE- 
TIME. G = where g'1" are the contra- 
variant metric components and G^ is the 
contracted Riemann-Christoffel tensor. The 
vanishing of G does not imply that space- 
time is flat. 

CURVATURE OF SURFACE, CENTER OF 
(FOR A POINT). Let P and Q be two points 
on a line of curvature on the surface. As Q 
approaches P, the normal to the surface at Q 
intersects that at P and the point of intersec¬ 
tion is called a center of curvature of the sur¬ 
face for the point P. For each point on the 
surface there are, in general, two centers of 
curvature, corresponding to the two lines of 
curvature through the point. The distance of 
a center of curvature from P, measured in the 
direction of the unit normal at P, is called a 
(principal) radius of curvature of the surface 
at P. There are, in general, two radii of curva¬ 
ture to a surface at each point. The inverse 
of a radius of curvature of the surface at P is 
called a principal curvature of the surface at P. 

CURVATURE, PRINCIPAL DIRECTIONS 
OF. See principal directions of curvature. 

CURVATURE, RELATIVE. See relative 
curvature. 

CURVATURE, SCREW (OF A CURVE AT 
A POINT). The magnitude of dn/ds, where 
n denotes the unit normal and s the distance 
measured along the curve from a fixed point. 

dn/ds = V7 + t2, 

where k and r are the curvature and torsion 
of the curve at the point. 

CURVATURE, SPHERE OF. See sphere of 
curvature. 

CURVATURE, SPHERICAL. See sphere of 
curvature. 

CURVATURE, SURFACE OF NEGATIVE 
TOTAL. See anticlastic surface. 

CURVATURE, TANGENTIAL. See geodesic 
curvature. 

CURVATURE TENSOR. In each coordinate 
system x we define by 

B\jk = 

dr OJ ak 

dxk dxJ 
- + rbajrlbk - r6a*r6i, 

where Tljk is the Christoffel three-index symbol 
of the second kind. The aggregate of quanti¬ 
ties B\]k so defined form a tensor field, con- 
travariant of order one and covariant of order 
two, which is called the curvature tensor. 
Also sometimes referred to as the Riemann- 
Christoffel tensor, or Riemann-Christoffel ten¬ 
sor of the second kind, or mixed Riemann- 
Christoffel tensor. 

CURVATURE, VECTOR. See vector curva¬ 
ture. 

CURVE. For the purposes of applied mathe¬ 
matics, a curve in n-dimensional Euclidean 
space may be most conveniently defined as the 
locus of a point moving with one degree of 
freedom; that is, its path is defined with the aid 
of one parameter, xi = X\(t), x2 = x2(t), • ■ •, 
xn = xn(t), with a < t < b. If xi(a) =xt(b), 
x2(a) = x2(b), •••, xn(a) = xn(b), the curve is 
closed. If, with this possible exception, distinct 
values of t produce distinct points, the curve is 
simple. If the total length of an inscribed 
polygonal line approaches a finite limit as the 
length of each side approaches zero, the curve 
is rectifiable. 
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CURVE, CENTER OF. See centroid (of a 
geometrical figure). 

CURVED BEAM. See beam, curved. 

CURVED TUBES. See tubes, curved. 

CURVE FITTING. Suppose that a physical 
variable y is known to bear a particular func¬ 
tional relation to another variable x: 

V = /(z; «,0, • • •), 

where the form of / is known, but where / con¬ 
tains certain parameters a, &,•••, that are 
unknown. Thus in radioactive decay the 
amount of a constituent is known to be an 
exponential function of time, y = a exp ( — (5t), 
wrhere t takes the place of the above x. If it is 
possible to measure the y associated with any 
x, one can make a series of measurements, 
xit yit and hope to solve the equations 

Vi = fixi) a, 13, • • •) 

for the parameters. Since, in general, the 
measurements will be subject to error one must 
make more measurements than there are 
parameters, and since the equations will then 
be inconsistent, in general, it is necessary to 
establish some criterion for making the “best” 
selection of the parameters so that, in some 
sense, all equations are satisfied as nearly as 
possible, even though possibly none is satisfied 
exactly. 

A possible criterion is the minimax approxi¬ 

mation: to select the parameters so as to mini¬ 
mize the greatest of the quantities 

I Vi -/(*<0, •••)!• 

This is sometimes used, but is very difficult 
computationally in most cases. Sometimes 
one resorts to trial and error, with visual in¬ 
spection of the graphs. The method of least 

squares can often be justified on grounds of 
probability, and usually leads to the simplest 
computations. 

The same mathematical problem arises 
when a known function <f>(x) is to be approxi¬ 
mated in some fashion by a simpler one. For 
this purpose interpolation is the most usual 
method of procedure. 

Sometimes one has only the empirical meas¬ 
urements X(, yit but no theory to prescribe a 
particular functional form f(x,---). In that 
case one can only apply intuition, and possibly 
trial and error, in selecting a convenient form. 

(See smoothing.) (See Leo Nielsen Kaj, 
Methods in Numerical Analysis, Macmillan, 
1956.) 

CURVE, INTRINSIC EQUATIONS OF. A 
curve can be completely specified, apart from 
a rigid motion, by specifying the dependence 
of the curvature and torsion on the distance 
measured along the curve from a fixed point. 
The equations expressing this dependence are 
called the intrinsic equations of the curve. 

CURVE, LOXODROMIC. See loxodrome. 

CURVE, SKEW. See twisted curve. 

CURVE, SPACE. See space curve. 

CURVES, SYSTEM OF CONJUGATE. See 
conjugate system of curves on a surface. 

CURVE, TWISTED. See twisted curve. 

CURVILINEAR CONGRUENCE. See con¬ 
gruence of curves. 

CURVILINEAR MOTION. Unless the re¬ 
sultant force F on a particle of mass m is con¬ 
stant in direction and the velocity of the parti¬ 
cle is initially in the same direction, curvilinear 
motion results. Sometimes it is convenient to 
write Newton’s second law (as for the motion 
of a particle of mass m in a plane) F = raa = 
mr in Cartesian form Fx = mx, Fy = my, 
F2 = mi, where the two dots denote the second 
derivative with respect to time. Often it is 
better to use intrinsic coordinates (see accel- 

dv 
eration) and write F = mat + man = m — T 

dt 
v2 

+ m — N, where T and N are unit vectors 
T 

along the tangent and inward normal, respec¬ 
tively. 

CURVILINEAR ORTHOGONAL COORDI¬ 
NATES. A curvilinear system of coordinates 
a, |8, 7 is generated by a system of three mutu¬ 
ally orthogonal families of surfaces a = con¬ 
stant, /3 = constant, 7 = constant. It is as¬ 
sumed that the unit tangent vectors a, b, c 
along the coordinate curves form everywhere a 
right-handed system, i.e., a X b = c. 

An infinitesimal line vector dl is given by 
the expression 

dl = aMda + biVd/3 -(- cPdy. 

A volume element dV is given by 

dV = MNPdadfidy. 
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A vector surface element whose normal is along 
the a direction is given by 

dS = a NPdpdy. 

The unit vectors a, b, c are, of course, not con¬ 
stant. Their derivatives are: 

da 

da 

b dM dM d b 

da 

dM 

N dp N a/3 P dy 

dc a dM 

da P dy 

da b dN ab a dN c dN 

a/3 M da a/3 M da P dy 

dc b dN 

a/3 ~ P dy 

da c dP ab c dP 

dy M da dy N d& 

dc a dP b dP 

dy M da N dP 

The vector differential operator is defined by 

a a b a c a 
V =-1-b — — 

M da N a/3 P dy 

V ■ A = div A = 
1 

MNP 

a(AiiVP) d(A2PM) 

da 

| d(A3MN) j 

dy 

V X A = curl A = 

+ 

a [ a (PA 3) 

NP [ 

d/3 

d(NA2) 

PM 

a/3 dy 

d(MAi) a (PA 3) 

dy da 

+ 
c j d(NA2) a(MAj) 

MN da dp 

a a/ b df c df 
V/ = grad/ =-1-1- 

M da A a/3 Pdy 

V2/ = 
1 

MNP 

,PUV 
\M da) \ N dp, 

da dP 

+ 

da 

(MN df\ 

\ P dy) 

dy 

The operator A • V is defined by 

A\ a a2 a A3 a 
A-V = — — + — — + — — 

M da N dp P dy 
Examples: 

(1) Cartesian coordinates M = N = P = 1; 
a = x; P = y; y = z. 

2) Cylindrical coordinates a = r; p = </>; 

da 
y = z; M = 1; N — r; P = 1; — = b; 

d<t> 
ab 
— = — a. 
dtp 

(3) Spherical coordinates a = <p; p = 8; y = r; 

da 
M = r; N = r sin </>; P = 1; — = —c; 

d<t> 
dc da ab 
— = a; — = b cos <p; — = — c sin 6 —a 
d<t> dd dd 

dc 
cos <f>\ — = b sin <j>. 

dd 

If a vector field A satisfies the condition 

A • curl A ss 0, 

it is possible to construct a family of surfaces 
that is everywhere perpendicular to the vector 
lines A. It is therefore possible to choose these 
surfaces as the family y = constant and the A 
lines themselves as the coordinate lines per¬ 
pendicular to this family, i.e., A = cA3 
(|A| = |A,|) 

A1 = A 2 = 0. 

Let an element of arc length along the A-lines 
be denoted by dl and Ri and R2 be the principal 
radii of curvature of a surface element perpen¬ 
dicular to c. Then 

dAa 
div A =-b A 3 

dl 

If A = grad /, then 

(pi + P2)' 

and 

and 

„ a2/ df ( 1 1 \ 
div A = V2/ = — -1-(-1-) 

dl2 dl \R\ Rj 

curl A = | A | kB — [T X grad | A | ] 

where k is the curvature of A lines 
T is the unit tangent vector along A lines 
B is the binormal-unit vector of the A 

lines. 
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CUSP. A singular point on a curve where 
there are two coincident tangents. If there 
is a branch of the curve on each side of the 
double tangent, the cusp is of the first kind 
(e.g., the semicubical parabola); if the two 
branches lie on the same side of the double 
tangent, the cusp is of the second kind. If 
the curve is represented by f{x,y) = 0, the 
condition for a cusp, and also for a point of 
osculation, is 

d2j q2j d2j _ 

dxdy) dx2dy2 

CUT-OFF. (1) In a reciprocating steam en¬ 
gine, the point at which the supply of steam 
to the cylinder is arrested. (2) In a diesel 
engine, the point at which fuel injection 
ceases. Ideally, combustion also ceases at this 
point. It is measured by the cut-off ratio 

y c + Vi 

where Vc is the volume at the end of com¬ 
pression, Vi the volume increase due to com¬ 
bustion, and hence Vc + F, is the volume at 
fuel cut-off. 

CUT-OFF FREQUENCY. (1) Of a wave 
filter, the frequency at which the attenuation 
begins to increase sharply. (2) For a given 
characteristic field configuration (mode) in a 
non-dissipative waveguide, the frequency be¬ 
low which the propagation constant becomes 
real. 

CUT-OFF RATIO. See cut-off; diesel engine. 

CUT SET. In the theory of linear graphs 

the concept of a cut set is almost as impor¬ 
tant as that of a tree. A cut set of a connected 
graph G is a set of edges such that the dele¬ 
tion of these edges reduces the rank of G by 
one. Moreover, no proper subset of this set 
possesses this property. 

Clearly, the removal of the cut set of edges 
must yield an unconnected graph (see graph, 

connected) since the number of vertices v is 
invariant and rank G = v — 1. Thus by 
“cutting” this set of edges the graph is sepa¬ 
rated into two pieces. One of the pieces can 
be an isolated vertex. This latter case occurs 
for example if all the edges incident at a vertex 
are removed. As a matter of fact, the totality 
of edges incident at a given vertex is a cut 
set if and only if the vertex is not a cut vertex. 

Another and deeper characterization of a cut 
set is as a minimal set of elements which con¬ 
tains at least one branch from every tree. 
Again, a single non-circuit element constitutes 
a cut set whereas a single circuit element does 
not. 

CUT SET MATRIX. The cut set matrix 
Qa = (q%)) of a directed graph G is defined 
in the following manner: 

(a) Qa has one row for each cut set of the 
graph and one column for each edge; 

(b) Qij = 1 if edge j is in cut set i and 
the orientations agree (see cut set, 
oriented); 

(c) qij = —1 if edge j is in cut set i and 
the orientations disagree; 

(d) = 0 if edge j is not in cut set i. 

The rank of Qa is v — 1, v denoting the num¬ 
ber of vertices in G. 

The cut set matrix Qa and vertex matrix Aa 
are rather intimately related. For example: 

(1) If G is non-separable, Qa contains Aa 
(with some rows possibly multiplied by 
— 1) as a submatrix. 

(2) If Q is a cut set matrix of v — 1 rows 
and rank v — 1 of a connected directed 
graph G of v vertices and A the vertex 
matrix of G, 

Q = DA 

where D is non-singular. 
(3) Under the same restrictions as in 2, the 

non-singular submatrices of Q of order 
v — 1 are in one-to-one correspondence 
with the trees of G. That is to say, 
each such submatrix is the fundamental 
cut set matrix of some tree. Conversely, 
any fundamental cut set matrix appears 
as a submatrix of Q. 

CUT SET, ORIENTED. Let G be a linear 
connected graph. (See graph, connected.) 
The removal of a cut set of edges decomposes 
G into two connected pieces A and B. The 
cut set is oriented by ordering A and B either 
as (A, B) or (B, A). Each element of the cut 
set must have one vertex in A and one vertex 
in B. Suppose the cut set is oriented as {A, 
B). Then, an oriented element of the cut set 
is said to have the same orientation as the 
cut set if it is directed away from its vertex in 
A and toward its vertex in B. 
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CUT SETS, FUNDAMENTAL. Suppose G 
is a linear connected graph (see graph, con¬ 
nected) possessing v vertices and T is one of 
its trees. Each cut set of G must contain at 
least one branch of T. Those v — 1 cut sets 
of G which include exactly one branch of T 
are said to be fundamental with respect to T. 
The orientation of a fundamental cut set of a 
directed graph (see digraph) is usually chosen 
to agree with that of the defining branch. 

CUT VERTEX. See vertex, cut. 

CYCLE. (1) The complete sequence of values 
of a periodic quantity which occur during a 
period. (2) A series of changes or processes 
executed in orderly sequence, by means of 
which a mechanism, a working substance, or a 
system is caused periodically to return to the 
same initial state. In particular consider a 
(closed) thermodynamic system, represented 
by the cycle 

The operation of a reversed cycle is described 
by the coefficient of performance 

Qo 
e = — 

W 

when it is used for refrigeration. The quantity 
of heat Qo absorbed by the reversed (refrigerat¬ 
ing) cycle is known as the refrigerating effect. In 
the case of a heat pump no generally accepted 
single coefficient describing its efficiency is 
available. 

CYCLE, MAJOR. In a storage device which 
provides serial access to storage positions, the 
time interval between successive appearances 
of a given storage position. 

CYCLE, MINOR. In a storage device which 
provides serial access to storage positions, the 
time interval between the appearance of cor¬ 
responding parts of successive words. 

dW. 

A cycle is represented by a closed (but not 
necessarily continuous) curve in a thermo¬ 

dynamic diagram. When (j) dW is pos¬ 

itive, the cycle produces work at the expense 
of heat. It is then called a forward or power 

cycle. When (j) dW is negative, the cycle con¬ 

sumes work; it can then be used as a refrigera¬ 
tor or a heat pump; it is called a reversed cycle. 

The thermal efficiency of a power cycle is de¬ 
fined as the ratio of the work produced W = 

<j) dW to the positive heat added to the cycle, 

Q 7* & dQ but Q = J (dQ)pos. Hence 

W 
v = 

Q 

If the total amount of heat £ dQ is represented 

as 

<f dQ = Q — Qo, Q0> 0, is the sum 
J of negative heats, 

we have 
W = Q - Q0 

1 Q° 

Q 

CYCLE OF STRESS. The stress variation 
on a particular plane through a specific point 
in a body which is subjected to a repeated load 
is called a cycle of stress. If the stress varies 
alternately between tension and compression, 
the variation is known as reversal of stress. 
The reversal is complete when the alternate 
stresses are equal in magnitude. 

The algebraic difference between the maxi¬ 
mum and minimum stresses of a cycle is the 
range of stress. The endurance limit depends 
on the range of stress. 

CYCLE, THERMAL EFFICIENCY OF. 
See thermal efficiency of cycle. 

CYCLIC. See permutation; group. 

CYCLING. A periodic change of the con¬ 
trolled variable in an automatic controller. 

CYCLOID. A cycloid is the plane curve 
traced by the motion of a point fixed on the 
circumference of a rolling wheel. If the wheel 
turns at the rate of one radian per minute, 
then the equations of the cycloid, using the 
time f as a parameter, are 

x = a(t — sin t), y = a(l — cos t), 

where a is the radius of the wheel. (See also 
brachistochrone.) 

The teeth of gears are often cut with faces 
which are arcs of cycloids, so that there is roll¬ 
ing contact where the gears are in mesh. 

and 
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CYCLOMATIC NUMBER. The same as the 
nullity of a graph. 

CYCLONIC MOTION. Circulatory motion 
relative to the earth in the direction of the 
vertical component of the earth’s rotation; 
anticlockwise when viewed from above in the 
northern hemisphere. Such motion is pro¬ 
duced in the atmosphere by horizontal conver¬ 
gence in air at rest, the vortex lines being 
stretched vertically. 

CYCLONIC VORTICITY. Vorticity relative 
to the earth in a cyclonic direction, i.e., in the 
direction of the vertical component of the 
earth’s rotation. 

CYCLOSTROPHIC FLOW. A form of 
gradient flow in which the centripetal accel¬ 
eration exactly balances the horizontal pres¬ 
sure force. (See cyclostrophic wind.) 

CYCLOSTROPHIC FORCE. The centrif¬ 
ugal force due to the curvature of the path of 
the air over the earth’s surface. (See gradient 
wind.) 

CYCLOSTROPHIC WIND. That horizontal 
wind velocity for which the centripetal accel¬ 
eration exactly balances the horizontal pres¬ 
sure force: 

H=_adv 
R dn 

where Vc is the cyclostrophic wind speed, R 
the radius of curvature of the path, a the 
specific volume, p the pressure, and n the di¬ 
rection normal to the streamlines toward the 
center of curvature of the path. 

The cyclostrophic wind can be an approxi¬ 
mation to the real wind in the atmosphere only 
near the equator, where the Coriolis accelera¬ 
tion is small; or in cases of very great wind 
speed and curvature of the path, so that the 
centripetal acceleration is the dominant one. 
(See Eulerian wind.) 

CYLINDRICAL COORDINATES. A curvi¬ 
linear system p,4>,z, whose coordinate surfaces 

consist of: right-circular cylindrical surfaces 
based on circles about the origin in the XT- 
plane (p = const.); half-planes from the Z- 

Z 

axis (</> = const.); planes parallel to the XT- 
plane (z = const.). The position of a point in 
this system is given by (p,<f),z) where 

x = p cos (f>; y = p sin <f>; z = z. 

More precisely the system should be called 
circular cylindrical, because elliptic and para¬ 
bolic cylindrical coordinates are also used. For 
example, elliptic cylindrical coordinates are 
defined as follows. Consider the equations 

a2 cosh2 u a2 sinh2 u 

o o 2*2 
a cos v a sin v 

Elliptic cylindrical coordinates are then de¬ 
fined by the three systems of coordinate sur¬ 
faces: elliptic cylinders, given by u = const.; 
hyperbolic cylinders, given by v = const.; 
planes parallel to the xy-plane. 

CYLINDRICAL FUNCTION. Synonym of 
Bessel function. 



D’ALEMBERTIAN. Analogous to the differ¬ 
ential operator del in ordinary vector analysis, 
a four-dimensional operator called quad, and 
denoted by the symbol □, has components 
d/dii. The contracted second-order derivative 

of a scalar function <f> can than be written n2<t>. 
It is known as the d’Alembertian operator 

, d2 d2 d2 1 d2 
□ 2=-1-I- 

dx2 dy2 dz2 c2 dt2 

and it is thus similar to the Laplacian operator 
in three dimensions. The equation n2<t> = 0 
is a wave equation for waves traveling with the 
velocity of light, c. The d’Alembertian is 
Lorentz invariant. (See also Minkowski’s 
world in relativity, special theory of.) 

D’ALEMBERT PARADOX. A hydrodynami- 
cal paradox arising from the neglect of viscos¬ 
ity. This paradox may be traced to the neg¬ 
lect of viscous forces, which are those respon¬ 
sible for fluid resistance by modifying the 
velocity field close to a solid body. 

D’ALEMBERT PRINCIPLE. The equations 
of motion of the form F = ma, M = la, etc., 
may be written F — ma = 0, etc. If — ma is 
called an inertia or reversed effective force, 

the sum of the forces is zero. Dynamics is 
thus reduced to statics by the d’Alembert 
principle. The equal and opposite internal 
forces which appear in a system of particles 
need not be considered. (See inertia forces.) 

D’ALEMBERT PRINCIPLE APPLIED TO 
A MECHANICAL RECTILINEAL SYSTEM 
OF ONE DEGREE OF FREEDOM. The 
differential equations for mechanical systems 

may be set up employing the d’Alembert 
principle; namely, the algebraic sum of the 
forces applied to a body is zero. The mechan¬ 

ical forces due to the elements in a mechanical 
rectilineal system are 

Mechanomotive force of mass reaction 

d2x 

= (1) 

Mechanomotive force of mechanical 

dx 
rectilineal resistance = — tm —- 

dt 
(2) 

Mechanomotive force of mechanical 

x 
compliance --(3) 

Cm 

In addition to the above mechanomotive 
forces are the mechanomotive forces applied 
externally. 

The above principle may be used to derive 
the differential equation of the mechanical 
rectilineal system of the figure. From the 
d’Alembert principle the algebraic sum of the 
forces applied to a body is zero. The equa¬ 
tion may be written 

d2x dx x 
m — + — + — = Fuf* (4) 

dt2 dt Cm 

where /m = FM^wt is the external applied 
mechanical force. 

Equation 4 is the same as Equation 8 of 
mechanical system of one degree of freedom. 

D’ALEMBERT PRINCIPLE APPLIED TO 
A MECHANICAL ROTATIONAL SYSTEM 
OF ONE DEGREE OF FREEDOM. The 
differential equations for mechanical rota¬ 
tional systems may be set up by employing 
the d’Alembert principle; namely, the alge¬ 
braic sum of the applied torques applied to a 
body is zero. The rotational mechanical forces 
due to the elements in a mechanical rotational 
system are 

Rotatomotive force of moment 

of inertia reaction 
d2<fi 

a; 
209 
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Rotatomotive force of mechanical 

d<t> 
rotational resistance = — — (2) 

dt 

Rotatomotive force of rotational compliance 

4> 
(3) 

w< 

In addition to the above rotatomotive forces 
are the rotatomotive forces applied externally. 

X pi 
LWW. 

PM —rA c, i 
s 

5 
I -.. J 

Applying the d’Alembert principle, the 
equation for the acoustical system of the figure 
may be written 

d2 

lit2 

dX X 
+ r4 — H-= Pdut 

' dt CA 
(4) 

where p = Pejwt is the external applied pressure. 
Equation 4 is the same as Equation 7 of 

acoustical system of one degree of freedom. 

D’ALEMBERT TEST. If 

Applying the d’Alembert principle the equa¬ 
tion for the rotational system of the figure 
may be written 

d2<p d<p 4> 
+ rR — + — = Fat 

dt Cn 
jut 

(4) 

where /n = Fr^w1 is the external applied torque. 
Equation 4 is the same as Equation 8 of 

mechanical rotational system of one degree of 
freedom. 

D’ALEMBERT PRINCIPLE APPLIED TO 
AN ACOUSTICAL SYSTEM OF ONE DE¬ 
GREE OF FREEDOM. The differential 
equations for acoustical systems may be set 
up by employing the d’Alembert principle; 
namely, the algebraic sum of the applied pres¬ 
sures is zero. The acoustical pressures due to 
the elements in an acoustical system are 

Acoustomotive force of inertive reaction 

= —M 
d2X 

It? 
(1) 

Acoustomotive force of acoustical resistance 

dX 

~ ~rA~df (2) 

Acoustomotive force of acoustical capacitance 

(3) 

In addition to the above acoustomotive 
forces are the acoustomotive forces applied 
externally. 

lim \an+x/an\ = r 
n—► «> 

and r < 1, the series 

00 

an 
71 =1 

converges; if r > 1, it diverges; if r = 1, the 
test fails and the series must be investigated 
in some other way (see convergence). 

This test is often known as Cauchy’s con¬ 
vergence test of the second kind but it was 
published by d’Alembert in 1768, seems to 
have been known to Waring in 1781, and was 
not given by Cauchy until 1821. It is essen¬ 
tially the same as the ratio test. 

DALTON LAW. (Also known as the Gibbs- 
Dalton law.) If a number of chemically in¬ 
ert gases are contained in the same space, each 
of them expands into the whole volume as if 
the other component were not present. The 
total pressure of the mixture is equal to the 
sum of the partial pressures of the individual 
gases. The partial pressure of an individual 
gas is that pressure which would prevail if 
it alone occupied the total volume. 

The Dalton law has only asymptotic validity 
(p—>0). Microscopically, it can be consid¬ 
ered an empirical law. Microscopically, it can 
be derived on the assumption that gases con¬ 
sist of point-like molecules which undergo 
perfectly elastic collisions but otherwise exert 
no force on each other. 

In spite of its limited validity, the Dalton 
law forms the basis of all engineering calcula- 
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tions concerning gaseous mixtures, because 
more exact formulations are still lacking. 

DAMPED VIBRATIONS. See vibrations, 
damped. 

DAMPING. This term usually refers to the 
checking of a motion due to resistance, as by 
friction or similar cause. It is of especial sig¬ 
nificance in connection with the diminishing 
amplitude of an oscillation, as that of a pendu¬ 
lum swinging in the air, or that of the elec¬ 
tricity vibrating in an oscillating circuit. Un¬ 
less energy is supplied during each cycle, the 
amplitude of such a vibrator falls off at each 
successive oscillation by an amount commonly 
expressed in terms of the decrement, or damp¬ 
ing factor, which is the ratio of any one ampli¬ 
tude to that next succeeding it in the same 
sense or direction. 

In so-called logarithmic damping, this decre¬ 
ment is constant; in a simple oscillating elec¬ 
tric circuit, the amplitude decays as e~st, 
where t is the time and 8, the logarithmic dec¬ 
rement, is a constant depending upon the 
effective resistance, inductance, and capaci¬ 
tance of the circuit. (See electric oscillations 
and waves.) An important instance of damp¬ 
ing is found in the reading of an oscillating 
index, like a balance pointer, on a scale. If 
one may assume that the amplitude falls off 
by equal amounts at each swing (linear damp¬ 
ing) , in order to find the equilibrium position, 
one has only to average an even number of 
readings at one extreme and an odd number at 
the other, and then find the mean of the two 
averages. This linear damping assumption is 
an approximation to the relationship e~st = 
1 — St for small damping. (See time-con¬ 
stant.) 

DAMPING, ACOUSTIC. When a sound 
wave travels through a medium it is attenu¬ 
ated by a number of different mechanisms. 
The four principal causes of attenuation are 
heat conduction, scattering, viscous friction, 
and elastic hysteresis. It is often difficult 
to separate the effects of viscous friction and 
elastic hysteresis, and the term internal fric¬ 
tion is used to describe them jointly. (See 
friction, internal.) 

DAMPING CAPACITY, SPECIFIC. See 
specific damping capacity. 

DAMPING COEFFICIENT. See oscillation, 
damped harmonic. 

DAMPING, CRITICAL. The value of damp¬ 

ing of a single degree of freedom system above 
which free oscillatory motion ceases and the 
system has an asymptotic approach to equi¬ 
librium. In a system in which the variable x 
obeys the differential equation 

d2x dx 
a — + b— + cx = 0 

dt2 dt 

the condition for critical damping is that 

b = 2V/ac. 

DAMPING FACTOR. Defined in entry on 
damping. 

DAMPING, LINEAR. Defined in entry on 
damping. 

DAMPING, LOGARITHMIC. Defined in 
entry on damping. 

DAMPING, OPTIMAL. That value of 
damping, with the damping ratio slightly less 
than unity, at which an indicating system such 
as a galvanometer will overshoot its final de¬ 
flection by less than the desired uncertainty 
in reading the instrument. In general, op¬ 
tional damping results in faster readings than 
does critical damping, with no real loss in 
accuracy. 

DAMPING RATIO. The ratio of the actual 
damping to the critical damping. (See damp¬ 
ing, critical.) 

DAMPING, STRUCTURAL. Damping 
caused by structural impedance in an ocillat- 
ing mechanical system. It is expressed by the 
relationship: 

F (XF\2 c 
C = -[~) = 2 — 

&F ' A q/ Cc 

where c is the damping coefficient, cc is the 
critical damping coefficient, F is the force, eF 
is the velocity of the force, Xp is the displace¬ 
ment of the force, X0 is the zero frequency de- 

. c . 
flection, and 2 — is the structural damping. 

£C 

DAMPING, VISCOUS. The damping in a 
mechanical system in which the force varies 
in proportion to the velocity. The viscous- 
damping coefficient is equal to the ratio of the 
viscous-damping force to the velocity. 
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DANCOFF CORRECTIONS. In nuclear re¬ 
actor theory, quantities which enable one to 
estimate interaction effects among the fuel rods 
comprising a lattice. The Dancoff correction 
may be written as 1 — Th where 7\ a mod¬ 
erator transmission factor, expresses the prob¬ 
ability that a neutron emerging from one fuel 
rod will be transmitted through the intervening 
moderator, without colliding, to impinge upon 
a nearest neighbor rod. 

DANDELIN METHOD. A root-squaring 
method for solving algebraic equations in 
which the equation <^{x) =0 is replaced by 

</>(V/x)0( — a/x) = 0, 

differing only mildly from the later Graeffe 
method. Dandelin applied this first in con¬ 
junction with the Newton method for accel¬ 
erating convergence, but also proposed re¬ 
peated application as a method in itself. 

DANGER COEFFICIENT. The danger co¬ 
efficient of a substance for a particular nuclear 
reactor is the change in reactivity caused by 
inserting that substance in the reactor. The 
danger coefficient depends on the amount and 
distribution of the substance inserted and is 
usually quoted as reactivity change per unit 
mass for a standard position in the reactor. 

DARBOUX VECTOR. The Darboux vector 
8 of a curve is defined as the vector 

8 = tT -j- kB 

where r is the torsion, k is the curvature, T is 
the unit tangent vector along the positive sense 
of the curve, and B is the unit binormal vector. 

If ds denotes an element of arc length along 
the curves then 

dT 
— = 6 X T 
ds 

dN 
— = 6 X N 
ds 

dB 
— = 6 X B 
ds 

where N is the unit normal vector, i.e., T X 
N = B. 

The Darboux vector can be interpreted 
kinematically. If a rigid body moves freely 
in space, its most general motion can be de¬ 

scribed as a screw motion, i.e., the center of 
mass moves along a space curve and at the 
same time the “moving trihedron” T, N, B 
which is rigidly anchored to the center of mass, 
rotates about the Darboux vector. (The func¬ 
tion of the curve must be continuously dif¬ 
ferentiable for the relations to apply.) In other 
words, the Darboux vector coincides with the 
instantaneous axis of rotation. If <o denotes the 
instantaneous angular velocity vector and v the 
instantaneous speed of the center of mass, then 

(0 = vb. 

DARCY. A unit, the permeability of a me¬ 
dium through which a liquid of one centipoise 
viscosity will flow at a rate of one cubic centi¬ 
meter per square centimeter of area when the 
pressure gradient is one atmosphere per centi¬ 
meter. 

DARCY’S LAW. A law which governs the 
flow of a viscous fluid through a porous me¬ 
dium. The flow is supposed sufficiently slow 
for the inertia forces to be negligible (i.e., 
Stokes flow, with low Reynolds number), and 
is therefore in the direction towards decreasing 
pressure and proportional to the pressure 
gradient. Thus 

k 
v =-grad p 

M 

where k is a constant of the medium. In a 
medium of constant k and fluid of constant 
viscosity p, there is a velocity potential given 

DARK-LINE SPECTRUM. See spectrum, 
dark-line. 

DARWIN-FOWLER METHOD. See method 
of steepest descents. 

DAVISSON CHART. A chart expressing 
thermionic-emission current density in terms 
of cathode power dissipation. The coordinates 
are skewed in a manner which causes the log 
of current density as a function of the log of 
power to be a straight line. 

DAY, JULIAN. See Julian Day. 

DBA. Abbreviation for dbRN adjusted. This 
is a unit used to show the relationship be¬ 
tween the interfering effect of a noise fre- 
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quency or band of noise frequencies, and a 
fixed amount of noise power commonly called 
reference noise. (See dbRN.) 

DBRN. Abbreviation for decibels above ref¬ 
erence noise. This is a unit used to show the 
relationship between the interfering effect of 
a noise frequency, or a band of noise frequen¬ 
cies, and a fixed amount of noise power com¬ 
monly called reference noise. A tone of 1000 
cycles per second, having a power level of 
— 90 dbm, was selected as the reference noise 
power because it appeared to have negligible 
interfering effect, and would permit measure¬ 
ment of interfering effect in positive numbers. 
By way of explanation, dbRN was originally 
determined by measuring the interfering effect 
of noise in telephone circuits which used Type 
144 handsets. Later, an improved type of 
handset (Western Electric Type F1A) came 
into general use. This required an adjustment 
of the reference noise level and a different unit. 
The reference level -was changed to —85 dbm 
and the new7 unit was called dba. 

DBX. Abbreviation for decibels above refer¬ 
ence coupling. Reference coupling is defined 
as the coupling between two circuits that would 
be required to give a reading of 0 dba on a 
2-type noise measuring set connected to the 
disturbed circuit when a test tone of 90 dba 
(using the same weighting as that used on the 
disturbed circuit) is impressed on the disturb¬ 
ing circuit. 

DEAD LOAD. The load due to the weight 
of the permanent parts of a structure, the im¬ 
movable part of the total load. 

DEAD RECKONING (NAVIGATION). The 
determination of the position of a ship by ad¬ 
vancing a knowm, or assumed, position by 
any of the methods of the sailings, for the 
courses and distances traversed by the ship in 
a given interval of time. In the determination 
of a dead reckoning position (DR), the true 
headings (i.e., corrected magnetic or corrected 
gyro) and speed through the w7ater are used. 

If the navigator can estimate the effects of 
the current and winds on the direction and dis¬ 
tance of travel of the ship in the given interval, 
these may be applied to the DR position to 
obtain what is called an estimated position 
(EP). 

Within recent years several types of dead 
reckoning equipment have been devised that 

receive information from the compass and 
from the patent log and transform that to a 
tracing that shows the DR position continu¬ 
ously. However, such devices are seldom as 
accurate as the plot kept by the navigator. 
(Cf. the sailings.) 

DE BROGLIE HYPOTHESIS. The hypothe¬ 
sis that a wave is associated with material 
particles, with the wavelength, A, and momen¬ 
tum p = mv, of the particle related by A = 

h/p. At high energies the relativistic mass 

m = m0/v 1 — v2/(? 

must be used. 

DE BROGLIE WAVELENGTH. See de 
Broglie hypothesis. 

DEBYE EFFECT. A selective absorption of 
electromagnetic waves in a dielectric medium, 
due to molecular dipoles. (See Debye energy; 
induction forces.) 

DEBYE ENERGY. This correction to the 
dipole-dipole (Keesom) interaction energy re¬ 
sults from the interaction of the permanent 
dipole tx. of one molecule with the induced 
dipole of another molecule with a polarizabil¬ 
ity a. 

The electrical field strength <f> at a distance 
r from the dipole is proportional to n/r3. It 
induces in the other molecule an induced 
dipole moment 

Uf ~ a4> ~ ay/r3. 

The total interaction energy due to this induc¬ 
tion effect is 

= m<t> ~ ocy2/r6. 

The Debye, or induction energy, is practically 
independent of temperature. It is, however, 
usually smaller than the Keesom energy. 
Neither the Keesom nor the Debye energy is 
capable of interpreting the attractive forces 
between non-polar molecules. (See dispersion 
forces, induction forces.) 

DEBYE EQUATION FOR THE DISPER¬ 
SION OF THE DIELECTRIC CONSTANT. 
Whereas for static fields the dielectric con¬ 
stant is a real number, for periodic fields it is 
usually a complex quantity (see dielectric 
constant; electrical displacement in dielec¬ 
trics). Debye has shown that, if in a static 
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field, equilibrium is reached exponentially in 
time, then 

(«s — «oo) ,lN 

e(«) — «oo = —-:- (1) 
1 — 1<J)T 

e(co) is the dielectric constant in a periodic 
electric field E = E0 cos ut. ex and es are the 
limiting values of «(«) for very large and zero 
frequencies, respectively, r is the relaxation 
time of the dielectric. 

The real and imaginary parts of the dielectric 
constant are respectively: 

and 

«i(«) — «* 

e2(u) 

fs — too 

1 + w2t2 

(«s — tx)o)T 

1 -f w2r2 

The last equation shows that the dielectric 
losses (proportional to e2) vanish for very high 
and very low frequencies, and present a maxi¬ 
mum value e2(com) = (es — ex)/2 for an angular 
frequency com = 1/r. 

The condition that equilibrium be reached 
exponentially in time is in general valid only 
for dilute solutions of dipolar molecules. 

DEBYE EQUATION OF STATE (OF 
SOLIDS). The relation between pressure p, 
and volume V, 

V = 
dU0 

dV 
+ 7 

Ud 

~V 

where y is Griineisen’s constant, Uo is the in¬ 
ternal energy at 0°K, and UD is the contribu¬ 
tion to the internal energy due to the lattice 
vibrations. 

DEBYE FREQUENCY. In his derivation of 
an equation for specific heat, Debye treated 
a crystalline material as an homogeneous iso¬ 
tropic solid to which classical vibration laws 
applied. He was then able to calculate the 
number of vibrations with frequencies between 
v and v + dv. The atomic nature of the struc¬ 
ture was then accounted for by the postulate 
of a maximum frequency, v0} of the order of 
the atomic frequency. v0 is the Debye fre¬ 
quency, and is characteristic of a given solid. 
(See Debye temperature.) 

DEBYE HEAT CAPACITY EQUATION. 
The Debye theory considers the specific heat 
of a solid as due to thermal vibrations of the 
crystal lattice, and the molar heat capacity 

Cr is given by this theory in terms of the 
Debye temperature ©, the relation being 

Cv = 3Nkf{Q/T) 
where 

rx evy4 

m = 3xlV^dy 
(the Debye function). 

N is Avogadro’s number and k, the Boltzmann 
constant. 

At high temperatures, this relation leads to 
the Dulong and Petit law C —► 3Nk, and at 
low temperatures to the Debye T3 law. 

DEBYE-HUCKEL THEORY. Debye and 
Hiickel have developed a semi-phenomenolog¬ 
ical theory to take account of the effect of 
electrostatic forces in such media as solutions 
of strong electrolytes or plasmas. 

It is based on a combination with the Boltz¬ 
mann formula, of the Poisson equation 

9 4t 
V2* =-p (1) 

€ 

where p is the charge density, the electro¬ 
static potential, e, the dielectric constant. If 
one combines these two relations, assumes the 
electrical potential energy to be small in re¬ 
spect to thermal energy and uses the electro¬ 
neutrality condition, one obtains the basic 
equation of the Debye-Hiickel theory 

V2^ = ^^(r). (2) 

Sl'(r) is the electric potential at a distance r 
around some central ion, 1/k is a characteristic 
length, called the Debye length; it is the distance 
at which the field of the central ion is screened 
by the other charges to 1/e of its value. It is 
also often called the mean thickness of the 
ionic atmosphere. 

K 
2 

4x 2iNiZi2e2 

ekT 
(3) 

Ni is the number of ions of species i, z{ is the 
charge number, and e, the charge of a proton. 

The spherically symmetrical solution of (2) 
which is finite at r = oo is 

A 
¥(r) = - e~KT (4) 

r 

where A is a constant. 
From (4) all thermodynamic properties can 

easily be deduced, as well as the main trans- 
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port properties in solutions of strong electro¬ 
lytes. The main success of the Debye-Hiickel 
theory is the calculating of the limiting law for 
strong electrolytes. 

DEBYE LENGTH. See Debye-Hiickel the¬ 
ory. 

DEBYE TEMPERATURE. A parameter ® 
having the dimensions of temperature appear¬ 
ing in the Debye theory of specific heats. It 
is defined by the equation 

k 

where h is Planck’s constant, k is the Boltz¬ 
mann constant, and v„ is the Debye frequency 
and is characteristic of a given solid. In the 
Debye treatment, atomic vibrations are treated 
as elastic waves, so that v0 can be related to 
the velocities of these waves in the solid. Thus, 

where c\ and C2 are the velocities of longi¬ 
tudinal and transverse elastic waves respec¬ 
tively, V is the volume of the crystal, and N 
the total number of atoms in the crystal. 

DEBYE T3 LAW. According to the Debye 
theory of specific heat, the molar specific heat 
of a solid Cv should tend to be proportional to 
the cube of the absolute temperature at tem¬ 
peratures below about 0/10 where 0 is the 
Debye temperature. The expression for Cv is 
then 

C„ 
12tt4AT; 

5 
(T/0)3 

where N is Avogadro’s number and k is the 
Boltzmann constant. 

DEBYE THEORY OF CRYSTAL VIBRA¬ 
TIONS. A theory which assumes a spectrum 
for lattice vibrations similar to that of an 
elastic continuum, except that it is cut off at 
a maximum frequency in such a way that the 
total number of degrees of vibrational modes 
is equal to the total number of degrees of free¬ 
dom of the lattice. 

DEBYE UNIT. A unit of electrical dipole 
moment equal to 10“18 electrostatic units. It 
is of the order of magnitude of the electronic 
charge multiplied by the interatomic distance 

of chemical compounds. (See dipole, elec¬ 
trical.) 

DEBYE-WALLER EQUATION. See thermal 
motions in a lattice. 

DECAY COEFFICIENT. Certain processes 
found in nature progress at a rate diminish¬ 
ing in accordance with an exponential function 
of the time; such, for example, as phosphores¬ 
cence and radioactive emission. The falling 

Typical exponential decay curves. The decay coeffi¬ 
cient in B is greater than in A. 

off or "decay” of such a process may be rep¬ 
resented by an equation giving the intensity 
at time t as I = I0e~ct, in which 70 is the 
intensity at the beginning of the time t and C 
is the “decay coefficient.” Closely related to 
C is the half-value period, which is the time 
required for I to fall to % its original value 
Io', it is equal to 0.69315/C. Thus, if the half¬ 
value period of radium B is 1608 sec, its decay 
coefficient C is 

0.69315 

1608 sec 
0.000431/sec. 

This means that approximately 0.000431 of 
the substance existing at any instant disinte¬ 
grates during the ensuing second. The recip¬ 
rocal of C, called the “decay modulus,” repre¬ 
sents the time required for I to diminish to 1/e 
or 0.3697 of its original value 70. It is equal 
to 1.4427 times the half-value period; for the 
decay of radium B its value is therefore 2320 
sec. 

This relationship may also be written in 
terms of the number of atoms present of a 
particular species, as 

N = N0e~xl. 

Thus, the decay law is a statistical law, so 
that if N is the number of radioactive atoms 
present, the number of which will disintegrate 
on the average in unit time is AN. The num¬ 
ber which will disintegrate in any particular 
unit of time may not be exactly \N, but if a 
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large number of measurements of the number 
of disintegrations per unit time is made, the 
values will show a Poisson distribution with 
AuV as the average value. 

DECAY CONSTANT. See decay coefficient; 
decay constant, acoustic. 

DECAY CONSTANT, ACOUSTIC. The ex¬ 
ponential power by which the sound decays 
after the source is stopped. 

declination. In using this coordinate, care 
must be exercised to indicate the proper side 
of the equator, e.g., N 35°, 35° N, +35°. 

Star catalogues give the declination of the 
star for the epoch of the catalogue. Due to 
precession and nutation, the declinations are 
continually changing. Constants to facilitate 
the reduction of position given in the catalogue 
to those of another date are published for 
every star. 

DECAY MODULUS. In a damped harmonic 
oscillator, the time for the amplitude of os¬ 
cillation to diminish to 1/e of its initial value 
is called the decay modulus. For an oscil¬ 
lator with the equation of motion 

mx + Rx + fx = 0 

the decay modulus is 2m/R. (See oscillation, 
damped.) 

DECAY TIME OF A MAGNETIC FIELD. 
The characteristic time of decay of a mag¬ 
netic field due to Joule heating in a conductor 
or a plasma is given by 

4ttL2<t/C 
r = -1 

C 

DECODER. In computer terminology, a net¬ 
work or system in which a combination of 
inputs is excited at one time to produce a 
single output. Sometimes called matrix. 

DECOMPOSITION OF A VECTOR. Every 
vector field B(x,y,z) can be decomposed into 
a sum of a gradient and a curl, i.e., B = N 
+ E, where N = grad / and E = curl D. 

The scalar field / and the vector field D sat¬ 
isfy the following equations: 

where a is the electrical conductivity in Gaus¬ 
sian units, L is a length such that L = H/ \ \H |, 
H being the magnitude of the magnetic field, 
and c is the speed of light. (See relaxation.) 

r is the distance from the point at which B 
is computed to a surface element dS or volume 
element dV. S is the surface boundary of the 
volume V; n is the outward normal of S. 

DECIBEL. See gain ratio. 

DECIBELS ABOVE REFERENCE COU¬ 
PLING. See DBX. 

DECIBELS ABOVE REFERENCE NOISE. 
See DBRN. 

DECIMAL. Characterized by ten; com¬ 
pounded of ten parts. The decimal system of 
number representation is the ordinary one 
using the radix 10. 

DECISION FUNCTION. In statistics, a 
function of observations determining which 
way a decision should go according to the 
values which the function attains. 

DECLINATION (ASTRONOMIC). The dec¬ 
lination of a heavenly body is the angle meas¬ 
ured north or south from the celestial equator 
along the hour circle through the object to 
the object. Declination is sometimes referred 
to as + for north declination and — for south 

DEDEKIND CUT. A Dedekind cut in the 
rational numbers is any division of the set of 
rational numbers into two subsets A and B 
such that: (1) neither A nor B is empty; (2) 
every rational number is either in A or in B; 
(3) every number in B is greater than any 
number in A; (4) A contains no largest num¬ 
ber. 

If B contains no smallest number, the cut 
defines an irrational number. 

DE DONDER AFFINITY. See chemical 
affinity. 

DE DONDER INEQUALITY. See chemical 
affinity. 

DEEP BEAM. See beam, deep. 

DEFECT. A term used to denote various 
types of point imperfections in solids, such as 
vacancies, interstitial atoms, etc., as distinct 
from extended imperfections such as disloca¬ 
tions. Lattice defects are particularly im- 
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portant in ionic crystals, where they may be 
created by heating in the vapor of one con¬ 
stituent, thus creating a stoichiometric excess, 
by bombardment with x-rays and energetic 
particles, etc. Any crystal must contain a 
certain equilibrium concentration of defects, 
as a function of the temperature, purely as a 
result of thermal agitation (see Frenkel defect, 
Schottky defect). Defects are responsible for 
the diffusion of ions, ionic conductivity, and 
the complex phenomena related to color 
centers. 

DEFERRED APPROACH TO THE LIMIT. 
Let <t> represent a quantity to be calculated by 
a finite difference method (e.g., an integral); 
let <i>h represent the approximation obtained 
when A.x — h. Often it is approximately true 
that 

<t>h = 4>0 + <t> 1^“ + 02^4 H-- • 

Let <t>hx and 4>h2 represent similarly values ob¬ 
tained with h — hi and h = h2. If hi and h2 
are small enough so that terms beyond h2 can 
be neglected, then 

= \hi24>h2 — h22<f>hl\/\hi2 — h22\ 

is a much better approximation to <t> than is 
either or Commonly one takes h2 = 

hi/ 2. 

DEFINITE. See form, integral. 

DEFINITION CIRCLE. In impedance 

matching, a circle of constant standing-wave 
ratio surrounding a desired impedance on a 
complex impedance plane. 

DEFLAGRATION. Slowly progressing mode 
of combustion in a flame. 

DEFLATION. A transformation applied to 
a matrix A when one eigenvalue and eigen¬ 

vector are known, for the purpose of reducing 
the computations required for finding the 
others. The general theorem is, if eigenvalues 
of A are A*, A2, •••, K, and if Avi = AjVi, 
then eigenvalues of 

Ai = A — V]kr 

are Ai — krvi, X2, • • -, A„, whatever the vector 
k. By choosing k7 to be a multiple of the first 
row of A, and scaled so that 

kvi = \u 

the first row of A1 is null. 

DEFLECTION. Loads acting on a structure 
cause displacement of the structure from its 
original position. The term deflection is used 
for the displacement of joint and supports, and 
for the line of centroids of bars of which struc¬ 
tures are composed. Deflection rather than 
strength sometimes governs design. 

DEFLECTION, ANGLE OF. See angle of 
deflection. 

DEFLECTION, BENDING. The motion or 
displacement of the line of centroids of a beam 
or plate in a transverse direction. 

DEFLECTION CURVE. The deflection 
curve of a beam is the position of the line of 
centroids (axis) of the beam which results 
from transverse loading. 

DEFLECTION, LARGE. The term large de¬ 
flection is a relative one. Deflections are large 
if the non-linear effects they produce must be 
taken into account in the strain-displacement 
relations. In the case of a beam the exact 
expression for curvature would be required 
rather than d2y/dx2. The need to take deflec¬ 
tion into account in the equations of equilib¬ 
rium alone, as in buckling of columns, is not 
considered to make the problem one of large 
deflection. 

DEFLECTION, LATERAL. See lateral de¬ 
flection. 

DEFLECTION, SHEAR. The deformations 
of a beam, frame or arch are in part produced 
by transverse shear. Energy methods or their 
equivalent give close approximations to the 
deflection associated with the shearing stress. 
Except for specially designed beams with thin 
or open webs, the shear deflection is small com¬ 
pared with the bending deflection. (See deep 
beams.) 

DEFLECTION THEORY. A name given to 
a successive approximation analysis technique 
for obtaining consistent deflections of cable 
and stiffening truss in a suspension bridge. 

DEFORMATION. (1) A transformation 
flip) between two sets A, B oi elements of a 
topological space is called a deformation of 
A into B if flip) is such that, letting f0ip) 
denote the identical transformation of A into 
itself, it is possible for all 0 — t — 1 and all 
the points p of A, to define transformations 
ft ip) which are continuous in t and in p. Two 
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point sets which can be deformed into each 
other are said to be homotopic. Thus a torus 
is homotopic to a section of a pipe, but not to 
a sphere. (2) The change in the shape or size 
of a body which accompanies a stressed condi¬ 
tion is called deformation or strain. 

DEFORMATION POTENTIAL. The effec¬ 
tive electric potential acting on a free electron 
in a metal or semiconductor as a result of a 
local deformation of the crystal lattice. The 
scattering of electrons by lattice vibrations 
may be analyzed in terms of the deformations 
produced by the vibrations, and hence the cor¬ 
responding potentials. 

DEFORMATION, PURE HOMOGENEOUS. 
See pure homogeneous deformation. 

DEFORMATION THEORY OF PLASTIC¬ 
ITY. A plastic flow law which expresses total 
plastic strain components in terms of the ap¬ 
plied stress, and possibly stress increments. 
This type of law' has been discredited for 
plastic flow’ with varying principal stress ratios 
or rotating principal stress directions in favor 
of incremental theories. 

DEGENERACY. (1) The term used to de¬ 
scribe the situation in w’hich a quantum me¬ 
chanical system has more than one eigen¬ 
state characteristic of the same eigenvalue(s) 
of the operators corresponding to a given set 
of dynamical variables. The existence of de¬ 
generacy is an indication that one has not 
specified values for as many dynamical vari¬ 
ables as quantum mechanics requires for a 
unique determination of the state of the sys¬ 
tem. The additional dynamical variables that 
must be specified can be found by finding all 
of the additional operators w’hich wall com¬ 
mutate with the set chosen and wuth them¬ 
selves. Specifying eigenvalues for all of the 
dynamical variables found in this wray will 
eliminate the degeneracy. (2) Sometimes the 
term degeneracy is used in the more limited 
sense of describing the case in which there is 
more than one energy eigenfunction of the 
Hamiltonian corresponding to the same eigen¬ 
value. The removal of degeneracy in this 
more limited sense can often be accomplished 
by the application of a perturbing field leading 
to a different energy shift for each one of the 
eigenfunctions involved in the degeneracy. 
(3) The term degeneracy is also used in cer¬ 
tain classical problems, such as those of vibrat¬ 

ing systems in which different modes have the 
same frequency. 

DEGENERACY, EXCHANGE. See exchange 
degeneracy. 

DEGENERACY TEMPERATURE. A tem¬ 
perature usually defined as the temperature 
for wrhich the de Broglie wavelength of a par¬ 
ticle w’ith kinetic energy kT (k is Boltzmann’s 
constant, T is absolute temperature) is equal 
to the mean separation of the particles in the 
gas. (See also degenerate gas.) 

DEGENERATE CONDUCTION BAND. A 
band in which two or more orthogonal quan¬ 
tum states exist which have the same energy 
and spin, and zero mean velocity. 

DEGENERATE ELECTRON GAS. An elec¬ 
tron gas which is far below its Fermi tempera¬ 
ture, that is, which must be described by the 
Fermi distribution. The essential character¬ 
istic of this state is that a very large propor¬ 
tion of the electrons completely fill the lower 
energy levels, and are unable to take part in 
any physical processes until excited out of 
these levels. 

DEGENERATE GAS. A gas for which the 
condition 

h3 
n--£« 1 

{2wmkT)H 

(n is number of gas particles per unit volume, 
h is the Planck constant, m is the mass of a 
gas particle, k is the Boltzmann constant, 
T is absolute temperature) is not satisfied. 
This condition is equivalent to 

e" « 1, 

where v = tx/kT (/a is thermal potential). (See 
also quantum statistics.) 

DEGENERATE LEVELS. Two or more 
energy levels of a molecule or atom are de¬ 
generate w’hen their wave functions are equiv¬ 
alent, and yet independent. The degeneracy 
is usually split in an external electrical or 
magnetic field. 

DEGENERATE OSCILLATING SYSTEM. 
A vibrating system with several degrees of 
freedom in which the frequencies associated 
with two or more degrees of freedom may be 
equal in magnitude. (See degeneracy (3).) 
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DEGENERATE STATE. In quantum me¬ 
chanics, when different states of motion cor¬ 
respond to the same energy level, the states 
are said to be degenerate. The degeneracy 
can often be removed by the application of a 
perturbing field with the effective introduc¬ 
tion of a new quantum condition, i.e., the 
breakup of one eigenvalue into several. (See 
degeneracy (1) and (2).) 

DEGRADATION OF ENERGY. When a 
quantity of heat Q is allowed to pass from a 
source at temperature T to the surroundings 
at temperature T0 < T, it is possible to con¬ 
vert some, but not all, of it into mechanical 
work W. The maximum amount which can 
be converted into work is that obtainable from 
a Carnot cycle operating between the sources 
at T and T0, that is 

The quantity of heat 

Qo = Q-W = ^Q 

cannot be converted into work, as is expressed 
by the second law of thermodynamics, and 
becomes unavailable or degraded. When a real 
engine operates between the sources at T and 
T0 it will produce less work than W, say W, 
owing to the irreversibility of real processes. 
The quantity 

Q'o = Q ~ W 

becomes then unavailable or degraded. 

DEGREE MATRIX. See matrix, degree. 

DEGREE OF ADVANCEMENT IN CHEM¬ 

ICAL REACTIONS (EXTENT OF REAC¬ 

TIONS). See conservation of mass in closed 

systems. 

DEGREE OF A VERTEX. See vertex, de¬ 

gree of. 

DEGREE OF COHERENCE. See partial 

coherence. 

DEGREE OF SUPERHEAT. See super¬ 

heated vapor. 

DEGREES OF FREEDOM. (1) The number 
of independent coordinates necessary for the 
unique determination of the position of every 
particle in a dynamical system is the number 

of degrees of freedom. Each degree of free¬ 
dom is represented by a coordinate which can 
vary with time independently of all the rest. 
A particle constrained to move on a surface 
has two degrees of freedom. A single particle 
which may move anywhere in three-dimen¬ 
sional space has three degrees of freedom. A 
system composed of three particles has 9 de¬ 
grees of freedom; for it takes nine independent 
coordinates to specify the positions of the 
particles in space, and their arrangement may 
therefore be changed in nine different ways. 
A single rigid body, on the other hand, has 6 
degrees of freedom, since it may have motions 
of translation in three coordinate directions 
and it may also rotate about any one of the 
three coordinate axes through its center of 
mass. Any actual motion of the body is in 
general made up of all six, its linear motion 
being the resultant of three linear components 
and its rotation the resultant of three angular 
components. Each molecule of a diatomic 
gas has 7 degrees of freedom; viz., the six just 
mentioned for the molecule as a whole (re¬ 
garded as a rigid body), and, in addition, one 
corresponding to the possible vibration of the 
two atoms toward and from each other. If the 
body is not rigid, the number of degrees of 
freedom may be virtually infinite. It should, 
however, be added that, because of restrictions 
imposed by the quantum theory, not all of 
the possible degrees of freedom can in general 
be expected to participate in changes of molec¬ 
ular energy. (See equipartition of energy.) 

(2) The number of independent variables 
in a thermodynamic system. Thus, in the 
statement of the phase rule, that number 
of variable factors such as pressure, tem¬ 
perature or concentration, which must be fixed 
to define completely the state of the system. 

(3) The number of independent meshes, 

or the number of independent cut-sets that 
may be selected in a network. 

(4) A statistic which can (by linear trans¬ 
formation if necessary) be regarded as the sum 
of squares of v independent variates is said to 
have v degrees of freedom. Thus a sample 

n 

sum of squares (x* — ^)2> where x is the 
t-i 

mean, has n — 1 degrees of freedom. By ex¬ 
tension, a statistic which depends on several 
such quadratic forms is said to have the degrees 
of freedom appropriate to the forms; e.g., the 
F-ratio, which is the ratio of two forms with vi 
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and j»2 degrees of freedom respectively, is 
spoken of as possessing v\ and v2 degrees of 
freedom. 

DEGREES OF FREEDOM, FREEZING IN 
OF. See freezing in of degrees of freedom. 

DEL. The differential operator used in vector 
analysis and sometimes also called nabla, since 
its usual symbol V is thought to resemble an As¬ 
syrian harp with the latter name. In Cartesian 
coordinates it is (id/dx + jd/dy + k d/dz). 

When applied to a scalar function it gives the 
gradient; to vectors, it can give the diver¬ 
gence or the curl. 

In the following relations <j) is a scalar; U, V 
are vectors; the asterisk (*) can be either a dot 
or a cross and, depending on that choice, A, B 
are either scalars or vectors. V * (A + B) = 
V * A -}- V * B; V * (0A) = * A -j- <t> V * A; 
V(U-V) = (Y-V)U+ (U-V)V + v X (V x U) 
+ U X (V X V); V-(U X V) =YVXU- 
U-VXVjVX (UX V) = (V-V)U-V(V-U) 
- (U- V)Y + U(V-V). If R = ix + jy + k2, 
a position vector, VR = 3; VXR = 0; 
U VR = U. 

There are six possible combinations where the 
operator is applied twice, although two of them 
equal zero identically. They are: (1) V2<£, the 
Laplacian; (2) V2V; (3) V(V-V); (4) VX 
(V X V) = V(V-V) - V-VV; (5) V X V* = 0; 
(6) V-V X V = 0. 

DE LAVAL TURBINE. A single-stage im¬ 
pulse turbine. In order to have a reasonable 
efficiency a de Laval turbine must operate at 
a very high rotational speed (of order of 
15,000 rpm). 

DELAYED ELASTICITY. See elasticity, de¬ 
layed. 

DELAYED NEUTRONS. See neutrons, de¬ 

layed. 

DELAY LINE. An electrical network used to 
hold back for a definite time the passage of a 
signal applied to the input terminals, but 
which thereafter transmits the delayed signal 
without distorting it. 

DELAY TIME. The response of a Kelvin 

material to a step function of stress, of am¬ 
plitude <T0, is a strain which varies with time 
according to 

<(0 - - (1 - e-1') 
m 

where m is the modulus and r is a constant 
known as the delay time. When a more general 
material is represented by a sequence of Kelvin 
elements in series, the associated sequence of 
delay times, r,-, gives the discrete delay time 
spectrum. For such a material, step function 
stressing gives the response: 

€ = *0 E — (1 - e~tlT<). 
i rm 

General linear viscoelastic behavior corre¬ 
sponds to the continuous generalization of this: 

L(r) is then the retardation spectrum, some¬ 
times expressed in terms of the variable In r 
instead of r. 

DELOCALIZATION ENERGY. The re¬ 
moval of the wall separating two identical 
boxes containing equal numbers of electrons 
lowers the zero point energy of the system. 
In the simplest one-dimensional case, the 
kinetic energy levels, which were given for each 
box by the sequence k2{h2 /8 ml2), become 
k'2{h2/8m(2l)2) for the united box. k and k' 
are whole numbers, l is the length of the primi¬ 
tive box, h, the Planck constant and m, the 
mass of the electron. Each level can be oc¬ 
cupied by two electrons. The respective zero 
point energies, before and after the removal of 
the box, are therefore 

2 • (22 + 42 + 62 -1-)(h2/4m(2l)2) 

and 

(l2 + 22 + 32 + 42 + • • -)(h2/4m(2l)2). 

The increased mobility of the ^-electrons 
along a skeleton molecule with conjugated 
double bonds leads to an analogous lowering 
of the heat of formation, i.e., to an increased 
stability of these molecules. This effect is 
usually called the delocalization effect, and the 
corresponding decrease in energy is called the 
delocalization, or enlargement energy. 

DELTA (a). In the theory of the slowing 
down of fast neutrons through collisions with 
matter, the parameter 

<Tg{kT) 
A = 2 
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gives the relative importance of capture to 
moderating power. as is the high-energy scat¬ 
tering cross-section of the material, oa(kT) is 
the value of the capture cross-section at E = 
kT, k being Boltzmann’s constant and T the 
moderator temperature, and p is the ratio of 
neutron mass to atom mass. 

DELTA FUNCTION. Commonly written as 
8(a;), it lies outside the usual scope of function 
theory. It can be defined by the relation 

4>(x)8(x — x0)dx = 4>{x0) 

where <f>(x) is continuous and a < x0 < b. It 
can thus be thought of as a function which is 
zero for every value of x except the origin, 
where it is infinite in such a way that 

b 

8(x)dx = 1, a < 0 < b. 

The delta function has played an important 
role in mathematical physics and applied 
mathematics since it can be used to represent 
idealizations such as point charge, or point 
load, which lead to Green’s functions of the 
differential equations representing various 
field theories. Analysis using delta functions 
has been put on a sound mathematical basis 
by L. Schwartz in his theory of distributions 
(see distribution theory). 8(x) can be consid¬ 
ered as the derivative of the Heaviside step 

function H (x). 

DELTA OPERATOR. See delta function. 

DELTA-SQUARE PROCESS. Let ah ai+1, 
ai+2 represent three consecutive terms in a 
sequence, possibly three consecutive approxi¬ 
mations to a root of an equation obtained by 
Newton’s method, Bernoulli’s method, or some 
other. In many situations, when the sequence 
has a limit, then a* — (Aa^/A2^ will be much 
closer to this limit than will al+3. Here A repre¬ 
sents the difference operator. If the ap¬ 
proach is geometric, that is, if at- = a + ap\ 
then this gives the limit a exactly. 

The formula can be derived by assuming the 
above form for at- and solving for a. A some¬ 
what more general formula in terms of a,-, 
at+i, at+2, a,+3, al+4 can be obtained on the 
assumption that Oj = a + aiPi* + «2p2l- The 
result has a meaning even when |p| > 1, hence 
the method is sometimes effective for summing 

divergent series. Generalizations have been 
developed by Shanks and by Wynn. 

DELTA WING. A wing whose plan form is 
an isosceles triangle with its line of symmetry 
parallel to the direction of flight. If the apex 
angle is small, the pressure distribution and 
lift may be estimated from the theory of wings 
of small aspect ratio. For larger apex angles 
it is necessary to use the more general lifting 
surface theory. In their usual forms, however, 
both these theories neglect the effects of sep¬ 
aration at the leading edges. These separa¬ 
tions often have important effects on the real 
flow. 

DEMAGNETIZING FIELD. A body of mag¬ 
netic material subject to an applied mag¬ 
netizing force Ha is acted upon by a net mag¬ 
netizing force, 

H = Ha - AH 

where the demagnetizing field AH is inter¬ 
preted as being due to the poles induced on 
the surface of the body. In the case of a per¬ 
manent magnet with Ha = 0, the demagnetiz¬ 
ing field is readily seen to be the field of the 
magnet itself, which always has such a direc¬ 
tion as to oppose the magnetization. The ex¬ 
istence of a demagnetizing field is a necessary 
consequence of the fact that energy is stored 
in the field external to the magnetized body, 
and that the sum of this energy and the in¬ 
ternal energy must be minimized at equilib¬ 
rium. The demagnetizing field is approxi¬ 
mately proportional to the magnetization, M. 

AH = N M. 

The proportionality factor N is called the 
demagnetizing factor, and depends primarily 
on the shape of the body. 

DEMAGNETIZATION, ADIABATIC. See 
adiabatic demagnetization. 

DEMAGNETIZATION CURVE. The por¬ 
tion of the hysteresis loop that lies in the sec¬ 
ond quadrant. 

DEMAGNETIZATION FACTOR. See de¬ 
polarization factor; demagnetizing field. 

DE MOIVRE IDENTITY. A useful and 
easily proved rule (see complex number) for 
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raising a complex number to an integral 
power, namely, 

{r(cos 0 + i sin 0)}" = r"(cos nd + i sin nO); 

in other words, re'6 = rne'n6. 

DE MOIVRE-LAPLACE THEOREM. A 
particular case of the central limit theorem 

applied to the binomial distribution. If ir is 
the probability of success the observed propor¬ 
tion p of successes in n independent trials 
tends, for large n, to be distributed in the 
normal (Gaussian) form with mean and vari¬ 

ance 7T (1 — 7r )/n. 

momentum with eigenvalue j(j + l)h2, the z- 
component of the total angular momentum 
with eigenvalue mH, and any other operators 
whose eigenvalues are designated by a; then 
the matrix having as its elements 

Pajm.a'j'm' = Ama*AmSj' 

is known as the density matrix. It is the 
quantum mechanical counterpart of the clas¬ 
sical ensemble density. 

DENSITY, NEUTRON. The neutron density, 
N{r,t) is generally defined as: 

DENSE. A subset T of a metric space S is 
dense in 5 if every element of S is the limit 
of a sequence of elements in T. 

DENSITY. (1) The ratio of mass m to vol¬ 
ume V in a homogeneous system: 

p = m/V. 

In an inhomogeneous system, the density at a 
point is given by 

p = lim dm/dV 

if the system can be treated as a continuum. 
(2) In length-force-time systems of units, the 
term density is sometimes used to denote 
weight per unit volume, rather than mass per 
unit volume. (3) By analogy, the ratio of 
the number of particles or total amount of 
such a quantity as energy or momentum, car¬ 
ried by or contained in a volume to that vol¬ 
ume. Thus one speaks of energy density, 
luminous density, electron density, charge 
density, etc. (See entries following.) 

DENSITY, DIFFUSE. A quantity defined as 
the logarithm of the reciprocal of the diffuse 
transmittance. (See transmittance, diffuse.) 

DENSITY, ENSEMBLE. See ensemble 
density. 

DENSITY, LUMINOUS. The luminous en¬ 
ergy found in a unit volume of space. 

DENSITY MATRIX. If a system can be de¬ 
scribed by the quantum mechanical wave 
function 

* = Z AmaiUmai, 
ajm 

where the Uma3 constitute a complete, orthog¬ 
onal set of eigenfunctions of the total angular 

N(r,t) -f-/ dQN(r,E,Q,t) 

where the angular density N(r,E,Q,t) is defined 
under flux, neutron, angular. 

DENSITY OF MOBILE CHARGES IN 
SEMICONDUCTOR. If the density of con¬ 
duction electrons in a non-degenerate conduc¬ 
tion band (see degenerate conduction band) 
of a crystal is sufficiently low for mutual inter¬ 
actions to be neglected, the equilibrium value 
of this density, ne, can be obtained by integra¬ 
tion of the expression for the density of quan¬ 
tum states over the Fermi-Dirac distribution. 
This gives 

2(2Trme*kT)* 

-T5-exP [(«*- ~ <c)/kT] 

where eF is the Fermi level, ec is the energy 
at the bottom of the conduction band, me* is 
the effective mass of the electron, T is the abso¬ 
lute temperature, and h and k are the Planck 
and Boltzmann constants. In obtaining this 
expression, it is assumed that eF — ec » kT. 

The same relation may be used for obtaining 
the density of electron “holes” in a crystal, 
except that (e„ — eF) must now be substituted 
for (eF — ec). (ev is the energy at the top of 
the valence band; me* represents the effective 
mass of the hole.) 

DENSITY OF QUANTUM STATES IN CON¬ 
DUCTION BAND. If, in a non-degenerate 
conduction band (see degenerate conduction 
band), a crystal of volume Q.v contains v(<) de 

quantum states with energies between ec -f < 

and ec + e + de (ec is the energy of the bottom 
of the conduction band), then, for small «, the 
following asymptotic relation holds 
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2y. 

' ‘  -v—' 
where me* is the effective mass of the electron, 
and h is Planck’s constant. 

DENSITY, SCALAR. See scalar density. 

DENSITY, SPECULAR. The logarithm of 
the reciprocal of the specular transmittance. 
(See transmittance, specular.) 

DENUMERABLE. A synonym of countable. 

DENUMERABLE SET. See cardinal. 

DEPARTURE. Any course and distance 
made good by a ship in a given time may be 
resolved into two components at right angle 
to each other, one in the north-south direction, 
known as the difference of latitude, and the 
other in the east-west direction, known as the 
departure. Because of errors in the methods 
available for determining the course and dis¬ 
tance made good by the ship, one may assume 
in most calculations that the earth is a sphere. 
With this assumption, and with the distance 
expressed in nautical miles, the north-south 
component is the difference of latitude in 
minutes of arc. 

Departure cannot be directly expressed as 
a difference of longitude, for it is measured 
along a small circle parallel to the equator. 
In the figure s' is a departure measured in 

nautical miles along a parallel of latitude 4>. 
The arc s, on the equator, represents the differ¬ 
ence of longitude, measured in minutes of arc 
on the equator, or in nautical miles. Referring 
to the figure, it is seen that s' is shorter in 
length than s. If r is the radius of the small 
circle in latitude <f>, and R is the equatorial 

radius of the earth, then r/R = cos <f>. The 
length of an arc, in units of linear measure, is 
proportional to the radius of the arc. Hence 
s'/s — r/R = cos 4>. s' is referred to as the 
departure, expressed in nautical miles. Also 
s' = s cos cf>. 

DEPOLARIZATION FACTOR OR DE¬ 
MAGNETIZATION FACTOR. The factor 
N relating the depolarization field E to the 
polarization P of the specimen, by the relation 
E = — iYP. For example, the depolarization 
factor for a sphere is 47r/3 about any axis. 
For a circular cylinder (long) it is 2w about a 
transverse axis, and 0 about a longitudinal 
axis. For a thin slab, it is about a normal 
axis, and 0 about an axis in a plane of the 
slab, etc. All the factors are given in unra¬ 
tionalized units. 

DEPOLARIZATION FIELD. When an elec¬ 
tric or magnetic field is applied to a macro¬ 
scopic specimen, the field acting on a given 
atom contains a contribution due to the 
charges or poles induced on the surface of the 
specimen. This field opposes the external ap¬ 
plied field, and hence tends to reduce the 
polarization of the material. 

DEPTH, EFFECTIVE. The distance be¬ 
tween centroids of the top and bottom flanges 
of a beam. When the web is designed to carry 
the shear so that the flanges must carry the 
entire bending moment, the effective depth 
multiplied by the area of one flange and by the 
yield stress gives the moment carrying-capac¬ 
ity for a symmetric beam. 

DEPTH OF FIELD. In photography the 
term depth of field refers to the distance over 
which satisfactory definition is obtained when 
the lens is in focus for a certain distance. If, 
for example, a lens is in focus for an object at 
a distance of 25' and the definition is satisfac¬ 
tory on objects from 20-40', the depth of field 
extends from 20-40'. Depth of field is fre¬ 
quently but incorrectly termed depth of focus, 
wrhich is the range of image distances corre¬ 
sponding to the range of object distances cov¬ 
ered by the depth of field. 

The depth of field depends upon: 1. The 
standard adopted for “satisfactory” definition. 
2. The distance of the plane on which the lens 
is in focus. 3. The focal length of the lens. 
4. The relative aperture (//number). So far 
as the last three are concerned we may note 
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(1) that the depth of field increases with the 
distance of the plane on which the lens is in 
focus and (2) that it becomes less as the focal 
length or (3) as the aperture increases. 

Let 03) 02, Oi represent an object, parts of 
which are at different distances from the lens 
L. Suppose the lens to be focused on 01( a 
point image Ii will be formed on the focusing 
screen, or sensitive plate. With the focusing 
screen, or the sensitive plate, at this point it is 
clear that the image of 02 is formed at I2 be¬ 
hind the screen and that of 03 at Z3 in front of 
the screen. In other words, the position of the 
image point varies with the distance of the 
object point and the lens cannot produce a 
point for point image upon a plane surface, 
such as the sensitive film, unless the subject 
itself is a plane. When this is not the case, 
the image of points nearer or further from the 
lens is a circular disk rather than a point. 

Any disk, however, will appear to the eye 
as a point if the viewing distance is sufficiently 
great. At a distance of 10", for example, a 
circle with a diameter of Y100" appears as a 
point to the average eye. On an angular basis 
this corresponds to about 2 minutes of an arc. 

Since any unsharpness in any part of the 
negative is increased when an enlargement is 
made, the disk, or circle of confusion, in an en¬ 
largement is equal to the diameter of the disk 
in the negative multiplied by the degree 
(times) of enlargement. Thus, if the largest 
circle allowable for sharp definition is assumed 
to be Vioo" and the print is a 5X enlargement, 
the maximum diameter of the circle of confu¬ 
sion in the negative is Koo X 5 or %oo" and 
the depth of field should be calculated accord¬ 
ingly. 

If it is assumed that the viewing distance is 
the distance at which the proper perspective is 

obtained, i.e., a distance equal to the focal 
length of the lens, then the circle of confusion 
can be expressed as a fraction of the focal 
length of the lens. The value generally used is 
0.00058 or Yn 20 of the focal length. 

If u is the distance focused on, 6 is the angu¬ 
lar size of circle of confusion (Yn 20 of the 
focal length), and r is the effective diameter 
of lens or the focal length divided by the 
//number, then the nearest point sharply de¬ 
fined in front of the plane in focus is 

u2 tan 6 

t -j- u tan 6 

and the greatest distance beyond the plane in 
focus is 

u2 tan 6 

t — u tan d 

Tables of depth of field are included in most 
camera manuals and in reference books. 

DERIVATIVE. The derivative f(z) of a 
function f(z) of a complex variable is the 
limit, provided it exists and is independent, of 
the path by which z approaches z0, of the dif¬ 
ference-quotient, thus, 

f'(z) = lim 
/(*) ~ /Oo) 

z — z0 

the derivative of a real function being defined 
analogously. 

If u = f(x, y, z, • • •) is a function of several 
variables, the derivative of u calculated with 
respect to one of the variables, the others being 
kept constant, is called a partial derivative of 
u. The partial derivative of u with respect to x 
■ . . , du 
is written in the forms — , ux. In case each of 

the variables x,y, z ■ • • on which u depends is 
itself a function of a single variable t, then 

du 

dt 

du dx du dy 

dx dt dy dt 

du dz 

dz dt 

which is called a total derivative of u. (See 
also directional derivative.) 

DERIVATIVE CONTROL. See control pro¬ 

portional, derivative and integral. 

DERIVATIVE, COVARIANT. See covariant 
derivative. 

DERIVATIVE, DIRECTIONAL. If u is a 

unit vector, the quantity u-V<£, its scalar 
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product with the gradient of a scalar func¬ 
tion, is the rate of change of <f> in the direction 
of u or the directional derivative of <f>. 

DERIVATIVE, HELMHOLTZ. See Helm¬ 
holtz derivative. 

DERIVATIVE OF TENSOR FIELD, CO¬ 
VARIANT. See covariant derivative of ten¬ 
sor field. 

DERIVATIVE, PARTIAL. See partial de¬ 
rivative. 

DERIVATIVE, TOTAL. See derivative. 

DERIVED SET. The derived set of a given 
point set is the set of its limit points. 

DESCARTES RULE OF SIGNS. The num¬ 
ber of positive real roots of the algebraic equa¬ 
tion a,oXn + aixn_1 -f • • • + a„_!X + a„ = 0 
is equal to the number of changes of sign in the 
sequence of coefficients a0, ai} • • •, an_i, an or 
is less by an even number. The number of 
negative real roots is equal to the number of 
changes of sign in a0, —ai, a2, —a3, • • •, or less 
by an even number. A special case of the 
Budan theorem. 

DESCRIPTIVE GEOMETRY. The represen¬ 
tation on the two-dimensional Euclidean plane 
of three-dimensional objects. The subject 
was essentially invented and much developed 
by Gaspard Monge about 1795. 

DESIGN DIAMETER. See blade, twisted. 

DESIGN LIFT COEFFICIENT. See thin- 

airfoil theory. 

DESIGN OF EXPERIMENTS. The design of 
experiments is the science of obtaining unam¬ 
biguous results of the highest possible accuracy 
from experiments on variable material. The 
variability is taken account of in the results 
by assessing standard errors and fiducial or 
confidence limits for the estimates derived 
from an experiment. Three main principles of 
experimental design may be distinguished: 

1. Replication. Any treatment must nor¬ 
mally be applied to more than one experi¬ 
mental unit. This provides greater accuracy 
than can be obtained from a single observation, 
since the experimental errors tend to cancel 
each other; it also provides a measure of the 
experimental error derived from the variabil¬ 
ity between replicates. 

2. Randomization. The decision as to which 
experimental unit shall receive which treat¬ 
ment should include a random element. This 
is designed to ensure that every treatment 
shall have its fair share of the particularly 
favorable and the particularly unfavorable ex¬ 
perimental units. 

3. Local Control. Any structure in the 
properties of the experimental units should be 
utilized fully. Thus if the units fall into rela¬ 
tively homogeneous groups (neighboring plots 
in a field, animals from the same litter, etc.) 
comparisons between treatments should be 
made as far as possible between units in the 
same group. 

(For particular designs embodying these 
principles, see randomized blocks, latin 
squares, lattice designs, balanced incomplete 
blocks, partially balanced incomplete blocks, 
Youden squares; see also factorial experi¬ 
ments.) 

DESLANDRES TABLE (OF A BAND SYS¬ 
TEM). See band system. 

DESTRUCTION OPERATOR. See creation 
and annihilation operators. 

DETAILED BALANCING, PRINCIPLE OF. 
A principle which states that in equilibrium 
the number of processes which destroy a situa¬ 
tion A and produce a situation B is equal to 
the number of processes which destroy B and 
produce A. This principle is often valid, but 
not always; in the presence of a magnetic 
field, for instance, it does not hold for all 
processes A and B. It was called by Tolman 
the principle of microscopic reversibility and 
plays an important role in the derivation of 
the Onsager relations. 

DETECTION OF TABULAR ERRORS (BY 
MEANS OF DIFFERENCES). This method 
is based upon the following table, readily veri¬ 
fied and extended: 

v ?y ^y 

0 o 
0 e 

0 
0 o 
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This shows that the effect of small errors be¬ 
comes accentuated progressively in the col¬ 
umns of differences. 

DETERMINANT. The determinant |A| of an 
n-rowed square matrix A = {(ty} is the sum 

| A | = 2(±)aitla2,-2 • • • anin 

of the n! products aUla2i2 ■ ■ • a„,n where 

i\, • • ■ in is a permutation of the integers 
1,2, • • • n, the plus sign being taken if the 
permutation is even, and the minus sign if it is 
odd (see permutation, even or odd). Thus, 
if n = 2, 

[Oil, «12 ] . . 
A = , then \A | = ana22 — al2a2i. 

l 021, a22 J 

(For various special determinants, Fredholm, 
Gram, etc.: see under the respective names. 
See also Laplace expansion.) 

DETERMINANTAL EQUATION. The 
equation obtained by setting the value of a 
determinant equal to zero. 

DETERMINANTAL WAVE FUNCTION. 
For a system of N non-interacting particles a 
wave function which is antisymmetric with 
respect to interchange of any two particles is 
given in terms of the one particle wave func¬ 
tions by the determinant: 

^ = T|*.(ry)l, 

where <Mu) is the U entry in the determinant, 
and represents the ;th particle in the ith one 
particle wave function. For a system of iden¬ 
tical particles of half-integral spin (fermions) 
the total wave function of the system (space 
and spin) must be antisymmetric with respect 
to interchange of the particles. 

DETERMINANT, SLATER. See Slater de¬ 
terminant. 

DETERMINATE STRUCTURE. A static 
structure is said to be determinate or statically 
determinate when the support reactions and 
the forces and moments at each section of each 
bar are uniquely determined from the applied 
loads by statics alone. Forces and moments 
therefore are independent of the properties of 
the materials employed. Also, once the load 
carrying capacity of any member is reached, 
the structure will fail. (See indeterminate 
structure.) 

DETERMINATION, COEFFICIENT OF. 
The square of the (product-moment) correla¬ 

tion coefficient between two variables. More 
generally, the square of the multiple correla¬ 
tion coefficient between one variate and a set 
of others. 

DETONATION. The process of propagating 
the reaction front in a combustible mixture 
which occurs at a very high velocity and dur¬ 
ing which heating and ignition are done by a 
shock wave which is created ahead of the com¬ 
bustion front. Detonation is the character¬ 
istic mode of combustion which occurs, among 
others, in explosives. 

DEVELOPABLE (SURFACE). A surface 
that can be rolled out, without stretching or 
shrinking, onto a plane; it may be defined as 
a surface whose total curvature vanishes 
everywhere; it is the envelope of a one-param¬ 
eter family of planes. It is also called a torse. 

DEVELOPABLE, OSCULATING (OF A 
TWISTED CURVE). The envelope of the 
osculating planes of the curve. 

DEVELOPABLE, POLAR (OF A TWISTED 
CURVE). The envelope of the normal planes 
of the curve. 

DEVELOPABLE, RECTIFYING (OF A 
TWISTED CURVE). The envelope of the 
rectifying planes of the curve. 

DEVIATE, DEVIATION. The deviation of 
x from a is defined as x — a. 

If a is the mean, x — a is the deviation from 
the mean (not the mean deviation). The ab¬ 
solute value of the deviation of x from a is 
\x — a|. 

If x is a variate, the value x — a is often 
described as a deviate, especially if a is the 
mean. 

If P is a probability and Fix) the distribu¬ 

tion function of a variate x, the variate y de¬ 
fined by 

is called the equivalent deviate of x. y may 
be regarded as a transformed variate. In par¬ 
ticular, if F{x) is the distribution function of a 
normal variable, y is called the normal equiva¬ 
lent deviate (N.E.D.). 
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DEVIATING FORCE. See geostrophic 

force. 

DEVIATION. (1) See deviate, deviation. 
(2) The angle through which a ray or beam 
of radiation is bent by diffraction or refrac¬ 
tion. (See angle of deviation.) 

DEVIATION, ANGLE OF. See angle of 
deviation. 

DEVIATION LOSS, ANGULAR. Of a trans¬ 
ducer used for sound emission or reception, 
an expression, in decibels, of the ratio of the 
reference response observed on the principal 
axis to the transducer response at a specified 
angle from the principal axis. (See also direc¬ 
tivity pattern.) 

DEVIATION, MINIMUM ANGLE OF. The 
angle of deviation of a prism (not necessarily 
triangular) is a minimum if the entrant and 
exit rays make equal angles with the entrant 
and exit surfaces of the prism. This angle is 
of particular interest in prism spectroscopes 
because it can be easily determined and a 
simple formula connects the angle A between 
the planes of the entrant and exit surfaces, the 
angle of minimum deviation D, and the index 
of refraction n of the prism, 

n sin \A — sin §(A -f D). 

If A is small then D = (n — 1)A. At the 
angle of minimum deviation the resolving 
power is independent of A. 

DEVIATOR. See stress deviator; strain devi¬ 
ator. 

DEWAR STRUCTURES. See benzene, 
structures of. 

DEW POINT. The temperature at which 
the actual content of water vapor in an at¬ 
mosphere is sufficient to saturate the air with 
water vapor. If the atmosphere contains 
much water vapor the dew point is higher 
than in the case of drier air, so that the dew 
point is an indication of the humidity of the 
atmosphere. (See also combustion.) 

DIACAUSTIC. A caustic produced by re¬ 
fraction. 

DIAGONAL. Any inclined web member of a 
truss other than the end post is known as a 
diagonal. Under various live load conditions 
certain web members of a bridge truss may 

be subjected to a reversal of stress. Stiff 
diagonals are web members designed to carry 
either tension or compression. Tension diag¬ 
onals are assumed to be incapable of resisting 
any appreciable amount of compression. 

When the diagonals are designed to take 
tension only (are not stiff) two are required, 
sloping in opposite directions, in a panel where 
either one, acting alone, would have its stress 
reversed. When one of these diagonals is act¬ 
ing the other is out of action for all practical 
purposes. The one which carries the dead 
load stress when no other loads are on the 
bridge is called the main diagonal. The other 
which comes into play when the main diagonal 
goes out of action is the counter. 

DIAGONAL MATRIX. See matrix. 

DIAGONAL TENSION. The shear stresses 
in the web of a beam are equivalent to tension 
in one 45-degree direction and compression in 
the other. Concrete must be reinforced to 
carry this tension. Thin webs of metal may 
buckle in compression unless they are stiffened 
by horizontal, vertical or diagonal stiffeners. 
(See tension field.) 

DIAGRAM EFFICIENCY. See blade effi¬ 
ciency. 

DIAGRAM FACTOR. Ratio of area of the 
real indicator diagram of a reciprocating en¬ 
gine to its ideal value obtained from an ideal¬ 
ized diagram. It is equal to the efficiency 
ratio, r)r. 

DIALYTIC. Given two equations for one un¬ 
known, namely f(x) — a0xn + —b 
o„ = 0, and g{x) = b0xm + biX™-1 -1-bm 
= 0, let it be required to find the condition 
on the coefficients a,-, bj that these equations 
may be consistent, i.e., may have a common 
root. The Sylvester dialytic method consists of 
regarding them as linear homogeneous equa¬ 
tions in the various powers, including the 
zeroth, of x. Then multiplying both equations 
by x gives two new equations with only one 
new unknown. This process is continued until 
the number of equations is equal to the number 
of unknowns. Setting the determinant of 
this system of equations equal to zero gives the 
desired result. 

DIAMAGNETISM. In diamagnetic materials 
the magnetic susceptibility, x> is negative and 
the relative permeability, n, is less than 1. 
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Unlike paramagnetic materials, whose atoms 
or molecules have a net magnetic moment, the 
atoms or molecules of a diamagnetic material 
have zero magnetic moment in the absence of 
an external applied field. With the applica¬ 
tion of an external magnetic field a net dipole 
moment, opposing the field, is induced in the 
atoms or molecules. In paramagnetic mate¬ 
rials there is also a diamagnetic effect but it 
is much weaker than that of the paramag¬ 
netism. 

DIAMAGNETISM, LANGEVIN - PAULI 
FORMULA. The equation for the diamag¬ 
netic susceptibility for an assembly of N atoms 
per unit volume is 

where r2 is the mean square radial distance of 
the electrons from their nuclei, and Z is the 
atomic number, e and m are the electronic 
charge and mass respectively, and c is the 
velocity of light. This formula was originally 
derived classically by Langevin, and corrected 
quantum-mechanically by Pauli. (See also 
Langevin theory of diamagnetism.) 

DIAMAGNETISM OF CONDUCTION 
ELECTRONS, ORBITAL. See orbital dia¬ 
magnetism of conduction electrons. 

DIAPOINT. The diapoint of a ray in an 
axially symmetrical optical system is defined 
as the intersection of the image ray with the 
plane that passes through an object point and 
the axis; in the case of a meridional ray, the 
diapoint is the sagittal focus. M. Herzberger 
has shown that this is a unifying conception 
in geometric optics, and in particular leads to 
a simple development of Gullstrand’s first- 
order theory for a normal congruence. 

DIATHERMAL WALL (ALSO ADIATHER- 
MAL, DIATHERMANEOUS). A perfect 
heat conductor; assuring equality of tempera¬ 
ture on both sides of it. Since in a rigorous de¬ 
velopment of the principles of thermodynamics 
it is necessary to introduce the concept of a 
diathermal wall before the concept of heat, 
it is necessary to adopt the following alterna¬ 
tive definition. If two closed systems are 
placed in contact (i.e., interact) through a 
diathermal wall, their states cannot be varied 
independently of one another. If the state of 
one system is changed, then in general, the 

state of the other system will also change; the 
systems are coupled. If the state of one sys¬ 
tem is described by k properties xt and the 
state of the other system is described by l 
properties yt, then coupling the two systems 
with the aid of a diathermal wall implies a 
functional relationship 

/(*i» *2, • • •, *i, • • • xk; 

Vu 2/2, • • •, Vi, ■ ■ ■ Vi) = 0. 

The number of degrees of freedom (independ¬ 
ent properties) of the combined system is now 
k -f- l — 1. (See adiabatic wall.) 

DIATHERMANEOUS WALL. See diather¬ 
mal wall. 

DIATOMIC GAS, DISSOCIATION OF. See 
Saha equilibrium formula. 

DIATOMIC MOLECULES, NON-CROSS¬ 
ING RULE. See non-crossing rule for the 
potential curves of diatomic molecules. 

DIATOMIC MOLECULES, PARTITION 
FUNCTION OF. A function which consists 
to a fair approximation of four factors, relat¬ 
ing respectively to the translational, vibra¬ 
tional, rotational, and electronic degrees of 
freedom. (See partition function.) 

DIATOMIC ROTATOR, ENERGY LEVELS 
OF. See rigid diatomic rotator, energy levels 
of. 

DICHROIC. (1) A medium is dichroic if it 
transmits light of different colors depending 
on either the thickness traversed or on the 
concentration of the coloring matter in the 
medium. (2) A medium is dichroic if the 
reflected light is of a different color than the 
transmitted light. (3) A crystal is dichroic 
if it is pleochroic with respect to exactly two 
axes. 

DICHROISM, CIRCULAR. See circular 
dichroism. 

DIDO’S PROBLEM. The original problem 
of Dido appears to have been that of finding 
the curve of given length which encloses a 
maximum area, the answer being a circle. The 
problem which is important in the calculus of 
variations (see variations, calculus of), has 
been generalized in various ways; e.g., by 
asking that the curve enclose a field of maxi- 



229 Dielectric — Dielectric Dissipation Factor 

mum value, where the fertility varies from 
point to point. 

DIELECTRIC. A material characterized by 
its relatively poor electrical conductivity, 
hence an insulator. 

DIELECTRIC, ANISOTROPIC. A dielectric 
medium in which the dielectric constant de¬ 
pends upon the direction along which the elec¬ 
tric field is applied. This property is displayed 
by various crystalline substances and by an 
ionized gas in a magnetic field. 

DIELECTRIC BOUNDARY FORMULAS. 
Let two different dielectric media, numbered 
1 and 2 respectively, meet at a surface S with 
unit normal n drawn from medium 1 into 
medium 2. If Ei and E2 are the respective 
electric vectors and Dx and D2 the respective 
electric displacement vectors in these media, 
then the following relations are satisfied at S: 

n X (E2 - Ex) =0, n- (D2 - DO = u 

where co is the surface density of free charge 
distributed over S. 

DIELECTRIC CAVITY FIELD. See cavity 
field in a dielectric. 

DIELECTRIC CONSTANT. (1) The abso¬ 
lute dielectric constant is identical with the 
permittivity e, and is the ratio of the electric 
field strength E to the electric displacement 
D. In isotropic media € is a scalar, in aniso¬ 
tropic media e is a tensor (see constitutive 
equations). The absolute dielectric constant 
may also be defined through the Coulomb law 
for two charges (qq and q2) immersed in a 
homogenous and isotropic dielectric medium 
that extends in all directions to distances much 
greater than r, the distance between the 
charges: F = qiQ^/Tjrer2 in rationalized units. 
In non-rationalized units, the corresponding 

expression is F — qiq-i/tr*- 
(2) The relative dielectric constant is 

the ratio of the absolute dielectric constant 
for a medium to that for free space («/«<>)• 
In the esu system of units the relative and 
absolute dielectric constants are the same. 

Whereas for static fields the dielectric con¬ 
stant is a real number, for periodic fields, it is 
usually a complex quantity (see dielectric 
constant; electrical displacement in dielec¬ 
trics). Debye has shown that, if in a static 
field, equilibrium is reached exponentially in 

time, then 

1 — iwr 

«(oj) is the dielectric constant in a periodic 
electric field E = E0 cos u>t. ex and e„ are the 
limiting values of £(«) for very large and zero 
frequencies, respectively, r is the relaxation 
time of the dielectric. (See also Kirkwood 
formula for the static dielectric constant; 
Debye equation for the dispersion of the di¬ 
electric constant.) 

DIELECTRIC CONSTANT, COMPLEX. 
The ratio of the static capacitance C of a 
capacitor filled with a dielectric medium to its 
geometrical or vacuum capacitance is C/C0 
= e/e0 = k, where e and e0 are the permittivi¬ 
ties of the medium and of free space, respec¬ 
tively, and k is the relative dielectric con¬ 
stant. If the medium is dissipative (either 
because it is not a perfect insulator, so that 
real currents can flow through it, or because 
there is frictional resistance to induced polar¬ 
ization currents), the a-c behavior of the 
capacitance is equivalent to that of a resist¬ 
ance in parallel with a capacitance. The effect 
of this resistance can be incorporated into the 
dielectric constant, which then becomes a com¬ 
plex quantity denoted by k* = e*/e0, which 
can be written as k* = k' — jk". The imag¬ 
inary coefficient (k") is called the loss factor, 
tan 8 = k"/k' is called the loss tangent, and 8 
is called the loss angle. 

DIELECTRIC CONSTANT, PLASMA. A 
plasma in a magnetic field of magnitude B, can 
be considered to have a dielectric constant « 
given by 

Air pc2 

where p is the mass density and c is the velocity 
of light. 

DIELECTRIC CONSTANT, RELATION TO 
INDEX OF REFRACTION. See Maxwell 
relation between dielectric constant and re¬ 
fractive index. 

DIELECTRIC DISSIPATION FACTOR. 
The cotangent of the dielectric phase angle 
of a dielectric material. 
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DIELECTRIC HYSTERESIS. An effect in 
a dielectric material analogous to the hystere¬ 
sis found in magnetic materials. (See ferro- 
electricity.) 

DIELECTRIC, INVERSION FIELDS IN. 
See inversion fields in dielectrics. 

DIELECTRIC, ISOTROPIC. A dielectric 
medium in which the dielectric constant is 
independent of the direction of the applied 
field. 

DIELECTRIC LOSS ANGLE. See dielectric 
constant, complex. 

DIELECTRIC PHASE ANGLE. The an¬ 
gular difference in phase between the sinu¬ 
soidal alternating voltage applied to a dielec¬ 
tric and the component of the resulting al¬ 
ternating current having the same period as 
the voltage. 

DIELECTRIC POWER FACTOR. The 
cosine of the dielectric phase angle. 

DIELECTRIC, REACTION FIELD IN. See 
reaction field in a dielectric. 

DIELECTRIC RELAXATION. That part of 
the dielectric constant of a solid which de¬ 
pends on the orientation of the dipole moments 
of the molecules is subject to the phenomenon 
of relaxation. A certain time is required for 
the assembly of dipoles to come into equilib¬ 
rium with the applied field. (See relaxation 
and related entries.) 

DIELECTRIC, SELF ENERGY IN. See self 
energy in a dielectric. 

DIELECTRIC STRENGTH. The maximum 
potential gradient (electric field strength) 
that a material can withstand without rupture. 

DIESEL CYCLE. See diesel engine. 

DIESEL ENGINE. (Also known as a com¬ 
pression-ignition engine.) A type of recipro¬ 
cating internal combustion engine in which 
air is induced into, and then compressed nearly 
adiabatically in a cylinder by a piston moving 
in it. The compression raises the temperature 
of the air to a point where the subsequent, 
timed injection of a spray of liquid fuel causes 
the latter to ignite and to burn, thus producing 
useful mechanical work. 

A diesel engine can operate either as a two- 
stroke or as a four-stroke engine. The opera¬ 
tion of a diesel engine is illustrated by the 

Fig. 1. p,V diagram of two-stroke diesel cycle. 

two-stroke cycle shown in Figure 1. In this 
case, one working stroke occurs for every one 
revolution, and the sequence of operations is 
as follows: 

0-1. Scavenging and introduction of fresh 
intake of air. 

1- 2. Compression to a temperature higher 
than ignition temperature of fuel. 

2- 3. Combustion, which occurs in some 
diesel-engine types nearly at constant 
pressure. 

3- 4. Expansion; working stroke. 
4- 0. Release. 

In a four-stroke engine, the intake of air and 
release of the burnt gases is governed by valves 

Fig. 2. p,V diagram of four-stroke diesel cycle. 

and affects only the lower portion of the dia¬ 
gram, Figure 2. Here the following operations 
occur: 
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0-1. Introduction of air. Inlet valve open. 
1- 2. Compression of air. Valves closed. 
2- 3. Combustion as before; not shown. 
3^1. Expansion. Working stroke; valves 

closed. 
4- 5. Release. Exhaust valve open. 
5- 0. Expulsion of burnt gases. Exhaust 

valve open. 

It is customary to analyze diesel engines by 
making the following assumptions: 

During the entire cycle the gas contained in 
the cylinder remains unchanged both in quan¬ 
tity and in composition. The addition of heat 
is effected by transfer from an outside source, 
instead of by combustion. The rejection of 
heat is effected by transfer to an outside sink 
instead of by expulsion of exhaust gases (dur¬ 
ing this cooling, the volume of the gas in the 
cylinder remains constant). It is further as¬ 
sumed that the gas in the cylinder obeys the 
ideal gas law (i.e., is a perfect gas) and that its 
specific heat does not vary, but is constant 
throughout the cycle. 

In this manner the efficiency of the engine 
is judged in relation to the diesel cycle shown 
in Figure 3. In it 

_ Fi = yc + Vs 

r~v2~ Vc 
denotes the compression ratio (which is a ratio 
of volumes, not pressures), and 

Vc + F,- 

is the cut-off ratio, which is a measure of the 
length of injection time. Then, the thermal 
efficiency of the cycle is given by 

where y is the ratio of specific heats cv/cv, on 
the assumption that compression and expansion 
are isentropic. 

The combustion process in a modern high¬ 
speed diesel engine does occur not even ap¬ 
proximately at constant pressure. In order 

Fig. 4. p,V diagram of dual (combustion) diesel 
cycle. 

to analyze such engines it is assumed that some 
combustion occurs at constant volume, which 
is followed by some combustion at constant 
pressure. The resulting cycle is called a dual 
(combustion) cycle, Figure 4. Its efficiency is 

_0Py ~ 1 

Vtk 7°'-1[/3 - 1 + 7^(p - 1)] 

Here d = Py/P-i is a measure of the length of 
time during which the fuel burned at constant 
volume. 

Modern engines operate on compression 
ratios in the range r = 10 to 16 or 18. There 
exist many varieties of diesel engines which 
differ from each other in their details of de¬ 
sign. At the present time the diesel engine 
has the highest overall efficiency. 

DIETERICI EQUATION. An equation of 
state relating pressure, volume, and tempera¬ 
ture of gas, and the gas constant. The 
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Dieterici equation applies a correction to the 
van tier Waals equation to allow for variation 
in density throughout a gas, due to the higher 
potential energies of molecules on or near the 
boundaries. One form of this equation is 

the derivatives or the integrals expressed ap¬ 
proximately in terms of finite differences. (See 
differentiation formulas, quadrature formulas, 
ordinary differential equations, and partial 
differential equations.) 

P = 
RT 

V - b 

e-alRTV 

in which P is the pressure of the gas, T is the 
absolute temperature, V is the volume, R is the 
gas constant, e is the natural log base 2.718 • • •, 
and a and b are constants. 

DIFFERENCE, CENTRAL. If h is the in¬ 
terval between equally spaced values of the 
argument in a difference table constructed 
from y = f(x), it is convenient to define 

«/(*) =/ 

m/(x) = \ /(x+D+(x-D_ 
A central difference, formed by the first of 
these operators, is related to a finite differ¬ 
ence by the equation 

nyni2 — A"'y(„_m)/2 

where m and n are integers, both even or both 
odd. These quantities are used near the mid¬ 
dle of a difference table, as in the Bessel and 
Stirling formulas for interpolation. 

DIFFERENCE, DIVIDED. If y0, ylf y2, 
••• are values of y = fix), corresponding to 
xo, Xi, x2, •••, not necessarily evenly spaced, 
then 

X i - Xj 

is a first-order divided difference of f{x). 
Second-order differences, third-order differ¬ 
ences, etc., are defined in a similar way, thus 
the nth order divided difference is 

[XqXi • • • Xn_i\ [X\X2 • • • Xn\ 

\XqX\ • • • xn\ = - • 

Xq Xji 

These quantities are used for interpolation of 
tabulated functions when the given data are 
unequally spaced. 

DIFFERENCE EQUATION. Any equation 
involving finite differences. The usual meth¬ 
ods for solving differential equations reduce to 
the solution of difference equations, with either 

DIFFERENCE LIMEN (DIFFERENTIAL 
THRESHOLD) (JUST NOTICEABLE DIF¬ 
FERENCE). The increment in a stimulus 
which is just detected in a specified fraction 
of the trials. The relative difference limen 
is the ratio of the difference limen to the ab¬ 
solute magnitude of the stimulus to which it 
is related. According to the Weber law, the 
relative difference limen is a constant. This 
law is only approximately true. 

DIFFERENCE NUMBER. The same as 
neutron excess. 

DIFFERENCE OPERATORS. For inter¬ 
polation based upon equally spaced points, 
most standard formulas, as well as others, can 
be developed and expressed easily in terms of 
a few difference operators which can be manip¬ 
ulated formally as algebraic quantities. In 
their definition given below it is to be under¬ 
stood that they have no existence independent 
of the functions upon which they operate. 
Understanding that Arc = h is fixed, the oper¬ 
ators are defined as follows: 

Euf(x) = fix + uh) 
[displacement operator]; 

A/(x) = f(x + h) -/(X) 

[forward difference operator]; 

V/(z) =f(x) -f(x-h) 
[backward difference operator]; 

5/(x) = f(x + h/2) - fix - h/2) 
[central difference operator]; 

2«f(*) = /(* + h/2) + f(x - h/2) 
[central mean operator]; 

Df{x) = df(x)/dx 
[differential operator]; 

Of(x) = hdf(x)/dx. 

The last operator is not in common use, but 
simplifies the writing of some formulas and 
may be called the logarithmic displacement 
operator. For functions of several variables, 
subscripts can be used to specify the variable 
with respect to which the operator acts. Thus 

Exf{x, y, • • •) = fix + h, y, - • •). 
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All operators can be defined formally in 
terms of one of them. Thus 

A = E - 1, V = 1 — E~\ E = exp 0, 

the last being the operational expression of the 
Taylor series. 

Examples of the application of these relations 
are to be found under appropriate headings, 
but the following illustration may be in order 
here. Let 

x = x0 + uh, u = (x — x0)/h, 

fix) = Euf(x 0). 

Since E = 1 + A, therefore, by the binomial 
theorem, 

and therefore, formally, taking x{ = x0 + ih, 
one has 

fix) = f(x0) + -~-X° A/Oo) 

(X - X0)(X - Xj) 

+-M-A/(X°) + 

Unless u is a non-negative integer this is an 
infinite series, but for purposes of interpolation 
the series is truncated by dropping all but the 
first several terms. If all terms are dropped 
beyond that containing A"/(^o), then there is 
retained on the right that nth degree poly¬ 
nomial that passes through the n + I points 
whose coordinates are 

XiJixi), i = 0,1, •••,», 

and the formula is Newton’s interpolation 
formula with forward differences. If one writes 
E = (1 — V)-1 and proceeds similarly one ob¬ 
tains Newton’s interpolation formula with back¬ 
ward differences: 

fix) = fix0) H-;—~ V/(x0) 

+ 

h 

ix - x0)ix - X i) 2 

2 \h2 
^2fix 0) + 

It is to be noted that the binomial coefficients 

times the symbol n(r) is used, and related to 
these polynomials are the factorial polynomials 

uir) = uiu — 1) • • • {u - r + I) = r! u(r). 

Note that 

Au(r> = ru(r~1\ A w(r) = K(r_i), 

DIFFERENTIAL. The differential dx of an 
independent variable x is itself an independent 
variable (the increment of x may be taken at 
will). The differential dy of a dependent 
variable y = f(x) is defined as the product 
dy = f'(x)dx. The differential dy is a useful 
approximation to the actual increment of y. 
Similarly, if z = f(x,y), then the differential 
dz of z (also called the total or exact differen¬ 
tial) is defined by dz = fx(x,y)dx + fv(x,y)dy, 
where fx, /„ are partial derivatives (see de¬ 
rivative ). The differential may also be defined 
for more general cases. 

DIFFERENTIAL ANALYZER. A computer, 
generally an analog computer, designed for 
the purpose of solving differential equations. 

DIFFERENTIAL EQUATION. An equation 
which relates, for each choice of the inde¬ 
pendent variable (s), the values of one or more 
dependent variables and one or more deriva¬ 
tives of each. It is an ordinary differential 
equation in case only a single independent 
variable occurs; a partial differential equation 
when there are two or more. For a dependent 
variable to be uniquely defined as a function 
of the independent variable (s), there must be 
associated a sufficient number of initial or 
boundary conditions, or a combination of both. 
(For specific differential equations, Bessel, La¬ 
place, etc., see respective names. For methods 
of numerical solution see ordinary differential 
equations, partial differential equations, ellip¬ 
tic equations, parabolic equations, and hyper¬ 
bolic equations.) 

DIFFERENTIAL EQUATIONS, BOUND¬ 
ARY VALUE PROBLEM IN. See boundary 
value problem. 

DIFFERENTIAL EQUATIONS, HOLO- 
NOMIC. See conservative force. 

/*A _ uju - 1) • • - ju - r + 1) DIFFERENTIAL EQUATIONS, NON- 

\rJ ~ r\ HOLONOMIC. See conservative force. 

are defined even when u is not a positive in- DIFFERENTIAL EQUATIONS, RHEO- 
teger, and they are polynomials in u. Some- NOMIC. See conservative force. 
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DIFFERENTIAL EQUATIONS, SCLERO¬ 
NOMIC. See eonvervative force. 

DIFFERENTIAL FORM (OF DEGREE r 
IN n-DIMENSIONS). A homogeneous poly¬ 
nomial of degree r in n differentials, e.g., dri 
or dxi (i* 1, 2, •••, ri), the coefficients in 
which are functions of xl or x{. 

DIFFERENTIAL HEAT OF MIXING. See 
heat of dilution. 

DIFFERENTIAL OPERATOR. See opera¬ 
tor; difference operators. 

DIFFERENTIAL OPERATORS, SPINOR. 
See spinor calculus. 

DIFFERENTIAL PARAMETERS, BEL- 
TAMI. See Beltami differential parameters. 

DIFFERENTIAL PROCESS. In statistics, a 
synonymous term for additive process. 

DIFFERENTIAL THEOREM. See Laplace 
transform theorems. 

DIFFERENTIATION. The process of finding 
a derivative. Logarithmic differentiation con¬ 
sists of finding the derivative of a function by 
first differentiating its logarithm. 

DIFFERENTIATION FORMULAS (NU¬ 
MERICAL). A quite general procedure for 
carrying out numerical differentiation is to 
use interpolation, or least squares, or some 
other method for approximating the function 
of interest, and then to differentiate the ap¬ 
proximating function. When the points of 
interpolation are unequally spaced one can 
use divided differences to form an interpola¬ 
tion polynomial. 

When the points are uniformly spaced, a 
number of convenient formulas can be derived 
by means of difference operators. Since 

hD = 0 = log (1 + A) = -log (1 - V), 

one obtains 

0 = A - A2/2 + A3/3- 

= V + V2/2 + V3/3 -1-, 

in terms of forward and backward differences, 
respectively. Derivatives of higher order can 
be obtained by raising to higher powers the 
expressions for d. 

Expressions in terms of central differences 
require more manipulation to obtain, but one 
finds 

6 = n[8 - 53/3! + (2!)25s/5! 

- (3 !)257/7! + •••], 

92 = 2[52/2! - 54/4! + (2!)256/6! 

- (3 !)258/8! + •••]. 

To obtain higher powers write 0s = d-d2, 04 = 
(02)2, 0° = 0-04, • • •. To apply, one truncates 
the series at some point, and if desired one can 
replace A, V, <5 and nb by their expressions in 
terms of E. 

In case the derivative is required at a point 
other than a tabulated one, say at x0 + uh, one 
must apply Eu, expressing E in terms of the 
appropriate difference operator. However, the 
error can be expected to be substantially 
greater. (See Stirling numbers.) 

DIFFERENTIATION UNDER THE INTE¬ 
GRAL SIGN. The derivative, with respect to 
the parameter, of a definite integral of a func¬ 
tion f{x, m) containing a parameter m, when 
the limits of the integral are constants a and b, 
is given by 

d rb rb df 
— I ffx, m)dx = I — dx 
dmJa Ja dm 

and when the limits of the integral are u and v, 
functions of m, by 

df dv du 
— dx + f(v, m)--f(u, m) -— 
dm dm dm 

DIFFLUENCE. The rate at which adjacent 
flow is diverging along an axis oriented normal 
to the flow at the point in question; the op¬ 
posite of confluence. A diffluence formula, 
especially useful in meteorology, is 

dvn Tr dif 
— or V — > 
dn dn 

where V is the speed of the wind, the n axis is 
oriented 90 degrees clockwise from the direc¬ 
tion of the wind vector, vn is the wind com¬ 
ponent in the n direction and \p is the wind di¬ 
rection measured in degrees clockwise from a 
reference direction. 

DIFFLUENCE REGION. A region in which 
the spacing between streamlines increases in 
the direction of flow. 
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DIFFRACTION. The deviation of the direc¬ 
tion of propagation of a wave, determined by 
its undulatory character, and occurring when 
the wave passes the edge of an obstacle, or 
through a restricted aperture. Diffraction 
phenomena are characteristic of all wave 
systems. They are found in water waves, 
matter waves (e.g., wave phenomena exhibited 
by electrons, neutrons, etc.), sound waves and 
electromagnetic waves of all frequencies. 
They produce patterns which are geometrically 
similar whenever the relation of the wave¬ 
length to the geometry of the obstacle or aper¬ 
ture is the same. (See wave, diffracted; Fres¬ 
nel diffraction; Fraunhofer diffraction; Airy 
disc; rectangular aperture; diffraction grating; 
slit.) 

DIFFRACTION, ANGLE OF. See angle of 
diffraction. 

DIFFRACTION EVOLUTE. When an ob¬ 
ject casts a shadow on a plane due to the il¬ 
lumination from a point source, the predomi¬ 
nant diffraction figure formed within the 
shadow is the evolute of the boundary of the 
shadow and so called a diffraction evolute. 
When the shadow is circular, the diffraction 
evolute is an Arago spot. 

DIFFRACTION, FRAUNHOFER. See 
Fraunhofer diffraction. 

DIFFRACTION, FRESNEL. See Fresnel 
diffraction. 

DIFFRACTION GRATING, ACTION OF 
IDEAL PLANE WAVE. A plane, monochro¬ 
matic light wave W, incident at angle i (see 
figure), reaches the slits at different times. A 

Diffraction by a plane grating. 

lens L receives the waves emerging from any 
two adjacent slits, A and B (among many 
others), after they have traveled paths differ¬ 
ing by CA + AD; that is, by S sin i + S sin 
8, in which S = AB. If the lens is so placed 
that this path difference is a whole number of 

wavelengths, nA, the successive wave-trains 
will reach it in the same phase, so that when 
they are brought to the focus F, they will be 
in synchronism and will produce a bright im¬ 
age of the distant source. Therefore any angle 
8 for which this result is possible is subject to 
the condition 

S sin i + S sin 5 = nX, 
or 

nX 
sin 8 =-sin i. 

S 

Bright images will be produced for those angles 
5 which correspond to n = 1, 2, 3, 4, • • •; the 
numbers denote the “orders” of the images. It 
is easily shown that for any order the total 
deviation (i + 8) is least when 5 — i and 
therefore when 

nX 
sin 5 -- 

2 S 

If the incident light is composed of various 
wavelengths, the corresponding images of any 
order will appear at different points, since 8 
varies with A; and the result is a spectrum. 

DIFFRACTION OF NEUTRONS, ANGU¬ 
LAR. When a well collimated beam of slow 
neutrons (whose de Broglie wavelength A is 
of the order of angstroms) falls at a glancing 
angle upon a crystal, it is preferentially scat¬ 
tered, or reflected, when the angle between the 
beam and the crystal plane, 6, obeys the 
Bragg relation 

nX = 2d sin 6 

where d is the spacing of the crystal planes 
and n is an integer. Thus slow neutrons be¬ 
have much as do x-rays in this respect, and 
have consequently been much used for the in¬ 
vestigation of crystal structure. Whereas 
x-rays are scattered most strongly by atoms of 
high atomic number Z, however, neutrons are 
scattered most strongly by protons, i.e., hy¬ 
drogen atoms. Thus, neutron and x-ray dif¬ 
fraction techniques are largely complemen¬ 
tary. In addition neutron diffraction may be 
used to study the structure of magnetic crys¬ 
tals owing to the scattering which can take 
place due to the neutron’s magnetic moment. 

DIFFRACTION PATTERNS. Interference 
patterns produced by the diffraction of light 
or x-rays by crystals, slits, liquids, and so on. 
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DIFFRACTION SPECTRUM. See spectrum, 
diffraction. 

DIFFRACTION THEORY OF ABERRA¬ 
TIONS. See Nijboer-Zernike aberration func¬ 
tions. 

DIFFUSER. A duct in which the velocity of 
a fluid is gradually reduced, with a correspond¬ 
ing increase of pressure. For an effectively 
incompressible fluid the efficiency of a diffuser 
is defined as the ratio of the actual pressure 
rise to the pressure rise calculated for the given 
shape of diffuser with an inviscid fluid. The 
simplest form of diffuser for subsonic flow con¬ 
sists of a straight tapered duct of circular sec¬ 
tion. For this case, if the subscripts 1 and 2 
refer to the inlet and outlet, respectively, the 
efficiency for an incompressible fluid is 

V2 ~ Pi 

y2pv i2 

DIFFUSE REFLECTANCE. The ratio of 
the luminous flux diffusely reflected in all di¬ 
rections (other than that of direct reflection) 
to the total incident flux. 

DIFFUSE REFLECTION. A matte surface 
is continuous but not smooth, i.e., belongs to 
class C0 but not class C\. When a matte sur¬ 
face is an interface between two media, the 
resulting reflection of light is diffuse. Inter¬ 
faces belonging to class C\ produce regular or 
specular reflections or refractions. 

DIFFUSE SERIES. Series of lines in the 
spectra of the simpler atoms, the alkalis, alka¬ 
line earths, helium, etc., corresponding to 
transitions from an upper D state to a lower P 
state. 

DIFFUSE TRANSMITTANCE. The ratio of 
the luminous flux diffusely transmitted in all 
directions (other than that of direct transmis¬ 
sion) to the total incident flux. 

where Vi is the velocity at inlet (assumed uni¬ 
form), d is diameter and p is pressure. Effi¬ 
ciencies up to about 90% can be obtained, 
with cone angles of about 6 to 8 degrees. For 
large cone angles separation occurs and the 
efficiency is much reduced. 

For a compressible fluid the efficiency of a 
diffuser is usually defined as 

Work required per unit mass of fluid for 

isentropic compression from inlet pressure 
. V\ to actual outlet pressure p2 

Kinetic energy of fluid per unit mass, at entry 

For a perfect gas this efficiency is equal to 

7-1 

(P2/P1) 7 ~ 1 

where y is the ratio of specific heats and Mx 
is the inlet Mach number. 

When the flow is supersonic at the inlet to 
the diffuser, as in a diffuser for a supersonic 
wind tunnel or an air intake for an engine in 
supersonic flight, part of the compression takes 
place through one or more shock waves. The 
efficiency can then be improved by designing 
the diffuser so that the compression is shared 
between a number of relatively weak shock 
waves instead of occurring in one strong one. 

DIFFUSION. (1) The process by which 
molecules intermingle as a result of their 
random thermal motion. In gases and in 
liquids in the neighborhood of the critical 
point, the molecular motion resembles a ran¬ 
dom walk, and the diffusion coefficient is of 
order %c\, where c is the mean thermal 
velocity of a molecule and A. is the mean free 
path of a free molecule. If the liquid is more 
highly condensed, diffusion depends on ther¬ 
mally induced movements from one stable po¬ 
sition in the local lattice to another one, as 
in diffusion of solids. Diffusion in liquids is 
extremely slow, but it may be accelerated by 
inducing a turbulent flow which mingles the 
separate components intimately and allows 
molecular diffusion to take place down greatly 
increased local intensity gradients. 

(2) The passage of particles through matter 
in such circumstances that the probability of 
scattering is large compared with that of leak¬ 
age or absorption. It is often limited to 
phenomena described by a member of the class 
of differential equations known as diffusion 
equations. 

DIFFUSION AREA, NEUTRON. This area 
is the square of the diffusion length and is 
equal to one-sixth of the mean square distance 
traveled by a diffusing neutron, from source 
to capture. 
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DIFFUSION BY TURBULENCE. The 
transport by turbulent motion of a property 
of the fluid (e.g., momentum, heat, pollution). 
The process might be described precisely if 
sufficient detail were permitted, but in the 
complicated motions conveniently described 
as turbulence only the mean properties are of 
importance and the mixing processes are then 
regarded as equivalent to molecular diffusion, 
though with a different coefficient. 

The distance X traveled by a particle (e.g., 
of pollution) carried by the motion in time T 
is given by 

T t 

*2 = 2f Rfd&t 
Jo Jo 

where R| is Taylor’s autocorrelation coeffi¬ 
cient. 

DIFFUSION COEFFICIENT. See diffusion, 
Fick law; transport coefficient. 

DIFFUSION COEFFICIENT-MOBILITY 
RELATION. See Einstein relationship be¬ 
tween mobility and diffusion coefficient. 

DIFFUSION COEFFICIENT OF ELEC¬ 
TRONS. The variation of concentration ne of 
mobile electrons in a semiconductor (see den¬ 
sity of mobile charges in semiconductors) 
obeys the generalized diffusion equation 

dne 
— = V- (£)eVne) + V • (neHeE) - s 
dt 

where De is the diffusion coefficient, Me = 
eDe/kT where e is the electronic charge, k is 
Boltzmann’s constant, T is the absolute tem¬ 
perature, E is the electric field strength, and s 
is the net rate of disappearance of electrons 
from the conduction band due to trapping, re¬ 
combination, etc. 

An analogous equation holds for the diffu¬ 
sion of holes where the sign of E is changed. 

DIFFUSION COEFFICIENT OF GASES. 
See diffusion, kinetic theory of. 

DIFFUSION COEFFICIENT OF NEU¬ 
TRONS. When neutron transport through 
matter is described by diffusion equations 
governed by Fick’s law, the diffusion constant, 

D, is given as: 

1 
D =-- 

32,(1 — cos 0) 

where 2, is the macroscopic scattering cross- 
section and cos 9 is the average value of neutron 
scattering angle, 9, in the scattering process. 
_ 3 
cos 9 is often put equal to for scattering by 

a nucleus of mass M. For diffusion in a mix¬ 
ture the average diffusion coefficient D is given 
by 

DIFFUSION CONSTANT IN A HOMO¬ 
GENEOUS SEMICONDUCTOR. The quo¬ 
tient of diffusion current density by the charge 
carrier concentration gradient. It is equal to 
the product of the drift mobility and the 
average thermal energy per unit charge of 
carriers. 

DIFFUSION COOLING. In the transport 
theory of neutrons (see neutron transport 
theory), this effect refers to the change in the 
spectrum of thermal neutrons in a moderator 
caused by the preferential leakage of the faster 
neutrons. 

DIFFUSION EQUATION. See diffusion, 
Fick law; neutron diffusion theory. 

DIFFUSION FACTOR. The diffusion factor 
(of a secondary source) is the ratio of the 
arithmetic mean of the values of luminance 
measured at 20° and 70° to the luminance 
measured at 5° from the normal, when the 
secondary source considered is illuminated 
normally. (1) This quantity is intended to 
give an indication of the spatial distribution 
of the diffused flux. The diffusion factor is 
unity for every uniform diffuser, whatever the 
value of the diffuse reflection factor. (2) 
This conception applies both to reflection and 
to transmission. (3) The C. I. E. at its 10th 
session (1939) agreed that this form of defini¬ 
tion can only be applied to materials for which 
the indicatrix of diffusion does not differ ap¬ 
preciably from that of ordinary depolished and 
opal glasses. 

DIFFUSION, FICK LAW OF. An empirical 
relation which states that the diffusion flux, 
i.e., the quantity of matter or number of 
particles crossing area A in the direction of the 
normal n to a surface in a mass transfer proc¬ 
ess is proportional to the gradient of the con¬ 
centration c. Hence 
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Q = — DA grad C (1) 

dc 
= -DA —. (2) 

dn 

Formula (2) for flow in one dimension. Making 
use of the principle of conservation of mass, 
this equation may be written 

The factor D (in ft2/hr or m2/hr) is known 
as the diffusion coefficient. The Fick law for 
diffusion is similar to the Fourier law for con¬ 
duction. 

DIFFUSION LENGTH, GENERAL. The 
mean distance traveled by a diffusing particle 
from the point of its formation to the point at 
which it is absorbed. In a homogeneous semi¬ 
conductor, the particle is a minority carrier. 

DIFFUSION LENGTH, NEUTRONS. The 

quantity L = VD/2„ where D is the diffusion 
coefficient and the macroscopic absorption 
cross section characterizing the medium 
through which neutrons diffuse. The diffu¬ 
sion equation, describing steady-state trans¬ 
port in a homogeneous source-free medium 
assumes the form, 

DIFFUSION, FORCED. If, in addition to a 
concentration gradient, there is a steady aver¬ 
age force F acting on the molecules, the simple 
Fick law must be modified to read 

nF 
J = -D(grad n - ^), 

where n is the concentration in molecules per 
unit volume (see diffusion, Fick law). The 
force F may, for example, be the force of grav¬ 
ity mg as in sedimentation, or the electric force 
zeE on an ion of valence z in an electric field 
of intensity E. 

DIFFUSION INDICATRIX. See indicatrix 
of diffusion. 

DIFFUSION KERNEL. See kernel, diffu¬ 
sion. 

DIFFUSION, KINETIC THEORY OF. In a 
gas in which there exists a concentration 
gradient, more particles will move towards the 
regions of lower concentration than away 
from them. The diffusion coefficient D is de¬ 
fined by the equation 

dn 
w = —D —> 

dx 

where dn/dx is the concentration gradient and 
w the net flux of particles in the x-direction. 
From a consideration of the number of particles 
crossing a unit area perpendicular to the x- 
direction either in the positive or in the nega¬ 
tive x-direction one finds 

D = c\v, 

where c is a numerical constant of order unity, 
A. the mean free path, and v the mean velocity 
of the particles. 

DIFFUSION OF LIGHT. The alteration of 
the spatial distribution of a beam of light 
which, after reflection at a surface or passage 
through a medium, travels on in numerous di¬ 
rections. (See perfect diffusion; indicatrix of 
diffusion.) 

DIFFUSION OF SOLIDS. Solids in close 
contact may diffuse into each other, the rates 
of diffusion being exponentially related to the 
absolute temperature and to the time. 

A solid may diffuse into itself, the coefficient 
of self-diffusion depending on temperature ac¬ 
cording as 

D = D0 exp (—Ea/RT) 

where EA is an activation energy, and R is the 
gas constant. 

DIFFUSION STABILITY. (See thermody¬ 
namic stability conditions, stability of phases.) 
In systems containing more than one compo¬ 
nent, the initial uniform phase is stable in re¬ 
spect to a perturbation consisting of the ap¬ 
pearance of a heterogeneity in composition 
Stability conditions with respect to perturba¬ 
tions of this kind are called diffusion stability 
conditions. 

In a binary system at constant p and T the 
diffusion stability condition is 

where 

(1) 

(2) 
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is the Gibbs free energy per mole (see thermo¬ 
dynamics, characteristic functions of) and xA} 
the mole fraction of component A. 

DIFFUSION THEORY, BOUNDARY. See 
boundary conditions, diffusion theory. 

DIFFUSION THEORY, MULTIGROUP 
NEUTRON. See neutron diffusion theory, 
multigroup. 

DIFFUSION THEORY, NEUTRON. See 
neutron diffusion theory. 

DIFFUSION TIME, NEUTRON. In nuclear 
reactor theory, the average time spent by a 
thermal neutron from its appearance as ther¬ 
mal, to its capture. It is approximately equal 
to (2a(t’p)vp)~l where vp is the most prob¬ 
able neutron speed in the distribution of ther¬ 
mal neutrons and 2a is the macroscopic absorp¬ 
tion cross-section characteristic of the moder¬ 
ator. 

DIFFUSION VELOCITY. The flow of com¬ 
ponent y (see Equation (3) of conservation of 
mass in continuous systems) can be decom¬ 
posed into a flow with the average mass ve¬ 
locity to (see Equation (2) of conservation of 
mass in continuous systems) and a diffusion 
flow relative to « 

Py(Oy = PyCO + P7(fl>7 ~ {■>) = PyOi + P-Ay (1) 

where A7 denotes the diffusion velocity with 
respect to co. We may note that 

Ept A7 = 0- (2) 
P 

(See flux vectors.) 

DIFFUSIVITY. See Fourier law. 

DIGITAL COMPUTER. As contrasted with 
analog computer, a computing aid that repre¬ 
sents numbers digitally, in decimal, binary, or 
(conceivably) other base. The simplest arti¬ 
ficial example is the abacus, which represents 
numbers digitally in such a way as to facilitate 
carrying out additive operations, hence mul¬ 
tiplication and division as sequences of these. 
Desk computers perform these operations au¬ 
tomatically, and sometimes also square-root¬ 
ing or other special sequences. The very high 
speed, general purpose computers are stored- 
program computers and are digital. 

DIGITAL COMPUTER, PARALLEL. A 
digital computer in which the digits are 

handled in parallel. Mixed serial and parallel 
machines are frequently called serial or paral¬ 
lel according to the way arithmetic processes 
are performed. (See also digital, computer, 
serial.) 

DIGITAL COMPUTER, SERIAL. A digital 
computer in which the digits are handled 
serially. Mixed serial and parallel machines 
are frequently called serial or parallel accord¬ 
ing to the way arithmetic processes are per¬ 
formed. (See also digital, computer, parallel.) 

DIGITS (SIGNIFICANT). The significant 
digits of a number like 2301 or 0.02301, etc., 
are those digits which determine the ratio of 
the error (5 in the next decimal place) to the 
number. Thus, the accuracy, in this sense, of 
the two numbers given above is the same in 
each case, namely 5/23010, and each of them 
is said to have 4 significant digits. The sig¬ 
nificant digits can be defined as the digits be¬ 
ginning with the first non-zero digit on the left 
and ending with the last digit on the right. 
Thus 0.023010 has 5 significant digits. The 
number of significant digits in a number like 
230 is usually taken to be 3, but may actually 
be 2, depending on whether the meaning is 
that 229.5 < 230 < 230.5 or 225 < 230 < 235. 
There is need, therefore, of two different sym¬ 
bols for zero, but a second such symbol, 0, is 
very seldom used. 

DIGRAPH. A digraph D is a finite set of 
vertices /?i, /?2, pv, together with certain 
directed lines pi p2 (from vertex /3j to /32). The 
possibility that both Pj p2 and p2Pi are lines 
of the digraph is not excluded. Thus an 
oriented graph is a digraph but not con¬ 
versely. 

The adjacency matrix (see matrix, adja¬ 
cency) A = (a,ij) of a digraph D is defined 
as follows: at;- = +1 if line p,pj is in D anjd 
a,ij = 0 otherwise. It is important to note that 
A is not necessarily symmetric (a,y = aJtj as 
is the case for the adjacency matrix of a non- 
oriented graph. A is square and of order v, 
the number of vertices. 

A tree T of D with sink /3 (a vertex) is 

(a) a subgraph of D which contains all the 
vertices of D; 

(b) in T there is a directed path leading to /3 
from every other vertex in D; 

(c) every vertex other than /3 is the initial 
vertex (see vertex, initial) of exactly 
one directed line in T\ 
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(d) there is no directed line in T for which 0 
is the initial vertex. 

An example of a digraph and its five trees is 
given in the accompanying figure. 

3 -1 -1 0 -1 

-1 1 0 0 0 

M = 0 -1 3 -1 -1 

0 0 0 0 0 

0 0 0 -1 1 

The degree matrix B for D is defined to be that 
diagonal matrix of order v which is such that 
the difference M = B — A has every row sum 
to zero. The matrix tree theorem for digraphs 
states that the co-factors of the elements in the 
ith row of M are all equal and each of them 
gives the number of trees of D with sink /3,-. 
The matrix M associated with the digraph D 
of the illustrative example above also appears 
in the figure. 

DIHEDRAL ANGLE. The angle between 
two planes. The dihedral angle is zero if the 
planes are parallel. If the direction cosines 
of perpendiculars to two planes are X,^,v and 
AVV the dihedral angle between the planes is 
given by 

cos 9 — AX' -j- /Hju' -f- w'. 

DIHEDRAL ANGLE OF WING. The fig¬ 
ure shows a front view of an aircraft. ZZ is 
the plane of symmetry and YY is a perpen¬ 
dicular plane. The dihedral angle of the wing 

is the angle r in the figure. In general, this 
may vary along the span of the wing. The 
dihedral angle has an important effect on the 
derivative Lv, the rolling moment due to side¬ 
slip. 

z 

Front view of aircraft, showing dihedral angle of wing. 

DIHEDRAL GROUP. The group generated 
by the relations Cn = E, S2 = E, SC = C~1S, 
designated by D„ and of order 2n. Consider 
a regular polygon in the A"F-plane with co¬ 
ordinates of the n corners xk = r cos 2-nk/n, 
yk - r sin 2nk/n, k = 0,1, • • •, (n — 1). The 
proper rotations of this object through 2tr/n, 
indicated by C (</>), and the improper rota¬ 
tions, which transform the polygon into 
itself constitute Dn. 

DILATATION. (1) The increase of volume 
per unit volume of a continuous material. 
(See also cubical dilatation.) (2) Dilatation 
of time, see relativity. 

DILATATION RATE. The rate of extension 
of fluid elements. The cubical dilatation at a 
point is equal to the divergence of velocity. 

DIMENSION. For the purposes of applied 
mathematics, the dimension of a set of ele¬ 
ments is most conveniently defined as the 
number of parameters necessary to give an 
analytic description of the set. Thus, a space 
is said to have n dimensions when n coordi¬ 
nates are necessary to fix the position of a 
point in the space. 

DIMENSIONAL ANALYSIS. Since the 
quantities represented by the two sides of an 
equation must have the same dimensions, it is 
often possible to arrive at the form of an equa¬ 
tion connecting physical quantities by a con¬ 
sideration only of the dimensions of the quan¬ 
tities involved, without a detailed theory and 
without consideration of magnitudes. The 
equations obtained in this way may be in error 
by a multiplying constant, which can often be 
determined empirically. In order that two 
physical quantities may be equal, or that one 
may be added to or subtracted from the other, 
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it is obvious that they must have the same 
makeup and be expressible by the same combi¬ 
nation of fundamental units. It follows that 
in an equation expressing relationship between 
physical magnitudes, both members and all 
terms of each member must have the same di¬ 
mension formula. For example, the total area 
of a right circular cone of altitude h and hav¬ 

ing a base of radius r is a = irr2 + irr^/r2 -f h2, 
each term of which has the dimension formula 
L2 (since -n- is abstract). Again, the phase 
angle <f> of an alternating current of frequency 
n (per second) in a circuit of resistance R 
(ohms), inductance L (henrys), and capaci¬ 
tance C (farads) is given by 

4ir2n2LC - 1 
tan <t> -- 

2wnRC 

Since tan 4> is an abstract quantity, the frac¬ 
tion on the right must also be abstract. Since 
the 1 in the numerator is abstract, the other 
term 4tr2n2LC and the whole numerator must 
be also; hence the denominator is abstract. 
That is, n, R, and C should have such dimen¬ 
sions that the component fundamental magni¬ 
tudes cancel when the product nRC is formed. 
This is true; for the dimension formula of n is 
1/T, and (in electromagnetic measure) that of 
R is yL/T, and of C, T2/yL) in which y rep¬ 
resents magnetic permeability. 

DIMENSIONLESS GROUPS, OR NUM¬ 
BERS. Expressions of the type 

G = AaB0Cy ■ ■ ■ 

in which A, B, C, etc., denote some physical 
quantities, and the exponents a, /?, y, etc., are 
pure numbers, which have the property that 
their physical dimensions in terms of some 
chosen system of fundamental dimensions re¬ 
duces to a pure number. (For examples of di¬ 
mensionless groups, see Reynolds number, 
Nusselt number, Prandtl number, Mach num¬ 
ber, Froude number and Grashof number.) 

DIMENSIONLESS NUMBER. See dimen¬ 
sionless groups. 

DIOPHANTINE EQUATIONS. A set of 
algebraic equations, usually indeterminate 
(i.e., with fewer equations than unknowns) 
and with integral coefficients, for which inte¬ 
gral solutions are desired. 

DIOPTER. The metric unit of refractive 
power. The power of an optical system in 

diopters is numerically equal to the reciprocal 
of the focal length in meters. In ophthalmic 
optics the deviation of a prism is measured in 
terms of a similarly named but different unit, 
the 'prism diopter. 

DIOPTICS. That branch of optics dealing 
with the refraction of light, as opposed to 
catoptics (dealing with reflection). 

DIP OF THE HORIZON. The fundamental 
observation in nautical astronomy is the de¬ 
termination of the altitude of a celestial object. 
At sea the mariner’s sextant is used to meas¬ 
ure the angle from the sensible horizon OC' to 
the direction of the object OS. The observer 
is a height h above the surface of the assumed 
spherical earth. OC is the direction of the 
line from the observer tangent to the earth at 
y. The light from y to 0 passes through the 
atmosphere of the earth in the strata of vary¬ 
ing index of refraction. This light follows a 
curved path and enters the sextant as though 
coming from C', the direction of the sensible 
horizon. 

OH is the direction of the astronomic hori¬ 
zon and A is the astronomic altitude of S, un¬ 
corrected for parallax or for semidiameter if 
the altitude of a limb of an object of finite size 
is observed, e.g., moon, sun, etc. 

The direction from the sensible horizon to 
the astronomic horizon is known as the dip of 
the horizon, and it is evident that A = SOC' 
— D in which A is the astronomic altitude un¬ 
corrected for parallax or semidiameter. 

There is no accurate method known for 
determining the value of the dip of the horizon 
from theoretical methods. Long series of ob¬ 
servations have resulted in an empirical expres¬ 
sion for dip as D = 0.97/i'*, with h the height 
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of the eye above sea level in minutes of arc. 
There is still uncertainty in the value of the 
dip as determined from this expression. The 
Carnegie Institution of Washington found that 
for 5,000 determinations of the dip at sea no 
value differed from that computed from the 
formula by more than 2(5 except one difference 
of 10 f G. Difference from the computed values 
have been reported as great as 30' and in the 
polar regions differences as great as several 
degrees have been reported. 

DIPOLE-DIPOLE INTERACTION EN¬ 
ERGY. The mutual energy of interaction of 
two permanent dipoles of moments Pi and P>, 
separated by a displacement r, is (in rational¬ 
ized units): 

3(pi-r)(p2-r)' 
Pi-P2-^- • 

DIPOLE, ELECTRIC. Two electrically- 
charged particles of equal magnitude and op¬ 
posite sign, separated by a very small distance. 
The electric potential due to static electric 
dipole is (in rationalized mksa units): 

V = p cos 0/47T6Or2 

1 

47T€„r3 

netic dipole, p = iA and II replaces E. These 
expressions are valid only when r, the distance 
from the dipole to the point at which the field 
is measured, is very much larger than any di¬ 
mension of the dipole. If this condition is not 
satisfied, the effects of multipole moments 
must be included in the field. 

DIPOLE, MAGNETIC. A circulating current 
loop, of dimensions small compared to the dis¬ 
tance at which it is being observed, acts like 
a dipole of moment of magnitude m — iA, 
where i is the current and A is the area of the 
loop. The magnetic dipole moment can be 
considered as a vector whose direction is nor¬ 
mal to the plane of the loop and whose sense 
is taken as the direction of progression of a 
right-handed screw rotating with the current. 

The magnetic scalar potential <p [ = m • V 

where in is the magnetic moment] and the 
magnetic flux density R produced by a static 
magnetic dipole are given by expressions that 
are identical, except for obvious changes of 
symbols, to those for the potential V and elec¬ 
tric field E produced by an electric dipole. 
(See dipole, electric.) 

where p = qd is the magnitude of the dipole 
moment. 

The electric field due to a static dipole is 
given by E = — VV (see grad). The torque on 
a dipole in a field E is given by L = p X E, 
and the force on a dipole in a non-uniform in¬ 
homogeneous field is given by F = V(p-E) 
where (— p • E) is the energy of the dipole due 
to its orientation in the field E. 

Asymmetrical molecules behave as dipoles, 
since the centers of gravity of the positive and 
negative charges do not coincide. They tend 
to orient themselves in external electrical fields 
or by mutual interactions. The molecular 
dipole moments are usually expressed in 
Debye units D, where D = 10-18 esu. 

DIPOLE FIELD (STATIC). At the position 
r, 6, <f>, in a spherical polar coordinate system 
having its polar axis along the direction of 
the dipole moment, the field due to a dipole 
has the form, in rationalized units: 

Er 

p cos 6 

4tr€0r3 
; Eg = 

p sin 6 

4tt e0r3 
; E+ = 0 

where p is the magnitude of the dipole moment 
(p = qd for an electric dipole). For a mag- 

DIPOLE MOMENT, ELECTRIC. For an 
electric dipole consisting of two charges, +Q' 
and —q, the dipole moment is the vector 
p = qd, where d is the displacement of the 
positive charge with respect to the negative 
charge. 

DIPOLE MOMENT, INDUCED. A dipole 
moment induced in a system (e.g., in an atom 
or molecule) because it is brought into an 
electric or magnetic field. (See polarizability.) 

DIPOLE MOMENT, MAGNETIC. See 
dipole, magnetic; dipole field (static). 

DIPOLE MOMENT, MOLECULAR. It is 
found from measurements of dielectric con¬ 
stant (i.e., by its temperature dependence, as 
in the Debye equation for total polarization) 
that certain molecules have permanent dipole 
moments. These moments are associated writh 
the distribution of charge within the molecule, 
and provide valuable information as to the 
molecular structure. 

DIPOLE ORIENTATION. The effect by 
which the free rotation of the molecules in a 
solid may be hindered, so that their dipole 
moments may only take on certain discrete 
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orientations. This may have a marked effect 
on the dielectric constant. (See steric hin¬ 
drance.) 

DIPOLE, OSCILLATING. A dipole whose 
dipole moment oscillates harmonically with 
time, p = p0eixct. Oscillating electric and mag¬ 
netic dipoles radiate electromagnetic waves. 
(See dipole radiation entries.) 

DIPOLE, PERMANENT. A dipole whose 
dipole moment does not vanish in the absence 
of an externally applied field. 

DIPOLE RADIATION, ELECTRIC. The 
electromagnetic radiation sent out by an oscil¬ 
lating electric dipole, p = p0e_ The elec¬ 
tric and magnetic fields at a distance r from 
the dipole are (in spherical polar coordinates 
and in rationalized mksa units): 

Eg = 
— k2p0 sin de’^ wt) 

47r ear 

ukp0 sin Be3 ^ 

Hr = 0, 

where k = u/c. The term is often applied to 
radiation from quantized atomic or molecular 
systems whose transitions produce radiation 
having the same dependence on 9 as does the 
radiation from a classical electric dipole. 

DIPOLE RADIATION, MAGNETIC. The 
electromagnetic radiation sent out by an oscil¬ 
lating magnetic dipole, in = n\}e~iu>t where 
m0 = i0A. The structure of the field is iden¬ 
tical with that of the electric dipole (see 
dipole radiation, electric) except that H re¬ 
places E. Thus, the field is given by 

Ef, 
k2 

4 7T 

He = 
k2m0 sin Be3(k ut) 

47TT 

Hr = 0. 

DIPOLE TRANSITION, ELECTRIC AND 

MAGNETIC. Transitions from one energy 

state to another, accompanied by the absorp¬ 
tion or emission of dipole radiation. Depend¬ 
ing on the nature of the initial and final states, 
the radiation may be electric dipole radiation 
or magnetic dipole radiation. 

DIRAC DELTA FUNCTION. See distribu¬ 
tion theory. 

DIRAC EQUATION. The relativistic wave 
equation discovered by Dirac in 1928 while 
trying to overcome the difficulties of negative 
probabilities associated with the one-particle 
interpretation of the Klein-Gordon equation if 
one does not adopt the manifold of positive 
energy solutions as the set of realizable states. 
Dirac was led to the equation bearing his 
name by requiring that it be of first order in 
the time like the Schrodinger equation. Rela¬ 
tivistic covariance requires that there be com¬ 
plete symmetry in the treatment of the space 
and time components so that the equation must 
likewise be of first order in the space deriva¬ 
tives. The superposition principle of quantum 
mechanics requires that it be linear. Finally 
the requirement that in the correspondence 
limit classical relativity be valid implies that 
the wave function p also satisfy the equation 

(□ + vi2c2/h2)p(x) = 0 (a) 

since this is the statement that ip describes a 
free particle of mass m for which the energy 
momentum equation p2 = m2c2 is to hold. The 
most general equation which satisfies these con¬ 
ditions is then of the form 

1 dip me 
-i — = fa • Vp -\-(ip 
c dt h 

= HP (b) 

where a = (ax, a2, <*3), are square matrices 
and p an iV-component quantity. The right- 
hand side of (b) can be taken as the Hamil¬ 
tonian, H, which must be hermitian. The 
matrices a and /3 must therefore be hermitian. 
The requirement that (a) be satisfied requires 
that these matrices satisfy the following com¬ 
mutation rules: 

akal + alak = 25kl k, l = 1, 2, 3 

a*/3 + /3afc = 0 

/32 = 1. (c) 

These in turn imply that there exist but one 
irreducible representation of these matrices. 
This representation is 4-dimensional. The 
wave function p thus has 4 components. The 
equation can be shown to be form invariant 
under Lorentz transformations 

x —*x1 = Ax + a, (d) 
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if the transformed wave function \p', is related 
to ip by 

i\x’) = S(A)t(A-\x' - a)) (e) 

where S(A) is a 4 X 4 matrix operating on the 
components of \p and which satisfies the equa¬ 
tion 

00 

S~lyxS = 2>,V. (f) 
n=o 

The 4X4 matrices yM, p = 0, 1, 2, 3, are 
related to the a and /? matrices by yl = @ak, 
i = 1, 2, 3 and 70 = (3. They satisfy the fol¬ 
lowing commutation rules 

7 'V + TV = 2flT (g) 

where gMl' is the metric tensor. 
A particle described by the Dirac equation 

has in addition to its orbital angular momentum 
r X p, an intrinsic angular momentum, or 
spin, of magnitude h/2. The spin is described 

n 
by an operator - 2 (a 4 X 4 matrix) whose com- 

A 
ponent in any direction has eigenvalues ±h/2. 
A Dirac particle is therefore a spin particle. 
The total angular momentum of a Dirac parti¬ 
cle is the vector sum of orbital and spin angular 
momentum. 

The Dirac equation admits of both positive 
and negative energy solutions, i.e., solutions of 
the form \f/ ~ exp ( — zpMxM)it(p) with p0 = 

-he's/p2 + me2 positive energy solutions and 

p0 = — c's/p2 + me2 for negative energy solu¬ 
tions. For each three dimensional momenta p 
there are two linearly independent solutions of 
positive energy and two linearly independent 
solutions of negative energy. These linearly 
independent solutions can be chosen to be 
eigenfunctions of the helicity operator S(p) = 
"•p/|p|, whose eigenvalues are +land — 1 

depending on whether the spin of the particle 
is parallel or anti-parallel to the direction of 
motion. In the presence of an external electro¬ 
magnetic field the Dirac equation for an elec¬ 
trically charged particle of charge e is 

V1 (ihd^-Am(x)^ \p(x) = map(x). (h) 

This equation predicts that a charged spin y2 
particle has a magnetic moment, p, of one Bohr 

magnetron: p = pa = . The non-relativis- 

tic Pauli theory had to ascribe arbitrarily a 
magnetic moment p to the spin, whose value it 

took from the experimental results. Dirac’s eq¬ 
uation on the other hand contains implicitly an 
interaction of the spin with a magnetic field. 
The resulting magnetic moment p = p0 = 
eh/2me is in almost exact agreement with ex¬ 
periment in the case of the electron. (See 
anomalous magnetic moment of a spin 

particle.) Equation (h) may be applied to 
the hydrogen atom by choosing At = 0, i = 
1, 2, 3, A0 = Ze2/r, i.e., by considering the 
nucleus as the source of the Coulomb field in 
which the electron moves. For this situation 
the equation can be solved exactly and the 
energy levels, Enj, for the positive energy 
states, are described by the principal quantum 
number n and the total angular momentum 
quantum number j with 

En.j 

2 f 1 ^ 

i1 + in' + V(j+ i)2 - a2Z2)2) j 
n' = 0,1,2..-, |,... (l) 

or approximately 

The observed fine structure of the levels of 
hydrogen and hydrogen-like atoms, particu¬ 
larly He+, is in good agreement with the 
Dirac equation. This agreement includes the 
degeneracy of levels with the same j except for 
one case, namely the and P^ level. In this 
case Lamb found the 2Si^ state of hydrogen to 
be about 1057.77 megacycles higher than the 
2Pi/i state, a separation which has been ex¬ 
plained by radiative corrections to the simple 
Dirac equation. (See level displacements 

of hydrogen-like atoms.) 

Although by adopting the manifold of posi¬ 
tive energy solutions as the set of realizable 
states for a spin ]/2 particle, good agreement 
is obtained with many experimental facts re¬ 
lating to the behavior of such particles, none¬ 
theless there remains within the framework 
of a one-particle interpretation of the Dirac 
equation, several unacceptable features con¬ 
nected with the negative energy solutions. 
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These states are not realized in nature. The 
Dirac equation, however, predicts the possi¬ 
bility of radiative transitions with the emission 
of light from positive to negative energy states. 
No regular (positive energy) state could thus 
be stable since there are an infinite number of 
negative energy states to which such a positive 
energy particle could make a transition with 
the emission of a quantum of light. To over¬ 
come these difficulties, Dirac put forth the 
hypothesis that the vacuum corresponds to 
the state in which all negative energy states are 
occupied (by just one particle, in view of 
Pauli’s exclusion principle) but that this in¬ 
finite “sea” of particles does not produce any 
electromagnetic effects. Only a deviation from 
this normal condition, e.g., the presence of a 
positive energy particle or the absence of a 
negative energy particle (a “hole” in the sea of 
particles) leads to observable effects. Sucli a 
hole, corresponding to a negative energy — E, 
behaves like a positively charged particle of 
positive energy +E. The Dirac hypothesis 
is known as the hole theory. While Dirac 
first meant to identify the holes as protons, 
it was shown by Oppenheimer and Weyl that 
relativistic invariance requires that hole and 
particle have the same mass. This prediction 
of the theory was confirmed by Anderson’s 
discovery of positrons, particles of mass me, the 
electronic mass, but having a charge equal and 
opposite to that of electrons. 

Thus although Dirac’s equation was de¬ 
signed to describe one particle, the above 
makes it clear that this interpretation cannot 
be maintained. Since particles may be cre¬ 
ated and annihilated by transitions from and 
to negative energy states, the number of par¬ 
ticles is not a constant and a field theoretical 
description is called for. Accordingly, the 
arguments advanced for the particular form 
of Dirac’s equation are no longer valid al¬ 
though it is undoubtedly the correct equation 
for “simple” spin r/o systems such as the elec¬ 
tron and /x meson (where by simple spin % 
systems we understand particles which undergo 
only weak or electromagnetic interactions). 

DIRAC FORMULA FOR HYDROGEN 

FINE STRUCTURE. See hydrogen fine 

structure. 

DIRAC h. See h-bar. 

DIRAC OPERATORS. See Dirac equation. 

DIRECT AND INVERSE COLLISION. For 
any molecular collision characterized by an 
initial relative velocity g12 and a final relative 
velocity g'12, there exists an analogous inverse 
collision or encounter with initial relative 
velocity g']2 and final relative velocity g12. By 
definition, the last of these processes is called 

Direct and inverse collision. The unit vectors along 
the apse line and the angle of deflection are of oppo¬ 
site sign and equal magnitude for the direct and in¬ 

verse processes. 

the direct collision or encounter. (See figure.) 
Equilibrium is established when the frequen¬ 
cies of direct and inverse collision are equal. 

DIRECT CURRENT. Unidirectional current 
as produced from batteries, from dynamo ma¬ 
chinery equipped with commutators, or by 
means of rectifiers. 

DIRECT-CURRENT CIRCUITS. See elec¬ 

tric circuits; Ohm’s law; Kirchhoff laws. 

DIRECTED GRAPH. See digraph. 

DIRECTED PATH. See path, directed. 

DIRECTED VALENCY. One of the char¬ 
acteristics of the covalent bonds is that they 
are usually directional in character and rapidly 
saturated. (See bond types.) 

In the case of H20, for example, the 0 atom 
reacts with two H atoms only, and forms two 
bonds at an angle of 105° to one another. 

Directional valency results from the non- 
spherical symmetry of the p, d and / electron 
orbitals and of their hybrid wave functions 

with s orbitals. The bonds tend to form with 
a maximum interaction, i.e., a maximum over¬ 
lap of the wave functions. (See hybridization 

of electron orbitals.) 

DIRECT INTERACTION. The process 
whereby a nuclear reaction can sometimes take 
place without the formation of a compound 



Direction — Directional Characteristic of a Curved-line Sound Source 246 

nucleus. The most notable type of reaction 
is the (d,p) reaction, for example 

O16 + d -> O17 + p, 

in which the relatively loosely-bound deuteron 
(d) loses its neutron to the O10 target nucleus 
to form O17, the proton continuing on its way 
deflected only by a small angle. The delicate 
balance of angular momentum and linear mo¬ 
mentum in such a reaction gives rise to a highly 
characteristic angular distribution of the pro¬ 
tons relative to the bombarding deuteron beam, 
and this may be used to measure spin and 
parity of the states of the residual nucleus so 
formed. 

DIRECTION. The position of one point in 
space relative to another without reference to 
the distance between them. Direction may be 
either three-dimensional or two-dimensional. 
Direction is not an angle but is often indicated 
in terms of its angular difference from a refer¬ 
ence direction. The direction angles of a line 
are the 3 angles it makes with the positive 
directions of the coordinate axes. Its direction 
cosines are the cosines of these angles. Any 
set of 3 numbers proportional to its direction 
cosines are called direction numbers for the 
line. A direction at a point on a surface in 
which the curvature of a normal section is a 
maximum or a minimum is called a principal 
direction. 

DIRECTIONAL. The directional derivative 
of function / of any number of variables is its 
rate of change with respect to arc-length along 
a curve in the given direction. Thus, if the 
curve is given parametrically by x=x(t), 
y = y(t), z = z{t), the directional derivative 
of f(x,y,z) is given by, 

df df dx df dy df dz 

dt dx dt dy dt dz dt 

DIRECTIONAL CHARACTERISTIC OF A 
CIRCULAR-RING SOUND SOURCE. The 
directional characteristic of a circular-ring 
sound source of uniform strength and the same 
phase at all points on the ring is 

where Ra is the ratio of the sound pressure for 
an angle a to the sound pressure for an angle 
a = 0, J0 is the Bessel function of zero order, 

R is the radius of the circle, in centimeters, and 
a is the angle between the axis of the circle and 
the line joining the point of observation and the 
center of the circle. 

DIRECTIONAL CHARACTERISTIC OF A 
CURVED-LINE SOUND SOURCE (ARC OF 
A CIRCLE). A curved-line sound source may 
be made up of a large number of point sound 
sources vibrating in phase on the arc of a circle 
separated by very small distances. The direc¬ 
tional characteristics of such a line in the plane 
of the arc are, 

Ra = 

1 

2m + 1 

k—m 

Z) cos 
k = —m 

2irR 

k—m 

+ i E sin 
k=—m 

L X 

2tt R 

cos (a + ko) 

L x 
cos (a + kd) (1) 

where Ra is the ratio of the pressure for an 
angle a to the pressure for an angle a — 0, a is 
the angle between the radius drawn through 
the central point and the line joining the source 
and the distant observation point, X is the 
wavelength, in centimeters, R is the radius of 
the arc, in centimeters, 2m + 1 is the number 
of points, 6 is the angle subtended by any two 
points at the center of the arc, and k is 
variable. 

Another method is to break up the arc into 
a large number of equal chords. The strength 
is assumed to be uniform over each chord. 
Also the phase of all the chords is the same. In 
this case the result takes the form, 

Ra = 

1 

2m -f- 1 

\2itR 
> , cos 1-cos (a 4- kd) 

k =—m 1 X 

X 

ird 
sin — sin (a + kd) 

. X 

ird 
— sin (a -f- kd) 
X 

. \2irR 
+ j 2^ sin ]-cos (a + kd) 

k=*—m 

sin 

X 

ird 
— sin (a + kd) 

X 

ird 
— sin (a + kd) 

X 

(2) 

where Ra is the ratio of the pressure for an 
angle a to the pressure for an angle a = 0, X is 
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the wavelength, in centimeters, R is the radius 
of the arc, in centimeters, 2w + 1 is the num¬ 
ber of chords, 6 is the angle subtended by any 
of the chords at the center of circumscribing 
circle, and d is the length of one of the chords, 
in centimeters. 

DIRECTIONAL CHARACTERISTIC OF A 
NONUNIFORM STRAIGHT LINE SOUND 
SOURCE. The directional characteristic of a 
line sound source, all parts vibrating in phase, 
in which the strength varies as a function of 
the distance x along a line is given by 

where Ra is the ratio of the sound pressure for 
the angle a to the sound pressure for the angle 
a = 0. The direction a = 0 is normal to the 
line, x is the distance from the center of the line, 
in centimeters, d is the total length of the 
line, in centimeters and f(x) is the strength 
distribution function. 

DIRECTIONAL CHARACTERISTICS OF 
A PLANE CIRCULAR-PISTON SOUND 
SOURCE. The directional characteristics of 
a circular-piston sound source mounted in an 
infinite baffle with all parts of the surface of 
the piston vibrating with the same strength 
and phase are 

— sin a 
X 

where Ra is the ratio of the sound pressure for 
an angle a to the sound pressure for an angle 
a = 0, J\ is the Bessel function of the first 
order, R is the radius of the circular piston, in 
centimeters, a is the angle between the axis 
of the circle and the line joining the point of 
observation and the center of the circle, and 
X is the wavelength, in centimeters. 

DIRECTIONAL CHARACTERISTIC OF 
A PLANE RECTANGULAR-SURFACE 
SOUND SOURCE. The directional charac¬ 
teristic of a rectangular-surface source with all 

parts of the surface vibrating with the same 
strength and phase are 

where Raf3 = ratio of sound pressure for the 
angles a, (3 to the sound pressure for the angle 
a, P = 0, la is the length of the rectangle, h 
is the width of the rectangle, a is the angle be¬ 
tween the normal to the surface source and the 
projection of the line joining the middle of the 
surface and the observation point on the plane 
normal to the surface and parallel to la, and 
d is the angle between the normal to the surface 
source and the projection of the line joining the 
middle of the surface and the observation point 
on the plane normal to the surface and parallel 
to lb- 

The directional characteristic of a plane rec¬ 
tangular-surface source with uniform strength 
and phase is the same as the product of the 
characteristic of two line sources at right angles 
to each other and on each of which the strength 
and phase are uniform. 

DIRECTIONAL CHARACTERISTIC OF A 
SERIES OF POINT SOUND SOURCES. The 
directional characteristic of a sound source 
made up of any number of equal point sound 
sources, vibrating in phase, located on a 
straight line and separated by equal distances 
is given by 

where Ra is the ratio of the sound pressure for 
an angle a to the sound pressure for an angle 
a = 0. The direction a = 0 is normal to the 
line, n is the number of sources, d are dis¬ 
tances between the sources, in centimeters, and 
X is wavelength, in centimeters. 

DIRECTIONAL CHARACTERISTIC OF 
A STRAIGHT-LINE SOUND SOURCE. A 
straight-line sound source may be made up of 
a large number of points of equal strength and 
phase on a line separated by equal and very 
small distances. If the number of sources » 
approach infinity and d, the distance between 
the sources, approaches zero in such a way that 
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rui = l (1) 

the limiting case is the line source. If this is 
carried out, Equation 1 of directional char¬ 
acteristic of a series of point sound sources 
becomes 

Ra = --- (2) 
ttL 
— sin a 
X 

where Ra is the ratio of the sound pressure for 
the angle a to the sound pressure for the angle 
a = 0. The direction a = 0 is normal to the 
line, l is the length of the line, in centimeters 
and X is wavelength, in centimeters. 

DIRECTIONAL CHARACTERISTIC OF 
A TAPERED STRAIGHT-LINE SOUND 
SOURCE. The directional characteristic of 
a line sound source, all parts vibrating in 
phase, in which the strength varies linearly 
from its value at the center to zero at either 
end, is given by 

— sin a 
2\ 

where Ra is the ratio of the sound pressure for 
an angle a to the sound pressure for an angle 
a = 0. The direction a = 0 is normal to the 
line, l is the total length of the line in centi¬ 
meters, and X is the wavelength, in centimeters. 

DIRECTIONAL CHARACTERISTICS OF 
END FIRED LINE SOUND SOURCE. An 
end fired line sound source is one in which 
there is progressive phase delay between the 
elements of the line. In the case in which the 
time delay of excitation between the elements 
corresponds to the time of wave propagation 
in space for this distance the maximum direc¬ 
tivity occurs in direction corresponding to the 
line joining the elements. The directional 
characteristics of an end fired line of this type 
and of uniform strength is given by 

71- 

sin - (l — l COS a) 

Ra = --- (1) 
7T 

- (I — l cos) a 

where Ra is the ratio of the pressure for an angle 
a to the pressure for the angle a = 0. The 
direction a = 0 is along the line, l is the 
length of the line, and X is the wavelength. 

DIRECTION COSINE. See direction. 

DIRECTION COSINES, OPTICAL. See 
optical direction cosines. 

DIRECTION OF PROPAGATION. At any 
point in a homogeneous, isotropic medium, the 
direction of time-average energy-flow. In a 
uniform waveguide, the direction of propaga¬ 
tion is often taken along the axis. In the case 
of a uniform lossless waveguide, the direction 
of propagation at every point is parallel to the 
axis, and in the direction of time-average 
energy-flow. 

DIRECTIONS, CONJUGATE. See conjugate 
directions. 

DIRECTION, SELF-CONJUGATE. See con¬ 
jugate directions. 

DIRECTIONS, PRINCIPAL. See principal 
directions. 

DIRECTIONS, PRINCIPAL, OF SYMMET¬ 
RIC SECOND-ORDER TENSOR. See prin¬ 
cipal directions of symmetric second-order 
tensor. 

DIRECT METHODS. Methods usually con¬ 
trasted with iterative methods or methods of 
successive approximation for matrix inversion 
and the solution of equations. The exact in¬ 
verse or solution is expressed as the result of 
a finite sequence of operations on scalars. 

DIRECT METHODS IN GEOMETRIC OP¬ 
TICS. The application of the Hamiltonian 
theory. For theoretical purposes it is pre¬ 
eminent but for practical design its use is 
limited. 

DIRECTOR SURFACE. A reference surface 
which is cut by all the curves of a congruence 
of curves. 

DIRECT PRODUCT (OF SUBGROUPS). A 
group G is said to be the direct product of 
two of its normal subgroups A and B having 
only the identity in common if every element 
in G can be represented as the product of an 
element of A with an element of B, and simi- 
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larly for the case of more than two subgroups. 
The G is said to be completely reducible if it 
is the direct product of simple groups. 

DIRECT REFLECTANCE. The ratio of the 
luminous flux reflected in accordance with the 
laws of regular reflection to the total incident 
flux. 

DIRECTRIX (OF A RULED SURFACE). A 
reference curve on the ruled surface cutting 
every generator. (See also conic.) 

DIRECT STRESS. See stress, direct. 

satisfying the boundary conditions, which 
minimizes the integral 

(u2 + u2)dxdy. 

The principle, which requires certain reserva¬ 
tions, was named after Dirichlet by Riemann 
but ought to have been named after Gauss and 
Lord Kelvin. It is important as a link be¬ 
tween partial differential equations and the 
calculus of variations. The name is sometimes 
also given to the corresponding principle for 
more general elliptic differential equations. 

DIRECT SUM. Let 0Ct {i = 1, 2, • • • n) be 
a sequence of Hilbert spaces. The set of 
sequences {f1} /2, • • •} with /j-e3Ci can be made 
into a vector space with the definition 

«{/i,/2, •••/«} + /3{<7i, <72, • • • 0n} 

= {a/i + 001, <2/2 + 002, * *' }• 
n 

The set of all such sequences with 23 (/», /;) < 
1 = 1 

00 where (/,-, /,) denote the scalar product in 3C; 
is then a Hilbert space with the scalar product 

n 

({/l,/2, • • • /»}, {01, 02, ’ • • 0n}) = 23 (/t, 0f)- 
i=l 

We denote this Hilbert space by Xi © JC2 © 
• • • 3Cn- If Tg(i) is a representation of 
the group G in JC1 then the direct sum represen¬ 
tation 

Tg = Tga) © Tg(2) © • • • © TgM 

in 3C(1) © 3C(2) © • • • is defined by the equation 

Tgl/n/2, •••} = {Tg(1)flt Tei2)f2, •••}. 

DIRICHLET PROBLEM. See boundary 
value problem. 

DIRICHLET SERIES. A series of the form, 

a2 03 an 
«!+- + -+•••+- + 

2X 

DISADVANTAGE FACTOR. In neutron 
transport theory, in a situation in which one 
body is embedded in another (usually a fuel 
plate or foil in moderator) the disadvantage 
factor is the ratio of the average neutron flux 
in the first body to that in the second. 

DISCONTINUITY. A point at which a func¬ 
tion is not continuous. If the point x = a is 
such that fix) approaches distinct finite limits 
as x approaches a from the left or from the 
right, then a is said to be a jump discontinuity 
of f(x), or f{x) is said to have a jump discon¬ 
tinuity at a. If f{x) can be made continuous 
at a by giving a suitable definition to /(a), 
then f ix) is said to have a removable dis¬ 
continuity at a. 

DIRECT TRANSMITTANCE. The ratio of 
the luminous flux transmitted in accordance 
with the laws of direct transmission to the 
total incident flux. 

DIRICHLET INTEGRAL. The integral 

1 sin in + \)(t - x) 
- I fit)-—;-dt 
7r 2 sin %(t — x) 

expressing the nth partial sum of a Fourier 

series. 

DISCONTINUOUS SPECTRUM. See spec¬ 
trum, discontinuous. 

DISCONTINUOUS SYSTEM. A term used 
in thermodynamics for systems which consist 
of a finite number of homogeneous regions. 
The intensive state variables have the same 
value throughout each homogeneous region, 
but they have different values in different 
regions. As a result they are discontinuous 
at the boundary. (See also continuous sys¬ 
tems.) 

DIRICHLET PRINCIPLE. The principle 
that the solution of the equation uxx + uyy = 0, 
satisfying given boundary conditions, will be 
given by the function, among all functions 

DISCRETENESS. (1) A term referring to 
the distribution of allowed values of a physical 
quantity over a given interval. The distribu¬ 
tion is discrete if only a denumerable set of 
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values is permitted. This is the case, for ex¬ 
ample, with the allowed frequencies of vibra¬ 
tion of a finite stretched string, and quantized 
quantities such as the energy states of a bound 
system or the quantized values of angular 
momentum. (2) The atomicity of mass and 
charge. 

DISCRETE ORDINATES METHOD. In 
neutron transport theory, a method synony¬ 
mous with the Wick-Chandrasekhar method. 

DISCRETE SPECTRUM. See spectrum, dis¬ 
crete. 

DISCRETE VARIATE. A variate which oc¬ 
curs only in terms of integral values of a cer¬ 
tain unit. Examples are the number of votes 
cast in an election, or the number of beta 
particles emitted by a radioactive substance. 

DISCRIMINANT. The discriminant of an 
algebraic equation xn + aix"-1 -)-••• -j- a„ = 0 
is the product of the squares of all the differ¬ 
ences of the roots taken in pairs. It is rational 
in the coefficients. 

DISCRIMINANT FUNCTION. Suppose we 
have two normal multivariate populations 
with equal variances and covariances but dif¬ 
ferent means, and an observation which is 
known to come from one or other of the pop¬ 
ulations. Overlap in the distributions of the 
individual variates may make it difficult to 
allot the observation to its correct population 
with certainty, but we can construct a func¬ 
tion of the variates, the discriminant function, 
which will allocate a member to one class or 
the other with a known probability of correct¬ 
ness. The function is usually chosen so as to 
maximize this probability, and is then linear 
in the variates for normal variation with equal 
dispersions. In other cases, more complicated 
discriminants are required. The procedure 
extends the allocation to more than two popu¬ 
lations. 

DISINTEGRATION. (1) Loss of form or 
powdering. (2) The passage of a metal into 
colloidal solution when it is made an electrode 
under certain conditions. (3) Tranforma- 
tions of radioactive elements are termed dis¬ 
integrations when they result from radioac¬ 
tivity. 

DISINTEGRATION CONSTANT. The prob¬ 
ability per unit time, A, that a given unstable 

particle of system, such as a radioactive atom, 
will undergo spontaneous transformation. It 
is defined by the equation dN/dt = —AN, 
where N is the number of untransformed par¬ 
ticles or systems existing at time t. It is the 
reciprocal of the mean life of the given system 
before undergoing transformation. 

DISINTEGRATION CONSTANT, PAR¬ 
TIAL. One of disintegration constants of a 
particle or system that undergoes more than 
one mode of disintegration. (See branch¬ 

ing-) 

DISINTEGRATION ENERGY, GROUND 
STATE. The disintegration energy of a nu¬ 
clear disintegration when all the reactant and 
product nuclei end in their ground states. 
(See disintegration energy, nuclear.) 

DISINTEGRATION ENERGY, NUCLEAR. 
The energy evolved, or the negative of the 
energy absorbed, in a nuclear disintegration; 
symbol Q. It is equal to the energy equiv¬ 
alence of the sum of the masses of the re¬ 
actants minus the sum of the masses of the 
products. (For each reactant or product 
which is a nucleus, the appropriate mass is 
that of the corresponding neutral atom.) If 
the disintegration energy is positive, the disin¬ 
tegration is exothermic; if it is negative, the 
disintegration is endothermic. Radioactive 
disintegrations have positive Q-values; nu¬ 
clear reactions may have positive values of 
either sign. Sometimes the term nuclear dis¬ 
integration energy is applied to the ground- 
state disintegration energy. (See disintegra¬ 
tion energy, ground-state.) 

DISJOINT SUBGRAPHS. See subgraphs, 
disjoint. 

DISLOCATION. A discontinuity in the dis¬ 
placement field of the type produced in a solid 
body by making a cut in it which does not 
bisect the body, displacing the cut surfaces 
relative to each other and joining them. Alter¬ 
natively, two portions of the surface of the 
body may be brought together and joined. 

An important type of dislocation is that 
occurring in a lattice. It is a region of de¬ 
parture from the normal lattice arrangement 
localized in the neighborhood of a line or 
curve, called the dislocation line. The atomic 
arrangement remote from the dislocation line 
is identical with that for a perfect crystal lat- 
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tice, except for a small elastic distortion. One 
can associate a vector t with the line joining 
an atom to one of its nearest neighbors, t(0) 

being the corresponding vector in the undis¬ 
torted lattice. If we now consider a closed 
path enclosing a dislocation line, we have 

2t = 0 by definition 

2t(0) = t' 5* 0 

where t' is the same for all paths encircling 
the dislocation line in the same sense, and is 
called the slip vector, or Burger’s vector, of the 
dislocation. 

DISLOCATION LINE. See dislocation. 

DISPERSION. (1) In a medium in which the 
velocity of progressive waves of small ampli¬ 
tude varies with the wavelength, a disturbance 
of arbitrary form, which (according to 
Fourier theorem) may be regarded as com¬ 
posed of superposed trains of waves of all 
wavelengths, changes shape as it progresses be¬ 
cause the different component wave trains 
travel at different speeds. The disturbance 
is then said to be dispersed. The time required 
for a pulse (or concentrated disturbance) 
which is subsequently dispersed to pass a point 
is the difference between the times of arrival 
of the fastest and slowest moving component 
waves traveling with their group velocities. 

Since the group velocity differs from the phase 
velocity in a dispersive medium, a dispersed 
pulse has waves moving through it with their 
appropriate wave velocity. Each wave 
changes its length as it moves through the 
disturbance, at each point having a length 
determined by the time of arrival of these 
waves traveling with the group velocity from 
the original pulse. 

All gravity waves in fluids are dispersive. 
As defined above, dispersion is the separa¬ 

tion of a complex wave into components. The 
term is also applied to the property of an op¬ 
tical device or medium giving rise to the phe¬ 
nomenon, or the numerical value of this 
property. 

(2) In statistics, dispersion is a general term 
denoting the spread of a series of values, usu¬ 
ally about some central point such as the mean 
or median. The chief measure of dispersion 
in use is the standard deviation but the mean 

deviation and the mean difference are also 
employed. 

In a multivariate situation, dispersion is a 
useful word to cover measures of variance and 
covariance. Thus, the dispersion matrix of a 
set of variates is the matrix («y) where ay is 
the covariance of the ith and jth variates. This 
is also known as the covariance matrix or the 
variance-covariance matrix. 

DISPERSION, ANOMALOUS. See anoma¬ 
lous dispersion. 

DISPERSION FORCES. The dispersion 
forces make an essential contribution to the 
attractive part of the intermolecular forces. 
At any instant the electrons in molecule A 
are in some configuration which results in an 
instantaneous dipole moment. This instan¬ 
taneous dipole moment induces a dipole mo¬ 
ment in molecule B and vice versa. The net 
result is an attraction between the molecules 
A and B. Quantum mechanics gives the fol¬ 
lowing first approximation for this attraction 

0(r) = 
3 / hvAhvB \ aAaB 

4 \hvA + hvB) r6 
(1) 

in which hvA, hvB are characteristic energies 
of the order of the ionization potentials of 
molecules A and B and aA, aB are the polar¬ 

izabilities. 

Formula (1) was first derived by F. London, 
and so these forces are also called the London 
forces. In the derivation, concepts somewhat 
similar to those of the optical dispersion theory 
appear. (See entries following.) Therefore 
these forces are commonly called dispersion 
forces. 

DISPERSION FORMULA. An empirical ex¬ 
pression for the refractive index of a substance 
as a function of wavelength is a dispersion 
fonnula. (See Hartmann dispersion formula; 

Helmholtz-Ketteler formula; Herzberger Dis¬ 

persion formula; Eykman formula; Cauchy 

formula for refractive index.) 

DISPERSION OF LIGHT, CLASSICAL 

THEORY OF (FOR GASES). In this theory 
atoms are considered as including electrons, 
not rigidly fixed, which can oscillate about 
equilibrium positions when acted up by os¬ 
cillatory forces (see atom, Thomson). The 
classical laws of motion and of electromag¬ 
netism are used. An electron set into oscil¬ 
latory motion by an incident electromagnetic 
wave will in turn emit electromagnetic radia- 
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tions (see dipole, oscillating). It will thus act 
like a forced damped harmonic oscillator and 
the radiation it emits will be out of phase with 
the incident radiation (see oscillator, forced). 
If there are Nk electrons per unit volume with 
natural frequency wk and damping constant gk, 
the refractive index of the gas will be given (in 
mksa units) by 

1 ^ (Nke2/me0)(uk2 - w2) 

n = 1 + 2 r ^ - «2)2 + ' 

where the summation is carried over the dif¬ 
ferent types of dispersion electrons. This equa¬ 
tion accounts for the phenomena of anomalous 
dispersion at frequencies close to uk/27t. 

DISPERSION OF ROTATION. The angle 
of rotation of the plane of vibration in optic¬ 
ally active substances is p = K/X2 + a where 
K is constant and a depends on natural free 
periods of vibration in the crystal. This rela¬ 
tion is called the dispersion of the rotation. 

DISPERSION, PARTIAL. In the correction 
of the secondary spectrum of chromatic aber¬ 
ration in an optical system the partial disper¬ 
sion of a medium P\ = (n\ — nF)/(nF — nc) 
occurs as a discrete substitute for drn/dx2. 
The indices of refraction nF, nc are for light of 
the wavelength of the blue F and red C hydro¬ 
gen lines, respectively. (See Abbe number.) 

DISPERSION, QUANTUM THEORY OF. 
See quantum theory of dispersion. 

DISPERSION, RECIPROCAL LINEAR. 
The derivative dX/dx, where X is wavelength 
and x is the distance along the spectrum. The 
reciprocal linear dispersion is usually ex¬ 
pressed in Angstroms per millimeter. 

DISPERSION, RECIPROCAL MEAN. See 
Abbe number. 

DISPERSION RELATIONS. Dispersion re¬ 
lations are integral formulas connecting the 
real and imaginary parts of scattering ampli¬ 

tudes (S matrix elements). Kronig and 
Kramers were the first to point out that the 
coherent forward scattering amplitude of light 
by matter, / (w), has the property that its real 
and imaginary part are related by 

2or r00 Im/V) 
Re [/(a,)-f (0)1 =—P 

7T Jq 0) (w — 0} ) 

where P denotes the principal value. It was 
also pointed out by Kramers that these “dis¬ 

persion relations” were a consequence of the 
principle of causality, i.e., that all interactions 
(signals) propagate with velocities not greater 
than the velocity of light. The quantity 
Im/(<o) is furthermore related to the total 
cross section through the optical theorem 

4tt 
<r(w) = — Im/(w), 

k 

wdiere k is the wave number corresponding to 
<o (cu = kc). Thus the real part of the forward 
scattering amplitude is determined by an inte¬ 
gral over the total cross section. 

In establishing dispersion relations in field 
theory, the following assumptions are usually 
made: 

(a) that local fields can be used to describe 
the particles, and that these fields have 
well defined transformation properties 
under Lorentz transformations; 

(b) that these operators satisfy the prin¬ 
ciple of microscopic causality, i.e., if 
A(x), B(y) are two observable Heisen¬ 
berg fields then [A{x), P(y)] =0 if 
(x - y)2 < 0; 

(c) that the totality of all possible physical 
states of the field system forms a set of 
basis vectors which is complete in the 
quantum mechanical sense, and that 
these states have an energy-momentum 
spectrum which is positive time-like. 
Furthermore, that there exists a unique 
invariant state of energy-momentum 
zero, the vacuum state; 

(d) that the field operators satisfy asymp¬ 

totic conditions. 

Axioms (b) and (c) allow us to infer that the 
scattering amplitudes are boundary values of 
analytic functions in momentum space. The 
dispersion relations are a reflection of these 
analytic properties. 

In the case of meson-nucleon scattering (see 
S-matrix and quantized field theory) the ma¬ 
trix element of the <S-matrix can be written in 
the following form 

T(k0,A2) = ijd4x exp [iT0z0 — fk-x] 

where j = (□ + n2)<j> and <fi is the field operator 
for the mesons (isotopic spin considerations 
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have been neglected). The matrix element of 
the commutator in the above is taken between 
one-nucleon states, in the particular coordi¬ 
nate frame where the initial and final nucleon 
have momenta +A/2 and -A/2 the initial and 

final value of the meson momenta k are tt ± > 

respectively. The quantity k0 is the meson 
energy given by 

where 

-A*)" 

m - (y - m2 - f y. 

It will be noted that in the expression defining 
T, the energy variable occurs only in the ex¬ 
ponent. The vanishing of the commutator out¬ 
side the light cone allows one to extend the 
energy dependence into the complex k0 plane. 
This extension is justified if the mass n is made 
imaginary and sufficiently large in absolute 
value. The use of Dyson representation for 
this causal commutator and the spectral prop¬ 
erties allow one to derive the following analytic 
properties of T considered as function of the in¬ 
variants W2 = (p + k)2 and A2 = }/i(p — p')2 
where p,p' and k,k' are the initial and final 
nucleon and meson momenta. M is an analytic 
function in a certain region of the A2 plane, 
the boundary of which can be expressed as of 

A2 
function of W2 and n2, and for n2 < — — 

is an analytic function in the upper half of the 
complex W2 plane. Hence for this case 

T(W2, A2, m2) = - fdW'2 
7r J 

Im T(W , A2, n2) 

W'2 - w2 

Symmetry properties and spectral properties 
of Im T allow us to rewrite the right-hand side 
only over the range W'2 from (/x -f- M)2. It is 
further necessary to show that this relation 
holds for n2 extrapolated to its physical value; 
this can be done. 

The problem of proving the analytic prop¬ 
erties relevant for the dispersion relations is a 
special case of the general task of finding what 
analytic properties of Green’s functions follow 
from (a) Lorentz invariance, (b) causality, 
and (c) spectral conditions. For the two- 
particle scattering amplitude, one is dealing 
with the vacuum expectation value of the re¬ 
tarded or time ordered product of four opera¬ 
tors and thus with a function of the 6 scalar 

products which can be formed from the 3 inde¬ 
pendent vectors p + + k', p' + k. Local 
commutativity and spectral conditions assert 
that these functions are analytic in a certain 
domain D in the space of 6 complex variables. 
The problem is then to characterize this do¬ 
main and to compute its envelope of holo- 
morphy E(D) and to derive a representation 
of the most general function in the class of in¬ 
terest which is analytic in E (D) and has singu¬ 
larities everywhere on the boundary. 

DISPERSION, ROTATORY. See rotatory 
dispersion. 

DISPERSIVE POWER. (1) The ratio ofthe 
difference in deviation of light of two differ¬ 
ent wavelengths relative to the deviation for 
light whose wavelength is an average of the 
two. Thus, if Da, Db are the deviations for 
wavelength A = A and A = B and if D0 is 
that for light of some intermediate wave¬ 
length A = C = Y2 (A B), then the disper¬ 
sive power is given by 

Da — Db 
a =- 

Dc 

(2) A quantity which is approximately 
equal to the reciprocal of the dispersive power, 
also referred to as the Abbe number or as 
v-value, is defined by lens designers and man¬ 
ufacturers of optical glass as 

nD — 1 
v =- 

Tip — Tic 

where nD, nF and nc are the refractive indices 
of the glass for the D, F, and C Fraunhofer 
lines. 

DISPERSIVITY, MOLAR. The difference in 
molar refraction at two wavelengths. 

DISPERSIVITY, SPECIFIC. The difference 
in specific refraction at two wavelengths. 

DISPLACEMENT. (1) The vector quantity 
denoting change in position of a point is called 
displacement. The term linear displacement 
is employed occasionally to distinguish dis¬ 
placement from angular displacement. Angu¬ 
lar displacement, the change in angular posi¬ 
tion, is not a vector quantity. 

(2) In a piston and cylinder mechanism, dis¬ 
placement means the volume swept out by the 
piston face. Given the bore and stroke as D 
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and L, the number of cylinders n, the displace¬ 
ment is: 

wD2Ln 

4 

(3) The term displacement is also applied to 
ships. The portion of a ship which is immersed 
in water is buoyed up by a force equal to the 
weight of water displaced by the body. Hence 
the displacement of a ship in tons of water is 
equal to the weight of the ship and of its con¬ 
tents. Various legal and conventional defini¬ 
tions of the displacement of a ship are related, 
but not equal, to the buoyancy. 

(4) For electric displacement, see electric 
induction and current, displacement. 

DISPLACEMENT, COMPLEX. In solving 
for the transient and steady state behavior of 
a vibrating system undergoing forced oscilla¬ 
tions, it is often mathematically useful to con¬ 
struct a complex displacement x„ = x -f- ixf, 
where x is the real, and x! the imaginary part. 

DISPLACEMENT COMPONENTS. Change 
of the coordinates, in some reference system, 
of a particle of a body arising from a deforma¬ 
tion of the body. 

DISPLACEMENT CURRENT. See current, 
displacement. 

DISPLACEMENT, ELECTRIC. See elec¬ 
tric induction and current, displacement. 

DISPLACEMENT FIELD (IN A BODY). 
The vector field defined by the displacement 
vector throughout the body. 

DISPLACEMENT, GENERALIZED. Angu¬ 
lar displacement, rotation, curvature, change 
in volume, change in length, etc., may be con¬ 
sidered as generalized displacements. Each 
has a corresponding generalized force (mo¬ 
ment, pressure, force, etc.) which multiplied 
by the generalized displacement, gives a vir¬ 
tual or real work quantity. 

DISPLACEMENT LAW, SOMMERFELD- 
KOSSEL. See Sommerfeld-Kossel displace¬ 
ment law. 

DISPLACEMENT OPERATOR. See differ¬ 
ence operators. 

DISPLACEMENTS, COMPATIBLE. Dis¬ 
placements compatible with the constraints is 
a phraseology employed in some statements of 

the theorem of virtual work. Its meaning is 
that the displacements chosen for the system 
do not violate the actual conditions of support 
or constraint of the system. 

DISPLACEMENT THICKNESS OF 
BOUNDARY LAYER. The displacement 
thickness 8* for a boundary layer is defined by 

where u is the velocity at a distance y from 
the wall and U is the velocity outside the 
boundary layer, i.e., for y > 8. 

The streamlines in the potential flow out¬ 
side the boundary layer are displaced away 
from the wall by an amount 8*, due to the re¬ 
duced velocity in the boundary layer. 

DISPLACEMENT, VIRTUAL. Any dis¬ 
placement of a system may be termed a vir¬ 
tual displacement. Often the term is re¬ 
stricted to infinitesimal displacements com¬ 
patible with the constraints. 

DISSIPATION. (1) The interaction between 
matter and energy incident upon it, such that 
the portion of the energy used up in the inter¬ 
action is no longer available for conversion 
into useful work. (2) A persistent loss of 
mechanical energy because of the presence of 
frictional or frictionlike forces or resistances. 
(3) In free oscillatory motion, a persistent 
loss of mechanical energy due to presence of 
friction-like resistance to motion which even¬ 
tually exhausts the total energy of the system 
and causes it to come to rest. Such motion is 
said to be damped. (See oscillations, 
damped.) 

DISSIPATION FACTOR. The reciprocal of 
Q, the storage factor. 

DISSIPATION FUNCTION. A mathemati¬ 
cal expression related to the loss of the me¬ 
chanical energy in a system. For example, if 
a system consists of a number of particles, and 
the equations of motion for a typical particle 
are 

mx = —Ri± + X 

my = -R2y + Y 

m'z — —R3z + Z 

(X, Y, and Z are the components of the total 
force, external and molecular, on the particle, 
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except the force of resistance; R2, R3 are 
the friction constants for the typical particle), 
then the function F = Rii2 + R2y2 + 

R3z2 is the dissipation function of the system. 
If qi, q2, • • •, qn are the generalized coordinates 
of the system and if Qr denotes the expression 

N 

Qr=Z 
1 

dx dy dz' 
X-[-Y— + Z — 

dqr dqT dqr. 

and if T is the kinetic energy of the system, the 
equation of motion can be written in the form 

d 

© dt \dq 

dT dF 
— + — = Qr (r = 1,2, • • • n). 
d(Jr 

Dots mean derivatives with respect to time. 
(See also time variation of entropy produc¬ 
tion; Rayleigh dissipation function.) 

DISSIPATIVE FORCE. Non-conservative 
forces are dissipative. The work they do is 
path-dependent. Part or all of this work is 
converted to non-available energy and does 
not appear as kinetic or potential energy. 

DISSIPATIVE FUNCTION. See dissipation 
function. 

DISSOCIATION ENERGY OF A MOLE¬ 
CULE. The energy necessary for the com¬ 
plete separation from each other of the two 
atoms forming a diatomic molecule, or for the 
removal of an atom or a group of atoms from 
a polyatomic molecule. More exactly, the 
dissociation energy is the difference between 
the energy of the molecule and its dissociation 
products in their respective ground states. If 
therefore the actual dissociation process leads 
to atoms (or radicals) in excited states the dis¬ 
sociation energy is the energy needed for their 
separation minus the excitation energy. (See 
also potential functions; atomic heats of for¬ 
mation; bond energies.) 

DISSOCIATION LAWS. See Saha equilib¬ 
rium formula. 

DISSOCIATION OF DIATOMIC GAS. See 
Saha equilibrium formula. 

DISSYMMETRY FACTOR OR ANISO 
TROPY FACTOR. A quantity used to ex¬ 
press conveniently the magnitude of circular 
dichromism. It is defined by the following 

formula: 

(*i — xr) 
g =- 

K 

where g is the dissymmetry factor, Kt and *r 
are the absorption indices for the left- and 
right-circularly polarized light, and k is the 
absorption index for ordinary light of the 
same wavelength. 

DISTANCE, GEODESIC. Geodesic distance. 
(See geodesic parallels.) 

DISTORTION. In general, a change of form, 
shape, or wave form. The last usage applies 
to acoustics and electromagnetics. In optics, 
the following specific usages apply: (1) Quali¬ 
tatively, the image error due to the departure 
of optical imagery from a similarity transfor¬ 
mation. (2) Quantitatively, one of the five 
Seidel aberrations. 

DISTORTIONAL STRAIN ENERGY. See 
Mises yield condition. 

DISTORTIONAL WAVE. See wave(s), 
shear. 

DISTORTION, AMPLITUDE. A type of 
distortion that occurs in an amplifier or other 
device when the amplitude of the output is not 
exactly a linear function of the input ampli¬ 
tude. (See also distortion, amplitude-fre¬ 
quency; and distortion, harmonic.) 

DISTORTION, AMPLITUDE-FREQUENCY. 
Distortion due to an undesired amplitude- 
frequency characteristic. The usual desired 
characteristic is flat over the frequency range 
of interest. Amplitude-frequency distortion is 
sometimes called amplitude distortion or fre¬ 
quency distortion. 

DISTORTION ENERGY. The energy stored 
elastically may be considered to be the sum of 
a volumetric and a shear strain or distortional 
energy. The volumetric energy is that associ¬ 
ated with the mean stress, the distortion en¬ 
ergy with the stress deviation. For an iso¬ 
tropic material the distortion energy per unit 
volume is 

—— [(cri — c2)2 + (cr2 — o 3)2 + (0-3 — ci)2] 
12 (j 

where o 1, <r2, <r2 are principal stresses and G is 
the shear modulus or modulus of rigidity. 

DISTORTION, ENVELOPE DELAY. That 
form of distortion which occurs when the rate 
of change of phase shift with frequency of a 
circuit or system is not constant over the fre- 
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quency range required for transmission. En¬ 
velope delay distortion is usually expressed as 
one-half the difference in microseconds be¬ 
tween the maximum and minimum envelope 
delays existing between the two extremes of 
frequency defining the channel used. 

DISTORTION, GEOMETRICAL. See geo¬ 
metrical distortion. 

DISTORTION, HARMONIC. Nonlinear 
distortion characterized by the appearance in 
the output of harmonics other than the funda¬ 
mental component when the input wave is 
sinusoidal. Harmonic distortion is sometimes 
called amplitude distortion. 

DISTRIBUTED FORCE. See force, distrib¬ 
uted. 

DISTRIBUTION. If a variable can take a 
set of values {x} with relative frequency or 
probability f{x), it is said to be distributed 
over these values and to have a distribution. 

f(x) is called the frequency function and its 

sum or integral I f(x)dx = F{x) is called the 
%J — oo 

distribution function. Similar definitions apply 
if x is continuous and mathematically it may 
be more convenient to define Fix) and to re¬ 
gard fix) as its derivative when existent. 

There are many variants of these names. 
The frequency function is often called the 
probability density junction and the distribu¬ 
tion function is called the cumulative fre¬ 
quency function or cumulative probability 
function or even the probability function. 

The terminology extends immediately to 
more than one variable. (See also binomial 
distribution; Edgeworth’s series; Gram-Char- 
lier series; normal distribution; Pearson distri¬ 
bution; Poisson distribution; Maxwell distri¬ 
bution; Maxwell-Boltzmann distribution; dis¬ 
tribution-in-momentum; distribution theory.) 

DISTRIBUTION, ARC-SINE. See arc-sine 
distribution. 

DISTRIBUTION, CAUCHY. See Cauchy 
distribution. 

DISTRIBUTION COEFFICIENTS (CHEM¬ 
ICAL). See Nernst distribution law. 

DISTRIBUTION COEFFICIENTS (OPTI¬ 
CAL). The tristimulus values, on any given 
colorimetric system, of the monochromatic 

components of an equal energy spectrum. The 
set of distribution coefficients defines the dis¬ 
tribution functions or distribution curves. 
(See CIE-distribution coefficients.) 

DISTRIBUTION FACTORS. The moment 
distribution factors which multiply the un¬ 
balanced moment at a joint to give the mo¬ 
ments to be distributed to the members fram¬ 
ing into the joint. 

DISTRIBUTION-FREE INFERENCE. A 
method of inference in statistics which does 
not depend on the precis^ form of the parent 
distribution. For example, if treatments A 
and B are applied to n pairs of plots, the n 
differences in yield typified by xA — xB can be 
tested for significance by considering their 
sign only, a large preponderance of positive 
signs indicating that A is better than B\ and 
this does not depend on the distribution of the 
x values. 

DISTRIBUTION FUNCTION. See distribu¬ 
tion. 

DISTRIBUTION FUNCTION, FERMI-DI- 
RAC. See Fermi-Dirac distribution function. 

DISTRIBUTION IN ENERGY. A proba¬ 
bility distribution function for various energy 
values. 

DISTRIBUTION IN MOMENTUM. A prob¬ 
ability distribution function for various values 
of momentum. 

DISTRIBUTION IN PHASE. A probability 
distribution function in phase space. 

DISTRIBUTION, MOMENT OF. See mo¬ 
ment of a distribution. 

DISTRIBUTION OF MOLECULAR VE¬ 
LOCITIES, LAW OF. At any given tem¬ 
perature different molecules of a gas have 
different velocities which range from very 
small to very large values. A large majority 
of molecules have velocities falling in a nar¬ 
row range, but a small fraction of molecules 
have very low or high velocity. As the tem¬ 
perature is raised the maximum in the veloc¬ 
ity distribution curve shifts to higher veloci¬ 
ties and flattens out. (See Maxwell distribu¬ 
tion law.) 
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DISTRIBUTION THEORY. The usual defi¬ 
nition of the Dirac 8 function given by 

r+x 
5(x) = 0, x 0 and I b{x)dx = 1, 

j—00 

is not a mathematically valid definition since 
if a function is zero everywhere except at a 
point, its integral, with the usual Lebesgue 
definition of the integral, vanishes. The theory 
of distributions of L. Schwartz generalizes the 
notion of the ordinary (measurable) function 
and defines the notion of a “generalized func¬ 
tion.” Such generalized functions encompass 
5 functions and their derivatives and justify 
their use. In the following a complex valued 
function 0(x) = 0(xx •••*„) of n real variables 
X\, x2 • • • xn, where xx ■ • • xn range over n di¬ 
mensional Euclidean space Rn, is said to be a 
“test function” if it is infinitely differentiable, 
and vanishes outside some compact set K 
(i.e., a closed and bounded interval in the case 
n = 1). The complement of the largest open 
set where 4>(x) is zero is called the support of 
4>(x). We denote by D the set of these test 
functions: D is the vector space of all C°° func¬ 
tions that have compact support. A sequence 
{0n(x)} of test functions is said to converge to 
zero if the functions 0„(x) and all their deriva¬ 
tives converge uniformly to zero and if all <t>n 
have the same compact support. (Uniform 
convergence is required for each fixed order of 
the derivatives, not for all orders collectively.) 
This notion of convergence defines a (pseudo-) 
topology in D. A functional T on D is an 
operation that associates with every 0eD a com¬ 
plex number. This associated number is de¬ 
noted by T(<t>). A functional T on the space of 
test function D is said to be linear if 

(a) T(<tn + 02) = + T(cf>2) for every 

0i, 02 in D. 
(b) T(\<t>) = XT(0) for every 0 in D and 

every complex number X. 

A functional is said to be continuous if 
converges to zero for any sequence {0,jof func¬ 
tions <f>j in D that converge to zero as defined 
above. 

A distribution as defined by Schwartz is a 
continuous linear functional on the space of test 
functions D. The space of all distributions is 
denoted by D' and is the dual space of D. A 
distribution T is said to be zero in an open set 
SI of Rn if T{4>) = 0 for all test functions 0 in D 
whose support is contained in St. The support 

of a distribution is the complement of the 
largest open set in which T is zero. 

Let E be the vector space of all C“ (infinitely 
differentiable) functions with arbitrary sup¬ 
port. Convergence in E is defined as follows: A 
sequence {0;}, 0/ in E, converges to zero if the 
0y converge to zero in every compact subset of 
Rn and the same is true for the derivatives of 
any order. (Uniform convergence is again re¬ 
quired only for fixed order of the derivatives, 
not for all order collectively.) If 0O is a fixed 
function in E, we can define as neighborhoods of 
the sets {01 0(x) — 0o(x) | < e} for x in K, where 
e > 0 and K is a compact set. This definition 
of neighborhoods defines a topology in that a 
sequence is convergent in this topology if it is 
convergent as defined above. The dual space 
of E, that is, the space of continuous linear func¬ 
tional on E is denoted by E'. Schwartz has 
shown that E' consists exactly of those distribu¬ 
tions in D' that have compact support. 

It is sometimes convenient to write a dis¬ 
tribution as an integral over a “generalized 
function” as follows: 

4“°° 

7/(0) = J f(x)4>(x)dx 

where the integral and the “generalized func¬ 
tion” /(x) is defined by this equation. The 
Dirac 5-function as well as the singular func¬ 
tions A, A(i) etc., are such generalized functions. 

On the other hand if/(x) is a summable func- 
X+CO 

/(x)0(x)dx 
- oo 

defines a distribution which is again denoted by 

7/(0). 
The derivative of a generalized function is 

defined in such a way that it remains valid 
when the generalized function is also a differ¬ 
entiable function. One defines the derivative 
of a generalized function/'(x) by 

/. 

+CO 

f'(x)<t>(x)dx 

For every test function 0 the right hand side 
always exists and hence the left hand side gives 
a definition of fix). The distribution deriva¬ 
tive DTf is defined by 

DTf(<t>) = —T/(d<t>/dx). 

A function/(x) is said to be “rapidly decreas¬ 
ing” if it tends to zero faster than any poly¬ 
nomial as | x | —» oo. Let S be the set of these 
functions. A sequence {0„(x)} in S tends to 
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zero if \DlP(x)4>n(x)} tends to zero uniformly 
for all x as n —» °°, for each polynomial P and 
each l. 

A “tempered distribution’’ T is a linear func¬ 
tional on S such that T(<t>n) —* 0, if {</>„} —* 0. 
The set of tempered distributions, S', is the 
largest set in which Fourier transforms map 
the space into itself. The Fourier transform 

T of any T in S' is defined to be that distribu¬ 
tion for which 

t($) = u 

where 4>(x) = <t>( — x) and $ is the Fourier 
transform of 4> which, if <t> is S, is also in S. 
When T corresponds to an absolutely integrable 
function, this above definition reduces to the 
usual Fourier transformation. 

DISTRIBUTIVE LAW. An operator A is 
distributive over addition (obeys the distribu¬ 
tive lawr) if A (a -(- b) = Aa + Ab. Thus, in 
elementary arithmetic, multiplication is dis¬ 
tributive over addition. 

DIVERGENCE. The scalar product of the 
vector differential operator, del (v) and a 
vector. In Cartesian coordinates 

dVx dVy dV z 
V-v = div v =-1-1-- 

dx dy dz 

The divergence of a position vector is constant; 
V R = 3; R = ix + jy + kz. 

If v represents at each point in space the 
direction and magnitude of a vector, then div v 
is the outward flux of the vector per unit vol¬ 
ume. 

If the divergence of a vector function of 
position vanishes everywhere in a certain 
region, the function is said to be a solenoidal 
vector in that region. It follows that if v is a 
solenoidal vector so that V-v = 0, then v = 
V X w, or v is the curl of some vector w. 

DIVERGENCE LOSS (SOUND). That part 
of the transmission loss which is due to the 
divergence or spreading of the sound rays in 
accordance with the geometry of the system 
(e.g., spherical waves emitted by a point 

source). 

DIVERGENCES IN QUANTIZED FIELD 
THEORY, REMOVAL OF. In any quantized 

field theory corresponding to the interaction 
of fermions with bosons based on a Lagran- 
gian with an interaction term of the form 
G$Tip<f> where ^ is the fermion field operator 
and <f> that of the boson field, the S-matrix ex¬ 
pansion in powers of G will contain diver¬ 
gences in the higher order terms. In particu¬ 
lar, for the case of quantum electrodynamics 
the rules for evaluating Feynman diagrams 
(see S matrix, evaluation of) imply that three 
types of divergences can occur in evaluating 
an nth order diagram consisting of Fe external 
and Fi internal electron lines, Pe external and 
Pi internal photon lines, and n, vertices at 
which the mass renormalization term act. Of 

these, those arising because the integrand 
does not fall off rapidly enough for large 
values of the momentum of one of the internal 
lines are called ultraviolet divergences and are 
the ones with which the renormalization tech¬ 
nique is designed to eliminate. The other di¬ 
vergences are connected with the fact that 
photons have zero mass (infrared divergences) 
or the onset of inelastic processes and can be 
handled in a known fashion. Any ultraviolet 
divergence will be removed if a sufficient num¬ 
ber of the internal momenta are held fixed. A 
primitive divergent is defined as a divergent 
graph made convergent by the cutting of any 
internal line. Dyson has shown that any 
graph for which %Fe + Pe + nt > 4 has the 
matrix element which is convergent. The 
number of primitive Feynman divergent 
graphs in quantum electrodynamics are finite 
and are indicated in Figure 1. In that figure, 

-e-o- 
b 

Fig. 1. 

a and b are an electron and a photon self¬ 
energy diagram, respectively. Diagram a 
gives rise to a possible linearly divergent con¬ 
tribution, b, to a possibly quadratically diver¬ 
gent contribution, though in fact the quadrati¬ 
cally divergent contribution vanishes by gauge 
invariance. Diagram c is a vertex part, and 
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is at most logarithmically divergent. The dia¬ 
gram d actually gives a zero contribution to 
the S-matrix (Furry’s theorem) and therefore 
need not be considered. Diagram e correspond 
to the scattering of light by light and is po¬ 
tentially logarithmically divergent. However, 
due to gauge invariance it is in fact convergent. 
There are therefore just three primitive diver- 
gents in quantum electrodynamics. (In meson 
theory with a coupling of the form (G^Xycp) 
diagram e is divergent and must be compen¬ 
sated by a counter term 5<f>* in £, diagram 
d vanishes if </> is a pseudoscalar field, other¬ 
wise it is divergent and must also be compen¬ 
sated.) 

The possible divergences of the theory hav¬ 
ing been isolated, the next stage is to devise 
a prescription for the removal of these diver¬ 
gences. Consider an arbitrary graph G. As¬ 
sociated with this graph is a skeleton graph G0 
formed by omitting all self-energy and vertex 
parts from G. A graph which is its own skele¬ 
ton is irreducible. Starting from an irreduc¬ 
ible graph, the insertion of self-energy and 
vertex parts in all possible ways give rise to a 
set r, of diagrams. It is posssible to give a 
prescription to find the contribution of M(r) 
of r to S from a specification of G0. This has 
the consequence that only irreducible diagrams 
need be considered. 

To establish this prescription, consider the 
effect of the insertion of an electron self-energy 
part into the internal electron line of momen¬ 
tum p of any graph. By the rules previously 
established the effect of this insertion is to re¬ 
place the factor SF(p) by 

SF(p) j Jd4kDp(k)y^Sp(p + k)yJ^SF(p), 

i.e., SF(p) by SF(p) ’Z(2)(p)SF(p). The factor 

e2 p 
S(2)(p) = 7^-TI d4kDF(k)y»SF(p + k)7lt 

(^7T) %J 

d4kR(p,k) 

is at most linearly divergent. Therefore, the 
integrand R(p,k) when expanded into a Taylor 

series 

R(p,k) = R(0,k) + p — R(0,k) + Re(jp,k) 
dp 

is such that J Rc(p,k)d4k converges. Relativis¬ 

tic invariance further asserts that 

S(2)(p) = A(2) + B(2)(7P - m) 

+ (7p - rn)Scm(p) 

where A(2) and R(2) are infinite constants and 
Sc(2)(p) vanishes for 7p = m, i.e., if p cor¬ 
responds to a free electron line. For a free 
electron 2(2) reduces to A(2), which corresponds 
to the change in mass of the electron due to 
its interaction with the radiation field. The 
only physical change which can occur for a 
single particle with the radiation field is a 
change of mass so that one would expect the 
modified propagator to be derived in this case 
to be SF the function corresponding to the mass 
m0 + 5 m. Since 

1 

7 P — (w0 + 5m) 

1 1 1 
=-1- 5 m---b • • • 

7 P — m0 7 P — fn0 7 p — m0 

= SF(p) + 5mSF(p) • SF(p) + • • • 

A(2) is equal to 5m to order e2. 
Now in the Lagrangian formulation of the 

theory, the mass m0 which one writes down 
for the mass of the electron-positron field is 
the bare mass. The experimentally determined 
mass, m is equal to m0 + 5m where 5m is the 
correction to the mass due to the interaction 
with the radiation field. One can formulate the 
theory in terms of m, by writing for the mass 
term in the Hamiltonian, m0\f/\J/ = m-ify — 
5m\inp and include the 5m^p term with the inter¬ 
action term ij/y^A^. Hi is then equal to 
— 5m\p\p. If this formulation is adopted there 
will also arise an insertion into the internal 
electron line due to the action of the term. 
The contribution of this graph is obtained by 
replacing SF (which is now expressed in terms 
of the mass m) by SF5mSF. The contribution 
of both these insertions thus requires SF to be 
replaced by 

SF(p) -*■ SF(p) + SF(p)[(A™ - 8m) 

+ Bi2)(yp - m) + (7p - m)Sc]SF(p). 

Therefore if 5m to order e2 is set equal to A(2), 
this divergence is eliminated. This is called 
mass renormalization. Since 

Sp(j>)(yp — m) = 1, 
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after mass renormalization to order e2 

SF(p) (1 + Bm)SF(p) 

+ SF(p)(yp - m)Sc(p)SF(p). 

The 5(2) divergence has the effect of multiply¬ 
ing SF by a factor 1+5, which renormaliza¬ 
tion is usually called wave function renormaliza¬ 
tion. 

A similar treatment holds for the replacement 
of a simple vertex by the diagram c. The vertex 
factor 7m is found to be modified by the replace¬ 
ment of jf! by Awith 

V2>(py) = I D"ik) 
h*SF(p + k)y ^Sfip' + k) 7x) 

which is at most logarithmically divergent. 
Relativistic invariance asserts that AM(2) can be 
written in the form AM(2)(p,p') = 5(2)7M + 
Amc(2)(P>pO with Amc(2) convergent and equal 
to zero for yp = yp' = m. It can be shown 
that — L(2) — B(2K This is a special case of the 
theorem proved by Ward that — L = B to all 
orders. 

Finally the insertion of a photon self-energy 
part (figure 16) into an internal photon line of 
momentum k implies the replacement of DF(k) 
by DF(k)Y(k)DF(k) where to second order 

2 

n(2)/c = -f- fd4p Tr {7m^(p)7m^(P + k)} 

- &rfdtpP(p’k) 
nis atmost quadratically divergent. The Taylor 
expansion of P, then yields for II an expression 
of the form n(fc) = C(2) + Dmk2 + k2Uc(2\k2) 
since from relativistic invariance IT = n(/c2) 
where nc is convergent and vanishes for k2 = 0. 
The term C(2) vanishes by gauge invariance. 
The divergent term D{2) gives rise by renormal¬ 
ization of the electromagnetic field strength or 
equivalently to a renormalization of the charge. 
The remaining convergent term leads to observ¬ 
able effects and is the physical manifestation of 
the polarization of the vacuum. 

The above rules outlined for the e2 correction 
can be generalized for arbitrary insertions and 
lead to the following rules to obtain from G° 
the complete contribution of the graphs of Y 
to <S(n). For every internal electron line of the 
irreducible diagram G0 from which r is ob¬ 

tained, make the replacement SF(p) by S'F(p) 
where 

S'F(P) = SF(p) + SF(p)Z(p)SF(p) 

where 2 (p) denotes the sum of contributions of 
all possible self-energy diagrams. For the 
photon lines, replaces DF by D'F, where 

D'f(R) = DF(k) + DF(k)U(k)DF(k) 

and each vertex factor yM by Y^ptf) where 

rM(p,p') = 7M + A„(p,p'). 

The removal of the divergences from self-energy 
diagrams which are more complicated than the 
irreducible ones drawn above is somewhat more 
involved, but consistent rules can nonetheless 
be given. For example, the diagram in Figure 2 

obtained by adding a vertex part to an irreduci¬ 
ble photon self-energy diagram gives rise to 
“overlapping” divergences. As stated above, 
consistent rules for subtracting these diver¬ 
gences can be given. 

The culmination of these rules due to Dyson 
and Salam is the proof that the finite contri¬ 
butions D'fi, »S+x, rMl left after the subtraction 
of infinites are related to the complete quantities 
r„, S'F, D'f by multiplicative constants, i.e., 

rM = Zr'TnieJ 

S'F = Z2S'Fl(e 0 
D'F = ZsD'Fi(ei) 

where 

e\ = Z\ lZ2Z^e. 

Charge conservation, or equivalently gauge 
invariance implies that Z\ = Z2 (Ward’s iden¬ 
tity). The quantity ei is called the renormal¬ 
ized charge. 

The above has the result that for any ir¬ 
reducible diagram Gin of order n which gives 
rise to a finite contribution to Sn, one can ob¬ 
tain the complete radiative connections to 
this diagram by the replacement SF —> S'F, 

Df —* D'f, y^ —* rM. These contributions 

are divergent. However, if the integrand of Gin 

is enl(D'F, S'F, 7m) then it can be shown that 
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enlrM)= (eZ1-1Z2Z3^)nI(D'F1S'FlrMl) 

= e1nI(D'FlS'Flrtil) 

where I(D'F1) S'Fi, rMl) leads to a convergent 
integral. Thus a finite result is obtained for 
the graph considered with all its added radia¬ 
tive corrections. The quantity ei can be identi¬ 
fied with the experimentally measured charge 
of the electron, since the above rules lead to 
the conclusion that two slowly moving electrons 
separated by a large distance r interact accord¬ 
ing to a potential ef/r. Thus all the infinities 
in quantum electrodynamics are isolated in two 
infinite constants, the mass and charge parame¬ 
ters of the electron. 

DIVERGENT. Not convergent. 

DIVIDED DIFFERENCES. For interpola¬ 
tion with unequally spaced abscissae, let /(x) 
be the function to be interpolated, and let its 
values be given at 

X0, X\, ■ j X„, 

where it is not required that they be in order 
or even distinct. Form the table as follows: 

fix0, Xi, x2, x3) 

f(x 1, X2, X3, Xi) 

Xo f(x o) 
fixo, Xi) 

Xl fixi) fix0, Xi, x2) 

f{xi, X2) 

X2 /(x2) fix 1, x2, x3) 

fix2, x3) 

X3 /(x3) fiX2, x3, Xi) 

fix3, Xi) 

Xi fixi) 

where 

fiXi, Xj) = [fix,) - f(Xj)]/(Xi - Xj); 

fix,, Xj, xk) = [fix,, Xj) - fixj, xk)]/ixi - xk); 

When there are coincident abscissae they 
should be placed in adjacency, and then 

fix) = fix0) + (x — x0)fix0, xx) 

+ (x - x0)(x - X!)/(j0, Xj, x2) d- 

+ (x — Xo) • • • (x — xn)fix0, Xl, xn, x), 

where the last term written is the remainder 
and previous ones constitute the interpolation 
formula. 

DOMAIN. The domain of a function or oper¬ 
ator is the set of its arguments, i.e., the values 
that the independent variable (or variables) 
may assume. An integral domain is a ring 
wfith unit element in which division, when it 
exists, is unique. An open non-empty (con¬ 
nected) point-set is called a domain. 

DOMINANT MODE. In a waveguide, that 
characteristic field configuration (mode) hav¬ 
ing the lowest cutoff frequency. For excitation 
frequencies between this cutoff and the next 
higher, this is the only mode by which energy 
will be propagated along the waveguide. 

DOMINANT WAVELENGTH. Dominant 
wavelength (of a colored light, not purple) is 
the wavelength of the spectrum light that, 
when combined in suitable proportions with 
the specified achromatic light, yields a match 
with the light considered. When the dominant 
wavelength cannot be given (this applies to 
purples) its place is taken by the complemen¬ 
tary wavelength. 

DONNAN MEMBRANE EQUILIBRIUM. 
Suppose two solutions a, /3 to be separated by 
a membrane permeable to some of the ions 
present and to the solvent, but not to all of 
the ions. The equilibrium which is eventually 
reached is called the Donnan membrane equi¬ 
librium. 

fix, x) = fix), 

fix,x,x) =/"(x)/21, 

It can be shown that any divided difference is a 
symmetric function of all its arguments, which 

means that 

/(' ‘ ‘ > xi, * * * > Xj, • • •) = /(' ' ’ > Xj, • • •, X,, • • •), 

it being understood that dots represent argu¬ 
ments that are the same on the two sides. 

In terms of divided differences one can write 
the following interpolation formula due to 
Newton: 

DONOR BOND. A double or triple bond 
which has a tendency to share some of its mul¬ 
tiple bond character with a neighboring bond. 
The latter is an acceptor bond. For example, 
in the fundamental state of butadiene: 
CH2=CH—CH=CH2, the 1-2 and 3^ bonds 
are donor bonds, while the 2-3 bond is an 
acceptor bond. Compare the two resonant 
formulas: 

ch2=ch—ch=cii2 ^ 

ch2—ch=ch—ch2 
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The dotted line in the second configuration 
represents a bond between two unpaired elec¬ 
trons of opposite spin on the terminal C atoms. 
(See also bond character.) 

DOOLITTLE METHOD. A particular 
scheme of recording intermediate results in 
applying triangularization to solve a system 
of normal equations. (See matrix inversion.) 

DOPPLER EFFECT. The effects upon the 
apparent frequency of a wave train produced 
(1) by motion of the source toward or away 
from the stationary observer, and (2) by mo¬ 
tion of the observer toward or from the sta¬ 
tionary source; the motion in each case being 
with reference to the (supposedly stationary) 
medium. 

For sound waves, the observed frequency 
fo, in cycles/sec, is given by 

v -F w — vQ 

fo = —;-fa 
V + w — vs 

where v is the velocity of sound in the medium, 
v0 is the velocity of the observer, vs is the ve¬ 
locity of source, w is the velocity of wind in the 
direction of sound propagation, and fa is the 
frequency of source. 

For optical waves 

fo = fs 
C + V 

c — V 

where v is the velocity of the source relative 
to the observer and c is the speed of light. 

DOPPLER WIDTH OF A SPECTRAL LINE. 
The contribution to the total line width of the 
Doppler shifts due to the thermal motions of 
the absorbing or emitting atoms. 

The whole Doppler width (2 X Doppler 
half width) of a spectral line is given by 

2£0\ 
2(A\)d = — 

c 

where X is the wavelength at the center of the 
line, c the velocity of light, and 

to = 

the most probable thermal velocity of the 
atoms of atomic weight /x at temperature T. 
(R stands for the gas constant.) 

DOPPLER WIDTH OF BREIT-WIGNER 
CROSS-SECTION. In the theory of the reso¬ 
nant captive of neutrons by heavy nuclei, the 
temperature motion of the nuclei causes a 
broadening of the Breit-Wigner cross-section 
profile (see cross-section, Doppler broadened ). 
The broadening is characterized by the quan¬ 
tity 

4 E„kT 

while 2\/d is the Doppler width, w. Strongly 
perturbed widths have Gaussian form and fall 
to 1/e of their maximum when \E — E0\ = 
ter. 

DOT PRODUCT OF VECTORS. See vector 
multiplication. 

DOUBLE EXPONENTIAL DISTRIBU¬ 
TION. See exponential distribution. 

DOUBLE INTEGRATION PROCEDURE. 
The name given to the straightforward but 
often cumbersome method of finding beam 
deflections by integrating 

cl2y/dx2 = M/El 

with support and junction conditions taken 
into account. 

DOUBLE MODULUS. See modulus, re¬ 
duced or double. 

DOUBLE REFRACTION. When a beam of 
light traverses an anisotropic medium, double 
refraction occurs so that the beam is separated 
into two components, polarized at right angles 
to each other, having different velocities within 
the medium and usually being propagated in 
different directions. The two components are 
distinguished as the ordinary and the extraor¬ 
dinary rays. 

DOUBLE SOUND SOURCE. See sound 
source, double. 

DOUBLE STARS. A celestial object that ap¬ 
pears to be a single star to the unaided eye, 
but in a telescope is found to be two, or more, 
stars apparently very close together. If long- 
continued observation of the system indicates 
no evidence of relative motion it is safe to 
assume that the system is merely an optical 
double, i.e., it appears because the line of 
sight from one star is close to the line of sight 
from one very much farther away. If relative 
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motion of one star to the other is observed, the 
star is assumed to be a physically connected 
pair known as a binary system. (See binary 
stars.) 

DOUBLE SYSTEM. See indicial notation. 

DOUBLET. (1) Two electrons which are 
shared by two atoms so as to form a non¬ 
polar valence bond. (2) A pair of spectral 
lines resulting from transitions between a com¬ 
mon state and two states which differ only in 
total angular momentum (J), i.e., have iden¬ 
tical values of orbital (L) and spin (S) angu¬ 
lar momenta. (3) Two stationary states hav¬ 
ing common values of (L) and (S), but dif¬ 
ferent values of (J). (4) A lens, particularly 
an achromat, having two components. (5) In 
fluid mechanics, a source of strength m and a 
sink of strength -m at distance 8x apart con¬ 
stitute a doublet. The potential of the velocity 
due to a doublet is obtained by differentiating 
the potential of a source in the direction in 
which the doublet is oriented. For a doublet 
of moment Mi = m8x, the potential, at dis¬ 
tance r at angle 6 from the axis of the doublet, 
is 

M cos 9 

The potential of a fixed doublet in a uniform 
stream U, for which <t> = Ur cos 6, is 

which, beyond a distance a, where a3 = 
2 M 
U 

is the same as the potential for inviscid flow 
round a sphere of radius a fixed in a uniform 
stream JJ. 

In two-dimensional flow a line source of 
strength m per unit length and a parallel line 
sink of equal strength at distance 8x constitute 
a line doublet of moment u = mdx. The com¬ 
plex potential of a line doublet is 

MM . 
<f) + i\f/ = - = - (cos 6 + i sin 9). 

2 r 

DOUBLE TENSOR. See tensor, double. 

DOUBLING, INVERSION. See inversion 
doubling. 

DOUBLING, LAMBDA-TYPE. See A-type, 
doubling. 

DOUBLING, 1-TYPE. See 1-type doubling. 

DRAG (FLUID). The resultant force exerted 
by the fluid on a body in a uniform stream may 
be resolved into two components, the drag in 
the direction of the stream and the lift per¬ 
pendicular to the stream. 

The force exerted by the fluid on an element 
of the body surface may be resolved into two 
components, normal and tangential to the sur¬ 
face. The drag due to the integrated effect of 
the normal components over the whole body 
surface is the normal-pressure drag, while that 
due to the tangential components is the sur¬ 
face-friction drag. In an inviscid fluid, of 
course, the latter is always zero. 

In the absence of shock waves and trailing 
vortices the normal-pressure drag is also zero 
for an inviscid fluid, so that the total drag is 
zero. In a real fluid there is a drag due to 
effects of viscosity, which appears partly as a 
normal-pressure drag (sometimes called form 
drag) and partly as surface-friction drag. For 
a body of good “streamline shape,” with no 
separation of the boundary layer, the normal- 
pressure drag is usually very small and most 
of the drag is due to surface friction, espe¬ 
cially at high Reynolds numbers. On a bluff 
body, separation of the boundary layer leads 
to a large normal-pressure drag, and the sur¬ 
face-friction drag is then a small proportion 
of the total. 

When lift is produced by a wing or other 
body, trailing vortices are formed. Kinetic 
energy must be continually added to the trail¬ 
ing-vortex system, and this energy can only be 
derived from work done against an associated 
drag, the trailing-vortex drag. Trailing vortex 
drag has often been called “induced drag,” 
but the latter term has also been used com¬ 
monly with another meaning, and it is there¬ 
fore not recommended. 

At transonic and supersonic speeds, shock 
waves are formed and there is then an addi¬ 
tional component of drag, the wave drag, asso¬ 
ciated with the dissipation of energy in the 
shock waves. (See also drag coefficient; trail- 
ing-vortex drag; profile drag of a wing.) 

DRAG (IONIC). The effect of interionic at¬ 
traction in reducing the freedom of an ion to 
move in an electrical field, because of the in¬ 
terference of the ions of opposite charge by 
which a given ion is surrounded. The drag 
effect is an essential part of the explanation 
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of the Debye-Hiickel theory of the anomalous 
properties of concentrated solutions of strong 
electrolytes. 

DRAG (OPTICAL). See Fresnel coefficient 
of drag. 

DRAG COEFFICIENT. If D is the drag of 
a body in a uniform stream of density p and 
velocity V, the drag coefficient is 

The electromotive force e, in abvolts, de¬ 
veloped by the motion of the conductor is 

e = Blx (2) 

where x is the velocity, in centimeters per 
second. 

From Equations 1 and 2 

e „ x 
- = (Bl)2 — (3) 
* }m 

CD = 
D 

bv2s 

where <S is a representative area of the body. 
For bodies of revolution and for bluff bodies, S 
is usually taken as the “frontal area,” i.e., the 
area of the body’s projection on a plane nor¬ 
mal to the stream. For a wing, S is usually 
the plane area, while for a complete airplane it 
is usually the gross wing area. 

For a two-dimensional airfoil, if D' is the 
drag per unit span, the drag coefficient is 

D' 

Cd = ~r~2~’ 
2 Ptrc 

where c is the chord. (See also drag.) 

DRAG OF A WING, PROFILE. See profile 
drag of a wing. 

DRAG, PROFILE. See profile drag of a 
wing. 

DRAG, TRAILING-VORTEX. See trailing- 
vortex drag. 

DRAG, WING. See slender-body theory. 

DRIVING-POINT IMPEDANCE. See im¬ 
pedance, driving point. 

e 
~ = ZEM (4) 
l 

where zem is the electrical impedance, in 
abohms, due to motion, termed motional elec¬ 
trical impedance. 
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Electrodynamic driving system. In the electrical cir¬ 
cuit: zEN, the normal electrical impedance of the 
voice coil. zEM, the motional electrical impedance of 
the voice coil. zE1, the damped electrical impedance 
of the voice coil. zE1 = rE1 -|- jwLv Lx and rEV the 
damped inductance and electrical resistance of the 
voice coil. In the mechanical circuit: jM, the driving 
force. zM1, the mechanical rectilineal impedance of 
the voice coil. zM2, the mechanical rectilineal im¬ 

pedance of the load. 

From the mechanical circuit of the figure, the 
mechanical rectilineal impedance of the vibrat¬ 
ing system at the voice coil is 

DRIVING SYSTEM, ELECTRODYNAMIC. 
A driving system in which the mechanical 
forces are developed by the interaction of cur¬ 
rents in a conductor and the magnetic field in 
which it is located. The system is depicted in 
the figure. The force fM, in dynes, due to the 
interaction of the current in the voice coil and 
the polarizing magnetic field is 

fit — Bli (1) 

where B is the flux density, in gausses, l is the 
length of the conductor, in centimeters, and 
i is the current, in abamperes. 

ZM = ZMl + 2m 2 (5) 

where zm is the total mechanical rectilineal 
impedance at the conductor, in mechanical 
ohms, zmi is the mechanical rectilineal imped¬ 
ance of the voice coil and suspension system, in 
mechanical ohms, and zm2 is the mechanical 
rectilineal impedance of the load, in mechanical 
ohms. 

The mechanical rectilineal impedance zm, in 
mechanical ohms, at the voice coil is 

2M = - (6) 
X 
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The electrical impedance due to motion from 
Equations 3, 4 and 6 is 

(Bl)2 
zem =- (7) 

zm 

The motional electrical impedance of a trans¬ 
ducer is the vector difference between its normal 
and blocked electrical impedance. 

The normal electrical impedance of a trans¬ 
ducer is the electrical impedance measured at 
the input to the transducer when the output is 
connected to its normal load. 

The blocked electrical impedance of a trans¬ 
ducer is the electrical impedance measured at 
the input when the mechanical rectilineal sys¬ 
tem is blocked, that is, in the absence of motion. 

The normal electrical impedance zen, in 
abohms, of the voice coil is 

zen = zei + zem (8) 

where ze\ is the damped electrical impedance 
of the voice coil, in abohms, and zem is the 
motional impedance of the voice coil, in 
abohms. 

The motional electrical impedance as given 
by Equation 8 may be represented as in series 
with the blocked or damped electrical imped¬ 
ance of the conductor, as depicted by the elec¬ 
trical circuit in the figure. 

The dynamic driving system is almost uni¬ 
versally used for all types of direct radiator and 
horn loud speakers. 

DRIVING SYSTEM, ELECTROMAGNETIC. 
A driving system in which the mechanical 
forces result from magnetic reaction. A typ¬ 
ical balanced armature magnetic driving sys¬ 
tem is shown in the figure. The steady field 
is usually supplied by a permanent magnet. 
The armature is located so that it is in the 
equilibrium with the steady forces. The alter¬ 
nating current winding is wound around the 
armature. 

The result of the forces fM, in dynes at the 
four poles acting upon the armature due to a 
current in the coil is 

Sm — 
UxNi 

r2a 
(1) 

where <f>i is the total flux, in maxwells, at each 
pole due to the permanent magnet, A is the 
effective area, in square centimeters, of the 
pole piece, N is the number of turns in the 
coil, i is the current in the coil, in abamperes, 
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Polarized balanced armature electromagnetic driving 
system. In the electrical circuit: zEN is the normal 
electrical impedance of the coil; zEM, the motional 
electrical impedance of the coil; zm, the damped 
electrical impedance of the coil; zE1 = rE1 + ji»L1; 
Lj and rE1, the damped inductance and electrical re¬ 
sistance of the coil. In the mechanical circuit; fu is 
the driving force; zM1, the mechanical rectilineal im¬ 
pedance of the armature; zM2, the mechanical recti¬ 
lineal impedance of the load; zM1 and zM2 are referred 
to a point on the armature directly over a pole piece. 

and R2 is the reluctance of the magnetic cir¬ 
cuit, in oersteds, which the coil energizes. 

The electromotive force, e, in abvolts, gen¬ 
erated in the coil is 

NMA 
e = —— x (2) 

<r 

where x is the velocity of the armature, in centi¬ 
meters per second, M is the magnetomotive 
force, in gilberts, of the steady field, a is the 
spacing between the armature and pole, in 
centimeters, and A is the effective area of a 
pole piece, in square centimeters. 

From the mechanical circuit of the figure, 
the mechanical rectilineal impedance of the 
vibrating system is 

ZM — ZMl + ZM2 (3) 

where zm is the total mechanical rectilineal 
impedance, in mechanical ohms, zm\ is the 
mechanical rectilineal impedance of the arma¬ 
ture, in mechanical ohms, and zm2 is the me¬ 
chanical rectilineal impedance of the load, in 
mechanical ohms. 

The mechanical rectilineal impedance Zm, 
in mechanical ohms, at the armature directly 
over a pole piece is 

zm 
Im 

X 
(4) 
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Combining Equations 1 and 2 

e 4N2<f>iM x 

i a2R2 Jm 

where x is the velocity of the diaphragm, in 
centimeters per second. 

The mechanical rectilineal zm, in mechanical 
ohms impedance at the movable plate is 

From Equations 3, 4 and 5 

zem 

4 N2<hM 

a2R2zM 
(6) 

where zem is the motional electrical impedance, 
in abohms, and zm is the total mechanical recti¬ 
lineal impedance including the armature with 
reference to a point on the armature directly 
over one of the pole pieces. 

If the entire reluctance is assumed to reside 
in the air gap, Equation 6 may be written 

(3) 

From the mechanical circuit of the figure, the 
mechanical rectilineal impedance of the vibrat¬ 
ing system is 

zm — z\n + zm2 (4) 

where zm is the total mechanical rectilineal 
impedance of the vibrating system, in mechani¬ 
cal ohms, zmi is the mechanical rectilineal 

Zem 
4 JV20!2 

a2zM 
(7) 

The normal electrical impedance Zen, in 
abohms, of the coil is 

Zen — ze i + zem (8) 

where Ze\ is the damped electrical impedance of 
the coil, in abohms, and zem is the motional 
electrical impedance of the coil, in abohms. 

The motional electrical impedance as given 
by Equation 7 may be represented as in series 
with the blocked or damped electrical imped¬ 
ance of the coil as depicted by the electrical 
circuit in the figure. 

DRIVING SYSTEM, ELECTROSTATIC. A 
driving system in which the mechanical forces 
result from electrostatic reactions. Consider 
the system of the figure consisting of a vibrat¬ 
ing surface moving normal to its plane and 
separated from a fixed conductor. The force 
Jm, in dynes, between the plates is 

Im = (1) 

where e is the alternating electromotive force 
between plates, in statvolts, e0 is the polarizing 
electromotive force between the plates, in 
statvolts, a is the normal distance between the 
plates, in centimeters, and A is the area of the 
plate, in square centimeters. 

The generated current i, in statamperes due 
to the motion of the movable plate or dia¬ 
phragm is 

i 
e0 A 
-X 
w 

(2) 
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Electrostatic driving system. In the electrical net¬ 
work: zEN is the normal electrical impedance of the 
condenser; zEiI, the motional electrical impedance of 
the condenser; zEV the damped electrical impedance 
of the condenser; zE1 = l/jaiCE1; CEV the damped 
electrical capacitance of the condenser. In the me¬ 
chanical circuit: jM is the driving force; zMV the 
mechanical rectilineal impedance of the movable 
plate; zU2, the mechanical rectilineal impedance of 
the load. 

impedance of the vibrating plate, in mechanical 
ohms, and ZM2 is the mechanical rectilineal 
impedance of the load, in mechanical ohms. 

From Equations 1 and 2 

e 167r2a4/jvy 

i eo2-42 x 
(5) 

From Equations 3, 4 and 5 

167r2a4 
zem — —Zm (6) 

Co A 

where zem is the motional electrical impedance, 
in statohms, and zM is the total mechanical 
rectilineal impedance presented to the vibrating 
surface including the vibrating surface. 
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The normal electrical impedance Zen, in 
statohms, of the condenser is 

4irNiK 
Sm = —-— (1) 

ZE\Ze.M 
zen =-;- 

Ze i + zem 
(7) 

where ze\ is the damped electrical impedance 
of the condenser, in statohms, and zem is the 
motional electrical impedance of the condenser, 
in statohms. 

The motional electrical impedance as given 
by Equation 6 may be represented as in parallel 
with the blocked or damped electrical im¬ 
pedance of the condenser as depicted by the 
electrical network in the figure. 

DRIVING SYSTEM, MAGNETOSTRIC¬ 
TION. A driving system in which the me¬ 
chanical forces result from the deformation 
of a ferromagnetic material having magneto¬ 
striction properties. The term “Joule effect” 
is applied to the phenomena in which a change 
in linear dimensions occurs when a magnetic 
field is applied along a specified direction. 
The term “Villari effect” is applied to the 
phenomena in which a change in magnetic in¬ 
duction occurs when a mechanical stress is 
applied along a specified direction. 
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Magnetostriction driving system. In the electrical 
circuit: zEE is the normal electrical impedance of the 
coil; zEM, the motional electrical impedance of the 
coil; zE1, the damped electrical impedance of the coil; 
zEi = rE1 -f juL1; L1 and rEl, the damped inductance 
and electrical resistance of the coil. In the mechani¬ 
cal circuit: jM is the driving force. zMV the mechani¬ 
cal rectilineal impedance of the rod. zM2’ the me¬ 

chanical rectilineal impedance of the load. 

Consider the system shown in the figure. 
Assume that the rod is clamped so that no 
motion is possible and that a current is applied 
to the winding; then the mechanical stress fM, 
in dynes, due to the Joule effect, is 

where K is the constant representing the dy¬ 
namical Joule magnetostriction effect, R is the 
reluctance of the magnetic circuit, N is the 
number of turns in the coil, and i is the current 
in the coil, in abamperes. 

The induced voltage, e in abvolts, due to a 
change in dimensions of the rod is 

4tt NIC 

where x is the velocity of the change in the 
longitudinal dimension of the rod, in centi¬ 
meters per second. 

Combining Equations 1 and 2 

e lQir2N2K2 x 

~i= R2 Tm ^ 

In the above consideration it has been as¬ 
sumed that the stress and driving force are uni¬ 
form over the length of the rod. Under these 
conditions the rod is a compliance given by 

Cmi = 
EA 

(4) 

where Cmi is the compliance of the rod, in 
centimeters per dyne, A is the cross-sectional 
area of the rod, in square centimeters, l is the 
length of the rod, in centimeters, and E is 
Young’s modulus. 

The mechanical rectilineal impedance zm i, 
in mechanical ohms, of the rod is 

Zm i 
1 

juCMl 
(5) 

For the conditions under consideration the 
mechanical rectilineal impedance of the vibrat¬ 
ing system, from the mechanical circuit of the 
figure, is 

zm = zm i + zm2 (6) 

where zm is the total mechanical rectilineal im¬ 
pedance, in mechanical ohms, zm i is the me¬ 
chanical rectilineal impedance of the rod, in 
mechanical ohms, and ZM2 is the mechanical 
rectilineal impedance of the load, in mechanical 
ohms. 

The mechanical rectilineal impedances zm, 
zmi and ZM2 are referred to one end of the rod 
with the other end rigidly fixed. The dimen¬ 
sions of the rod are assumed to be small com¬ 
pared to the wavelength. 
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The mechanical rectilineal impedance at the 
end of the rod is 

Im 
zm = — (7) 

x 

From Equations 3, 6 and 7 

16 tt2N2K2 
ZeM = 

R zM 
(8) 

where zem is the motional electrical impedance, 
in abohms, and zm is the total mechanical recti¬ 
lineal impedance load upon the rod, including 
the effective mechanical rectilineal impedance 
of the rod, in mechanical ohms. 

The normal impedance of the coil is 

zen = zei + zem (9) 

where ze\ is the damped impedance of the voice 
coil, in abohms, and zem is the motional imped¬ 
ance, in abohms—Equation 8. 

The damped impedance of the coil of most 
magnetostriction systems comprises a resist¬ 
ance in series with an inductance (see figure). 
The damped impedance and the motional im¬ 
pedance are effectively in series, as shown by 
Equation 9 and depicted by the electrical cir¬ 
cuit in the figure. 

In the above considerations the length of the 
rod is assumed to be a small fraction of the 
wavelength. In general, magnetostriction driv¬ 
ing systems are operated at resonance. The 
three most common systems are as follows: a 
rod fixed on one end and loaded on the other, a 
rod free on one end and loaded on the other and 
a free rod. 

DRIVING SYSTEM, PIEZOELECTRIC. A 
driving system in which the mechanical forces 
result from the deformation of a crystal having 
converse piezoelectric properties. Among the 
crystals that exhibit piezoelectric phenomena 
are quartz, tourmaline, and Rochelle salt. 

The consideration will be that of an X cut 
quartz crystal as shown in the figure. 

The force /«, in dynes, due to the application 
of an electromotive force is 

KEAe 
Im = —-— (1) 
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Piezoelectric driving system. In the electrical net¬ 
work: zEN is the normal electrical impedance of the 
crystal; zEU, the motional electrical impedance of the 
crystal; zE1, the damped electrical impedance of the 
crystal; zEl = 1 /juCEx. CE1, the damped electrical 
capacitance of the crystal. In the mechanical circuit: 
]M is the driving force; zM1, the mechanical rectilineal 
impedance of the crystal; zM2, the mechanical recti¬ 

lineal impedance of the load. 

The generated current i, in statamperes due 
to a change in dimension of the crystal is 

KEAx 
i = —— (2) 

^e 

wThere x is the velocity of the change in the 
longitudinal dimension of the crystal. 

From Equations 1 and 2 

e le2f.M 

~i ~ K2E2A2J 
(3) 

In the above consideration it has been as¬ 
sumed that the stress and driving force are 
uniform over the length le of the crystal. Under 
these conditions the crystal has a compliance 
given by 

Cm i = A 
EA 

(4) 

where A is the cross-sectional area of the crystal, 
in square centimeters, le is the length of the crys¬ 
tal, in centimeters, and E is Young’s modulus. 

The mechanical rectilineal impedance of the 
crystal is 

1 
Zmi = 

JuCmi 
(5) 

where K is the constant of the crystal, 6.4 X 
10-8 for quartz, e is the applied voltage, in 
statvolts. le is the length of the crystal, in 
centimeters, E is Young’s modulus, and A is the 
cross-sectional area, in square centimeters. 

For the conditions under consideration the 
mechanical rectilineal impedance of the vibrat¬ 
ing system, from the mechanical circuit of the 
figure is 

zm — zmi + ZM2 (6) 
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where zm is the total mechanical rectilineal 
impedance, in mechanical ohms, zmi is the 
mechanical rectilineal impedance of the crystal, 
in mechanical ohms, and zm2 is the mechanical 
rectilineal impedance of the load, in mechanical 
ohms. 

The mechanical rectilineal impedances zm, 
zmi and ZM2 are referred to one end of the crys¬ 
tal with the other end rigidly fixed. The dimen¬ 
sions of the crystal are assumed to be small 
compared to the wavelength. 

The mechanical rectilineal impedance at the 
end of the crystal is 

(7) 

From Equations 3, 6 and 7 

Zem 

l. 
K2E2A2 

zm- (8) 

The normal electrical impedance of 
crystal system is 

Zen 
zem 

1 + juCsiZEM 

the 

(9) 

where zem is the motional impedance and Cei 
is the capacitance of the crystal in the absence 
of motion. 

The damped impedance and the motional 
impedance are effectively in parallel as shown 
by Equation 9 and depicted by the electrical 
circuit in the figure. 

In the above considerations the length of the 
crystal is assumed to be a small fraction of the 
wavelength. In general, piezoelectric driving 
systems are operated at resonance. The three 
most common systems are as follows: a crystal 
fixed on one end and loaded on the other, a 
crystal free on one end and loaded on the other 
and a free crystal. 

DROP-WISE CONDENSATION. When a 
vapor is cooled by a solid surface at suffi¬ 
ciently low temperature to cause condensation, 
the process of condensation may occur in one 
of two modes. Discrete drops may be formed 
on the surface, a process called drop-wise con¬ 
densation. Alternatively, all drops may 
coalesce into a continuous film covering the 
solid surface. This is called film-wise con¬ 
densation. In the case of drop-wise condensa¬ 
tion, the coefficient of heat transfer is much 
higher than in the case of film-wise condensa¬ 
tion, sometimes by factors as high as 1000. 

DRUDE EQUATION. A relationship be¬ 
tween the specific rotation of an optically- 
active substance and the wavelength of the 
light, of the form: 

where [a] is the specific rotation, X the wave¬ 
length, and k and X02 are constants, known as 
the rotation constant and the dispersion con¬ 
stant of the substance. 

DRUDE THEORY OF ELECTRONS IN 
METALS. The original form of the free elec¬ 
tron theory of metals in which the electrons 
were treated as a gas of classical particles. 
This theory is capable of explaining the high 
electrical conductivity of metals, but attri¬ 
butes to them far too large a specific heat, and 
has to be supplemented by the postulate that 
the electrons obey Fermi-Dirac, rather than 
Maxwell-Boltzmann statistics. 

DRY-ADIABATIC LAPSE RATE. A special 
process lapse rate of temperature, defined as 
the rate of decrease of temperature with height 
of a parcel of dry air lifted adiabatically 
through an atmosphere in hydrostatic equilib¬ 
rium. This lapse rate is g/cpd, where g is the 
acceleration of gravity and cpd is the specific 
heat of dry air at constant pressure; numer¬ 
ically equal to 9.767°C per km or about 5.4°F 
per thousand feet. 

Potential temperature is constant with 
height in an atmosphere with this lapse rate. 

DRY-BULB TEMPERATURE. See adiabatic 
saturation. 

DRY COMBUSTION GASES. See combus¬ 
tion. 

DRY GASES. See combustion. 

DRY (SATURATED) STEAM. See dry (sat¬ 
urated) vapor. 

DRY (SATURATED) VAPOR. The vapor in 
a two-phase system which is in equilibrium 
with its own liquid, in contrast with super¬ 
heated vapor. The pressure p and tempera¬ 
ture T of dry, saturated vapor are not inde¬ 
pendent but lie on the vapor-pressure curve 
for the substance. 

DRYNESS FRACTION. In a two-phase, 
vapor-liquid mixture (for example, in wet 
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steam), the ratio x of the mass of the vapor 
m" to that of the whole system m; thus 

x = m"/m, m = m! + m" 

(where m! is the mass of liquid). The concept 
is applied to two-phase systems irrespective of 
whether or not they are homogeneous. 

O o ° O ° 00 *771 _»T .. 
00 ® o°„° 1 o°o^Vapor mu 

0 —— 0 - - 0 — ■ 0 • 
.. 0 - • 0 ■ 0 

-r—— '' ~-f— Liquid wi1 
0- 0 • • 0 • 0 

0 • 0-0 ■ -0—• 

Non-homogeneous Near-homogeneous 
mixture of m' units 
of liquid and m" units 
of vapor 

h is Planck’s constant. This is a simple con¬ 
sequence of quantum theory. 

DUCT, FLOW OF GAS IN. See nozzle or 
duct, flow of gas in. 

DUCTILITY. The ability of material to un¬ 
dergo large plastic deformation without crack¬ 
ing. It varies greatly with the conditions of 
test or fabrication. Quite brittle materials 
become ductile at high hydrostatic pressures 
and elevated temperatures. Ductile materials 
become brittle at low temperatures and with 
triaxial tension. 

The extensive thermodynamic properties 
are determined by the dryness fraction. If </> 
is any extensive property, then 

4> — 4>' + x(4>" — 4>') 

= 4>" - (1 - x)(</>" - 4>1. 

Here <f>' refers to the liquid and <f>" to the vapor. 
The intensive properties have the same values 
for both components in equilibrium. 

The dryness fraction of the saturated liquid 
x' = 0, and of saturated vapor x" — 1. 

D2-STATISTIC. In multivariate analysis, a 
statistic which measures the “distance” be¬ 
tween two populations with identical disper¬ 
sions. If (an) is the dispersion matrix of a 
p-variate complex, (cc*-7) is its inverse and 5,- 
is the difference of means of the ith variate, the 
distance A is defined by 

A2 = X aijdi5j 
*o=i 

and for a sample the definition of the squared 
distance is similar with estimated means and 
dispersions on the right. 

DUAL-COMBUSTION CYCLE. See diesel 
engine. 

DUAL CYCLE. See diesel engine. 

DUAL GRAPHS. See graphs, dual. 

DUAL NETWORK. See network, dual. 

DUAL TENSORS, RELATION TO SPIN¬ 
ORS. See spinor calculus. 

DUANE AND HUNT LAW. X-rays gener¬ 
ated by electrons striking a target cannot have 
a frequency greater than eV/h where e is the 
electronic charge, V the exciting voltage and 

DUFFIN-KEMMER MATRICES. Matrices 
0* (/X = 1, 2, 3, 4) satisfying 

The equation 2ft, 
dxu 

me 

+ T. 
\p = 0 then de¬ 

scribes particles of spin 0 or h. 

DUHAMEL INTEGRAL. See transient re¬ 
sponse of a dynamical system to an arbitrary 
force. 

DUHEM-MARGULES EQUATION. The 
partial pressures pi and p2 of the components 
of a binary solution are related by the equa¬ 
tion 

/dlnpA /dlnp2\ 
(1 -**)(—-) + xA—-?-) =0 (1) 

where x2 is the mole fraction of component 2 
in the solution. This equation, called the 
Duhem-Margules equation, is valid for ideal 
and non-ideal solutions as long as the gas 
phase may be considered as a perfect gas mix¬ 
ture, and as the total pressure remains suffi¬ 
ciently small not to affect the properties of 
the condensed phase. 

This relation which is a form of the Gibbs- 
Duhem equation yields important informa¬ 
tion about one of the partial pressures if the 
other is known. 

By combining it with the equation 

V = Pi + P2 (2) 

one may calculate the partial pressures plt p2 
when the total pressure is known as a function 
of composition. 

DUHEM THEOREM. The state of a thermo¬ 
dynamic system formed by <f> phases is com- 
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pletely determined if one knows: (1) The 
physico-chemical state of each phase, defined 
for example by the intensive variables 

T, p, zi1 • • • xc\ xj2 • • • */ (1) 

where x,“ is the mole fraction of component i in 
phase a; (2) The extensive variables for each 
system. One may take as the independent ex¬ 
tensive variables, the masses 

m1 • • • (2) 

of the different phases. 
Duhem’s theorem states that whatever the 

number of phases, of components, or of chem¬ 
ical reactions, the equilibrium state of a 
closed system for which one knows the initial 
masses is completely determined by two in¬ 
dependent variables. 

The basic difference between the Duhem 
theorem and the Gibbs phase rule is that the 
phase rule is concerned only with intensive 
variables while Duhem’s theorem is a state¬ 
ment about the total number of variables (in¬ 
tensive extensive) determining the state of 
a closed system. (See also Saurel’s theorem.) 

DULONG-PETIT RULE. A rule, discovered 
in 1819, which states that the product of the 
specific heat per unit mass of a crystalline 
solid element and its atomic weight (= atomic 
specific heat) is approximately the same for 
all such elements and has a value of about 
6.2 kcal/C = 6.2 Btu/F. According to sta¬ 
tistical mechanics this rule is an asymptotic 
one and is valid for temperatures T which are 
large compared with a characteristic tempera¬ 
ture © (T»©), different for each element. 
See Debye temperature, Debye T3 law. 

DUMMY. In experimental design it is some¬ 
times convenient to regard certain plots as 
subject to treatment when no treatment is, in 
fact, applied. Such a “treatment” is then 
called dummy. Likewise, in certain forms of 
analysis it is convenient to regard constants 
as dummy variables. 

DUMMY INDEX. See summation conven¬ 
tion. 

DUMMY UNIT LOAD METHOD. A method 
of finding deflection of a structure at a given 
point in a given direction by placing a unit 
load at the point in the direction desired. In 
essence it is a special application of the gen¬ 
eral method of virtual work in which the ac¬ 

tual system is chosen as the compatible one, 
and the unit load system as the equilibrium 
one. Therefore, any system of forces and 
stresses in equilibrium with the unit load is 
permissible. 

DUPIN INDICATRIX. See indicatrix. 

DUPIN THEOREM. See Euler theorem on 
normal curvature. 

DYADIC OPERATOR. A symbolic opera¬ 
tor containing functions of a dyadic. 

DYADIC. In ordinary vector analysis no 
meaning is attached to a symbol such as AB, 
where neither dot nor cross stands between two 
vectors. Such a quantity is called a dyad and 
the symbolic sum of two or more dyads is a 
dyadic polynomial or, more briefly, a dyadic. 
It is useful in the study of linear vector func¬ 
tions and has applications to theories of rota¬ 
tion and strain, electromagnetism, and optical 
phenomena in non-isotropic solids. 

Consider the vector function r' = i(cii-r) + 
j(c2jt) -f- k(c3k*r), which is readily inter¬ 
preted since the quantities in parentheses are 
scalars. The same equation, however, can be 
more simply written as r' = (icji + jc2j + 
kc3k)-r or, generally, if a1; a2, a3, • • •, b1( b2, 
b3, • • • are two sets of vectors, as r' = (a^ + 
a2b2-)-a3b3-f-• • •) *r = $ t. In the last 
equation, the direct or scalar product of the 
dyadic $ and the vector r yields a new vector 
r'. The scalar product is not always com¬ 
mutative, for it does not follow that §*r = 
r-$. A special dyadic is the idemfactor, I = 
ii + jj + kk, which has the property that 
It = r • I = r. 

Nine fundamental dyads can be formed from 
unit vectors i, j, k. The nonian form of any 
dyadic can be written in terms of them and 
scalar quantities amn as 

$ = Giiii + a12ij + a13ik + a2iji + a22jj 

+ a23j"k + a3jki + a32kj + o33kk. 

One can continue the algebra of dyadics, 
defining several kinds of products, reciprocals, 
conjugates, and other properties. They are 
discussed at length in Gibbs-Wilson, Vector 
Analysis, Yale University Press, New Haven, 
Conn., 1925, or, as related to a special physical 
problem, by W. H. Zachariasen, Theory of 
X-Ray Diffraction in Crystals, John Wiley 
and Sons, Inc., New York, 1945. A more 
sophisticated approach to the dyadic regards 
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it as a special kind of tensor with nine com¬ 
ponents. Each of them is a function of three 
coordinates and they transform from one co¬ 
ordinate system to another according to rules 
which can be derived. A dyadic can also be 
written in matrix form and can be generalized 
to the concept of triad, tetrad, polyad, and 
polyadic. 

DYNAMICAL ANALOGIES, CLASSICAL. 
The fundamental electrical elements of elec¬ 
trical resistance, inductance, and electrical 
capacitance; the mechanical rectilineal ele¬ 
ments of mechanical rectilineal resistance, 
mass and compliance; the mechanical rota¬ 
tional elements of mechanical rotational re¬ 
sistance, moment of inertia, and rotational 
compliance; and the acoustical elements of 
acoustical resistance, inertance, and acoustical 
capacitance are defined by means of the funda¬ 
mental equations. These equations establish 
the analogies between the three fundamental 
elements in the four dynamical systems. The 
consideration of electrical, mechanical recti¬ 
lineal, mechanical rotational, and acoustical 
systems of one degree of freedom establishes 
further analogies between the elements and the 
quantities in the four systems. Electrical, me¬ 
chanical rectilineal, mechanical rotational, and 
acoustical wave filters provide additional data 
on the analogies in the four systems. The sub¬ 
ject of analogies is extended further by treat¬ 
ment of the reciprocity theorems in the four 
systems. 

The analogies between the elements and 
quantities in the four systems are shown in 
the table. 

Mathematically the elements in an electrical 
network are the coefficients in the differential 
equations describing the network. When the 
electric circuit theory is based upon Maxwell’s 
dynamics the network forms a dynamical sys¬ 
tem in which the currents play the role of 
velocities. In the same way the coefficients in 
the differential equations of a mechanical or 
acoustical system may be looked upon as me¬ 
chanical or acoustical elements. Kirehhoff’s 
electromotive force law plays the same role in 
setting up the electrical equations as d’Alem¬ 
bert’s principle does in setting up the mechan¬ 
ical and acoustical equations. That is to say, 
every electrical, mechanical or acoustical sys¬ 
tem may be considered as a combination of 
electrical, mechanical or acoustical elements. 
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Therefore, any mechanical or acoustical sys¬ 
tem may be reduced to an electrical network 
and the problem may be solved by electrical 
circuit theory. 

In view of the tremendous amount of study 
which has been directed towards the solution 
of circuits, particularly electrical circuits, and 
the engineer’s familiarity with electrical cir¬ 
cuits, it is logical to apply this knowledge to 
the solution of vibration problems in other 
fields by the same theory as that used in the 
solution of electrical circuits. 

To carry out the solution of a problem in a 
mechanical rectilineal, mechanical rotational 

or acoustical system, the elements in these 
systems are converted to mechanical rectilineal 
circuit elements, mechanical rotational cir¬ 

cuit elements or acoustical circuit elements, 
as shown in Figures 1, 2, and 3. The proce¬ 
dure is illustrated in Figures 4, 5, and 6 for 
the solution of a mechanical rectilineal, me¬ 
chanical rotational, and acoustical systems. 
In Figure 4, the mechanical rectilineal system 
of one degree of freedom is converted to an 
acoustical circuit. The constants of the ele¬ 
ments and quantities used in the mechanical 
rectilineal, mechanical rotational and acous¬ 
tical circuits are shown in the table. The per¬ 
formance of the circuits is obtained by the 
application of electrical circuit theory. The 
equations for the performance of the systems 
of Figures 4, 5, and 6 will be found in mechan¬ 

ical rectilineal, mechanical rotational, and 
acoustic systems of one degree of freedom. 

Quantities and Elements in Electrical, Mechanical Rectilineal, Mechanical Rotational, 

and Acoustical Systems 

Electrical Mechanical Rectilineal Mechanical Rotational Acoustical 

Quantity Unit Sym¬ 

bol 

Quantity Unit Sym¬ 

bol 

Quantity Unit Sym¬ 

bol 

Quantity Unit Sym¬ 

bol 

Electromo¬ 

tive Force 

Volts X 108 e Force Dynes Im Torque Dyne Centi¬ 

meter 

fR Pressure Dynes per 

Square 

Centi¬ 

meter 

V 

Charge or 

Quantity 

Coulombs 

X 10~l 
Q Linear Dis¬ 

place¬ 

ment 

Centimeters X Angular 

Displace¬ 

ment 

Radians <t> Volume Dis¬ 

placement 

Cubic Cen¬ 

timeters 

X 

Current Amperes 

x 1CT1 
i Linear 

Velocity 

Centimeters 

per 

Second 

x or 

V 

Angular 

Velocity 

Radians per 

Second 

0 
or 

9 

Volume 

Current 

Cubic Centi¬ 

meters per 

Second 

X 
or 

U 

Electrical 

Imped¬ 

ance 

Ohms X 109 ze Mechanical 

Imped¬ 

ance 

Mechanical 

Ohms 

m Rotational 

Imped¬ 

ance 

Rotational 

Ohms 

ZR Acoustical 

Imped¬ 

ance 

Acoustical 

Ohms 

ZA 

Electrical 

Resist¬ 

ance 

Ohms X 109 TE Mechanical 

Resist¬ 

ance 

Mechanical 

Ohms 

TM Rotational 

Resist¬ 

ance 

Rotational 

Ohms 
rR Acoustical 

Resist¬ 

ance 

Acoustical 

Ohms 

rA 

Electrical 

React¬ 

ance 

Ohms X 109 xe Mechanical 

React¬ 

ance 

Mechanical 

Ohms 

XM Rotational 

Reactance 

Rotational 

Ohms 

XR Acoustical 

Reactance 

Acoustical 

Ohms 

XA 

Inductance Henries 

X 109 

L Mass Grams m Moment of 

Inertia 

(Gram) 

(Centi¬ 

meter) 2 

i Inertance Grams per 

(Centi¬ 

meter)4 

M 

Electrical 

Capaci¬ 

tance 

Farads 

X 10-9 

Ce Compli¬ 

ance 

Centimeters 

per Dyne 

Cm Rotational 

Compli¬ 

ance 

Radians per 

Dyne per 

Centi¬ 

meter 

Cr Acoustical 

Capaci¬ 

tance 

(Centime¬ 

ter) 5 per 

Dyne 

Ca 

Power Ergs per 

Second 

Pe Power Ergs per 

Second 

Pm Power Ergs per 

Second 

Pr Power Ergs per 

Second 

Pa 
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(see dynamical analogies, classical) and re¬ 
lated sections have been formal ones due to 
the similarity of the differential equations of 
the electrical, mechanical, and acoustical sys¬ 
tems. For this reason these analogies have 
been termed the classical impedance dynamical 
analogies. These are, however, not the only 
ones possible of development for useful ap¬ 
plications. In this connection, the mobility 
analogy has been developed and used on a 
wide scale to solve problems in mechanical 
vibrating systems. In the mobility analogy, 

mechanical mobility is defined as the com¬ 
plex ratio of velocity to force. Although the 
mobility dynamical analogy can be applied to 
all types of vibrating systems, the most direct 
and useful application of the mobility dynam¬ 
ical analogy resides in the field of mechanical 
vibrating systems. 

Mechanical System 

v- 

fm ri 

System 

An ri 

41 4/2 lT r 
V 4n C, 

■^Tsinp- 

Mobility 
Network 

Fig. 2. 

As in the case of the solution of a problem 
in a mechanical vibrating system by applying 
the principles of classical dynamical analogies, 
the mechanical elements in the mechanical sys- 

Electrical Mechanical Rectilineal Mobility 

Quantity Unit Symbol Quantity Unit Symbol 

Electromotive Force Volts X 10-8 e Velocity Centimeters per Second x or v 

Charge or Quantity Coulombs X 10-1 q Impulse or Momentum Gram Centimeter per 

Second 
Q 

Current Amperes X 10_1 i Force Dynes f\f 

Electrical Impedance Ohms X 109 ZE Mechanical Mobility Mechanical Mhos Zi 

Electrical Resistance Ohms X 109 te Responsivity Mechanical Mhos ri 

Electrical Reactance Ohms X 109 XE Excitability Mechanical Mhos XI 

Inductance Henries X 109 L Compliance or Mobility 

Inertia 

Centimeters per Dyne Ci 

Electrical 

Capacitance 

Farads X 109 Ce Mass or Mobility 

Capacitance 

Grams mi 

Power Ergs per Second Pe Power Ergs per Second Pi 
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tem are converted to mobility circuit elements 
as depicted in Figure 1. 

The analogies between the elements and the 
quantities in the electrical and mechanical 
rectilineal mobility systems are shown in the 
table. 

The procedure for the application of the 
mobility analogy is illustrated in Figure 2. 
The mechanical system is converted to a me¬ 
chanical mobility system. Then it is a simple 
matter to convert the mechanical mobility sys¬ 
tem to a mobility network. The performance 
of the network is obtained by the application 
of electrical circuit theory. 

DYNAMICAL EQUATIONS OF LIGHT 
RAYS. The optical paths, or rays, in a me¬ 
dium of refractive index n = n{x, y, z) are the 
solutions of the system of dynamical equations 

x = ~ (,\n2), 
dx 

y = 7- (W)> 
dy 

2 = 7- (W)> 
dz 

which satisfy 

x2 + y2 + z2 = n2, 

where one dot denotes the first derivative with 
respect to time, and two dots, the second. 
Thus, the rays are paths of “corpuscles” mov¬ 
ing in a potential field <f> = — %n2 with veloc¬ 
ity n. This last conclusion is in conflict with 
Foucault’s measurements of the relative veloci¬ 
ties of light in air and water. 

Descartes proved Snell’s law on the basis of 
the corpuscular theory using the continuity of 
the tangential component of velocity. 

DYNAMICAL SIMILARITY. Two systems 
are dynamically similar if the ratio of cor¬ 
responding forces is the same. This requires 
that all possible Froude numbers must be the 
same in the two systems. The inertia forces, 
gravity forces, viscous forces, etc., must be 
in the same ratio. 

In making model experiments the Reynolds 
number is usually the most important when 
gravity does not directly affect the flow, but 
the Richardson and ordinary Froude numbers 
are important in modeling flows of stratified 

fluids, and the Rayleigh number in Stokes 
flows which transfer buoyancy (or heat). 

DYNAMICAL SURFACE TENSION. In a 
surface phase whose age is low with respect 
to the characteristic times involved in diffu¬ 
sion, the adsorption (see Gibbs division sur¬ 
face) may be taken equal to zero. The sur¬ 
face tension of such a “fresh” surface is called 
the dynamical surface tension. 

DYNAMICAL VARIABLES. Those variables 
in terms of which classical mechanics is built 
up, and which can be given an operational 
definition. Examples are the coordinates and 
components of velocity, momentum, and angu¬ 
lar momentum of particles, and functions of 
these quantities. 

DYNAMIC BOUNDARY CONDITION. The 
condition that the pressure must be continuous 
across an internal boundary or free surface 
in a fluid. 

DYNAMIC EQUILIBRIUM. See equilib¬ 
rium, dynamic. 

DYNAMIC LOADING. The loading applied 
as a consequence of the motion of a live load 
and often expressed as a multiple of the static 
value of that load. A suddenly applied load 
such as would be exerted by the release of a 
weight in contact with a horizontal elastic 
beam gives a dynamic load that is twice the 
static load. 

DYNAMIC PARALLAX (OF BINARY 
STARS). If the masses of the two components 
of a visual binary star, mi and m2, are found 
from the mass-luminosity relation, it is pos¬ 
sible to determine the parallax of the system. 
From the Kepler laws, one can write 

a3 

mi + ™2 = 

in which ir is the parallax of the system in 
seconds of arc, and P is given in sidereal years. 
In a visual binary, a is the separation of the 
components and this can be measured in sec¬ 
onds of arc. ir is the only remaining unknown 
and therefore 

a 

v' P2(m1 + m2) 

DYNAMIC PRESSURE. The dynamic pres¬ 
sure at a given point in a fluid is the difference 
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between the total pressure p0 and the static 
pressure p at that point. For an incompres¬ 
sible fluid, Bernoulli’s equation shows that the 
dynamic pressure is equal to Vzpv2, where p is 
the density of the fluid and v is the velocity. 
For a compressible fluid the dynamic pressure 
(Po - P) is given by 

DYNE. The cgs unit of force. See mechani¬ 
cal units. 

DYSON REPRESENTATION. Consider two 
fields A(x) and B(x) obeying the causality 
condition 

[A(x), B(y)] = 0 for (x - y)2 < 0 (1) 

7 

(See also Pitot tube.) 

DYNAMICS. The science that deals with the 
motion of systems of particles under the in¬ 
fluence of forces. Dynamics deals with the 
causes of motion, as opposed to kinematics, 
which deals with its geometric description, and 
to statics, which deals with the conditions for 
lack of motion. 

DYNAMICS OF A FREE MASS POINT 
(RELATIVITY). The relativistic force F act¬ 
ing on an accelerated mass point can be de¬ 
fined, just as in classical mechanics, as the 
time rate of change of linear momentum. 

d / m0v \ 

dt VVl — v2/c2) 

m0 is the rest mass. If the force is parallel to 
the velocity, its magnitude is 

If the force is perpendicular to the velocity, its 
magnitude is 

where x, y are four vectors and the scalar 
product is defined by 

x-y = x$p = x0y0 - x y. (2) 

An important problem is to determine the ana¬ 
lytic form of the (generalized) function 

Kx) = (P, a | *©■ (3) 

or its Fourier transform 

/(?) = -ZTTi f d4xe iqzJ(x) (4) 
(Zir) J 

where | P, a) and | Q, (H) are any two physical 
states specified by the energy momentum vec¬ 
tors P and Q and by other quantum numbers a 
and jS. By (1) the function / in x space has the 
property 

/(x) = 0 for x2 < 0. (5) 

From Equation (3) and the assumption that 
the physical states of the system are complete 
in 3C and that they can be characterized in part 
by energy momentum four-vectors p(n) for 
which p(n)p(n) > 0, p0(n) > 0, the function/in 
q space also has the property of vanishing in a 
large region. In the coordinate system in which 

h(P + Q) = (a, 0, 0, 0) a>0. (6) 

f(q) = 0 for all q — (q0, q) satisfying 

a - [q2 + b2}» <q0< [q2 + c2]* - a (7) 

(It is assumed that the velocity is parallel to 
the x-direction.) The coefficients 

1 - ^ ) rna and ( 1 - — 1 m0 

are called the “longitudinal” and the “trans¬ 
versal” mass. 

DYNAMICS, RAREFIED GAS. See rarefied 
gas dynamics. 

DYNAMIC UNBALANCE. See balancing. 

DYNAMIC VISCOSITY. See viscosity, dy¬ 
namic. 

where b and c are the lowest masses of the possi¬ 
ble intermediate states | n), | m) in the decom¬ 
position 

<*•'*(-Da(Di®’> 
-S <P«|s(— |)|»»><m|A(-|)|<a»>. (8) 
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Jost and Lehmann have shown that the class of 
generalized function /(g) which vanish in the 
region 

|?o| > [q2 + c2]H - a (9) 

and have Fourier transforms vanishing for 
x2 < 0 is identical with the class of functions 
of the form 

/(?) = jd3u JdK2e(qo)5[q02 - (q — u)2 - k2] 

X [$i(u, k2) + g0<f>2(u, k2)] (10) 

with the functions Fi(u, k2) and <f>2(u, k2) each 
vanishing except in the region 

|u| < a k > c — (a2 — u2)* (11) 

This theorem provides a representation for 
functions /(g) vanishing in the region (7) for 
the case b = c. An important Lemma also due 
to Jost and Lehmann is that the class of func¬ 

tion f(q) satisfying /(x) = 0 for x2 < 0 and 
vanishing in the region 

|$o| + !q — v| < X 

is identical with the class represented by (10) 
with the functions $1, and $2 vanishing in 
k2 + (u — v)2 < X2. 

Dyson has given the solution to general case 
in the following theorem: for a function/(g) to 
vanish in the region h(q) < g0 < g(q) and to 
have a Fourier transform vanishing for x2 < 0 
it is necessary and sufficient that 

!4uj'ds e(q0 — «o)5[(g — u)2 — s]^(w, s) 

where ^(u, s) is a function vanishing outside 
the region S defined by 

m(u, S) < Uq < M(u, s) 
with 

m(u, s) = max3{g(q) - [(q - u)2 + s]54} 

M(u, s) = ming{/i(q) + [(q — u)2 + s]^}. 



E 
e (THE NUMBER). A transcendental num¬ 
ber, used as the base of the system of natural 
or Napierian logarithms. It is defined by 

or by 

e = lim (1 + -) 
n —>oo ' 

e = lim (1 + x)llx. 
x->0 

It is represented by the infinite series 

1111 1 
e = 1 -|-b ~—b ~—I-f • • • d-b 

1! 2! 3! 4! n! 

and has the approximate value of 2.71828. 

EARNSHAW THEOREM. No charge can be 
in stable equilibrium in an electric field under 
the influence of electric forces alone. 

EARTHQUAKE RESISTANCE. Resistance 
to failure due to horizontal motion of the sup¬ 
ports of a structure. Building codes may call 
for design against a static horizontal force of 
between 0.025 and 1.0 times the dead load, de¬ 
pending upon location and part of structure. 
The actual problem involves the dynamic re¬ 
sponse of a structure to a random sequence of 
forced motions at its base and is still under 
study. 

EARTHQUAKE SCALES. The intensity and 
magnitude of an earthquake is rated by a num¬ 
ber of scales. The Rossi-Forel intensity scale 
from the barely felt I to the disaster X and 
the Mercalli scale from 1 to total damage 12 
are in common use. 

together to form a miniature stairway of equal 
risers. The light enters normally to the larg¬ 
est plate at one end (see figure) and emerges 
at various deviations through the low “risers.” 
It is easily shown that if the thickness of the 
plates is a, the height of the “risers” b, and the 

Fb~i— 

refractive index of the glass n, the equivalent 
path difference between successive emergent 
streams for any angle of deviation A is na — a 
cos A + b sin A; or since A is in practice always 
small, cos A = 1 and sin A = A (in radians), 
giving (n — l)a + bA. This must be equal to 
an integral multiple, N, of the wavelength A 

for any spectrum line, the deviation of which 
is therefore 

X a 
A = N-(n — 1) -• 

b b 

The smallest value N can have (for A = 0) is 
a 

(n — 1) - , which, since a is usually several mm. 
A 

and (n — 1) is 0.5 or more, is of the order of 
several thousand. The dispersion, viz., 

D dA N adn 

d\ b b d\ 

is correspondingly large. The echelon is thus 
especially adapted to the study of the hyper- 

fine structure of spectrum lines. 

ECKERT NUMBER. See dimensionless 

EBULLIOSCOPIC CONSTANT. See boiling 
constant. 

ECCENTRIC LOADING. A force applied 
parallel to the axis of a bar (line of centroids 
of the cross sections) but at some distance 
from it, produces both direct stress and bend¬ 
ing. (See kern.) 

ECHELON. A highly specialized form of 
diffraction grating. It consists of a row of 
glass plates of exactly equal thickness, packed 

groups. 

ECLIPSING BINARY STARS. An eclipsing 
binary star is both a binary star and also a 
variable star. The light curve is character¬ 
ized by a relatively sharp and symmetric drop 
to minimum. The curve is not always flat at 
maximum, but may show a slow rise and then 
a decline to a point at which the drop to mini¬ 
mum occurs. In some cases there are two 
minima, one deeper than the other. It is be¬ 
lieved that, in this class of variable star, there 
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are two stars that differ in size and brightness, 
and that are revolving about the center of 
gravity of the system in elliptic orbits, with the 
plane of the orbit passing through or rela¬ 
tively close to the sun, i.e., with inclination 
close to 90°. If the inclination differs appre¬ 
ciably from 90° the eclipse will be only partial. 
All available evidence points to this type of 
variability. 

When the masses and relative dimensions of 
the components are known from the orbit, light 
curve, and parallax, the mass of the system is 

mb + my 
(a,b + a/)3 

25 P2 

with a in millions of kilometers and P in days. 
The radius of the brighter component is given 

by (cq + a2)rb where rb is given by the photo¬ 
metric data. The volume of this star in terms 
of the volume of the sun, is 2.98 (e^ + a2)3>v 
Therefore, the density of the brighter star, in 
terms of the density of the sun as unity, is given 

by 
mb 1 mb 

Vb 74.4P2r&3 mb + mf 

In the second right-hand member of this equa- 
TYlh 

tion,-:— may be estimated with considera- 
mb+mf 

ble accuracy from the mass-luminosity relation: 

mb _ /L6\2/5 

mf \L// 

Much more information about the atmospheres 
of the two stars may be determined by spec- 
trophotometric observations of the changes as 
one star passes over the photosphere of the 
other and leaves just the atmosphere exposed. 
This and other information is needed for the 
development of various theories relative to 
stellar structure. 

ECLIPTIC. The great circle on the celestial 
sphere cut out by the plane containing the 
orbit of the earth. The ecliptic intersects the 
celestial equator at the vernal and autumnal 
equinoxes. The angle between the plane of 
the ecliptic and the plane of the equator is 
known as the obliquity of the ecliptic and is 
about 23?5, but is slowly changing. The ac¬ 
curate value of the obliquity is published in 
almanacs. The celestial latitudes and longi¬ 
tudes of astronomic objects are referred to the 

plane of the ecliptic and the equinoxes. (C.f. 
precession.) 

ECONOMISER. See air-preheating. 

EDDY. (1) By analogy with a molecule, a 
“glob” of fluid within the fluid mass that has a 
certain integrity and life history of its own; 
the activities of the bulk fluid being the net 
result of the motion of the eddies. 

The concept is applied with varying results 
to phenomena ranging from the momentary 
spasms of the wind to storms and anticyclones. 

(2) Any circulation drawing its energy from 
a flow of much larger scale, and brought about 
by pressure irregularities as in the lee of a solid 
obstacle. 

EDDY CONDUCTIVITY. See turbulent 
transfer coefficient. 

EDDY CURRENT. See current, eddy. 

EDDY FLUX. (Or turbulent flux.) The rate 
of transport (or flux) of fluid properties such 
as momentum, mass, heat, or suspended mat¬ 
ter by means of eddies in a turbulent motion; 
the rate of turbulent exchange. (See mixing 
length, exchange coefficients, interaction.) 

EDDY HEAT CONDUCTION. (Or eddy 
heat flux; also called eddy conduction.) The 
transfer of heat by means of eddies in turbu¬ 
lent flow, treated analogously to molecular 
conduction. 

If temperature is represented by the sum of 
the mean temperature of the fluid plus its in¬ 
stantaneous departure from the mean, substi¬ 
tuted into the Fick equation and the mean 
value taken, then the form of the resulting 
equation for the mean temperature is un¬ 
changed except that the molecular heat trans¬ 
fer terms 

dT dT dT 
Kx—• Ku—> and K* — 

dx dy dz 

are replaced by 

and 

dT - dT 
Kx-Cppu'T', Ky —- — Cppv'T' 

dx dy 

dT 
Kz-Cppw'T', 

dz 

where p is the density, cp is the specific heat 
at constant pressure, and it', i/, w\ and T' the 
departures of the velocity components and the 
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temperature. These are analogous to the 
Reynolds stresses of the correlation term as 
expressed as an exchange coefficient. Then 
(considering only one-dimensional variability) 

dT 
- w'T' = Kt- 

dz 

where K is the eddy conductivity coefficient 
(see turbulent transfer coefficient) and, unlike 
the molecular coefficient, is usually a function 
of the coordinates. 

On the basis of the mixing length theory, 
the mean rate of transfer of heat q in an in¬ 
compressible fluid normal to the direction of 
z is 

12-K/~^dT q — — CpprV w * —> 
dz 

where l is the mixing length. Because the at¬ 
mosphere is compressible, temperature is not 
conservative and in the previous equations the 
potential temperature must be used when 
the transfer is considered in the vertical direc¬ 
tion. Another expression for the transfer of 
heat, now across an isobaric surface, is 

where r is the dry- or saturation-adiabatic 
lapse rate, as the circumstance requires. 

EDDY KINETIC ENERGY. (Also called 
turbulent energy.) The kinetic energy of that 
component of fluid flow which represents a 
departure from the average kinetic energy of 
the fluid, the mode of averaging depending on 
the particular problem. This eddy kinetic 

energy is represented by pu2 where p is the 
density, u! is the eddy velocity, and the su¬ 
perior bar denotes an average. 

In general circulation studies, for example, 
the zonal average along a fixed latitude circle 
is usually considered. As another example, 
in small-scale turbulence studies it is fre¬ 
quently desirable to consider the average with 
respect to time at a fixed point in the fluid. 

EDDY SPECTRUM. The distribution of the 
frequency of eddies of various sizes or scales 
in a turbulent flow, or the distribution of 
kinetic energy among eddies of various fre¬ 
quencies or sizes. 

EDDY STRESS. See Reynolds stress. 

EDDY TRANSPORT (EDDY TRANSFER). 
See turbulent transfer coefficient. 

EDDY VELOCITY. (Also called fluctuation 
velocity.) The difference between the mean 
velocity of fluid flow and the instantaneous 
velocity at a point. For example, 

u' = u — u, 

where u' is the eddy velocity, u is instantan¬ 
eous velocity, and u is mean velocity. 

Over the same interval which defines the 
mean velocity, the average value of the eddy 
velocity is necessarily zero. 

EDDY VISCOSITY. See turbulent transfer 
coefficient. 

EDGE. Two distinct points (endpoints) and 
a line segment joining them. Considering the 
edge as point-closed (including endpoints) is 
the conventional procedure although open line 
segments are also used by some authors. 
Similarly the insistence upon the distinctness 
of the endpoints of an edge is motivated by the 
desire to exclude closed “loops” in which the 
endpoints coincide. 

EDGE CONDITION. A condition introduced 
in problems involving diffraction of electro¬ 
magnetic waves by obstacles with sharp edges. 
The edge must be a singularity of the field 
with the following characteristics: (1) No 
energy is radiated from the edge itself. (2) 
The field components parallel to the edge 
shall be bounded. 

EDGE FORCE. Surface traction applied to 
the cylindrical bounding surface of a plate 
or shell. Usually measured per unit length 
along the periphery of the plate or shell, the 
detailed distribution on the bounding surface 
in the thickness direction being unspecified. 
Also called edge traction. 

EDGE MULTIPLICITY. The number of 
times an edge appears in an edge sequence. 

EDGE OF REGRESSION. The locus of the 
points of intersection of successive characteris¬ 
tics of a one-parameter family of surfaces as 
the parameter is varied. If f(x,y,z,a) = 0 is 
the one-parameter family of surfaces then the 
equations for the edge of regression can be 
obtained by eliminating a from the equation 

f(x,y,z,a) = 0, df(x,y,z,a)/da = 0, 

d2f(x,y,z,a)/da2 = 0. 
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EDGE SEQUENCE. A subgraph whose 
edges admit an ordering possessing the follow¬ 
ing property: Each edge has one vertex in 
common wth the preceding edge and the other 
vertex in common with the succeeding edge. 
The words “preceding” and “succeeding” are 
defined with respect to the ordering imposed 
on the edges. 

EDGE TRAIN. An edge sequence in which 
each edge has multiplicity one. 

EDGE TRAIN, CLOSED. An edge train 
whose terminal vertices coincide. 

EDGE TRAIN, OPEN. An edge train whose 
terminal vertices do not coincide. 

EDGEWORTH SERIES. A form of expan¬ 
sion of a frequency function in terms of de¬ 
rivatives of the normal distribution. For a 
distribution in standard form (i.e., with zero 
mean and unit variance) the expansion is 

f(x) = 
(-Dy 

exp J2 V 
' y=3 J! 'JJ «(*), 

where Kj is the jth cumulant, D is the operator 

-j-anda(x) is the normal function e~'^x2/y/ (2ir). 
ax 

(See also Gram-Charlier series.) 

center of current moments when viewed from 
directions near the direction of maximum 
radiation. 

EFFECTIVE MASS. A parameter of the 
dimensions of a mass which is often used in 
the band theory of solids. An exact definition 
covering all its uses is impossible, but one 
may say that electrons at the bottom of a 
band, and holes near the top of a band, be¬ 
have in many respects as if they were free 
particles with masses rather different from 
the mass of a free electron. 

EFFECTIVE MULTIPLICATION. See 
multiplication, effective. 

EFFECTIVE PHASE RETARDATION. See 
partial coherence. 

EFFECTIVE POWER OF A LENS. The 
reciprocal of the back focal length. 

EFFECTIVE PRINCIPAL QUANTUM 
NUMBER. The quantity 

n* = n + n 

in the Rydberg equation for the line series in 
atomic spectra. 

EFFECTIVE RADIUS OF CONTROL ROD. 
See radius, effective, of control rod. 

EFFECTIVE ANGULAR VELOCITY, EF¬ 
FECTIVE FORCE, ETC. See entries under 
angular velocity, effective, etc. 

EFFECTIVE AREA (ANTENNA). The 
square of the wavelength times the power 
gain (or directive gain) in a specified direc¬ 
tion, and divided by 4tt. When power gain is 
used, the effective area is that for power re¬ 
ception ; when directive gain is used, the effec¬ 
tive area is that for directivity. 

EFFECTIVE BANDWIDTH. See band¬ 
width, effective. 

EFFECTIVE EXHAUST VELOCITY. See 
exhaust velocity, effective. 

EFFECTIVE HEIGHT (ANTENNA). In its 
present usage, this term means the height of 
the antenna center of radiation above the effec¬ 
tive ground level. For an antenna with a 
symmetrical current distribution, the center 
of radiation is the center of the distribution. 
For an antenna with an asymmetrical current 
distribution, the center of radiation is the 

EFFECTIVE VALUE. A term used in elec¬ 
tricity, mechanics, etc., to denote the root- 
mean square value of a periodically-variable 
(usually sinusoidal) quantity. 

EFFECTIVE WAVELENGTH. The wave¬ 
length of a monochromatic beam having the 
same penetration in a given medium as a beam 
of complex radiation. 

EFFECTIVE WIDTH. See width, effective. 

EFFICIENCY. (1) A ratio used to assess 
the performance of a machine or a prime 
mover in relation to its idealized version. (2) 
The ratio of some desired output quantity, 
such as work, to the (usually larger) equiva¬ 
lent which must be supplied to a device or 
prime mover, for example, heat. (3) The ratio 
of energy or work input to output in a trans¬ 
formation process. Thus, in a power cycle, 
the ratio of work done, W, to the heat re¬ 
quired Q. Or 

W 
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Since some heat, say Q0) must always be re¬ 
jected, the efficiency is also 

because by the first law of thermodynamics 
W = Q — Q0 for a cycle. Efficiencies are so 
defined as to give a number smaller than unity 
for real engines. (4) In the theory of statis¬ 
tical estimation, the efficiency of an estimator 
is measured by its dispersion about the param¬ 
eter under estimate or by its variance; the 
smaller the dispersion the more efficient the 
estimator. If there exists an optimum esti¬ 
mator, i.e., one with minimum dispersion, the 
efficiency of any other estimator is measured 
by the inverse ratio of their variances. 

Measures of efficiency of an experimental 
design can similarly be set up in terms of the 
smallness of the experimental error. 

EFFICIENCY, AVAILABLE POWER. Of 
an electroacoustic transducer used for sound 
reception, the ratio of the electric power avail¬ 
able at the electric terminals of the transducer 
to the acoustic power available to the trans¬ 
ducer. For an electroacoustic transducer 
which obeys the reciprocity principle, the 
available power efficiency in sound reception 
is equal to the transmitting efficiency. In a 
given narrow-frequency band, the available 
power efficiency is numerically equal to the 
fraction of the open-circuit mean-square 
thermal noise voltage present at the electric 
terminals which is contributed by thermal 
noise in the acoustic medium. 

EFFICIENCY, CONVERSION. In vacuum 
tube amplifier and oscillator circuits, the a-c 
(usually radio frequency) power output di¬ 
vided by the d-c power input to the plate 
circuit. It is also called the plate efficiency. 
It varies quite widely with different classes 
of amplifiers, running as high as about 80% 
in some class C amplifiers, from 30 to 70% 
(depending upon conditions) in class B and 
being of the order of 20% in the usual class 
A amplifier. 

EFFICIENCY, FROUDE. See Froude mo¬ 
mentum theory. 

EFFICIENCY, INDICATED. See indicated 
efficiency. 

EFFICIENCY, LUMINOUS. The ratio of 
the luminous flux to the radiant flux. 

EFFICIENCY OF A DIFFUSER. See dif¬ 
fuser. 

EFFICIENCY OF ROCKET ENGINE. The 
efficiency of a rocket motor may be expressed 
as the product of a number of factors. One 
relationship between these factors is the fol¬ 
lowing: 

V = VdVFVv 

where 77 is the (overall) efficiency of the motor, 
rjci is the discharge correction factor, qp is the 
thrust correction factor and t)v is the velocity 
correction factor. These factors are expressed, 
in turn, by the following relationships: 

Vd = (drn/dt)/(drn/dt) th 

Vf = F/Fth = T\v/r\d 

Vv ~ c/C(h 

where (dm/dt) is the mass flow rate, F is the 
thrust, c is the effective exhaust velocity, and 
subscript th denotes the theoretical values. 
The ideal efficiency of a rocket motor is found 
from the relationship 

7—1 

= 1 — (Pe/Pc) 7 = 1 - Te/Tc 

where tj, is the ideal efficiency, pe is the exhaust 
pressure, pc is the chamber pressure, y is the 
ratio of specific heats, Te is the exhaust tem¬ 
perature and Tc is the chamber temperature. 
The efficiency of any jet engine can be regarded 
as the product of its thermal efficiency, i)r, its 
mechanical efficiency, 77m, and its propulsive 
efficiency, 77P, provided that these terms are 
defined as follows: thermal efficiency (77t) = 
energy input to nozzle /energy in fuel; mechan¬ 
ical efficiency (77m) = energy available for pro¬ 
pulsion/energy input to nozzle; propulsive effi¬ 
ciency (tjp) = propulsive work/energy available 
for propulsion. 

EFFICIENCY, QUANTUM. See quantum 
efficiency. 

EFFICIENCY RATIO. Ratios of indicated 
work Wi to ideal work W. The ideal work is 
calculated on the basis of an idealized dia¬ 
gram, for^example, an air-standard cycle in 
the case (^internal combustion engines. 

7,r = WifW. 
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It is equal to the so-called diagram factor. 
It is also equal to the ratio of indicated thermal 
efficiency, to the thermal efficiency of the 
ideal cycle, rjth: 

Vr = Vi/Vth- 

It is sometimes also called the relative effi¬ 
ciency. 

EHRENFEST ADIABATIC LAW. See adi¬ 
abatic law for quantized states (Ehrenfest). 

EHRENFEST RELATIONS. The Ehrenfest 
relations describe the influence of pressure on 
a lambda-point considered as a second order 
transition (see transitions of higher order). 

Using the superscripts - and + to denote 
the value of quantities immediately below and 
immediately above the temperature T of the 
A-point, the Ehrenfest relations are 

dT\ _ (a~ — a+)\\Tx 

~d^ ~ Cv- - Cp+ 

dp a — a+ 

where Cp is the molar heat capacity, a, the 
thermal expansion coefficient and k, the com¬ 
pressibility coefficient. 

EHRENFEST THEOREM. See adiabatic 
law for quantized states (Ehrenfest). 

EIGENFUNCTION. If a differential or in¬ 
tegral equation possesses solutions satisfying 
the given boundary conditions for only certain 
values of a parameter A, such a value of A is 
an eigenvalue and the corresponding solution 
is the eigenfunction belonging to the eigen¬ 
value. If the set of all eigenfunctions of a 
linear operator are non-degenerate they will 
form an orthogonal set which is normalizable. 
No specific case has been found where the set 

is not also complete. 
(2) As used in quantum mechanics, the 

eigenfunctions of a quantum mechanical oper¬ 
ator (see operators, quantum mechanical). 

(3) Often used as a synonym for energy 
eigenfunction. 

EIGENFUNCTIONS, ELECTRONIC OF 
MOLECULES. See molecular eigenfunc¬ 

tions. 

EIGENFUNCTIONS, MOLECULAR. See 
molecular eigenfunctions. 

EIGENFUNCTIONS, MOLECULAR, SYM¬ 
METRY PROPERTIES OF. See symmetry 
properties of molecular eigenfunctions. 

EIGENFUNCTIONS, ROTATIONAL. See 
molecular eigenfunctions. 

EIGENFUNCTIONS, VIBRATIONAL. See 
molecular eigenfunctions. 

EIGENSTATE. In quantum mechanics, 
measurable quantities correspond to linear 
operators. An eigenstate of a linear operator 
A is an eigenvector of A. The corresponding 
eigenvalue gives the result of a measurement, 
if the quantity A is measured in the eigenstate. 

EIGENVALUE (PROPER VALUE). The 
concept described by this hybrid word has be¬ 
come extremely important in pure and applied 
mathematics, and in engineering, physics and 
chemistry. The German word “eigen” means 
“characteristic,” a term already overburdened 
in mathematical English. The “characteris¬ 
tic values” of a physical system are numbers 
which describe, for example, the critical fre¬ 
quencies of a suspension bridge or of a rotat¬ 
ing shaft, the critical load of a supporting 
column, or the energy levels of a system in 
quantum mechanics. In corresponding mathe¬ 
matical language, we shall define the eigen¬ 
values of a square matrix, of the kernel of an 
integral equation, of a differential equation 
with boundary conditions, and of an operator 
or transformation, the last case including all 
the others. 

If A = {aifc} is a square matrix, then the 
number A is an eigenvalue (also called a char¬ 
acteristic number, a proper value, a latent 
root, etc.) of the matrix A if the determinant 

an — k ^12 '"' °1 n 

^21 a22 ~ k • • • a^n 

&nl U»2 * ' ‘ ®nn k 

is equal to zero. In other words, an eigenvalue 
of a matrix is a root of the characteristic equa¬ 
tion of the matrix. 

As a physical example, consider a suspension 
bridge which is vibrating with n degrees of 
freedom about a position of stable equilibrium. 
Its potential energy at any time will be a func¬ 
tion, call it A(q\, q<i, • • •, qn), of its n position 
coordinates 2i, 32, • • •, 3«, which is approxi- 
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mated by the quadratic form 2aikqiqk, the con¬ 
stants aik being given by aik = J4(d2A/dqidqk) 
evaluated at the position of equilibrium. Then, 
the eigenvalues of the matrix {aik} are the 
squares of the critical frequencies of the bridge, 
namely the frequencies at which an impressed 
force will cause dangerous resonance. 

From the theory of linear equations it fol¬ 
lows that this definition of the eigenvalues of a 
matrix can be restated as follows. The con¬ 
stant X is an eigenvalue of the matrix {a^} if 
the n homogeneous linear equations in the n 

unknowns qi, q2, • • •, qn 

anqi + ai2<?2 + • • • + &i nqn = Mi 

°2l9l + 022(72 + • • • + 02n<7n = M2 

Onl9l + 0«2?2 + • • - + <7nn(7ra = Mn 

have a non-trivial solution (i.e., one for which 
not all the qi vanish). In other words, regard¬ 
ing the matrix as a linear operator in n-dimen- 
sional Euclidean space, the constant X is an 
eigenvalue of the operator A which transforms 
a vector q = (<71, q2, • • •, qn) into a vector de¬ 
noted by Aq, if there exists a non-zero vector 
q = (§1, q2, • • ■, qn) such that Aq = Xq. Such 
a non-zero vector is called an eigenvector (of the 
operator A) belonging to the eigenvalue X. 

Similarly, let A (x,y) be a continuous function 
of two variables (the infinite-dimensional ana¬ 
logue of a matrix with rows and columns) de¬ 
fined for a < x, y < b, and let A be the integral 
operator which transforms a function <£(x) into 
a function/(x) according to the formula/(x) = 

A(x,y)<t>(y)dy, where the integration is 

taken over the square a < x, y < b and the 
functions <f>(x) and /(x) = A<£(x) are infinite¬ 
dimensional analogues (in Hilbert space) of 
the above vectors q and Aq. Then the constant 
X is defined to be an eigenvalue of the integral 
operator A if the integral equation 

A(x,y)4>(y)dy = Xc/>(x), 

which we may also write in the form A<f> = \<f>, 
has a non-trivial solution <t>(x). The solution 
<f>(x) is called an eigensolution, or eigenfunc¬ 
tion belonging to X. 

The type of eigenvalue problem occurring 
most frequently in practical applications in¬ 
volves a differential operator. For example, 
the critical frequencies of a vibrating plate (im¬ 

portant in the theory of microphones and else¬ 
where) are the squares of the eigenvalues of the 
biharmonic operator discussed below. 

In general, let A be any differential operator 
acting on functions <f> of any number of varia¬ 
bles; e.g., for the clamped plate, </> = <f>{x,y) 
and A is the biharmonic operator defined by 
the formula 

A<p = di<t>/dx4 + 2 d4<t>/dx2dy2 + di<f>/dy4. 

Also, let us consider as admissible only those 
functions </> which satisfy certain boundary 
conditions; e.g., for the clamped plate, <f> and 
its normal derivative must vanish on the 
boundary. Then the constant X is an eigen¬ 
value of the operator A if there exists an admis¬ 
sible function <f>, called an eigenfunction of A, 
such that Aq> = X</>. Differential eigenvalue 
problems of this soi’t are of fundamental im¬ 
portance in the theory of vibrations and buck¬ 
ling and in quantum mechanics. 

EIGENVALUE EQUATION. An equation of 
the form P\p = Xif/ where P is a linear operator 
and X is a constant, if/ is called the eigenfunc¬ 
tion of the operator P corresponding to the 
eigenvalue, X. 

EIGENVALUE EQUATION OF TENSOR. 
For a covariant second-order tensor 7,y, the 
equation — Xgr,y| = 0. For a contravariant 
second-order tensor tli, the equation \ tli — \gl] \ 
= 0. For a mixed second-order tensor tj\ the 
equation 17/ — X5/| = 0. gr,y and glJ are the 
covariant and contravariant metric tensors 
respectively and 5/ is the Kronecker delta. 
For a second-order Cartesian tensor 7,-y, the 
equation 17,-y — XSyy | = 0, where 5,-y is the 
Kronecker delta. The solutions for X of the 
eigenvalue equation are called the eigenvalues, 
characteristic values, or principal values of the 
tensor. 

EIGENVALUES AND EIGENVECTORS OF 
MATRICES, METHODS OF COMPUTING. 
For a given square matrix A (singular or not), 
non-null vectors x exist satisfying Ax = Xx 
only when the scalar X satisfies det (XI — A) = 
</>(X) = 0, called the characteristic equation 
(cf., the entry eigenvalue) where <f>(\) is a 
polynomial of degree n, the order of A, called 
the characteristic polynomial (see matrix). 
Any root X of this equation is called an eigen¬ 
value; associated with any root X there is at 
least one non-null vector x called eigenvector 
belonging to X. The number of independent 
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eigenvectors belonging to an eigenvalue may- 
equal, but cannot exceed, the multiplicity of X 
as a root of the characteristic equation. For 
normal matrices, including Hermitian, the 
number equals the multiplicity. For a non¬ 
normal matrix, if X is a root of multiplicity 
v > 1, and if fewer than v independent vectors 
belong to X, then there are principal vectors 
y ^ 0 satisfying (XI — A)My = 0 for 1 < m < v. 

It is always true that 0(A) = 0. If there is a 
polynomial 0(X) of degree m < n for which 
0(A) = 0, then that polynomial of lowest de¬ 
gree for which this is true is a minimal poly¬ 
nomial, and A is said to be derogatory; other¬ 
wise nonderogatory. The condition for being 
derogatory is rather stringent and not often 
satisfied in practice, and the same is true for the 
presence of principal vectors, but when the con¬ 
ditions are nearly satisfied the corresponding 
eigenvectors are poorly defined and computa¬ 
tional difficulties arise, possibly even insur¬ 
mountable. 

Implicitly or explicitly, to evaluate an eigen¬ 
value requires the solution of an algebraic 
equation of degree n. The problem is much 
simpler for a Hermitian matrix, and for these 
is discussed under that heading. Some of these 
methods can also be adapted to normal matri¬ 
ces. Here the general case is considered. A 
method may purport to yield only the charac¬ 
teristic, or possibly the minimal, polynomial, 
leaving this to be solved by any of the standard 
methods for solving algebraic equations. Such 
a method is called direct. Once an eigenvalue 
is known, an eigenvector belonging to it can be 
found by solving a system of homogeneous 
equations (see matrix inversion). A direct 
expansion of the determinant is unthinkable 
when n is at all large. 

Since any n + 1 vectors in n-space are line¬ 
arly dependent, if b = bj ^ 0, then in the se¬ 
quence 

b,+i = Ab, 

there is a smallest index m < n such that bOT+i 
is linearly dependent upon those preceding: 

bm+i + ftbOT + ftbm_x 4-h /^mbi = 0. 

(1) 

This represents n equations in m < n unknowns, 
and they are consistent by hypothesis, even if 
m < n. But this is 

Hence, if 

0(A) = XTO -f- ftXm—1 + • —f ftn, (3) 

then 0(A)b = 0 and 0(X) is either a minimal 
polynomial or a factor of it, and except for very 
special choices of b, 0(X) is a minimal poly¬ 
nomial. 

If one forms the matrix 

B = (bx, b2, bm) (4) 

whose columns are the b,, then 

AB = BF (5) 

where F is the companion matrix whose form is 

1° 

0 • • 0 ftn \ 

1 0 • • 0 ftn—1 

• (6) 

\o 0 • • 1 “ft / 

Its characteristic polynomial is 0(X). With 
bi = ei, the first column of I, this is the 
method of Krylov. 

This method is effective for matrices of fairly 
low order. For matrices of high order the 
equations to be solved for the ft tend to become 
ill-conditioned. A method due to Hessenberg 
yields a matrix B such that 

AB = BG, (7) 

where G is not the companion matrix, but 
whose form is such that the characteristic poly¬ 
nomial can be expanded directly, and from 
which it is rather easy to solve for the eigen¬ 
vectors. To apply this method one selects aux¬ 
iliary vectors ci, c2, c3, • • • subject to two mild 
restrictions but otherwise arbitrary. Ordi¬ 
narily one can take (with Hessenberg) each 
c, = et-, a column of I. One starts again with a 
vector b, possibly ex. Now b2 is a linear com¬ 
bination of bx and Abi orthogonal to ci; b3 
a linear combination of bx, b2, and Ab2 ortho¬ 
gonal to both ci and c2; • • •. The restrictions 
on the c, are, first, linear independence, and, 
second, 

cx*b, 5^ 0. 

With these conditions fulfilled one forms 

Abi = 1>i7ii + b2 
where 

Cx*Abx = cx*bi7ii. 

Hence 7n is obtained, and therefore b2. Next 

(Am 4- ft A”*"1 4-b ftJ)b = 0. (2) Ab2 = bx7x2 4" b2722 4" b3, 
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where 

ci*Ab2 — c1*b17i2, 

C2*Ab2 = C2*b17l2 4" C2*b2722- 

From the first of these one obtains 7i2, from 
the second 722, and finally b3. The process con¬ 
tinues, and G is seen to have the form 

G = 

712 713 

722 723 

1 733 
(8) 

It may be observed that when the choice 
ci = e, is made, then the first element of b2 is 
null as are the first two elements of b3, the first 
three of b.4, 

A further refinement of the method is the 
biorthogonalization method of Lanczos. In 
this method only bi and ci are arbitrary. 
Thereafter, just as b2 is a linear combination 
of bi and Abj orthogonal to ci, so is c2 a linear 
combination of ci and A*ci orthogonal to bi, 
and so for the others. The matrix G is then 
tridiagonal, being null everywhere except along, 
just below, and just above the diagonal. The 
recursion then never contains more than three 
terms in any equation. 

Another modification is due to Arnold!, who 
chooses bj = c^and requires B to be an orthog¬ 
onal matrix. Then (7) is satisfied, but with 
a matrix G of the form 

/7ll 712 713 
"\ 

721 722 723 * * 

(9) 
0 732 733 * * 

. / 
similar to (8) but with elements other than ones 
on the subdiagonal. The development of the 
characteristic polynomial from G is almost 
equally straightforward. 

When only one, or few, of the eigenvalues of 
largest modulus are required a simple iteration 
scheme is advisable, and is preferred by some 
even for a complete reduction of rather large 
matrices. If there is a single proper value ex¬ 
ceeding all others in modulus, Xi, vectors b„ in 
the continued sequence 

b„+i — Ab„ 

approach the eigenvector belonging to Xi, so 
that for large v, 

b„+i = Xjlv 

Hence, with any vector u, an approximate 
value of Xi is given by 

u*Ab„ = Xiii*b„. 

Convergence, when it occurs, can be accelerated 
by application of the delta-square process 
termwise to the vectors in the sequence. 

In the case of a pair of complex roots, con¬ 
vergence does not occur, but in the limit b„ 
becomes parallel to the plane of the two eigen¬ 
vectors. Then if 

M>- = u* bv 

the roots of the equation 

Mi- Mn+1 

Mi»+l Mi-+2 

Mi-+2 Mi-+3 

approach these roots Xi and X2 as v increases. 
In fact, whether or not Xi and X2 are equal in 
modulus, but provided only both exceed all 
others in modulus, the statement is true. 
Moreover, the roots of 

1 M» Mi-+l 

^ Mn+1 M>- +2 

A Mi-+2 Mi-+3 

\3 
A Mi-+3 Mi-+4 

approach the three proper values of largest 
modulus, if such exist (cf. Bernoulli method). 

Returning to the two roots, for large v, 

b„ = vx + v2, 

b„+i = XxVi + X2v2, 

approximately, where \q and v2 are eigenvectors 
belonging to Xi and X2. Knowing Xi and X2, as 
well as bv and b^+1, these equations can be 
solved for vi and v2. 

When any eigenvalue and eigenvector are 
known it is possible to apply deflation as 
follows: The matrix 

A — X1V1U*, 

where u is any vector satisfying u*vq = 1 has 
the same eigenvalues as A except that instead 
of Xi the new matrix has a zero. Moreover, if 
w is an eigenvector of A — Xi\qu*, belonging 
to the eigenvalue X, then (A — Xil)w is a 
proper vector of A belonging to the eigenvalue 
X. And finally, it is possible to choose u* so 
that every element but the first in the first row 

Mv+2 

Mi-+3 

Mi-+4 

Mi-+5 

= 0 



287 Eigenvector — Einstein Photoelectric Equation 

of A — Aiviu* is zero. To do this, normalize 
vi to have 1 as the first element (should this be 
zero, permute rows and corresponding columns 
of A, and the same elements of vi to make the 
first element non-null). Choose the last n — 1 
elements of u* to be 1/Ai times the correspond¬ 
ing elements of the first row of A, and choose 
the first element of u* to satisfy u*vi = 1. 
It remains now to consider only a matrix of 
order n — 1, and further reductions are made 
as further eigenvalues and eigenvectors are 
found. 

In case n is an approximation to a particular 
eigenvalue X,-, closer than to any other Ay, then 
n — Aj is the numerically largest eigenvalue of 
(A — /xl)_1. Hence the solution of the system 

(A - mI)xx = x0 

for an almost arbitrary x0 will give a good ap¬ 
proximation to the eigenvector belonging to 
A,-, and x1*Axi/x1*xi will be a better approxi¬ 
mation to Ai. This is Wielandt’s broken itera¬ 
tion. 

Unless it is known a priori that a matrix has 
principal vectors that are not eigenvectors, 
and has auxiliary conditions available for de¬ 
termining them, rounding errors will almost 
inevitably conceal them, but the problem may 
turn out to be highly unstable. If A = PAP-1 
where A is diagonal, the numerical stability 
decreases as ||P|| P_1|| increases in some norm, 
hence this seems to be an appropriate condi¬ 
tion number with respect to this problem. 
But as A approaches the nondiagonalizable 
form, this number becomes infinite, hence at 
least some of the eigenvalues and eigenvectors 
become ill defined. 

EIGENVECTOR. See eigenvalue. 

EIKONAL. H. Brun’s term for the eigenfunc¬ 
tion of an optical system. Bruns in 1895 de¬ 
veloped a Hamiltonsion theory for geometric 
optics. At the time continental Europe was 
well aware, through Jacobi, of Hamilton’s con¬ 
tributions to classical mechanics but was ap¬ 
parently unaware that Hamilton first devel¬ 
oped these methods in optical theory. The 
alternative spelling ikonal is now sometimes 
used. 

EIKONAL EQUATION. The differential 
equation of geometrical optics 

V 2 + V 2 + V2 = n2 

is referred to either as the eikonal equation, 
or as the characteristic equation. The solu¬ 
tions are the eikonal or Hamilton’s character¬ 
istic of the optical system with refractive 
index n = n{x,y,z). 

EINSTEIN COEFFICIENTS. Discussed un¬ 
der transition probabilities, Einstein. 

EINSTEIN CONDENSATION. A perfect 
gas obeying Boss-Einstein statistics will show 
at low temperatures a third order phase transi¬ 
tion which in many respects resembles the con¬ 
densation of an imperfect gas. The condensed 
phase consists of particles in their ground 
state. This phenomenon has been studied ex¬ 
tensively in connection with a possible rela¬ 
tion to the lambda-transition of liquid helium. 

EINSTEIN DIFFUSION EQUATION. An 
equation for the mean square displacement of 
spherical colloidal particles in a gas or liquid, 
due to Brownian movement. The mean 
square displacement from its original position 
after a time r is 

SwrirN 

where R is the gas constant, T is the absolute 
temperature, r is the radius of the particle, 
77 is the viscosity, N is Avogadro’s number. 
This relationship is only valid for particles of 
such size that they obey Stokes’ resistance 
law. 

EINSTEIN EFFECTS. See relativity, gen¬ 
eral. 

EINSTEIN EQUATION FOR HEAT CA¬ 
PACITY. See Einstein specific heat function. 

EINSTEIN MASS-ENERGY RELATION¬ 
SHIP. See mass-energy relationship. 

EINSTEIN PHOTOELECTRIC EQUA¬ 
TION. An equation giving the kinetic energy 
of an electron ejected from a system in the 
photoelectric effect, where the electron is 
ejected by an incident photon, absorbing all 
the energy of the latter. This equation is: 

E/c — hv — 03 

where Ek is the kinetic energy of the ejected 
electron, h is the Planck constant, v is the fre¬ 
quency associated with the absorbed photon, 
and u) is the energy necessary to remove the 
electron from the system. 
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EINSTEIN RELATIONSHIP BETWEEN 
MOBILITY AND DIFFUSION COEFFI¬ 
CIENT. The mobility fx of charges in a semi¬ 
conductor, or ionic solution is related to the 
diffusion coefficient De by 

(i = eDe/kT 

where e is the magnitude of the charge, k is 
the Boltzmann constant, and T is the absolute 
temperature. 

EINSTEIN SPECIFIC HEAT FUNCTION. 
The heat capacity of an assembly of N simple 
harmonic oscillators, all having the same fre¬ 
quency is given by 

cv = Nk{hv/kT)2e^'k7(e*'/*r - l)2, 

where h and k are the Planck and Boltzmann 
constants. This type of function represents 
the contribution of the optical modes to the 
specific heat of a solid, which is otherwise 
more accurately given by a Debye heat ca¬ 
pacity equation. By replacing Nk in the 
equation by 3R, where R is the gas constant, 
its value is Cv, the heat capacity at constant 
volume of one gram-atomic weight of an ele¬ 
ment. 

EINSTEIN TRANSITION PROBABILITY. 
See transition probability, Einstein. 

EISNER-LACHS THEOREM. The theorem, 
proved by Eisner and Lachs in 1947, stating 
that in a nuclear reaction produced with an 
unpolarized beam of given orbital angular 
momentum incident on an unpolarized target, 
the angular distribution of the outgoing in¬ 
tensity cannot be more complicated than that 
of the incoming intensity. 

EKMAN LAYER. (Sometimes called spiral 
layer.) The layer of transition between the 
surface boundary layer, where the shearing 
stress is constant, and the free atmosphere, 
where the atmosphere is treated as an ideal 
gas in approximate geostrophic equilibrium. 
In Ekman’s analysis, the coefficient of eddy 
viscosity is assumed constant within this layer; 
subsequent calculations have relaxed this as¬ 
sumption. 

EKMAN SPIRAL. The equiangular spiral of 
45° traced out by a point whose position vector 
is the steady horizontal ocean current vector 
(with varying depth) produced by a steady 
surface stress due to the wind. The water at 
great depth is at rest and is represented by the 

center of the spiral. The surface water moves 
in a direction at 45° to the wind (to the right 
in the northern hemisphere). The total mo¬ 
mentum of any column of ocean is at right 
angles to the wind, and the total momentum 
below any depth is at right angles to the di¬ 
rection of shear at that depth. 

ELASTANCE. The reciprocal of capacitance, 
measured in darafs. 

ELASTICA. A plane curve into which the 
central line of a thin, initially cylindrical, 
elastic rod can be bent by means of forces and 
couples applied to its ends only. 

ELASTIC AFTER EFFECT. See after effect, 
elastic. 

ELASTICA, INFLEXIONAL. An elastica 
on which there are one or more points of in¬ 
flexion. 

ELASTICA, NON-INFLEXIONAL. An elas¬ 
tica on which there are no points of inflexion. 

ELASTIC AXIS. The line joining the shear 
centers of the cross sections of an elastic beam. 

ELASTIC CENTER. The point on the rigid 
extension from one end of, or a cut through, 
an elastic arch or frame which will not trans¬ 
late when a moment is applied there. Corre¬ 
spondingly a force applied at the elastic center 
will not rotate the rigid extension. It is, there¬ 
fore, also the centroid in the plane of the 
Ms/El diagram erected perpendicular to the 
plane of the structure, where M„ is the mo¬ 
ment due to the applied loads with zero force 
and moment at the elastic center. 

ELASTIC COEFFICIENTS, LATTICE 
THEORY OF. The elastic constants and 
elastic moduli of crystals may be calculated 
on the assumption that the only forces are 
those between near neighbors in the lattice. 
Such a calculation gives reasonable results 
for ionic crystals, but is quite unsatisfactory 
for metals, where the Cauchy relations are 
not obeyed. The free electron gas in a metal 
is not easily compressed but scarcely opposes 
shear. 

ELASTIC CONSTANTS. Physical constants 
occurring in the strain-energy function or 
stress-deformation relation for a homogeneous, 
elastic material, which characterize the elastic 
behavior for the material, e.g., the Lame con- 
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stants in the case when the material is iso¬ 
tropic and obeys the generalized Hooke’s law. 

Two independent elastic constants charac¬ 
terize the small strain behavior of a linearly 
elastic isotropic material having the same 
properties in tension and compression. Four 
related elastic constants are in common use. 
The modulus of elasticity in simple tension 
or compression given by the ratio of axial 
stress to strain is called Young’ modulus. The 
ratio of transverse strain magnitude to longi¬ 
tudinal strain magnitude is called Poisson’s 
ratio. The ratio of shear stress to strain in 
simple shear is the shear modulus or modulus 
of rigidity and the ratio of pressure to unit 
volume change is the bidk modulus. 

ELASTIC CURVE. The curve of the neutral 
surface of a structural member subjected to 
loads which cause bending is called the elastic 
curve. The ordinates between this curve and 
the original position of the neutral surface 
represent the deflections due to bending. 

ELASTIC FOUNDATION. The term elastic 
foundation generally means linearly elastic, 
and usually refers to the simplest type in which 
the local foundation reaction is proportional 
to the local deflection. 

ELASTIC HYSTERESIS CONSTANT. The 
ratio of the area (expressed in energy units) 
of the stress-strain loop, for a unit volume of 
the material, to the square of the maximal 
strain. 

ELASTICITY, DELAYED. Mechanical be¬ 
havior which is elastic for slow changes, but 
anelastic for changes at finite stress and strain 
rates. It is represented by the Kelvin or Voigt 
viscoelastic model. 

ELASTICITY, HIGH. Viscoelastic deforma¬ 

tion of polymers. 

ELASTICITY, RECIPROCITY THEOREM 
FOR. See Maxwell and Betti reciprocity 

theorem. 

ELASTICITY, RETARDED. See elasticity, 

delayed. 

ELASTICITY THEORY. See classical elas¬ 
ticity theory; finite elasticity theory. 

ELASTIC LIMIT. In simple tension or com¬ 
pression the maximum stress which can be 
carried without measurable plastic deforma¬ 

tion is called the elastic limit. More generally 
it is a limiting state of stress o-y such that 
K(iijt where K > 1, will cause plastic deforma¬ 
tion. Actually, the more precise the measur¬ 
ing instruments, the lower the stress at which 
plastic deformation is observed. An offset 
yield strength or a tangent modulus limitation 
gives a repeatable and more useful definition. 

ELASTIC LINE. See elastic curve; elastic 
axis. 

ELASTIC LOAD METHOD. A conjugate 
beam or truss procedure in which the loads are 
M/EI or similar quantities and the forces and 
moments in the conjugate structure are slopes 
and deflections. 

ELASTIC MATERIAL. A material for which 
the work done by the applied forces in a quasi¬ 
static deformation is a single-valued function 
of the initial and final states of deformation. 

ELASTIC WEIGHTS. Although sometimes 
employed as an alternate term for elastic loads, 
elastic weights denote ds/EI where s is the dis¬ 
tance along the structure. 

ELASTOSTATIC. Adjective describing con¬ 
dition in elastic or perfectly elastic material in 
which neither the displacement field nor the 
stress field varies with time. Hence, elasto- 
static problem. 

ELECTRIC(AL) CAPACITANCE. See ca¬ 
pacitance. 

ELECTRIC CIRCUITS. Electric charges, at 
rest and/or in motion, are the fundamental 
sources of electric and magnetic fields. 
Broadly speaking, there are three more or less 
distinct situations involving the spatial distri¬ 
bution of the fields produced by distributions 
of charge and current. Many important in¬ 
stances arise where these fields are distributed 
throughout a region of space of vast extent and 
differ accordingly at separated points in the 
region. On the other hand, important appli¬ 
cations are made of devices in which the elec¬ 
tric and magnetic fields are confined to a much 
more limited region of space although the 
fields still undergo a significant variation in 
magnitude from point to point throughout the 
region, as in a transmission line. Here the 
fields are confined to the immediate vicinity 
of the line conductors but the fields vary sig¬ 
nificantly as one moves along the line. 
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Finally, however, there are applications utiliz¬ 
ing pieces of apparatus in which the electric 
and magnetic fields are confined to regions of 
space which are so restricted in spatial extent 
that one may speak of an electric or magnetic 
field as having an essentially constant value in 
the immediate region of the device which is 
very much greater than at all other points of 
space. 

It is found, however, that when one deals 
with changing currents (charges in motion 
with varying velocity), the spatial dimension 
alone is not an adequate measure to establish 
which of the three situations suggested above 
is involved in a particular application. For 
sinusoidally varying currents one can define 
a quantity known as the wavelength which in 
free space is numerically equal to the velocity 
of light divided by the frequency of the sinus¬ 
oidal variation. If spatial extent is measured 
in wavelengths, then an assemblage of appa¬ 
ratus which is confined to a region which is 
less than about one tenth of a wavelength in 
greatest dimension results in a good approxi¬ 
mation to the third situation considered above. 
This possibility, one in which the electric fields 
and the magnetic fields may be considered to 
be concentrated in individual pieces of appa¬ 
ratus, is the domain of electric circuits. An 
electric circuit may be defined as a charac¬ 
terization of an electrical system in terms of 
the integrated effects of the electric and mag¬ 
netic fields present in the system. The char¬ 
acterization is an approximation to the actual 
field problem in which one replaces the actual 
system by elements having resistance, capaci¬ 
tance, and inductance and by sources of elec¬ 
tric potential and electric current. Systems 
in which the approximation cited is permis¬ 
sible are sometimes called “lumped constant” 
circuits. Antennas and transmission lines, on 
the other hand, are often referred to as “dis¬ 
tributed constant” circuits. The distinction 
between these two designations comes from the 
spatial variation of the electric and magnetic 
fields as outlined above. 

As may be inferred from their definitions, 
the parameters of resistance, capacitance, and 
inductance are not necessarily independent of 
the currents and voltages impressed upon the 
elements of an electrical system. Whether the 
resistance of an element is a function of the 
current through it or not, the relation v = Ri 
(R is resistance in ohms) is still valid for the 

connection between the voltage across an ele¬ 
ment and the current through it. On the other 
hand, corresponding relations for the coil and 
the capacitor become more involved if their 
parameters are dependent on current or volt¬ 
age. For constant parameters of inductance 
(L in henrys) and capacitance (C in farads), 
the voltages and currents in pure inductive and 
capacitive components assume the form 

di 1 r 

respectively. If the parameters L and C vary 
with impressed voltage and current, the above 
relations are not valid and recourse must be 
made to the basic law of electromagnetic in¬ 
duction when coils are involved and to the 
expression for electric current as the rate of 
change of charge (derivative of charge with 
respect to time) for circuits containing capaci¬ 
tors. 

Whether elements with constant or variable 
parameters are involved, one may employ 
Kirchhoff laws of networks to formulate equa¬ 
tions representing conditions of equilibrium 
between the applied voltages and/or currents 
and the quantities that result. The equilib¬ 
rium equations may be formulated on the 
basis of voltages as independent variables and 
currents as dependent quantities, the system of 
equations being known as the mesh equations 
for the circuit. Alternatively, they may be 
written on the nodal basis, where the sources 
are current generators and the dependent 
quantities are nodal voltage differences with 
respect to a reference node. As an example 
of the process involved, consider the simple 
series circuit shown in Figure 1 and the simple 
parallel circuit shown in Figure 2 (page 291). 
The single mesh equation characterizing the 
series circuit and the single nodal equation de¬ 
scribing equilibrium in the parallel circuit are, 
respectively 

di(t) 1 r 
V(t) = Ri(t) + L + - I i(t)dt 

dt C J 

and 

1 1 r dv(t) 
m = -»(i) + -Jv(i)di + c—' 

dt 
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The mesh and nodal equations for more com¬ 
plicated circuits have a form similar to these 
equations with added dependent variable 
terms and, in general, additional independent 

* L 

V(t) 

Fig. 2. 

variable terms. The equations may be solved 
by various mathematical means to yield the 
desired unknown quantities, currents for mesh 
equations and voltages for nodal equations. 

If the applied voltage sources are batteries 
or alternative sources of electric potential 
which are constant with time, the solution to 
the network equations described above will 
consist of constant terms (including zero as a 
special case) plus terms which decay exponen¬ 
tially with time. The latter terms are called 
the transient terms or the transient solution. 
They correspond to the solution of the homo¬ 
geneous differential equations. The constant 
terms represent the steady state solution of 
the problem. In the case of direct currents, 
these particular solutions may be obtained in 
terms of the resistances involved, that is, in the 
computation of the steady state response for 
circuits with constant potential applied, in¬ 
ductors may be replaced by elements of zero 
resistance and capacitors by resistors of in¬ 
finite resistance. If, on the other hand, the 
applied sources vary sinusoidally with time, 
the solution to the network problems which 
have been considered will have transient terms 
which decay with time, as was stated above, 
but the steady state terms will be sinusoidally 
varying quantities. The steady state solutions 
will involve all elements, those having induc¬ 
tance and capacitance as well as the resistive 
elements. 

ELECTRIC CONSTANT. (Symbol «0 or ye. 
The electric constant pertinent to any system 

of units in the scalar dimensional factor «0 
appearing in the Coulomb law of force be¬ 
tween two charges in vacuo: 

F = qiq2/ne0r2 

where n = 1 for unrationalized units, and 
n = 4tt for rationalized units. 

In the esu system, e0 is assigned the value 
unity, with no dimensions. In all systems, 
eojuo = 1/c2, where c is the velocity of light 
in the appropriate system. Note that c is 
dimensional. (See magnetic constant.) In 
the mksa system, e0 has the dimensions: 
farad/meter. 

ELECTRIC CURRENT. See current, elec¬ 
tric; alternating currents; direct currents. 

ELECTRIC DIPOLE. See dipole, electric. 

ELECTRIC(AL) DIPOLE MOMENT. See 
dipole, electric. 

ELECTRIC DISPLACEMENT VECTOR. 
In a polarizable medium, (see dielectric con¬ 
stant), the measured electric field vector is 
due both to free charges and to the bound 
charges resulting from the polarization of the 
medium. Since the electric field vector is the 
fundamental measurable quantity, it is con¬ 
venient to express it in terms of two auxiliary 
field quantities associated respectively with 
the free and bound charges. The field associ¬ 
ated with the free charges is called the electric 
displacement vector, D, and satisfies the equa¬ 
tion V-D = p, where p is the free charge 
density (see Maxwell equations). The field 
associated with the bound charges is the polari¬ 
zation vector P. These three vectors are re¬ 
lated as follows: 

D = e0E + P, 

where e0 is the electric constant. The vector 
D is sometimes called the electric induction, 
or the electric flux density, and defined by 
D = eE, £ being the dielectric constant. (See 
constitutive relations.) 

ELECTRIC FIELD. The field of force hav¬ 
ing its source either in electric charges, or in 
time-varying magnetic fields. 

ELECTRIC FIELD STRENGTH (INTEN¬ 
SITY). The magnitude of the electric field 
vector. In the mksa system of units it is 
measured in newtons/coulomb, or equivalently 
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in volts/meter. For its units in other systems, 
see electromagnetic units. The magnitude of 
the electric field strength at a distance r from 
a point of charge Q is, from Coulomb’s law, 
E = Q/47re(,r- and its direction along r, out¬ 
ward from the charge Q, if Q is positive. The 
electrostatic field strength due to a number of 
stationary charges is 

ELECTRIC(AL)-MECHANICAL-ACOUSTI- 
CAL RECIPROCITY THEOREM. See rec¬ 
iprocity theorem, eleetric(al)-mechanical- 
acoustical. 

ELECTRIC(AL)-MECHANICAL RECI¬ 
PROCITY THEOREM. See reciprocity theo¬ 
rem, electric(al)-mechanical. 

E = qiXi/4-K^ri 
% 

where the summation is a vector sum. The 
field due to stationary charges is a conservative 
field and the field strength may therefore be 
represented as the negative gradient of a po¬ 
tential V, E = —grad V = — VF. An electric 
field is also produced by a changing magnetic 
field, and is then given by 

V X E 

or alternatively 

<£E-ds = 

dB 

dt ' 

d 

dt I 
BdA. 

(See Maxwell equations; Faraday law of elec¬ 
tromagnetic induction.) 

ELECTRIC MULTIPOLES. The potential 
due to a static charge distribution p can be 
written 

*(R) = 
p(R')dF' 

r 

where r = |R — R'| and the integral extends 
over the volume of the charge. (See electro¬ 
statics, laws of.) At distances R = R | far 
from the charge distribution, 1/r can be ex¬ 
panded in a Taylor series as follows: 

1 3 

rC j=l 

1 3 
+ — X) x'ix'k 

2! y.it=i 

-dx'j \ r/ lr=R 

-?V(I) 1 
t'jdx'k \r/_ 

+ 
r=ft 

ELECTRIC FIELD VECTOR. The funda¬ 
mental electric field quantity, defined as the 
force per unit charge on a positive charge in 
the limit as the charge approaches zero. This 
quantity has the dimensions newtons per cou¬ 
lomb, or volts per meter, and is denoted by E. 

ELECTRIC FLUX DENSITY. See electric 
displacement vector. 

ELECTRIC(AL) IMPEDANCE. See imped¬ 
ance; impedance, electrical. 

ELECTRIC(AL) INDUCTION. See elec¬ 
tric displacement vector. 

ELECTRIC INTENSITY. See electric field 
strength. 

ELECTRICITY. (1) Under certain condi¬ 
tions physical objects separated in space can 
exert non-gravitational forces on each other. 
The source of these forces was originally 
thought to reside in an excess or deficiency of 
some substance possesssed by all bodies. This 
substance, called “electricity,” was later found 
to consist of discrete particles (charges) in¬ 
dividually capable of “electrical” behavior. 
(2) A term loosely applied to physical phe¬ 
nomena associated with electric charges. 

Inserting into the integral yields the multipole 
expansion, 

m) = 
i 

4tt6q [R Jy 
If 
R J v 

pdV’ 

3 

+ E.. 
3-1 Ldx 7 (;)] / j \r/ J r-R JV 

+ ^ E fx’ix\pdV+--: 
2! j,k—i L dx'jdx k\r/Jr=RJv 

The integral coefficients in this expansion 
represent the moments of the charge distribu- 

1S tion: / pdV' is the total charge, I x'jpdV' i 
Jv Jy 

the component of the dipole moment, 

f x'jx'kpdV' is the jkth component of the 

quadrupole moment, etc. 

ELECTRIC NETWORK, LAWS OF. See 
Kirchhoff laws; reciprocity theorem, electric 
network; Thevenin theorem. 

ELECTRIC(AL) NETWORK RECIPROC¬ 
ITY THEOREM. See reciprocity theorem, 
electric(al) network. 
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ELECTRIC(AL) POTENTIAL. See poten¬ 
tial, electric. 

ELECTRIC(AL) QUANTUM NUMBERS. 
See Stark effect. 

ELECTRIC (AL) RESISTANCE. See resist¬ 
ance. 

ELECTRIC(AL) SYSTEM OF ONE DE¬ 
GREE OF FREEDOM. An electrical system 
of one degree of freedom is shown in Figure 
1. In one degree of freedom the activity in 

where Ce is the capacitance, in abfarads, and 
q is the charge on the capacitance, in abcou- 
lombs. 

Kinetic and Potential Energy. The total 
energy stored in the system is 

1 q2 
WE = TKE + VPE = \Li2 + ™ (3) 

2 Ce 

The rate of change of energy in the system is 

dWE 

dt 

di qq qq 
= Li - + — = Lqq + — • 

dt CE Ce 
(4) 

'_X 
Fig. 1. Electric(al) system of one degree of freedom. 

every element of the system may be expressed 
in terms of one variable. In the electrical 
system an electromotive force e acts upon an 
inductance L, an electrical resistance rE and 
an electrical capacitance CE connected in 
series. 

The principle of the conservation of energy 
states that the total store of energy of all 
forms remains constant if the system is iso¬ 
lated so that it neither receives nor gives out 
energy; in the case of transfer of energy the 
total gain or loss from the system is equal to 
the loss or gain outside the system. The sum 
of the kinetic, potential and heat energy dur¬ 
ing an interval of time is, by the principle of 
conservation of energy, equal to the energy de¬ 
livered to the system during that interval. In 
the electrical system of Fig. 1, there are three 
forms of energy, namely, kinetic, potential, 
and heat energy. 

In the following derivations, the symbol, e, 
is used for the base of natural logarithms, to 
avoid confusion with electromotive force, e. 

Kinetic Energy. The kinetic energy TKE 
stored in the magnetic field of the electrical 
circuit is 

Tke = \L& (1) 

where L is the inductance, in abhenries, and i 
is the current through the inductance L, in 
abamperes. 

Potential Energy. The potential energy VPE 
stored in the electrical capacitance of the elec¬ 
trical circuit is 

1 q2 
VpE = —~— 

2 Ce 
(2) 

Dissipation of Energy. The rate at which 
electromagnetic energy De is converted into 
heat is 

De — rsi2 (5) 

where is the electrical resistance, in abohms, 
and i is the current, in abamperes. 

Equation of Motion. The power delivered 
to the system must be equal to the rate of 
kinetic energy storage plus the rate of potential 
energy storage plus the power loss due to dissi¬ 
pation. The rate at which work is done or 
power delivered to the electrical system by the 
applied electromotive force is qEdut = eq. 

The rate of increase of energy {T ke + VpE) 
of the system plus the rate at which work is 
done on the system or power delivered to the 
system by the external forces must be equal to 
the rate of dissipation of energy DE. Writing 
this sentence mathematically yields the equa¬ 
tion of motion for the electrical system of 
Figure 1. 

„ qq 
Lqq + rEq + — = Ee3atq (6) 

Ce 

Lq + rEq + ~ = Ed"1- (7) 
Ce 

Solution of Equation of Motion. The steady 
state solution of the differential Equation 7 is 

Etjwt e 
q = i  -— = — (8) 

, . T J Ze rE + ]uL-— 
(j)Ce 

Electrical Impedance. From Equation 8 the 
vector electrical impedance zE in abohms, is 

j 
ZE=rE+juL-— • (9) 

o)Ce 

Electrical Reactance. Electrical reactance xe 
is the imaginary part of the electrical imped- 
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ance ze, of Equation 9. The electrical react¬ 
ance Xe, in abohms, is 

1 
xE = wL-— • (10) 

COG E 

Response. The response of the electrical sys¬ 
tem of Figure 1 can be obtained from Equation 
8. The response is the current i, in abamperes, 
for a constant applied voltage e, in abvolts. A 
typical response frequency characteristic is 
shown in Figure 2. 

Fig. 2. Response frequency characteristic of the elec¬ 
tric (al) system of Fig. 1. 

Resonant Frequency. For a certain value of L 
and Ce, there will be a certain frequency at 
which the imaginary component of the elec¬ 
trical impedance is zero. This frequency is 
called the resonant frequency. At this fre¬ 
quency the ratio of the current to the applied 
voltage is a maximum. At the resonant fre¬ 
quency the current and voltage are in phase. 
The resonant frequency fr, in cycles per second, 
is given by 

fr ~ 2ttVZCe' (11) 

Power. The power Pe, in ergs per second, 
dissipated in the electrical sj^stem of Figure 1 is 
given by 

Pe = rEi2. (12) 

ELECTROACOUSTICAL RECIPROCITY 
THEOREM. See reciprocity theorem, elec¬ 
troacoustical. 

ELECTROCHEMICAL CELL. The essen¬ 
tial characteristic of an electrochemical cell is 
that a chemical process involving ions can 
take place in it in such a manner that the 
process is accompanied by a transfer of charge 
from one terminal to the other. (See electro¬ 
motive force.) 

ELECTROCHEMICAL POTENTIAL. The 
expression 

V-i = Mi + z&<t> (1) 

is called the electrochemical potential. It 
consists of the ordinary chemical potential 

Mi, and the electrical part z^4>, Zi is the charge 
number (see electroneutrality), <£, the electro¬ 
static potential and ff, the Faraday (= 0.9G49 
X 105 coulombs, the electrical charge associ¬ 
ated with one gram of a species having a charge 
number 1). 

The electrochemical potential determines the 
thermodynamic equilibrium between phases a 
and /3 at different electric potentials and having 
different compositions. At equilibrium we have 
for all components i which may be transferred 
from a to )3, 

V-i* = vS (2) 

ELECTRODYNAMICS, MINKOWSKI. See 
Minkowski electrodynamics. 

ELECTRODYNAMICS, QUANTUM. See 
quantum electrodynamics. 

ELECTROKINETIC (ZETA) POTENTIAL. 
The difference in potential between the im¬ 
movable liquid layer attached to the surface 
of a solid phase and the movable part of the 
diffuse layer in the body of the liquid. 

ELECTROLYTES, STRONG. See limiting 
law for strong electrolytes. 

ELECTROMAGNETIC CONSTANT. The 
speed of propagation of electromagnetic waves 
in a vacuum, commonly denoted by c. A long 
history of direct measurements culminated in 
the method which was perfected and refined 
by Michelson and others. Michelson’s final 
value (1930) was 299,772 kilometers per sec. 
The most probable value, as of 1941, is given 
by Birge as 299,776 kilometers per sec. Later 
experiments using microwaves and other tech¬ 
niques indicate that 299,793 kilometers per sec 
is a better value. 

ELECTROMAGNETIC DRIVING SYSTEM. 
See driving system, electromagnetic. 

ELECTROMAGNETIC FIELD. According 
to the behavior of electric and magnetic fields 
described by the Maxwell equations, a time- 
varying electric field is always accompanied 
by a magnetic field, and conversely, a time- 
varying magnetic field is accompanied by an 
electric field. The field of force associated 
with these coupled electric and magnetic 
effects is called an electromagnetic field, and 
is considered to have an objective existence in 
space apart from the electric or magnetic 
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sources which may be considered to have gen¬ 
erated it. 

ELECTROMAGNETIC FIELD QUANTIZA¬ 
TION. See quantization of electromagnetic 
field. 

ELECTROMAGNETIC FIELD TENSOR. 
In terms of the covariant four-vector potential 
<pi = ( — cA, </>), the covariant electromagnetic 
field tensor is defined by 

_ d<t>j d<f>i 

1 dxl dx* 

In terms of electric and magnetic field quanti¬ 
ties, this antisymmetric tensor takes the form 

1° 
—cBz CBy —Ex\ 

cBz 0 —cBx ~Ey 
= 

cBy cBx 0 -Ez w Ey Ez 0 

corresponding contrav ariant tensor 
obtained by changing the signs of the elements 
in the fourth row and fourth column. 

tromagnetic field having a certain electromag¬ 
netic momentum. A force acting on the par¬ 
ticle must change not only the momentum of 
the “bare” mechanical mass, but also the mo¬ 
mentum of the electromagnetic field associ¬ 
ated with the charge. The contribution of this 
latter effect to the total inertia of the particle 
is expresssible as an electromagnetic mass. 

ELECTROMAGNETIC MOMENTUM. See 
energy-momentum tensor. 

ELECTROMAGNETIC RADIATION. The 
electromagnetic field associated with variable 
current and charge systems can generally be 
resolved into several components, each falling 
off with distance from the source according to 
a different power of distance R. (See the dis¬ 
cussion under field, radiation.) The radiation 
field, which falls off as 1 /R, is the only com¬ 
ponent that contributes to the integral of the 
Poynting vector at large distances. It is this 
property of the electromagnetic field that is 
usually referred to as electromagnetic radia¬ 
tion. 

ELECTROMAGNETIC FIELD, TRANS¬ 
FORMATION EQUATIONS FOR. The Lor- 
entz transformation equations for the electric 
and magnetic fields, E and B, are 

B'n = B„ 

E#i - E„ 

E'j. = 7(Ex + v X B), 

where, for example, By and represents the 
components of B parallel and perpendicular 
respectively to the direction of the velocity 
vector v, and y = (1 — v2 / c2)'2. 

When these transformed fields are used in 
Maxwell’s equations, these equations are rela- 
tivistically invariant. 

ELECTROMAGNETIC GENERATING SYS¬ 
TEM. See generating system, electromag¬ 

netic. 

ELECTROMAGNETIC INDUCTION. See 
Faraday law of electromagnetic induction. 

ELECTROMAGNETIC MASS. A charged 
particle in motion is accompanied by an elec- 

ELECTROMAGNETIC RECIPROCITY 
THEOREM. See reciprocity theorem, elec¬ 
tromagnetic. 

ELECTROMAGNETIC SPECTRUM. The 
ordered array of all known electromagnetic 
radiations, extending from the shortest 
gamma rays, through x-rays, ultraviolet 
radiation, visible radiation, infrared radiation, 
and including microwave and all other wave¬ 
lengths of radio energy. 

The division of this continuum of wave¬ 
lengths (or frequencies) into a number of 
named subportions is rather arbitrary and, 
with one or two exceptions, the boundaries of 
the several subportions are only vaguely de¬ 
fined. 

ELECTROMAGNETIC STRESS. The en¬ 
ergy-momentum tensor Tik may be viewed as 
a stress tensor for the electromagnetic field of 
forces. If the forces between, say, two isolated 
charges are considered to be transmitted 
through the intervening space, then this space 
must be in a state of stress in the sense that the 
electromagnetic forces are transmitted across 
any element of surface located in it. From 
this point of view, the component dFi of the 
force dF transmitted across a surface element 
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dS whose component in the kth direction is 
dSk is given by 

3 

dFi = Z TikdSic- 
k=1 

ELECTROMAGNETIC UNITS. At least 
eight or ten different systems of electrical and 
magnetic units are in common use. Each of 
these is based on a particular choice of a con¬ 
stant of proportionality in an experimentally 
verified physical law. Some systems start 
with Coulomb’s law, which states that the 
force, /, between two electrical charges, qi and 
q2, separated by a distance r in empty space is 
directly proportional to the product of the 
charges and inversely proportional to the 
square of the distance between them, i.e.: 

/ = Keq^/r2, 

where Ke is a constant that may be chosen for 
convenience. Such systems are known as 
electrostatic systems. The choice of Ke as 
unity and dimensionless, together with the use 
of the dyne and the centimeter as units of 
force and length, leads to the cgs electrostatic 
system in which the unit of charge, the stat- 
coulomb, is the charge which repels an exactly 
similar charge, separated from it by one centi¬ 
meter in vacuo, with a force of one dyne. This 
system is frequently called the esu system. 
Another choice, which is sometimes conveni¬ 
ent, takes Ke as a dimensionless constant equal 
to 1/4ir. This leads to the rationalized cgs 
electrostatic system. In either of the two sys¬ 
tems, charge has the dimensions of dyne^ cm, 
equivalent to cm% gm^ sec-1. All other elec¬ 
trical quantities also have identical dimen¬ 
sions in the two systems, although the sizes of 
their units differ. 

In distinction to the electrostatic systems 
are the electromagnetic systems (emu sys¬ 
tems), which start with the law of attraction 
between currents. If two currents of magni¬ 
tudes 11 and 12 flow in long parallel wires, 
separated by a distance d in vacuo, they at¬ 
tract each other with a force per unit length, 
ft, given by 

fi = KmIJ2/d. 

Here the constant of proportionality, Km, may 
be chosen quite arbitrarily. The cgs emu sys¬ 
tem is based on the dyne and the centimeter 
as units of force and length and on the choice 
of Km as a dimensionless constant of magni¬ 

tude two. The emu of current, the abampere, 
then has the dimensions of dyne1^, or cm^ 
gm1^ sec-1. 

The emu of charge, the abcoulomb, is de¬ 
fined as the charge which passes a given sur¬ 
face in one second if a steady current of one 
abampere flows across the surface. Its dimen¬ 
sions are therefore cm^ gm1/4, which differ from 
the dimensions of the statcoulomb by a factor 
which has the dimensions of a speed. This re¬ 
lationship is connected with the fact that the 
ratio 2 Ke/Km must have the value of the 
square of the speed of light in any consistent 
system of units. It follows further that 

1 abcoulomb = 2.998(10)10 statcoulomb, 

the speed of light in vacuo being 2.998 (10)10 
cm/sec. 

A rationalized emu system, in which Km is 
taken as 1/2tt, has also been developed, but it 
is not widely used. 

The electrostatic system is convenient for 
problems in which the principal equations 

• may be deduced from Coulomb’s law. Simi¬ 
larly, the electromagnetic system is convenient 
for problems involving the interactions be¬ 
tween currents. In many physical problems, 
both electrical and magnetic interactions take 
place. Both systems suffer from certain in¬ 
conveniences under the circumstances, and the 
Gaussian system of units has, as a result, 
gained wide popularity. In this system, mag¬ 
netic quantities, such as magnetic field 
strength and magnetic flux density, are ex¬ 
pressed in emu, while electric field strength, 
charge, and current are expressed in esu. To 
maintain self-consistency, it is essential that a 
factor c, the speed of light, be introduced into 
many of the equations which describe electro¬ 
magnetic phenomena. 

In all of the systems discussed thus far, cgs 
mechanical units have been employed. New 
systems of electrical units evolve if other sets 
of mechanical units are substituted. Only two 
such systems, both based on the mks mechan¬ 
ical units, have found wide acceptance. Of 
these two, only the rationalized mksa system 
is given here. The arbitrary choice which 
leads to this system is that of the unit of cur¬ 
rent. The absolute ampere is defined as ex¬ 
actly one-tenth of an abampere. With this 
choice, and with the newton and the meter as 
the units of force and length, the two constants 
which were chosen arbitrarily in the esu and 



Relations among the Systems of Electrical and Magnetic Units 

(The dimensions of the various quantities are shown in square brackets) 

mksa (Abso¬ 

lute) System 

Equivalents in Other Systems 

Quantity 

Old International 

System 

cgs esu 

System 

cgs emu 

System 
Gaussian 

System 

Permittivity of 

empty space 

(«o) 

8.855(10) -12 

Farad/M 

[m-3 k~1 s4 a2] 

8.859(10)—12 

Int. Farad/M 

1 

[Dimensionless] 

1.1126(10)—21 

[cm-2 S2] 

1 

[Dimensionless] 

Permeability of 

empty space 

A*0 

1.2566(10)-® 

Henry/M 

[inks-2 a-2] 

1.2560(10)-® 

Int. Henry/M 

1.1126(10)—21 

[cm-2 S2J 

1 

[Dimensionless] 

1 

[Dimensionless] 

Charge (Q) 1 Coulomb 

[sa] 

1.000165 

Int. Coulomb 

2.998(10)® 

Statcoulomb 

[cm*5 gm*4 s-1] 

0.1 

Abcoulomb 

[cm34 gm34] 

2.998(10)® 

Statcoulomb 

[cm*4 gm'4 s l] 

Potential dif¬ 

ference (V) 

1 Volt 

[m2 ks-3 a-1] 

0.999670 

Int. Volt 

3.336(10)_2 

Statvolt 

[cm1* gm*4 s_1] 

(10)8 

Abvolt 

[cm^ gm^ s“2] 

3.336(10)-2 

Statvolt 

[cm*4 gm*4 s_1] 

Current (/) 1 Ampere 

[a] 

1.000165 

Int. Ampere 

2.998(10)® 

Statampere 

[cm4* gm^ s-2] 

0.1 

Abampere 

[cm** gm34 s~*] 

2.998(10)® 

Statampere 

[cm*4 gm*4 s-2] 

Resistance (R) 1 Ohm 

[m2 ks—3 a-2] 

0.999505 

Int. Ohm 

1.1126(10) 12 

Statohm 

[cm-1 s] 

(10)® 
Abohm 

[cms-1] 

1.1126(10) 12 

Statohm 

[cm-1 s] 

Electric dis¬ 

placement 

0>) 

1 Coulomb/M2 

[m—2 sa] 

1.000165 

Int. Coulomb/M2 

2.998(10)® 

Statcoulomb/cm2 

[cm'** gm*4 s~*] 

(10)-® 

Abcoulomb/cm2 

[cm'** gm*4] 

2.998(10)® 

Statcoulomb /cm2 

[cm-** gm*4 s *■] 

Capacitance 

(O 
1 Farad 

[m-2 k-1 s4 a2] 

1.000495 

Int. Farad 

8.988(10)u 

cm 

[cm] 

(10)-® 

Abfarad 

[cm-1 s2] 

8.988(10)u 

cm 

[cm] 

Magnetic 

dipole 

moment 

1 Ampere M2 

[m2 a] 

1.000165 

Int. Ampere M2 

3.336(10)-® 

Statmax well/cm 

[cm-)* gm*4] 

(10)® 

Maxwell/cm 

[cm*4 gm*4 s-1] 

(10)® 
Maxwell/cm 

[cm*4 gm*4 s-1] 

Magnetic field 

strength (H) 

1 Ampere turn/M 

[m_l a] 

1.000165 

Int. Ampere turn/M 

3.767(10)8 

Statoersted 

[cm^ gm*4 s 2] 

1.257(10) ~2 

Oersted 

[cm-** gm*4 s-1] 

1.257(10)—2 

Oersted 

[cm-*4 gm*4 s-1] 

Magnetic flux 

density (6) 

1 Weber/M2 

[ks-2 a-1] 

0.999670 

Int. volt S/M2 

3.336(10)-7 

Statmaxwell/cm2 

[cm-54 gm14] 

(10)4 

Maxwell/cm2 

[cm-*4 gm*4 s-1] 

(10)4 
Gauss 

[cm-*4 gm*4 s-1] 

Inductance (L) 1 Henry 

[m2 ks-2 a-2] 

0.999505 

Int. Henry 

1.1126(10)—12 

Stathenry 

[cm-1 s2] 

(10)® 
cm 

[cm] 

GO)® 
cm 

[cm] 

Power 1 Watt 

[m2 ks"3] 

0.999835 

Int. Watt 

(10)7 

erg/s 

[cm2 gm s-J] 

(10)7 

erg/s 

[cm2 gm s-3] 

(10)7 
erg/s 

[cm2 gm s-3] 
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emu systems are determined and have dimen¬ 
sions. They become: 

Ke = 8.986(10)9 km3s~4a2, 

and 

Km = 2.000(10)_7 kms~2a2. 

One virtue of the mksa system is that nearly 
all of the electrical quantities expressed in it 
coincide closely with the practical system of 
units which grew up during the nineteenth 
century. Thus the volt, the ampere, the henry, 
the farad, and the ohm are all units in the 
mksa system. In fact, the legal electrical units 
have been fixed by international agreement 
since 1950 as the absolute mksa units. Prior 
to that time, the International system of elec¬ 
trical units had been used. This system had 
been intended to coincide with the absolute 
system, but had been defined in terms of fixed 
standards, which are slightly in error. There 
are therefore small differences between the 
two sets of electrical quantities, of the order of 
a few parts in ten thousand. Because many 
quantities stated in the literature are expressed 
in international units, these obsolescent defi¬ 
nitions are included here. 

One more remark needs to be made in re¬ 
gard to the dimensions of certain electromag¬ 
netic units. Two electrical quantities, the field 
strength E and the displacement D, are closely 
related, as are two magnetic quantities, the 
field strength H and the flux density B. In 
the electrostatic system, E and D have the 
same dimensions and are identical in magni¬ 
tude in empty space; in the electromagnetic 
system, H and B have a corresponding rela¬ 
tion. Thus in air, the electrical properties of 
which are practically those of empty space, 
the flux density is identical with the magnetic 
field strength if both are expressed in emu. 
The old unit of field strength, the gauss, has 
therefore been used to denote both H and B. 
In an attempt to avoid confusion, the name of 
the emu unit of H was changed to the oersted 
about 30 years ago. The gauss had become so 
well established, however, that it is still used, 
and its meaning (either oersted or maxwell 
per square cm) must be judged from context. 

The relations among the five systems of 
electrical units discussed are displayed in the 
table on page 297. 

ELECTROMAGNETIC WAVES. Waves 
characterized by varying electric and mag¬ 

netic fields. By differentiating Maxwell’s 
equations and substituting from one equation 
to the other, the electric and the magnetic field 
vectors can be separated and each shown to 
satisfy the wave equation. Its solution is an 
electromagnetic wave. (See electromagnetic 
spectrum). 

ELECTROMAGNETISM. A term generally 
used in reference to the generation of mag¬ 
netic fields by electric currents. (See Ampere 
law, Biot-Savart law and Maxwell equations.) 

ELECTROMOTIVE FORCE. Because of 
energy losses, a conservative electrostatic field 
cannot support a steady current. In order to 
account for steady currents, a non-conserva¬ 
tive field having its origin in sources known as 
electromotive forces must be introduced. The 
electromotive force 8 acting in a closed cir¬ 
cuit may be defined as 

where E' represents the non-conservative 
fields. Such fields can be produced by dif¬ 
fusion of ions in an electrolyte, for example, 
or by changing the magnetic flux through a 
circuit. (Cf. Faraday law of electromagnetic 
induction.) If the circuit is opened, the po¬ 
tential difference between the terminals is 
equal to the total electromotive force in the 
circuit. 

The electromotive force of an electrochem¬ 
ical cell is equal to the affinity (see chemical 
affinity) of the chemical change associated 
with a flow of electricity of one faraday. 

ELECTROMOTIVE FORCE, AVERAGE. 
For an alternating voltage (with no d-c com¬ 
ponent) the average value is zero. The tenn 
is often misused to mean the average absolute 
emf: 

For a sine wave, this is 2/ir times the peak 
value. 

ELECTROMOTIVE FORCE, MOTIONAL. 
The electromotive force induced in a circuit 
by virtue of motion of the conductor across 
a magnetic field: 

8 = J V x B dl, 
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where V is the velocity of the conductor, B is 
the magnetic flux density, and the integral 
extends over the length of the conductor, dl 
being an element of length. 

ELECTRON. An elementary particle of rest 
mass me = 9.107 X 10"28 g and charge of 
4.802 X 10“10 statcoulomb, and a spin of one- 
half unit, i.e., of h/2 = h/4ir. Its charge may 
be positive or negative, although the term 
electron is commonly used for the negative 
particle, which is also called the negatron. 
The positive electron is called the positron. 

ELECTRON AFFINITY. The electron affin¬ 
ity of an atom or of a molecule X is the energy 
evolved in the reaction: 

X + e —> X- 

or, conversely, it is the energy of ionization 
of the negative ion X-. In the above defini¬ 
tion, the atom or molecule, and the atomic or 
molecular ion, are assumed in their funda¬ 
mental state and without kinetic energy. X 
and e are initially at rest at an infinite dis¬ 
tance from one another. 

ELECTRON(S), ANTIBONDING. See 
molecular orbital theory of valence. 

ELECTRON, BONDING. See molecular 
orbital theory of valence. 

ELECTRON CONCENTRATION. The 
ratio of the number of valence electrons to 
the number of atoms in a molecule. This 
quantity is useful in studying the intermetal- 
lic compounds, where it is correlated with the 
crystal structure. 

ELECTRON CONFIGURATION. The total¬ 
ity of the orbitals of the single electrons in an 
atom or molecule. One writes the electron 
configuration symbolically by giving the quan¬ 
tum numbers corresponding to the different 
orbitals, and indicating the number of elec¬ 
trons in each orbital by a right hand super¬ 
script. The lowest electron configuration of 
the Na atom, for instance, is Is2 2s2 2p6 3s, 
that of the EL molecule (o-f7ls)2t<T!ils)2((T?2s)2 
(<T„2s)2(ir„2p)2. For atoms, as a rule, only 
the orbitals of electrons outside closed shells 
are given, i.e., 3s in the above case. For mole¬ 
cules, closed shells of the separate atoms which, 
to a first approximation, are not affected by 
the molecule formation (see building-up prin¬ 
ciple) are indicated only by the symbols K, L, 

etc. (see electron shells in an atom), i.e., 
KK{ag2s)2{<ru2s)2(iru2p)2. (For the lowest 
electron configurations of atoms see American 
Institute of Physics Handbook, McGraw-Hill, 
Inc., 1957, 7-14, 15. For the lowest electron 
configurations of molecules see G. Herzberg, 
Molecxdar Spectra and Molecular Structure. 
I. Spectra of Diatomic Molecules. D. Van 
Nostrand Company, Inc., Princeton, 1950, pp. 
341 and 343.) 

ELECTRON ENERGY (CLASSICAL). An 
electron of charge — e (emu) moving from 
point Xi to point x2 in an electric field E (emu) 
loses potential energy or gains kinetic energy 
according to 

Edx - —e(Fj — F2) ergs, 

where V\ and F2 are the potentials in emu at 
Xi and x2 respectively. 

The kinetic energy of an electron moving 
with velocity v cm/sec is 

U = m0(? 
1 

-1 - 0/c)2 

ergs 

= ^m0v ergs, 

where m0 stands for the rest mass of the elec¬ 
tron in gram and c for the velocity of light in 
cm/sec. 

The transverse mass mt and the longitudinal 
mass mi of an electron moving with velocity v 
are given by 

m0 _ _m0 

nlt ~ [1 - (v/c)2]*’ m ~ [1 - (v/c)Y2' 

ELECTRONEUTRALITY. If one describes 
the properties of electrolytic solutions in terms 
of ionic species, one has to take account of the 
fact that the concentrations of all species are 
not independent because the solution as a 
whole is neutral. 

One generally uses the symbol z,- to denote 
the charge on an ion measured in units of the 
charge of a proton (for example, for Na+, 
z = 1; for La3+, z = 3; for P043~, z = —3); 
z is also called the charge number of the ion. 

If Wj is the number of moles of the ionic 
species i, the condition of electrical neutrality 
is 

Y ZiUi = 0. (1) 
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Alternatively if one uses the subscript + to de¬ 
note positively-charged ions or cations and _ to 
denote negatively charged ions or anions, then 
one may write (1) in the form 

X! z+n+ = X z_n_. (2) 
+ 

ELECTRON GAS, DEGENERATE. See de¬ 
generate electron gas. 

ELECTRONIC CHARGE, SPECIFIC. The 
ratio e/m of the electronic charge to the rest 
mass of the electron, i.e., 

e/m — 5.2731 X 10'7esug-1. 

ELECTRONIC CONFIGURATION. See 
electron configuration. 

ELECTRONIC EIGENFUNCTIONS OF 
MOLECULES. See molecular eigenfunc¬ 
tions. 

ELECTRONIC ENERGY LEVELS OF A 
MOLECULE. The different electronic states 
of a molecule are characterized by certain 
quantum numbers and symmetry properties of 
their eigenfunctions. For diatomic and linear 
polyatomic molecules the orbital angular mo¬ 
mentum A about the internuclear axis is de¬ 
fined and has the magnitude Ah/2ir, where 
A is the corresponding quantum number which 
can assume only integral values. Depending 
on whether A = 0, 1, 2, we distinguish 
2, n, A, • • • states. For nonlinear molecules 
different types (species) of electronic states 
arise depending on the symmetry properties of 
the nuclear frame. For example, if the mole¬ 
cule has a single plane of symmetry there are 
two species of electronic energy levels, those 
whose eigenfunctions are symmetric with re¬ 
spect to that plane and those whose eigen¬ 
functions are antisymmetric with respect to 
it. They are designated A' and A", respec¬ 
tively. For a molecule with two mutually 
perpendicular planes of symmetry there are 
four species which may be characterized by 
+ + ,-, -j—, —b where the two signs in¬ 
dicate the behavior with respect to the two 
planes. These four species are designated Ax, 
A2, Bi, and B2, respectively. 

Each electronic state has a multiplicity 
(2S -f- 1) depending on the value of the quan¬ 
tum number 5 of the resultant electron spin 
of the molecule. 

No general formulas for the energies of the 

electronic states of a molecule can be given 
except for those states in which one electron is 
excited to orbitals of increasing principal 
quantum number n. In this case one has to 
a good approximation 

R 
Te = A-- 

(n — a)2 

where A is the ionization potential, R the 
Rydberg constant, and a the Rydberg cor¬ 
rection. (See also fine structure, A-type dou¬ 
bling.) 

ELECTRONIC GYROMAGNETIC RATIO. 
See gyromagnetic ratio, electronic. 

ELECTRONIC SPECIFIC HEAT. Accord¬ 
ing to classical statistics, the free electrons in 
a metal should contribute an amount 3Nk to 
the specific heat, where N is the number of 
electrons per unit volume and k is Boltzmann’s 
constant. The observed contribution is very 
much smaller than this, and the reason for 
this is that quantum statistics must be ap¬ 
plied. Sommerfeld has pointed out that the 
electrons should be treated as a Fermi-Dirac 
gas for which the specific heat per unit volume 
is given by 

cv = \tt2NKT/Tf 

where Tp is the Fermi temperature. The con¬ 
tribution is thus only (tt2/6) (T/Tf) of the 
value predicted classically, and at ordinary 
temperatures this fraction is very small. At 
very low temperatures, the specific heat result¬ 
ing from lattice vibrations is proportional to 
T3 so that, as the absolute zero is approached, 
the electronic contribution to the specific heat 
becomes relatively more important. 

ELECTRONIC SPECTRA OF MOLE¬ 
CULES. The electronic spectrum of a mole¬ 
cule corresponds to the (allowed) transitions 
between the vibrational and rotational sub- 
levels of different electronic states. 

A transition between the electronic states i 
and k is allowed as dipole radiation if there is 
at least one component of the dipole moment 
Mx, My, or Mg which has the same symmetry 
properties as the product of the electronic 
eigenfunctions The electronic selec¬ 
tion rules therefore are of the same form as 
the vibrational selection rules. The symmetry 
of the products i/'etyA* can be determined from 
tables given by H. Sponer and E. Teller, Rev. 
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Mod. Phys. 13, 75 (1941) or by G. Herzberg, 
in Molecular Spectra and Molecular Structure, 
II. Infrared and Roman Spectra of Poly¬ 
atomic Molecules, D. Van Nostrand Co., Inc., 
Princeton, 1945, though the latter were orig¬ 
inally prepared for vibrational transitions. 

For diatomic and linear polyatomic mole¬ 
cules the selection rule 

AA = 0, ±1 

results from the above general rule. 
(a) Vibrational structure. The totality of 

vibrational transitions for a given electronic 
transition is a band system. The wave num¬ 
bers of the bands of a band system are repre¬ 
sented by the formula 

» - * + G'{v\,v'2, • • •) - v"2, ■ • •) 

or in the case of diatomic molecules 

v = ve + o/e(t/ + 2) ~ u'e.x'e(v' + §)2 + 

-[«",(»" + i) - u>”ex"e{v" + |)2 + • • •] 

where ve = T'e — T"e is the origin of the band 
system. 

Which vibrational transitions are possible 
and what intensities they have is determined by 
the integral 

As long as the interaction of vibration and 
electronic motion is negligible the relative in¬ 
tensities of the various vibrational transitions 
are proportional to the square of this integral. 
Only those vibrational transitions are possible 
for which the product \p'v\p"v is symmetric with 
respect to all symmetry operations permitted 
by the symmetry of the molecule. 

(b) Rotational structure. The rotational 
structure of the individual vibrational transi¬ 
tions (bands) of an electronic transition is 
essentially the same as that of rotation-vibra¬ 
tion bands (see rotation-vibration spectra of 
molecules) as long as there is no spin splitting 
(see fine structure). If spin splitting is pres¬ 
ent, additional selection rules apply; for ex¬ 
ample, for diatomic and linear polyatomic 
molecules, if N the angular momentum apart 
from spin is defined, one has 

AN = 0, ±1. 

For 2—2 transitions AN = 0 does not occur. 
For details about the formulas for the branches 
in such cases, see G. Herzberg, Molecular 

Spectra and Molecular Structure, I. Spectra 
of Diatomic Molecules, 2d ed., D. Van Nos¬ 
trand Company, Inc., Princeton, 1950. 

ELECTRONIC TRANSITIONS, VIBRA¬ 
TIONAL SUM RULE FOR. See vibrational 
sum rule for electronic transitions. 

ELECTRON-OPTICAL INDEX OF RE¬ 
FRACTION. The path of an electron is de¬ 
termined by Fermat’s principle using the elec¬ 
tron-optical index of refraction n where 

?n0cn = ms — eA cos x 

where m is the mass, m0 the rest mass, e, the 
charge of the electron, s the image distance 
(from the image principal plane to the image 
plane) and x is the angle between the path of 
the electron and the magnetic vector potential 
A. 

ELECTRON-OPTICAL LENS EQUATION. 
The general lens equation in electron optics is 

fi fo fi $1 Pi jfii 

Pi Po fo \ 4>o Po \ <1>0 

where p0 is the object distance (from object 
principal plane to object plane), f0 is the object- 
side focal length, 4>0 is the object-side electric 
potential along the axis of symmetry, and p,-, 

fi, <f)i are the corresponding image-side quanti¬ 
ties; finally, M is the magnification. 

ELECTRON ORBIT (CLASSICAL). An 
electron having a velocity of v cm/sec in a 
magnetic field of flux density B moves in a 
stable circular orbit of radius r cm, when 
acted upon by a force 

F = —mtv2/r, 

where mt = is the transverse mass 
1 - (v/c)2 

of the electron (m0 represents the rest mass of 
the electron, c the velocity of light). 

The cyclotron condition therefore is given by 

where e is the electronic charge in emu. 

,2 mtV 
r = 104-cm, 

e B 

where F is the electron velocity v expressed in 
equivalent volts. The periodic time of one 
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revolution of an electron in the cyclotron orbit 
is 

2irmt 

ELECTRON ORBITS IN AN ATOM (BOHR 
ORBITS). In the Bohr-Sommerfeld model of 
the atom the electrons described circular and 
elliptical orbits about the atomic nucleus. 
These orbits are selected from the continuum 
of classically possible orbits by means of cer¬ 
tain quantum conditions. For hydrogen and 
the hydrogen-like ions the major and minor 
axes of these orbits are 

a 
K2 n2 a0 

4ttV2 ~Z ~ Z 

h2 nk 

4ir V2 ~Z 

Here n is the principal quantum number, taking 
on the values 

n = 1, 2, 3, • • •, 

and k the azimuthal quantum number which, 
for a given n, can take the values 

k = 1, 2, • • *, n. 

h stands for Planck’s constant, e, for the elec¬ 
tronic charge, and Z, for the atomic number. 

mM 
M =- 

m + M 

is the reduced mass of the electron (m and M, 
electronic and nuclear mass respectively). 

The energy of the electron orbits, neglect¬ 
ing relativistic effects, is given, for hydrogen 
and hydrogen-like ions by 

2 ttV4 Z2 RZ2 
Rn = To 2 2~ h n n 

where R is the Rydberg constant. For hydro¬ 
gen and the hydrogen-like ions therefore the 
energy is the same for all Bohr orbits with the 
same principal quantum number n, independ¬ 
ently of the value of the azimuthal quantum 
number k. (For the effect of relativity cor¬ 
rections, see hydrogen fine structure.) 

In the more general case of an electron mov¬ 
ing in the field of an atomic core (nucleus 
plus p electrons) the orbits are ellipses whose 
axes rotate uniformly about the center of 

gravity (rosette motion). In this case the 
energy of the electron orbits varies with both 
the quantum numbers n and k, and is given 
by the expression 

„ ~ V? x 
Rn'k =  i \2~ hC’ (n + aY 

where a is the so-called Rydberg correction 
which depends on the azimuthal quantum 
number k and which rapidly approaches zero 
with increasing value of k. 

ELECTRON, PI (tt-ELECTRON). See wave 
function, pi (it). 

ELECTRON RADIUS, CLASSICAL. A 
quantity given by the equation, 

e2 
r0 = —z = 2.81785 X 10“13 cm, 

me2 

where e and m are respectively the charge and 
mass of the electron and c is the velocity of 
light. 

ELECTRONS, EQUIVALENT. See equiva¬ 
lent electron. 

ELECTRON SHELLS IN AN ATOM. The 
group of energy levels (orbitals, orbits) of the 
single electrons in an atom characterized by 
the same principal quantum number n. The 
number of electrons in a shell with a certain n 
is limited by the Pauli principle. A shell con¬ 
taining the maximum possible number of elec¬ 
trons is called a closed shell. Traditionally 
shells with n = 1, 2, 3, • • • are designated K, 
L, M, • ■ • shells. (Sometimes the subgroups 
with the same values for both the quantum 
numbers n and l are referred to as shells (or 
subshells), e.g., Li (sub)shell for n = 2, l = 0; 
L2 (sub) shell for n = 2, l = 1.) In general, 
energy levels belonging to the same shell lie 
close together, while successive shells differ 
considerably in their energy. 

ELECTRON, SIGMA (a-ELECTRON). See 
wave function, sigma (cr). 

ELECTRON SPIN. The intrinsic angular 
momentum s of the electron, that is, the rota¬ 
tion about its own axis, s has the magnitude 

Vs(s + 1) (A/2t) = (h/2tt) 

where s = is the corresponding quantum 
number. 
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The magnetic moment associated with the 
electron spin is 

Me = 0.92837 X 10-20 erg gauss-1 
or 

1.001145358 Mo 

where Mo is the Bohr magneton. 
The ratio of Me to Mo, the anomalous electron 

moment correction, is given by 

a a2 

Me/z^o — 1 + -- 2.973 — 
2ir it2 

(a is Sommerfeld’s fine structure constant). 
The gyromagnetic ratio of the spinning 

electron is 

9s ~ 2 

(“double magnetism” of electron spin). 

ELECTRON THEORY, DIRAC. See Dirac 
electron theory. 

ELECTRON THEORY OF METALS. A 
theory considering the system of conduction 
electrons to be a nearly degenerate Fermi- 
Dirac gas. When there are no external forces 
or temperature gradients the Fermi-distribu- 
tion of the electrons will give rise to the cor¬ 
rect order of magnitude of the electronic spe¬ 
cific heat. 

If there are electric or magnetic fields act¬ 
ing on the metal, or if there is a temperature 
gradient, the distribution function fix, y, z; 
u, v, w) (x, y, z: position coordinates; u, v,w: 
velocity components) is found as a solution 
of the Boltzmann equation. The electrical 
conductivity a and the thermal conductivity 
k are thus obtained by evaluating the elec¬ 
trical current j and heat current w from the 
equations 

jx = Jf(x, y, z; it, v, w)eu dudvdw 

wx = Jf(x,y,z;u,v,w)%m(u2-\-v2+ w2)u dudvdw, 

where m is the mass of the electrons and e 
their charge, and using the definitions of <j 
and k. 

ELECTRON-VOLT (e.v.). An energy unit 
widely used in atomic and molecular physics. 
1 electron volt is the energy equal to the 
kinetic energy of an electron which has been 
accelerated through a potential difference of 

1 volt, or 

1 e.v. = 1.6020G X 10 12 ergs/molecule. 

A photon of energy 1 e.v. has the wavelength 

X' = 12397.7A 

and the wavenumber 

v = - = 8066.0 cm-1. 
X 

ELECTROPHILIC AGENT. See inductive 
effect. 

ELECTROSTATIC DRIVING SYSTEM. See 
driving system, electrostatic. 

ELECTROSTATIC FIELD. An electric field 
produced by stationary charges. (See elec¬ 
trostatics; electric field strength.) 

ELECTROSTATIC GENERATING SYS¬ 
TEM. See generating system, electrostatic. 

ELECTROSTATIC INTERACTIONS AND 
VALENCE THEORY. See bond types; 
atomic bonds. 

ELECTROSTATICS. That branch of electro¬ 
magnetism that deals with the effects of sta¬ 
tionary (as opposed to moving) electric 
charges. The basic law of electrostatics is 
the Coulomb law (see entry following). Ma¬ 
terials are conveniently classed into conductors 
and non-conductors. In the former, charges 
are free to move within the conductor and any 
charge placed on a conductor will so distribute 
itself over the surface that the electric field 
within the conductor is zero and so that the 
conductor is an equipotential. When an un¬ 
charged conductor is placed in an electric field, 
produced, for example, by a neighboring 
charged body, a separation of charge on the 
surface will occur. A charge placed on a non¬ 
conductor will remain where it was placed. 
No material is a perfect non-conductor, but 
may approximate one very closely. When a 
non-conductor is placed in an electric field, 
electric dipoles are induced within it. 

Static electric charges may be built up on 
a body by friction, by electrostatic induction, 
and by other means. 

ELECTROSTATICS, LAWS OF. The laws 
of electrostatics are expressed in terms of elec¬ 
tric charges, q, charge densities p = dq/dV, 
electric field strengths E = F/q, and electro¬ 

static potentials <t> = — I E ds. The basic law 
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of electrostatics is the Coulomb law of force 
between charges: 

„ 9i?2r 

F = -- 
47T60r3 

with the resulting field due to a single point 
charge q: 

qer 
E =-- (rationalized mksa units), 

4xeo r2 

where er is a unit vector pointing in the direc¬ 
tion of increasing r. The field due to a number 
of discrete charges is the vector sum 

while that due to a continuous distribution of 
charges is 

perdV 

The potential at some point in space due to a 
single point charge, referred to an origin of 
potential at infinity, is 4> — q/4ire0r, while the 
potentials respectively due to a number of dis¬ 
crete charges or to a continuous distribution of 
charges are 

1 r pdV 
0 =- I - and 

€q J r 
0 = 

1 

47T€0 

again referred to an origin of potential at in¬ 
finity. If the potential function 0 has been 
determined, then the electric field may be 
determined from E = — V0 where V0 is the 
gradient of 0. Alternatively, if the field E has 
been determined, the potential <j> may be ob- 

• R 

tained from 0 = I E-ds. / 
oo 

The basic law of electrostatics, the Coulomb 
law, may alternatively be expressed either as 
the Gauss law or as the Poisson equation. In 
the absence of local charges, the Poisson equa¬ 
tion reduces to the special case of the Laplace 
equation. 

The electrostatic field is a conservative field, 
which leads to the fact that is possible to set 
up a potential function 0. This fact may be al¬ 
ternatively stated in terms of the closed line 

integral ^E-ds = 0, or in terms of the curl of 

E: V X E = 0. 

ELECTROVALENT BOND. See heteropolar 
bond. 

ELEMENT. (1) A quantity identified by two 
symbols designating a row and column in an 
array, such as a matrix element or an element 
of a determinant. (See also integral, line, etc.) 
(2) A collection of atoms of one type which 
cannot be decomposed into any simpler units 
by any chemical transformation. To date 102 
different elements are known; these may be 
grouped into an ascending series according to 
the nuclear charge; some elements (those in 
the so-called radioactive series) spontaneously 
decompose into simpler elements; radioactive 
decomposition can be induced artifically where 
it does not occur in nature and for each ele¬ 
ment there is known a number of isotopes, 
i.e., atoms with the same nuclear charge but 
different nuclear masses which may vary with¬ 
in certain limits. There are also instances in 
which atoms have the same nuclear charge 
and nuclear mass, but differ only in nuclear 
energetics, and hence stability and behavior. 
(3) In network topology, an edge. (4) Any 
electrical device with terminals at which it 
may be directly connected to other electrical 
devices. (5) An integral part of a device 
(e.g., of an electron tube or a semiconductor) 
which contributes to its operation. (6) A 
parameter in an acoustical system which de¬ 
fines a distinct activity in its part of the sys¬ 
tem. 

ELEMENTARY. The elementary operations 
on a matrix consist of the interchange of two 
rows (or columns), the multiplication of a row 
(or column) by a constant and the addition 
to any one row (or column) of any multiple 
of a different row (or column). 

The elementary functions are the algebraic 
functions (that is, functions y = f{x) defined 
by an algebraic equation in x and y) and the 
exponential functions (of the form y = e/(ir)) 
and their inverses (logarithmic functions). 
Since, for example, 2 cos x = ete + e~ix, the 
trigonometric functions are included, as well 
as combinations of the above functions. The 
derivative of an elementary function is always 
an elementary function, but not every ele¬ 
mentary function can be so obtained. Exam¬ 
ples of non-elementary functions are the 
gamma function, Bessel’s functions, etc. 

ELEMENTARY SYSTEM. A system whose 
manifold of states constitutes a representation 
space for an irreducible representation of the 
inhomogeneous Lorentz group. Equivalently, 
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all the states of the system can be obtained 
from the Lorentz transforms of any one state 
by superposition. In other words, there exists 
no relativistically invariant distinction be¬ 
tween the various states of the system. Ele¬ 
mentary systems are of particular interest be¬ 
cause they have the transformation properties 
of what is usually called a particle, e.g., a pro¬ 
ton or a-particle. 

ELEMENT, CIRCUIT. An element of a 
graph G which is contained in some circuit 
of G. 

ELEMENT, NON-CIRCUIT. An element of 
a graph G which is not contained in a circuit 
is a non-circuit element of G. The removal 
of a non-circuit element from a connected 
graph G leaves G unconnected. The removal 
of a circuit element leaves the connectivity 
and the number of vertices invariant. 

ELEMENT, ORIENTED. An oriented ele¬ 
ment of a graph is an element with an orienta¬ 
tion assigned by ordering the vertices of the 
element. If the vertices /3i and /?2 of element 
ei are ordered as (/?i,/32) , «i is said to be ori¬ 
ented away from /?i and toward f32. 

ELEMENTS, CONJUGATE. See conjugate 
elements of a group. 

ELEMENTS OF SYSTEM. See indicial nota¬ 
tion. 

ELIMINATION. A method of solving a sys¬ 
tem of equations in which one of the equations 
is solved for one of the unknowns in terms of 
the others, and the solution used to replace this 
unknown in all the other equations. Thus if 
the original system was one of n equations in 
n unknowns, one obtains a new system of which 
n — 1 of the equations contain only n — 1 of 
the unknowns. 

ELLIPSE. A conic section obtained by a 
cutting plane parallel to no element of a right- 
circular conical surface. It is the locus of a 
point which moves so that the sum of its dis¬ 
tances from two foci is a constant. Its eccen¬ 
tricity (see conic section) is less than unity. 
The standard equation may be taken as 
x?/a2 y2/b2 = 1. The curve is a central 
conic for it is symmetric about both the X- 
and V-axes. When placed in its standard 
position, the center of the ellipse is the coordi¬ 
nate origin, the major axis of length 2a is along 

the X-axis, and the minor axis of length 2b is 
along the T-axis. The distance from the cen¬ 

ter to either focus is 's/a2 — 62; the eccentric¬ 

ity e is given by ae = \/a2 — £>2; the length of 
the latus rectum is 252/a; the equations for the 
directrices are x = ±a/e. The distance from 
any point on the ellipse to a focus is a focal 
radius and the sum of the two focal radii equals 
2 a. 

If the semi-major axis equals the semi-minor 
axis (a = b), the ellipse degenerates into a 
circle. 

The polar equation of an ellipse is 

a(l — e2) 
r =- 

1 — e cos 9 

and its parametric equations are x = a cos <f>, 
y — b sin </>. 

ELLIPSE, GEODETIC. See geodetic ellipse 
on a surface. 

ELLIPSOID. A central quadric, given in its 
standard form, with center at the coordinate 
origin, as 

where a, b, c are the semi-axes. Any plane sec¬ 
tion is an ellipse. 

If two of the axes become equal, the surface 
is a spheroid, which can be generated as a sur¬ 
face of revolution. Consider an ellipse in the 
XZ-plane 

with a > c, so that its major axis is along the 
X-axis of the coordinate system and its minor 
axis along the Z-axis. There are then two possi¬ 
bilities: (1) rotate the ellipse about its major 
axis and the result is a prolate spheroid with 
a > b = c; (2) rotate about the minor axis and 
obtain an oblate spheroid, a — b > c. 

In the final degenerate case, a = b = c, the 
surface is a sphere. 

ELLIPSOIDAL COORDINATES. A system 

of coordinates X, n, v based on confocal quadrics. 
If constants a, b, c are taken with a > b > c, 
the surfaces are: (1) ellipsoids, X = const., 
c2 > X > — oo; (2) hyperboloids of one sheet, 
M = const., b2 > n > c2; (3) hyperboloids of 
two sheets, v = const., a2 > v > b2. 
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The relation between the rectangular Car¬ 
tesian coordinates and the ellipsoidal coordi¬ 
nates of a point are 

2 (a2 - X) (a2 - y)(a2 - v) 

X ~ (b2 - a2) (c2 - a2) 

2 (b2 - X)(b2 - M)(b2 ~ v) 

V (a2 - b2)(c2 - b2) 

2 (c2-X)(c2-m)(c2-^) 

(a2 - c2)(b2 - c2) 

Since £, y, z occur as squares in these relations 
they give eight points symmetrically located 
in the Cartesian system. Some convention 
must then be adopted for the signs of the 
ellipsoidal coordinates in order to locate a 
point uniquely. 

Most of the curvilinear systems used in 
mathematical physics (including rectangular 
and spherical polar coordinates) are degen¬ 
erate cases of the ellipsoidal system. 

ELLIPSOID, MOMENTAL (ELLIPSOID 
OF POINSOT). For a rotating body with no 
resultant external torque acting on it 

co-II = 2T 

where II is the vector angular momentum, <o is 
the resultant vector angular velocity and T is 
the total kinetic energy. When expressed in 
component form, this becomes the equation of 
an ellipsoid in angular velocity space. 

IxxUx2 + IyyUy~ + Izz^z2 = 2 T. 

Ixx, lyv and hz are the moments of inertia with 
respect to the principal axes fixed in the body. 
<yx, ioy, wz are the components of angular veloc¬ 
ity with respect to the principal axes fixed in 
the body. The length of the radius vector from 
the origin to the surface of the ellipsoid rep¬ 
resents a value of the angular speed consistent 
with the total kinetic energy and angular 
momentum. (See inertia, moments and prod¬ 
ucts of; rigid body, kinetic energy of.) 

ELLIPSOID, POLARIZABILITY. See polar¬ 
izability. 

ELLIPTICAL COORDINATES. A plane, 
two dimensional, coordinate system in which 
the coordinate curves are the mutually orthog¬ 
onal sets of confocal ellipses and hyperbolas. 
The transformation equations are, with the 
foci at x = ±o, y = 0: 

x = a cosh u cos v, 

y = a sinh u sin v. 

Alternatively, the two coordinates £ = cosh u 
and r) = cosh v may be used, in which case the 
following hold: 

ta + rB rA - rB 
£ =-1 n -- 

2 a 2 a 

These coordinates are useful in some two-cen¬ 
ter problems of physics. 

ELLIPTICALLY LOADED WING. A wing 
for which the distribution of circulation across 
the span is given by 

r = r0[i - (y/s)2)'A, (i) 

where s is the semi-span and y is measured from 
the mid-span position. 

With this type of loading the induced angle 
of downwash, due to the trailing vortices, is 
constant across the span. The coefficient of 
trailing-vortex drag has the minimum value 
C j2 

for given values of the lift coefficient Cl 

and aspect ratio A. 

(See also lifting-line theory.) 

ELLIPTICALLY POLARIZED WAVE. See 
polarization cycle. 

ELLIPTIC CYLINDRICAL COORDI¬ 
NATES. A degenerate case of ellipsoidal co¬ 
ordinates where the coordinate surfaces are: 
(1) elliptic cylindrical with semi-axes a = c 
cosh u, b = c sinh u, u = const.; (2) hyper¬ 
bolic cylindrical with a = c cos v, b = c sin v, 
v = const.; (3) planes parallel to the .XT- 
plane, z = const. A point in this system has 
rectangular Cartesian coordinates 



307 Elliptic Function — Elliptic Partial Differential Equation 

x = c cosh u cos v 

y = c sinh u sin v 

z = z 

and 0<w<°o; 0 < < 2tt; — <» < 2 < oo. 

ELLIPTIC FUNCTION. A single-valued, 
doubly-periodic, meromorphic function of a 
complex variable. The functions which are 
inverses of elliptic integrals are elliptic func¬ 
tions. Elliptic functions satisfy many of the 
non-linear differential equations arising in 
mathematical physics. 

ELLIPTIC INTEGRAL. Any integral of the 
type 

y/h)dx, 

where / is a rational function of its two argu¬ 
ments and R is a third or fourth degree poly¬ 
nomial in x, with no repeated roots. It may be 
reduced, by suitable change of variable, to a 
sum of elementary integrals and one or more 
of the following types: 

dt 

V(1 - f2)(l - k2t2) 

dw 

0 y/1 — k2 sin2 w 

u 
slr?Fd‘-itVl-k2si 

sin2 w dw 

“3 f0(i2-a)V( 1 

s*<t> 

Jo (si 

dt 

t2)( 1 - k2t2) 

(sin2 w — a) y/1 — k2 sin2 w 
f 

These are incomplete elliptic integrals of 
the first, second, third kind, respectively. 
When expressed in terms of t — sin w, they 
are Legendre’s normal forms. The constant 
k (0 < k2 < l) is the modulus and a is an 
arbitrary constant. If <f> = ir/2, the integrals 
are called complete. 

Series evaluation of the elliptic integrals may 
be made and numerical tables for them are 
available. They are called elliptic because they 
were first studied in order to determine the 
circumference of the ellipse. Their properties 
are best studied in terms of their inverse func¬ 
tions. 

ELLIPTIC PARABOLOID. See paraboloid. 

ELLIPTIC PARTIAL DIFFERENTIAL 
EQUATION. Consider the general linear par¬ 
tial differential equation of second order with 
two independent variables, 

d2u 

A^i + 2B 
d u 

dxdy 
+ C 

d 2U 

dy2 

du 
+ D — 

dx 

du 
+ E-h F = 0 

dy 

where the coefficients A, B, C, D, E, F are 
continuous functions of x, y. This equation, 
which includes the majority of the differen¬ 
tial equations of physics, is said to be of ellip¬ 
tic, hyperbolic or parabolic type at a point 
x, y according as the discriminant B2 — AC is 
negative, positive, or zero. By a real trans¬ 
formation of variables it can be brought, re¬ 
spectively, into one of the following three 
forms, 

d2u d2u 
-1-1- 
dx2 dy2 

elliptic 

d2u 
+ • • • hyperbolic 

dxdy 

d2u 

dx2 
parabolic 

where in each case the dots denote terms of 
lower order than the second in the derivatives 
of u. These concepts can easily be generalized 
for equations of higher order. 

For an elliptic partial differential equation, 
it is customary, if the solution is to be well de¬ 
fined, to impose conditions along the boundary, 
such as the value of the dependent variable 
(Dirichlet condition), or its normal derivative 
(Neumann condition). In the simplest case, 
namely, the Laplace equation, 

V2d> = 0, 

the solution may be approximated by finite 
difference methods by representing the Laplace 
operator (also written D2 + Dy2) by h~2{b2 + 
by2) which gives rise to the coefficient scheme 

• 1 

1 -4 1 

1 



Elliptic Point — Emissivity 308 

which is always implicit (see matrix inver¬ 
sion). (See also Lothar Collatz, Numerische 
Behandlung von Differentialgleichungen, 2nd 
edition, Springer, 1955; Kaiser S. Kunz, Nu¬ 
merical Analysis, McGraw-Hill Book Com¬ 
pany, 1957.) 

ELLIPTIC POINT (ON A SURFACE). A 
point at which the product of the principal 
curvatures of the surface (see curvature of 
surface, radius of) is positive. 

ELONGATION OR EXTENSION. The in¬ 
crease in length of a line joining two points, 
especially the increase of the gauge length of 
a tension specimen. 

ELONGATION QUADRIC. See strain ellip¬ 
soid. 

EMAGRAM. A thermodynamic diagram, de¬ 
signed by A. Refsdal, with temperature as 
abscissa and the logarithm of pressure, in¬ 
creasing downward, as ordinate. Since work 
or energy in a cyclic process is expressible as 

R(£t—' 
J p 

where T is temperature, p pressure, and R the 
gas constant, it is proportional to the area en¬ 
closed on the emagram by the curve repre¬ 
senting the process. (See skew T — log p 
diagram.) 

EMDEN EQUATION (EMDEN FUNC¬ 
TION). Various models of the stars have 
been developed for various conditions. A 
number of polytropic models have been pro¬ 
posed, subject to the condition that pressure 
and density would be determined in accord 
with the adiabatic gas law 

P = kpi. 

One of the fundamental equations which a 
gaseous sphere in adiabatic equilibrium must 
satisfy is known as the Emden equation 

in which n is defined by 

1 
7 = 1 + — 

n 

Tables of Emden functions have been pub¬ 
lished by the British Association of Science for 
various values of the polytropic index n. 

EMERGENT STEM CORRECTION. See 
exposed stem correction. 

EMISSION COEFFICIENT. The emission 
coefficient ev measures the energy emitted per 
second in the frequency range dv by a volume 
element dV into the solid angle dw. The total 
energy per second emitted by a volume ele¬ 
ment is therefore 

E = dV f f tvdvdw. 
Jo Ju 

ev depends on the physical properties of the 
emitting substance, on the frequency v, and, 
sometimes, on the direction of the flow of radi¬ 
ation. 

The total energy per second emitted by a 
volume element may also be expressed in terms 
of wavelengths, as is the usage in certain other 
forms of emission functions, by the relation¬ 
ship 

where e\ measures the energy emitted per 
second in the wavelength range d\ by the 
volume element dV into the solid angle dw. 

EMISSION SPECTRUM. See spectrum, 
emission. 

EMISSIVE POWER. In radiation, energy 
emitted per unit time and area from a surface 
over the waveband spectrum. When the en¬ 
ergy is computed at a given wavelength, it is 
called the monochromatic emissive power. I\, 
where 

(See black body radiation.) 

EMISSIVITY. (More precisely, hemispheric 
emissivity.) The ratio of the radiant energy 
q emitted by a surface to that, qb, emitted by 
a black body at the same temperature T, 

Q 
€ -- 

Qb 

The emissivity at one particular wavelength 
is called monochromatic (hemispheric) emis¬ 
sivity. The monochromatic emissivity of a 
surface is a function of the wavelength A, the 
angle of emission </>, and the temperature T. 
(See also spectral emissivity; total emissivity.) 
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EMITTANCE. The radiant emittance of a 
source is the power radiated per unit area of 
the surface. This may be either the radiant 
emittance per unit range in wavelength, the 
spectral radiant emittance, or its integral over 
all wavelengths, the total radiant emittance. 
If the radiant emittance is evaluated by the 
standard luminosity function, it is called 
luminous emittance. For a perfectly diffus¬ 
ing surface, the luminous emittance is equal 
to it times the luminance intensity. 

EMU SYSTEM OF UNITS. See electromag¬ 
netic units. 

ENCASTRE BEAM. See beam, fixed-ended. 

END MOMENT. See moment, end. 

ENDOMORPHISM. See homomorphism. 

ENDOTHERMIC REACTIONS. See ther¬ 
mal coefficients. 

END-POINT METHOD. A method of ap¬ 
proximation for treating the integral equa¬ 
tions with displacement kernel, which appear 
in problems of neutron transport theory char¬ 
acterized by plane or spherical geometry. In 
this method, the solution near each boundary 
is treated as though no other boundary existed, 
in which case the integral equation is amen¬ 
able to the Wiener-Hopf technique of solution. 
A complete solution is then obtained by com¬ 
bining the one-boundary solutions in such a 
way that their asymptotic values coincide. 

ENDURANCE LIMIT. See fatigue. 

ENERGY. Energy is often defined as the 
ability to do work. Thus, a capacitance of 
magnitude C, carrying a charge Q, possesses 
electrical energy in the amount Q2/2C, and can 
do this much work in the process of being dis¬ 
charged. In this instance, the energy is con¬ 
sidered to reside in the electric field between 
the plates of the capacitor. In other cases, 
e.g., that of kinetic energy (see energy, ki¬ 
netic), the energy is considered to reside in 
the body itself. The mechanical or electrical 
energy of a system is always measured as the 
maximum amount of work that the system can 
do in coming to static equilibrium. 

In thermodynamics, energy is a general term 
embracing heat, work (both being “energy in 
transition”) and internal energy. Some au¬ 
thors tend to restrict the term energy to be 
synonymous with internal energy. In that 

terminology, heat and work are distinct from 
energy and are not regarded as “forms of 
energy.” The authors who use the term en¬ 
ergy for internal energy tend to use the term 
“internal energy” in a more restricted sense 
too. In that terminology, internal energy 
means that part which describes the internal 
energy (in the wider sense) of a pure, homo¬ 
geneous stable substance at rest in a constant 
(or very weak) gravitational, electric and mag¬ 
netic field and free from surface tension. 

In special relativity, energy and mass are 
equivalent, being connected by the Einstein 
equation E = me2 where c is the speed of 
light. Hence, when relativistic mechanics 
must be applied, e.g., when speeds comparable 
to c are involved, the energy of a system in¬ 
cludes the rest energy m0c2 of all the bodies 
in the system. Here ra0 is the mass of a body 
at rest with respect to the other bodies of the 
system and to the observer. 

Energy is particularly important because 
it is a conserved quantity, which can be 
neither created nor destroyed. It may, how¬ 
ever, be exchanged among various bodies or 
may be converted from one form to another, 
or interconverted with mass as in the Einstein 
equation above. (See also work; conservation 
of energy.) 

ENERGY, ACTIVATION. See activation 
energy. 

ENERGY, BINDING. See binding energy. 

ENERGY, CLASSICAL ELECTRON. See 
electron energy (classical). 

ENERGY, COHESION. The energy which 
would be required to break up a solid or liquid 
into its constituent atoms or molecules. The 
cohesion energy is often expressed as the en¬ 
ergy per mole of a body of such extent that 
the surface energy is negligibly small. 

ENERGY CONSERVATION. See conserva¬ 
tion of energy. 

ENERGY CONSERVATION IN CLOSED 
SYSTEMS. In closed systems and in the ab¬ 
sence of an external field, the energy U sup¬ 
plied from the outside during the time interval 
dt is equal to the sum of the heat dQ and the 
mechanical work dW performed at the bound¬ 
aries of the system. If the pressure is normal 
to the surface, the mechanical work is simply 



Energy Conservation in Continuous Systems — Energy Density Spectrum 310 

— pdV and the expression of the energy con¬ 
servation becomes (see also energy conserva¬ 
tion in thermodynamics) 

dU = dQ - pdV. (1) 

From a purely phenomenological point of 
view (1) may be considered as the definition 
of the heat received by the system. The ex¬ 
tension of the mechanical principle of con¬ 
servation of energy to include the flow of heat 
is due mainly to Carnot, Joule, Helmholtz and 
Clausius. 

ENERGY CONSERVATION IN CONTINU¬ 
OUS SYSTEMS. In order to express the en¬ 
ergy conservation in continuous systems, it is 
useful to introduce the energy density per unit 
volume 

uv 
8U 

5F 
(1) 

In agreement with the general formulation of 
the principle of energy conservation (see 
energy conservation in thermodynamics) 
we shall have 

duv 
-= - div §[£/] (2) 
dt 

where $[t/] is the energy flow. This flow con¬ 
tains in general different contributions, among 
which are 

(1) the convection flow corresponding to a 
center of mass motion u> 

uvo» (3) 
(2) a heat flow 

Q (4) 

(3) a flow of energy corresponding to the pres¬ 
sure tensor in the fluid, its i component being 

23 P ijuj (5) 
i 

(4) a flow of potential energy (for example 
the Poynting flow of electromagnetic en¬ 
ergy) 

(5) a flow of energy related to diffusion. 

The total energy U may be split into an in¬ 
ternal energy, a potential energy and a macro¬ 
scopic kinetic energy. Each contribution 
taken separately does no more satisfy an equa¬ 
tion of the simple form (2), because of the 
possible transformation of one form of en¬ 
ergy to another. 

ENERGY CONSERVATION IN THERMO¬ 
DYNAMICS. The principle of conservation 
of energy plays in thermodynamics a funda¬ 
mental role. It is therefore also called the 
first law of thermodynamics. (See thermo¬ 
dynamics, first law of.) In its most general 
form it postulates the existence of a function 
of state, called the internal energy of the sys¬ 
tem U, such that its change per unit time is 
equal to some flow, called the energy flow 
from the surroundings. 

This statement can be expressed symbolic¬ 
ally by the formula (see conservation of mass 
in open systems) 

dU = deU or diU = 0 (1) 

deU is the energy received during the time dt 
from the outside and diU is the energy “crea¬ 
tion” inside the system. 

The explicit form of the energy flow depends 
on the nature of the system considered. (See 
energy conservation in closed systems; energy 
conservation in continuous systems.) 

ENERGY, COULOMB. See Coulomb energy. 

ENERGY DENSITY (ELECTROMAG¬ 
NETIC). The energy required to set up elec¬ 
tric and magnetic fields can be thought of as 
residing in the fields. The energy density is 
then the field energy per unit volume. 

The energy required to set up an electric 
field, E, in space, or in an isotropic medium, 
is given, if rationalized units are used, by 

J' }4eE2dr, where dr is a volume element. The 

expression ^eE2 is the electric energy density. 
Similarly, the energy required to set up a 

magnetic field, H, is Jy^ixH2dr, and the ex¬ 

pression y^iJiH2 is the magnetic energy density. 
In an electromagnetic wave the instantaneous 
value of the energy density is y^eE2 + yfoH2 
where E and H are the instantaneous magni¬ 
tudes of the electric and magnetic fields. 

For anisotropic media the terms eE2 and 
nH2 used above should be replaced by E • D and 
H R respectively. If non-rationalized units 
are employed, the factor x/l is replaced by )/g7r. 

ENERGY DENSITY SPECTRUM. (Some¬ 
times called energy spectrum.) The square 
of the amplitude of the (complex) Fourier 
transform of an aperiodic function. Thus, if 
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f(t) is the given function, its Fourier trans¬ 
form is 

Ffa) = ~ f f(t)e~iutdt, 
2tt J_oo 

and the energy density spectrum is | F(co) |2. 
It is assumed that the total energy 

is finite. (See power spectrum.) 

ENERGY, DISTORTION. See distortion en¬ 
ergy. 

ENERGY, DISTRIBUTION IN. See distribu¬ 
tion in energy. 

ENERGY EIGENFUNCTION. An eigen¬ 
function of the Hamiltonian operator. The 
associated eigenvalue is often called the energy 
eigenvalue. 

ENERGY EIGENSTATE. See energy eigen¬ 
function. 

ENERGY EQUATION FOR BOUNDARY 
LAYER. The energy equation for steady flow 
of an incompressible fluid in a two-dimensional 
boundary layer is 

1 d 

2U*dx 
(U3S**) 

1 r* 3 (u\ 
—~2 I T — ( — )dy, (1) 
pU2 Jo dy \U/ 

where 6** is the energy thickness, r is the shear 
stress, u is the local velocity at a distance y 
from the wall and U is the velocity outside the 
boundary layer, i.e., for y > 8. 

Equation (1) applies both to laminar and to 
turbulent boundary layers. The right-hand 
side represents, non-dimensionally, the rate at 
which energy is taken from the mean flow by 
the shear stresses, while the left-hand side rep¬ 
resents the rate of increase of kinetic energy de¬ 
fect of the mean flow. 

In the case of a laminar boundary layer, 

t — y 
du 

dy 

so that Equation (1) may be written 

id, p rhfdu\2 
(U35**) = - I ( —) dy. 

2 dx PJo \dy) 
(2) 

ENERGY EQUATION FOR STEADY ADI¬ 
ABATIC; FLOW. For any adiabatic gas flow, 

i.e., with no licat transfer across the bound¬ 
aries of a stream tube, 

h + \v2 = constant, (1) 

where v is velocity and h is specific enthalpy. 
For a perfect gas, Equation (1) becomes 

CPT + ±v2 = CPT0, (2) 

where T is the temperature, Cv is the specific 
heat at constant pressure, and suffix o refers to 
“stagnation” conditions (with v = 0). 

Equation (2) may also be written in the al¬ 
ternative forms 

or 
,y — 1/ p 2 \y — 1/ Po 

a2 1 2 a2 
-1— v2 =-> 
y — 1 2 y — 1 

(3) 

(4) 

where a is the velocity of sound. 
It should be noted that Equations (1) to 

(4) are valid even when viscous effects are 
important, e.g., in flow through a shock wave. 

ENERGY, EQUIPARTITION OF. See equi- 
partition of energy. 

ENERGY, EXCITATION. See excitation 
energy. 

ENERGY, FREE. See free energy. 

ENERGY GAP. The energy gap eg is the 
minimum energy required to excite an electron 
from the normally filled valence band to the 
normally empty conduction band. For ther¬ 
mal equilibrium at temperature T the follow¬ 
ing relation enables eg to be determined: 

np = 2.33 X 1031 T3 exp (-es/kT) 

■where n and p are the number of electrons and 
the number of holes per cm3 respectively, mn 
and mv are the effective masses of electrons and 
holes, m is the free electron mass, and k is 
Boltzmann’s constant. The value of eg for ex¬ 
citing an electron from a valence band to a 
conduction band optically is generally higher 
than that for thermal excitation. 

ENERGY INTEGRAL. The first integration 
of the Newton equation of motion mr = F, 
in which r is the position vector of the par¬ 
ticle of mass to and F is the resultant (vector) 
force acting in it, yields an integral of the 
form 
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where v is the velocity at any instant and C is 
a constant of integration. This is usually 
called the energy integral, since }/fonv2 is the 
kinetic energy. If F is a conservative force 

/ F dr depends only on the position of the 

particle and is therefore called the potential 
energy. The constant C becomes the total 
energy and the existence of the energy integral 
implies the conservation of mechanical energy. 

ENERGY, INTERNAL. See internal energy. 

ENERGY, IONIZATION. See ionization en¬ 
ergy. 

ENERGY, KINETIC. The scalar quantity or 
measure of the energy of motion is called 
kinetic energy. It is given by Y>mv2 for a 
particle of mass m traveling with speed v, 
and by %/0to2 for a rigid body of moment of 
inertia I0 rotating about a fixed axis 0 with 
angular velocity <o. The kinetic energy for 
general motion of a rigid body is 

2ftVOc "T 2^cx^x "T 2^cV(a3U~ 2^cz^z 

where m is the total mass and x, y, z, are prin¬ 
cipal axes through the center of mass denoted 
by subscript c. 

ENERGY, KINETIC, OF A MASS POINT. 
In classical mechanics it is y2msr2, but in rela¬ 
tivistic mechanics it is 

m0c2 
—, = = m0c + \m0v -\- - • - for small tyc; 
VI - ir/cT 

where m0 is the rest mass, v is the speed of the 
particle, and c is the speed of light. 

ENERGY LEVEL. A stationary state of en¬ 
ergy of any physical system. The existence 
of many stable, or quasi-stable states, in 
which the energy of the system stays constant 
for some reasonable length of time, is an es¬ 
sential characteristic of quantum-mechanical 
systems, and is the basis of large areas of 
modern physics. 

ENERGY LEVEL DIAGRAM. The graph¬ 
ical presentation of the energy levels of an 
atom, molecule, nucleus, etc., with respect to 
an arbitrary zero level, as a rule the ground 
state, or, for atoms, the ionized state. Atomic 

and molecular energy level diagrams are in 
general designed to give a picture of the ener¬ 
getic order of the different types of energy 
state terms (S, P, D, etc.) and of the terms of 
different multiplicity. Usually important 
transitions are indicated by lines connecting 
the energy levels involved. See for example 
the energy level diagram of the lithium atom 
(figure). (The numbers on the lines indicat¬ 
ing the transitions are the corresponding wave¬ 
lengths.) 

Energy level diagram of the lithium atom (after 
Grotian). (From G. Herzberg, Molecular Spectra and 
Molecular Structure I Spectra oj Diatomic Molecules, 
2nd ed., D. Van Nostrand Company, Inc., Princeton, 

1950). 

ENERGY LEVELS, ATOMIC, STATISTI¬ 
CAL WEIGHT OF. See statistical weight of 
atomic energy levels. 

ENERGY LEVELS, MOLECULAR. See 
molecular energy levels; electronic energy 
levels of a molecule; rotational energy levels 
of a molecule; vibrational energy levels of a 
molecule. 

ENERGY LEVELS, MOLECULAR, STATIS¬ 
TICAL WEIGHT OF. See statistical weight 
of molecular energy levels. 
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ENERGY LEVELS OF HARMONIC OSCIL¬ 
LATOR. See harmonic oscillator, energy 
levels of. 

ENERGY LEVELS OF RIGID DIATOMIC 
ROTATOR. See rigid diatomic rotator, en¬ 
ergy levels of. 

ENERGY, MECHANICAL. For a conserva¬ 
tive dynamical system the mechanical energy 
is the invariant of the motion which is equal 
to the sum of the kinetic energy (see energy, 
kinetic) and the potential energy (see energy, 
potential). This invariant or constant results 
from a first integration of the equations of 
motion and the first integral is usually known 
as the energy integral. Strictly speaking the 
mechanical energy does not exist for a non¬ 
conservative system. However, the concept 
is so useful that it is customary to treat a 
dissipative system as a system whose energy 
(defined for the equivalent non-dissipative 
system) decreases with the time. This makes 
possible an important connection with non¬ 
mechanical forms of macroscopic energy, for 
example, heat. 

ENERGY MOMENTUM TENSOR. See 
Lagrangian. 

ENERGY, MUTUAL. See interaction energy. 

ENERGY, NEGATIVE KINETIC. (1) In 
quantum mechanics there may be a finite 
probability of finding a particle in the clas¬ 
sically forbidden region where the total energy 
of the particle is less than its potential energy. 
In such a region, the kinetic energy, given as 
the difference between the total energy and 
the potential energy, would be negative. If 
an attempt is made to observe a particle in 
this classically forbidden region, one gives to 
the particle an indeterminate amount of en¬ 
ergy (see uncertainty principle), with the re¬ 
sult that negative kinetic energy is not ob¬ 
servable. Particles pass through such clas¬ 
sically forbidden regions of negative kinetic 
energy in the tunnel effect. 

(2) The term is also used to describe the 
energy states of particles in those energy levels 
that were first predicted by the Dirac electron 
theory. 

ENERGY OF A CHARGED SYSTEM. If 
the charges are varied on a set of con¬ 
ductors at potentials Vit the resulting change 
of energy of the system is given by 

dU = Z Vidqi. 
i 

Expressed in terms of coefficients of potential 
(see potential, coefficients of) 

dU = YsH PijQjdqi 
i j 

which yields upon integration 

u = \ 2 23 vmm = h Z 
i j i 

= I EEcvvtVj 
i j 

where the Cy are the coefficients of induction. 
(See induction, coefficients of.) 

ENERGY OF ACTIVATION. See activation 
energy. 

ENERGY OF A SYSTEM OF CURRENT 
CIRCUITS. The magnetic fluxes through a 
set of circuits carrying steady currents Ij can 
be written 

4>i — y ] Mijij 

j 

where the My = My are the mutual induc¬ 
tances, and Mu = Li is the self-inductance of 
the ith circuit. If the circuits are of constant 
length, i.e., they may be non-rigid, but have 
no sliding contacts, the induced emf’s are 

Si = —d<t>i/dt 

= — Mijdlj/dt — 23 IjdMij/dt. 
j j 

Establishing the currents requires doing work 
at the rate 

dW 
—— — — 2/iS,- 
dt 

hence 

dW = -XlSidt 

= 22 MnUdlj + ZZIJjdMij. 

If the circuits are held stationary so that no 
mechanical work is done, the work becomes 
stored energy of the system, and 

dU = 22 Mijlidlj 

U = |22MlJ/1/, 

ENERGY OF n-PARTICLE SYSTEM (THE 
VIRIAL). If in a system of n particles con¬ 
fined to a finite region of space whose position 
vectors with respect to a given origin are ri 
the resultant force on the ith particle is F<, 
the virial of the system is defined to be 
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-htrrF{. 
i=1 

The bar over the sum refers to a time aver¬ 
age over a time interval long compared with 
the time taken by a particle to traverse the 
region in which the particles are confined. It 
is understood that not only are the magnitudes 
of the position vectors rt bounded, but that the 
same is true of the velocities of the particles. 
According to the virial theorem the virial of 
the system is equal to the average kinetic 
energy of the system. 

ENERGY, POTENTIAL. The potential en¬ 
ergy of a system is energy of configuration 
or position measured with respect to a refer¬ 
ence configuration. For a static conservative 
system, the potential energy is the work needed 
to bring the system from the reference con¬ 
figuration to the configuration it is in. The 
potential energy is a minimum for stable 
equilibrium. (See conservative force field.) 

ENERGY PRODUCT. The product of the 
magnitudes of B and H at any point on the 
demagnetization curve. The maximum value 
of this product is the best single criterion for 
a material to be used in permanent magnets. 
(See hysteresis.) 

ENERGY RELATIONS IN UNIFORM 
FORCE FIELD. A uniform force field is a 
special case of central force field (see force, 
central). In such a field the force is constant 
in direction and magnitude. Examples: the 
gravitational field near the surface of the earth, 
and the electrostatic field between the two 
parallel plates of a condensor. 

ENERGY, RELATIVE. The energy of par¬ 
ticles in the center of mass (coordinate) 
system. 

ENERGY STATE. See state, energy and 
energy eigenfunction. 

ENERGY STATE, NEGATIVE. (1) Any 
bound state, in which the sum of the kinetic 
energy and the potential energy, the latter 
reckoned relative to zero at infinity, is less 
than zero. The existence of such states is 
essential for the stability of any system that 
is not surrounded by a region of positive po¬ 
tential energy, such as the Coulomb barrier. 

(2) A consequence of the Dirac electron 

theory is that there exist electron states of 
negative total energy (including both rest 
mass energy and kinetic energy). Electrons 
in such states of negative energy are unob¬ 
servable, only electrons of positive total en¬ 
ergy being observable. The allowed positive 
and negative states are restricted (only 
E > m0c2 and E < m0c2 are allowed in a field- 
free region). If a y-ray photon of energy 
greater than 2m0c2 (where m0 is the rest mass 
energy of the electron) is absorbed by an elec¬ 
tron of negative energy, it will be lifted into a 
positive energy state and will become observ¬ 
able. The positron is identified with the hole 
that is left behind. 

The negative energy states are ordinarily 
completely filled with electrons, with no room 
for further electrons, a consequence of the 
Pauli exclusion principle. However, when a 
hole is created, an electron of positive energy 
near by may “fall” into it (pair annihilation) 
with the emission of y-rays. 

A similar picture may be developed for any 
pair composed of a particle and its anti-par¬ 
ticle, the latter being the result of the lifting 
of the particle from a state of negative energy 
to one of positive energy. 

ENERGY STATE TERMS. Terms designat¬ 
ing the discrete energy states of a particle in 
a system. Thus the energy states of an atom 
are called S, P, D, F, • • • terms, respectively, 
corresponding to the values 0, 1, 2, 3, • • • of L, 
the resultant angular momentum quantum 
number of the atom. The energy states of a 
molecule are called 2, n, A, <t> • • • terms, re¬ 
spectively, corresponding to the values 0, 1, 2, 
3, • • • of A, the electronic orbital angular mo¬ 
mentum (about internuclear axis) quantum 
number. 

The letters indicating the value of L are 
usually preceded by a superscript denoting 
the multiplicity and followed by a subscript 
denoting the total angular momentum quan¬ 
tum number J. In addition, the principal 
quantum number is often written as a coeffi¬ 
cient. Energy state terms and their transi¬ 
tions are shown in energy level diagrams. 

ENERGY THICKNESS OF BOUNDARY 
LAYER. The energy thickness 8** for a 
boundary layer is defined by 
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where u is the velocity at a distance y from 
the wall and U is the velocity outside the 
boundary layer, i.e., for y > 8. 

The defect of flux of kinetic energy, per 
unit width of boundary layer, is y2pU38**. 
(See also energy equation for boundary layer.) 

ENGINE. (1) A mechanical device which 
produces some desired effect. (2) In a more 
restricted sense, a mechanical device which 
produces power, as distinct from a machine 
which produces some desired effect (e.g., the 
compression of a gas by a compressor; the 
maintenance of a body at a temperature lower 
than that of the surroundings by a refrigerator, 
etc.) other than the production of power. In 
that sense the term engine is synonymous with 
prime mover. 

ENGINE CAPACITY. See swept volume. 

ENGINEERING SYSTEM OF UNITS. (Also 
known as gravitational system of units.) A 
system of units based on the following three 
fundamental units: force, length, time. There 
exist several gravitational systems of units. 
The metric gravitational system is based on 
the kilogram (kg) as unit of force. In order 
to avoid confusion this unit has now been re¬ 
named kilopond (kp). The unit of length is 
the meter (m), and the unit of time is the sec¬ 
ond. The English gravitational system (also 
called the f lbf s system) is based on the 
pound (lb or lbf) for force, the foot (ft) for 
length and the second (sec) for time. The 
table below lists the principal derived units in 
the above systems. 

Gravitational 
System 

Derived unit Metric English 

Mass 
, kp sec2 (no 

m name) 

, lbf sec2 
1 slug = l —-- 

ft 

Work, energy 1 kp m (no name) 1 lbf ft = 1 foot 
pound 

Pressure i kp 1 —\ or 
nr 

1 at = 10^ 
m 

lbf 

'ft*" 

= 144™ 
in2 ft2 

Power 
kp m 

1-or 
sec 

kp m 
1 PS = 75 

sec 

lbf ft 
1-or 

sec 
lbf ft 

1 IP = 550- 
sec 

(See also acoustical units; electrical units; 
mechanical units; thermal units.) 

ENLARGEMENT ENERGY. See delocaliza¬ 
tion energy. 

ENLARGEMENT, METHODS OF. Meth¬ 
ods of matrix inversion by which the inverse 
of a matrix of order m is expressible in terms 
of that of a submatrix of order m — 1. 

ENSEMBLE. A collection of similar systems 
considered in statistical mechanics. Ensem¬ 
bles were introduced by Gibbs, and their im¬ 
portance lies in the fact that the average be¬ 
havior of a system in an ensemble can often 
be used to predict the behavior of an actual 
physical system. Usually all systems in an 
ensemble are supposed to have the same num¬ 
ber of constituent particles. Such ensembles 
are called petit ensembles. Examples of petit 
ensembles which are used extensively are the 
micro- and macrocanonical ensembles. In 
order to study systems in which chemical re¬ 
actions can take place, Gibbs introduced the 
so-called grand ensembles where the different 
systems do not have all the same number of 
particles. The most often used grand en¬ 
semble is the grand canonical ensemble. 

In the Fowler-Darwin formulation of sta¬ 
tistical mechanics, an ensemble is a single 
macrocanonical (macroscopic) collection of 
identical microcanonical systems. Average 
values are taken over the microcanonical pos¬ 
sible states of the single macrocanonical en¬ 
semble of microcanonical systems, rather than 
over a set of replicas of a macrocanonical 
system. 

ENSEMBLE, CANONICAL. See canonical 
ensemble. 

ENSEMBLE, COOPERATIVE. An ensem¬ 
ble in which the interactions between the sys¬ 
tems composing the ensemble are not neglig¬ 
ible. The state of a given system is largely 
determined by the states of the neighboring 
systems. 

ENSEMBLE DENSITY. A quantity p de¬ 
fined in such a way that pdCl is the fraction 
of systems in an ensemble which have values 
of the momenta and position coordinates of 
all the particles in the system corresponding 
to a point in gamma-space within the exten¬ 
sion in phase dCl. (For grand ensembles one 
must suitably alter this definition.) 
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ENSEMBLE, IDEAL. An ensemble in which 
the interactions between the systems compos¬ 
ing the assembly can be neglected, such as a 
perfect gas or an ideal solution. 

ENSEMBLE, MICROCANONICAL. See 
microcanonical ensemble. 

ENSKOG-MAXWELL EQUATIONS OF 
CHANGE. The evaluation of any molecular 
property 4> depending on velocity, position or 
time, can be obtained from the Boltzmann 
equation on multiplication by <j>, and integra¬ 
tion over the whole velocity space. 

One obtains thus the Enskog-Maxwrell equa¬ 
tions of change 

d(nd>) 

dt 

d _ /d(b deb X d<{>\ 
=-- (ntfrv) + n (-1-v-I-) 

dr \ dt d\ m dy/ 

+ 2*Zfff ’<*>(/'./'; - WgiMbdyxdvj. (1) 

$ is the average value of </>; n is the concentra¬ 
tion in molecules per cc, v, the molecular veloc¬ 
ity, X, the external force, and /'/ are the 
molecular distribution functions of the mole¬ 
cules involved in the direct and inverse col¬ 
lisions respectively, gis the relative velocity 
of the collision partners. 

Equation (1) expresses the fact that the 
local variation of the property </> can result: 
(a) from the streaming of the molecules into 
and out of the volume element under consider¬ 
ation; (b) from the dependence of <f> for each 
molecule on time, on its position and on its 
velocity, and (c) from the variation of <f> 
through collisions between molecules. 

(1) takes a much simpler form when the 
molecular property considered is a summa¬ 
tional invariant, such as mass, momentum or 
energy. The last term of (1) is then equal 
to 0, and one obtains the equation of continu¬ 
ity, the equation of motion, and the equation 
of energy conservation, respectively. (See 
Navier-Stokes equations, general treatment 
for mixtures.) 

ENSKOG SERIES FOR THE SOLUTIONS 
OF THE BOLTZMANN EQUATION. Ens- 
kog’s solution of the Boltzmann equation is 
based on the introduction of a perturbation 
parameter « which increases or decreases the 
total number, but does not change the rela¬ 

tive number of collisions of various types. 
Enskog proposes an equation of the types: 

dfi , dfi dfi 

dt dr dvi 
= - EJUi.fi) 

« i 
(1) 

/i is the distribution function of the molecule 
of velocity v,-. A, is the acceleration caused 
by the external forces. J(fifj) are the col¬ 
lision integrals (see Boltzmann transport 
equation). 

The solution for small t corresponds then 
to very frequent collisions, which tend to estab¬ 
lish the local equilibrium. 

The distribution function is written as a 
power series in e: 

+ <fiW + W2) +■■: (2) 

When this expansion is introduced in Equa¬ 
tion (1), one obtains, by equating the co¬ 
efficients of equal powers of e, a set of integro- 
differential equations: 

0 = (3) 

d/»(0) 

dt 
+ Vf 

dr 
+ A,- 

d/i(0) 

dv,- 

- ZIWW") + O) 
i 

These equations can be solved, and the dis¬ 
tribution function is obtained as a series of 
successive approximations: 

/(0> is the local equilibrium distribution, 
leading to the Euler equation of change. 

fa) leads to the Navier-Stokes equations. 
/<2) yields the Burnett equations, etc. 
The convergence of this series has often 

been questioned, but the excellent agreement 
of the transport coefficients calculated in the 
first approximation with the experimental 
values and with the coefficients obtained by 
other methods for the solution of the Boltz¬ 
mann equation (see thirteen moments approxi¬ 
mation) indicate that the first Enskog ap¬ 
proximation is fairly accurate for dilute gases 
under small relative gradients of the macro¬ 
scopic quantities (temperature, concentration, 
pressure). 

ENSKOG THEORY FOR THE TRANSPORT 
PHENOMENA IN DENSE GASES. Enskog 
has extended the classical theory for the trans- 
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port properties of diluted gases to the case of 
dense gas consisting of hard spheres. In this 
hypothesis, binary collision only must be re¬ 
tained in the collision integral of the Boltz¬ 
mann equation; but these collision integrals 
are modified because of the collisional transfer 
which is important at high densities, and be¬ 
cause of the finite volume of the molecules. 

An equation of state for hard sphere gases 
was used to estimate the effect of the latter 
factor. When the experimental conditions are 
such that the intermolecular repulsive forces 
are predominant, the agreement between the 
experimental values and the values predicted 
by Enskog’s theory, coupled with the above- 
mentioned equation of state, is surprisingly 
good, taking into account the rough approxi¬ 
mation made. 

ENTHALPY. Thermodynamic potential de¬ 
fined as 

H = U + pV 

where U is the internal energy of the system. 
In older text-books, the term total heat, to be 
discouraged, was used for enthalpy. 

The principle of conservation of energy for 
closed systems expressed in terms of the 
enthalpy is 

dH = dQ + Vdp. 

(See also thermodynamics, characteristic 
functions of.) 

ENTHALPY DROP. The difference between 
the final and initial specific enthalpy of the 
working fluid in a turbine or turbocompressor. 
Since the process of expansion in a turbine, or 
the process of compression in a turbocompres¬ 
sor is very nearly adiabatic (but not neces¬ 
sarily reversible), the application of the first 
law of thermodynamics to the respective open 
system gives 

W — {hi — h2)rh. 

The work in a turbine or turbocompressor stage 
per unit mass flow m is equal to the enthalpy 
drop. (Hence the importance of the concept in 
engineering thermodynamics.) 

In the ideal case, the process of expansion 
or compression is also isentropic: in a real 
process, as shown in the figure, the entropy 
must increase; it cannot decrease according 
to the second law of thermodynamics. The 
ideal enthalpy drop is known as the isentropic 

enthalpy drop. (In older text-books it is 
called adiabatic enthalpy drop.) Hence: 

enthalpy drop = h\ — h2. 

isentropic enthalpy drop = hi — h'2. 

The isentropic enthalpy drop serves as a 
standard of comparison for the operation of 
turbines, turbine stages, rotary compressors 

Turbine Stage Compressor Stage 

and compressor stages. This is achieved by 
defining an expansion efficiency 

(ye < 1) 

and a compression efficiency 

h' 2 — h\ 

h2 — hi 
(ic < 1). 

Values of rje or -qc approaching unity signify 
low losses and good design. 

The enthalpy drop is sometimes still called 
heat drop because in older texts the term 
“total heat” was used for “enthalpy”; how¬ 
ever, such terminology is to be discouraged. 

ENTHALPY OF ACTIVATION. See abso¬ 
lute reaction rate theory. 

ENTHALPY THEOREM. The formulation 
of the first law of thermodynamics for open 
systems. (See thermodynamics, first law of.) 
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ENTIRE FUNCTION. An entire function of 
a complex variable for example, sin z, ez, is a 
function which has no singularities in the finite 
plane; that is, it is represented everywhere by 
its Taylor series about any point. 

ENTRAINMENT. A process whereby fluid 
adjacent to a moving stream is caused to move 
with the stream, either on account of the 
viscous drag in the shearing layer which 
bounds the stream in laminar flow, or on ac¬ 
count of the turbulent mixing at the edge of 
the stream. Turbulent entrainment is par¬ 
ticularly important at the boundaries of a jet. 

Entrainment also occurs on the boundary 
of a mass of buoyant fluid as it rises through 
otherwise stationary surroundings provided 
the fluids are miscible. The volume of the 
buoyant mass is thereby increased but the 
whole mass is decelerated. 

ENTRANCE PUPIL. The Gaussian image of 
the aperture of an optical system in object 
space. 

ENTROPIES, STATISTICAL METHOD OF. 

See statistical method of entropies. 

ENTROPY. In thermodynamics, a property 
of a system which remains constant during a 
reversible adiabatic process, and which is de¬ 
fined by the equation 

dS = dQ/T 

where dS is an infinitesimal change in the 
entropy of a system, dQ is the infinitesimal 
quantity of heat that enters the system, and T 
is the Kelvin temperature of the system. 

In statistical mechanics, entropy is a quan¬ 
tity proportional to the logarithm of the prob¬ 
ability of the state considered, which is de¬ 
fined by the equation 

S = k logo P -f- constant 

where S is the entropy, k is the Boltzmann 
constant, and P is the statistical probability. 
It can be shown that the two definitions are 
equivalent. 

For use of the term entropy in information 
theory, see information content, average. 

(See also thermodynamics, second law of; 

thermodynamics, characteristic functions of; 

Caratheodory treatment of the second law; 

second law in one-component closed systems.) 

ENTROPY CHART. A thermodynamic dia¬ 
gram in which entropy is used as one of the 

coordinates, mostly restricted to systems with 
two independent variables. Entropy charts 
are often drawn exactly to scale and fulfill 
the function of an equation of state. They 
are widely used for practical calculations. 
The most widespread entropy chart is the 
Mollier chart drawn in the coordinates h,s 
(enthalpy-entropy). Mollier charts are very 
useful in calculations involving steam engines. 
Another useful entropy chart is that drawn in 
the coordinates T,s (absolute temperature- 
entropy). 

ENTROPY, COMMUNAL. The contribution 
to the entropy of a gas due to the fact that 
the molecules occupy a common volume. Its 
value is nk, where n is the number of molecules 
present and k is the Boltzmann constant. 

ENTROPY CONSTANT. An additive con¬ 
stant entering into the equation for the entropy 
which is determined by the requirement that 
entropy vanishes at the absolute zero of tem¬ 
perature. (See also thermodynamics, third 

law of.) 

ENTROPY INCREASE, PRINCIPLE OF. It 

is a corollary of the second law of thermody¬ 

namics that in an isolated system a decrease 
in the total entropy is impossible—the total 
entropy of the system increasing when the 
process within it is irreversible, and remaining 
constant when the process is reversible. 

An alternative and entirely equivalent for¬ 
mulation asserts that the change in entropy 
dS in any infinitesimal process in a closed 

system can be split into two parts 

dS = deS + d(S. 

The part deS is due to an exchange of heat with 
the surroundings and is given by 

The part dtS is generated inside the system by 
the process, and can never be negative; it is 
positive for irreversible processes and zero for 
reversible processes. In a homogeneous sys¬ 

tem, the quantity 

diS 
6 = - 

dVdt 

is called the (local rate of) entropy production. 

ENTROPY OF ACTIVATION. See absolute 

reaction rate theory; activated complex. 
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ENTROPY OF MONATOMIC GAS. Its 
value is given by one of the following three 
equations: 

(Boltzmann statistics) 

S = - *), 

(Bose-Einstein statistics) 

. /2irm\ ~ e 
S--vkN+ §*(-T) V Y. -V. 

oo 0nv 

- » 

$6 n n = l 

(Fermi-Dirac statistics) 

where S is the entropy, k is Boltzmann’s con¬ 
stant, m is the mass of the gas atoms, N is the 
total number of atoms in the system, V is the 
volume occupied by the gas, f3 = 1/kT (T is 
absolute temperature), h is Planck’s constant, 
and v = /3g (g is the partial thermal potential) 
which is related to N by the following equa¬ 
tions: 

(Boltzmann statistics) 

/2tt m\H 

N ~ \ph?) 1 

(Bose-Einstein statistics) 

/2ttm\H * env 
n = (—=-) V’Z-ir* 

\ 0h2 / „=xn* 

(Fermi-Dirac statistics) 

Expressed in terms of the pressure p and 
the temperature T one has in the case of Boltz¬ 
mann statistics the Sackur-Tetrode equation, 

S - Jfe In T - In p 

„ 27TW . A 
+ f -h In k + 

and similar expressions for Bose-Einstein and 
Fermi-Dirac gases. 

ENTROPY, STANDARD. The total entropy 
of a substance in a state defined as standard. 
Thus, the standard states of a solid or a 
liquid are regarded as those of the pure solid 
or the pure liquid, respectively, and at a 

stated temperature. The standard state of a 
gas is at 1 atmosphere pressure and specified 
temperature, and its standard entropy is the 
change of entropy accompanying its expan¬ 
sion to zero pressure, or its compression from 
zero pressure to 1 atmosphere. The standard 
entropy of an ion is defined in a solution of 
unit activity, by assuming that the standard 
entropy of the hydrogen ion is zero. 

ENTROPY, STATISTICAL DEFINITION. 
See entropy and entropy of monatomic gas. 

ENTROPY VECTOR. The four-vector ob¬ 
tained by multiplying the proper entropy 
density by the local four-velocity in the rela¬ 
tivistic theory of classical thermodynamics. 

ENTROPY, VIRTUAL. See virtual entropy. 

ENTRY LENGTH FOR PIPE OR CHAN¬ 
NEL. The usual expressions for velocity dis¬ 
tribution and skin friction in pipe or channel 
flow refer to conditions at a large distance from 
the entry. Near the entry the boundary 
layer forms on the wall of the pipe or channel, 
and there is a central core of fluid which is un¬ 
affected by viscosity. As the boundary layer 
grows the central core is accelerated and the 
pressure falls. The central core ceases to exist 
when the boundary-layer thickness becomes 
equal to the radius of the pipe or the half¬ 
width of the channel. Still further down¬ 
stream the velocity distribution becomes ap¬ 
proximately parabolic (for laminar flow), the 
exact parabolic distribution being attained 
only asymptotically. 

In a pipe of circular section the velocity dis¬ 
tribution becomes approximately parabolic at a 

x 
distance x from the entry given by ^ « 0.05, 

where d is the diameter and R is the Reynolds 
number based on diameter and mean velocity. 
In a two-dimensional channel the correspond- 

channel width and R is the Reynolds number 
based on this width and the mean velocity. 

When the Reynolds number is so large that 
the flow eventually becomes turbulent, the 
flow near the entry depends on the initial dis¬ 
turbances. When the entry is almost undis¬ 
turbed, transition to turbulent flow occurs 
when the Reynolds number based on distance 
from the entry is of order 108 to 10°. Still 
further downstream the velocity distribution 
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assumes its final form. For more disturbed 
entry conditions, the positions both for transi¬ 
tion to turbulent flow and for attainment of 
the fully developed velocity distribution are 
further upstream. 

ENUMERABLE. Synonym of countable, de¬ 
numerable. 

ENUMERABLE SET. See cardinal. 

ENVELOPE. A curve that is tangent to each 
of a given family of curves. The envelope 
of the family of curves f(x,y,t) = 0, where t 

is the variable parameter of the family, is 
given by the pair of equations 

df 
j{x,y,t) =0; — = ft(x,y,t) = 0. 

dt 

These parametric equations of the envelope 
may be used to eliminate the parameter. This 
definition may be at once generalized to higher 
dimensions; e.g., the envelope of a family of 
surfaces. (See surface, characteristic of.) 

ENVELOPE OF FAMILY OF SURFACES. 
See surface, characteristic of. 

ENVELOPE OF TWO-PARAMETER FAM¬ 
ILY OF SURFACES. See characteristic 
points for a two-parameter family of surfaces. 

ENVIRONMENTAL LAPSE RATE. The 
rate of decrease of temperature with elevation, 
—dT/dz,, or occasionally dT/dp, where p is 
pressure. The concept may be applied to other 
atmospheric variables (e.g., lapse rate of den¬ 
sity) if these are specified. The environmental 
lapse rate is determined by the distribution of 
temperature in the vertical at a given time and 
place and should be carefully distinguished 
from the process lapse rate, which applies to 
an individual air parcel. (See superadiabatic 
lapse rate.) 

EOLOTROPIC. An alternative spelling of 
aeolotropic and synonymous with anisotropic, 
meaning not isotropic. 

EPSILON-SYSTEM (IN n-DIMENSIONS). 
The system .. .,n or €nti' ‘ '*» defined by 

e»UJ • • •in * 9 ^»its • • •in> 

... 1 . . . 
tjtj'-'in _  — plils‘ ’ *n 

Vg‘ 

where g is the determinant of the components 
of the covariant metric tensor for an n- 

dimensional coordinate system and e,- ,• .. .,n and 
gtiii- • • in are e_SyStems. 

EQUATION. For particular equations, dif¬ 
ferential, integral, Laplace, Abel, etc., see 
under the respective names. 

EQUATION OF CHANGE. See Enskog- 
Maxwell equation of change. 

EQUATION OF CONTINUITY. The flux of 
fluid across any closed surface always com¬ 
posed of the same fluid particles is zero, or 
the rate of accumulation of mass within a 
closed surface fixed in space is equal to the flux 
across the surface. The corresponding forms 
of the equation are 

Dp 
-b p div v = 0 
Dt 

dp 
-b div pv = 0. 
dt 

For an incompressible fluid Dp/Dt = 0 and the 
equation is 

dUi du dv dw 
Div v = — =-1-1-= 0. 

dXi dx dy dz 

If the flow is in parallel planes or axisym- 
metric then the equation contains only two 
terms and there exists a stream function. (See 
also equations of fluid motion.) 

EQUATION OF ENERGY BALANCE. See 
Navier-Stokes equations; Enskog-Maxwell 
equation of change. 

EQUATION OF MOTION OF GAS. See 
Navier-Stokes equations; Enskog-Maxwell 
equation of change. 

EQUATION OF PIEZOTROPY. (Also called 
physical equation.) An equation relating the 
thermodynamic variables in processes of a 
piezotropic fluid. In its general form it ex¬ 
presses the density p as a function of the pres¬ 
sure p. 

P = f(p)- 

The derivative dp/dp is called the coefficient of 
piezotropy. The most familiar such equation is 
that for polytropic changes of state in an ideal 
gas: 

pp-x = constant, 
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where X is the modulus of the polytropic 
process. 

In many meteorological problems the equa¬ 
tion of piezotropy may be obtained by com¬ 
bination of the equation of state and the first 
law of thermodynamics for an adiabatic (X = 

1.4), isobaric (X = 0), or isothermal (X = 1) 
process. The equation of piezotropy, when 
taken together with the equations of fluid mo¬ 

tion and the equation of continuity, forms a 
complete system of five equations in the un¬ 
knowns p, p, and the three velocity compo¬ 
nents. 

The equation of piezotropy refers to proc¬ 
esses undergone by individual parcels and not 
to the spatial distribution of the state vari¬ 
able; it is to be distinguished from the equa¬ 
tion of barotropy. 

EQUATION OF STATE. (Also called char¬ 
acteristic equation.) A relation, empirical or 
derived, between thermodynamic properties 
of a substance or system. 

The equation of state must be single-valued 
in terms of its variables. This is a direct con¬ 
sequence of the concept of a state. 

There exist systems, namely systems which 
undergo processes involving hysteresis, (plas¬ 
tic deformation, ferromagnetism, etc.) for 
which no equation of state can be indicated. 
Although it is believed that the laws of thermo¬ 
dynamics apply to such systems, the rigorous 
results of classical thermodynamics cannot be 
applied to such systems because the science of 
thermodynamics is developed on the assump¬ 
tion of the existence of the single-valued func¬ 
tion. 

In the realm of classical thermodynamics, 
equations of state are assumed given. They 
can be derived from first principles only by 
the methods of statistical mechanics and quan¬ 
tum mechanics. These rely on the adoption 
of suitable molecular models for substances, 
and so far no universal, generally applicable 
model has been discovered even for narrow 
classes of substances such as gases. 

It is an experimental fact that every thermo¬ 
dynamic system possesses a definite number n 
of independent properties which determine its 
state. Consequently, an equation of state is a 
relation between n properties (mutually inde¬ 
pendent) chosen (otherwise arbitrarily) as the 
independent properties (aq, x2 • • • xn) of the 
system and one more property, the dependent 

property y. Hence the equation of state is a 
function of the form 

F(y, xi, x2, • • • xn) = 0. (a) 

The simplest thermodynamic systems pos¬ 
sess two independent properties, consequently 
the simplest equation of state is written in 
terms of three variables. When it is written 
in terms of pressure p, volume V, and absolute 
temperature T, it is called the p-V-T relation 
for the system or the thermal equation of state. 
When one of the caloric-thermodynamic prop¬ 
erties (better called caloric properties, because 
p,V,T are thermodynamic properties also), 
such as enthalpy, entropy, Gibbs function, or 
work function (Helmholtz function) are given, 
the equation is called a thermodynamic equa¬ 
tion, or better, a caloric equation of state, al¬ 
though the latter is not a commonly accepted 
designation. 

Even in the case of a simple system, one 
equation of state, e.g., the equation f(p,V,T) = 
0, does not necessarily determine the form of 
all the other equations of state. This is con¬ 
nected with the fact that the derivation of the 
other equations of state may involve the inte¬ 
gration of partial derivatives which leads to 
the appearance of whole functions in the inte¬ 
gration “constant.” An equation from which 
other equations of state can be derived by dif¬ 
ferentiation only, is called a fundamental 

equation (of state). In the case of a pure 
substance in a specified phase, the p,V,T rela¬ 
tion does not constitute a fundamental equa¬ 
tion with respect to the properties U, H, S, G, 
A, or their derived properties Cp, Cv, y, etc. 
Consequently, it is possible to have two or 
more substances whose p,V,T relations are 
identical but whose specific heats, for example, 
are different. 

In the case of continuous systems, for which 
the state changes from point to point, for ex¬ 
ample, a flow field of a viscous fluid, it is as¬ 
sumed that at every point, the equation of 
state is the same as for a homogeneous system 
and does not involve the gradients of the ther¬ 
modynamic properties. Hence, such systems 
can only be studied with the aid of thermo¬ 
dynamics if local departures from equilibrium 
are small (near-equilibrium processes), i.e., 
if the gradients of the thermodynamic proper¬ 
ties are not too great. 

An equation of state must necessarily in¬ 
volve a finite (even if very large) number of 
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independent variables. The particular vari¬ 
ables which are chosen as independent is im¬ 
material, on condition that they are mutually 
independent, and that their number is ap¬ 
propriate to the physical nature of the system. 

For the equations of state of various types 
of systems, see the corresponding entries in 
this book. Thus, the Curie equation is the 
equation of state of a paramagnetic solid. The 
equation of state, in p,V,T, for a perfect gas is 
given under that heading. The p,V,T equa¬ 
tions of state for imperfect (real) gases are 
given under the headings imperfect gases; 

virial equation of state; Beattie and Bridg¬ 

man equation; Berthelot equation; Clausius 

equation; Dieterici equation; Keyes equation, 

van der Waals equation, etc. 
It should also be noted that equations of 

state for systems which consist of several com¬ 
ponents, rather than a single substance, can be 
written by introducing the variables rii, n2) • • • 
nc, which are the mole numbers of the com¬ 
ponents present. 

Finally, it should be recognized that the 
data represented by equations of state of sub¬ 
stances can be obtained in the form of dia¬ 
grams or tables, e.g., steam charts and steam 

tables. 

EQUATION OF STATE, ADIABATIC. Sec 
adiabatic equation of state. 

EQUATION OF STATE FOR CRYSTALS. 

See Mie-Griineisen equation of state. 

EQUATIONS, HOLONOMIC. See conserva¬ 

tive force. 

EQUATIONS, NON-HOLONOMIC. See 
conservative force. 

EQUATIONS OF COMPATIBILITY OF 

STRAIN (FOR INFINITESIMAL STRAIN). 

Differential equations which are satisfied by 
the infinitesimal strain components and which 
express the necessary and sufficient condition 
that there exists a displacement field con¬ 
sistent with them. In a rectangular Cartesian 
coordinate system x they may be written, 
using the indicial notation and summation 

convention, 

d2e,;- d2ekl _ d2Cik _ d2ejt _ ^ 

dxkdxi dXidXj dxjdxi dx,dxk 

where ctJ denotes the infinitesimal strain com¬ 
ponents in the system x. Only six of these 

equations are independent. Also called Sainl- 
Venant compatibility equations. 

EQUATIONS OF FLUID MOTION. For a 
viscous fluid these are the Navier-Stokes equa¬ 

tions. For an incompressible fluid div v = 0; 

for a homogeneous, or well-stirred, fluid 

— , = grad - if the fluid is 
P P 

also incompressible; if the body forces are con¬ 
servative, F= — grad ft; (for gravity ft = 
— gz, where z is height) and writing curl v = co 
the equations reduce to 

- grad p = grad f 
P J 

dv 
-v X to 
dt 

= — grad (ft + — + - v2^ — v curl to. (1) 

If the motion is irrotational w = 0 and v = 
grad <f>, <f> being the velocity potential, and then 

/<?</> p 1 „\ 
grad (-b ft H-1— v2) =0. 

V dt p 2 / 

This may be integrated to give 

d<£ pi 
—+ ft + - + -v2 = 5(f). 
dt p 2 

The left hand side may be put equal to a con¬ 
stant if 5(0 may be regarded as absorbed into 
d(f) 
~ and this is then the general form of Bernoul- 
dt 
li’s equation for irrotational flow. 

Equation (1) may also be integrated for the 
/dv \ 

steady motion ( = 0 1 

then 

of inviscid fluids for 

v • grad (ft + ^ + iv2) 

showing that 

(« + Pp + *v2) = to • grad ( ft + - + 
\ P 

= 0 

ft H-h ^v2 
P 

= constant along a streamline or vortex line. 
The expression is therefore constant in the sur¬ 
face composed of all the vortex lines through a 
streamline. Such a surface is called a Bernoulli 
surface. 

Conservative body forces may be eliminated 
when the fluid is incompressible and of uniform 
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density by subtracting out the hydrostatic 
pressure po given by 

P 

Writing p' = p — p0 the equation is 

Dx p' 
— = — grad-b i»(div grad)v 
Dt p 

or „ 
Dili 1 dp' d2Ui 

Dt p dXi dXjdXj 

according to the notation used. 

EQUATIONS OF GAUSS AND CODAZZI. 
Equations which must be satisfied by the 
fundamental magnitudes of the first and sec¬ 
ond orders, aap and bap, for a surface. The 
Codazzi equations of the surface, or Mai- 
nardi-Codazzi relations are 

ba0,y bayf} 0. 

This tensor equation represents two independ¬ 
ent relations 

b\\ 2 — &i2,i = 0 and 622,1 — 621,2 = 0. 

The Gauss equation of the surface, or the Gauss 
characteristic equation, is 

Roafiy baybay bayba[j, 

where Kaapy is the Riemann-Cristoffel tensor 

for the surface and is defined in terms of 
the fundamental magnitudes of the first order. 

The tensor equation represents a single equa¬ 
tion 

R\2\2 = bi\b22 — b 12“. 

EQUATIONS OF MOTION. A set of equa¬ 
tions, generally in differential form, which 
when solved yield information concerning the 
motion of a particle or system of particles. 
Initial or boundary conditions on position 
and/or velocity and a knowledge of the forces 
acting on the system at any instant is neces¬ 
sary. There are several equivalent forms in 
which the equations of motion may be ex¬ 
pressed. (See Newton laws of motion; 

Lagrange equations of motion; canonical 

equations of motion; and Euler equations of 

motion (for rotational motion); kinematics; 

equations of motion, parametric.) 

EQUATIONS OF MOTION, PARAMETRIC. 

In certain cases of motion in two and three 

dimensions, the solutions of the differential 
equations of motion yield the displacements 
of the components along the coordinate axes 
as a function of time with the general form of 
these parametric equations: 

x = /i00 

V = /2(0 
2 = /s(0- 

These are called parametric equations of the 
path with the time t as the parameter. To 
determine the path of the motion in the par¬ 
ticular two or three dimensional space, it is 
necessary to eliminate the time and obtain a 
function of the form $>(x,y,z) = 0. 

The motion of a projectile and the compo¬ 
sition of simple harmonic motions in a plane 
are examples. (See kinematics.) 

EQUATIONS, RHEONOMIC. See conserva¬ 

tive force. 

EQUATIONS, SCLERONOMIC. See con¬ 

servative force. 

EQUATOR. (1) An imaginary line cut on 
the surface of the earth by a plane perpen¬ 
dicular to the axis of rotation, and passing 
through the center of the earth. (2) An 
imaginary line cut by this plane on the celes¬ 

tial sphere. This line is often called the 
“celestial equator” or “equinoctial” to dif¬ 
ferentiate it from the terrestrial equator. 

EQUICONTINUOUS. A set of functions 
fn{x) is said to be equicontinuous over their 
common domain of definition if, for every 
e > 0 there exists a S > 0 such that, for all x 
in the domain of definition, 

I /(*i) “ /(*) I < e if |*i — x\ < 6. 

(Compare Ascoli’s theorem.) 

EQUIDISTANT ALLEYS. In the Luneberg 
geometry of binocular vision, equidistant al¬ 
leys are pairs of curves that are the loci of 
points apparently equidistant from the me¬ 
dian. Blumenfeld’s experiment showing that 
equidistant alleys are not parallel alleys shows 
that binocular visual space is non-Euclidean. 

EQUI-ENERGY SPECTRUM. A spectrum 
in which the spectral concentration of energy 
evaluated on a wavelength basis is constant 
throughout the visible region, 
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EQUILIBRANT. A force or force system 
which is equivalent to the negative of an exist¬ 
ing force system. The existing force system 
plus its equilibrant is equivalent to zero force 
and zero couple. 

EQUILIBRIA, CHEMICAL. See chemical 

equilibria, calculation of. 

EQUILIBRIUM. (1) A state of a system 
characterized by the fact that no spontaneous 
processes occur in it. (a) When chemical 
processes are involved, the system may be in 
a state of retarded equilibrium (for example, 
a stoichiometric mixture of hydrogen and oxy¬ 
gen at atmospheric pressure and temperature). 
In such a system, a spontaneous process can 
occur by the removal of constraints (in the 
example, by the application of a catalyst (or 
catalyzer) or by a local increase in tempera¬ 
ture. (b) When mechanical entities are in¬ 
volved, all forces are counterbalanced by equal 
and opposite forces. (See various mechanical 
systems in following entries.) In a state of 
equilibrium, at least some of the quantities 
describing the system are independent of time. 
(See also equilibrium, dynamic.) 

(2) In statistical mechanics an ensemble is 
in equilibrium when it is in the state of most 
probable distribution. Fluctuations about this 
most probable state upset the statistical equi¬ 
librium but not the macroscopic equilibrium. 

Some special or qualified types of equilibria 
are apparent equilibrium, a condition in which 
some factor prevents the system from reach¬ 
ing true equilibrum, and metastable equilib¬ 
rium, an equilibrium which is not the most 
stable under the given conditions. Two other 
terms sometimes used are stable equilibrium, 
in which the potential energy of the system is 
a minimum, and unstable equilibrium, in which 
the potential is not a minimum, or is a maxi¬ 
mum. (See equilibrium, dynamic; equilib¬ 

rium, metastable; equilibrium, neutral.) 

EQUILIBRIUM COMPLIANCE. See com¬ 

pliance, equilibrium. 

EQUILIBRIUM CONSTANT. See chemical 

equilibria, calculation of. 

EQUILIBRIUM, DYNAMIC. The applica¬ 
tion of D’Alembert’s principle, or the introduc¬ 
tion of inertia forces, reduces dynamics to 
statics in a formal sense. F = ma becomes 
F — ma = 0. Equations of motion then may 
be called equations of dynamic equilibrium. 

EQUILIBRIUM, FROZEN. See frozen equi¬ 
librium. 

EQUILIBRIUM, METASTABLE. A definite 
equilibrium state which is not the most stable 
equilibrium under the given conditions. A 
metastable system will often undergo a spon¬ 
taneous change upon addition of the stable 
phase, or frequently under the action of vibra¬ 
tory forces. 

EQUILIBRIUM MODULUS. See modulus, 

equilibrium. 

EQUILIBRIUM, NEUTRAL. A system is 
said to be in neutral equilibrium when it is not 
unstable and when some displacement from 
the equilibrium configuration produces no 
tendency to return to the original equilibrium 
position or to depart farther from it. There¬ 
fore, such a system, while in a steady state, 

cannot be said to exhibit either stability or in¬ 
stability. 

This term is often used in connection with 
the parcel method of stability analysis; if the 
perturbation is a wave, “neutral equilibrium” 
and “stability” are often used interchange¬ 
ably. (See neutral stability.) 

EQUILIBRIUM OF A PARTICLE. A par¬ 
ticle is said to be in equilibrium if the vector 
sum of all the forces acting on the particle is 
equal to zero. This condition can be ex¬ 
pressed in component form by the equations 
2\FX = 0, %Fy = 0, 2FZ = 0. Since a single 
particle does not possess the property of ex¬ 
tension by definition, every force acting on 
the particle must act through the same point. 
Hence, the condition for equilibrium of a par¬ 
ticle is identical with the first condition for 
equilibrium of rigid body as given under 
equilibrium of forces. 

EQUILIBRIUM OF A RIGID BODY WITH 

RESPECT TO ROTATION. A rigid body, 
initially at rest, is in rotational equilibrium if 
the algebraic sums of the torques or moments 
about each of three mutually-perpendicular 
axes through the center of mass are zero. 
This is identical with the second condition for 

equilibrium of forces on a rigid body. 

EQUILIBRIUM OF A RIGID BODY WITH 

RESPECT TO TRANSLATION. A rigid 
body is said to be in equilibrium with respect 
to translation if the vector sum of all the 
forces acting on the body is equal to zero. This 
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condition is identical with the first condition 
for equilibrium of forces on a rigid body, and 
also with the single condition for equilibrium 
of a particle. 

EQUILIBRIUM OF A SYSTEM OF CON¬ 
NECTED PARTICLES. If a system of con¬ 
nected particles (e.g., joined by strings or 
rods, etc.) is acted on by external forces, the 
equilibrium of the whole can be studied by 
examining the equilibrium of each particle 
separately under the influence of all the forces 
which act on it. This is called the principle 
of separate equilibrium. It is useful in the 
study of flexible jointed cables. Each particle 
must be in equilibrium separately for the sys¬ 
tem to be in equilibrium. 2F = 0 and 2M = 0 
for the system is necessary but not sufficient. 

EQUILIBRIUM OF FORCES ON A RIGID 
BODY. A state of balance between or among 
forces. The much used term equilibrium is 
here confined to its dynamical sense; such 
subjects as thermal equilibrium, radioactive 
equilibrium, etc., are treated in appropriate 
places elsewhere. Unless otherwise specified, 
the term refers to that set of conditions to 
which a system of forces must be adjusted in 
order that a free body acted upon by them 
will experience no acceleration. This is 
termed “static equilibrium,” to distinguish it 
from the “kinetic or dynamic equilibrium” 
with which d’Alembert’s principle is con¬ 
cerned. 

Two conditions are necessary for the equi¬ 
librium of a set of forces: (1) The vector sum 
of the forces must be zero; then if they are 
resolved into rectangular components, the 
algebraic sums of the X, the Y, and the Z 
components must separately reduce to zero, 
or symbolically, = 0, = 0, and 
= 0. (2) The algebraic sum of the torques or 
moments of the forces about each of any three 
mutually perpendicular axes must be zero; the 
body then has no tendency to accelerate in any 
direction or about any axis. 

EQUILIBRIUM, PRINCIPLE OF SEPA¬ 
RATE. The principle whereby the equilib¬ 
rium of several particles can be studied by 
examining the equilibrium of a single particle 
in the group with respect to all the forces act¬ 
ing on it. (See statics.) 

EQUILIBRIUM, STABLE. An equilibrium 
state of a system of one or more particles such 

that the potential energy of the system is a 
minimum. (Contrast equilibrium, unstable.) 

EQUILIBRIUM THEORY IN CHEMICAL 
KINETICS. The standard theories of chemi¬ 
cal kinetics are equilibrium theories in which 
a Maxwell-Boltzmann distribution of reactants 
is postulated. This is true both for the colli¬ 
sion theory and for the absolute rate theory. 
Because of the existence of an activation en¬ 
ergy for most chemical reactions, “energetic 
molecules” play a dominant role in the reac¬ 
tion rate. The condition for the applicability 
of the equilibrium theory is then that the 
process 

Average molecules ^ Energetic molecules 
is much faster than the process: 

Energetic molecules —> Products of chemical 
reactions. 

EQUILIBRIUM, THERMAL. A system is 
said to be in thermal equilibrium if the tem¬ 
perature is uniform throughout the system and 
is the same as that of the surroundings. 

EQUILIBRIUM, THERMODYNAMIC. A 
system is said to be in thermodynamic equilib¬ 
rium if it is simultaneously in mechanical, 
thermal and chemical equilibrium. For a 
chemical system this means that the thermo¬ 
dynamic variables temperature, pressure 
and thermodynamic potentials are constant 
throughout the system and are the same as 
those of the surroundings. 

EQUILIBRIUM, UNSTABLE. If the re¬ 
sultant of the forces acting on a rigid body is 
zero, the body is in equilibrium. The equilib¬ 
rium is unstable if the system does not tend 
to return to the equilibrium position after a 
static displacement, but tends instead to de¬ 
part farther from it. A pencil balanced on its 
point is an illustration of unstable equilibrium. 

EQUIPARTITION OF ENERGY. In a sys¬ 
tem which can be treated by classical physics 
and which consists of a large number of par¬ 
ticles, the average kinetic energy per particle 
is found to be proportional to the absolute 
temperature and to the number of degrees of 
freedom of one particle, the coefficient of pro¬ 
portionality being y^k, where k is Boltzmann’s 
constant. The average kinetic energy is thus 
independent of the mass of the particles. 

The principle of equipartition of energy can 
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be generalized under certain circumstances to 
include degrees of freedom corresponding to 
terms in the potential energy. It breaks down 
when degrees of freedom begin to be frozen in. 
(See freezing in of degrees of freedom.) 

EQUIPHASE SURFACE. In a three-dimen¬ 
sional wave, A(x,y,z)e3lut~*(-X,v,z^, the surfaces 
<b(x,y,z) = constant are called equiphase sur¬ 
faces. 

EQUIPOTENTIAL REGION. A field-free 
region. If the potential is uniform in a region, 

Vtf. = 0, 

hence there is no electric field. Conversely if 

E = - V0 - 0, 

<(> is independent of position. 

EQUIPOTENTIAL SURFACE. A surface 
on which the potential is independent of posi¬ 
tion. At each point of the surface, the gra¬ 
dient Vcp crosses perpendicularly, i.e., equi- 
potential surfaces are normal to the lines of 
force. 

EQUIVALENCE. A (binary) relation R for 
the elements a, b, c of a set S is an equivalence, 
if it is reflexive, symmetric, and transitive. 
(For the meaning of these terms, and for the 
fundamental importance in mathematics of the 
concept of equivalence, see relation.) 

EQUIVALENCE THEOREM. The field in 
a source-free region bounded by a surface 
could be produced by a distribution of electric 
and magnetic currents (current-sheets) on that 
surface that would be equivalent, for points 
inside the surface, to the actual external 
sources. (See induction theorem.) 

EQUIVALENT-BAROTROPIC MODEL. A 
model atmosphere characterized by (1) fric¬ 
tionless and adiabatic flow, (2) hydrostatic 
and quasi-geostrophic equilibrium, and in 
which (3) the vertical shear of the horizontal 
wind is assumed to be proportional to the hori¬ 
zontal -wind itself. It is, accordingly, an at¬ 
mosphere in which the wind does not change 
direction with height and consequently one 
in which the contours and isotherms (on iso- 
baric surfaces, for example) are everywhere 
parallel. In such an atmosphere, the vertically 
averaged motions are presumably equivalent 
to those at some intermediate level, the equiv- 
alent-barotropic level. In terms of the motion 
at this level, assumed to be an isobaric sur¬ 

face, the behavior of the equivalent-barotropic 
model may be described by a single equation 
(the vorticity equation) in a single unknown 
(the height of the isobaric surface). (See 
barotropic vorticity equation.) 

EQUIVALENT DEVIATE. See deviate, 
deviation. 

EQUIVALENT ELECTRONS. Equivalent 
electrons in an atom or molecule are electrons 
in states with the same quantum numbers, 
apart from spin, and eigenfunctions having 
the same symmetry with respect to a reflection 
at the center [even or odd for atoms, g or u 
for molecules with a center of symmetry). 
The Pauli principle restricts the number 
of equivalent electrons to a maximum of 
2(21-\- 1) (l is the azimuthal quantum num¬ 
ber). 

EQUIVALENT FORCE SYSTEMS. Two 
force systems are said to be equivalent when 
they have the same resultant. Summation of 
forces in any direction and summation of mo¬ 
ment about any axis are equal. Both systems 
can be reduced to the same wrench. (For 
definition of wrench, see couple, theorems 
about.) 

EQUIVALENT POTENTIAL TEMPERA¬ 
TURE. The potential temperature corre¬ 
sponding to the adiabatic equivalent tempera¬ 
ture. 

where 6B is the equivalent potential tempera¬ 
ture, Tae the adiabatic equivalent temperature, 
and p the pressure in millibars. This tempera¬ 
ture is conservative with respect to dry- and 
pseudo-adiabatic processes. 

EQUIVALENT REPRESENTATIONS OF 
GROUPS. Two representations g—*Tg and 
g —> T'g of a group G are said to be equivalent 
if there exists a non-singular operator M (i.e., 
one for which A/-1 exists) such that T'g = 
MTgM~1 for all g. Two equivalent represen¬ 
tations can be considered as the realizations of 
the same representation in terms of two differ¬ 
ent bases in the vector space. 

EQUIVALENT SYSTEMS IN THERMODY¬ 
NAMICS OF IRREVERSIBLE PROCESSES. 
See transformation theory of thermodynamics 
of irreversible processes. 
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EQUIVALENT TEMPERATURE. (1) Iso- 
baric equivalent temperature: The tempera¬ 
ture that an air parcel would have if all water 
vapor were condensed out at constant pres¬ 
sure, the latent heat released being used to 
heat the air. 

where Tie is the isobaric equivalent tempera¬ 
ture, T the temperature, w the mixing ratio, L 
the latent heat, and cp the specific heat of air at 
constant pressure. (2) Adiabatic equivalent 
temperature (or pseudo-equivalent tempera¬ 
ture) : The temperature that an air parcel 
would have after undergoing the following 
(physically unrealizable) process: dry-adia¬ 
batic expansion until saturated; pseudo-adia¬ 
batic expansion until all moisture is precipi¬ 
tated out; dry-adiabatic compression to the 
initial pressure. This is the equivalent tem¬ 
perature as read from a thermodynamic chart 
and is always greater than the isobaric equiva¬ 
lent temperature. 

Lw 
Tae = Tex p——- 

CpT 

where Tae is the adiabatic equivalent tempera¬ 
ture. (3) A term used in British engineering 
for that temperature of a uniform enclosure in 
which, in still air, a sizeable black body at 
75°F would lose heat at the same rate as in the 
environment. 

EQUIVALENT THICKNESS. The thick¬ 
ness, expressed in terms of the mass per unit 
area, of a foil which will just prevent the pas¬ 
sage of a-particles of known range in air. 
The equivalent thickness in mg/cm2 is equal 
to the product of the range (in cm) and the 
density (in mg/cm3). (See stopping power.) 

EQUIVALENT WIDTH OF A SPECTRAL 
LINE. A practical measure for the intensity 
of an observed absorption line which is inde¬ 
pendent of the instrumental resolving power. 
The equivalent width of a spectral line is de¬ 
fined as 

Wx = Wy\2, 

where Ia is the intensity of the continuous 
background at the wavelength A of the absorp¬ 

tion line and Iv the measured intensity at 
wavenumber v. The equivalent width of a 
spectral line is given by the width (in wave- 
number or wavelength units) of a rectangle 
of height I„ and an area equal to the total area 
under the line profile. (Cf. line width.) 

ERGODIC AND QUASI-ERGODIC HY¬ 
POTHESES. Hypotheses which were intro¬ 
duced to justify the use of statistical mechan¬ 
ics in describing mechanical systems. The 
ergodic hypothesis introduced by Boltzmann 
(and by Maxwell who called it the principle 
of continuity of path) assumed that any sys¬ 
tem will after a sufficiently long time return 
to its original state. In this form it is cer¬ 
tainly incorrect, but the quasi-ergodic hy¬ 
pothesis, introduced by P. and T. Ehrenfest, 
which states that any system will after a suffi¬ 
ciently long time return arbitrarily closely to 
its original state, is probably correct for all 
systems of physical interest. 

ERGODICITY. A property of dynamic 
stochastic systems which, in general terms, 
may be expressed by saying that a system is 
ergodic if it tends in probability to a limiting 
form which is independent of the initial con¬ 
ditions. 

ERGODIC THEOREM. See ergodic and 
quasi-ergodic hypotheses. 

ERICSSON CYCLE. A cycle consisting of: 
1-2 heating at constant pressure p; 2-3 iso¬ 
thermal expansion (T); 3-4 cooling at con¬ 
stant pressure p0; 4—1 isothermal compression 

(To). 

The Ericsson cycle is approached by a closed 
cycle gas turbine when compression and ex¬ 
pansion occur in a large number of stages with 
interstage cooling or heating, respectively. 
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The efficiency of this cycle is equal to that of 
a Carnot cycle 

(See gas turbines.) 

ERROR. In general, any deviation of a com¬ 
puted quantity from the theoretically correct 
value. In a restricted sense, that deviation 
due to unavoidable random disturbances, or 
to the use of finite approximations to what is 
defined by an infinite series, and hence to be 
contrasted with blunder. Errors of measure¬ 
ment arise from the use of instruments of less 
than infinite precision, and from random, un¬ 
controllable disturbances. Truncation errors 
are due to the use of a term as an approxima¬ 
tion for the limit of an infinite sequence, or, 
in general, to the use of any approximation in 
place of the theoretically correct quantity (cf. 
remainder, roundoff). If f(x) is to be com¬ 
puted but only the approximation x* to x is 
known, then f(x) — /(.£*) is the propagated 
error. (See error, propagation of.) Bounds 
for the propagated error can be had by apply¬ 
ing mean value theorems when / has suitable 
continuity properties. Generated errors are 
those which arise in the computation itself 
because of rounding. They depend upon the 
details of the routine. 

If / is the true and /* the computed value, 
sometimes / — /* is called the correction, 
/* — / the error. The term correction, how¬ 
ever, is used in a different way in this book, to 
designate a quantity to be added to /* for 
reducing the error, hence an approximation to 
the error. The word error occurs in several 
specialized senses in different sciences. We 
may distinguish two main fields: errors of 
measurement (or, more generally, errors of 
observation) and sampling errors, apart from 
such things as copying errors, interpretation 
errors and so forth. Errors of observation are 
themselves capable of classification, e.g., into 
instrumental errors, due to imperfections in 
instruments, and personal errors, attributable 
to the observer. Sampling errors are varia¬ 
tions due to incompleteness of the sample 
coverage; they are not “mistakes” or imper¬ 
fections in measurement. In control systems, 
the error is the difference, expressed as a func¬ 
tion of time, between the input or command 
and the output or controlled variable. In most 
of the literature the error is defined as “input 

minus output” but some authors use the defini¬ 
tion “output minus input” derived from the 
instrument field, in which a meter with posi¬ 
tive error is one that reads high, that is, one 
for wrhich the reading (or output) is greater 
than the desired value (or input). 

ERROR FUNCTION. The definite integral, 

also called the Gauss error function, 

2 rl 2 
erf (<) = J e y dy. 

When the results of a series of measurements 
are described about an average by a Gaussian 
curve, erf (ha) is the probability that the error 
of a single measurement lies between ±a, 
where h is the precision index. 

The function is mainly employed in the 
theory of observational errors. In statistics 
the related normal distribution is almost uni¬ 
versal. 

ERROR, PROPAGATION OF. When a 
quantity is calculated as a function of one 
or more measured quantities, instead of being 
measured directly, it is often necessary to 
estimate the uncertainty in the calculated 
quantity which results from the estimated 
errors of the measured quantities. In other 
words, if z is a function of X\, x2, • • •, xp, say 
f(xi, x2, • * •, xp) and it is desired to find the 
distribution of z given that of the x’s, this is 
usually done by finding large sample approxi¬ 
mations to the variance of z in terms of the 
variances and covariances of the x’s. 

ERRORS, DETECTION OF. See detection 

of tabulation errors. 

ESCALATOR METHOD. A method of en¬ 

largement for matrix inversion, and for com¬ 
puting eigenvalues and eigenvectors of ma¬ 

trices. 

ESCAPE PROBABILITY, FIRST FLIGHT. 
The complement of the first flight collision 
probability (see collision probability, first 

flight), thus, 1 — P0. 

ESCAPE PROBABILITY, RESONANCE. 
See resonance escape probability. 

ESCAPE SPEED (VELOCITY). The mini¬ 
mum speed at which an inert body must be 
shot from the earth to avoid recapture by the 
earth’s gravitational field is called the escape 
speed or escape velocity. 
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A projectile accelerated from the earth’s 
surface at a speed below that of escape travels 
away from the earth in an elliptical path grad¬ 
ually losing speed until at the point farthest 
from the earth (apogee), it turns earthward 
and begins to travel back to the earth, under 
the influence of its gravitational field; but still 
following the elliptical path. If the velocity 
of the projectile were sufficient (orbital veloc¬ 
ity) it would establish a permanent orbit be¬ 
yond the sensible atmosphere of the earth, be¬ 
coming a satellite. When the projectile ve¬ 
locity is sufficient for escape from the earth’s 
gravity field, its path becomes a parabola (or 
hyperbola) hence the term parabolic velocity. 
The escape velocity from the earth is given by 
the following relationship: 

Ve = Re 
2 ge 

Re + h 

where Re is radius of the earth, ge is the gravita¬ 
tional acceleration of earth at the surface, and h 
is the altitude at take-off. 

e-SYSTEM (IN n-DIMENSIONS). The sys¬ 
tem or e4li2...»n, the components of 
which take the values 1 or —1 accordingly as 
hi2 in is an even or odd permutation of 
1,2, • • •, n and 0 otherwise. 

ETA (H OR i!). In reactor theory, and nu¬ 
clear physics, the quantity q is the average 
number of fission neutrons emitted as a result 
of the capture of one thermal neutron by a 
fissionable nucleus. 

ETTINGSHAUSEN COEFFICIENT. See 
galvanometric and thermometric effects. 

ETTINGSHAUSEN EFFECT. See galvano¬ 
metric and thermometric effects. 

EUCKEN CORRECTION. According to the 
kinetic theory of dilute gases, the thermal con¬ 
ductivity coefficient X, the viscosity coefficient 
t] and the heat capacity per gram at constant 
volume cv for a monoatomic gas should be re¬ 
lated by the equation: 

X = 2.5rjcv. (1) 

ESSENTIAL SINGULARITY. See singular¬ 
ity. 

ESTIMATED POSITION. See dead reckon¬ 
ing. 

ESTIMATES, CONSISTENT. See consistent 
estimates. 

ESTIMATION, THEORY OF. Given a sam¬ 
ple from a population whose specification in¬ 
volves one or more parameters, it is necessary 
to form estimates of the parameters. Usually, 
many different estimates of a given parameter 
can be derived, and the theory of estimation 
is concerned with the properties of these differ¬ 
ent estimates. Together with the estimate 
itself, it is useful to provide some idea of its 
precision and this is commonly done by 
specifying an interval which is intended to 
contain the true value of the parameter (see 
confidence limits, fiducial inference). 

A basic result in the theory of estimation 
states that, under general conditions, a con¬ 
sistent estimator has a sampling variance in 
large samples which is not less than a certain 
lower bound. Statistics whose variance at¬ 
tains this lower bound are said to be efficient. 

ESU. See electromagnetic units. 

This equation is in excellent agreement with 
the experimentally observed values in the rare 
gases. 

For diatomic and polyatomic molecules, 
Equation (1) does not hold: whereas the trans¬ 
fer of internal energy hardly affects the vis¬ 
cosity coefficient, it increases both the heat 
capacity and the heat flux (and therefore the 
thermal conductivity coefficient). The two 
increases are not proportional. 

Eucken has calculated the thermal con¬ 
ductivity of a polyatomic gas, assuming that 
the collisions maintain the internal degrees 
of freedom at their equilibrium energy value 
at the local temperature. Then, for a perfect 
gas; 

X = qcv-a = (2) 

a in this equation is called the Eucken correc¬ 
tion or Eucken factor. 

Other models have been proposed to calcu¬ 
late the energy transfer when the collisional 
exchange of energy between the translational 
and internal degrees of freedom is slow. Mole¬ 
cules with a higher energy content are formed 
in the warm parts of the apparatus, and dif- 
luse towards the colder regions where they are 
deactivated with a liberation of energy. The 
molecules with a lower energy content diffuse 
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in the opposite direction. The Eucken factor 
calculated for such models differs by about 
20% from that deduced from (2). This ex¬ 
plains why, in spite of its rough theoretical 
basis, the Eucken equation has been fairly 
successful for the prediction of A of the poly¬ 
atomic molecules. 

EUCLIDEAN ALGORITHM. The algorithm 
for finding the highest common factor of two 
numbers. It consists of forming a sequence 
of numbers of which the first two are the given 
numbers (the larger one first), the third is the 
remainder when the first is divided by the 
second, the fourth is the remainder when the 
second is divided by the third and so forth 
until zero is reached. The last non-zero num¬ 
ber in the sequence is the desired highest com¬ 
mon factor. 

EUCLIDEAN SPACE. An n-dimensional 
Euclidean space is described abstractly by the 
following three properties, which determine 
that it is a linear, metric, n-dimensional space. 

1(a). For every pair of points p,q which may 
also be called vectors, i.e., with base point at 
the origin, there exists a unique point p + q 

such that p + q = q + p and p + (q + r) = 
(p + q) + r for every point r. 

1(b). For every point p and every real num¬ 
ber m there exists a unique point mp such that 
for all points q,r and numbers n 

m(p + q) = mp + mq; (m + n)p = mp + np; 

(mn)p = ra(»p); 1 .p — p. 

1(c). There exists a point 0 such that 
p + 0 = 0, Op = 0 for every point p. 

2. For every pair of points p,q there exists a 
unique scalar product (p,q) which is a real 
number such that, for all points r and numbers 
m, we have: (mp,q) = m(p,q); (p + q,r) — 
(P,r) + (q,r); (q,p) - (p,q); (p,p) > 0 if p ^ 0. 

3. There exist in the space n linearly inde¬ 
pendent points pi, P2, • • •, pn hut no set of 
(n + 1) linearly independent points. 

As a concrete realization of a Euclidean 
n-space we may consider as points p the sets of 
n real numbers (p\, P2, • • • pn) with scalar 
product of p and q defined as 

P\Q\ + P2<?2 H-1- Vnqn- 

EULER ANGLE. One of three parameters 
describing the orientation of a rigid body rela¬ 
tive to a Cartesian coordinate system (x,p,z) 
fixed in space. Suppose another coordinate 

system (x',y',z') is fixed in the body. Then 
the two systems may be made coincident by 
three successive rotations, applied in the ap¬ 
propriate order, and the three angles of rota¬ 
tion are the Euler angles. The order of per¬ 
forming the rotations and the symbols for the 
angles have been given in different ways by 
various authors so that some confusion exists 
in the literature of mechanics, where these 
parameters are most frequently used, as to 
the definition of the angles. 

EULER CONSTANT. See Euler-Mascheroni 
constant. 

EULER EQUATION. The condition that the 
integral 

rz 2 

I y, y')dx 
JXl 

have a stationary value is 

dl d dl 

dy dx dy' 

the latter being known as the Euler equation 
or the Euler-Lagrange equation in the calculus 
of variations. (See variations, calculus of.) 

EULER EQUATIONS OF MOTION. For a 
rigid body with one point fixed and coordi¬ 
nates fixed in the body and coinciding with 
the principal axes, the equations of motion 
of the body can be written as 

IXX^X “h (IZZ ^l/J/)WJ/W2 = ALe 

Iyy^V “I" (Jxx Jzz)^z^x ~ My 

Izz^z {Iyy Ixx)ux(tiy = Mz 

where Ixx, Ivv and Izz are the moments of 
inertia about the principal axes, Lx, Lv and Lz 
are the components of moment about the prin¬ 
cipal axes, a)x, o)y and <oz are the components 
of the angular velocity about the principal 
axes and the dot indicates the time derivative. 
(See moments of inertia; rotational motion.) 

EULER FORMULA (COLUMNS). A for¬ 
mula which gives the maximum axial load 
that a long, slender ideal column can carry 
without buckling. An ideal column is one 
which is perfectly straight, homogeneous and 
free from initial stress. This maximum load, 
sometimes called the critical load, causes the 
column to be in a state of unstable equilib- 
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rium, that is, any increase in the loads or the 
introduction of the slightest lateral force will 
cause the column to fail by buckling. The 
Euler formula for columns is given below. — A(/o/2 + /i + /2 H— • + fm—1 + /m/2) 

KirEI 

in which P is maximum or critical load, E is 
modulus of elasticity, I is moment of inertia 
of cross-sectional area, l is unsupported length 
of column, K is a constant whose value de¬ 
pends upon the conditions of end support of 
the column. For both ends free to turn K = 1; 
for both ends fixed, K = 4; for one end free 
to turn and the other end fixed K = 2 approxi¬ 
mately, and for one end fixed and the other 
end free to move laterally K = %. (See 
column.) 

EULER FORMULA (TURBINE). See veloc¬ 
ity diagram. 

EULERIAN ANGLES. See Euler angles. 

EULERIAN METHOD OF ANALYSIS. A 
method in which the fluid within an arbitrary 
surface fixed in space is considered. By con¬ 
sidering the local rates of change of density 
and momentum the equations of continuity 
and fluid motion are deduced. All properties 
of the fluid are expressed as functions of three 
coordinates of position, in a fixed frame of 
reference, and time. 

where 
2 

fi = f(xi) = f(3-o + ih) 

and the Bv are the Bernoulli numbers. 

EULER-MASCHERONI CONSTANT. A 
number, also often called simply Euler’s con¬ 
stant, which occurs, for example, in one defini¬ 
tion of the gamma function. It can be defined 
by several equivalent infinite integrals, one 
example being 

In tdt. 

but most often its definition is given by the 
equation, 

= lim ( n—><» \ 
1 l 

1+ - +-+ 
2 3 

1 
H-In n 

n > 
Its numerical value is 0.577215665 • • • but the 
quantity 7 = 1.781072 • • •, defined by In 7 = 
C is sometimes defined as the Euler Mascheroni 
constant. 

EULER METHOD (FOR SOLVING AN 
ORDINARY DIFFERENTIAL EQUATION). 

EULERIAN WIND. In the classification of 
Jeffreys, a wind motion only in response to 
the pressure force. It is defined mathemat¬ 
ically by 

dX 
— = ~ aXHp, 
at 

where V is the horizontal velocity, a the specific 
volume, V// the horizontal vector differential 
operator and p the pressure. 

The cyclostrophic wind is a special case of 
the Eulerian w’ind, which is limited in its 
meteorological applicability to those situations 
in which the Coriolis effect is negligible. 

EULER-LAGRANGE EQUATIONS. See 
Lagrange equations. 

EULER-MACLAURIN FORMULA. The 
formal expansion 

V' = f(x,y) 
takes 

Vv+l = Vv + ¥y, 

fv f(xv,yv)- 

The “improved Euler method’’ 
quentially 

yv+'A = y» + hfv/2, 

yv+1 = yv + hfv+ y2 

obtains se- 

and can be considered an elementary form of 
the Runge-Kutta method. The “improved 
Euler-Cauchy method” forms 

Vp+i* = y» + hfv, fv+l* = f(*v+1, Vv+l*), 

yv+1 = Vv + Kfv +fv+1*)/2. 

(See Lothar Collatz, Numerische Behandlung 
von Dijjerentialgleichungen, 2nd edition, 
Springer, 1955.) 
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EULER RECIPROCITY RELATION. If Z 
is a single-valued function of the variables 
x and y, the total or exact differential dZ may 
be written 

dZ = Xdx + Ydy, 

where X and Y are also functions of x and y. 
Then it can be shown that 

This is known as the Euler criterion, or reci¬ 
procity relation. It is useful for deriving 
thermodynamic relationships, e.g., the Max¬ 
well relations. 

EULER-RODRIGUES PARAMETER. One 
of four parameters used to describe the orien¬ 
tation of a rigid body. They are functions 
of three direction cosines and they form the 
components of a quaternion. 

EULER SUMMATION FORMULA. The 
Euler-Maclaurin formula when used for sum¬ 
ming a series. 

EULER THEOREM FOR HOMOGENEOUS 
FUNCTIONS. The function f(x,y,z) is called 
homogeneous of the degree in variables 
x,y,z,••• if one has identically 

f(kx,ky,kz• • •) = kmf(x,y,z). (1) 

By differentiating in respect to k and putting 
k = 1, one obtains the second identity 

<3/ df 
— x + — V H-= ™f{x,y,z). (2) 
dx dy 

This is Euler’s theorem. Conversely it can be 
shown that any function which satisfies (2) is 
homogeneous of the mth degree in x,y,z 

In thermodynamics one is concerned mainly 
with the two simplest cases m = 1 and m = 0. 
For example, the volume V(p,T,n\ ■ • -nc) is 
an extensive variable of the mole numbers 
tti • • • nc. Therefore applying (2) with m — 1, 
there results 

‘ (dV\ 
Z( —) n,-«» V(2’,p,»1---ne). (3) 

1 = 1 \oYli/X r) 

On the contrary a partial molar volume Vj (see 
partial molar quantities) is an intensive vari¬ 

able. Therefore (m = 0) 

(See also Gibbs-Duhem relations.) 

EULER THEOREM ON NORMAL CURVA¬ 
TURE. The normal curvature k„ at a point 
on a surface in a direction which makes angles 
6 and y2n — 6 with the principal directions 
at the point, corresponding to which the prin¬ 
cipal curvatures of the surface are and Kb 
respectively, is given by 

k„ = Ka cos2 6 + Kb sin2 9. 

Dupin’s theorem follows immediately; the 
sum of the normal curvatures at a point in 
two perpendicular directions is constant and 
equal to the sum of the principal curvatures 
at the point. 

EULER TRANSFORMATION. (Of an infi¬ 
nite series whose partial sums are 

= a0 + ajX + • • • + anxn.) 

This transformation utilizes the identity 

n—1 

(1 — x)Sn = a0 — a„xn+1 + x ^2 Aa,xl. 
o 

It is a method for the summation of series. 

EULER TURBINE FORMULA. See velocity 
diagram. 

EUTECTIC POINT. See crystallization 
curve. 

EV. Symbol for one electron volt, a unit of 
energy equal to 1.602 X 10“12 erg, being the 
energy gained by a single electronic charge 
passing in vacuo through a potential difference 
equal to one volt. 

EVAPORATION. See boiling. 

EVEN AND ODD VARIABLES IN THER¬ 
MODYNAMICS OF IRREVERSIBLE PROC¬ 
ESSES. See reciprocity relations. 

EVEN FUNCTION. A function such that 
f(x) = f{ — x), typical examples being x2 and 
cos x. (See odd function.) 

EVENT. A physical occurrence involving the 
interaction between two or more physical 
entities. For example, the collision between 
two bodies; or the emission of a photon by an 
excited atom as a result of its interaction with 
the radiation field. Events are described as 
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occurring at specified positions and times in a 
given coordinate system, or frame or reference. 
The special theory of relativity treats such 
problems as the descriptions of the same event, 
or the simultaneity of two events, as viewed 
by observers in two equivalent inertial frames 
of reference. 

EVEN TERM OF AN ATOM. A term for 
which 2U, summed over all the electrons of 
an atom, is even. The eigenfunctions of even 
terms remain unchanged for a reflection of all 
particles at the center. 

EVERETT INTERPOLATION FORMULA. 
In the notation of difference operators 

+ ...+ ^+(1+'‘) 5* 

+ E. 

It thus requires differences of even orders only, 
but they must be taken both at j0 and at Jj = 

j0 + h. 

EVJEN METHOD. A method for the evalua¬ 
tion of lattice sums in which charges of op¬ 
posite signs are taken together in neutral 
groups, so that the contribution of each group 
is small and the sum converges rapidly. 

EVOLUTE. The evolute of a given curve is 
the locus of its centers of curvature. (Dis¬ 
cussed in entry on involute.) 

EVOLUTE OF A SURFACE. See involute 

of a surface. Also called surface of centers 
of the surface. 

EXACT. An exact differential equation of 

the form f(x,dx,y,dy,'") = 0 is one whose 
left side is an exact differential. For an equa¬ 
tion of the form M(x,y)dx -f- N(x,y)dy — 0 
to be exact, it is necessary and sufficient that 

dM _ dN 

dy dx 

EXALTATION. The positive difference be¬ 
tween the observed and the calculated values 
of the molar refractivity of a substance. (See 
optical exaltation.) 

EXCESS FUNCTIONS. The difference be¬ 
tween the thermodynamic functions of mixing 
for an actual system and the value correspond¬ 
ing to a perfect solution at the same tempera¬ 
ture, pressure and composition is called the 
thermodynamic excess function (denoted by 
superscript E). Thus the excess Gibbs free 
energy (see thermodynamics, characteristic 
functions of) is (per mole) 

gE = gM - RT(Xi In Xi + J2 111 J2). (1) 

In terms of activity coefficients (1) becomes 
(see reference systems) 

gE = RT jx In 7! + RT j2 In y2. (2) 

Similar definitions hold for the other thermo¬ 
dynamic quantities. 

Very often the excess functions have a simple 
parabolic form. (They must vanish at a! = 0 
and a2 = 0.) 

EXCHANGE. (1) A quantum mechanical 
concept based on the idea of identical par¬ 
ticles. For example, suppose that two elec¬ 
trons are in states that allow them to come 
close together. Then, because they are indis¬ 
tinguishable particles, one could not tell the 
difference if they exchanged states. Thus the 
wave function of the system must be such that 
an exchange of the electrons leaves the magni¬ 
tude of the wave function unchanged, except 
possibly for sign, i.e., the wave function must 
be either symmetric or antisymmetric to an 
exchange of the two particles. Particles whose 
total wave function (including both space and 
spin coordinates) is symmetric under an ex¬ 
change operator obey the Bose-Einstein sta¬ 
tistics. Particles whose total wave function 
is antisymmetric obey the Fermi-Dirac sta¬ 
tistics. 

(2) Exchange is also used more specifically 
as the exchange of one particle between two 
others, as in the exchange of the single elec¬ 
tron between the two identical protons in the 
hydrogen molecular ion, or the exchange of a 
meson between two nucleons. 

EXCHANGE COEFFICIENTS. (Also called 
austausch coefficients, eddy coefficients, inter¬ 
change coefficients.) Coefficients of eddy flux 
(e.g., of momentum, heat, water vapor, etc.) 
in turbulent flow, defined in analogy to those 
of the kinetic theory of gases (see eddy). The 
exchange-coefficient hypothesis states that the 
mean eddy flux per unit area of a conservative 
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quantity (suitably expressed) is proportional 
to the gradient of the mean value of this quan¬ 
tity, that is, 

mean flux per unit area = 

where A is the exchange coefficient.£ the mean 
value of the quantity, and n the direction nor¬ 
mal to the surface. In strict analogy to molec¬ 
ular properties A would be constant, for turbu¬ 
lent flow .4 turns out to depend on time and 
location. 

EXCHANGE DEGENERACY. An exchange 
process which does not entail a change in value 
or configuration. For example, by the Heitler- 
London theory, the essential reason for the 
strong attraction (or repulsion), of the two 
H-atoms in the H2 molecule is the exchange 
degeneracy, i.e., the fact that for very large 
intemuclear distance, by exchange of the two 
electrons of the two atoms a configuration 
results that is indistinguishable from the orig¬ 
inal configuration. Therefore, as they ap¬ 
proach, an interaction between them arises 
which may be treated mathematically as elec¬ 
tron exchange. 

wave functions lead to the same energy (ex¬ 
change degeneracy). 

At shorter distances, neither of these ap¬ 
proximations alone is an adequate description 
of the system, since both electrons interact 
with both nuclei. The total wave function 
must be constructed as either a symmetrical, 
or an antisymmetrical linear combination of 
•Ml)-M2) and if/A(2)ipB(l). (In what fol¬ 
lows the spin contribution to the equation of 
the wave function is neglected.) 

In a first approximation, the total energy is 
split up into three contributions: the first is 
the energy of interaction of each electron with 
its -proton, that is the energy (see Coulomb 
integral) of two isolated H atoms; the second 
is a Coulomb energy 

JVa (l)'/'s(2) W\pA(l)\f/B(2)dTidT2, 

representing the average electrostatic interac¬ 
tion of each electron cloud with the other, with 
the nucleus of the other electron, and the elec¬ 
trostatic repulsion of the two nuclei, where W 
is the perturbation potential; the third con¬ 
tribution is the exchange integral: 

EXCHANGE ENERGY. A specifically quan- 
sum-mechanical effect (see quantum mechan¬ 
ics) which has no classical analogue. It is 
due to the interaction between two systems 
that arises, or could arise, from the continuous 
exchange of a particle between them. Ex¬ 
change energy is the origin of covalent bond¬ 
ing, of ferromagnetism and antiferromagnet¬ 
ism, probably of nuclear forces (where ex¬ 
change energy could arise by exchange of 77- 

mesons between nucleons, giving rise to an 
effective potential which involves an operator 
which exchanges the spins, isotopic spins 
and/or positions of the particles) and of nu¬ 
merous other physical phenomena. 

Specifically in the case of a covalent bond, 
the major part of the energy is due to the 
“electron exchange” between the atoms. The 
wave function representing two isolated atoms 
may be represented by 

i (1)^5 (2) 

where electron 1 is supposed in interaction 
with nucleus A and electron 2 interacts with 
nucleus B. The alternate configuration 
'Pa(2)'Pb(1) is another good description of the 
system at large internuclear distances. Both 

At intermediate distance, the contribution of 
this integral to the total energy (exchange 
energy) is much larger than that of the Cou¬ 
lomb integral. It is attractive for the sym¬ 
metrical wave function, and repulsive for the 
antisymmetrical wave function. 

The electron exchange leads thus to a split¬ 
ting of the energy levels. The exchange en¬ 
ergy depends essentially on the overlaps of the 
wave functions i/m(1), ^b(1) and i//A( 2), 
\f/B{2); it decreases rapidly (exponentially) as 
the intemuclear distance increases. (See 
overlap integral.) 

The name “exchange energy” is somewhat 
misleading since there is no real frequency of 
exchange of the electrons from one nucleus to 
the other. In fact the exchange energy results 
from a greater mobility of the electrons in the 
fields of the two nuclei, whence there results a 
lowering of the zero point energy. (See de- 
localization energy.) 

EXCHANGE FORCES. If, in the interaction 
between two nucleons, their charges or spins, 
or both, are interchanged, the forces which 
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give rise to the interaction are called exchange 
forces. They may be pictured as arising 
through the exchange or virtual mesons be¬ 
tween the nucleons. Phenomenologically, 
however, they are represented in terms of an 
ordinary potential function V (r), where r 
is the separation between the nucleons, multi¬ 
plied by a permutation operator P which ex¬ 
changes charges, spin, or both. If the wave 
function of the two particles is totally anti¬ 
symmetric (in space, spin, and isotopic spin), 
then the combined exchange of spin and charge 
is equivalent to the exchange of position, ex¬ 
cept for a change of sign. A space exchange 
potential may therefore be written V(r)PT, 
where PT = —PaPT, and Pa, PT exchange spin 
and isotopic spin respectively. The operator 
Pr has eigenvalues +1 or — 1 according as the 
relative orbital angular momentum L of the 
pair of nucleons is even or odd. This poten¬ 
tial is therefore equivalent to ( —l)LF(r), 
giving rise to attractive or repulsive forces 
according to the parity of L. The space ex¬ 
change force is known as a Majorana force; 
forces which exchange spin or charge sepa¬ 
rately are called Bartlett and Heisenberg 
forces, respectively. Nuclear forces are known 
to have exchange properties of this general 
kind. 

EXCHANGE INTEGRAL. See exchange en¬ 
ergy. 

EXCITATION. (1) Addition of energy to a 
system, whereby it is transferred from its 
ground state to a state of higher energy, called 
an excited state. (2) The field excitation of 
dynamo machines, meaning the current or 
voltage of the field circuit. (3) In electron- 
tube circuits, the input signal of any stage is 
commonly called the excitation. Thus in a 
radio receiver, the signal picked up by the 
antenna supplies the excitation for the first 
stage, the output of the first supplies the ex¬ 
citation for the next, and so on. 

EXCITATION CURVE. In nuclear physics, 
a graphical relationship between the energy 
of the incident particles or photons, and the 
relative yield of a specified nuclear reaction. 

EXCITATION ENERGY (EXCITATION 
POTENTIAL). The energy necessary to 
bring an atom, molecule, atomic nucleus, etc., 
from the ground state into an excited state. 

EXCITATION FUNCTION, ATOMIC. The 
cross section for the excitation of an atom to a 
particular excited state expressed as a func¬ 
tion of the energy of the incident electrons. 

EXCITATION FUNCTION, NUCLEAR. 
The cross section for a particular nuclear re¬ 
action expressed as a function of the energy 
of the incident particle or photon. The term 
excitation function is sometimes used also as 
a synonym for excitation curve. 

EXCITATION LEVELS. See excited state. 

EXCITATION POTENTIAL. See excitation 
energy. 

EXCITATION PURITY. A quantity denoted 
by pe and defined by the following relations 

V ~ Vw x - xw 
Pe = - or pe -- 

y d y W %d 

x and y are the chromaticity coordinates of 
the light considered, xd and yd those of the 
spectral light which has the same hue as the 
light considered; xw and yw are the chromatic¬ 
ity coordinates of the adopted achromatic 
light. Whether the formula in x or that in y 
is to be taken depends on which gives the 
numerator the greater numerical value. For 
colors for which no spectral light of the same 
hue can be found, the chromaticity coordinates 
to be taken for xd and yd are those of the cor¬ 
responding point on the line joining the ends 
of the spectrum locus (the line of pure 
purples). 

EXCITED STATE. A stationary state having 
an energy higher than that of the ground state. 

EXCITON. A combination of an electron 
and a hole in a semiconductor or insulator in 
an excited state. The hole behaves as a posi¬ 
tive charge, and it is supposed that the elec¬ 
tron is attracted to it to form a state akin to 
that of a hydrogen atom. The probability of 
the electron falling into the hole is limited by 
the difficulty of losing the excess energy, so 
that the exciton may have a relatively long 
life. The existence of these states may be 
inferred from the absorption of light associ¬ 
ated with their excitation. (Cf. positro- 
nium.) Alternatively, an exciton may be 
thought of as an excited state of an atom or 
ion, the excitation wandering from one cell of 
the lattice to another. 
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EXCLUSION PRINCIPLE. See Pauli exclu¬ 
sion principle. 

EXHAUST GAS TURBINE. A gas turbine 
driven with the exhaust gases from a recipro¬ 
cating internal combustion engine. Histori¬ 
cally, exhaust gas turbines were the first suc¬ 
cessful gas turbines: they were easier to build 
than separate efficient gas turbines owing to 
the comparatively low temperature of the com¬ 
bustion gases. 

The exhaust gas turbine utilizes the energy 
available in the working fluid of an internal 
combustion engine at release, state 2 in the 
figure. Ideally, the expansion through the tur- 

T,S diagram and p,V diagram for exhaust gas turbine. 

bine is isentropic along 23, and the ideal work 
Wt of the turbine is 

Wt = rh(h2 - h3), 

where rh is the mass rate of flow, and h2 — h3 
is the isentropic enthalpy drop. The recip¬ 
rocating engine is incapable of utilizing this 
enthalpy drop because losses due to piston 
friction along 23 would exceed the work ob¬ 
tainable, as the engine stroke would become 
excessively large, and the piston force, propor¬ 

tional to the pressure difference p — pa would 
be small over most of the additional stroke. 

In principle, more work could be obtained 
if expansion from state 2 could be continued 
below the atmospheric pressure pa, to state 4, 
such that T4 = Tj. However, such a scheme 
is not practicable owing to the additional com¬ 
plications in the design of the plant which it 
would entail. 

An exhaust steam turbine (Bauer-Wach 
turbine) operates on the same principle. 

EXHAUST LOSS. Loss of work associated 
with the fact that the working fluid from a 
reciprocating steam or internal combustion en¬ 
gine is capable of performing further work 
after exhaust. (See exhaust-gas turbine.) 

EXHAUST-STEAM TURBINE. See exhaust- 
gas turbine. 

EXHAUST (JET) VELOCITY. See exhaust 
velocity. 

EXHAUST VELOCITY. The velocity at 
which a propelling fluid is discharged from a 
jet-type engine. The exit or exhaust velocity 
of a thermal engine depends on several param¬ 
eters which can be subdivided into thermo¬ 
chemical parameters and motor parameters. 
Thermochemical parameters are: energy con¬ 
tent of the fuel, mixing ratio of the propel¬ 
lants, expansion pressure ratio, and degree of 
combustion. Motor parameters are: thrust, 
mass of weight flow of propellant, nozzle 
divergence, difference between nozzle exit 
pressure, and ambient pressure. Although 
some of the thermochemical parameters, such 
as expansion ratio and degree of combustion, 
are strongly influenced by the motor design, 
they must be known, or at least be assumed 
for thermochemical performance calculations. 
The second group of parameters contains 
quantities which serve to measure the exhaust 
velocity (thrust, weight flow), or which de¬ 
pend on the motor design (divergence angle), 
or on operational conditions, such as the exit- 
ambient pressure difference. In a given mo¬ 
tor, the nozzle dimensions are fixed, hence, for 
a given chamber pressure, the exit pressure is 
determined. Therefore, a variation of the 
pressure difference is due to change of ambient 
pressure as it occurs during powered ascent. 

The exhaust velocity defined by the first 
group of parameters describes the propellant 
performance, independent of motor design and 
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operational conditions, and indicates the im¬ 
pulse, that is, the thrust for a given mass flow 
and length of time, which can be expected 
from the propellant in question. Therefore, 
this velocity is termed “impulse exhaust ve¬ 
locity.” If divided by the gravitational con¬ 
stant, it yields the specific impulse, a param¬ 
eter which depends only on thermochemical 
data and the expansion ratio. 

The second group of parameters defines an 
exhaust velocity which describes the motor 
performance. It is determined by the thrust, 
obtained at a given propellant consumption, 
and varies with changing ambient pressure. 
For instance, the over-all thrust increases as 
the difference of exit minus ambient pressure 
increases (pressure thrust). Instead of ac¬ 
counting separately for the pressure thrust 
(as distinguished from the momentum thrust, 
produced by the discharge of matter), one can 
add this effect to the momentum thrust (de¬ 
fined as the product of mass flow and exhaust 
velocity). If, in an ascending rocket the 
over-all thrust increases and the propellant 
mass flow remains constant, the exhaust ve¬ 
locity necessarily increases. This illustrates 
that exhaust velocity is not the physical or 
thermochemical exhaust velocity but an 
equivalent velocity which converts instantane¬ 
ous operational conditions into equivalents of 
a standard condition (namely exit pressure 
equal to ambient pressure, i.e., no pressure 
thrust). For this reason exhaust velocity is 
better termed equivalent exhaust velocity. If 
this velocity is divided by the gravitational 
constant, one obtains the specific thrust. 

EXHAUST VELOCITY, EFFECTIVE. In 
jet propulsion terminology, the thrust divided 
by the mass of propellant flowing per second 
of time. It appears in the equations: 

F 

w/g 
or 

F Fg 
c = — = ghP = — = c Cf = vvCth 

m w 

Ae 
= Ve d-r(Pe ~ Po) 

m 

where c is the effective exhaust velocity, F is 
the thrust, w is the weight of propellant, g is 
the acceleration of gravity, rh is the mass flow 
through motor, Isp is the specific impulse, w is 

the weight flow of propellant through the 
motor, c* is the characteristic velocity, C/ is 
the thrust coefficient, 77 „ is the motor velocity 
correction factor, and cth = XFe, where X is 
the nozzle correction factor, and Ve is the ex¬ 
haust velocity. Ae is the exit area, pe is the 
exhaust pressure, and p0 is the ambient pres¬ 
sure. 

The theoretical effective exhaust velocity is 
given by the equation: 

Ae 
cth = XFett T (Petf, Po) ~ 

mth 

Theoretical and actual values differ because 
of the losses due to friction and heat transfer. 
Logical theoretical values of c might range 
between 3300-9000 feet/second. A typical 
actual value is on the order of 6300 feet/sec¬ 
ond. The effective exhaust velocity is an 
experimentally determined value, but it is not 
the exhaust velocity actually attained by the 
motor. In the flow of gas through a rocket 
nozzle, variations occur in the thermodynamic 
parameters because of friction, of the con¬ 
tinued combustion of the propellant, and of 
the secondary effects of compressible fluid 
flow, such as shock waves. For these reasons 
the effective exhaust velocity is used primarily 
in solving actual problems. 

EXHAUST VELOCITY, THEORETICAL. 
Theoretically, the full amount of the lower 
heat of combustion could be utilized in an 
engine to provide an expansion of the gas 
down to the datum temperature; this yields a 
theoretical exhaust velocity. For actual op¬ 
eration, however, this would not be practical, 
even if the resulting low exit pressure could be 
attained without overexpansion, since it re¬ 
quires an extremely large area ratio of the 
nozzle. This ratio could be obtained either 
by using a short nozzle with a large angle 
of divergence, or a very long nozzle with a 
moderate angle of divergence. In the first 
case, considerable losses result from a decrease 
in the magnitude of the useful velocity com¬ 
ponent which lies parallel to the motor axis, in 
favor of the component normal to the axis. 
The latter component is of no use for the pro¬ 
pulsion. In the second case a very long nozzle 
would increase the motor weight excessively 
and thus reduce the overall rocket perform¬ 
ance more than the additional heat utilization 
would increase it. There exists an optimum 
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compromise between nozzle geometry and heat 
energy utilization. 

EXIT APERTURE. The exit aperture, or im¬ 
age numerical aperture, of an axially symmet¬ 
rical optical system is n' sin 6' where n' is the 
refractive index in image space and 6' is the 
angle subtended, at the Gaussian image point, 
by the radius of the exit pupil. (See nu¬ 
merical aperture.) 

EXIT PUPIL (OR IMAGE-SIDE PUPIL). 
The Gaussian image of the aperture of an 
optical system in image space. 

EXOTHERMIC REACTIONS. See thermal 
coefficients. 

EXOTHERMIC REACTION (EXOERGIC). 
(1) For exothermic reactions of molecules or 
between atoms, see thermal coefficients. 

(2) A nuclear reaction in which, roughly 
speaking, the maximum kinetic energy of the 
products exceeds that of the reactants; i.e., one 
in which there is a net production of energy. 
More precisely, one for which the Q-value is 
positive. (See reaction energy.) 

EXPANSION. (1) For mathematical ex¬ 
pansions, see Taylor series, Laplace expansion, 
binomial theorem, etc. (2) The process of in¬ 
creasing the volume of a system either revers¬ 
ibly, as in a cylinder provided with a piston, or 
irreversibly, as in the Joule-Thomson throt¬ 
tling experiment through a porous plug. 

Sometimes the term expansion is applied to 
describe any process involving a reversible or 
irreversible decrease in pressure. In most in¬ 
stances both meanings are identical. They 
are different when either pressure or volume is 
constant, but it is customary to use the phrases 
constant-pressure expansion (meaning an in¬ 
crease in volume) and constant-volume expan¬ 
sion (meaning a decrease in pressure). 

EXPANSION, COEFFICIENT OF. See co¬ 
efficient of thermal expansion. 

EXPANSION AREA RATIO. The ratio of 
the cross-sectional area at the exit of a rocket 
motor, or the exit section of a nozzle, to the 
cross-sectional area of the throat of the motor 
or nozzle. This quantity is sometimes de¬ 
noted by the shorter expression, expansion 
ratio, but in that case it should be distin¬ 
guished from the other meaning of the latter 
term. 

EXPANSION EFFICIENCY. See enthalpy 
drop. 

EXPANSION, PARTIAL FRACTION. See 
partial fraction expansion. 

EXPANSION RATIO. (1) The ratio of the 
pressure at a point just outside the rear lip of 
an exhaust nozzle to the pressure in the com¬ 
bustion chamber. This ratio is important 
because of its relationship to the exhaust ve¬ 
locity of the rocket. (2) The ratio of the area 
of the exit section of a nozzle to its throat. 
However, the more common term for this ratio 
is expansion area ratio. 

EXPANSION WAVE. (Also called rarefac¬ 
tion wave.) A simple wave or progressive 
disturbance in the isentropic flow of a com¬ 
pressible fluid, such that the pressure and den¬ 
sity of a fluid particle decrease on crossing the 
wave in the direction of its motion. 

EXPECTATION. If F (x) is the distribution 
function of a variate x, the expected value of 
a quantity t depending on x is 

It is in fact the average or mean value of t 
over the distribution of x. Analogous expres- 
tions apply to multivariate situations. 

EXPECTATION VALUE. In quantum me¬ 
chanics, the expectation value or mean value 
of a quantity A in a normalized state <p, for 
which (tj/, ip) = 1, is given by a scalar product 
(\p,Ai)/). If i// is an eigenstate of A, then the 
expectation value is equal to the corresponding 
eigenvalue. 

EXPLOSION ENGINE. See spark ignition 
engine. 

EXPLOSION WAVES. Gravity waves pro¬ 
duced in the atmosphere by large explosions, 
of which the classical examples are the erup¬ 
tion of Krakatoa in 1883 and the fall of the 
great Siberian Meteorite in 1908. Each pro¬ 
duced barometric oscillations detected at dis¬ 
tances of thousands of miles. They are tidal 
waves and are dispersed, although the velocity 
of each component wavelength is equal to the 
velocity of sound at some altitude in the at¬ 
mosphere. They differ from solar and lunar 
diurnal and semi-diurnal oscillations in the 
atmosphere, whose nodes are lines of longi- 
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tude or latitude in that their amplitude is 
greatest in the troposphere, the others having 
their maximum amplitude at several times the 
height of the tropopause. 

EXPONENT. Also called index, it is the 
power to which an expression is raised. The 
concept of exponent plays an important role 
in obtaining the solution of a second-order 
linear differential equation in the neighbor¬ 
hood of a regular singular point. For if we 
assume a formal solution 

w = (z — c)“[l + ax(z — c) 

+ a2(z - c)2 d-], 

and seek to determine the coefficients ax by 
substituting into the differential equation and 
comparing coefficients, we get an equation 
(called the indicial equation), determining 
two values of «, which are called the exponents 
of the equation at the point c. The concept 
can be generalized directly for equations of 
higher order. 

“EXP-6” POTENTIAL. See interatomic po¬ 
tential. 

EXPONENTIAL DISTRIBUTION. A dis¬ 
tribution of the form 

1 [ \x — ml 1 
dF = - exp |-j dx, m < x < °°. 

The distribution 

1 f \x — m\1 
dF — — exp \-\ dx, — <» < x < =» 

2(7 l a ) 

is sometimes called the double exponential dis¬ 
tribution. 

EXPOSED THREAD CORRECTION. 
When temperatures are measured with the aid 
of a liquid-in-glass (e.g., mercury) thermom¬ 
eter, it is necessary for the whole of the ther¬ 
mometric fluid to be at the measured tempera¬ 
ture. Normally this is impossible, because 
the thread must emerge and be visible to the 
eye. Consequently, in accurate measurements 
it is usual to apply a correction, known as the 
exposed or emergent stem correction. The 
correction is proportional to the average tem¬ 
perature of the stem outside the bath; the lat¬ 
ter can be measured with the aid of a special 
thermometer (known as a Mahlkc (thread) 
thermometer) provided with a very large bulb. 

The reading of the main thermometer should 
be corrected by an amount 

a(t — t0)c. 

Here a is the length of the exposed thread; t 
is the temperature reading; t0 is the mean tem¬ 
perature of the exposed thread (measured by 
the auxiliary thermometer); and c is a coeffi¬ 
cient which depends on the properties of the 
glass and the thermometer fluid. 

With temperatures of the order of 300°C, 
the exposed thread correction may amount to 
as much as 10°C. The correction can be re¬ 
duced or nearly eliminated by completely sub¬ 
merging the thermometer, but that is possible 
only very rarely. 

EXPOSURE. A measure of photographic 
stimulus defined as 

J I(t)dt, 

where I(t) is the illumination at time t. 

EXPOSURE-DENSITY RELATIONSHIP. 
The response of a sensitive material, as shown 
by the relationship between density and ex¬ 
posure, is usually represented by a curve in 
which density is plotted against the logarithm 
of the exposure. This curve is known as (1) 
the D log E curve; (2) the H & D curve, after 
Hurter & Driffield, two English investigators 
who were the first to plot such curves; and 
(3) as the characteristic curve since it indi¬ 
cates the principal characteristics of a sensi¬ 
tive material insofar as the relationship be¬ 
tween exposure, development and density is 
concerned. 

D log E curve. (From Neblette, Photography, tts 
Materials and Processes, 5th ed., D. Van Nostrand 

Company, Inc., Princeton, 1952). 

EXPOSURE, PHOTOGRAPHIC. The prod¬ 
uct of illuminance I and time t of exposure. 
This definition assumes that the reciprocity 
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law holds. Sometimes the exposure is taken 
as Itp, where p is a constant of the particular 
photographic emulsion and has a magnitude 
approximately equal to unity. 

EXTENDED SINE RELATIONSHIP. If n, 
n' are indices of refraction, y, y' are distances 
from the optical axis, 6, 6' are the angles light 
rays make with the optical axis in object, im¬ 
age space respectively and </> is the power of the 
optical system, then 

ny sin 6 + n'y' sin d' = yy'<t> 

is the extended sine relationship. When the 
approximation 

yy'4> = 0 

is valid this is equivalent to Abbe’s sine condi¬ 
tion. 

EXTENSION IN PHASE. Term introduced 
by Gibbs for volume elements in gamma- 
space. 

EXTENSION, SIMPLE. See simple shear; 
simple extension. 

EXTENSIVE VARIABLES. Properties such 
as mass m and volume V are defined for the 
system as a whole, and called in thermody¬ 
namics extensive variables or extensive prop¬ 
erties. They always may be expressed as 
integrals over the whole system; i.e., 

m = M pdxdydz 

where p is the density. (See also thermo¬ 
dynamic system.) 

EXTENT OF REACTION (OR DEGREE OF 
ADVANCEMENT OF CHEMICAL REAC¬ 
TION.) (See conservation of mass in closed 
systems.) Consider a closed system, i.e., a sys¬ 
tem which does not exchange mass with the ex¬ 
ternal world. If a reaction, either chemical or 
physico-chemical (e.g., a change of phase), 
takes place inside this system, the mass bal¬ 
ance equation for the individual species taking 
part in the reaction can be written: 

nil ~ mi° = fri Mi 

m2 — m2° = £v2M2 

mn ra„ %vnMn 

where mi°, m2°, m„° are the initial masses of 
components 1, 2 • • • n and v\, v2, • • • vn are the 
stoichiometric coefficients. £ is called the 
extent of the reaction (Th. De Donder). The 
extension of this concept to several simultane¬ 
ous reactions is immediate: to each distinct 
reaction p corresponds a distinct value £p. The 
rate Vp of reaction p is the time derivative of 

EXTERNAL FORCE. See force, external or 
active. 

EXTERNAL HEAT OF EVAPORATION. 
See latent heat. 

EXTERNAL OPTICAL DENSITY. External 
optical density or reflection density is the 
logarithm to base ten of the reciprocal of the 
(total) reflection factor. 

EXTINCTION. The decrease in intensity of 
radiation traversing a medium due to both 
absorption and scattering. 

EXTINCTION COEFFICIENT (ABSORP¬ 
TION COEFFICIENT.) The internal ab¬ 
sorption factor of an infinitesimally thin layer 
of a medium divided by the thickness of the 
layer. 

EXTRACTION TURBINE. In order to in¬ 
crease the overall economy of a plant which 
requires process heat, it is advantageous to use 
a back-pressure turbine. The use of a back¬ 
pressure turbine becomes inconvenient when 

Extraction turbine and related equipment. 

the heat and power requirements are not well 
matched. Furthermore, if the temperature 
difference between the maximum temperature 
available and that required for process heat¬ 
ing is small, the power produced will be small 
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and may not warrant the capital cost. Tn such 
cases it is possible to use an extraction turbine 
(or pan-out turbine) in which some steam is 
extracted from a turbine between stages at an 
appropriate temperature. The remainder of 
the steam is expanded to the lowest tempera¬ 
ture available. This scheme enables varia¬ 
tions in power and heat requirements to be 
easily accommodated. 

EXTRANEOUS. An extraneous root of a 
method of solving an algebraic equation Ex 
is a root of an equation E> introduced by the 
method and having some of its roots in com¬ 
mon with Ex, which is not also a root of Ex 
where the equation E2, introduced by the 
method, has some of its roots in common with 
Ei. For example, let Ex be the equation 

V (x2) = 3 and E2 the equation x2 = 9 ob¬ 
tained by squaring both sides of Ex. 

EXTRAPOLATED END-POINT. In the 
theory of neutron transport, the flux distribu¬ 
tion far from sources, boundaries, interfaces, 
appears as identical with the solution to an ap¬ 
propriate diffusion equation, adjusted to van¬ 
ish at a point (z0) outside the boundary-sur¬ 
face of the medium. This point is known as 
the extrapolated end-point. 

EXTRAPOLATION. This process may be 
contrasted with interpolation when the func¬ 
tion is required at a point outside the range 
of the Xj. The same methods are applied. 

EXTREMAL. See variations, calculus of. 

EXTREME PATH. See Fermat principle. 

EYKMAN FORMULA. An empirical rela¬ 
tionship for the molar refraction of a liquid, 
of the form: 

M(n2 - 1) V(n2 - 1) 
R = —-- =- 

pin + 0.4) n + 0.4 

in which R is the molar refraction for a given 
optical frequency, n is the index of refraction 
for that frequency, M is the molecular weight, 
V is the molecular volume, and p is the 
density. 

EYRING ACOUSTICAL ENERGY EQUA¬ 
TION. See Franklin equation. 

EYRING THEORY OF REACTION RATES. 
See absolute reaction rate theory. 

EYRING THEORY OF TRANSPORT PROC¬ 
ESSES. The absolute reaction rate theory 
has been applied by Eyring and others to 
transport processes in dense gases and liquids. 
The fundamental equation is 

It is assumed that in all these transport proc¬ 
esses (viscosity, diffusion, thermal conduc¬ 
tivity) the basic kinetic process is the motion 
of a molecule to a vacant site near it. In order 
to squeeze through the “bottleneck” formed by 
its nearest neighbors, the wandering molecule 
must pass through a region of high energy 
(see figure). One may apply the concepts of 

activated complex, activation free energy, etc., 
exactly as in the theory of chemical rate proc¬ 
esses (see absolute reaction rate theory) to 
obtain explicit expressions for the transport 
coefficients. The main weakness of the theory 
is the use of the equilibrium assumption for 
rates with relatively small activation energies 
(see equilibrium theory.) It is also not cer¬ 
tain that one may consider the motion of 
simple molecules without taking account the 
perturbation of their neighbors. 



F 
FACTOR. See factor group, integrating fac¬ 
tor, etc. 

FACTOR ANALYSIS. Suppose we have a 
multivariate complex of variables X\, x2, • • • 
xk. We may be prepared to assume an under¬ 
lying set of variables Zi, z2, • • • zp, with p < k 
such that each x is a linear function of the z’s 
together with a part specific to itself, 

Xi = aazi + ai2z2 H-h aipzp + s{. 

Factor analysis is the name given to the tech¬ 
niques for estimating the various parameters 
in a model of this kind. Many such tech¬ 
niques exist, the most satisfactory from a the¬ 
oretical point of view being usually laborious 
in computation. Electronic computers have 
proved very useful here. 

The z’s are known as common factors, the 
s’s as specific factors. If one of the z’s con¬ 
tributes to all the x’s, it is called a general fac¬ 
tor, while one that contributes to some but not 
to others is called a group factor. The a’s are 
called the factor loadings or saturations; a 
common factor with both positive and nega¬ 
tive loadings is called bipolar. The propor¬ 
tion of the variance of a particular x accounted 
for by the common factors is called the com- 
munality of that x. 

FACTOR-GROUP. If the subgroup N of a 
group G is normal (see conjugate elements) 
we can define a multiplication for its cosets as 
follows: If q,r are elements of G, and Q and R 
are cosets of N with q in Q and r in E, then 
the product QR is defined (uniquely since N 
is normal) as that coset which contains the 
element qr. Such a group is denoted by G/N 
and is called a factor-group; its number of 
elements is equal to the index (see coset) of 
N in G. 

FACTORIAL. If n is a positive integer, 
factorial n means the product 1-2-3 ••• n. It 
may be denoted by the symbols | n or n!, but 

the latter form is generally preferred. For the 
general complex number z, we define z! = Xoo 

uze~udu. Thus z! = T(z + 1), where T 

denotes the gamma function. 

FACTORIAL COEFFICIENTS. Stirling 
numbers, so called from their definition. 

FACTORIAL EXPERIMENT. An experi¬ 
ment whose treatments are made up of com¬ 
binations of the variants of several factors. 
The factor variants may be qualitative—e.g., 
crop varieties—or quantitative—e.g., amounts 
of fertilizer applied—but in either case are re¬ 
ferred to as levels. Referring to the observa¬ 
tions for convenience as yields, any contrast 
between the mean yields for different levels 
of one factor, averaged over all levels of the 
other factors in the experiment, is said to be¬ 
long to the main effect of the factor. The 
mean yields for all combinations of the levels 
of two different factors, averaged over all 
levels of the other factors, can be set out in a 
two-way table; a contrast between the entries 
in this table which is orthogonal to all the 
main effect contrasts is said to belong to the 
first order interaction between the two factors. 
Interactions of higher order are similarly de¬ 
fined. 

The underlying notion behind the analysis 
into main effects and interactions is that of 
additivity of the effects of the different fac¬ 
tors. If the effects are perfectly additive, all 
interactions are zero; the presence of first or 
higher order interactions discloses the presence 
of less or more complicated departures from 
additivity. In many fields of application, in¬ 
teractions involving 3 or more factors are 
often small enough to be neglected. 

One of the most useful types of factorial ex¬ 
periment is that in which each factor has the 
same number of levels. An experiment with s 
factors each at p levels is called an sp experi¬ 
ment, and each replicate will contain sp treat¬ 
ments. In practice, p is often 2 or 3, but if 
several factors are to be investigated sp may 
be large and heterogeneity of the experimental 
material may lead to loss of accuracy. To 
avoid this, each replicate may be laid down in 
a number of blocks in such a way that the con¬ 
trasts between blocks coincide with treatment 
contrasts that are of little interest, such as the 
higher order interactions. This device is 
known as confounding. 
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If the true values of the high order interac¬ 
tions are zero, their estimates will provide 
estimates of experimental error. An experi¬ 
ment with many factors can then be carried 
out in a single replication, a suitable estimate 
of error still being available. Extending this 
notion, it is possible to carry out an experi¬ 
ment using only a suitably chosen fraction 1 /g 
of all the possible treatment combinations. In 
this case it is found that the contrasts that can 
be estimated are sums of groups of g main 
effect and interaction contrasts; each member 
of such a group is called an alias of all the 
others. If it can be arranged that all the 
aliases of the contrasts that are of interest are 
high order interactions, the interpretation of 
the results remains reasonably unambiguous. 
Experiments with single or fractional replica¬ 
tion enable a large number of factors to be in¬ 
vestigated in a single experiment without the 
amount of experimental material reaching un¬ 
manageable proportions. 

FACTOR OF SAFETY. See safety factor. 

FACTOR THEOREM OF ALGEBRA. If 
(x — r) is a factor of a polynomial P{x), then 
x = r is a zero of the polynomial function 
P(x), and a root of the polynomial equation 
P(x) = 0. Conversely, if x — r is a zero of 
the polynomial or a root of the equation, then 
(.x — r) is a factor of P{x). (See also alge¬ 
braic equations.) 

FAHRENHEIT TEMPERATURE SCALE. 
See temperature. 

FAILURE. The inability of a structure or a 
structural member to perform its proper func¬ 
tion causes a condition known as failure. This 
condition may be the result of sudden fracture 
as in the case of brittle materials or the exces¬ 
sive deformation of ductile materials. An¬ 
other cause of failure is a lack of equilibrium 
between the external loads and resisting forces 
such as exists in structures wdiich fail by slid¬ 
ing or overturning. 

FAILURE, THEORIES OF. A term most 
often applied to yielding rather than more 
complete failure. Historically, in part be¬ 
cause of a confusion between yielding and 
fracture, the criteria of failure include maxi¬ 
mum normal stress, maximum extensional 
strain, maximum elastic energy, maximum 
shear strain or distortional energy, maximum 
shear stress, all possible combinations of the 

invariants of stress for isotropic materials, and 
many others. Yielding of metals is only 
slightly effected by hydrostatic pressure and 
thus depends upon shear stress. For isotropic 
metals, the data seems to lie between the 
maximum shear stress hypothesis of Tresca 
and the 32 criterion of Maxwell-Huber-Henky- 
Mises-Nadai. 

FAIR GAME. In games theory, a game in 
which the participants have the same expec¬ 
tation of gain. This is not necessarily the 
same thing as having the same probability of 
success, since their stakes may be different. 

FALSE POSITION, METHOD OF. See 
Regula falsi. 

FALTUNG. Synonym of convolution. 

FAMILY. A synonym of aggregate, set, etc., 
but usually used of a set (called an n-param- 
eter family), which is determined by the val¬ 
ues of n real (or complex) parameters. Thus 
the set of all circles in the plane is a 3-param¬ 
eter family. 

FAMILY OF SURFACES. See surfaces, fam¬ 
ily of. 

FARAD. A unit of capacitance, abbreviation 
f or fd. The farad is the capacitance of a 
capacitor (condenser) which acquires a 
charge of one coulomb when a steady poten¬ 
tial difference of one volt is maintained across 
its terminals. The microfarad (10-6 f) and 
the micromicrofarad (picofarad) (10-12 f) 
are used as units of capacitance much more 
often than is the farad. 

FARADAY. The quantity of electric charge 
associated with one gram equivalent of an 
electrochemical reaction. It is equal to the 
product of the Avogadro constant and the 
charge on the electron. It has the value 9.651 
abamperes per gram equivalent or 96.51 cou¬ 
lombs per gram equivalent. 

FARADAY EFFECT. When a transparent 
isotropic medium is in a strong magnetic field 
there is a rotation of the plane of vibration 
of polarized light which is transmitted through 
the medium in the direction of the field. The 
direction of rotation depends on whether the 
velocity of the light is parallel or antiparallel 
to the magnetic field. The angle of rotation 
a is given by 

a = ulH 
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where l is the length of the path traversed in 
a magnetic field of strength H and o> (some¬ 
times C is known as the Verdet constant. 
The Faraday effect is one of the special cases 
mentioned under rotation of the vibration 
plane. (See Robertson, Introduction to Op¬ 
tics, 4th ed., D. Van Nostrand Co., Inc., 
Princeton, 1954.) 

FARADAY LAW OF ELECTROMAG¬ 
NETIC INDUCTION. When the magnetic 
flux, <f>, linking a circuit, changes, an electro¬ 
motive force given by 

d<t> 
8 =- 

dt 

is induced in the circuit. 

FAST EFFECT, INTERACTION. In reac¬ 
tor theory, that part of the fast fission factor 
stemming from fast fissions in one fuel rod 
caused by neutrons born in fission in a differ¬ 
ent rod. 

FAST FISSION FACTOR. In reactor theory, 
this factor, denoted by e, expresses the average 
number of fast neutrons slowing down past the 
fast fission threshold of U-238 or U-235, per 
neutron produced by fission in the system. 
A different definition, encountered occasion¬ 
ally, is the ratio of all neutrons produced per 
unit time by fission to the number of neutrons 
produced per unit time by thermal neutron 
induced fission. 

FATIGUE. (1) The tendency for a metal to 
fracture under repeated stressing considerably 
below the ultimate tensile strength. In a com¬ 
mon method of test, a polished specimen is ro¬ 
tated rapidly and subjected to alternate flex¬ 
ure. The fatigue limit or endurance limit of a 
metal or alloy is that stress below which fail¬ 
ure will presumably not occur in an infinite 
number of cycles. When such a limit does not 
exist, the term is often applied to the stress 
causing fracture in a specified large number of 
cycles. 

When alternating cycles cause appreciable 
alternating plastic deformations, fatigue oc¬ 
curs in a small number of cycles. This be¬ 
havior is known as low-cycle fatigue. (See 
shakedown.) 

FECHNER FRACTION. If the eye can just 
distinguish an object whose brightness differs 
by an amount dB from a large field of bright¬ 
ness B, the contrast sensitivity may be meas¬ 

ured by dB/B, sometimes called the Fechner 
fraction. 

FEEDBACK. General Concept. Feedback is 
said to be present in a system if at least one 
pair of physical quantities in the system, say 
Qi(t), q2(t) are interrelated in such a way that 
qi affects q2 and q2 affects qif the two relation¬ 
ships being independent. Thus if the relation¬ 
ships between the system quantities may be 
written 

(d\ 
qi(t) = /d — 1 -q2(t) + possible contributions 

from other quantities 

(d\ 
q2{t) = /d — ) -9i(<) + possible contributions 

from other quantities 

where /1 (x)f2{x) ^ 1, then the feedback exists. 
Which direction of dependence is forward and 
which backward is largely a matter of arbi¬ 
trary convention, though it is usual to asso¬ 
ciate the forward direction with a main causa- 
tory chain from the input to the output of the 
system: then any dependence by w'hich a 
quantity earlier in the causatory chain is af¬ 
fected by a later one is a feedback. The es¬ 
sential point however, as stated above, is the 
existence of a two-way dependence of the 
above form. Surprisingly perhaps, the major¬ 
ity of systems are feedback systems. To illus¬ 
trate this, consider a battery of e.m.f E and 
internal resistance r connected to a load re¬ 
sistance R. The current i is related to E by 
the single relation i = E/{r R) and there¬ 
fore no feedback exists between i and E. If 
■we introduce the voltage drop v across the 
load, however, we have the equations 

v = E — ir 

i = v/R 

and we note that there exist two independent 
relations between v and i. Specifically, v con¬ 
trols i through the medium of the load resist¬ 
ance R, whereas i controls v through the me¬ 
dium of the battery internal resistance r. 
These equations may be pictorially depicted 
in a dependence or signal flow diagram: 

1 
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The existence of the feedback existing between 
v and i is displayed here in the form of a closed 
loop threading the two quantities, called a 
feedback loop. 

Although even such a simple system as this 
can be therefore considered as a feedback sys¬ 
tem, the more important class of feedback 
systems are those in which a feedback loop 
exists which includes an active element, i.e., 
a system element associated with a source of 
power, for instance, an electronic tube (with 
its source of anode voltage supply), a rotary 
machine amplifier (with its prime mover), a 
magnetic amplifier (with its a.c. power sup¬ 
ply) or their equivalents in other fields of en¬ 
gineering. It is to such systems that feedback 
theory is mainly applied. It is also only such 
systems which are capable of sustained oscil¬ 
lations or instability, a property which distin¬ 
guishes them from purely passive systems or 
systems including active elements which are 
not included in feedback loops. 

This last statement is, however, only appli¬ 
cable to what might be called engineering sys¬ 
tems. Feedback theory has been applied with 
some measure of success to other fields, nota¬ 
bly economics and ecology. It is known that 
economic systems are liable to sustained oscil¬ 
lations (the so-called booms and slumps) as 
also are, for instance, the population densities 
of certain interacting animal species (e.g., 
lynxes and foxes). What, if anything, in these 
systems corresponds to an active element is 
difficult to assess. 

The main reasons for introducing feedback 
into a system are as follows: (1) to modify 
the gain-frequency characteristic of a sys¬ 
tem; this includes, for instance, modifying the 
degree of stability of the system, modifying its 
cut-off frequency, making the gain more uni¬ 
form over the working band of frequencies, 
etc.; (2) to minimize the effects of non-lineari¬ 
ties of a system; (3) to minimize the effects 
of the variation of system parameters; (4) to 
minimize the output noise level of a system; 
(5) to modify, particularly in feedback ampli¬ 
fiers, the input and output impedances of the 
amplifier; (6) to limit the amplitude of one or 
more system quantities, e.g., torque in an elec¬ 
tro-mechanical control system. 

Single Loop Analysis. In a system con¬ 
taining a single feedback loop relating two 
quantities qi(t) and q2(t) we may write 

«i(<) = oAt) +d(^)-?2(<) 

where &i (t) is an external input to the quantity 
9i(0- These equations, eliminating may 
be written, dropping the brackets, 

92 _ M 

6i 1 — Md 

or, if we limit our attention to steady-state 
conditions at an angular frequency u, writing 
92(0 = Q2eiat, 6At) = ®ieiut 

Qz _ mO'w) 

@i 1 — /i(f«)/3(faj) ^^ 

where G(iu) is the output-to-input or gain 
frequency-function of the system, its modulus 
giving the amplitude ratio of q2 and 01;its phase, 
the phase advance of q2 relative to 6i. 

The chief effects of the feedback dependence 
d may be stated as follows: 

(1) G{iu>) is multiplied at every frequency 
by the factor {1 - M(fco)d(fw)}-1 i.e., the out- 
put-to-input amplitude ratio is multiplied by 
11 — Md | -1 and the output-to-input phase ad¬ 
vance is reduced by ph (1 — nfi). 

(2) Considering d to be a constant function 
but n to vary (due, for instance, in an electronic 
amplifier to tube aging), logarithmic differ¬ 
entiation of the above expression for G gives 

dlog G = d log n -f- 
Md 

1 -wd 
d log n 

1 

1 — Md 
d log n 

or 

<2{log|(?| + i ph (?} 

1 
= --- c?{log( m| H- i ph/i} • 

1 - Md 

Thus, if and only if ^d is real and 5^ 1, 

dlog|<?| = -.1 d log |/x | 
1 - Md 

1 
d ph G =-d ph n. 

1 -Md 

That is, the variation in the gain (expressed in 
nepers or decibels), for a given variation in /n 
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expressed in the same units, is multiplied by 

—-— and so is the variation in the phase of 
1 — m/3 
the gain function for a given phase change in n. 

It should be noted here that normally, over 
the pass-band of a feedback amplifier | yu/31 » 1 
and ph yu/3 = n i.e., /z/3 is sensibly large and nega¬ 
tive real. Note further that as |/x/3| —> <», 

G —> - and is thus unaffected by ix variation. 
j8 

(3) The output noise level due to any source 
of noise injected into or developed in any part 
of the ju-sequence is multiplied by 11 — m/S | 
assessed at noise frequency. The same is true 
of the effect of non-linearities in the ^-sequence, 
since these, by creating signal components at 
new frequencies (modulation products) may 
be considered as “noise” sources. 

The simple concepts and properties above, 
however, are inadequate for the analysis of 
more complex, particularly multi-loop sys¬ 
tems, if only for the reasons that in practice 
the addition of the /3-sequence often modifies 
the fj.-sequence, whereas /x has been assumed 
the same whether /3 is present or not, and that 
in practice it is very often difficult to disen¬ 
tangle the /x-sequence from the /3-sequence. 
Some aspects of the more advanced theory are 
given under various separate headings, nota¬ 
bly stability, sensitivity, return difference, sig¬ 
nal flow diagrams, etc. 

FEED-WATER HEATING. The process 
whereby the feed-water to the boiler is pre¬ 
heated by the use of steam bled from the 
power plant (turbine) between stages. This 
causes an increase in the efficiency of the 
plant. (See carnotization.) 

FERMAT’S PRINCIPLE. See optical path. 

FERMI CONSTANT. A universal constant 
appearing in /3-disintegration theory, express¬ 
ing the strength of the interaction between the 
transforming nucleon and the electron-neutrino 
field. Its value is between 10-48 and 10“49 g 
cm5 sec-2, and it is usually denoted by the 
symbol g or G. (See also coupling constant.) 

FERMI-DIRAC DISTRIBUTION FUNC¬ 
TION. In a Fermi-Dirac gas the number of 
particles, ni} in a state of energy Ei, at the 
absolute temperature T is 

1 
W* = e(.Ef—Ep)lkT _j_ i 

where k is the Boltzmann constant and EF is 
the Fermi energy. If kT « this function 
is nearly unity for Et < EF and nearly zero 

Fermi-Dirac distribution function for a gas at very 
low temperatures. 

for Ei > EF. The gas is then said to be de¬ 
generate, and only the particles in the range 
of energy levels of width kT about EF are 
available for conduction, etc. 

FERMI-DIRAC GAS. An assembly of inde¬ 
pendent particles obeying Fermi-Dirac statis¬ 
tics (fermions). The essential property of 
such particles is that they obey the Pauli ex¬ 
clusion principle of quantum mechanics, which 
requires that no two particles may be in ex¬ 
actly the same state. If the gas is very dense, 
this requirement may mean that the particles 
must occupy a wide range of energy levels, 
much larger perhaps than can be supplied by 
thermal energy. It can be shown by statistical 
mechanics that in such a degenerate gas (of 
which the free electrons in a metal are the 
standard example) only a small proportion of 
the particles contribute to such properties as 
the susceptibility, specific heat, conductivity. 
(See also quantum statistics.) 

FERMI-DIRAC LIQUID. A liquid whose 
constituent particles are fermions. The best 
known example is liquid He3. 

FERMI-DIRAC STATISTICS. In the case 
where the particles in a system of independent 
particles satisfy the Pauli exclusion principle, 
there will be either just one possible macro¬ 
state or none for a given set of numbers n* of 
particles in the i-th single particle level, de¬ 
pending on whether or not all are equal to 
zero or unity. In the first case the possible 
macrostate is the one corresponding to an anti¬ 
symmetric superposition of all possible micro¬ 
states. This means that in Fermi-Dirac sta¬ 
tistics all macrostates corresponding to a set 
of i%i, none of which is larger than unity, have 
the same weight, while any macrostate corre- 
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sponding to a set of of which at least one is 
larger than unity has zero weight. (See also 
quantum statistics.) 

FERMI ENERGY. According to the free 
electron theory of metals the electrons form a 
dense Fermi-Dirac gas, whose energy is very 
high even at very low temperatures. The 
Fermi energy is a measure of this, but the term 
seems to be used indiscriminately to refer 
either to (a) the energy EF occurring as a 
parameter in the Fermi-Dirac distribution 
function and measuring the highest occupied 
level at very low temperatures, or to (b) the 
average energy of the electrons, which is %EF. 
In most metals the Fermi energy is of the order 
of a few electron volts. The usage (b) is rec¬ 
ommended, (a) being referred to as the Fermi 
level (it being, in fact, the chemical potential 
of the electrons). 

FERMI HOLE. The depletion region sur¬ 
rounding an electron in the energy band theory 
of solids. As a result of electron correlations 
and exchange effects, there is a region sur¬ 
rounding each electron in which there is less 
than normal probability of finding other 
electrons. 

FERMI LEVEL. The point on an energy 
level diagram corresponding to the top of the 
Fermi distribution; or the energy level (in a 
semi-conductor) for which the Fermi-Dirac 
distribution function has a value of ^ - It is 
thus the thermal potential of a Fermi-Dirac 
system of independent particles. Usually ap¬ 
plied to a degenerate gas, where the Fermi 
level coincides with the top of the particle 
distribution. 

FERMI LEVELS, QUASI. In a semicon¬ 
ductor a potential energy defined so as to 
give either the number of holes, or of elec¬ 
trons in the conduction band, when the ma¬ 
terial is not in thermal equilibrium, as if it 
were the Fermi level. 

FERMION. A particle obeying Fermi-Dirac 
statistics. 

FERMI OSCILLATOR. A system capable of 
only two energy levels. 

FERMI PERTURBATION. See Fermi reso¬ 
nance. 

vibrational energy levels belonging to the same 
species, leading to perturbation (mutual “re¬ 
pulsion”) of the “original” energy levels En° 
and Ei°. If \j,n° and are the “original” eigen¬ 
functions, the matrix element Wni of the per¬ 
turbation function is given by 

W ■ = yy ni 

where W is essentially given by the anharmonic 
(cubic, quartic, • • •) terms in the potential 
energy (see vibrational energy levels of a 
molecule). 

If the separation 8 = En° - E° is small 
(close resonance), the energy E of the perturbed 
energy levels is given by 

E = Eni ± ^ V4| Wni\2 + 82 

where En— \{EL° + En°). If 5 is large com¬ 
pared to 2\Wni\ the energy of the perturbed 
levels is given by 

E — Eni A: 
\wni\2- 

8 . 

The eigenfunctions corresponding to the per¬ 
turbed energy levels are given by 

in = axpn0 - bii° 

ii — Hn + a\pi° 

where 

a 
~V/MWni\2+ 52 + 8 

. 2V4:\Wni\2 + 82 

b = 
VijFi + 82 - 5 

L 2\/4| Wni\2 + 82 . 

Due to the interaction of rotation and vibra¬ 
tion the Fermi resonance will as a rule also 
cause a change in the effective B values (see 
rotational energy levels of a molecule) of 
the interacting vibrational levels. If Bn° and 
Bi are the B values for the unperturbed levels, 
the actual B values are given by 

Bn = a2Bn° + b2Bi°, 

Bi - b2Bn° + a2Bi°, 

where a and b are the constants defined above. 
Since a2 + b2 = 1, it follows that 

Bn + Bi = Bn° + Bf 

FERMI RESONANCE. In a polyatomic that is the sum of the B values is unchanged 
molecule the accidental degeneracy of two by the perturbation. 
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FERMI TEMPERATURE. The degeneracy 
temperature of a Fermi-Dirac gas, defined by 
EF/k, where EF is the energy of the Fermi 
level, occurring as a parameter in the Fermi- 
Dirac distribution function. For the free 
electrons in a metal, this temperature is of the 
order of tens of thousands of degrees, so that 
the gas is highly degenerate. 

FERMI THEORY OF BETA DECAY. The 
Fermi theory of /?-decay was proposed in 1934 
in analogy with quantum electrodynamics. It 
gives the probability P of the ejection, in unit 
time, of a /1-particle whose energy lies between 
E and E + dE as 

PdE = f(Z, E)pE(Emax - E)2dE 

where p is the momentum of the electron. Here 
E is expressed in units of me2 and p in units of 
me. f(Z, E) is a slowly varying function of 
nuclear charge Z and energy. 

FERMI THEORY OF COSMIC RAY AC¬ 
CELERATION. A theory in which “col¬ 
lisions” are assumed to take place between 
charged cosmic ray particles and the magnetic 
fields associated with turbulent interstellar gas 
clouds. A charged particle will be reflected 
with increased energy if the gas cloud is mov¬ 
ing toward it, and with decreased energy in 
an overtaking collision. Since more collisions 
per unit time will occur with gas clouds moving 
toward a particle than away from it, an aver¬ 
age net gain of energy per collision results. 
Many such collisions can account for the high 
energies found in cosmic ray particles. 

FERROELECTRIC EFFECT. The phenom¬ 
enon whereby certain crystals may exhibit a 
spontaneous dipole moment (which is called 
ferroelectric by analogy with ferromagnetic— 
exhibiting a permament magnetic moment). 
The effect in the most typical case, barium 
titanate, seems to be due to a polarization 
catastrophe, in which the local electric fields 
due to the polarization itself increase faster 
than the elastic restoring forces on the ions 
in the crystal, thereby leading to an asym¬ 
metrical shift in ionic positions, and hence 
to a permanent dipole moment. Ferroelectric 
crystals often show several Curie points, do¬ 
main structure hysteresis, etc., much as do 
ferromagnetic crystals. 

FERROMAGNETIC RESONANCE. The 
apparent permeability of a magnetic material 

at microwave frequencies is affected (in the 
presence of a transverse, steady field) by the 
precession of electron orbits in the atoms. If 
the microwave frequency equals the preces¬ 
sion frequency, resonance occurs and the ap¬ 
parent permeability reaches a sharp maxi¬ 
mum. The resonance frequency depends upon 
the strength of the transverse field. Thus, a 
thin film of a ferromagnetic substance placed 
in a static magnetic field H is found to be 
capable of absorbing from an oscillating field 
whose magnetic vector is perpendicular to H 
at a frequency given by 

where B is the magnetic induction associated 
with H, e and m are the charge and mass of 
the electron, c is the velocity of light, and g 
is very near to 2, the Lande factor for free 
electrons. 

FERROMAGNETISM, HEISENBERG THE¬ 
ORY. See Heisenberg theory of ferromag¬ 
netism. 

FERROMAGNETISM, STATISTICAL 
TREATMENT. See cooperative phenomena. 

FEYNMAN METHOD. In neutron transport 
theory, a method for the analysis of the in¬ 
tegral equation form of the theory. We as¬ 
sume that for the system in question we can 
solve the one velocity integral equation (with 
isotropic scattering) for each velocity v. Thus, 
we generate a set of eigenfunctions ?q(r;v) for 
any fixed v. The solution to the full integral 
equation is expanded in terms of these func¬ 
tions, thus reducing the full equation to a sys¬ 
tem of integral equations in v only. In cer¬ 
tain cases the set iu may be replaced by the 
set of solutions to the diffusion equation with¬ 
out severe loss of accuracy. (See integral 
transport equation.) 

FEYNMAN DIAGRAM. See Feynman posi¬ 
tron theory. 

FEYNMAN POSITRON THEORY. In 1949 
Feynman developed a theory the purpose of 
which was to simplify all calculations involv¬ 
ing positrons and electrons interacting with 
external fields. The theory was then extended 
to include interactions between the particles, 
and the resulting theory was proved equiva¬ 
lent to the standard procedure of quantized 
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field theory. Feynman’s theory gives a com¬ 
pletely new physical viewpoint for the inter¬ 
acting process, permitting visualization and 
ease of understanding. We first illustrate it 
for the non-relativistic theory. 

Consider the Schrodinger equation for a 
single particle, ihdt \t) = H\ t). The state vec¬ 
tor at time |/2) is related to the one at time 

| b) by the time-translation operator U{t2,t\) = 
exp (—iH(t2 - h)/ft) 

|<2> = U(t2,t1)\tl) = exp [~iH(t2 - h)/h]\ti). 

(1) 

In the Schrodinger position representation 
= (x\t) is the Schrodinger wave function 

at time t, in terms of which (1) becomes 

(*2M) = ^(x 2,<2) 

= j"(x2! L (t2,t\) | xq)(xi | t\)d3x 1 

= ^ d3X\K(x2t2]xili)yl/(xiti) (2) 

where 

K(x2t2)xiti) 

= (x2 L (hdi) I xi) 

= X <x21E)(E|exp [-iH(h - <i)/ft]lxi> 
E 

= J1ue(.x2)ue(xi) exp [-iEfo - tx)/H] (3) 
E 

in the Green’s function for Equation (1). In 
(3) the states | E) are the eigenfunctions of H, 

which is assumed to be time-independent. We 
have adopted the notation w.e(x) = (x E). From 
the completeness of the set { E)\, i.e., from 

the fact that Z',\E)(E\ = 1, we note that (3) 
E 

implies 

K(x2t]xit) = (x21 xi) = 5(x2 — xx) (4) 

as should be. From the fact that U{t2,t\) van¬ 
ishes for t2 < t\, K(x2t;xit), likewise vanishes 
for t2 < t\. The above Green’s functions K is 
therefore that solution of 

[ihdlt — H(x2)]K(x2t2;x1ti) 

= ifib(x2 - xl)8(t2 - h) (5) 

which vanishes for t2 < t\. A perturbation 
theory can easily be developed in this formula¬ 
tion. Assume that II = Ho + V and that the 
problem is soluble for II = H0, i.e., when V = 

0. Let us denote by Kq the Green’s function 

for V = 0, i.e., for the free particle. Then the 
solution of (5) which satisfies the boundary 
condition K = 0 for t2 < ti is the solution of 
the integral equation 

*(2,1) = *0(2,1) 

fK0(2,3)V(3)K(3,l)d4x3 (6) 

where K(2,1) stands for K(x2t2,xit{) and d*x = 
d3xdt. That (6) is a solution of (5) is readily 
verified by operating with [ihdtj — H0(2)] on 
both sides of the equation; also since iv0(2,1) 
is zero if t2 < t\, K{2,1) likewise vanishes for 
t2 < t\. The Neuman-Liouville expansion 
of (6) yields 

*(2,1) = *o(2,l) - - J,>*3*0(2,3)7(3) 

• *o(3,l) + (^\ jd4x3Jd4x4K0(2,3) 

■ 7(3)*o(3,4)7(4)*0(4,l) (7) 

which can be interpreted as follows: the first 
term represents the particle traveling freely 
from 1 to 2. The second term represents the 
particle moving freely from 1 to 3 being scat¬ 
tered at 3 (due to V(3)) and again traveling as a 
free particle from 3 to 2. (The integration 
over 3 is evident.) The third term represents 
double scattering at 3, and at 4, etc. 

A corresponding treatment of the Dirac 
equation can be given. For a free particle 
the latter reads 

(iy^ — m)^(x) = 0 (8) 

(where we have set h = c = 1). The Green’s 
function *0 connecting the wave function \p at 
2 to that at 1 is now a 4 X 4 matrix, which sat- 
isfies 

(nM«V ~ m)*o(2,l) = *5(2,1) 

[5(2,1) = 5(x2 - Xl)5(/2 - h)]. 

A particular solution of this differential equa¬ 
tion is given by 

*0 = Z! Wn(*2)tt„(xi) exp [—iEn(t2 - <l)] 
En >0 

+ Z wn(xi)“n(xi) exp [~iEn(t2 - ij)], 
En <0 

for t2 > <1 

*0 = 0, for t2 < ti (10) 
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where un are energy eigenfunctions of the Dirac 
equation. The negative energy solutions must 
be included in order that for time t2 = h, 
K0(2,1) = 5(x2 — xi) [since only with the in¬ 
clusion of the negative energy solutions is the 
set un(x) complete]. 

This choice of K0 corresponds to the one- 
electron theory rather than to the correct hole 
theory. This can be seen as follows: Consider 
an electron being scattered by a potential V 
which vanishes for t < —T and for t > T. 
The result of a perturbation calculation [Equa¬ 
tion (7)] is then that for t > T the wave func¬ 
tion of the electron will contain components 
corresponding to positive as well as negative 
energy solutions of the Dirac equation, imply¬ 
ing a non-vanishing probability for finding the 
particle in a negative energy state which is 
clearly unphysical. The correct Green’s func¬ 
tion can be obtained by noting that according 
to the hole theory, the negative energy states 
are occupied, hence they are not available to 
the electron after scattering. This requires 
that for <2 > h, K is a sum over positive energy 
states only; K must, however, still satisfy (9) 
in order that it be a Green’s function. This can 
be done by subtracting from the solution K0 
given by (10) the following solution of the 

homogeneous equation: ^2 un{x2)un{x{) exp 
hn <0 

[ — iEn(t2 — <i)]. This yields the new Green’s 
function K+ with the properties that 

K+ = J2 un(x2)un(xi) exp [—iEn(t2 - ^)], 
En> 0 

for <2 > h 

K+ = - ^2 un(xi)un(xi) exp [~iEn(t2 - «0], 

= - X) un(xi)un(x2) exp [~i\En\\t2 - tx\, 
En <0 

for t2 < tx. (11) 

If a potential is present, an integral equation 
which is the analogue of (7) can be written. 
(K+ replaces K0.) The various terms in the 
series expansion of this integral equation can 

be visualized by means of space-time Feynman 
diagrams. The first term A'+(2,l) represents 
a free particle traveling from 1 to 2 and will 
be represented by a directed straight line 
(Figure 1). The second term 

(-*') f K+(2,3)V(3)K+(3,l)d4x3 (12) 

represents a single scattering. If the region 
where V is different from zero is represented by 
a bounded region S in a space-time plot, then 
this term (12) can be represented by the dia¬ 
gram indicated in Figure 2. 

The diagrams drawn in Figure 3 represent 
the two possibilities represented by the third 
term in the perturbation expansion: 

{-i)2 fd4x3K+(2,3)V(3)K+(3,4)V(4)K+(4,l). 

(13) 

Case (a). As one follows the world line 
from 1 to 2 time always increases, so that in 
K+ only positive energies occur. 

Case (6). As one follows the world line, in 
going from 4 to 3 time goes “backward” and 

Fig. 1. 
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in K+ (4,3) negative energy sums occur. In 
Feynman’s interpretation this represents a 
positron propagating from 3 to 4. Alterna¬ 
tively, proceeding in the direction of increasing 
time one can interpret the sequence of events 
as follows: An electron-positron pair is cre¬ 
ated at 3; the electron propagates toward 2, 
the positron propagates toward 4, at which 
point it annihilates the incoming electron. 

Both situations are included in the single 
term (13) since one is to integrate over all 
times 3 and 4. The term (13) is therefore 
only represented by a single diagram, either 
Figure 3a or 36, since whichever is chosen the 
other can be obtained from it by letting the 
time component of 3 move relative to that of 4. 

The above prescription for the propagation 
kernel K+ can be shown to be equivalent to 
the hole theoretic formulation, the minus sign 
in 10(b) being a reflection of the Pauli prin¬ 
ciple. The formalism can be extended to the 
case of many particles interacting through the 
quantized electromagnetic field. 

The connection of the Feynman formalism 
to the quantized electron-positron field can be 
established as follows: 

In the presence of an external electromag¬ 
netic field, the electron-positron field is de¬ 
scribed by a Heisenberg field operator ij/(x) 
which obeys the following field equation and 
equal time anticommutation rules 

+ m)\pe(x) = — 7MAMc(a;)^e(x) 
hi 

{t(x),i*(x')}Xo _ X’0 = 5(x - x') 

and which has the following expansion in terms 
of creation and annihilation operators 

’Pf^.x) = ^ . 6n0n(x) . <j>n{x)dn 
n,E+ n,E- 

where the first term runs over the positive 
energy solutions and the second over negative 
energy solutions of the Dirac equation in this 
external field; bn is a destruction operator for 
an electron in the positive energy state <£„(x) 
and dn* a creation operator for a positron. We 
shall assume Ae time independent and suffi¬ 
ciently weak so that stationary solution 
<t>n(x) = un(x) exp ( — iEnt) can be defined for 
which a gap exists between positive and nega¬ 
tive energy eigenvalues. Under these circum¬ 
stances a vacuum state 'ko exists which has the 
property that 6„'ko = dn'ko = 0, for n• The 

probability amplitude of finding an electron 
at time 12 at x2 if there was one at time t\ at xt 
with t2 > t\ can than be obtained from the 
quantity 

(0(2)*o, £(l)*o) = (*o, *(2)yoiK1)*o) 

or more generally from the quantity 

SFe(2,l) = (¥„, 2)£(l)*o) 

where T is the Wick chronological product. 
One can verify that — 3^fiSj?e(2,l) = K+(2,1) 
where K+ is the Feynman propagator in the 
presence of the potential yMMe. 

FEYNMAN THEORY OF LIQUID HE¬ 
LIUM. An extension of the Landau theory 
of liquid helium II, in which the liquid is 
treated as more like a solid than a gas. The 
presence of phonons and rotons is predicted 
as well as the "freezing out” of the rotons 
below 0.6°K. 

FIBER STRESS. Lines parallel to the axis 
of a bar are called fibers. The normal stress 
on the cross section of a bar is called the fiber 
stress. In the elastic range, the extreme fiber 
stress in a straight bar bent about a principal 
axis is given by P/A + Mc/I where P is the 
axial force, A, the cross-sectional area, M, the 
bending moment, 7, the moment of inertia 
about the principal axis of bending and c, the 
distance of the extreme fiber from the neutral 
axis. 

FICKIAN DIFFUSION. Diffusion in which 
the transfer of a quantity Q is in a direction 
down the gradient of Q at a rate proportional 
to the gradient. The flux of Q across unit area 
perpendicular to the unit vector 1 is xl-grad Q, 
k being the diffusion coefficient which is, how¬ 
ever, usually the same in all directions, in 
which case 

dQ 
— = k div grad Q = kV2Q. 
dt 

But if the medium is not isotropic k may vary 
with direction, and then the lines of flow of Q 
are not parallel to the gradient of Q. 

FICK LAW OF DIFFUSION. See Fickian 
diffusion; diffusion, Fick law of. 

FIDUCIAL INFERENCE. A type of esti¬ 
mation which, in a defined probabilistic sense, 
locates a parameter in a certain range; or a 
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type of inference which purports to decide 
questions of significance in the light of a 
“fiducial probability” distribution. 

Intervals of estimation based on fiducial 
probability are different in general from con¬ 
fidence intervals, but the two are sometimes 
confused. The fiducial argument has been 
subject to much controversy. 

FIELD. A set of elements for which ad¬ 
dition and multiplication are defined (and lead 
to elements in the set) such that: both opera¬ 
tions are commutative and associative, and 
multiplication is distributive over addition; 
also there are two elements, conveniently called 
0 and 1, such that 0 -|- a = la = a for all a in 
the set; finally, subtraction and division are 
always possible and unique (except that divi¬ 
sion by zero is not possible); that is, for every 
a there exists a unique x such that a -f- x = 0 
and a unique y (unless x = 0) such that 
ay = 1. Well-known examples of fields are: 
the set of real numbers, of complex numbers, 
of rational numbers, of residue classes modulo 
a prime, and so forth. (See also entries fol¬ 
lowing.) 

FIELD, ELECTRIC. (1) The attraction (or 
repulsion) exerted by one electric charge on an¬ 
other can be described quantitatively in terms 
of the electric field produced by the first 
charge. By definition, the field at any point 
is the force (a vector, having magnitude and 
direction) that would be exerted on a unit 
positive test charge placed at that point. 
Hence an electric field is a specific type of field 
of force. The path that would be followed 
by an inertia-less test particle is called a “line 
of force.” It follows from the Coulomb law 
that the field of a point charge in free space 
has the magnitude 

47T60r2 

where q is the charge, to is the permittivity, r 
is the distance from the charge, and ration¬ 
alized units are employed. (See flux, electric.) 

(2) An electric field is produced also by a 
varying magnetic field. (See Maxwell’s equa¬ 
tions; Faraday law of electromagnetic induc¬ 
tion; field of moving charge in space.) 

FIELD EQUATIONS, LAGRANGE. See 
Lagrange field equations. 

FIELD EQUATIONS, RELATIVISTIC. See 
relativity, general. 

FIELD, FREE. A field (wave or potential) 
in a homogeneous, isotropic medium free from 
boundaries. In practice it is a field in which 
the effects of the boundaries are negligible over 
the region of interest. In acoustics, the actual 
pressure impinging on an object (e.g., electro¬ 
acoustic transducer) placed in an otherwise 
free sound field will differ from the pressure 
which would exist at that point with the object 
removed, unless the acoustic impedance (see 
impedance, acoustic) of the object matches the 
acoustic impedance of the medium. 

FIELD, IMPRESSED. The electromagnetic 
field which would exist if the body of interest 
were not present, or the field that would exist 
in free space with the given source distribution. 

FIELD, INDUCTION. See the discussion 
under field, radiation. 

FIELD, LEPTON. In the Fermi theory of 
beta-decay, the nuclear transition involving 
the emission of an electron and an antineu¬ 
trino is treated in a way which is analogous to 
the treatment of electromagnetic transitions. 
As an analog to the electromagnetic field, 
Fermi introduced the concept of the electron- 
neutrino field or, as it is now called, the lepton 
field. This field is described mathematically 
as being the sum of products of electron and 
antineutrino wave functions plus a sum of 
products of positron and neutrino wave func¬ 
tions. 

FIELD OF FORCE. Electric charges exert 
force upon other electric charges, magnets 
exert forces upon other magnets, matter exerts 
gravitational force upon other matter. All 
these action-at-a-distance phenomena are 
conveniently described in terms of the “force 
field” set up by a source. The force exerted 
on a unit test-particle (unit charge, unit pole, 
unit mass) is a vector function of position of 
the test-particle. That is, the force on a unit 
test-particle has a definite magnitude and di¬ 
rection for each possible location of the test- 
particle. The totality of these force vectors, 
or the vector function of position, is called a 
“field of force.” Any path that would be fol¬ 
lowed by an inertia-less test-particle in a force 
field is called a “line of force.” It is con- 
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venient to decide arbitrarily how close together 
possible lines of force are independent, so that 
there will be a finite number of lines, and the 
concept can be made quantitative. Conven¬ 
tionally a unit source radiates 4?r lines, or one 
per unit solid angle in unrationalized systems, 
and a single line (1/4?r per unit solid angle) in 
rationalized systems. 

FIELD OF MOVING CHARGE IN SPACE. 
It is assumed that the charge density p(r,£) 
and the current density pv = g(r,t) are known 
functions of space and time. It is furthermore 
assumed that the charges are imbedded in 
empty space. Maxwell’s equations are in this 
case: 

1 dE 47r 
curl 11=-1-pV; div E = 47rp 

c dt c 

1 <9H 
curl E =-; div H = 0. 

c dt 

To solve these equations, one introduces the 
scalar potential <t> and the vector potential A 
where 

II = curl A 

1 d\ 
E =-grad <j> 

c dt 
and 

1 d<f> . 
div A 4-= 0 (Lorentz gauge condition). 

c dt 

The potentials satisfy the equations 

V2A - 

V20 - 

1 d2A 

7 ~dF 

1 d2ct> 

777 
—4tt p. 

The solutions (retarded potentials) are 

A{x,3/,2,() = - JJJ 
♦(W,i) - \ fff 

g(£,v,r,t - r/c) 
d£dr]dZ 

p(Z,v,t,t - r/c) 
- d£dridt 

= V{X - £)2 + (y - V? + (* - f)5 

If the charge is a point charge of magnitude e 
the solution reduces to the so-called Lienard- 
Wiechert potentials: 

<t> = 

r 

e 

r • v 

c 

r and v are the “effective” position and velocity 
T 

of the charge at the retarded time t-. 
c 

FIELD OF VIEW. The region constituted 
by all points on which the gaze can be fixed 
when the eye is allowed to move while the 
head is kept immobile. The field of view may 
be monocular or binocular. (See Luneburg 
geometry.) 

FIELD OPERATOR. In quantized field the¬ 
ory, an operator which represents the creation 
or annihilation of a particle. 

FIELD QUANTIZATION. The transition 
from a classical field theory to a quantized 
field theory. To any quantized field theory 
there corresponds a semi-classical field theory 
with the same field equations. The quantized 
field theory is obtained from this classical field 
theory by replacing the classical field quanti¬ 
ties by operators satisfying simple commuta¬ 
tion or anti-commutation relations. (See field 
theory, quantized and quantum electrody¬ 
namics.) 

FIELD, QUASI-STATIC. See the discussion 
under field, radiation. 

FIELD, RADIATION. The electromagnetic 
field associated with oscillating electric and 
magnetic dipoles can be written as the sum 
of three components. The first of these has an 
inverse-cube dependence on distance from the 
dipole, resembling the static field of the di¬ 
pole but multiplied by a time-varying factor. 
It is in phase with the source current and is 
often called the “quasi-static” field. The sec¬ 
ond component falls off inversely as the square 
of the distance and is in quadrature with the 
source current. For this reason there is no net 
loss of energy due to this component. It is 
called the “induction” field, a term which em¬ 
phasizes its reactive character. The last com¬ 
ponent is again in phase with the source cur¬ 
rent but varies inversely as the distance, thus 
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predominating over the other two at large 
distances. The in-phase relation represents 
real power loss, and its dependence on distance 
means that its contribution to the integral of 
the Poynting vector does not vanish for ex¬ 
tremely large distances. This component is 
called the “radiation” field. A somewhat simi¬ 
lar decomposition of the field occurs also in 
the more general case of an accelerated charge. 
(See also dipole radiation, electric; and dipole 
radiation, magnetic.) 

FIELD RAY. Two linearly independent op¬ 
tical paths, one from an axial object point and 
one from an off-axis object point, determine 
all paraxial optical paths in the Gaussian op¬ 
tics of a system. These are referred to as the 
axial and field rays, respectively. The field 
ray is usually taken parallel to the axis in 
object space. 

FIELD, SELF-CONSISTENT. See self-con¬ 
sistent field. 

FIELD STRENGTH. The vector character¬ 
izing a field. Thus an electric field has a 
strength (volts per meter) at a given point, as 
well as a direction; its strength is, therefore, 
the magnitude of its electric field vector, E. 
(See field of force.) 

FIELD STRENGTH TRANSFORMATION 
LAWS. See transformation laws for field 
strengths. 

FIELD, TENSOR. See tensor field. 

FIELD THEORY. Theory of the dynamical 
motion of a set of electromagnetic or matter 
fields, in which the electromagnetic potentials 

and the matter wave functions \fa are rep¬ 
resented by functions of position and time. 
Usually but not always a field theory is de¬ 
veloped in accordance with the postulates of 
special relativity theory so that if it is de¬ 
signed to describe nuclear forces the principle 
of relativity will be extended to include the 
impossibility of detecting absolute uniform 
motion of the laboratory by means of nuclear 
experiments conducted therein. In this type 
of field theory the equations of motion are de¬ 
rived from a Lagrangian density 

( L ( 'Pat Ap, 
d\pa dAM 
- f - 
dxv dxv ) 

being, for the \J/a, 

* d / dL \ dL 

fi=l dx^ dxj/a 

For other properties of L see gauge invariance, 
energy-momentum tensor. Since it is possible 
to derive the Maxwell equations and the Dirac 
electron theory in this way, it has been hoped 
to formulate in analogous fashion a satisfac¬ 
tory meson theory of nuclear forces. 

Field theories may also be developed as rela¬ 
tivistic and as non-relativistic theories, as well 
as for quantized and non-quantized descrip¬ 
tions. 

FIELD THEORY, QUANTIZED. Classical 
field theories, like that of the electromagnetic 
field, have to be modified in quantum theory 
in order to include the description of quantum 
phenomena. In the same way as in particle 
mechanics the classical quantities are replaced 
by operators in the transition to quantum me¬ 
chanics, the classical field quantities become 
field operators in a quantized field theory. 
The particles appear in the theory as the 
quanta of the field. Photons are the quanta 
of a radiation field, electrons the quanta of a 
quantized electron field, the different mesons 
quanta of meson fields. If the particles obey 
Bose-Einstein statistics, the quantized field 
operators satisfy simple commutation rela¬ 
tions; if the particles are fermions obeying 
Fermi statistics, the field operators satisfy 
analogous anti-commutation relations. The 
best known example of quantized field theory 
is quantum electrodynamics which describes 
the interaction of electrons and the radiation 
field. Nuclear forces are related to the inter¬ 
action of nucleons with meson fields. Many 
problems of elementary particle physics belong 
to quantum field theory. The quantum field 
equations satisfied by the field operators are 
in general non-linear equations, which means 
that it is a difficult mathematical problem to 
arrive at quantitative predictions. In quan¬ 
tum electrodynamics, the coupling between the 
fields is weak, and one can apply perturbation 
methods. In many other important cases, 
however, the coupling between the fields is 
strong, and the perturbation techniques which 
have been developed in recent years in quan¬ 
tum field theory are of little help. 
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FIELD THEORY, WEYL UNIFIED. The¬ 
ory of gravitation and electromagnetism based 
on a non-Riemannian geometry in which the 
length of a vector may change under parallel 
displacement. 

dl 
- = Auffof. 
I M 

The A^ are interpreted as the electromagnetic 
potentials. With this interpretation, multiply¬ 
ing a length as (r,t) by exp [X(r,i)] leads to the 
gauge transformation 

A'M = AM + dMX. 

(See gauge invariance, second kind.) 

FIGURED SURFACE. In lens design and 
fabrication, a surface that departs from a 
specified surface (often a sphere) by small 
amounts (of the order of a few wavelengths). 

FIGURE OF MERIT. (1) General term for 
various graphical relationships which sum¬ 
marize certain desirable features of ampli¬ 
fying devices. (2) The current required to 
produce one division deflection (usually 1 mm 
on a scale at a distance of 1 m) of a galva¬ 
nometer. (3) Any quantity which expresses 
quantitatively the performance of a measuring 
device. 

FILM. In heat transfer, the name given to 
the boundary layer. 

FILM TEMPERATURE. In heat transfer, 
the mean between the temperature of a duct 
or an immersed body, and the bulk tempera¬ 
ture. 

FILMWISE CONDENSATION. See drop- 
wise condensation. 

FILTER. An electrical network designed to 
eliminate certain frequencies in a signal by 
attenuation, leaving the remaining frequencies 
little changed. Specific adjectives, e.g., low- 
pass, high-pass, band-pass and band-elimina¬ 
tion indicate the particular behavior for which 
the filter was designed. 

FILTERING APPROXIMATIONS. A set of 
mathematical approximations introduced into 
a system of hydrodynamical partial differen¬ 
tial equations to filter out or exclude solutions 
corresponding to those physical disturbances 
which are believed to contribute only negli¬ 
gibly to the problem at hand. 

FINAL VERTEX. See vertex, final. 

FINE STRUCTURE. A. Rotational fine 
structure in band spectra (see molecular 
spectra). 

B. Multiplet splitting 

(I) Atomic Spectra 

An energy level with a given electronic 
angular orbital momentum L and electron spin 
S =^= 0 will split into a number of fine struc¬ 
ture components with different total electronic 
angular momenta J. The corresponding quan¬ 
tum numbers are 

J — (J + S), (J + S — 1), •••,(«/ — S). 

The number of fine structure components is 
2/S + 1 for J > S, and 2J + 1 for J < S. 

Transitions between fine structure levels 
follow the selection rule 

A./ = 0, ± 1, and J = 0 <—[—> J = 0. 

The magnitude of the fine structure splitting 
depends on the coupling between S and L. 
For strict Russell-Saunders coupling the 
energy of the fine structure levels is given by 

W = W0 

, J(J + 1) — L{L + 1) - S(S + 1) 

where A is a constant characteristic of the 
multiplet considered (see T-value). In this 
case the interval between successive fine struc¬ 
ture components (J and J + 1) is proportional 
to J -j- 1 (Lande’s interval rule). (See also 
hydrogen fine structure, multiplet.) 

(II) Molecular Spectra 

The total angular momentum J is the vector 
sum of the angular momentum of the nuclear 
frame, the electronic orbital angular momen¬ 
tum A in the direction of the internuclear 
axis, and the electron spin S. The total angu¬ 
lar momentum apart from spin is designated 
N. For the corresponding quantum numbers 
we have 

J = (N + S), (N + S — 1), • • •, (N — S). 

The interaction of rotation and electron 
spin (which increases with increasing rotation) 
causes a variation of the multiplet splitting 
with N or J. The following formulas give the 
rotational term values for some important cases 
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referring to diatomic and linear polyatomic 
molecules: 

22 states (A = 0, S = 

F1(N) = B„N(N + 1) + iyN 

F2(N) = BVN(N + 1) - h(N + 1). 

Here Fi(N) and F2(N) refer to the levels with 
J = N -f Vi and J = N — respectively, 
and 7 is a small coupling constant (7 « Bv). 

32 states (A = 0, S = 1) (Schlapp’s formula). 

FdN) = BvN(N + 1) + (2N + 3)BV - X 

- V(2N + 3)2Bv2 + X2 - 2\BV 

- 7 (N + 1) 

F2(N) = BJV(N + 1) 

F3(N) = BvN(N + 1) - (2N - 1 )BV - X 

+ V(2N - 1)2BV2 + X2 - 2\BV 

-7 N. 

Here Fi(N), F2(N), F3(N) refer to the levels 
with J = N + 1, J = N, and J = N — 1, re¬ 
spectively, and X and 7 are small coupling 
constants. 

2n, 2A, • • • states (A = 1, 2, • • •, S = Y£) 
(Hill and Van Vleck’s formula). 

Fi(J) = BV[(J + i)2 - A2 

-|V4(J + |)2+ Y{Y — 4)A2 ] 

- DyJ4 

F2(J) = BV[(J + i)2 - A2 

+ ^V4(/ + i)2 + y(F-4)A2] 

FINITE AMPLITUDE EQUATIONS 
(ACOUSTIC). For plane waves of infini¬ 
tesimal amplitude travelling in an ideal gas, 
the particle displacement $ obeys the wave 
equation 

<^ = 7Pod^ 

dt2 p0 dx2 

where 7 is the ratio of the specific heats, pa is 
the mean pressure, and p0 is the mean density. 
Such waves are propagated with constant ve¬ 

locity c0 = a/(yp0/po). For waves of finite 
amplitude, (1) becomes 

dt2 

-(7 + 1) 

(2) 

The velocity of propagation c is then given by 

c = Co 

-(7+D/2 

and c thus depends on the amplitude. Thus, 
waves of large amplitude travel faster than 
waves of smaller amplitude, and as a finite 
disturbance is propagated through a gas, a 
shock front develops. (See wave, shock.) 

FINITE ELASTICITY THEORY. The the¬ 
ory of the relation between the forces and de¬ 
formation in bodies of elastic or perfectly- 
elastic material, in which it is not assumed 
that the displacement gradients are infinitesi¬ 
mally small (cf. classical elasticity theory). 

FINITE GRAPH. See graph, finite. 

FIRST BETTI NUMBER. See graph, nullity. 

FIRST CURVATURE OF A SURFACE. 
See curvature. 

- DV(J + l)4. 

Here Y = A/BV) where the coupling constant 
A is a measure of the strength of the coupling 
between the spin S and the orbital angular 
momentum A; Fi{J) is the term series that 
forms for large rotation the levels with J = 
N + Y<i, while F2(J) forms for large rotation 
the levels with J = N — 

FINE STRUCTURE CONSTANT. See Som- 
merfeld fine structure constant. 

FINE STRUCTURE, HYDROGEN. See hy¬ 
drogen fine structure. 

FIRST FLIGHT COLLISION PROBABIL¬ 
ITY. See collision probability, first flight. 

FIRST FLIGHT ESCAPE PROBABILITY. 
See escape probability, first flight. 

FIRST FOCAL POINT. The first focal point 
F in Gaussian optics is the object point so situ¬ 
ated that all rays through F have image rays 
parallel to the axis of the system. 

FIRST FUNDAMENTAL THEOREM. In 
nuclear reactor theory, the statement that in 
a critical bare reactor, (a) the neutron flux—• 
averaged over angle—is separable in space 
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and energy, i.e., &(r,E) = x(E)*//(r); and (£>), 
the spatial factor satisfies the equation: 

(V2 + B2)Hr) = 0 

with the condition that </>(r) be everywhere 
positive and vanish on the boundary. B2, the 
lowest eigenvalue of the equation, is called the 
buckling. 

FIRST LAW OF THERMODYNAMICS. 
See thermodynamics, first law of. 

FIRST LIMIT THEOREM. If a sequence of 
distribution functions {F„} converges to a 
limit F then the corresponding sequence of 
characteristic functions {<£„} converges to a 
limit <f> and </> is the characteristic function 
of F. This is the first limit theorem of prob¬ 
ability and statistics. 

FIRST ORDER OPTICS. See Gaussian op¬ 
tics. 

FIRST ORDER SOLUTION THEORY. See 
conformal solutions. 

FISHER’S DISTRIBUTION. If Sx2, s22 are 
two independent estimates of variance, with 
degrees of freedom vi and v2, in data from a 
normal population, the distribution of one 
half the logarithm of their ratio, 

2=| log (si2/s22) 

is called Fisher’s z-distribution. It has the form 

2vi^'v2e?lZdz 

dF = B($vlt |,2) (ne2z + v2)™vM’ 

— OO < z < 00. 

Fisher chose the logarithm, rather than the 
ratio F = Si2/s22 itself, to facilitate interpola¬ 
tion in tables. The ratio F has a beta distri¬ 
bution of the second kind. Tests of signifi¬ 
cance based on F or z are widely used in the 
analysis of variance. 

FISHER-YATES TEST. A test of independ¬ 
ence of data arranged in a 2 X 2 contingency 
table. It is an exact test, used for small fre¬ 
quencies where the chi-square test is feared 
to be too approximate. 

FISSION SPECTRUM. The distribution in 
energy of prompt neutrons emitted at fission, 
measured in the coordinate system of the fis¬ 
sioning nucleus. Within present experimental 

accuracy the probability that a neutron is 
emitted in the range E, E + dE is: 

aYl 
f(E) = —— Ve e~aE, a = 0.775 

r(f) 

where E is to be measured in Mev. (See also 
Watt spectrum.) 

FISSION YIELD CURVE. A curve obtained 
by plotting the fraction of fissions, usually ex¬ 
pressed as a percentage, which give rise to a 
particular nuclide, against the mass number 
of that nuclide. Since there are two product 
nuclei per fission, the total fission yield is 
usually taken to be 200%. The typical fission 
yield curve contains two broad peaks around 
mass numbers 90 and 140 owing to the fact 
that fission is predominantly asymmetric. 
The trough between them, representing sym¬ 
metric fission, may correspond to only 0.1% 
of the most probable yield, but this depends 
rather sensitively upon the actual fission proc¬ 
ess considered (for example, upon the energy 
of the neutrons giving rise to fission). 

FIX. The point of intersection of two lines 
of position is known as a fix. This fix may be 
the actual position of the ship or plane if the 
lines of position are obtained by observation 
of celestial objects (celestial navigation), or 
by radio or other electronic means (electronic 
navigation), or by observations of terrestrial 
objects in known geographic positions (pilot¬ 
age). 

FIXED ARCH. See arch. 

FIXED-ENDED BEAM. See beam, fixed- 
ended. 

FIXED-END MOMENTS. A term used in 
the moment distribution procedure to describe 
the moments which w'ould be produced by the 
transverse loads if the ends of the elastic beam 
were fully restrained against rotation. Clock¬ 
wise end moments are taken as positive. 

FIXED POINT. (1) A system of computing 
in which all quantities must be scaled so as 
to be representable by a fixed number of digits 
and with the radix point in a fixed position. 
It may be contrasted with floating-point com¬ 
putations in which a scale factor is explicitly 
computed and associated with each number, 
and represented as a power of the radix. In 
some digital computers floating-point opera¬ 
tions are automatic; in others they are not. 



Fixed Point Theorem — Flow, Energy Equation for Steady Adiabatic 358 

(2) In the analysis of beams, fixed points are 
points of zero moment (points of inflection or 
contraflexure) in an unloaded portion of a con¬ 
tinuous elastic beam with supports A, B, C, 
D • • • when a moment is applied at A. They 
are fixed points in the sense that the point of 
zero moment in open CD will not change as 
the loads on ABC are altered. 

FIXED POINT THEOREM. See Brouwer 
fixed point theorem. 

FIXED THERMOMETRIC POINTS. See 
temperature. 

FLAME VELOCITY. See combustion. 

FLAT SPACE-TIME. Space-time for which 
the Riemann-Christoffel tensor vanishes. The 
metric can then always be chosen thus 

Q[iv if £4 XCt. 

FLEXURE. A term used to denote the bend¬ 
ing of beams, plates, and shells. 

FLEXURE PROBLEM. In the theory of the 
bending of a beam of isotropic elastic mate¬ 
rial, satisfying the generalized Hooke’s law, 
by a force applied to its end and perpendicu¬ 
lar to its length, the tangential components of 
strain and stress in the cross-sectional planes 
are determined by a two-dimensional stress 
function. This may be expressed in terms of 
the torsion function for the beam and another 
harmonic function of position on the cross 
section of the beam, often denoted x and 
called the flexure function, the normal deriva¬ 
tive dx/dn of which is given by 

— = [-\<jx2 + (1 — \o)y2]l - (2 + a)xym 
dn 

on the cyclindrical surface of the beam, where 
the xy-planes are the cross-sectional planes of 
the beam, l and m are the direction cosines of 
the outward-drawn normal to the surface of 
the beam, <7 is Poisson’s ratio for the material 
of the beam and it is assumed that the applied 
force acts parallel to the x-axis. The problem 
of determining x is called the flexure problem. 

FLEXURE, SIMPLE (OF A BEAM). Also 
called pure flexure, simple bending or pure 
bending. A state of deformation of the beam 
in which straight lines parallel to the length 
of the beam become arcs of circles all of which 
lie parallel to a plane, called the plane of 

bending or plane of flexure, and in which 
planes normal to the length of the beam re¬ 
main plane and intersect in a single line. Usu¬ 
ally, the state of deformation is one in which 
the cylindrical surface of the beam is force- 
free. Then, for isotropic elastic materials and 
for elastic materials with certain other types 
of symmetry, such a deformation may be sup¬ 
ported by equal and opposite couples, applied 
to the two ends of the beam, provided that the 
plane of bending is normal to one of the princi¬ 
pal axes of inertia of the cross-section of the 
beam. These couples are called the bending 
couples or flexural couples. For an isotropic 
elastic material obeying the generalized 
Hooke’s law, the bending couple is EI/R, 
where E is Young’s modulus for the material 
of the beam, I is the square of the radius of 
gyration of the cross section of the beam about 
an axis perpendicular to the plane of bending, 
and R is the radius of curvature of the beam 
(i.e., the radius of curvature of the arc into 
which a line parallel to the length of the beam 
is bent). This relation between the bending 
couple and the curvature 1/R is called the 
Bernoulli-Euler law. The constant of pro¬ 
portionality El is called the modulus of flex¬ 
ural rigidity for the beam. 

FLOATING POINT. See fixed point. 

FLOQUET THEOREM. Given a second- 
order linear differential equation with peri¬ 
odic coefficients that are one-valued functions 
of the independent variable, such as Mathieu’s 
equation, then there exists a solution of the 
form y = e>*xP{x), where P(x) is a periodic 
function and n is a constant. The general 
solution of the differential equation is y = 
Ae^Pfx) -f- Be~*xP{— x), where the con¬ 
stants of integration are A and B. 

FLORY-HUGGINS EFFECT. See polymer 
mixtures. 

FLOW DIAGRAM. A graphical representa¬ 
tion of a sequence of operations. In machine 
computation, a diagram with labeled boxes, 
arrows, etc., showing the logical pattern of a 
problem, but not ordinarily including machine 
commands. 

FLOW, ENERGY EQUATION FOR 
STEADY ADIABATIC. See energy equation 
for steady adiabatic flow. 
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FLOW, FREE-MOLECULE. See free-mole- 
cule flow. 

FLOW, HYPERSONIC. See hypersonic flow. 

FLOW IN A PIPE OR CHANNEL, TRANSI¬ 
TION TO TURBULENT. See transition to 
turbulent flow in a pipe or channel. 

FLOW IN PIPE, LAMINAR. See pipe, 
laminar flow in. 

FLOW IN PIPE, TURBULENT. See pipe, 
turbulent flow in. 

FLOW OF GAS IN NOZZLE OR DUCT. 
See nozzle or duct, flow of gas in. 

FLOW OF GAS IN STREAM TUBE. See 
nozzle or duct, flow of gas in. 

FLOW PAST ROTATING CYLINDER. 
See rotating cylinder, flow past. 

FLOW, PLUG. See plug flow. 

FLOW RULE. A rule which establishes the 
relation between strain-rate and stress for 
plastic flow. For a prescribed yield limit 
f(an, 0-12 • • •)> the flow rule is given by the 
plastic potential principle: 

df 
iij “ I— OCij 

FLOW, SLIP. See slip flow. 

FLOWS OF IRREVERSIBLE PROCESSES. 
See rates of irreversible processes. 

FLOW THEORY OF PLASTICITY. Synon¬ 
ymous with incremental theory. 

FLOW THROUGH GAUZE. See gauze, flow 
through. 

FLOW, TURBULENT, IN A BOUNDARY 
LAYER, TRANSITION OF. See transition of 
turbulent flow in a boundary layer. 

FLOW WORK. The product pV. The origin 
of the term is as follows: when writing the first 
law of thermodynamics for an open system 
operating at a steady state and admitting the 
working fluid at a (constant) state 1 and dis¬ 
charging it at a (constant, but different) state 
2, it is necessary to select a hypothetical closed 
system. This is usually done by adding the 
two cylinders and piston shown in broken line 

Fig. 1. 

in Figure 1. The rate at which work is per¬ 
formed at the boundaries of the closed system 
is then 

We = W- plV1 + p2V2. 

Here W is the rate at which work is done by 
the open system, — p\Vi is the rate at which 
the surroundings (“the atmosphere”) perform 
work on the closed system (left-hand cylinder 
and piston) pressure p1} and -f-p2V 2 is the rate 
at which the closed system performs work on 
the surroundings (“against the atmosphere”). 
Consequently in many flow problems which 
are conveniently analyzed in terms of an open 
system the product 

pV or pv (per unit mass) 

appears. Since it has dimensions of work, and 
since it is associated with flow problems, it is 
called flow work. It must be realized that in 
the preceding argument it has been assumed 
that the state of the working fluid is uniform 
across sections 1 and 2 (“one-dimensional 
flow”) and that no shearing stresses are in¬ 
volved in the flow through the additional hypo¬ 
thetical cylinders. 

A similar term occurs in the analysis of a 
reciprocating-engine cylinder. When the valves 
are closed the work of expansion or compres¬ 
sion is equal to 

W12 =J pdV. 

In addition to expanding (or compressing) the 
working fluid, it is necessary to induce it 

C
O

 

Fig. 2 Ideal pF cycle. 
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through the open inlet valve when “the atmos¬ 
phere” performs work — p\V i on the piston, 
and to expel it through the open exhaust valve 
when the piston performs work -\-p2V2 “against 
the atmosphere.” Hence the total work of a 
complete cycle of operations is equal to 

W~J,’ pdV - p 1Vl + p2V2 

The total work, sometimes called technical 
work (particularly in German textbooks) con¬ 
sists of the work of expansion (or compression) 
and the two flow-work terms pV. 

FLUCTUATION (S). In thermodynamics 
one deals with matter in bulk and hence usu¬ 
ally considers uniform systems. However, all 
matter is built up of atoms and its atomistic 
nature will produce fluctuations which can be 
studied by statistical means. 

For most physical quantities a system con¬ 
sisting of a large number of particles will show 
a Gaussian or normal distribution, and the 
relative fluctuations of a quantity G will 
usually be given by an equation of the type 

(G2) - (G)2 1 

<G>2 (G) 

where the () indicate average values. As most 
(G) will be proportional to the number of 
particles in the system, the relative fluctuations 
will usually be negligibly small. 

There are, however, cases where fluctuations 
become experimentally observable. The first 
case is that of Brownian motion where small 
particles in suspension will undergo fluctua¬ 
tions in the uniform pressure and hence show 
a random walk phenomenon. The second case 
is where Equation (1) breaks down. This will 
happen near a critical temperature when, for 
instance, critical opalescence occurs. 

If we are dealing with systems of bosons or 
fermions, Equation (1) must be slightly 
changed, but the conclusion that the left hand 
side is usually very small for systems consist¬ 
ing of many particles remains valid. 

FLUCTUATION (FROM AN EQUILIB¬ 
RIUM STATE). See natural and unnatural 
processes. 

the absolute temperature. An example is the 
Nyquist theorem. 

FLUCTUATIONS, ZERO POINT. See zero 
point fluctuations. 

FLUORESCENCE. Luminescence that per¬ 
sists for less than about 10“8 second after 
excitation. 

FLUORESCENCE YIELD. The probability 
that an atom in an excited state will emit an 
x-ray photon, rather than an Auger electron 
(see Auger effect). The value of the fluores¬ 
cence yield lies between 0 and 1, characteristic 
of the particular state of excitation of the 
atom. The iv-shell fluorescence yield increases 
with increasing atomic number, and is the sum 
of the K —> Ln, K —» LUi • • • transitions. 

FLUTTER (IN STRUCTURES). Resonant 
vibration of any part of an aircraft, or of any 
structural element, in a fluid stream, main¬ 
tained by oscillatory aerodynamic or hydro- 
dynamic forces induced by deflection of the 
structure. 

FLUX. (1) A quantity proportional to the 
surface integral of the normal (perpendicular) 
force field intensity over a given area. 

Flux = 

where FN is the normal component of a field 
(e.g., gravitational, electric, magnetic), and 
K is the constant of proportionality between 
the field and the flux density (permittivity, 
permeability, etc.). (See also electric flux 
density; magnetic flux density.) (2) A term 
which denotes the volume or mass of fluid or 
particles transferred across a given area per¬ 
pendicular to the direction of flow in a given 
time. 

There are many specific applications in 
science of the term flux. For electromagnetic 
radiation, it signifies the energy per unit time, 
or the power passing through a surface. For 
photons or particles, flux is the number per 
unit time passing through a surface. In nu¬ 
clear science, flux commonly means the prod¬ 
uct nv, where n is the number of particles per 
unit volume and v is their mean velocity. 

FLUCTUATION-DISSIPATION THEO¬ 
REM. A general relation between the ampli¬ 
tude of fluctuations, the spectral distribution 
of the resistance for such fluctuations, and 

FLUX, ADJOINT. In the general formula¬ 
tion of time-dependent neutron transport theory, 
the substitution $(r,E,Sl,t) = <f>(r,E.Q)eu leads 
to an eigenvalue problem of the form: 



361 Flux Density — Flux Vectors 

£<t>n = Vn + boundary conditions. 

Here, the operator will depend upon the mathe¬ 
matical model under consideration (multi¬ 
group diffusion theory, one-velocity transport 
theory, • • •) and v is the neutron velocity varia¬ 
ble. Using the conventional scalar product 
notation, the adjoint operator, 371 is defined 
through (0,3TC0) = (0,£0) and the adjoint flux 
satisfies 3TC0„ = X„y—Vn + boundary conditions. 
It is generally assumed in neutron transport 
theory that the eigenvalues of 317 are identical 
with those of £. From the foregoing, it is easy 
to prove the orthogonality relationship 

(0n) = 5nm. 

In special cases, e.g., one-group diffusion theory, 
the operator £ is self-adjoint, £ = 3TI and 

0n = 071- 

FLUX DENSITY. A vector representing the 
flux passing per unit area normal to the vector. 
(See electric flux density; magnetic flux den¬ 
sity; Poynting vector.) 

FLUX DENSITY, INTRINSIC (Bt) (IN¬ 
TENSITY OF MAGNETIZATION). The in¬ 
trinsic flux density (induction) or magnetic 
polarization of a medium is the vector differ¬ 
ence between the magnetic flux density at the 
point of interest, and the flux density which 
would exist at that point, for the same mag¬ 
netizing force, if the medium were a vacuum: 

B = /i0H + B„ 

where Mo is the magnetic permeability of free 
space. In unrationalized systems of units, the 
intrinsic flux density if defined by 

Bt- = 47r/x0M, 

whereas in rationalized systems, 

B, = mo M 

where M is the magnetization of the medium. 

FLUX DENSITY, PEAK (B,„). The maxi¬ 
mum flux density in a magnetic material in 
a specified cyclically magnetized condition. 

FLUX DENSITY, RESIDUAL (Br). The 
magnetic flux density at which the magnetiz¬ 
ing force is zero when the material is in a 
symmetrically cyclically magnetized condi¬ 
tion. 

FLUX, ELECTRIC. See electric displace¬ 
ment vector. 

FLUXES OF IRREVERSIBLE PROCESSES. 
See rates of irreversible processes. 

FLUX LINKAGE. Since magnetic flux den¬ 
sity is solenoidal 

(VB = 0), 

any closed contour links a definite amount of 
flux. This flux linkage 

0 =J~B dS 

plays an important role in the basic relations 
of electromagnetism. 

FLUX, LUMINOUS. See luminous flux. 

FLUX, MAGNETIC. See magnetic flux. 

FLUX, NEUTRON, ANGULAR. Let 
N (r,E,G,t) dVdEdrdt be the number of neu¬ 
trons in volume element dV of matter, located 
at position r, which, during the time interval 
between t and t + dt have energies lying be¬ 
tween E and E + dE and travel in directions 
lying within the element of solid angle dG 
about unit vector G. The quantity Nv, where 
v is the neutron velocity corresponding to E, 
is the neutron angular flux. 

FLUX, NEUTRON, TOTAL. The total neu¬ 
tron flux is the integral of the angular flux 
over all energies and angles. Thus, 

0(r,f) = J* dE^dO, N(r,E,Cl,t)v. 

FLUX VECTORS. In a gas which is not at 
equilibrium, there exist either separately or 
simultaneously gradients of density, of molec¬ 
ular momentum or of temperature. These 
gradients lead to molecular transports of mass 
(m), molecular momentum (mv) or kinetic 
energy (mv2/2) through the gas. Let 0(V) 
design any scalar quantity such as m, mvx, 
mvu, mVg, mv2/2, etc. The amount of cf> which 
crosses in unit time a surface element dS mov¬ 
ing with the mass average velocity of the gas 
is: 

(n J<t>fV<JV)dS = (n V)dS. (1) 

/ is the distribution function, V the difference 
between the molecular velocity and the mass 
average velocity, and n a unit vector normal to 
dS. 
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¥ is called the flux vector associated with 
the property <t>. The transport of vectorial 
quantities (mv for example) leads to the intro¬ 
duction of three flux vectors, one for each com¬ 
ponent of the vectorial property. The com¬ 
ponents of these three flux vectors form a 
tensor. 

(1) Mass flux vector. For the jth component 
of a mixture, 

Vmj = rrijJfjXjdVj = njmjVj. (2) 

Vy is the difference between the average velocity 
of the molecules j and the mass average velocity 
of the gas. It is called the diffusion velocity 
of component j. Because of the definition of V, 
the mass flux vector in a pure gas is always 0. 

(2) Momentum flux vectors. If 4> = mVx 
(Vx is the difference between the x component 
of the molecular velocity and that of the mass 
average velocity), the flux vector is: 

V(mVx) = mjj Vx\fdV = nmVx\. (3) 

The nine scalar quantities appearing in the 
right hand side of (3) and of the similar equa¬ 
tions for the transport of mVv and mVz form 
the 'pressure tensor. They have the form 

r,y = nmViVj. 

When i = j, these components are called the 
normal stresses pxx is the pressure in the x-direc- 
tion across a surface which is itself normal to 
the x-axis. 

When i ^ j, the components of the pressure 
tensor are called the shearing stresses, because 
they cause neighboring layers of the gas to slip 
with respect to each other. 

In a gas at equilibrium, the shearing stresses 
are always 0, and the normal stresses are equal. 
The shearing stresses are important for viscous 
flow. 

(3) The flux vector associated with the transport 
of kinetic energy (<t> = mv2/2). 

= q = (i)rnJ V2\fdV 

= (\)nmV2\ (4) 

It is usually called the heat flux vector, but it 
is only for monoatomic gases in their funda¬ 
mental electronic state that (4) represents the 
total heat carried through the gas. For poly¬ 
atomic molecules, one must introduce internal 
energy flux vectors which also contribute to 

the energy flow in the gas. (See Eucken cor¬ 
rection.) 

f/NUMBER. The angle of projection of a 
camera lens is measured by the f/number 
which is the ratio of the effective focal length 
to the diameter of the exit pupil. Thus, the 
f/number is the reciprocal of twice the tangent 
of the angle of projection. The reciprocal of 
the square of the f-number of a lens is a meas¬ 
ure of the speed of the lens. Following the 
recommendation of a committee of the Royal 
Photographic Society of Great Britain, at 
ratios greater than 1:4 (//4) lenses are marked 
so that the exposures increase as the power of 
2. Thus: 

//number 4 5.6 8 11.3 16 22 

Relative exposure 1 2 4 8 16 32 

FOCAL LENGTH. The distance from the 
object or image principal point to its corre¬ 
sponding focal point is the object or image 
focal length, respectively, of an optical system. 
If the term focal length is used without quali¬ 
fication then the image focal length is meant. 

FOCAL LENGTH, BACK. See back focal 
length. 

FOCAL LENGTH, REDUCED. See reduced 
focal length. 

FOCAL LINES. The rays of a normal con¬ 
gruence in the neighborhood of a ray R inter¬ 
sect to the first order in two focal lines, one 
through each focus of R. The focal lines are 
called the tangential and the sagittal focal lines 
of R. Normals to a wave-front belonging to 
the congruence do not, in general, intersect to 
the first order. However, the normals to a 
line of curvature on the wave-front do inter¬ 
sect to the first order in a focal line. Thus R 
and the focal lines are mutually orthogonal. 

FOCAL PLANES. In the Gaussian optics of 
an axially symmetrical optical system, planes 
perpendicular to the axis passing through the 
focal points. 

FOCAL POINT, FIRST. See first focal point. 

FOCAL POINTS. In Gaussian optics, the 
object and the image points conjugate to in¬ 
finity in the system. They are referred to as 
the first and second, respectively, focal points. 

FOCAL POINT, SECOND. See second focal 
point. 
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FOKKER-PLANCK EQUATION. An equa¬ 
tion representing one of the limiting cases of 
an additive stochastic process. It first oc¬ 
curred in the theory of diffusion when drift is 
present and may be written 

d d d2 
— v(x,t) = —2c — v(x,t) + D—-v(x,t) 
dt dx dx2 

where v is the probability density for displace¬ 
ment at time t, D is the diffusion coefficient 
and c represents drift. 

The Fokker-PIanck equation describes the 
Brownian motion of a free particle in velocity 
space. 

FOLDY-WOUTHUYSEN REPRESENTA¬ 
TION. In the Dirac theory for a spin % 
particle, a positive energy particle can realize 
two independent states for each value of its 
physical momentum. These correspond to the 
two possible directions of the spin. According 
to quantum mechanics each such pair of physi¬ 
cal states is to be represented by exactly two 
vectors in Hilbert space. There therefore 
exists a redundancy in the representation of 
these vectors in the usual formulation of the 
Dirac theory, where the corresponding wave 
functions have four components. It must 
therefore be possible to find a transformation 
such that the wave functions of a free Dirac 
electron of definite momentum have just two 
components, as in the non-relativistic Pauli 
theory. This problem was solved by Foldy 
and Wouthuysen by performing the canonical 
transformation 

if, ^> 

H eiSHe~iS = H' 

on the Dirac equation 

(a • p + = E\{/ 

with the result that H' = (3\^m2 + p2. In 
the representation in which 0 is diagonal the 
equation H'\p' = Ety' has solutions where the 
upper components represent positive energies 
and the lower components negative energies. 
Furthermore, they have only two non-vanish¬ 
ing components. In this F-W representation 
the physical content of the Dirac equation is 

greatly clarified. For example, in the F-W 
representation the position operator XfW 

= e~iSxeiS 

has the property that its time rate of change is 
given by p/E, the velocity of the particle (in 
contrast to the old representation where the 
time rate of x was ca which would imply a 
velocity c for the particle, and different com¬ 
ponents of the velocity not being simultaneously 
measurable since [ax,av] X 0). Furthermore 
Xfw X p the orbital angular momentum is 
a constant of the motion (in contrast to x X p 
which is not, in the Dirac representation). In 
the F-W representation there exists a spin 
angular momentum which is also separately a 
constant of the motion (in contrast to 2 which 
was not a constant of the motion in the Dirac 
representation). 

FOOT-CANDLE. A unit of illuminance or 
luminous flux density when the foot is taken 
as the unit length. It is the illuminance on a 
surface one square foot in area on which there 
is a uniformly-distributed flux of one lumen, 
or the illuminance at a surface all points of 
which are at a distance of one foot from a 
uniform source of one candle. The term is 
synonymous with lumen per square foot. 

FOOTING. A foundation structure used to 
distribute wall or column loads to the bearing 
soil or to the piling. 

FOOT-LAMBERT. A unit of luminance 
equal to 1/ir candle per square foot, or to 
the uniform luminance of a perfectly diffusing 
surface emitting or reflecting light at the rate 
of one lumen per square foot. A foot-candle 
is a unit of incident light and a foot-lambert 
is a unit of emitted or reflected light. For a 
perfectly reflecting and perfectly diffusing sur¬ 
face, the number of foot-candles is equal to the 
number of foot-lamberts. 

FOOT-POUND. See mechanical units. 

FORBIDDEN TRANSITION. In quantum 
mechanical terms, a transition between two 
states of a system for which the change in 
quantum numbers is one that, under the ap¬ 
propriate selection rules, makes the transition 
less probable than competing allowed transi¬ 
tion (see transition, allowed)—other things, 
such as the energy change, being equal. As a 
case in point, transitions involving changes of 
2 or more in angular momentum, in units of 
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h/2*, have often a smaller probability of oc¬ 
currence than a possible competing “allowed” 
transition involving a change of only 1. Cases 
in which “forbidden” transitions occur are: 

(1) Intercombination lines such as the 2537 
A line (23P1 — USo) in the spectrum of mer¬ 
cury violate the selection rule of AS = 0. 
However, this rule is true only for pure 
Russell-Saunders coupling (see coupling, Rus- 
sell-Saunders), and with increase in atomic 
number, spin-orbit interaction becomes more 
effective. 

(2) The selection principles are deduced by 
analogy of the behavior of an electrical dipole, 
and therefore systems having a quadrupole 
moment exhibit the effects of transitions for¬ 
bidden for dipoles, but not for quadrupole 
radiation. 

(3) Forbidden transitions may occur as the 
result of variable magnetic dipole moment. 

(4) Forbidden transitions may occur by 
the action of strong electric fields, either ap¬ 
plied externally or produced by neighboring 
atoms or ions (enforced dipole moment). 

FORBIDDEN TRANSITION, NUCLEAR. 
The term forbidden transition has been taken 
over from optical spectra and applied to /?-ray 
spectra. Those transfonnations of a nucleus 
which result in a change of more than one 
unit of angular momentum are characterized 
by this term even when they are highly prob¬ 
able as a result of the orbital angular mo¬ 
mentum of the electron and the neutrino. 

FORCE. (1) In dynamics, the physical agent 
w'hich causes a change of momentum, meas¬ 
ured by the time rate of change of momentum. 
If the speeds involved are low compared with 
that of light, a force may be defined as pro¬ 
portional to the mass m of a body and to the 
acceleration a of the body wrhich is produced 
by the force. Thus f = kma, where k is a 
constant for a given system of units, and has 
the dimensionless value unity in length-mass¬ 
time systems or l/g in length-force-time sys¬ 
tems, g being the acceleration due to gravity. 
Force is a vector quantity, requiring both a 
magnitude and a direction for its complete 
specification. 

(2) In statics, the physical agent which pro¬ 
duces a strain in a body. 

(3) From its initial conception, which wras 
purely mechanical as expressed in (1) and (2), 
above, the term force extends to denote loosely 

any operating agency. (See special entries 
under this term which follow^.) 

FORCE, ACTIVE. See force, external or 
active. 

FORCE, APPLIED. Forces exerted on a body 
by bodies in contact or bodies at a distance 
(as, for example, the earth). When the body 
is considered together with its support, the 
supporting reactions exerted on the body are 
not considered applied forces. 

FORCE, CENTRAL. (1) A force which is 
always directed toward a fixed point. If a 
particle is acted upon by a central force only, 
its angular momentum with respect to the 
fixed point is a constant vector. The motion, 
therefore, must be plane motion. (2) The 
term is used in regard to nuclear forces to 
denote a force which acts along the line join¬ 
ing a pair of particles. 

FORCE, CENTRIFUGAL. See centrifugal 
force. 

FORCE, CENTRIPETAL. See centripetal 
force. 

FORCE, CONCENTRATED. See concen¬ 
trated force. 

FORCE, CONSERVATIVE. See conserva¬ 
tive force. 

FORCE CONSTANT. In an elastic system 
obeying the Hooke law, the magnitude of the 
applied force F, and the elongation x, are re¬ 
lated by F = kx, where the constant k is called 
the force constant. 

FORCE CONSTANTS OF LINKAGES. Ex¬ 
pressions of the forces acting between nuclei 
to restrain relative displacement. They pro¬ 
vide the means of measurement of the re¬ 
sistance to stretching of the valence bond and 
the resistance to deformation of the valence 
angle, and they express these factors mathe¬ 
matically. 

FORCE, CORIOLIS. See Coriolis force. 

FORCED CONVECTION. See heat transfer. 

FORCE, DISTRIBUTED. A force which acts 
over a line, surface, or volume of a body is 
called a distributed force. A concentrated 
force is an idealization in which the total force 
is considered to act at a point. 
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FORCED VIBRATIONS. See vibrations, 
forced. 

FORCED WAVE. Any wave which is re¬ 
quired to fit irregularities at the boundary of 
a system or satisfy some impressed force 
within the system. The forced wave will not 
in general be a characteristic mode of oscilla¬ 
tion of the system. It cannot be exhibited in¬ 
dependently unless the system admits of no 
free waves. (A homogeneous incompressible 
fluid bounded by two rigid surfaces is an 
example of such a system.) 

The gravity lee wave in the atmosphere is 
an example of mixed forced and free waves. 

FORCE, EFFECTIVE (EFFECTIVE 
MECHANOMOTIVE FORCE). The root 
mean square of the instantaneous force (see 
force, instantaneous) over a complete cycle. 
The unit is the dyne. 

FORCE, EXTERNAL OR ACTIVE. A force 
applied to the given system by bodies in con¬ 
tact or at a distance. 

FORCE FACTOR, (a) The force factor of 
an electromechanical transducer is: (1) the 
complex quotient of the force required to block 
the mechanical system divided by the corre¬ 
sponding current in the electric system; (2) 
the complex quotient of the resulting open- 
circuit voltage in the electric system divided 
by the velocity in the mechanical system. 
Force factors (al) and (a2) have the same 
magnitude when consistent units are used and 
the transducer satisfies the principle of reci¬ 
procity. (See reciprocity theorem, acousti¬ 
cal.) It is sometimes convenient in an electro¬ 
static or piezoelectric transducer to use the 
ratios between force and charge or electric dis¬ 
placement, or between voltage and mechanical 
displacement. 

(b) The force factor of an electroacoustic 
transducer is: (1) the complex quotient of the 
pressure required to block the acoustic system 
divided by the corresponding current in the 
electric system; (2) the complex quotient of 
the resulting open-circuit voltage in the elec¬ 
tric system divided by the volume velocity in 
the acoustic system. Force factors (bl) and 
(b2) have the same magnitude when consistent 
units are used and the transducer satisfies the 
principle of reciprocity. 

FORCE FIELD, CONSERVATIVE. A field 
whose force can be derived by taking the nega¬ 
tive gradient of a scalar potential function, 
V, i.e., F = — VF. The work done by a con¬ 
servative force on a particle in its motion be¬ 
tween two given points is independent of the 
path. Alternative definitions are (a) that 

F-ds = 0 (see integral, line), and (b) that 

V X F = 0 (see Stokes theorem). An exam¬ 
ple of a conservative force field is the inverse 
square law field of electric charges or of gravi¬ 
tational masses. 

FORCE, GENERALIZED. Moment, pres¬ 
sure, force pairs, etc., may be considered as 
generalized forces (see displacement, general¬ 
ized). The product of generalized force and 
corresponding generalized displacement gives 
a virtual or real work term. 

FORCE, HEISENBERG. See Heisenberg 
force. 

FORCE, IMPRESSED. Any external force 
acting on a particle in a dynamical system. 
The resultant force on each such particle can 
always be resolved into a resultant external 
impressed force and a resultant internal con¬ 
straint force. 

FORCE, INTERNAL. The equal and op¬ 
posite forces between particles or bodies of a 
system. Their vector sum is zero so that they 
do not contribute to the total impulse and do 
not change the momentum of the system. 
They do enter into the energy balance be¬ 
cause mechanical energy may be dissipated or 
stored. 

FORCE, LORENTZ. See Lorentz force. 

FORCE, “LOST.” In the application of the 
d’Alembert principle by the method of Mach, 
the “lost” force on the jth particle of a dy¬ 
namical system is equal to the difference be¬ 
tween the external impressed force and the 
effective force, the latter being equal to the 
mass times the acceleration of the ;th particle. 

FORCE ON A CONDUCTOR. A charge dq 
moving with velocity v through a steady mag¬ 
netic field of flux density B experiences a force 

FORCE FIELD. See field of force. F = dq(\ X B). 



Force on a Rigid Circuit — Forces, Concurrent 366 

If the charge is moving along a conductor, 
dqv = Id\, so the force on an element d\ of a 
conductor is 

F = Idl X B. 

FORCE ON A RIGID CIRCUIT. (See en¬ 
ergy of a system of current circuits.) If the 
circuits are rigid, motion will change the mu¬ 
tual inductances, Mih but not the self-induct¬ 
ances, Li = Mij. The change of energy of the 
current system, with motion of the circuits, is: 

dU = 22MijUdlj + ZZIiljdMij - 2Ftdh 

dMn 
= 22 MijUdlj + 222IJj-- dfc 

dh 
— 2 F id£i 

so for constant currents: 

and 

from the expression for the energy of a system 
of circuits. Therefore 

Fi = ^22 IJjdMij/dh 

and the forces are such as to increase the 
mutual inductances. As in the case of a 
charged system, the energy of the system in¬ 
creases as it does work; the set of electromo¬ 
tive forces maintaining the currents does work 
at twice the rate that mechanical work is done. 
Substitution of torque for force, and rotation 
for displacement, in the foregoing yield the 
torques on the rigid elements of a system of 
circuits. 

FORCE ON A SUBMERGED SURFACE. 
Consider a plane surface of area A, submerged 
in a stationary liquid. Let the surface inter¬ 
sect the free surface of the liquid in a line XX. 
Then the force on the plane surface due to 
fluid pressure is pA, where p is the pressure at 
the centroid. The center of pressure is at a 
distance from XX equal to the ratio of the 
second and first moments of the surface area 
about XX. 

The component in any required direction of 
the force on a curved surface due to fluid pres¬ 
sure is the same, in magnitude and line of ac¬ 
tion, as that computed for the projection of 

the given surface on a plane normal to the re¬ 
quired direction. 

FORCE ON MOVING CHARGES AND 
CURRENTS. A charge dq moving with ve¬ 
locity v through a steady magnetic field of 
flux density B experiences a force 

F = dq(v X B). 

If the charge is moving along a conductor, 
dqv = Idl, so the force on an element dl of a 
conductor is 

F = Idl X B. 

FORCE POLYGON (POLYGON OF 
FORCES). The figure obtained by consider¬ 
ing force vectors as free vectors and adding 
them successively in any order by placing the 
tail of each additional one at the head of the 
previous one. The resultant force is given in 
magnitude and direction by the line from the 
tail of the first to the head of the last. Closure 
of the force polygon is a necessary but not 
sufficient condition for equilibrium. The re¬ 
sultant may be a couple. (See funicular poly¬ 
gon.) 

FORCE, RESTORING. The force which acts 
on a particle or portion of a mechanical system 
when displaced from equilibrium and whose 
direction is such as to return the system to 
equilibrium. In simple cases, the restoring 
force is linear, i.e., proportional to the first 
power of the distance. (See Hooke law; force 
constant.) For some physical systems, how¬ 
ever, the restoring force may be proportional 
to the second or higher power of the distance. 

FORCES, COMPOSITION OF. The com¬ 
bination of two or more forces to a simpler 
system with the same resultant force and the 
same moment about any point or axis. 

FORCES, CONCURRENT. Forces which 
meet at a point. Equilibrium is assured if a 
sufficient number of independent equations are 
satisfied, for example, 

2F,- = 0, 

or in three-dimensional space 

2 Fx = 0 

2 Fy = 0 

2F2 = 0. 
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FORCES, COPLANAR. A system of forces 
such that the lines of action of all the forces 
lie in a single plane. 

FORCES IN THERMODYNAMICS OF IR¬ 
REVERSIBLE PROCESSES. A number of 
causes can give rise to the occurrence of irre¬ 
versible phenomena. These causes are, for 
example, temperature gradients, concentration 
gradients or chemical affinities. In the ther¬ 
modynamics of irreversible processes, these 
quantities are usually called “forces” or “gen¬ 
eralized affinities” and are denoted by Xt. 

FORCES, PARALLELOGRAM OF. A geo¬ 
metrical representation by which the sum or 
difference of two concurrent forces A and B 
can be considered as the diagonals of a paral¬ 
lelogram. The two adjacent sides are propor¬ 
tional in length to the magnitude of the forces 
and their directions coincide with the lines of 
action of the forces. The diagonal represent¬ 

ing the sum passes through the origin of the 
two vectors. The diagonal representing the 
difference passes through the extremities of the 
two vectors. 

FORCE, TANGENTIAL. A force parallel to 
and in a surface under consideration, e.g., fric¬ 
tional force between a belt and a pulley wheel, 
or sheer force on a cross-sectional plane. 

FORCE, TRANSMISSIBILITY OF. See 
transmissibility of force. 

FORCE, UNITS OF. See mechanical units. 

FORCE WITHIN A CHARGED SYSTEM. 
If the conductors of a charged set are allowed 
to move, hence to let the system do work, the 
energy change of the system is given by: 

dU = 2Vidqi - ZFidZi 

where F,- is the force, in the direction of the dis¬ 
placement d£i, on the fth conductor. If the 
charges are held constant, dqi = 0, and we have 

If the potentials are held constant, write 

d(U - 2Viqi) = -XqdVi - XFidti 

but 

U - 2V= ±2Fi9i - 2ViQi = -U 

(see energy of a charged system) so that 

dU — 'SqidVi -f- 2Fjd£i 
and 

FORCES, RESOLUTION OF. Replacement 
of a force by two or more components whose 
resultant is the given force. (See composition 
of forces.) 

FORCES, RESULTANT OF. See resultant. 

FORCES, TRIANGLE OF. Three concur¬ 
rent forces which act such that the common 
point is in translational equilibrium, can be 
represented by a triangle. The sides of the 
triangle are proportional in length to the mag¬ 
nitude of the forces and the directions of the 
sides coincide with the lines of action of the 
forces. (See equilibrium of a point; statics.) 

FORCE, SURFACE. See surface force. 

FORCE SYSTEMS, EQUIVALENT. See 
equivalent force systems. 

Note that for constant potential, the energy of 
the system increases at the same rate mechani¬ 
cal work is done; the sources of potential supply 
twice as much energy as needed for the me¬ 
chanical work. The derivatives 

can readily be expressed in terms of 

dpij dCij 
- and -9 

dh do¬ 

using the expressions for the energy of a charged 
system in terms of coefficients of potential and 
induction. Replacing force (F,) by torque 
(7\), and linear displacement (d£,) by rotation 
0dOi), the foregoing relations yield the torques 
of the charged system. 
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FOREST. The set of trees formed by choos¬ 
ing a tree for each maximal connected sub¬ 
graph of a graph G. If G has v vertices, e 
edges and P maximal connected subgraphs, 
the number of elements in a forest is v — P. 
The number of elements not in a forest is equal 
to n = e — v + P. 

FORM. A homogeneous polynomial in two 
or more variables. A form in two variables, 
e.g., anxi2 + 2ai2Xi2 + a22x2 is called a binary 
form; the corresponding adjectives for a greater 
number of variables are ternary, quaternary, 
quinary, senary, etc. A form is definite if all 
its values are of one sign, except that its value 
for x\ = x2 = • • • = xn = 0 is, of course, zero. 

A form of degree two is quadratic, the ad¬ 
jectives for higher degrees being cubic, quartic, 
quintic, sextic and so forth. 

FORM, BILINEAR. A homogeneous poly¬ 
nomial in 2n variables aq, x2, • • •, xn; yXt y2, •••, 
yn, which is linear in the x’s and in the y’s 
considered separately; thus anX\y\ + al2Xiy2 
+ a2iX2yi + a22x2y2 is a bilinear form. If the 
Xi are identified with the yi, the result is a 
quadratic form. 

FORM, DIFFERENTIAL. See differential 
form. 

FORM DRAG. See drag. 

FORM FACTOR. (1) Factor introduced into 
a theory, usually by physical and non-rigor¬ 
ous arguments, to allow consequences of the 
theory to be computed without contributions 
from values of a parameter for which the 
theory is not applicable (see cut-off). (2) A 
means for describing one attribute of the shape 
of an alternating-current wave. The strength 
of a-c constantly varies in magnitude and di¬ 
rection. The effective value of a-c is the root- 
mean-square (rms) value. The form factor 
is the ratio of the rms value of the wave to 
its full-wave rectified average value; the fac¬ 
tor is unity for a square wave, and 1.11 for a 
pure sine wave. It is of importance in the 
measurement of waves containing harmonics, 
for it is the ratio of the reading on an rms 
meter to that on an ideal rectifier-type meter. 

FORM PARAMETER FOR TURBULENT 
BOUNDARY LAYER. The form parameter 
for a turbulent boundary layer is usually de¬ 
fined as 

6* 

H = — 
e 

where 8* is the displacement thickness and 8 
is the momentum thickness. 

In calculations on turbulent boundary lay¬ 
ers the usual assumption is that the velocity 
profile, expressed non-dimensionally, depends 
only on H. The value of H varies from about 
1.4 in zero pressure gradient to about 2 or more 
at separation. (See also turbulent boundary 
layer.) 

FORWARD DIFFERENCE OPERATOR. 
See difference operators. 

FORWARD INTERPOLATION. See New¬ 
ton interpolation formulas. 

FORWARD SCATTER. The scattering of 
radiant energy into the hemisphere of space 
bounded by a plane normal to the direction of 
the incident radiation and lying on the side 
toward which the incident radiation was ad¬ 
vancing; the opposite of backward scatter. 

In Rayleigh scattering, forward scatter ac¬ 
counts for half of the total. As the particle 
size increases above the Rayleigh limit, an in¬ 
creasing fraction of the total scattering is for¬ 
ward scattering. 

FOSTER REACTANCE THEOREM. For a 
two-terminal, dissipationless network, consist¬ 
ing of n meshes, the driving point impedance 
has a reactance which is zero at frequencies 
/1, fs hn-i, and which is infinite at fre¬ 
quencies /2, U f2n—2; the reactance is 
proportional to the expression 

(/2 -/22)(/2 -/42)---(/2 -/2n_22); 

where 0 < /i < f2 • • • < /2„_i < 
Since the derivative of the reactance with 

respect to frequency is greater than zero for 
frequency values between zero and infinity, its 
poles and zeros alternate. 

FOUNDATION, ELASTIC. See elastic foun¬ 
dation. 

FOUNDATION MODULUS. The ratio of 
the local pressure to the local deformation for 
the simplest type of elastic foundation. (See 
beam on elastic foundation.) 

FOUR-DIMENSIONAL VECTOR ANALY- 
SIS. See Minkowski world. 
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FOUR-FACTOR FORMULA. In chain re¬ 
acting systems, the infinite multiplication fac¬ 
tor, kx can often be represented by the prod¬ 
uct rjepf. t) is the average number of fast fis¬ 
sion neutrons emitted as a result of the cap¬ 
ture of one thermal neutron in the fuel ma¬ 
terial, e is the fast-fission factor, p is the reso¬ 
nance escape probability for an infinite sys¬ 
tem, and / is the thermal utilization for an 
infinite system. 

FOUR-FORCE. The four-vector describing 
the rate of change of four-momentum along 
the space-time path of a particle: 

w0—• 
as 

(m0 is the rest mass.) 

FOURIER ANALYSIS. The process of find¬ 
ing the representation of a function as a 
Fourier series. (See harmonic analysis.) 

FOURIER-BESSEL TRANSFORM. The 
functions defined by 

f(y) = I F(x)Jm(xy)xdx; 
•'o 

F{x) = I f(y)Jm(xy)ydy 
do 

are a pair of Fourier-Bessel transforms, the 
function Jm being a Bessel function of order m. 

FOURIER EQUATION. See Fourier law. 

The Fourier law leads to the formulation of 
the Fourier equation for heat conduction: 

dt 

where t is time, and where 

k 
a — — 

pCp 

is called the {coefficient of) thermal diffusivity 
of the material conducting the heat. 

The Fourier law, and hence the Fourier 
equation, gives a description of the process of 
heat conduction which agrees well with experi¬ 
ment. However, it has been pointed out that 
the equation is parabolic, implying an infinite 
rate of propagation of local changes in tem¬ 
perature, which is physically improbable. 
When the changes in temperature are ex¬ 
tremely rapid, the Fourier equation must be 
expected to break down. It has been pro¬ 
posed to replace the Fourier law by an alter¬ 
native empirical assumption. 

When dealing with problems of heat con¬ 
duction in liquids and gases, as opposed to 
solids, it must be borne in mind that the above 
equations describe the physical phenomena 
adequately only in very thin layers of fluid. 
When the extent of the fluid is not extremely 
small, the temperature field causes density 
gradients to appear. In turn, these will cause 
the fluid to move in the gravitational field of 
the earth. The resulting motion attributable 
to conduction causes much larger rates of heat 
transfer than those termed natural convection. 

FOURIER LAW. An empirical law relating 
to the conduction of heat. It states that the 
heat flux (rate of heat transfer per unit time 
and area) is proportional to the temperature 
gradient, or 

Q 
— = q = —k grad T 
A 

or, in one dimension 
dT 

q = —k — 
dn 

where n is the normal. 
The coefficient of proportionality k is called 

the (coefficient of) thermal conductivity; it is a 
property of the medium conducting the heat, 
and depends on the local state. 

FOURIER SERIES. A single-valued func¬ 
tion, continuous except possibly for a finite 
number of finite discontinuities in the interval 
— it to 7r, and with only a finite number of 
maxima or minima in that interval, may, ac¬ 
cording to the Fourier theorem, be represented 
by a Fourier series 

00 K 
fix) = ^2 an sin nx H-b H bn cos nx 

n=l 2 „=l 

where the coefficients are given by 

iran = I f(t) sin ntdt; 
d —jr 

*bn = J m cos ntdt. 
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A change of variable may be made so that the 
interval extends from 0 to n, 0 to 2n, L to —L, 
etc. The series may be generalized to permit 
the expansion of a function of several variables. 
Fourier analysis is the process of representing 
a function in a Fourier series. 

If the range of the variable is — x < x < <x>, 
the Fourier integral is 

eiy(x—z )dydz 

or, in a more common form, if fix) is real 

the exponential function may be replaced by 

cos y (x — z). 

FOURIER SERIES, COMPLEX. If in the 
Fourier series 

°° ba 00 
fix) = Z °n sin nx H-Z bn cos nx, 

n=l 2 n=l 

we set 

2j8n = bn — ian n > 0 

2dn = b-n + fa_„ n < 0 

2/30 = b0 

then the series takes the convenient complex 
form 

00 

fix) = Z i3neinx. 

FOURIER SERIES, HALF-RANGE. In a 

full-range Fourier series the length of the funda¬ 
mental interval being 2L, the fix) is expanded 

, ,, f . nirx . nirx 
in terms of the functions sm —- and cos ——, 

Lj Li 

the coefficients being given by integrals taken 
over the fundamental interval. In a half¬ 
range series, /(x) is expanded either in terms of 

nirx . nirx ,, ™ . , , . 
sin —— or ol cos ——, the coefficients being 

L Lj 

given by integrals taken over an interval of 
length L. 

FOURIER SYNTHESIS. The process of com¬ 
puting the form of a function from the values 
of its Fourier coefficients. 

FOURIER TRANSFORM. Subject to certain 
restrictions, f(y) is the Fourier transform of 
F (x), where 

f(y) 

F Or) 

In some applications, the factors \/\/2ir are 
modified. (See also integral transform.) 

In feedback and control-system theory the 
Fourier transform is used almost exclusively 
for converting a function of time t, f{t), into 
a function of angular frequency u, F(iu), 
which is the Fourier transform of f(t) and de¬ 
fined by 

+oo 
e-^mdt 

«+oo 

the integral existing provided I \f(t) | dt 
” —00 

verges. Then 

con- 

m 
l r* 

= — I e+lutF(ia,)dw. 
2ir J-n 

The convergency limitation on /(£) excludes 
many frequent functions, notably the step 
function, a fact which is partly responsible for 
the much wider use of the Laplace transform. 

FOURIER TRANSFORM THEOREMS. 
(a) Even and odd relationships. If fit) is a 

real, even function of t, F(iw) is a real, even 
function of co. 

If f(t) is a real, odd function of t, F(iw) is an 
imaginary, odd function of w. 

(b) Conjugacy relationships. If fit) is real, 
F{iu>) and F(—iu>) are complex conjugates. 

(c) Time-shift theorem. If F{iu>) is the Fourier 
transform ol j{t) then the Fourier transform of 
fit + tQ) is e+lut° Fiiof), where <0 is real and 
finite. 

(d) Frequency-shift theorem. If F(fco) is the 
Fourier transform of fit) then F(iw + wo) is the 
Fourier transform of e—t<“°/(<). 

(e) ParsevaVs theorem. If Fx (iw), F2 iiu>) are 
the Fourier transforms of /i(<),/2(0 then 

00 -00 

I F1(fw)F2(fw)dw = 2ir i fiit)f2i~t)dt 
j—00 J—00 

_ 00 

= 27T f hi-t)f2it)dt 

and conversely 

r* 1 rx 
I fi(t)f2(t)dt = — I Fi(fw)F2(— iu)dw 
j 27T 

1 

27T f F i (— i£o)F2(i«)dco. 



371 Four-moment Equation — Four-vectors and Tensors 

In particular, if fi(t) = /2(<) = /(<) and /(*) is 
real 

oo ^ x 

I {/(0}2^ = — / F(ia>)F(-iu>)du 
J-OO 27T J_o0 

Z7T 

FOUR-MOMENT EQUATION. A relation 
between the four end moments of two ad¬ 
jacent beams which takes into account the 
possibility of more than two members meeting 
at a joint. It reduces to the three-moment 
equation when the moment is continuous 
through the joint. Stability and vibration 
problems of frames lead to and are solved 
conveniently by four-moment equations. 

4-5-0. Release and subsequent expulsion of 
burnt gases. Valve e open. Fourth 
stroke. 

In practice the i and e valves do not open 
at dead centers, as assumed in the idealized 
description above. They open earlier and 
close later to allow for the finite time of open¬ 
ing and closing and for the acceleration of gas 
columns, etc. 

FOUR-VECTORS AND TENSORS. The 
four-dimensional line element is assumed to 
have the form 

(ds)2 = gikdxldxk 

= — [idx)2 + (dy)2 + (dz)2] + c2dt2 

011 — 022 = 033 = — 1 044 = C2 

FOUR-STROKE ENGINE. A reciprocating 
engine in which one working stroke is executed 
per two revolutions (four strokes). A four- 
stroke engine (see schematic figure) is 

equipped with an inlet valve i and an exhaust 
valve e and the sequence of operations is as 

follows: 

0-1. Introduction of working fluid (air in 
diesel engine, combustible mixture 
in gasoline engine). Valve i open, 
valve e closed. First stroke. 

1-2. Compression of working fluid. 
Valves i and e closed. Second 
stroke. 

2-3-4. Combustion and expansion. Com¬ 
bustion nearly at V = constant in 
gasoline engine and nearly at p = 
constant in diesel engine. Valves i 
and e closed. Third stroke. 

0;k = 0 for i k det gik = 101 = -c2. 

The relationship between the covariant and 
contravariant components of a four-vector are 

(*> = 1, 2, 3) 
Oj = — a1 

9 4 a4 = c a 

the relationships between the components of a 
tensor t of second rank are 

tik — t Ik — —t 

tu = -c¥4 = c2tu 

*44 = C4*44 <i4 = -*4i 

*44 = C2*44. 

If it is assumed that S' moves with the velocity 
v relative to S in the direction of the positive 
x-axis, the transformation laws for the contra¬ 
variant components a1 are 

a1 a2 a3 a4 

a1' 
i 

0 0 
V 

Vi - g- 

N
 <Q

. 

i 

>
 

a2' 0 1 0 0 
a3' 0 0 1 0 

a4' 
V 

0 0 
1 

c2Vi - p2 v'l - p2 

Under this motion, the transformation matrix 
for the contravariant components tlk of a tensor 
of rank 2 is: 
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u 12 13 14 

1-0* 

0 

1 
1-02 

Vi -p* 

0 
y/i-a* 

cHi-e2) 1-0* 

21 22 23 24 31 32 33 34 41 42 43 44 

1-0* 

o 

o 

o 

V1-0* 

o 

0 

0 

1-0* 

0 

Vi-,,2 

1-0* 

0 
1-0* 

21 

22 

23 

24 

0 0 
Vl-02 V1-02 

o 10 0 

o oi o 

i 
0 0 

c*V 1-pi V 1-0* 

31 

32 

33 

34 

1 
0 0 

V1-02 Vi—^2 

0 10 0 

0 0 1 0 

1 
, /-o 0 /- 
V l-«2 Vi -0* 

41 

42 

43 

44 

c*a-0*) 

0 

0* 

Vi-a* 

0 

0 

—1> 

1 
1-0* 1-02 

0 
Vl-* 

0 

0 

c*(l—0*) 

cV l-(32 

0 

1-^ 

'/l-f 

c2(l-/S2) cJ(l-02) 1-0* 

An antisymmetric tensor of rank 2 is also for a contravariant six-vector is, in the case of 
called a six-vector. The transformation matrix the motion stated above: 

14 24 34 23 31 12 

14 1 0 0 0 0 0 

24 0 
1 

0 0 0 
+» 

Vl — /32 c2 V1 - /32 

34 0 0 
1 

0 
— V 

0 
Vl - /32 cW 1 - fJ2 

23 0 0 0 1 0 0 

31 0 0 
—v 

0 
1 

0 
Vi - /j2 Vl - /32 

12 0 
+v 

0 0 0 
1 

Vi - 02 Vi - 02 
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Transformation law for a symmetric contra- 
variant tensor of rank 2: 

„2,44 

t11' = 
tn - 2vtXA + v2t 

1 - /32 

{22r _ f22. j33i _ ^33 

02tn - 2vtu + c¥4 
*44' = 

C2(l - 02) 

<iz - l/f4 „ i13 - ri34 ,12/_. ,13/_ 
_ vT^J2’ Vi-ff2 

,23/ _ ,23 

—vt11 + (c2 + «;2)<14 — c2Y4 
<14' = 

t24' = 

c2\/( 1 - /32) 

-Y2 + c¥4 

c2(l - /32) 

Relativistic invariants are 

tn + t22 + «33 - cY4 = - ^ 
and 

(<u)2 + (t22)2 + (t33)2 + c4«44)2 

r(<12)2 + (£23)2 + (<31)2 

- c2(*14)2 - c2«24) - c2(*34)2J 

= g^g\PtlXt^p. 

+ 2 

For further details, see Erwin Madelung, Die 
mathematischen Helfsmittel des Physikers, Third 
Edition, 1936, Springer (Berlin). 

FOWLER FUNCTION. The photoelectric 
yield for a metallic surface can be expressed 
as y — aAT2<f>(x), where 4>{x) is the Fowler 
function. A is the constant appearing in the 
Richardson-Dushman equation. The param¬ 
eter x is given by x — (hv — hvo)/kT, where 
y0 is the photoelectric threshold frequency. 
The fraction of those electrons incident at the 
surface per unit area per unit time that absorb 
a quantum and escape (for unit intensity of 
incident radiation) is denoted by a. 

FRACTIONAL BOND ORDER. See bond 
character; mobile bond order. 

FRACTIONAL PARENTAGE COEFFI¬ 
CIENT. A coefficient introduced by Racah 
in the theory of spectroscopy to describe the 
way in which several particles obeying Fermi- 
Dirac statistics (e.g., electrons) can be coupled 

together to form antisymmetric states. Sup¬ 
pose $0 denotes a set of antisymmetric eigen¬ 
functions for n — 1 particles moving inde¬ 
pendently in a common field of force, and let </>7 

denote the eigenfunctions for a single particle 
in the same field of force. Then any of the 
products <t>007 are eigenfunctions for the whole 
collection of n particles. However, these 
products are not in general antisymmetric; 
only certain linear combinations 

'E* = C07a<b/3<t>y 

will be antisymmetric. The coefficients c are 
the fractional parentage coefficients, each 
eigenfunction a of the n-particle problem pos¬ 
sessing a set of “parent” eigenfunctions (3 of 
the (n — 1)-particle problem. In practice, the 
summation is restricted to those eigenfunctions 
which are degenerate in energy in the com¬ 
mon field of force. Straightforward methods 
then exist for computing their values. 

FRACTION, CONTINUED. A continued 
fraction is an infinite sequence {s„} with mem¬ 
bers formed from the sequences a\, a2, ■ ■ ■ and 
bo, bi, b2, • • • according to the following direc¬ 
tions. The term s„ is found by replacing the 
denominator of sn_i by (6„_i + an/bn). 
When written in the conventional way such a 
fraction is rather awkward, for it would read 

b0 + 

f>l + d2 

bi + 03 

&3 + ’ ' * 

It can be simplified by writing it on one line 
with the plus sign properly placed, as 

cq 0,2 03 
&°+ — + — + — + 

01 03 

or, in a two-line form 

/ ai, o2, • • • 

\60, 61, b2, 

Some modifications of these notations also 

appear. (See use of / on next page.) 
When there are a finite number of terms, the 

fraction is called terminating; if there are an 
infinite number of terms, non-terminating. 
Convergence behavior of such fractions can 
be studied by generalization of the methods 
used for series. 
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Sometimes continued fractions are suitable 
as solutions of a linear second-order differen¬ 
tial equation, which will be assumed given in 
the form 

V = A0(x)y' + By{x)y". 

If this equation is differentiated n times the 
result is 

y(n) = Any<n+1) + Bn+ly(n+2\ 

where 

An = {An—l + B'n)/{ 1 — A'n— x) 

and 

Bn-(-1 = Bn/{ 1 — A'n—i). 

The ratio y/y' is a continued fraction and it is 
the reciprocal of the logarithmic derivative of 
the solution to the differential equation. The 
result is found to be 

By B2 

y/y' = A0 + ——b ——I- 
Ay A 2 

The method does not seem to be readily ex¬ 
tended to differential equations of higher or¬ 
der. Its most familiar application in mathe¬ 
matical physics is to the Mathieu equation. 

In the systematic evaluation of continued 
fractions, consider the (possibly infinite) sys¬ 
tem of differences 

Xo = ^0^1 "b alx2> 

Xy = byx2 + a2x3, 

x2 = 1>2X3 + 03X4, 

So long as no Xi vanishes or becomes infinite 
one can WTite 

xo/xi = b0 + ai/(xi/x2), 

xx/x2 = by + a2/(x2/x3), 

*a/*s = b2 + a3/(x3/x4), 

and wdth repeated substitution 

for Xi_2/x,_i; and continuing until x0/xy is 
obtained. In many applications the a, and 6,- 
are functions of a variable x, and one truncates 
and evaluates in the manner just described. 

A finite continued fraction 

Fn — b0 + ay/by + • • • + an/bn = An/Bn, 

where An and Bn are polynomials in the a, and 
b{ can be otherwise evaluated by means of the 
recursions (see continuant) 

An = bnAn—i "b Un-4n—2) 

Bn = bnBn—x ”b QnBn—2- 

These relations, however, though of great 
theoretical importance, are not to be recom¬ 
mended for computation in general since they 
tend to be highly unstable numerically. 

The fraction Fn is called the nth approxi- 
mant to F; An and B„ the nth numerator and 
denominator. If all An and Bn are given, and 
if 

An/Bn An-\-y/Bn^.y 

for every n, then the a„ and bn are determined 
uniquely. In particular the approximants F2n 
are called the even parts, F2n+1 the odd parts, 
of F, and it is possible to form a continued 
fraction whose approximants are the even 
parts of F, and one whose approximants are 
the odd parts. 

For applications of continued fractions, see 
reciprocal differences; Pade table. 

FRACTION, PARTIAL. When a given ra¬ 
tional fraction is resolved into a sum of sim¬ 
pler fractions the individual terms in the sum 
are called partial fractions. The process of 
resolving a fraction in this way is the inverse 
process to that of reducing to a common de¬ 
nominator. If the fraction is of the form 
f(x)/d(x), where the degree of the numerator 
is less than that of the denominator, g{x) 
may be written as 

g{x) = a0(x - xx)ri(x - x2)r* • • • 

(x2 + 26xx + Ci)Sl(x2 + 2b2x + c2)** • • •. 

xo/xy — b0 + ax/6x + a2/b2 + • • • 

where each horizontal bar signifies the inclusion 

of all that follows. The right-hand number is 

a continued fraction. If one arbitrarily sets 

x,+1 = 0 and x,- = 1, considering only the first 

i equations, the finite continued fraction can 

be evaluated by solving the ith equation for 

X|_!; substituting in the preceding and solving 

Then the fraction /(x)/^(x) may be written 

as the sum of rx -f- r2 H-f- sx + s2 H-in 

the form 

Ax 

x — a 
+ 

A2 

(x - a)2 
+ ••• + 

At 

(x - a)r 

with constant partial numerators, and sx + 
s2 + • • • in form 
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B\ + C jx B2 -f- C2X Bs + Cax 

Q + Q2 +"'+ Q3 

with linear partial numerators where the partial 
denominators have the form Q = (x2 + 2bx + c). 
The undetermined coefficients A,-, Bi, Ct- in 
these fractions may be obtained by clearing of 
fractions and equating coefficients of like 
powers of x on both sides of the equality, which 
is an identity in x; or by other special devices, 
such as substituting special values of x. An 
integral may often be evaluated by converting 
the integrand into a sum of partial fractions. 

FRACTURE, BRITTLE. See brittle fracture. 

FRACTURE LINE THEORY. See rupture 

line theory. 

FRAME. A structure composed of beams and 
beam-columns joined in such a manner that 
load can be carried only if the joints are able 
to transmit or take appreciable moment (see 
framework). In a rigid frame the rotation of 
all members framing into a joint is the same. 
The word rigid refers to the absence of rela¬ 
tive rotation at a joint, whereby the frame it¬ 
self would deform. (See inequalities, method 

of.) 

FRAME OF REFERENCE. A coordinate 
system in which position measurements can be 
made. 

FRAME OF REFERENCE, INERTIAL. A 
frame of reference in which a free body (i.e., 
one subject to no forces) is not accelerated. 
Newton’s laws of motion are obeyed in all 
inertial frames. The special theory of rela¬ 
tivity is based on the postulates: (a) that all 
inertial frames of reference are equivalent for 
the description of physical phenomena, and 
(b) that the speed of light has the same value 
in all inertial frames of reference. 

FRAME, PORTAL. See portal frame. 

FRAMES, MECHANISM METHOD OF 

ANALYSIS. See mechanism method of anal¬ 

ysis of frames. 

FRAMEWORK. A system of rigid or de¬ 
formable bodies of arbitrary sizes and shapes 
fastened together to form a whole, which can 
be in equilibrium under the action of suitable 
forces. For example, a bridge truss. Moment 
carrying capacity at the joints is not essential, 
as it is for a frame. 

FRANCK-CONDON PRINCIPLE. The 
Franck-Condon principle forms the basis for 
an understanding of the intensity distribution 
in a molecular band-system (see also Condon 
parabola). In its elementary form the F.C.P. 
is based on the fact that an electron “jump” 
in a molecule takes place so rapidly in com¬ 
parison with the vibrational motion that im¬ 
mediately afterwards the nuclei have veiy 
nearly the same relative position and velocity 
as before. A transition between two different 
electronic levels of a molecule therefore takes 
place between points on the respective poten¬ 
tial curves (see potential functions of a mole¬ 
cule) which lie very nearly vertically above 
each other, that is, for vibrational levels for 
which the nuclear distance at the turning point 
of the vibrational motion is nearly the same. 

In the wavemechanical form of the F.C.P. 
the transition probability depends on the mag¬ 
nitude of the overlap integral of the vibrational 
eigenfunctions i/v and i/v' 

RV’V" = RJ'Mv„dr 

where Re is the mean electronic transition 
moment which varies only very slowly with 
the internuclear distance r. The intensity of 
an electronic (vibronic) band is given in emis¬ 
sion by 

IemV'V" = 

and in absorption 

8tt3 — [ f i2 
■labs. = IqAxN„"J»Re I \pv'\f/v"dr 

She L J 

where Nv> and Nv>> are the numbers of mole¬ 
cules in the vibrational levels v' and v" respec¬ 
tively, 70, the intensity of the incident beam 
of light, Ax, the thickness of the absorbing 
layer, h, Planck’s constant, and c, the velocity 
of light. 

FRANKLIN EQUATION. The energy level 
E of sound in a room decays exponentially 
with time t. Thus 

E = Eoe^1 

where g is the decay constant, and E0 is the 
initial sound level. The Franklin equation 
states that 

n = caS/4F 
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where c is the velocity of sound, a is the mean 
sound absorption coefficient, S is the ex¬ 
posed surface, and V is the volume of the room. 
For dead rooms (i.e., rooms which are excep¬ 
tionally non-reverberant and a is comparable 
with unity), Franklin’s equation must be re¬ 
placed by the Eyring equation, where a is 
replaced by log (1 — 5), thus 

n = —c log (1 — a)S/4V. 

F-RATIO. See degrees of freedom. 

FRAUNHOFER DIFFRACTION. Diffrac¬ 
tion phenomena observed when both the point 
of observation and (usually) the source are 
effectively at infinite distance from the aper¬ 
ture or other diffracting agency. (For the 
Fraunhofer diffraction pattern of a circular 
aperture, see the discussion of the Airy disc; 
see also rectangular aperture and slit.) 

FREDHOLM DETERMINANT. Consider a 
Fredholm integral equation of the second 
kind: 

<f>(x) = /(x) + X 

The Fredholm determinant for the kernel 

K(x,S) is 

D(X) = 1 — X r i£(£i,£i)d£i 
J a 

m i,*i) i,fa) 
d^\d^2 + • • •. 

If we write 

D(x,CX) = \K(x£) 

-x*f‘rw) *+..., 
J. I K(i 1,0 K(tuh) 

then the solution of the above integral equa¬ 
tion is given by 

rb Z)(x,£;X) 
♦(*) = fix) + m at, 

•/ a Uyfi) 

in analogy with Cramer’s rule for n equations 
in n unknowns. 

<t>(x) = f(x) + X f K(x,z)<t>(z)dz 
J a 

either has a unique continuous solution </>(x) 
for every continuous /(x) or else the corre¬ 
sponding equation of the first kind (i.e., with 
/(x) = 0) has a positive finite number r of 
linearly independent solutions t/q(x), • ■ •, 

the number X then being said to be an 
eigenvalue of multiplicity r of the kernel 
K{x,z). In this case the transposed equation 

X(x) = X I K(z,x)x(z)dz 
”a 

also has r linearly independent solutions 
xi(z), X2(z), ■••,Xr(z) and the original (non- 
homogeneous) equation is solvable only if /(x) 
is orthogonal to every Xi(x), that is, only if 

f a 
f(x)xi(x)dx = 0, (i = 1,2, - - r), 

the solution <f>(x) being then uniquely deter¬ 
mined except that any linear combination of 
the X(0*0 may be added to it. 

FREE ATMOSPHERE. (Sometimes called 
free air.) That portion of the earth’s atmos¬ 
phere, above the planetary boundary layer, in 
which the effect of the earth’s surface friction 
on the air motion is negligible, and in which 
the air is usually treated (dynamically) as an 
ideal gas. The base of the free atmosphere is 
usually taken as the geostrophic wind level. 

FREE-BODY DIAGRAM. A diagram of an 
isolated body or system of bodies showing all 
the external forces acting. 

FREE CONVECTION. See heat transfer. 

FREEDOM, DEGREES OF. See degrees of 
freedom. 

FREE ENERGY. There are two quantities 
to which this term has been applied. (1) The 
Gibbs free energy, G, which is also called the 
Gibbs function or free enthalpy to distinguish 
it from (2) the Helmholtz free energy, A, 
which is also called the work function.* 

FREDHOLM THEOREM (FOR INTE¬ 
GRAL EQUATIONS). The theorem of the 
alternative for integral equations (cf. alterna¬ 
tive, theorem of), namely: for fixed X, a Fred¬ 
holm equation of the second kind 

* Note that most American writers use F for the 

Gibbs function and A (as above) for the Helmholtz 

function, while the usage elsewhere is generally G (as 

above) for the Gibbs function and F for the Helmholtz 

function. To avoid confusion, the symbol F was 

avoided in this book by use of the mixed notation. 
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(1) The Gibbs free energy is defined by the 
equation 

G = U - TS + pV = H - TS 

where U is the internal energy, T, the absolute 
temperature, S, the entropy, p, the pressure, 
V, the volume and G, the Gibbs free energy. 
(2) The Helmholtz free energy which is also 
called the Helmholtz function is defined by 
the equation 

A = U — TS 

where U is the internal energy, T, the absolute 
temperature, S, the entropy and A, the Helm¬ 
holtz free energy. For a constant-tempera¬ 
ture, reversible change in which the work is 
due to expansion only, dG = Vdp and dA = 
— pdV. In terms of the partition function, 
A = —RT In Z. Like the Gibbs free energy, 
the Helmholtz free energy is a thermodynamic 
potential. (See also thermodynamics, char¬ 
acteristic functions of.) 

FREE ENERGY OF GERM FORMATION. 
The difference in the Helmholtz functions in 
the presence and in the absence of a germ or 
nucleus. (See germs, kinetics of phase forma¬ 
tion.) 

Gibbs has given different explicit expres¬ 
sions for this quantity, which depends essen¬ 
tially on the surface tension y and the size of 
the germ. One of them is 

(AA)t.v = Tyft > 0 (1) 

where fi is the area of the germ. This free 
energy is positive. Therefore the formation of 
a germ can only be due to statistical fluctuations. 
Moreover its value is proportional to 

N« (2) 

where Nv is the number of molecules in the 
germ. 

The free energy of germ formation plays, 
in the kinetics of phase formation, a role some¬ 
what similar to that of the free energy of acti¬ 
vation in the kinetics of ordinary reactions. 
(See absolute reaction rate theory.) 

FREE ENTHALPY. See Gibbs function. 

FREE MASS POINT. See dynamics of a free 
mass point. 

FREE-MOLECULE FLOW. Flow of a gas 
in which collisions between molecules have no 
appreciable effects, so that the only collisions 
of importance are those between the gas mole¬ 

cules and the solid boundaries. Free-molecule 
flow occurs for values of the Knudsen number 
greater than about 10. (See also rarefied gas 
dynamics; slip flow.) 

FREE STREAMLINES. The boundaries of a 
region of stagnant fluid in the wake of a body, 
the fluid outside being in steady motion. The 
free streamlines are presumed to originate at 
sharp (or salient) edges on the body. Many 
problems in two-dimensional flow are soluble 
assuming free streamlines to exist, the pressure 
along them being constant. The free stream¬ 
lines are on vortex sheets which are in fact 
unstable configurations of motion; but never¬ 
theless the solutions obtained are of value in 
the neighborhood of the body. 

FREE VALENCE INDEX. Daudel and other 
workers have calculated the bond character of 
benzene and other aromatic molecules taking 
into account, not only the Kekule formula, but 
also more excited configurations. (See ben¬ 
zene, structure of.) In the case of benzene, for 
instance, they obtain a double bond character 
of 0.462 for each bond, whereas assuming only 
Kekule formulae, one would calculate a bond 
character of 0.500. This means that at each 
corner of the benzene hexagon, there remains 
approximately .076 of an electron which is not 
used in the double or single bonds. The 
“Dewar” bonds across the hexagon are not 
true bonds, but rather free electrons with op¬ 
posite spins; Daudel defines then a free va¬ 
lence index of .076 for each corner of the ben¬ 
zene molecule. Similar free valence indices 
have been calculated for each corner of more 
complicated molecules; the knowledge of these 
indices is important for the theoretical predic¬ 
tion of the reactivity of aromatic molecules. 
(See free valency; molecular diagrams; double 

bond character.) 

FREE VALENCY. Refined molecular models 
indicate that the total bond character (see also 
valence bond method) or the total mobile 

bond order (see also molecular orbital 

method) are smaller than the value predicted 
under the assumption that each bonding elec¬ 

tron participates in a bond. 
In the molecular orbital theory, the free 

valency of an atom has been defined by Coul- 
son as the difference between the maximum 
bond number which that atom can manifest 
and the sum of the mobile bond orders of the 
bonds in which it participates. Although nu- 
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merical values of the free valency thus defined 
and of the free valence index calculated by the 
valence bond method differ, they are usually 
proportional to each other. 

FREE VECTORS. See affine tensors and free 
vectors. 

FREE VIBRATIONS. See vibrations (free) 
of undamped system. 

FREE VOLUME THEORY OF LIQUIDS. 
See cell model of the liquid state. 

FREE-VORTEX BLADE. See blade, twisted. 

FREE WAVE. Any wave not acted upon by 
any external force except for the initial force 
that created it; a wave solution satisfying a 
homogeneous equation of motion and homo¬ 
geneous boundary conditions. In a system 
with no impressed forces, a free wave has zero 
amplitude at the boundaries of the system. 
The phase speed, wavelength, etc. of the free 
wave or waves are characteristics of the sys¬ 
tem. A simple example of such a wave in 
meteorology is a billow cloud layer over level 
ground. 

In a steady-state solution, free waves have 
arbitrary amplitude. These may be specified 
by initial conditions to determine the solution 
completely. 

FREEZING IN OF DEGREES OF FREE¬ 
DOM. Some degrees of freedom will be re¬ 
lated to energies which are large compared to 
kT (k is Boltzmann’s constant; T is absolute 
temperature). In that case the system will be¬ 
have as if it possessed fewer degrees of free¬ 
dom. A diatomic molecule will, for instance, 
behave like a particle of 5 degrees of freedom 
(3 translational and 2 rotational) instead of 6, 
the vibrational degree of freedom correspond¬ 
ing to a change in the distance between the two 
atoms being frozen in. 

FRENET FORMULAE. See Serret-Frenet 
formulae. 

FRENKEL DEFECT. A lattice vacancy 
created by removing an ion from its site and 
placing it at an interstitial position within the 
lattice. The equilibrium concentration of 
Frenkel defects is 

n = CF(NN')*e-wl2kT 

where N, N' are the densities of lattice points 
and interstitional positions, W is the work 

necessary to make the defect, and CF is a nu¬ 
merical factor of the order of 100. 

FREQUENCY, ATOMIC. See atomic fre¬ 
quency. 

FREQUENCY, COMPLEX. The constant of 
proportionality relating the time rate of 
change of an exponential wave to its value at 
every instant. The real part of a complex 
frequency expresses the growth of the wave in 
nepers per unit time (and is sometimes called 
the neper frequency) and the imaginary part, 
the angular velocity in radians per unit time 
(sometimes called the radian frequency). 

As used in this book, the complex frequency 
is denoted by the symbols: 

3 = 0'+ ju. 

No standard notation has ever been adopted 
for the complex frequency. The earlier litera¬ 
ture in network theory made almost exclusive 
use of the symbol p, and whereas some authors 
still prefer this notation, modern usage favors 
the symbol, s. The symbol, A (lambda), at 
one time had limited acceptance. 

FREQUENCY EQUATION. (Also called 
dispersion equation.) An equation relating 
phase speed to wavelength and to the physi¬ 
cal parameters of the system (fluid depth, cur¬ 
rent speed, temperature, etc.) in a linear oscil¬ 
lation. 

Mathematically, the frequency equation is 
the result of substituting a simple harmonic 
solution in the homogeneous differential equa¬ 
tions of motion and the homogeneous bound¬ 
ary conditions. The frequency equation thus 
describes the free waves of the system. If the 
wavelength does not appear in the expression 
for the phase speed, the system is non-disper- 
sive. 

FREQUENCY FACTOR. The rate of an ele¬ 
mentary chemical reaction can usually be 
written as a product of a function of the con¬ 
centrations of the participants, and of a rate 
constant kr which depends on temperature. 
kr itself can be written in the form: kr = A* 
exp( — Ea/kT), where k is the Boltzmann con¬ 
stant, T, the absolute temperature, Ea, the 
activation energy and A is called the fre¬ 
quency factor. 

The frequency factor depends on the colli¬ 
sion number, and on the entropy of activation. 
This latter dependence is often called the 
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“steric factor,” since in an oversimplified im¬ 
age, it expresses the fact that the mutual 
orientation of the collision partners during the 
collision may be unfavorable for the reaction 
to take place. 

FREQUENCY FACTOR FOR CHEMICAL 
REACTION. See collision theory. 

FREQUENCY FUNCTION. See distribu¬ 
tion. 

FREQUENCY, INSTANTANEOUS. The 
time rate of change of the phase of a traveling 
wave. 

FREQUENCY MODULATION. A type of 
modulation in which the frequency of a con¬ 
tinuous radio carrier wave is varied in accord¬ 
ance with the properties of a second (modulat¬ 
ing) wave. 

FREQUENCY OF OSCILLATIONS. See 
oscillation, frequency of. 

FREQUENCY, PLASMA (LANGMUIR FRE¬ 
QUENCY). A characteristic frequency of a 
plasma defined by 

4irne2\^ 

m ) 

where n is the electron density, m, the electron 
mass, and e, the electronic charge. 

FREQUENCY RESPONSE. In general, the 
relationship between output and input in a 
system, or, by extension, between any two 
system quantities, on the assumption that both 
quantities are sinusoids (or cisoids) of the 
same frequency. If, due to the system inter¬ 
relations, the relation between two quantities 
q\U) and q2(t) is expressible by 

FREQUENCY, NATURAL. Of a body or 
system, a frequency of free oscillation. This 
term is commonly applied to coils and an¬ 
tennas in communication circuits. In the for¬ 
mer it designates the frequency at which the 
inductance of the coil and its distributed ca¬ 
pacity produce resonance. Referred to the 
antenna, it means the lowest frequency at 
which there will be a standing wave on the 
antenna. 

FREQUENCY OF A PERIODIC QUAN¬ 
TITY. The frequency of a periodic quantity, 
in which time is the independent variable, is 
the number of periods occurring in unit time. 
If a periodic quantity, y, is a function of the 
time, t, such that 

y = f(t) = A0 + Ai sin (at + ax) 

+ A 2 sin (2at + a2) H-, 

then the frequency is a/lv. Unless otherwise 
specified, the unit is the cycle per second. 

FREQUENCY OF ENERGY RESONANCE. 
For a forced harmonic oscillator the frequency 
for which the velocity and the energy dissipa¬ 
tion of the system are maxima is given by 

where k is the stiffness and m is the effective 

mass. 

(where, in a real system, a and b are real func¬ 

tions of and if it is supposed that Qi(t) = 

(helut, 92(0 = Q2^ut where qx, q2 may be com¬ 
plex, then 

a(ia)q\ — b(ia)q2 

or 

q2 a(ia) 

?i b(ia) 
G(ia) > say. 

The frequency response is therefore ob¬ 
tained from the differential equation connect¬ 
ing output and input by expressing the ratio 
9s(0/qi(0 in operational form, i.e., as a func¬ 

tion of the operator —, and substituting ia 
d dV 

for — as the argument of this function. 

Alternatively, for the above differential rela¬ 
tionship, taking Laplace transforms subject to 
the condition qx(t) = 0 = q2(t) for t < 0 

and 
a(«)Qi(«) = b(s)Q2(s) 

(hi*) 

<M«) 

a(«) 

b(s) 
- 0(s) 

the transfer function of Q2 to Q1. Hence the 
frequency response is obtained by substituting 
ia for is in the transfer function relating the 
two quantities. 
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Indeed, using the transfer function relation¬ 
ship of the last equation, and, as before, writ¬ 

ing qi(t) = qxelut so that Qi(s) = — 
s — id 

Qa(«) <?(*) 
-—- ~: —- 

qi s — id 

G(id) 
=-;—|- other partial fractions with 

s — id denominators correspond¬ 
ing to the poles of G(s) 

on the supposition that G(s) is bounded as 
s —> oo and does not have poles at s = =hid. 
Thus, taking inverse Laplace transforms, 

(^-L = G(id)elut + terms involving normal 
Qi 

modes of the system. Thus the only compo¬ 
nent of 92(f) at frequency w is 

G{id)q\elwt = G(id)qi(t) 

showing again that the frequency response, as 
defined, is the value of the transfer function 
G(s) with s replaced by id. This is still true if 
<?(s) is unstable, i.e., if some of the normal 
modes tend to infinity with t, though the value 
of this information for unstable systems is 
questionable. If G(s) is stable, however, and 
the normal modes therefore —■» 0 as t —» », 
G(id) gives the “steady-state” relationship be¬ 
tween the cisoids representing q2 and qx. 

Finally, it should be noted that if q2 = 
| <721 el<t>i and qx = 1911 et4>l then 

G{id) 
<h 

?i 

gi(<l>2—<t>i) 

so that the modulus and phase of the fre¬ 
quency response give respectively the ampli¬ 
tude ratio and the relative phase of the output 
and input cisoids (or sinusoids). 

If qx{t) is expressed by its Fourier trans¬ 

form, if this exists, 

1 r® 
9i(0 = — I Qi(tw)elb,tdd 

Z7T 

each elemental component of the right-hand 
side is a cisoid of frequency o> and amplitude 
Qi(id)dd/2v. Such an element is therefore 
multiplied by G{id) in forming its contribution 

to 92(f)- Thus 

or, more concisely, 

Q2(f“) = G(id)Qi(id). 

FREQUENCY RESPONSE REPRESENTA¬ 
TION. (a) Nyquist Locus. If, as w varies, 
the frequency response G(id) is plotted as a 
complex quantity in its own complex plane, 
the locus traced out by the point representing 
G is called the Nyquist locus of G (or, simi¬ 
larly, of any other function of frequency). 
The range of w for a complete Nyquist locus 
is from — 00 to + 00. In this connection, if G 
is a real function (as it always is for a real 
system) G(id) and G( — id) are complex con¬ 
jugates; hence the part of the Nyquist locus 
corresponding to the negative range of « is, 
point for point, the mirror image in the real 
axis of the part-locus for the positive range 
of d. 

The complete Nyquist locus should be pro¬ 
vided also with a scale of « along the locus. 

Similar loci drawn for the function G(s) 
with s = a + id (a constant) are sometimes 
used to determine the degree of damping asso¬ 
ciated with the normal modes of the system 
and may be referred to as modified Nyquist 
loci. Whereas the Nyquist locus is the con¬ 
formal map of the imaginary axis of the s- 
plane (s = a + id), such modified loci are the 
corresponding maps of vertical lines in the 
s-plane. Since constant « loci (with variable 
a) are horizontal lines in the s-plane, it fol¬ 
lows that the constant —« loci will cut the 
modified Nyquist loci orthogonally except at 
points corresponding to singularities of G(s) 
in the s-plane. 

In control system analysis, the frequency 
function plotted is usually that relating the 
output 0o(t) = 0oelwt to the error 6e(t) = 6ee‘"h 
Denoting therefore 

0o(t) = e0 

0e(t) ~ 9e 
G(id) 

and remembering that 0,(<) = 9e(t) + d0(t) and 
therefore 0, = 6e + d0, it is clear that, in the 
diagram for the plane of G shown in Figure 1, 

1 
,00 
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if P is any point on the Nyquist locus for a 
particular frequency so that OP is the phasor 
G(io)), then CP drawn from the point C is the 
phasor 1 + G(iu). In other words since OP 
represents 60/de, CP represents 1 + 90/9e = 
di/de, CO being the phasor + 1. Multiplying 
these phasors CO, OP, CP by 9e, which does 
not alter the shape of the triangle, we obtain 
the important property that the directed sides 
of the triangle CO, OP, CP, represent the rela¬ 
tive magnitudes and relative phases of the 
cisoids (or sinusoids) representing error, output 
and input respectively. 

(b) Log | G | — Log w and Phase G — Log id 
Graphs (Bode Diagrams). Here instead of 
plotting G{i(S) in a complex Cartesian plane, 
using u as a parameter, log | G(iu>) | and ph G 
(fid) are plotted separately on a base of log w, 
the base of the logarithms being usually 10, 
log | Cr | being normally expressed in decibels. 
It is to be noted that loge | G | and ph G are 
respectively the real and imaginary parts of 

loge G. 
If the function /(id) = log (iu ± A), with 

A real, is considered, then /(id) = Yi log 
(co2 + A2). The following properties of the 
graph of/(oj) to a base of log id are immediately 
deducible: 

(i) It is asymptotic to the constant value 
log | A | as log id —» —<». 

(ii) It is asymptotic to the straight line 
through the origin, /(id) = log id as log cd —> oo; 
the slope of this line is unity but is more often 
expressed as 6 (more correctly 20 logio 2) deci¬ 
bels per octave (i.e., two-fold increase in fre¬ 
quency) or 20 decibels per decade (ten-fold 
increase in frequency). 

(iii) The asymptotes meet at id = [ A | called 
the break- or knee-frequency, and the height of 
the graph above the two-line profile formed by 
the asymptotes is, at this value of id, Yi log 2 
(3.010 dbs) which is its maximum value; the 
slope of the graph at this point is 3 dbs per 

octave. 
(iv) The shape of the graph is not affected 

by A, which only modifies the position of the 
break point. 

These properties are shown in Figure 2. 
Thus if the transfer function G[s) were ex¬ 

pressible as (s + Ai)(s + A2) + ^1) 
(s _|_ in which all A’s and B's were 

real, so that log | G(ii0) \ = log | K | + l°g 
r 

IS -h Ar I - X log I s + Br I, the resultant graph 
r 

of log I G(icd) I could beobtainedbyaddingorsub- 

tracting the identically shaped but differently 
positioned graphs corresponding to individual 
terms in each of the summations, finally drop¬ 
ping the origin by log | K \. As a preliminary 

approximation at any rate, the two-asymptote 
approximation to the individual graphs could 
be used. However, G(s) more generally has 
complex zeros and poles as well as real ones, 
occurring in conjugate complex pairs. 

If the function g(w) = log | (fid)2 + 2kAiu 
+A2| is therefore considered, with A real as 
before and with \k \ <1 (if |fc| >1 the quad¬ 
ratic form can be factorized into linear factors 
of the form already considered), it is found that 
the graph of g(u>) on a base of log id has the fol¬ 
lowing essential properties: 

(i) It is asymptotic to the constant value 
2 log |A| as log id —>• — 00. 

(ii) It is asymptotic to the straight line 
through the origin g(u) = 2 log id (slope 12 db 
per octave) as log id —* 00. 

(iii) The asymptotes cut at id = | A | and at 
this frequency g(u) = logK(2A2 \ k |) = 2log | A \ 
+ log 2 | k |, the height of the graph at this 
frequency being therefore log 2 | A: | (which 
may be positive or negative) above the asymp¬ 
tote profile, but this is not in general the maxi¬ 
mum deviation between the two; the slope of 
the graph at this point is always 6 db/octave. 

Thus the graph of g(u) although it has the 
asymptotes which might be expected from the 
analysis of /(w) may diverge considerably 
from the asymptote profile (say for values of 

| A; | < 0.3). Provided due attention is paid to 
this point, if G(s) can be expressed in the form 
considered previously but with some A’s and 
B’s now occurring in conjugate complex pairs, 
the graph of log | G \ may still be obtained by 
superposing the log modulus graphs of the 
component factors (linear or quadratic) as 
previously. The use of the asymptote outlines 
is, however, dangerous as an approximation ex¬ 
cept where log id —> ±°o. 

With the same precautions, the ph G graphs 
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may also be obtained by a superposition proc¬ 
ess, for if G'(s) as before is in the form K(s + d_i) 

(s -j- A2) •' '/(s “b Ri)(s “b R2) '' ', then 

ph G(iu) 

= 23 ph (tw + Ar) — 23 ph (f« + Br). 
r r 

Moreover ph (fto + A), with A real, increases 

from 0 to - when A > 0, having the value - 
2 4 

at the break-frequency to = |H| and similarly 
7T 

decreases from ir to - with a break-frequency 
3tt 2 

value of — when A < 0; again the shape of the 
4 

graph is not affected by A, though in this case 
changing the sign of A turns the graph upside 
down. The phase of a quadratic factor, 
ph {(to)2 + 2iukA + A2} = ph (A2 - u>2+ 
2iukA) is always zero at to = 0 and is ±7r as 
co —» 00 according as kA < 0; it has the value 

db - at break-frequency co 
2 

| A | according as 

kA < 0 but the shape of its graph depends on 

1*1. 
However, the phase graph is not very widely 

used since the value of ph G{iu) in the case of 
minimum-phase G functions, can be derived 
from log |G(ico) from a relationship estab¬ 
lished by Bode for such functions: 

jph (?(ico) }w=a 

1 d log | G\ \u\ 
= - I - • loge coth- • du 

7T oo du 2 

where u = logc . In the integrand, the 

first factor is the slope of the log | G\ — log co 

graph at any frequency co, the second factor 
constituting a weighting factor associated with 
these slopes which has a peak value at co = 12 
and decays rapidly and symmetrically on either 
side (when plotted on a log co base). Thus the 
phase at co = 12 is largely determined by the 
slope of the log |G| — log co graph in the 
neighborhood of co = 12, though the contribu¬ 
tions from the slopes at more remote values, 
particularly if these are high compared with 
that at co = 12, can seldom be neglected. With 
some practice, however, it is not difficult to 
sketch the phase graph reasonably accurately 
from the graph of log |G|, the phase being 

roughly ^ per unit slope of the log \ G\ graph 
£ 

at any point. 

FREQUENCY RESPONSE TO INDICIAL 
RESPONSE CONVERSION. If the fre¬ 
quency response relating output to input for 
a system is G{iu)), so that 0o(ico) = G(iu) 
@i(fco), the corresponding normal response in 
the time domain to an input 8(0, unit impulse 
function at t = 0, may be found from the fact 
that the Fourier transform of 8(0 is unity. 
Hence with this input 

Fourier transform of 60{t) = @0(fco) = G(iu>) 
and hence 

d0(t) = — I eU0tG{iu>)d(j}. 
2tt •/_* 

If 0„(O is required and if the evaluation of the 
integral is a complicated process or if G(iu) is 
obtained experimentally so that G is not known 
in functional form, the evaluation of 0o(t) may 
be achieved, generally to a high degree of ac¬ 
curacy, by Floyd’s method. 

The expression for d0(t) is first simplified by 
writing 

G(ia) = R{u) + il(a) 

in which, since G is a real function, R(ui) and 
/(to), its real and imaginary parts, are respec¬ 
tively even and odd functions of to. Hence 

1 r 
doit) = — 1 (cos ut + i sin ut) iR + 

2ir J-O0 

1 r" 
= — 1 iR cos ut — 1 sin ut)du 

2tt J-OC 

1 f00 
1 iR cos ut — I sin ut)du. 

7T J fo 

Further, it is known that if G(iu>) is the fre¬ 
quency response function of a physical system, 
60(t) must vanish for t < 0. It follows that 

00 

R cos co2 dw 
CO 

I sin a>t dw, t < 0 

and hence, since the left-hand side is even in t 
but the right-hand side is odd, 

00 

R cos ut du 

Hence 

/ sin ut du, t > 0. 

2 rx 
doit) = — I R cos ut du, t > 0. 

7T J 0 

The graph of R(u), which is at once obtaina¬ 
ble from a knowledge, graphical or functional, 
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of G(ico), is next approximated to byapolygonal 
outline. In this connection, since for most 
systems G(iu>) —> 0 as « —> <», the upper 
bound of frequency for the polygonal approxi¬ 
mation is fixed at such a value, say w,„ that the 
range of integration ojm to °o is judged to con¬ 
tribute a negligible amount to the above ex¬ 
pression for 0O(0, he., wm is such that 

2 
0O (<) =’— I R cos cot du, t > 0. 

tr Jo 

Floyd next analyzes the contribution made 
to the integral on the assumption that the 
graph of R(u>) is of the trapezoidal form shown 
in the diagram. 

*(«) 

I \ 
-!->► CO 

n-A n+A 

For this value of R 

r R cos ut du = r 
nil-A 

J f •Z O 
cos ut du 

+ r\ 
JQ-A 

+A ft + A — 

2A 
cos ut du 

which on evaluation simplifies to 

sin ft< sin At 
rft ---- 

fti At 

and can therefore easily be evaluated for any 
value of t and given ft and A by using tables of 
(sin x)/x. 

Finally therefore, if the polygonal approxi¬ 
mation to the graph of R(u) is considered as 
made up of a number of elements of the above 
form, 

0o(t) 
2 sin ftfc< 

= - 2_, rjtftfc- 
IT If Qfci 

sin Akt 

A kt 

the summation extending over all the elemen¬ 
tal trapezoids. 

If the value of the output is required when 
the input is unit step-function at t = 0 (the 
indicial response), then the above expression 
for the output must be integrated with respect 
to t over the range 0 to t, either graphically 
or analytically. 

FREQUENCY-SHIFT THEOREM. See La¬ 
place transform theorems. 

FRESNEL. A unit of frequency equal to 1012 
cycles per second. 

FRESNEL DIFFRACTION. The diffraction 
pattern in a plane near the aperture. 

FRESNEL EQUATIONS. Equations giving 
the intensity of each of the two polarization 
components of light in a less dense medium 
reflected at the surface of a denser transparent 
medium. 

If the light is polarized in the plane of inci¬ 
dence, i.e., the magnetic vector is in the plane 
of incidence: 

I sin2 (i — r) 

I0 sin2 (i + r) 

If the light is polarized in a plane perpendicu¬ 
lar to the plane of incidence: 

I tan2 (i — r) 

I0 tan2 (i + r) 

These may be combined for normal incidence 
into the more familiar equation 

for air as one medium. 

FRESNEL EQUATIONS FOR METALLIC 
REFLECTION. For strongly absorbing ma¬ 
terials like metals, the index of refraction n 
of the simple Fresnel equation should be re¬ 
placed by its complex form 

n = n( 1 — ik), 

where k is the absorption index. Introducing 
this gives for the reflection coefficient of light 
normally incident in vacuo onto a metallic 
medium 

n (n — l)2 + n2k2 

R = (n+ l)2 + n2k2' 

Note that when k is very large, the reflection 
coefficient is nearly unity. 

FRESNEL INTEGRALS. See Cornu spiral; 
noise level reduction of barriers. 

FRESNEL INTEGRALS, TABLE OF. See 
noise level reduction of barriers. 

FRESNEL ZONE. See half-period element. 
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FRICTION. The resistance offered to the 
motion of one body upon or through another. 

FRICTION, ANGLE OF. The limiting angle 
between the direction of the force resisting 
sliding and the normal to the surface of sliding 
is called the angle of friction </>; tan <f> = p, 
the coefficient of friction. (See friction, co¬ 
efficient of.) 

FRICTION, COEFFICIENT OF. The maxi¬ 
mum ratio of the frictional or tangential force 
F to the normal force N between two bodies 
at rest with respect to each other is called 
the coefficient of static friction, p. F — pN. 
When there is sliding motion between the 
bodies, p is called the coefficient of kinetic 
friction and F = pN. The coefficient of ki¬ 
netic friction is generally less than the coeffi¬ 
cient of static friction, and tends to decrease 
with the speed of sliding. The static coeffi¬ 
cient, as stated by Coulomb, is essentially in¬ 
dependent of the area of contact for ordinary 
surfaces. For steel on steel, a value of 0.15 
is reasonable, reducing to 0.03 at appreciable 
relative motion. 

FRICTION, CONE OF. A conical surface 
which always contains the resultant of the 
force of friction between two surfaces and the 
normal force pressing the two surfaces to¬ 
gether. The half angle at the apex of the cone 
is equal to the angle of friction. 

FRICTION, INTERNAL. A generic term for 
the processes in solids which result in the con¬ 
version of elastic energy into heat or other 
forms of energy which are neither kinetic nor 
elastic. The most general method of measur¬ 
ing internal friction is in terms of the specific 
damping capacity or specific loss. This is 
defined as the ratio AlF/IF where aTF is the 
energy loss when a specimen is taken round a 
stress cycle, and IF is the maximum elastic 
energy stored in it during the cycle. Internal 
friction can be measured in other ways, such 
as the logarithmic decrement A' of free vibra¬ 
tions, where the specimen is the elastic ele¬ 

ment in the vibrating system (see logarithmic 

decrement); the breadth at half amplitude 
(AAr) of the resonance peak (see resonance, 

sharpness of) of such a system; or the loss 
angle 8 for forced vibrations (see loss factor, 

mechanical). It can also be measured by the 
amplitude attenuation coefficient (see acoustic 

attenuation coefficient), of elastic waves in 

the solid. For low dissipation coefficients 
(aIF/IF < 0.1), the following approximate re¬ 
lations can be used between the different quan¬ 
tities listed above. For harmonic motion at 
one frequency, 

4 irac 
7r tan 5 -- 

0} 

a is here the amplitude attenuation coefficient 
for waves of angular frequency <o whose phase 
velocity of propagation is c. 

FRICTION VELOCITY. A velocity v* de¬ 
rived from the shearing stress r0 at a boundary 
and the fluid density p. 

v* = (ro/p)'* 

In the turbulent flow of an incompressible 
fluid of uniform density parallel to a plane 
boundary, in which the shearing stress is the 
same at all distances from the boundary and 
is equal to the Reynolds stress, 

r0 = u'w' > 

and v* is thus related to the velocity fluctua¬ 
tions u' and w' along and parallel to the 
boundary; and if the viscous shearing stresses 
are negligible compared with the Reynolds 

stresses in the turbulent region, v* gives a 

measure of the “velocity of slip” in the laminar 
boundary layer. (See also logarithmic pro¬ 

file and skin friction.) 

FRINGE. A local extreme of an interference 
or diffraction pattern. 

FRINGES, VISIBILITY OF. See visibility of 

fringes. 

FROBENIUS METHOD. See indicial equa¬ 

tion. 

FROHLICH-BARDEEN THEORY (1955). 

An attempt to explain superconductivity in 
terms of the interaction between the conduc¬ 
tion electrons and the lattice vibrations of the 
metal, as suggested by the isotope effect. (See 
Bardeen-Cooper-Schrieffer theory of super¬ 
conductivity. ) 

FRONTAL HOROPTER. See horopter. 

FRONTOGENETICAL FUNCTION. A kin¬ 
ematic measure of the tendency of the flow in 
an air mass to increase the horizontal gradient 

AW ' 2ir AN 

W ~ ~ ^ - 
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of a conservative property «, defined by the 
equation 

d , 
F — — Va . 

dt 

FROUDE EFFICIENCY. See Froude mo¬ 
mentum theory. 

FROUDE MOMENTUM THEORY. In this 
theory the steady-flow momentum equation 
(see momentum equation for boundary layer) 
is used to obtain an expression for the thrust 
of a screw propeller. The theory is also ap¬ 
plicable to any other propulsive device, such 
as a turbo-jet or ram-jet engine, which takes 
in fluid from the stream and discharges it 
again with increased total pressure. 

In the simplest form of the theory it is 
assumed that the velocity is uniform across 
the slipstream or jet. At a station far down¬ 
stream, where the static pressure is the same 
as in the undisturbed stream, let the velocity 
in the slipstream or jet relative to the propul¬ 
sive device be V + v, where V is the free- 
stream velocity. Then, if m is the mass of 
fluid passing through the propulsive device per 
unit time, the propulsive thrust is 

where h is a suitably chosen representative 
length, which might be the wavelength of 
standing waves. 

The Froude number also represents the 
ratio of the kinetic energy to the potential 
energy of the mechanical forces or to the 
energy dissipated by them. The Reynolds 
number is a special case of the Froude num¬ 
ber. the mechanical forces being due to vis¬ 
cosity in that case. The Richardson number 
is a case in which the kinetic energy available 
is represented by the shear. 

FROZEN EQUILIBRIUM. Owing to the 
slowness of attainment of some chemical equi¬ 
libria, it can happen that the reaction rates 
are negligible during a time sufficient for other 
kinds of equilibria (i.e., thermal equilibria) 
to be reached. The system is then in a meta¬ 
stable equilibrium sometimes called frozen 
equilibrium. 

F-TEST. A statistical test of significance 
based on the ratio of two independent quad¬ 
ratic estimators of variance. The name de¬ 
rives from the initial letter of the surname of 
Sir Ronald Fisher, who introduced it. (See 
Fisher’s distribution.) 

T = mv. (I) 

The power required ideally, to produce the 
slipstream or jet, is equal to the rate of increase 
of kinetic energy of the stream. This is 

E = im[(V + v)2 - V2] = TV + \mv2. 

The useful propulsive power is TV, and the 
Froude efficiency is defined as 

FROUDE 

TV 

~E 

1 

1 v 

1 + 27 

NUMBER. A non-dimensional 
number, F, representing the ratio of the inertia 
forces to mechanical forces. In particular the 
name is used in connection with gravity forces 

so that 
F2 = u2/gh 

FUCHS THEOREM. If a second-order lin¬ 
ear differential equation has regular singular 
points at co and at xk, k = 1, 2, —, n, and 
no other singularities, its general form is 

„ , V(n-l)(x)y' , V2(n-\){x)y 
V H-zrr:-1-rr—- = 0 

F(x) F\x) 

where F{x) = (x — Xi) (x — x2) • • • (x — xn) 
and pi(x) is a polynomial in x of degree — i. 
Such an equation is said to be of Fuchsian 
type. The theorem may be extended to equa¬ 
tions of any order. 

FUEL. See combustion. 

FUGACITY. In a mixture of perfect gases 
(see perfect gas mixtures; partial pressure) 
the chemical potential may be written in the 
form 

+(T) + RT In pi (1) 

where u is a representative velocity and h a 
representative height. For horizontal flow in 
a stream of uniform density, of depth h, flow 
of speed u is super-undal if F > 1. 

In a stably stratified fluid of static stability /3 

F2 = u2/gph2 

where p, is the partial pressure of component i. 
By analogy one may write for a mixture of real 
gases 

m = m+(T) + RT\nPi* (2) 

where m+(T) is the same function as for the 
perfect gas, while all the effects of molecular 
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interactions are included in the p*. The func¬ 
tion p*(T, p,nx ■ ■ ■ nc) is called the fugacity 
of component i. This definition, due to G. N. 
Lewis, permits the preservation for real gases 
of the general form of the equations for perfect 
gases, with the fugacities replacing partial 
pressures. 

In the low pressure limit, pf reduces to p, 

Pix 
lim — = 1. (3) 
p-*° Pi 

FULL LINEAR GROUP. The collection of 
all non-singular matrices of order n, with ma¬ 
trix multiplication as the law of combination. 
Its order is infinite since its elements are the 
infinite number of linear transformations of 
one n-dimensional vector into another. 

It contains several subgroups, also of infi¬ 
nite order: (1) The unitary grcmp, with ele¬ 
ments all n-dimensional unitary matrices. 
(2) The orthogonal group, with elements all 
real n-dimensional square orthogonal matrices. 
The determinants of these matrices can only 
be ±1; if +1, they are proper orthogonal ma¬ 
trices, if —1, improper orthogonal matrices. 
The subgroup of the orthogonal group con¬ 
taining only proper orthogonal matrices is the 
rotation group or order n. If n — 3, the proper 
orthogonal matrices correspond to rotations in 
three-dimensional Euclidean space, while the 
improper matrices correspond to such rota¬ 
tions followed by reflections in a plane per¬ 
pendicular to the axis of rotation. There con¬ 
ceptions may be generalized for n-diinensions 
and specialized for two dimensions. (See Lie 
group.) 

FULL RADIATOR (BLACK BODY). The 
thermal radiator which absorbs completely 
all incident radiation, whatever the wave¬ 
length or direction of incidence. This radia¬ 
tor has the maximum spectral concentration 
of radiant emittance at a given temperature. 

FULLY-ROUGH FLOW. Turbulent flow for 
which 

v*t 

— > 100, 
V 

where v* is the friction velocity, v is the kine¬ 
matic viscosity and « is the average height of 
the surface irregularities. When a flow is fully 
rough, it becomes almost independent of the 
viscosity. 

FUNCTION. A mathematical expression de¬ 
scribing the relation between variables; the 
function taking on a definite value, or values, 
when special values are assigned to certain 
other quantities, called the arguments, or in¬ 
dependent variables of the function. If there 
is one independent variable, the dependent 
variable y may be determined explicitly by 
the equation y — f(x) or implicitly by f(x,y) 
= 0. If there are several independent varia¬ 
bles the forms are y = f(xX) x2, •••, £„) or 
f(xi, x2, • ■ •, xn, y) = 0. The precise defini¬ 
tion of a function, namely as a set of ordered 
pairs, the first element of each pair being an 
argument of the function and the second its 
corresponding value, was first introduced by 
Dirichlet. A set-theoretical definition is 
simply a many-one relation, that is, a relation 
which to any element in its domain relates ex¬ 
actly one element in its range. (For various 
functions, elliptic, algebraic, etc., see the rele¬ 
vant terms.) 

FUNCTIONAL. A functional is a real-valued 
function F (f) defined for some set X of func¬ 
tions (usually A" is a Banach space). A func¬ 
tional is linear if F (/, -f /2) = F(fi) + F(f2) 
and bounded if | F(f) \ < M || / || for some con¬ 
stant M. If f(x) is continuous and g(x) is 
of bounded variation, the Stieltjes integral 

i 

f(x)dg(x) is a continuous linear functional 

of / on C. A theorem of Riesz says that every 
continuous linear functional can be so repre¬ 
sented by suitable choice of g(x). 

FUNCTIONAL ITERATION. See iterative 
methods. 

FUNCTION, EVEN. See even function. 

FUNCTION, ODD. See odd function. 

FUNDAMENTAL AFFINE CONNECTION. 

The aggregate of sets of Christoffel three- 

index symbols of the second kind defined in 
every coordinate system. The Christoffel 
symbols of the second kind in a specified 
coordinate system x are the components of the 
fundamental affine connection in the system x. 

FUNDAMENTAL BANDS. The bands in the 
infrared spectrum of a molecule correspond¬ 
ing to transitions from the vibrationless 
ground state to a state in which one normal 

vibration is singly excited. 
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FUNDAMENTAL CIRCUITS. See circuits, 
fundamental. 

FUNDAMENTAL COMPONENT. The fun¬ 
damental frequency component in the har¬ 
monic analysis of a wave. 

FUNDAMENTAL CONTRAVARIANT TEN¬ 
SOR. Contravariant metric tensor. (See 
metric tensor.) 

FUNDAMENTAL COVARIANT TENSOR. 
Covariant metric tensor. (See metric tensor.) 

FUNDAMENTAL CUT SETS. See cut sets, 
fundamental. 

FUNDAMENTAL EQUATIONS OF HY¬ 
DRODYNAMICS. The equations of motion, 
the equation of continuity, the energy equa¬ 
tion, the equation of state, and the equation 
of continuity for water, considered together as 
a closed system of equations. 

A simplified physical model can dispense 
with certain of these equations without sacri¬ 
ficing completeness, e.g., in two-dimensional 
homogeneous incompressible flow, kinetic en¬ 
ergy is the only form of energy, and the equa¬ 
tions of motion and continuity form a closed 
system. 

FUNDAMENTAL EQUATIONS OF THER¬ 
MODYNAMICS. When a certain number n 
of properties of a thermodynamic system (in 
particular a homogeneous system) are fixed, 
the state of the system is fixed, and all re¬ 
maining properties are fixed. It does not fol¬ 
low, however, that it is possible to calculate 
all equilibrium thermodynamic properties of 
a system, when one equation of state is given. 
In general, this is not the case, but it is pos¬ 
sible to indicate several general relations, 
called fundamental equations (or fundamental 
equations of state) which have this property. 
An equation of state is called fundamental if 
all equilibrium properties of the system can be 
derived from it mathematically by processes 
which do not involve integration. All thermo¬ 
dynamic consistency relations involve partial 
derivatives. In the case of simple systems, 
these are of the form 

where z is the dependent, and x,y are the inde¬ 
pendent properties. In this case 

z = J 4>(x,y)dy + \p(x). 

Here, the integral can be evaluated, but the 
arbitrary (from the mathematical point of 
view) function \p(x) cannot be determined from 
the equation of state. 

In the case of simple systems, the only four 
forms which allow us to calculate all equi¬ 
librium properties by processes involving dif¬ 
ferentiation and algebraic calculations exclu¬ 
sively, are: 

F i (U,S,V) = 0 

F2(II,S,p) = 0 

F-s(A,T, V) = 0 

F<((i,T,p) = 0. 

Here U is the internal energy, II = U -)- pV, 
is the enthalpy, A = U — TS is the Helmholtz 

function, G — H — TS is the Gibbs function. 

It is noteworthy that the p-V-T relation, 
F(p,V,T) = 0, is not a fundamental equation. 
(See equation of state.) 

In the case of complex systems, involving 
several independent components and phases, 
the above relations must also contain the 
masses (or numbers of moles) of the consti¬ 
tuents 

Fi(U,S,V,n%) = 0, etc. 

In addition, the equation 

F &(p,T,iii) = 0 

where m are the chemical potentials, is also a 
fundamental equation. (See also thermody¬ 
namics, characteristic functions in.) 

FUNDAMENTAL FORM FOR A SURFACE. 
See ground form of a surface. 

FUNDAMENTAL FREQUENCY. See fre¬ 

quency, fundamental; vibration, fundamental 

mode of. 

FUNDAMENTAL HORN EQUATION. See 
horn equation, fundamental. 

FUNDAMENTAL MAGNITUDES OF THE 
FIRST ORDER (FOR A SURFACE). See 
ground forms of a surface. 

FUNDAMENTAL MAGNITUDES OF THE 
SECOND ORDER (FOR A SURFACE). See 
ground forms of a surface. 
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FUNDAMENTAL METRIC TENSOR. See 
metric tensor. 

FUNDAMENTAL MODE. See mode, funda¬ 
mental. 

FUNDAMENTAL PROBARILITY SET. 
The basic events and their probabilities form¬ 
ing the units of a probabilistic situation, any 
other set of events under consideration being 
expressible in terms of them. It follows that 
all the probabilities of derived sets are ex¬ 
pressible in terms of those of the fundamental 
set. 

FUNDAMENTAL SERIES. See Bergmann 
series. 

FUNDAMENTAL STATE. The fundamen¬ 
tal state of a system (atom, molecule, or en¬ 
semble of particles) is that state of the system 
which has the lowest possible energy (i.e., the 
zero point energy). The term may be used 
in a more restricted meaning: a molecule in 
its fundamental electronic state may still pos¬ 

sess vibrational, rotational, and, eventually, 
translational energy. 

FUNDAMENTAL TENSOR. See metric ten¬ 
sor. 

FUNDAMENTAL THEOREM OF ARITH¬ 
METIC. See unique factorization theorem. 

FUNDAMENTAL THEOREM, REACTOR. 
See first fundamental theorem and second 
fundamental theorem. 

FUNICULAR POLYGON. A funicular or 
string polygon is a geometric figure employed 
to obtain a point on the line of action of the 
resultant of a coplanar force system. The 
force polygon gives the magnitude and direc¬ 
tion of the resultant force. Funicular poly¬ 
gons are graphical representations of shapes a 
flexible string would assume when loaded by 
the actual forces. For equilibrium, both the 
force and funicular polygons must close. 

FUSION. See solidification. 

f-VALUE. See oscillator strength. 
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GAIN-BANDWIDTH PRODUCT. The gain- 
bandwidth product is equal to the product of 
the amplification of an amplifier stage at mid¬ 
band (its maximum value) and the bandwidth 
of the amplifier in megacycles. The band¬ 
width is defined as the difference A/ between 
the two frequencies at which the power output 
is a specified fraction, usually one-half, of the 
midband value. 

GAIN, BREEDING. See breeding gain. 

GAIN, CONVERSION. See conversion gain. 

GAIN MARGIN. A partial indication of the 
degree of stability of a feedback loop based 
upon the extent by which the loop gain ratio 
falls short of unity at the frequency (or fre¬ 
quencies) at which the loop phase shift is zero. 
Two definitions are in use: 

(1) Gain Margin = 1 — (loop gain ratio at 
zero phase shift). 

(2) Gain Margin (in decibels) = — (loop 
gain in decibels at zero phase shift). 

Both definitions given zero gain margin for 
a critically stable system. 

Note. To avoid confusion it should be 
noted that if Y (s) is the output/error transfer 
function in an error-monitored control system, 
the loop transfer function is — 7(s). Thus 
zero phase of the loop frequency-function 
— F (f<o) implies 180° phase (lag) of Y (iw). 

GAIN RATIO (GAIN). Measures of amplifi¬ 
cation used in frequency response work and 
preferably restricted to the comparison of the 
amplitudes of one and the same physical quan¬ 
tity (voltage, current, etc.) at two different 
points of a system. 

Gain ratio from point A to point B 

amplitude of specified quantity at B 

amplitude of specified quantity at A 

Gain from point A to point B 

in decibels = 20 logi0 (gain ratio) 

in nepers = logc (gain ratio) 

Thus 1 neper = 20 logi0e or 8.080 dec¬ 
ibels (dbs) 

The bel (and decibel) are strictly units of 
power amplification, the power amplification 
in bels being logi0 (power gain ratio). When 
comparing, say, voltages or currents, these are 
assumed to be applied across, or flowing 
through, equal hypothetical resistances at A 
and at B so that the power gain ratio is the 
square of the voltage or current gain ratio, 
giving: 

Gain (i.e., power gain) in dbs 

= 10 logio (power gain ratio) 

= 20 logio (voltage or current gain ratio) 

as above. 
The use of the above terms and units when 

comparing, say, a voltage at B with a current 
at A or vice-versa (so that the “gain ratio” is 
not dimensionless) is to be deprecated, as is 
also the measurement of gain in dbs when ap¬ 
plied to non-electrical quantities other than 
power. 

GALACTIC CLUSTERS. See star clusters. 

GALERKIN METHOD. See Ritz method. 

GALERKIN STRESS FUNCTIONS. Any 
solution for the displacement components tq 
(i = 1, 2, 3) in a rectangular Cartesian co¬ 
ordinate system x, of the Navier equations of 
equilibrium for a body of isotropic, elastic 
material satisfying the generalized Hooke’s 
law, on which no body forces are acting, may, 
provided it has sufficient regularity, be written 
in the form 

dFj 

nm = (1 - c)V2Fi--- 
dXj • dXi 

where {i = 1, 2, 3) are three biharmonic 
functions of position in space, the Galerkin 
stress functions, m and a- are the rigidity 
modulus and Poisson’s ratio for the material. 
Such a solution of the Navier equations is 
called a Galerkin solution. 

GALILEAN TRANSFORMATION. The 
transformation to a system moving with con¬ 
stant relative velocity according to non-rela- 
tivistic kinematics: 

389 
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dx' = dx — vxdl 

dy' = dy - v/lt 

dz' = dz — vzdt 

dt' = dt. 

GALVANOMAGNETIC AND THERMO¬ 
MAGNETIC EFFECTS. There are three 
other effects similar to the Hall effect (see Hall 
coefficient) which relate flow of electric cur¬ 
rent, flow of heat, and magnetic field. These 
are the Nernst effect, the Ettingshausen effect, 
and the Righi-Leduc effect. All these effects 
may be summarized mathematically as fol¬ 
lows : 

Let j and q be the vector densities of electric 
current and heat current, respectively, let H be 
the magnetic field strength. Let E, and VtT 
be the projections of the electric field vector 
and the temperature gradient, respectively, on 
the plane normal to j or q, whichever is non¬ 
vanishing. Then the Hall coefficient Rh 
may be defined by the relation 

E< = Rhj X H, 

the Nernst coefficient Q by the relation 

Et = —QV71 X H, when j = 0, 

the Ettingshausen coefficient P by 

between players under certain specified rules. 
If the game is such that the winnings of one 
player are derived solely from the losses of 
others, so that the algebraical sum of winnings 
is zero, the game is a zero-sum game. 

If two players are engaged, and one has a 
choice of p courses of action, the other a choice 
of q courses, a p X Q table can be drawn up 
showing how much one player wins if he 
chooses the ith course and his adversary chooses 
the ;th. This is called a pay-off matrix. The 
object of the theory is to find the best strategy 
for a given player to pursue. If he acts so as 
to minimize his maximum risk of loss the 
strategy is called minimax, while if he acts so 
as to maximize his minimum chance of gain, 
the strategy is called maxmin. 

GAMMA. (1) The one-millionth part of a 
gram. (2) A unit of magnetic field intensity. 
(3) The tangent of the angle of the straight- 
line portion of the D log E curve and the log 
E axis is a measure of the degree of develop¬ 
ment and was termed by Hurter and Driffield 
the development factor and designated by the 
Greek letter y (gamma). Gamma may also be 
defined as 

D2 — D\ 
7 = - 

log E2 — log Ei 

VtT = Pj X H, under conditions j • VT 

= 0 and q = 0, 

and the Righi-Leduc coefficient S by 

VtT = SHX VT, when j = 0. 

It may be noted that the Righi-Leduc effect 
bears the same relation to the Ettingshausen 
effect as the Nernst effect does to the Hall 
effect. 

GALVANOMETER EQUATION. T he equa¬ 
tion of motion of a galvanometer: 

d2e ( G2\ dd 
p — +(k + —)- + Ud = 

dt2 \ RJ dt 

GE 

It' 

where P is the moment of inertia, K, the me¬ 
chanical damping coefficient, U, the restoring 
torque constant, G, the motor constant, E, 
the applied voltage and R, the total circuit 
resistance. 

GAMES THEORY. The branch of mathe¬ 
matics which deals with the theory of contests 

where D2 and Di are densities on the straight- 
line portion of the D log E curve produced by 
log E2 and log Ex, respectively, and where E2 
and Ex are exposures (see exposure-density 
relationship). (4) In a color or monochrome 
television channel, or part thereof, the coeffi¬ 
cient expressing the selected evaluation of the 
slope of the used part of the log vs. log plot 
relating input (abscissa) and output (ordi¬ 
nate) signal magnitudes as measured from the 
point corresponding to some reference black 
level. As the log vs. log plot is usually not 
entirely straight in the used region, it is neces¬ 
sary to formalize that evaluation of the slope, 
for example, by the use of the value at a par¬ 
ticular point, maximum, mean, or other value. 
The method of evaluation should be stated. 
At some points, the signal may be in terms of 
light intensity or light transmission. 

GAMMA CORRECTION. The modification 
of a transfer characteristic for the purpose of 
changing the value of gamma. (See gamma 
(4).) 
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GAMMA DISTRIBUTION. A frequency 
(probability) distribution of the form 

f> Xx^ ^ 
dF =-dx, 0 < x < oo. 

r(x) 

It is also known as Pearson’s Type III. 

GAMMA SUM RULE. See gamma value. 

GAMMA VALUE. The energy of electronic 
spin-orbit interaction in an atom, designated 
r (sometimes referred to as r-factor). With¬ 
out specific assumptions as to the coupling 
conditions 

GAMMA FACTOR. See gamma value. 

GAMMA FUNCTION. The improper inte¬ 
gral, sometimes called Euler’s second integral 

T = aJiSi cos (!<*), 

where 
Ra2Z, a, = 

eff.i 

nMh + ^)(L d~ 0 
For Russell-Saunders coupling 

It converges for all positive, real values of z. 
Its properties include: 

r(z + 1) = zr(z); 

T(z)r(l — z) = 7T CSC 7rz; 

r(|) = 
when z = n, a positive integer, r(n) = 
(n — 1)!, hence this is often called the fac¬ 
torial lunction. 

The Weierstrass definition of the function is 

00 

1/T(z) = zeCz JJ (1 + z/n)e~zln 
71 = 1 

where C is the Euler-Mascheroni constant; 

C = lim (1 T- ^ -(- • • • -f- \/n — In n) 
n—► *> 

= 0.577215- 

Another definition is that of Euler 

.... (n — 1)! 
T(z) = Inn---- n . 

z(z + l)(z + 2) • • • (z + n — 1) 

(See also beta function, which is Euler’s 
first integral, and Stirling formula.) 

T = ALS cos (LS) 

= A 

where 

J(J + 1) - L(L + 1) - S{S + 1) 

U 
A = ^ at- — cos (sj-S) — cos (1,L) 

i S L 

Here h and st are orbital angular momenta and 
spins of the individual electrons, L and S the 
resultant electronic orbital angular momentum 
and the resultant electron spin. sit L, and S 
are the corresponding quantum numbers, a is 
Sommerfeld’s fine structure constant, R the 
Rydberg constant, ZeffA the effective atomic 
number. 

In a weak magnetic field of field strength H 
the vector J has a component M in the field 
direction, in a stronger field the vectors L and 
S have separate components ML and Ma in 
the field direction (quantum numbers M, ML, 
Ms. M = Mh + Mg). 

Under these conditions 

cos (SL) = cos (SH) cos (LH) 

and 

MsMl 

SL 

GAMMA MATRICES. See Dirac equation. 

GAMMA PERMANENCE RULE. See gam¬ 
ma value. 

GAMMA SPACE. Phase space of 2fN dimen¬ 
sions, the coordinates being / generalized co¬ 
ordinates and / generalized momenta for each 
of the N particles of the system, each particle 
having / degrees of freedom. It is the phase 
space of the whole gas and was called r-space 

by Ehrenfest to distinguish it from the phase 
space of one molecule (/x-space). 

cos (SL) = ALS cos (LS) = AMLM$. 

For this case Lande’s r-permanence rule 
states: for the levels of a given multiplet cor¬ 
responding to the same value of the quantum 
number M, the sum of the r-values is inde¬ 
pendent of the field strength. 

In a very strong magnetic field the vectors I,- 
and st- have separate components mj. and ms< 
in the field direction (quantum numbers toj,., 
ms.) M = ^2 (m/,. + mSi). Under these condi- 

i 

tions 
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I1 = 7. = 2Z aimsimi„ 
i i 

where 7,■ represents the T-value for a single 
electron. 

For this case Goudsmit’s T-sum rule states: 
for a given electron configuration the sum of all 
T-values corresponding to a given value of M 
is independent of the field strength. (For more 
details see L. Pauling and S. Goudsmit, The 
Structure of Line Spectra, McGraw-Hill, Inc., 
New York, 1930, p. 157 ff.) 

GAS, BOSE-EINSTEIN TREATMENT. See 
Bose-Einstein gas. 

GAS, CLASSICAL MONATOMIC, SECOND 
VIRIAL COEFFICIENT. See second virial 
coefficient. 

GAS CONSTANT. The constant of propor¬ 
tionality R in the equation of state of a per¬ 
fect gas pV = RT. When referring to one 
gram-molecule of gas, R has the value, 8.3149 
X 107 ergs/mole °C or 2782.77 ft lbf/lbmole 
°C. 

Values of the gas constant for real gases, 
as given in engineering tables, are usually ex¬ 
pressed in units of mass, rather than moles. 
Their equivalent values may be calculated 
from the (universal) gas constant above by 
dividing it by the molecular weight of the gas, 
provided it is recognized that the values so 
obtained are in error by the departure of the 
particular gas from ideality over the range 
given. The gas constant per unit mass for a 
mixture of non-reactive gases may be obtained 
by averaging their tabulated gas constants, by 
multiplying them by their respective percent¬ 
ages in the mixture, and adding the products. 

GAS DEGENERACY. See degenerate gas. 

GAS DYNAMICS. Aerodynamics of com¬ 
pressible fluid flow. (See also subsonic and 
supersonic flow, rarefied gas dynamics.) 

GAS DYNAMICS, RAREFIED. See rarefied 
gas dynamics. 

GAS FLOW IN NOZZLE OR DUCT. See 
nozzle or duct, flow of gas in. 

GAS, IDEAL. See perfect gas. 

GAS, IMPERFECT. See real gas. 

GAS, PERFECT. See perfect gas. 

GAS, REAL. See real gas. 

GAS-VAPOR MIXTURES. See air-steam 
mixtures. 

GAUGE-INVARIANCE. Classical electro¬ 
magnetic field theory is invariant under the 
gauge transformation 

dx(x) 
A,{x) - A'„(x) = Ap(x) + —^ (I) 

dx" 

as a consequence of the fact the field strengths 

dA„ dAp 

dxM dx" 
(2) 

(whichare the observables of the system) remain 
invariant under this transformation. The 
arbitrary function x(i) must however satisfy 

□ x(x) = 0 (3) 

to ensure the Lorentz condition 

dAp 
—- = 0. 
dXp 

(4) 

In quantum field theory, gauge invariance is 
the requirement of the invariance of the theory 
under the simultaneous transformation 

Ap(x) —► A'p(x) = Ap(x) - d„x(z) (5) 

0c(a•) —► ct>'c(x) = eiex(r)<t>c(x) (6a) 

<t>c*(x) -* <t>c*'(x) = e-**(*Vc*(s) (6b) 

where <j>c is any charged field operator and 
x(x) is a (c-number) function. This requirement 
determines almost uniquely the interaction 
of charged fields with the electromagnetic field. 

For if one notes that 

(dp — ieA'p)<f>'c = etex(dp — ieAf)<t>c (7) 

GASES, SEPARATION OF. See reversible 
separation of gases. 

GASES, SPECIFIC HEATS OF. See specific 
heats of gases. 

GAS, FERMI-DIRAC TREATMENT. See 
Fermi-Dirac gas. 

it follows that if the replacement 

dMtf>c -► (dp — ieAf)<t>c (8a) 

dp<t>c* —> (dp - ieAp)<f>c* (8b) 

is made for all charged fields in the Lagran- 
gian without the presence of the electromag¬ 
netic field, then the total Lagrangian (includ- 
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ing the electromagnetic interactions) will re¬ 
main unchanged by the simultaneous trans¬ 
formations (5) and (6). 

GAUGE INVARIANCE AND CONSERVA¬ 
TION LAWS. Assume that a given Lagran- 
gian (and hence the resulting field equations) 
is invariant under the following gauge trans¬ 
formations: for any field fa, 

fa -> 4>'i s faeUq< (1) 

where e is a real number and q^ a real number 
characteristic of the field </>,-. For the case e is 
infinitesimal 

or 
<t>' i — 0»(1 + f<9i) 

Hi = ieqifa. 

The observed invariance of £ under (1) means 
that 

_ d£ 
0 = 8£ = 2l — Hi 

so that the current 

d£ 
qi <f>i 

dfa.u 

r ■ X- 9£ Jjn —— t€ q% (fai 

is conserved, i.e., 
dfa.n 

dj* = 0. 

GAUSS. See electromagnetic units. 

GAUSS AND CODAZZI, EQUATIONS OF. 
See equations of Gauss and Codazzi. 

GAUSS CHARACTERISTIC EQUATION. 
See equations of Gauss and Codazzi. 

GAUSS CURVATURE. See Gauss theorem 
(on curvature); curvature. 

GAUSS HYPERGEOMETRIC EQUATION. 
A canonical form of the Riemann-Papperitz 
equation, where the regular singular points 
have been shifted to x — 0, 1, oo. Its form is 
x(l — x)y" + [c — (a + b + \)x]yr — aby 
= 0, in which a, b, c are parameters related to 
the exponents of the equation. Its general 
solution around the point x — 0 and conver¬ 
gent for | x | <1, provided c is not a positive 
or negative integer or zero, is 

y = AF(a, b, c; x) 

+Bx1~cF( 1 + a — c, 1 + b — c, 2 — c; x). 

In this solution F{x) is the Gauss hypergeo¬ 
metric function, and A, B are constants of 
integration. 

The Gauss hypergeometric function can be 
written as an infinite series in the form 

F(a, b, c; x) 

T(c) * r(q + n)T(b + n) 

r(a)r(6) „=0 r(c + w)n! 

where r is the gamma function. The coeffi¬ 
cient of the general term xk is 

a(a-|-l)(o-(“2)" • • (o-(-fc — l)6(6-f-l) - * m(b-\-k — 1) 

c(c T 1)• • • (c -j- k — l)k\ 

Many well-known functions, including the 
Legendre and other polynomials are com¬ 
pactly represented by the hypergeometric se¬ 
ries. Thus F(l, b, b) x) is the ordinary geo¬ 
metric series and F(a, b, 6; x) is the binomial 
expansion of (1 — x) ~a. 

If one lets b —» oo in the hypergeometric 
equation the singular points at 1 and oo merge 
by confluence to give an irregular singular 
point at oo. The result, called the confluent 
hypergeometric equation (also the Pochham- 
mer-Bames equation) is 

GAUSS EQUATION OF THE SURFACE. 
See equations of Gauss and Codazzi. 

GAUSS FORMULAS. Formulas which pro¬ 
vide expressions for the tensor derivatives of 
the base vectors xal (i = 1, 2, 3) for a surface 
coordinate system in terms of the fundamental 
magnitudes of the second order, bap, for the 
surface and the unit normal 7i‘: 

Xa./s* = ba$n\ 

They show that the tensor derivatives of the 
base vectors are parallel to the unit normal. 

xy" + (c - x)y' - ay = 0. 

Its general solution is 

y = AF(a, c; x) + Bxx~cF{ 1 + a — c, 2 — c; x) 

where 
T(c) " r(a + n)xn 

F(a, c; x) =- >, —--- 
r(a) n=0 r(c + ri)n\ 

is the confluent hypergeometric series. The 
notation \FX is often used for this series and 
2Fi for the Gauss hypergeometric series. The 
first subscript indicates the number of fac- 
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torial terms in the numerator and the second 
subscript the number of such terms in the de¬ 
nominator. The more general series „Fm has 
also been studied. 

Any differential equation with three regular 
singular points or less can be expressed as a 
special case of the Gauss equation or its con¬ 
fluent form. 

GAUSSIAN BRACKETS. In Gauss’ Disqui- 
siticmes Arithmeticae a bracket function is in¬ 
troduced in an algorithm for solving a linear 
diophantine equation. M. Herzberger has 
shown that these provide a convenient nota- 
tional and calculational device for ray tracing 
an optical system in Gaussian optics. 

The Gaussian brackets are defined recur¬ 
sively by 

and the backward formula is 

E~u = 1 - u8E~'a + Q 52 

GAUSSIAN KERNEL. See kernel, Gaussian. 

GAUSSIAN LENS EQUATION. If u is the 
object distance, u' the image distance, / the 
focal length, n, n’ the refractive indices of ob¬ 
ject and image space, then a basic theorem of 
Gaussian optics states 

n n' n' — n 
~ + ~7 = —- 
u u J 

[&! • • • <xn] [fli • • • an—2] T [®i ■ ■ ■ dn—i]on 

with the initial conditions 

[ ] = 1, M = a. 

The principal properties are: 
(1) Symmetry: [an • • • ad = [cq • • • an]. 
(2) The expansions: 

[°i •••<*»»••• on] 

= flm[Oj • • • dm—l][om_)-i • • • an] 

T" [^1 ' ‘ * —1 T Om-)-l • * • On], 

[fll • • • <xm • • • fln][o 1 • • • oTO][om^-i • • • an] 

T [fli • • • dm—l][flm-)-2 ‘ " ' On]. 

(3) The determinant rule: 

[fllOn—l] [020n_l] 

[fllfl„] [020n] 

GAUSSIAN DISTRIBUTION. See normal 
distribution. 

GAUSSIAN ELIMINATION. Matrix inver¬ 
sion by triangularization. 

GAUSSIAN INTERPOLATION FORMU¬ 
LAS. (Also called the Newton-Gauss for¬ 
mulas.) In the notation of difference oper¬ 
ators, the forward formula is 

Eu = 1 + u8E* + 82 

+ (“+') PE* + 

GAUSSIAN OPTICS. The manifold of rays 
through an optical system is four-dimensional. 
For axially symmetrical systems, the geo¬ 
metrical optics in the tangent hyperplane to 
the ray coinciding with the axis is Gaussian 
optics or first order optics. 

Expressed otherwise, if the coordinates of a 
ray are the rectangular coordinates x, y of its 
intersection with some plane orthogonal to the 
axis and the optical direction cosines p, q, 
then the mixed characteristic of an axially 
symmetric system is a function of 

u — x2 + y2, v = px + qy, w — p2 + q2. 

The constant term of the power series expan¬ 
sion in u, v, w is the characteristic function of 
Gaussian optics. 

Thus, Gaussian optics is the theory of the 
first order approximation sin 0 = 0. The next 
approximation sin 0 = 0 — Y603 corresponds to 
third order optics, the theory of the approxi¬ 
mate characteristic W including terms of the 
second degree in u, v, w. 

GAUSSIAN QUADRATURE FORMULA. 
Any formula of the form 

n 

I w(x)f(x)dx = + R 
da 0 

wrhere the density function w(x) > 0; the co¬ 
efficients m are constant and depend only upon 
the function w(x) and the range of integration; 
and the abscissae Xi are selected so that the 
remainder R vanishes whenever f(x) is a poly¬ 
nomial of degree 2n + 1 or less. It can be 
shown that these x,- exist and satisfy an alge- 
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braic equation of degree n -f 1; that they are 
real; and that when ordered they satisfy 
a < £0 < *i < • • • < xn < b. They are, in 
fact, zeros of one of a set of orthogonal poly¬ 
nomials. 

If a and b are both finite, one can make a 
substitution of variable, if necessary, and sup¬ 
pose b = — a = 1. Then if w(x) = 1, the xt 
are zeros of the Legendre polynomial of de¬ 
gree n + 1, and one has for 

n = 1: Mo = Mi = 1; 

n = 2: mo = M2 = f, Mi = f; 

n = 3: mo = Ms = (18 - V^O)^, mi 

= M2 = (18 + 

By choosing w(x) appropriately either a or b 
or both can be infinite. (For tabulation of x; 
and Mi, and for a discussion of the theory, see 
Zdenek Kopal, Numerical Analysis, John Wiley 
& Sons, Inc., 1955.) 

GAUSSIAN REPRESENTATION. See spher¬ 
ical representation of a surface. 

GAUSSIAN UNITS. A nonrationalized mixed 
system of units in which electrical quantities, 
such as electric charge and electric potential, 
are carried in the esu system, while currents 
and magnetic quantities are carried in the emu 
system. The constant c is then carried in the 
equations where it is needed, as a conversion 
factor. (See electromagnetic units.) 

GAUSSIAN WAVE GROUP. A wave group 
for which 

<?(«) = ae~'a<-“—*o)J. 

Here k is the “wavelength constant’’ but 
actually the independent variable, while a and 
k0 are arbitrary constants. 

GAUSS LAW. The total electric flux passing 
out from a closed surface (c.s.) is (in rational¬ 
ized units) equal to the total charge, q, en¬ 
closed within the surface. In unrationalized 
units the flux is equal to 4tt times the enclosed 
charge q. 

In integral form, the Gauss law may be 
written (in rationalized MKS units) 

r I) dA = r e0E dA — q — fpdV, 
•'C .8. •'C8. " 

where I) is the electric flux density, E is the 
electric field strength, p is the electric charge 
density, and e0 is the permittivity of free space. 

Applying Gauss theorem, the law may be put 
in the differential form, 

V • D = p, or V • E = p/e0. 

Using E = — VV = — p/e0, the law may be 
put into still another form, the Poisson equa¬ 
tion: V2F = — p/e0. 

GAUSS LAW FOR A MAGNETIC ME¬ 
DIUM. Applying the Gauss law to the mag¬ 
netic case: 

B-dcr = 4tr jpdT 

V-B — 47rp 

where B is the magnetic induction, and p the 
density of magnetic charge. Since free mag¬ 
netic charge does not exist in nature, p = 0, 
and the Gauss law states: 

B • dcr = 0 

VB = 0. 

GAUSS LAW OF NORMAL GRAVITA¬ 
TIONAL FORCE. The surface integral of 
the normal component of the gravitational 
force on a particle of unit mass, taken over 
any closed surface is equal to —4nG times the 
total mass enclosed by the surface. 

GAUSS-MARKOV THEOREM. A theorem 
to the effect that an unbiased linear estimator 
of a parameter has minimal variance when ob¬ 
tained by the method of least squares. 

GAUSS PLANE. See Argand plane. 

GAUSS PRINCIPLE OF LEAST CON¬ 
STRAINT. See least constraint, Gauss prin¬ 
ciple of. 

GAUSS-SEIDEL METHOD. A term some¬ 
times applied to the total step iteration for 
solving linear equations (see matrix inver¬ 
sion), although both Gauss and Seidel used a 
relaxation method. 

GAUSS-STOKES THEOREMS, FOUR-DI¬ 
MENSIONAL. See Minkowski world. 

GAUSS THEOREM. See integral theorems 
of vector analysis. 
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GAUSS THEOREM ON CURVATURE. The 
product of the principal curvatures of a sur¬ 
face at a point of the surface is a surface in¬ 
variant (the Gauss curvature). 

GAUZE, FLOW THROUGH. Gauzes made 
of woven wire are commonly used for reducing 
both the spatial non-uniformity and the tur¬ 
bulence of a stream of fluid. 

Considering first the effect of a gauze on 
spatial disturbances in a stream, it is assumed 
that the scale of these disturbances is large 
compared with the mesh size. The essential 
properties of the gauze may be expressed in 
terms of two dimensionless coefficients, defined 
as 

jfc - Pl ~ P2 

bu2 
and 

I Force component in plane of gauze, j 
j per unit area 

W2 " 

U is the velocity of a uniform stream approach¬ 
ing the gauze and (pi — p2) is the pressure drop 
at the gauze when it is placed normal to the 
stream. In the definition of Fg, the normal to 
the gauze makes an angle 9 with the approach¬ 
ing stream. Fg is, of course, a function of 9, 
and is zero when 0 = 0. It is found from ex¬ 
periments that Fg may be expressed in the con¬ 
venient form 

Fg 

7 - 2(1 - 

where a is a constant for small values of 6. 
It can be shown theoretically that when a 

gauze is placed normal to the mean flow the 
effect on a small spatial disturbance is to reduce 
all longitudinal velocity increments in the ratio 

1 + a — ak 

1+a+k’ 

and to reduce all lateral velocities in the ratio a. 
It follows that forfc=l-fl/a small longi¬ 
tudinal disturbances are entirely removed. 
For the types of gauze normally used this cor¬ 
responds to a value of k of about 2.8. 

The effect of a gauze on the turbulence of a 
stream is twofold. First, the wakes from the 
individual wires of the gauze may introduce 
turbulence into the stream. Secondly, the re¬ 
sistance introduced by the screen causes a 

reduction of turbulence. The first effect is 
small if the gauze is woven from fine wire with 
a small mesh size, and may even be zero if 
the Reynolds number based on the wire di¬ 
ameter is sufficiently small. Theoretical stud¬ 
ies of the second effect have shown that the 
reduction in turbulent energy depends on the 
three-dimensional energy spectrum of the tur¬ 
bulence in the approaching stream. If the 
turbulence is isotropic upstream of the gauze 
it becomes axi-symmetric after passing 
through the gauze. 

GAVIOLA CAUSTIC TEST. A test of the 
deviation of a mirror from a paraboloid of 
revolution, based on the caustic of a parallel 
axial bundle being the locus of centers of 
curvature of the parabolic sections. (See 
caustic.) 

GAY-LUSSAC LAW. See Charles law. 

GEE-POUND. The unit of mass which a 
force of one pound will accelerate by one foot 
per second per second is called the slug or gee- 
pound. 

GEGENBAUER FUNCTION. A solution of 
the differential equation 

(z2 — l)it" + (2 n + 1 )zu' — a(a + 2 n)u = 0. 

For integral values of a, the solution becomes 
the Gegenbauer polynomial. This equation is 
a special case of the Gauss hypergeometric 
equation. 

GEIGER-NUTALL RELATION. An empir¬ 
ical relationship between the range of an «- 
particle in air and disintegration constant of 
natural a-emitting radionuclides of the form: 

log R = A + B log X, 

where R is the a-particle range, X is the dis¬ 
integration constant, A is a parameter having 
different values for the three natural radio¬ 
active series, and B is constant. This rela¬ 
tionship was more closely applicable to the 
members of the natural series than it is to the 
more recently discovered «-emitters, especially 
those produced artificially. Current theory 
does not substantiate the relationship except 
for the general trend. 

GENERALIZED AFFINITIES. See forces in 
thermodynamics of irreversible processes. 
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GENERALIZED COORDINATES AND MO¬ 
MENTA. See coordinates and momenta, gen¬ 
eralized. 

GENERALIZED FUNCTION. See distribu¬ 
tion. 

GENERALIZED HOOKE’S LAW. See 
Hooke’s law, generalized. 

GENERALIZED HYDROSTATIC EQUA¬ 
TION. The vertical component of the vector 
equation of motion in natural coordinates 
when the acceleration of gravity is replaced 
by the virtual gravity. For most purposes it 
is identical to the hydrostatic equation. 

GENERALIZED KRONECKER DELTA. 
See Kronecker delta, generalized. 

GENERALIZED PLANE STRESS. A state 
of stress in a plate, the major surfaces of 
which are formed by two parallel planes. If a 
rectangular Cartesian reference system x,y,z 
is chosen with its z-axis perpendicular to the 
major surface of the plate and the normal 
component azz of the stress vanishes through¬ 
out the plate, while the tangential components 
azx and auz vanish on its major surfaces, the 
plate is said to be in a state of generalized 
plane stress. 

GENERALIZED VELOCITIES. See veloci¬ 
ties, generalized. 

GENERATED ERROR. See error. 

GENERATING FUNCTION. If the Taylor 
expansion of a function f(x,u) expanded in 
powers of u is 

f(x,u) = p0(x) + pi(x)u + p2(x)u2 - 

then f(x,u) is called a generating function 
for the sequence of functions p0(x), pi(x), 
p2(x), • • •• Thus (1 — 2xu + u2)~'A is a gen¬ 
erating function for the Legendre poly¬ 
nomials; exp [x2 — (u — x)2] for the Bessel 

--) for the 
I - u) 

Laguerre polynomials; (1 — xu) (1 — 2xu 
u2)~1 for the Chebyshev polynomials, 

etc. 

Mechanical Circuit 

rEl L [ 

L 
Z, El 

X 
Electrical Circuit 

Electrodynamic generating system. In the mechani¬ 
cal circuit jM is the external driving force; zM is the 
total mechanical rectilineal impedance of the mechani¬ 
cal portion of the vibrating system actuated by jM; 
zme *s the mechanical rectilineal impedance due to 
the electrical circuit. In the electrical circuit e is the 
internal electromotive force generated in the voice 
coil; zEj is the damped electrical impedance of the 
voice coil. zE1 = rE1 juL^; Lr and rE1 are the 
damped inductance and electrical resistance of the 
voice coil. zE2 is the electrical impedance of the 

external load. 

The voltage e, in abvolts, due to the motion 
of the conductor in the magnetic field (see 
figure), is 

e = Blx (1) 

where B is the flux density, in gausses, l is the 
length of the conductor, in centimeters, and 
x is the velocity of the conductor, in centime¬ 
ters per second. 

The velocity of the conductor is governed 
by the mechanical driving force, the mechan¬ 
ical rectilineal impedance of the mechanical 
system, and the mechanical rectilineal imped¬ 
ance due to the electrical system. The vi¬ 
brating system is shown in the figure. In the 
mechanical circuit zM represents the mechani¬ 
cal rectilineal impedance, in mechanical ohms, 
of the mechanical portion of the vibrating sys¬ 
tem actuated by fu including the mechanical 
rectilineal impedance of the coil at the voice 
coil. /n represents the mechanomotive force, 
in dynes, at the voice coil. The mechanical 
rectilineal impedance ZuE, in mechanical ohms, 
due to the electrical system is, from Equation 
7 of driving system, electrodynamic 

(Bl)2 
zme —- (2) 

ze 

GENERATING SYSTEM, ELECTRODY¬ 
NAMIC. A moving conductor or a moving coil 
generating system is a generating system in 
which the electromotive force is developed by 
motion of a conductor through a magnetic field. 

where B is the flux density, in gausses, l is the 
length of the conductor, in centimeters, zE = 
zei + ze2, ze\ is the electrical impedance of the 
voice coil, in abohms, and zE2 is the electrical 
impedance of the external load, in abohms. 
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The velocity of the voice coil is 

Im 
x -- 

Zm + ZME 

(3) 

From Equations 1 and 3 the generated elec¬ 
tromotive force e, in abvolts, is 

e = Bit = 
Zm -f zme 

(4) 

The generated electromotive force is effec¬ 
tively in series with the electrical impedance 
Zm of the voice coil and the electrical imped¬ 
ance ZE2 of the external load, as depicted by 
the electrical circuit in the figure. 

GENERATING SYSTEM, ELECTROMAG¬ 
NETIC. In the simple generating system of 
the preceding entry both the steady mag¬ 
netic flux and the change in flux, due to the 
deflection of the armature, flows through the 
armature. Consider a balanced armature type 
of generating system in which only the alter¬ 
nating flux flows longitudinally through the 
armature as shown in the figure. 

where N is the number of turns in the coil, M 
is the magnetomotive force, in gilberts, of the 
steady field, A is the area of a pole piece, in 
square centimeters, a is the spacing between 
the armature and pole, in centimeters, and x is 
the velocity of the armature, in centimeters 
per second. 

The velocity of the armature is governed 
by the mechanical driving force, the mechani¬ 
cal rectilineal impedance of the mechanical 
system, and the mechanical rectilineal imped¬ 
ance due to the electrical system. The vibrat¬ 
ing system is shown in the figure. In the 
mechanical circuit zu represents the mechani¬ 
cal rectilineal impedance in mechanical ohms, 
of the mechanical portion of the vibrating sys¬ 
tem including the mechanical rectilinear im¬ 
pedance of the armature. represents the 
mechanomotive force, in dynes, on the arma¬ 
ture. The mechanical rectilineal impedance 
Zme, in mechanical ohms, due to the electrical 
system is, from Equation 6 of driving system, 
electromagnetic 

4 N2<t>M 

a2It2ZE 
(2) 

'M 

A M ZME 

IT 
Mechanical Circuit 

i 

—nnnp-| 

e 

I 
Electrical Circuit 

Balanced armature electromagnetic generating sys¬ 
tem. In the mechanical circuit zM is the total 
mechanical rectilineal impedance of the mechanical 
portion of the vibrating system actuated by /w; zMM 
is the mechanical rectilineal impedance due to the 
electrical circuit. In the electrical circuit e is the 
internal electromotive force generated in the coil; 
zm is the damped electrical impedance of the coil. 

zei = rEi + iuLv and rE1 are the damped in¬ 
ductance and electrical resistance of the coil. zE.j, is 

the electrical impedance of the external load. 

The electromotive force e, in abvolts, gener¬ 
ated in the coil due to motion of the armature 
from Equation 2 of driving system, electro¬ 
magnetic is 

NMA 
e =-- x (1) 

a1 

where N is the number of turns in the coil, <t> is 
the total flux in the air gap at one of the poles, 
in maxwells, M is the magnetomotive force, 
in gilberts, of the magnet, a is the spacing 
between armature and pole, in centimeters, 
R2 is the reluctance, in oersteds, of the alternat¬ 
ing magnetic circuit, ze = ze\ + zg2, zg\ is the 
electrical impedance of the coil, in abohms, and 
ze2 is the electrical impedance of the external 
load, in abohms. 

The velocity of the armature, in centimeters 
per second, is 

Im 
x =- 

zm + Zme 

(3) 

From Equations 1 and 3 

NMA NMAJm 
«-—r~± = T,—,-r (4) 

a a (zm + zme) 

The generated electromotive force is effec¬ 
tively in series with the electrical impedance 
zgi of the coil and the electrical impedance Zeu 
of the external load, as depicted by the elec¬ 
trical circuit in the figure. 

GENERATING SYSTEM, ELECTRO¬ 
STATIC. A condenser or electrostatic gener¬ 
ating system is a generating system in which 
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t lie electromotive force is developed by the 
relative motion between two plates carrying 
different electrostatic charges. 

The current ii, in statamperes, generated by 
the motion of the movable plate of the con¬ 
denser is, from Equation 2 of driving system, 
electrostatic 

e0 Ax 

where e0 is the polarizing voltage, in statvolts, 
A is the area of the plate, in square centimeters, 
a is the spacing between the plates, in centi¬ 
meters, and x is the velocity of the movable 
plate, in centimeters per second. 

The current i2, in statamperes, due to the 
electromotive force e across the electrical im¬ 
pedances ze\ and ze2 of the figure is 

i2= (2) 
ZE 

where e is the electromotive force, in statvolts, 

Ze 
ZElZE2 

Zei + ZE2 

1 
ZEl = T77— 

jwCei 

Ce 1 is the electrical capacitance of the con¬ 
denser, in statfarads, and ZE2 is the 
electrical impedance of the external 
load, in statohms. 

Electrical Network 

Electrostatic generating system. In the mechanical 
circuit zM is the total mechanical rectilineal imped¬ 
ance of the mechanical portion of the vibrating sys¬ 
tem actuated by ju; zME is the mechanical rectilineal 
impedance due to the electrical circuit. In the elec¬ 
trical network e is the electromotive force generated 
across the condenser. zF1, the damped electrical 
impedance of the condenser. zm = 1 /jo>CB1. Cm 
is the damped electrical capacitance of the condenser. 
ZK2 is the electrical impedance of the external load. 

chanical rectilineal impedance zME, in mechan¬ 
ical ohms, due to the electrical system is, from 
Equation 4 of driving system, electrostatic 

e02A2 

ZME = Tr~2 4 ZE (4) 16ra 

ZElZE2 
where Ze —- 

zei + ZE2 

1 

ZEl = ~rT~ 
JuLei 

Since there is no external current applied on 
the electrical side of the system the sum of the 
currents i\ and i2 is zero. From Equations 1 
and 2 the generated electromotive force, e, in 
statvolts, across the electrical impedances zei 
and ze2 is 

e 
e0Ax 

4-rra2 
ze- (3) 

The velocity of the movable plate is gov¬ 
erned by the mechanical driving force, the 
mechanical rectilineal impedance of the me¬ 
chanical system and the mechanical rectilineal 
impedance due to the electrical system. The 
vibrating system is shown in the figure. In 
the mechanical circuit zM represents the me¬ 
chanical rectilineal impedance of the mechan¬ 
ical portion of the vibrating system actuated 
by fjf including the mechanical impedance of 
the movable plate. represents the mechano- 
motive force at the movable plate. The me- 

Cei is the capacity of the generator, in 
statfarads, ze2 is the electrical im¬ 
pedance of the external load, in 
statohms. 

The velocity of the movable plate x, in centi¬ 
meters per second, is 

Im 
x =- 

+ zme 
(5) 

From Equations 3 and 5 the electromotive 
force e in abvolts, across ze\ and zE2 in parallel, 
depicted by the electrical network of the 
figure, is 

^ _ e0Aze/m 

4-rra2 (zm + z^e) 

The electromotive force e\, in abvolts, in 
series with zE\ and zE2 which will produce the 
electromotive force e across zE2 is of interest 
in the design of generating systems. 
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Equation 3 may be written 

e 
e0Ax 

4ira2 

ZE\ZE2 

Ze\ + ZE2 

having magnetostriction properties. Tiie mag¬ 
netostriction generator, shown in the figure, 
consists of a coil surrounding a magnetic cir¬ 
cuit which includes a ferromagnetic material 

The electrical capacitance of the condenser 
Ce i from Equation 4 is 

A 
Cei = 

47ra 

The electrical impedance ze\ is 

1 47ra 

Zei = t 
juCs i juA 

Substituting Equation 9 in 8, 

eo* ( zE2 
e = 

e0x / ze2 \ 

ajco \ze i + ZE2' 

(8) 

(9) 

(10) 

The amplitude x in centimeters, in terms of 
the velocity is 

* = -• (11) 

Substituting Equation 11 in 10, 

e0x ( ZE2 

e — 
/ ze 2 \ 

a Vzei + ZE2' 

(12) 

The electromotive force e in terms of ei and 
the impedances ze\ and ze2 is 

e = 
6\Ze2 

zei + ZE2 

Comparing Equations 12 and 13, 

(13) 

(14) 

The electrostatic generating system may be 
considered to consist of a generator having an 
internal or open circuit electromotive force ex 
as given by Equation 14 and an internal im¬ 
pedance zei- Equation 14 shows that this 
electromotive force is independent of the fre¬ 
quency if the amplitude is independent of the 
frequency. However, the voltage e across the 
load may vary with frequency depending upon 
the nature of load ze2- 

GENERATING SYSTEM, MAGNETO¬ 
STRICTION. A magnetostriction generating 
system is a generating system in which the 
electromotive force is developed in a station¬ 
ary coil by a change in magnetic flux due to 
the deformation of a ferromagnetic material 

Magnet 
Mechanical Circuit 

Lx 

e 

1 ZE2 

i r 
Electrical Circuit 

Magnetostriction generating system. In the mechani¬ 
cal circuit zM is the total mechanical rectilineal im¬ 
pedance of the mechanical portion of the vibrat¬ 
ing system actuated by jM; zME is the mechani¬ 
cal rectilineal impedance due to the electrical cir¬ 
cuit. In the electrical circuit e is the internal electro¬ 
motive force generated in the coil; zE1is the damped 
electrical impedance of the coil. zm = rE1 -f jwLx. 
Lj and rE1 are the damped inductance and electrical 
resistance of the coil; zE2 is the electrical impedance 

of the external load. 

having magnetostriction properties. The volt¬ 
age e, in abvolts, developed in the coil due to 
deformation of the rod, from equation 

e 
4ttNK 
-x 

R 
(1) 

where N is the number of turns in the coil, R is 
the reluctance of the magnetic circuit, K is the 
constant representing the dynamical Villari 
magnetostriction effect, and x is the velocity 
at the point of application of the driving force 
to the rod, in centimeters per second. 

The velocity of the rod is governed by the 
mechanical driving force, the mechanical im¬ 
pedance of the mechanical system and the 
mechanical impedance due to the electrical 
system. The vibrating system is shown in 
the figure. In the mechanical circuit z^ rep¬ 
resents the mechanical rectilineal impedance, 
in mechanical ohms, of the mechanical por¬ 
tion of the vibrating system actuated by 
including the mechanical rectilineal imped¬ 
ance of the magnetostriction rod. /j/ repre¬ 
sents the mechanomotive force, in dynes, on 
the rod. It is assumed that the force fn is the 
same at all points along the length of the rod 
and that the phase of the amplitude is con¬ 
stant along the rod. The mechanical recti- 
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lineal impedance due to the electrical system 
is, from Equation 8 of driving system, mag¬ 
netostriction 

Z\fE 
\Cmt2N2K2 

~~zeR2 
(2) 

where ze = zei + zE2, ze\ is the electrical 
impedance of the coil, in abohms, and ze2 is the 
electrical impedance of the external circuit, in 
abohms. 

The dimensions of the rod are assumed to be 
a small fraction of a wavelength. Under these 
conditions the rod is a compliance Cm i , in centi¬ 
meters per dyne, given by 

(3) 

where A is the cross-sectional area of the rod, in 
square centimeters, / is the length of the rod, in 
centimeters, and E is Young’s modulus. 

The mechanical rectilineal impedance of the 
rod is 

1 
*M 1 = ~Z- (4) 

jcoOmi 

For the conditions under consideration the 
mechanical rectilineal impedance of the vibrat¬ 
ing system is 

zm — z\n + zm2 (5) 

where zm is the total mechanical rectilineal 
impedance, in mechanical ohms, zmi is the 
mechanical rectilineal impedance of the rod, in 
mechanical ohms, and zm2 is the mechanical 
rectilineal impedance of the load, in mechanical 
ohms. 

The velocity of the rod, in centimeters per 
second, at the driving point is 

Sm 
x =- 

zm + zme 
(6) 

From Equations 1 and 6 the generated elec¬ 
tromotive force, in abvolts, is 

ItNKJm 
e  -—• \<) 

{zm + Zme)R 

The generated electromotive force is effec¬ 
tively in series with the electrical impedance 
zE,, in abohms, of the coil and the electrical 
impedance zE2, in abohms, of the external load 
as depicted by the electrical circuit in the 
above figure. 

In the above considerations the length of 

the rod is assumed to be a small fraction of 
the wavelength. In general, magnetostriction 
generating systems are operated at resonance. 
The two most common systems are as follows: 
a rod fixed on one end and driven on the other 
and a rod free on one end and driven on the 
other. 

GENERATING SYSTEM, PIEZOELEC¬ 
TRIC. A piezoelectric generating system is 
a generating system in which the electromo¬ 
tive force is developed by the deformation of 
a crystal having converse piezoelectric proper¬ 
ties. The crystal generating system, shown in 
the figure, consists of a suitably ground crystal 

Piezoelectric generating system. In the electrical 
circuit zM is the total mechanical rectilineal imped¬ 
ance of the mechanical portion of the vibrating sys¬ 
tem actuated by fM; zME is the mechanical rectilineal 
impedance due to the electrical network. In the 
electrical circuit e is the electromotive force gen¬ 
erated across the crystal; zm is the damped electrical 
impedance of the crystal. zE1 = 1 /jiaCE1. CE1 is 
the damped electrical capacitance of the crystal; zE2 

is the electrical impedance of the external load. 

having converse piezoelectric properties fitted 
with appropriate electrodes. 

The current, in statamperes, generated by 
the motion of the crystal from Equation 4 of 
driving system, piezoelectric, is 

KEA 
l'i = -7—* (!) 

where K is a constant of the crystal, 6.4 X 10~8 
for quartz, E is Young’s modulus, lc is the 
length of the crystal, in centimeters, A is the 
cross-sectional area of the crystal, in square 
centimeters, length of the crystal, in centi¬ 
meters, and x is the velocity of the crystal, in 
centimeters per second. 

The current, in statamperes, due to the elec- 
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tromotive force e across the electrical imped¬ 

ances ze\ and ZE2 is 

*2 — 
e 

Ze 

(2) 

where e is the electromotive force, in statvolts, 

ZE\ZE2 
Ze =-—- 

Zei + ZE2 

1 
Zei —- 

juCsi 

('e\ is the electrical capacitance of the crys¬ 
tal, in statfarads, and Ze2 is the elec¬ 
trical impedance of the external 
load, in statohms. 

The dimensions of the crystal are assumed to 
be a small fraction of a wavelength. Under 
these conditions the crystal is a compliance 
given by 

Cm\ 
EA 

(5) 

where A is the cross-sectional area of the crys¬ 
tal, in square centimeters, le is the length of the 
crystal, in centimeters, and E is Young’s 
modulus. 

The mechanical rectilineal impedance of the 
crystal is 

1 
Zm\ = 

juiC\i [ 
(0) 

Since there is no external current applied to 
the electrodes of the crystal, the sum of the cur¬ 
rents i'i and t2 is zero. From Equations 1 and 2 
the generated electromotive force e, in stat¬ 
volts, across the electrical impedance zE\ and 

ZE2 is 
KEAx 

e = —-— zE- (3) 
"e 

The velocity at the end of the crystal is 
governed by the mechanical driving force, the 
mechanical rectilineal impedance of the me¬ 
chanical system and the mechanical rectilineal 
impedance due to the electrical system. The 
vibrating system is shown in the figure. In the 
mechanical circuit zm represents the mechanical 
rectilineal impedance of the mechanical portion 
of the vibrating system actuated by /a/ includ¬ 
ing the mechanical rectilineal impedance of the 
crystal. Jm represents the mechanomotive 
force at the end of the crystal. It is assumed 
that the force Jm is the same at all points along 
the length of the crystal and that the phase of 
the amplitude is constant along the crystal. 
The mechanical impedance Zme, in mechanical 
ohms, due to the electrical system is 

K2E2A2 
zme — —— ze (4) 

le 

For the conditions under consideration the 
mechanical rectilineal impedance of the vibrat¬ 
ing system is 

zm = zm i + zm2 (7) 

where zm is the total mechanical rectilineal 
impedance, in mechanical ohms, zm i is the 
mechanical rectilineal impedance of the crystal, 
in mechanical ohms, and ZM2 is the mechanical 
rectilineal impedance of the load, in mechanical 
ohms. 

The velocity at the end of crystal, in centi¬ 
meters per second, is 

zm T- zme 

From Equations 3 and 8 the electromotive 
force across ze\ and zE2 in parallel, depicted by 
the electrical network of the figure, is 

KEAzeJm 
e = —-(9) 

le (zm + Zme) 

The electromotive force et in series with ze\ 
and ZE2 which will produce the electromotive 
force e across ZE2 is of interest in the design of 
generating systems. 

Equation 3 may be written 

where ze 
Ze\ZE2 

Zei + ZE2 

1 
zei = 

juCEi 

Ce\ is the capacitance of the generator, in 
statfarads, ZE2 is the electrical im¬ 
pedance of the external load, in 
statohms. 

e = 
KEAx ( zE\Ze2 / ZElZE2 \ 

Vz£i + ZE2/ 
(10) 

The electrical capacitance of the crystal is 

AD 
Ce\ = 

47tL 
01) 

where D is the dielectric constant of the crystal. 
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The electrical impedance zei is 

1 47r/e 

zEl — T 
juC ei juAD 

Substituting 12 in 10, 

4lTtKEx / ZE2 

jtoD \zE\ + ZE2 

e = 
;> 

(12) 

(13) 

The amplitude x, in centimeters, in terms of 

the velocity is 

* = -• (14) 

Substituting 14 in 13, 

4-irKEx ( ze2 

e = 
/ ZE2 \ 

\Zk 1 + ZE2' 

(15) 
D \Zei 4* ZE2> 

The electromotive force e in terms of e\ is 

Comparing 

Z\ZE2 
e =- 

ZE\ + ZE2 

Equations 15 and 16, 

47rKEx 

(16) 

(17) 

The piezoelectric generating system may be 
considered to consist of a generator having an 
internal or open circuit electromotive force e\ 
as given by Equation 17 and an internal im¬ 
pedance zei- Equation 17 shows that this 
electromotive force is independent of the fre¬ 
quency if the amplitude is independent of the 
frequency. However, the voltage e across the 
load may vary with frequency depending upon 

the nature of the load Ze2- 
In the above considerations the length of 

the crystal is assumed to be a small fraction 
of the wavelength. In general piezoelectric 
generating systems are operated at resonance. 
The two most common systems are as follows: 
a crystal fixed on one end and driven on the 
other and a crystal free on one end and driven 

on the other. 

GENERATION RATE (IN A SEMICON¬ 
DUCTOR). The time rate of creation of 

electron-hole pairs. 

GENERATION TIME. In reactor theory, 
the time between the appearance of successive 
neutron generations, synonymous with neutron 
lifetime. (See lifetime, neutron.) 

GENERATORS OF A SURFACE. See ruled 
surface. 

GENERATORS OF ENVELOPE OF ONE- 
PARAMETER FAMILY OF PLANES. The 
characteristics of a one-parameter family of 
surfaces. 

GENTILE STATISTICS. Gentile introduced 
the so-called intermediate statistics in which 
in a system of independent particles each 
single particle level can be occupied by up to 
l particles, where l is finite and larger than 
unity (compare l = 1 for Fermi-Dirac statis¬ 
tics and l = oo for Bose-Einstein statistics). 
These statistics have not found any applica¬ 
tion. 

GEODESIC. See geodesic line. 

GEODESIC CIRCLE ON A SURFACE. The 
locus of a point P on the surface such that 
geodesic distance (see geodesic parallels) r of 
P from a fixed point C on the surface is con¬ 
stant. This is an orthogonal trajectory of the 
geodesics drawn through C. C is the center of 
the geodesic circle and r its radius. 

GEODESIC COORDINATES (PARAM¬ 
ETERS ) FOR A SURFACE. Parameters u,v 
such that the curves v — constant are a singly- 
infinite family of geodesics and the curves 
u = constant are the geodesic parallels or¬ 
thogonal to them. 

GEODESIC CURVATURE (AT A POINT 
OF A CURVE ON A SURFACE). The cur¬ 
vature of the curve at the point relative to the 
geodesic which touches it at that point. Also 
called tangential curvature of the curve at the 
point. 

GEODESIC DISTANCE (BETWEEN TWO 
GEODESIC PARALLELS). See geodesic 
parallels. 

GEODESIC ELLIPSE ON A SURFACE. 
The curve Yo{u -f- v) = constant, where u and 
v are the geodesic distances of a point on the 
surface from two independent geodesic par¬ 
allels, u = 0 and v = 0. 

GEODESIC FORM FOR FIRST FUNDA¬ 
MENTAL FORM. See geodesic parallels. 

GEODESIC HYPERBOLA ON A SURFACE. 
The curve Y*(u — v) = constant, where u and 
v are the geodesic distances of a point on the 
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surface from two independent geodesic paral¬ 
lels, u = 0 and v — 0. 

GEODESIC LINE ON A SURFACE (OR 
GEODESIC). The curve on a surface .join¬ 
ing two points whose length between these 
points is less than that of any other curve on 
the surface joining them. A curve on the sur¬ 
face whose principal normal (see normal, 
principal) at each point coincides with the 
normal to the surface at that point. 

GEODESIC, NULL. See null-geodesic. 

GEODESIC PARALLELS ON A SURFACE. 
Consider a singly-infinite family of geodesics 
(see geodesic line) on a surface. The singly- 
infinite family of curves on the surface which 
cut these orthogonally at each point are called 
geodesic parallels. The distance between two 
geodesic parallels measured on the surface 
along any geodesic of the family is the same 
and is called the geodesic distance between the 
two geodesic parallels. If the geodesics are 
taken as the parametric curves v — constant 
and their orthogonal trajectories are taken as 
the curves u = constant, then the first funda¬ 
mental form for the surface takes the form 

a(du)2 + b(dv)2 

with a independent of v. In terms of the 
parameters uf) defined by 

u — ^ V^a du and v = v, 

the first fundamental form for the surface takes 
the form 

(du)2 + b(dv)2. 

This is called the geodesic form for the first fun¬ 
damental form. 

GEODESIC POLAR COORDINATES FOR 
A SURFACE. Geodesic parameters u,v for 
the surface such that the curves u = constant 
are geodesic circles of radius u on the surface 
having a common center, the pole of the co¬ 
ordinate system, and the curves v = constant 
are geodesics joining the point u,v on the sur¬ 
face with the pole. 

GEODESIC TANGENT (TO A CURVE ON 
A SURFACE AT A POINT). The geodesic 
(see geodesic line) on the surface which 
touches the curve on the surface at the point. 

GEODESIC TRIANGLE ON A SURFACE. 
A curvilinear triangle on a surface bounded by 
geodesics (see geodesic line) on the surface. 

GEOID. The shape of the surface of the 
rotating earth, as defined by the level of the 
ocean. For astronomical purposes it is suf¬ 
ficient to consider the geoid as a spheroid of 
revolution with the minor axis the line joining 
the poles of rotation. A plane containing the 
axis of rotation cuts the surface of the earth 
in a terrestrial meridian, which is elliptical. 
The major axis of the ellipse is in the plane 
of the equator and a, the length of the semi¬ 
major axis of the ellipse, is the equatorial 

radius of the geoid (earth). Denoting the 
polar radius as b, and the eccentricity of the 
meridianal ellipse as e, then b2 = a2(l — e2) 
As is evident from the figure (axes CX and 
CF), 

x y 

~2 + ^=h a2 b2 

For an observer on the earth at 0 there are two 
types of latitude: The geocentric latitude repre¬ 
sented by <£' and the astronomic latitude 
represented by 4>. 

The angle ZOZ' is known as the angle of the 
vertical and is represented by v. Now define a 

quantity m as-— 
(2 - e2) 

and thus 

For the sake of uniformity the so-called ‘‘In¬ 
ternational Geoid” is used by astronomers and 
its dimensions are: 
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a. equatorial radius. 3963.339 statute miles 

b. polar radius. 3949.994 “ “ 
e. eccentricity. 0.08199 

o. oblateness. 

to. 0.003373 

With this notation, 

v = 4> — <f>' = 695T65 sin 2<£ — 1T17 sin 4<p. 

In the various fields of science slightly differ¬ 
ent values for the dimensions of the geoid are 
used. However, the variations so caused in 
the various computed quantities are not sig¬ 
nificantly important. 

GEOMAGNETIC COORDINATES. A sys¬ 
tem of spherical coordinates based on the best 
fit of a centered dipole to the actual magnetic 
field of the earth. 

GEOMAGNETIC LATITUDE. (Or mag¬ 
netic latitude.) A coordinate used in geo¬ 
magnetism bearing the same relation to the 
geomagnetic equator as geographic latitude 
does to the geographic equator. 

GEOMAGNETIC POLE. A pole of the sys¬ 
tem of geomagnetic coordinates; that is, an 
axis pole of the mathematical magnetic field 
of closest fit to the actual magnetic field of the 
earth. (Cf. magnetic pole.) 

GEOMETRIC ASSOCIATION, PRINCIPLE 
OF. A principle used in forecasting the thick¬ 
ness of a layer between two given constant- 
pressure surfaces. In practical use of the prin¬ 
ciple, specific thicknesses are considered to be 
associated with corresponding points on the 
lower of the two constant-pressure surfaces 
(the upper one can also be used). A prog¬ 
nostic chart is prepared for the lower surface 
and the assumption is made that the thick¬ 
ness of the layer at the corresponding points 
is unchanged at the same corresponding points 
on the prognostic map. The prognostic thick¬ 
ness chart is then constructed from thickness 
values at the corresponding points. 

GEOMETRIC (AL) BUCKLING. See buck¬ 
ling. 

GEOMETRIC (AL) DISTORTION. Any 
monochromatic aberration which causes the 
reproduced image to be geometrically dis¬ 
similar to the perspective plane-projection of 
the object. If the image of a square in the 
object plane is a concave star-shaped region, 
the distortion is referred to as pincushion dis¬ 

tortion. If, on the other hand, the image is 
convex, it is said to have barrel distortion. 

GEOMETRIC (AL) ENERGY FLUX. If 
L(u,v) is the optical differential invariant 
of a two-dimensional manifold of rays with 
parameters u,v and if S is a simply connected 
region in the (u,v) -plane bounded by a simple 
closed curve, then the integral invariant 

is the geometrical energy flux through S. 

GEOMETRIC MEAN. The geometric mean, 
(r, of N positive variates is the Nth root of the 
product of the N variates. 

j_ 

G = (xix2xz ■ ■ • xn)n. 

It is found by use of logarithms. 

1 N 
log G = — X) log xj. 

N 1 

GEOMETRIC (AL) OPTICS. Visual phe¬ 
nomena are man’s richest and most extensive 
contact with the physical world, so it is not 
surprising that geometrical optics as a sys¬ 
tematic science antedates Euclid’s Catop¬ 
trics of about 300 b.c. and includes such 
early monumental works as the 10-volume 
Handbook on Optics of Witela, about a.d. 
1270. 

Maxwell’s discovery that the propagation 
of light is an electromagnetic phenomenon 
made optics a branch of electromagnetism. 
However, geometrical optics continues to be 
a useful description of many optical proper¬ 
ties, always with the understanding that there 
is a limit to the physical accuracy of the re¬ 
sults. Geometrical optics is always an ex¬ 
tremely valuable intuitive tool. It is custo¬ 
mary to use the name “physical optics” for 
the more complex and physically accurate 
theory based on electromagnetic theory. 

A systematic development of geometrical 
optics can be carried out in a number of ways: 
(1) as a postulational system, (2) as derived 
from Fermat’s principle, (3) as derived from 
Huygens’ principle, (4) as a limiting form of 
physical optics (see Kirchhoff’s geometrical 

optics theorem), or (5) by introducing the 
light rays as bicharacteristics of Maxwell’s 
equations. (See dynamical equations of light 
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rays; paraxial ray tracing equations; direct 
method in geometrical optics.) 

GEOMETRIC (AL) OPTICS, DIRECT 
METHOD. See direct method in geometric 
optics. 

GEOMETRY. The subject-matter of geom¬ 
etry has become so general that it is difficult 
to give a definition suitable for the present 
day. In general, a geometry is the theory of 
properties of a set of points, lines, etc., which 
are invariant under a pre-assigned group of 
transformations. Classically, the methods of 
Euclid, who probably lived from 330-275 b.c., 

were used. These were based on a number of 
definitions, five postulates, and nine general 
axioms. The definitions included statements 
on point, line, solid, proposition, hypothesis, 
theorem, etc. The axioms were accepted with¬ 
out proof, the following being typical: if 
equals are added to or subtracted from equals 
the sums or remainders are equal; the whole 
is equal to the sum of all its parts and greater 
than any of its parts. Among the postulates, 
typical examples are: a straight line can be 
drawn from one point to another and can be 
produced indefinitely; a circumference can be 
described from any point as a center and with 
any given radius. 

The development of mathematics and physi¬ 
cal sciences gradually showed that there were 
logical deficiencies in the Euclidean definitions 
and postulates and, in 1899, the German math¬ 
ematician David Hilbert resolved these diffi¬ 
culties with an improved set of geometric 
axioms. This work has been of profound sig¬ 
nificance in many branches of mathematics 
and science. 

More specifically, non-Euclidean geometries 
discard one or more of the Euclidean axioms. 
The best-known of these are: hyperbolic geom¬ 
etry in which it is assumed that through any 
point there are two or more parallel lines which 
do not intersect a given line in the plane (it 
leads to the conclusion that the sum of three 
angles in a triangle is less than two right 
angles); elliptic geometry, in which the sum 
of the angles is greater than two right angles 
and all the lines through a given point inter¬ 
sect a given line in the plane so that no line has 
a parallel; parabolic geometry, namely that of 
Euclid. The names of mathematicians most 
prominently connected with these geometries 
are: hyperbolic, C. F. Gauss (1777-1855), 

German; Wolfgang and John Bolyai, Hun¬ 
garians, father and son; N. I. Lobatchewski, 
Russian (1793-1856); elliptic, G. Riemann. 
(1826-1866), German. 

There are several specialized branches of 
classical geometry or mathematical techniques 
related to it. Analytical geometry, developed 
by the French mathematician and philoso¬ 
pher, Rene Descartes (1596-1650) and Pierre 
Fermat (1601-1665), another Frenchman, is 
an application of algebraic results to geometry. 
It is also called coordinate geometry. 

Descriptive and projective geometries devel¬ 
oped from the interest of both painters and 
mathematicians in the problem of describing 
three-dimensional figures on a plane. Prior to 
the time of the Renaissance artists in general 
had been satisfied with symbolic representa¬ 
tions of persons and objects but subsequently 
they became increasingly desirous of greater 
realism in their work. Albrecht Diirer, the 
German painter and engraver (1471-1528), is 
thought by some mathematical historians to be 
the inventor of descriptive geometry. Some¬ 
what later, the French mathematician Gaspard 
Monge (1746-1818) placed the subject on a 
firm mathematical basis. 

A more generalized development of geo¬ 
metric figures is projective geometry. Its 
founders include Gaspard Desargues, a French 
engineer (1593-1662); Blaise Pascal, French 
geometer and philosopher (1623-1662); Jean 
Victor Poncelet, French mathematician and 
general in the armies of Napoleon (1788— 
1867). One of its important objects is the 
study of properties invariant under projection 
and section. 

Differential geometry is essentially the ap¬ 
plication of differential and integral calculus 
to the study of curves and surfaces. Methods 
of tensor calculus are frequently used and it 
is the chief mathematical apparatus of rela¬ 
tivity theory. 

Finally, mention should be made of topol¬ 
ogy, which is a study of one-to-one bicontinu- 
ous transformations. The usual description of 
topology as rubber-sheet geometry is suffi¬ 
ciently suggestive for two-dimensional space 
only, but the topological spaces of most im¬ 
portance in applied (or pure) mathematics, 
have an infinite number of dimensions; see, 
e.g., Hilbert space. 

GEOMETRY FACTOR (RADIATION). 
The average solid angle at the source sub- 
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tended by the aperture or sensitive volume of 
the detector, divided by the complete solid 
angle (4ir). Frequently used loosely to denote 
counting yield or counter efficiency. 

GEOPOTENTIAL. The potential energy of 
a unit mass relative to sea level, numerically 
equal to the work that would be done in lifting 
the unit mass from sea level to the height at 
which the mass is located; commonly ex¬ 
pressed in terms of dynamic height or geo¬ 
potential height. The geopotential <I> at height 
z is given mathematically by the expression, 

where g is the acceleration of gravity. 

GEOPOTENTIAL HEIGHT. The height of 
a given point in the atmosphere in units pro¬ 
portional to the potential energy of unit mass 
(geopotential) at this height, relative to sea 
level. The relation, in the c.g.s. system, be¬ 
tween the geopotential height Z and the geo¬ 
metric height z is 

where g is the acceleration of gravity, so that 
the two heights are numerically interchange¬ 
able for most meteorological purposes. 

GEOPOTENTIAL SURFACE. (Also called 
equigeopotential surface, level surface.) A 
surface of constant geopotential, i.e., a surface 
along which a parcel of air could move without 
undergoing any changes in its potential energy. 
Geopotential surfaces almost coincide with sur¬ 
faces of constant geometric height. Because 
of the poleward increase of the acceleration of 
gravity along a constant geometric-height sur¬ 
face, a given geopotential surface has a smaller 
geometric height over the poles than over the 
equator. 

GEOSTROPHIC ACCELERATION. The 
acceleration experienced by a particle moving 
so that its velocity is always equal to the geo¬ 
strophic wind. A term usually applied only 
in steady pressure fields. 

If the wind is approximately geostrophic the 
geostrophic acceleration, which is roughly the 
convective rate of change of the geostrophic 
wind, is a measure of the ageostrophic wind, 
and 

1 
va = - v&> • grad vG 

the direction being towards low pressure for an 
acceleration. 

Alternatively, in a steady wind field 

va X f = (vG-grad//)vG. 

GEOSTROPHIC FORCE. Alternatively 
called the deviating force, or Coriolis force; the 
apparent force on particles moving relative to 
the earth when observed from the earth. For 
unit mass it is equal to 2v X Q where v is the 
velocity relative to the earth and ft is the 
earth’s rotation vector. The vertical com¬ 
ponent is negligible compared with gravity and 
the horizontal component is equal to v X f 
where f is twice the vertical component of the 
earth’s rotation. 

GEOSTROPHIC VORTICITY. The vorticity 

of the geostrophic wind, which is equal to - Vj2h 
/ 

if the variations of / with latitude are ignored, 
where VH2 is the two dimensional horizontal 
Laplacian operator, and h is the height of an 
isobaric surface. 

The rate of change of geostrophic vorticity 
is a practical measure of the large scale hori¬ 
zontal convergence or divergence of the air 
which cannot be computed with comparable 
accuracy from wind measurements. 

GEOSTROPHIC WIND. A measure of the 
horizontal pressure field in the atmosphere. 
If the isobars are at right angles to the z-axis 
the geostrophic wind va is given by 

1 dp 
vG = — — 

pf dx 

the direction being along the isobars in a cy¬ 
clonic direction around low pressure centers, 
where p is the air density and / = 2ft sin </>, is 
twice the vertical component of the earth’s rota¬ 
tion ft, </> being the latitude. 

Alternatively the geostrophic wind is given 
by 

gdh 

where h is the height of an isobaric surface. 
1 

In vector form \G X f = - grad//p where f 
P 

is a vertical vector and grad// denotes the hori¬ 
zontal gradient. 
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The wind is approximately equal to the 
geostrophic wind when the acceleration is 
negligible and there is no exchange of momen¬ 
tum with the air above or below. 

GERMS; KINETICS OF PHASE FORMA¬ 
TION. Consider a supersaturated vapor. 
The vapor is in metastable equilibrium with 
respect to the liquid phase (see stability of 
phase). This means that the chemical po¬ 
tential of the vapor is larger than that of 
the liquid considered as the bulk phase (see 
chemical affinity), 

m“ - id* > o (l) 
where a denotes the vapor phase and /?, the 
liquid phase, and the subscript oo indicates 
that the liquid phase is considered as a bulk 
phase. The chemical potential of a spherical 
drop increases when its radius r decreases (see 
influence of curvature on chemical potential). 
Therefore for sufficiently small drops 

m“ - Mr* < 0 (2) 

where r is the radius of the drop. The vapor 
is therefore stable with respect to the forma¬ 
tion of such drops. There exists a value of r 
such that 

= mA (3) 

This relation defines a critical size for the 
drops. Drops of this size are called condensa¬ 
tion germs (or condensation nuclei). 

The critical size of the germ decreases rap¬ 
idly when at constant temperature the vapor 
pressure is increased above the vapor tension, 
or when at a given pressure the temperature 
is decreased below the equilibrium coexistence 
value. Therefore at some point germs may 
be formed spontaneously as a consequence of 
statistical fluctuations. They then grow and 
the new phase appears. This mechanism ex¬ 
plains why the kinetics of phase formation 
has a highly cooperative character. It also 
explains why it may be deeply influenced 
by the presence of impurities or walls. (See 
also free energy of germ formation.) 

GEV. See BEV. 

g-FACTOR. See Lande g-factor. 

GIBBS-DALTON LAW. See Dalton law. 

GIBBS DIVISION SURFACE. Consider a 
system consisting of two homogeneous bulk 
phases a and (3 separated by a surface phase. 

The concentrations vary continuously through 
the surface phase from those of the interior 
of one phase to those of the interior of the 
other. In order to give a well-defined mean¬ 
ing to the thermodynamic functions of the 
surface phase, independently of the exact posi¬ 
tion of the boundaries of the surface layer, it 
is useful, following Gibbs, to replace the real 
surface phase by a geometrical surface. The 
bulk phases are considered to be homogeneous 
up to this geometrical surface, which is called 
the Gibbs division surface. (See figure.) 

Bulk phase a 

Surface phase 

Bulk phase (3 

Gibbs division surface. 

Call Cia, Cf the concentrations of com¬ 
ponent i in the bulk phases a, & and V', V" the 
volumes of the bulk phases in the description 
of the system in terms of the Gibbs division 
surface. The numbers of moles of component i 
in the phases prime and second prime will be de¬ 
fined by 

n’i = CiaV'; n"i = CfV". (1) 

The number of moles of component i adsorbed 
at the surface is then defined by 

n,a = w,- — n'i — n"(2) 

This number may be positive, zero or negative. 
The adsorption of component i is defined as 

the ratio of n*a to the area of the Gibbs surface 

An inconvenience of this definition is that the 
numerical value of the adsorption depends 
strongly on the exact position of the Gibbs 
surface. Therefore it is important to express 
the thermodynamic quantities in terms of com¬ 
binations of T,- which are independent of this 
position. For example it can be shown that the 
relative adsorption of component i in respect to 
component 1 
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is independent of the position of the Gibbs 
surface. The adsorption of component i may 
alternatively be defined directly in tenns of 
the molar content of the surface phase itself, 
by a formula similar to (2). Its numerical 
value then depends on the assumed position of 
the boundaries of the surface phase. Again, 
however, combinations of the adsorptions may 
be introduced which are independent of the 
exact specification of these boundaries. 

GIBBS-DUHEM EQUATION. This equation 
expresses a connection between the increments 
of the intensive variables which characterize a 
thermodynamic system. It is 

SdT — Vdp + 23 nadm = 0. (1) 
i 

The variations occur in the intensive variables, 
absolute temperature T, pressure p, and 
chemical potential m, while their coefficients 
are the extensive variables, entropy S, volume 
V, and number of moles n{. 

For changes taking place at constant tem¬ 
perature and pressure, Equation (1) reduces to 

nidfjLi = 0. (2) 
i 

This is simply a form of the Euler theorem 
for the chemical potentials, which are inten¬ 
sive variables. 

GIBBS FORMULA FOR THE SURFACE 
TENSION. The total differential of the sur¬ 
face tension y in the variables temperature T, 
and chemical potentials m is 

dy = —sadT — 23 Tidm (1) 
X 

where s“ is the entropy per unit area of the 
surface phase (see thermodynamic functions 
of surface phases) and r{ the adsorption of 
component i (see Gibbs division surface). 

This formula is the analog for a surface 
phase, of the Gibbs-Duhem equation for a bulk 
phase. 

Another basic formula also due to Gibbs 
which relates the surface tension to the ther¬ 
modynamic functions of the surface phase is 

7 = Aa - 23 rtMi (2) 
i 

where Aa is the Helmholtz free energy (Helm¬ 

holtz function) per unit area of the surface 
phase. This expression is the analog of the 

relation between the Gibbs free energy and the 
chemical potentials 

G = 23 niMi (3) 
i 

valid for a bulk phase. Both relations (2) and 
(3) are related to the Euler theorem. 

GIBBS FREE ENERGY. See Gibbs function. 

GIBBS FUNCTION. The potential given by 

G = H - TS = U + pV - TS 

where H = U + pV is the enthalpy; U is the 
internal energy; p is the pressure; V is the 
volume; T is the absolute temperature; and 
S is the entropy. Some authors use the graphic 
term free enthalpy, and some others call it free 
energy. Since the name free energy is also 
given to the Helmholtz function, confusion re¬ 
sults and it is preferable to use the neutral 
term Gibbs function. (See also thermody¬ 
namics, characteristic functions of.) 

GIBBS-HELMHOLTZ EQUATIONS. Equa¬ 
tions relating the Helmholtz function A (or 
the Gibbs function G) to the total energy U 
(or the enthalpy H) (see thermodynamics, 
characteristic functions of). 

where p is the pressure, T, the absolute tem¬ 
perature, V, the volume, £, the extent of re¬ 
action. 

GIBBSIAN ENSEMBLE. See ensemble (1). 

GIBBS-KONOVALOV THEOREMS. Con¬ 
sider a binary system containing two phases 
(i.e., liquid and vapor). Both components can 
pass from one phase to another. The Gibbs- 
Konovalov theorems refer to the properties of 
the phase diagrams of such systems (see azeo¬ 
tropic systems). The first theorem is: At con¬ 
stant pressure, the temperature of coexistence 
passes through an extreme value (maximum, 
minimum or inflexion with a horizontal value) 
if the composition of the two phases is the 
same, and conversely at a point at which the 
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temperature passes through an extreme value, 
the phases have the same composition. The 
second theorem is similar. It refers to the co¬ 
existence pressure at constant temperature. 
(See also indifferent states.) 

GIBBS PARADOX. When two samples of the 
same gas at a given temperature and pressure 
are allowed to mingle by the removal of a 
separating partition, the entropy of the re¬ 
sulting system is equal to the sum of the 
entropies of the two original parts, and there 
is no extra term which arises when the two 
original systems are composed of different 
gases. This paradoxical absence is called the 
Gibbs paradox; it can be explained by using 
the theory of grand canonical ensembles. 

GIBBS PHENOMENON. Behavior shown by 
a function with a discontinuity, when it is 
approximated by a finite number of terms in 
a Fourier series. As a simple example, con¬ 
sider f{x) =1 for 0>£>7r; f{x) = —1 for 
7T < x < 2tt. The sum of the first n terms in 
the Fourier scries converges to ±1 as n.-> co, 
except at the discontinuity, x — *r/(2n + 1). 
There the sum approaches 1.179, overshooting 
the correct value by about 18%. 

GILBERT. See electromagnetic units. 

GINI MEAN DIFFERENCE. See concentra¬ 
tion. 

GIVENS METHOD. A method for comput¬ 
ing eigenvalues of a Hermitian matrix. 

GLADSTONE-DALE LAW. If the refractive 
index of a medium is a linear function of its 
density, then the medium satisfies the Glad- 
stone-Dale law. 

GLANCING ANGLE. (1) The angle be¬ 
tween a ray and the tangent plane to a sur¬ 
face. The complement of the angle of in¬ 
cidence. (2) The term is often used as a 
modifier, to indicate the incidence of a beam 
at a very small angle with the surface. 

GLASS COMPLIANCE. See compliance, 
glass. 

GLASS MODULUS. See modulus, glass. 

GLASS TRANSITION TEMPERATURE. 
See glassy state. 

GLASSY STATE. Below the glass transition 
temperature of a polymer, local order is in¬ 

creased and viscoelastic effects are less promi¬ 
nent. 

GLIDE PLANE. (1) A symmetry element of 
a space lattice, such that the lattice remains 
unchanged after a reflection in the plane, fol¬ 
lowed by a translation parallel to the same 
plane. (2) Same as slip plane in theory of 
dislocations. 

GLOBULAR CLUSTERS. See star clusters. 

GOLDSCHMIDT LAW. The structure of a 
crystal is determined by the ratio of the 
numbers, the ratio of the sizes, and the prop¬ 
erties of polarization of the atoms or ions from 
which it is formed. 

Thus, there is a change from the face- 
centered to the body-centered lattice in the 
alkali chlorides as the cation radius increases. 
Similarly, there is a change from the rock-salt 
to the zincblende lattice in the series CdO, 
CdS, CdSe, CdTe, corresponding to the in¬ 
creasing size and polarizability of the anion. 

GORTZEL-GREULING APPROXIMATION. 
In the theory of the slowing down of neutrons 
in matter, an approximate relationship be¬ 
tween the slowing-down density q and neutron 
flux <f>(E), first presented by G. Gortzel and 
E. Greuling, is: 

q(E) = ttS. + 7 ?a)E<t>{E). 

Here, and 2a are macroscopic scattering and 
absorption cross sections, respectively, £ is the 
average logarithmic energy loss for a neutron 
colliding with a nucleus of mass M, and 

GORTZEL-SELENGUT METHOD. A 
method of analysis of the energy-dependent 
transport equation in neutron transport the¬ 
ory. A spherical harmonics expansion is made 
for the angular distribution of flux, and is cut 
off at the Pi approximation. Then, in treat¬ 
ing the collision integrals, those referring to 
scattering by hydrogen are treated exactly, 
while in those describing scattering by “heavy 
elements” the age approximation is used. (See 
spherical harmonics method; age approxima¬ 
tion.) 
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GOTHERT’S RULE. This rule is obtained 
from the linear equation of subsonic flow and 
applies to any body in a uniform subsonic 
stream, provided the perturbation velocities 
are small and the stream Mach number is not 
close to 1. The Prandtl-Glauert rule, which 
applies only to two-dimensional bodies, is a 
special case of the Gothert rule. 

The Gothert rule relates the pressure co¬ 
efficient Cp at a point on a given body A in a 
stream of Mach number M to the pressure co¬ 
efficient CPo at the corresponding point on a 
related body B at zero Mach number. The 
body B is obtained by an affine transformation 
of the body A, in which all dimensions in di¬ 
rections perpendicular to the undisturbed 
stream are multiplied by (1 — M2)1/2. The 
relation between the pressure coefficients is 
then 

As is the case for the Prandtl-Glauert rule, 
the Gothert rule does not apply at Mach num¬ 
bers above the critical Mach number. 

GOUDSMIT AND UHLENBECK ASSUMP¬ 
TION. To explain the multiplet structure of 
spectral lines and the anomalous Zeeman 
effect Goudsmit and Uhlenbeck made, at first 
independently of quantum mechanics, the as¬ 
sumption that the electron has an intrinsic 
angular momentum (rotation about its own 
axis) or spin s of magnitude 2n with an 
associated magnetic moment of 1 Bohr mag¬ 
neton. 

GOUDSMIT GAMMA-SUM RULE. See 

gamma-value. ., 

g-PERMANENCE RULE. According to 
Pauli’s g-permanence rule the sum of the 
Lande g-factors for the components of a given 
multiplet corresponding to a given value of M 
is independent of the field strength. For a 
weak field M is the quantum number corre¬ 
sponding to the component in the field direc¬ 
tion of the resultant total electronic angular 
momentum J. For a moderately strong field 
M = Ms + Ml, where Mg and ML are the 
quantum numbers of the components in the 
field direction of the resultant electronic orbi¬ 
tal angular momentum L and electron spin S. 

GRADE. For a continuous frequency distri¬ 
bution with distribution function F(x) the 

grade of a value is simply F {x). It is a quan¬ 
tity analogous to that of rank, which cannot, 
of course, be defined for a continuous variable. 

GRADIENT. (1) A vector denoting the max¬ 
imum rate of change of a scalar and directed 
along the direction of the maximal change. 
Formally the vector obtained by the applica¬ 
tion of the vector differential operator del V 
to a scalar point function. In rectangular co¬ 
ordinates it is 

d<t> d<f> d<f> 
grad </> = V<£ = i-b j-(- k — 

dx dy dz 

where i, j, k are unit vectors along the X-, Y-, 
and Z-axes. At any point, P, it is normal to 
the surface 4>{x,y,z) = constant, which passes 
through P. (2) The vector gradient of a vec¬ 
tor field V is written grad-V. It is a tensor 
given by the dyadic multiplication of the del 
operator with the vector field V. 

GRADIENT COUPLING. Type of postu¬ 
lated coupling between nucleons and other 
particles (mesons, ^-particles and neutrinos) 
in which the interaction energy depends ex¬ 
plicitly on the first order derivatives of the 
wrave functions with respect to position and 
time. 

GRADIENT WIND. The wind v defined by 

where the motion is steady, frictionless, and in 
circles of radius R, where the z-axis is taken 
locally towards high pressure. The motion is 
cyclonic around low pressure and anticyclonic 
around high pressure, the upper or lower sign 
being taken, respectively. 

The deviating force and the cyclostrophic 
force balance the pressure gradient force if the 
air moves with the gradient wind velocity. 

As a measure of the actual wind it is an im¬ 
provement on the geostrophic wind, since it 
takes some account of the curvature of the 
path of the air, if R is taken as the local radius 
of curvature of the isobars. 

GRADUATION. Another term for smooth¬ 
ing. 

GRAEFFE METHOD. A root-squaring 
method for solving algebraic equations. Given 
the algebraic equation, separate odd and even 
powers of x on opposite sides of the equation: 
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xn + a2xn~2 + a3xn~4 -\- 

= oqx"-1 + a3xn~3 -+-. 

If both sides are squared, all powers will be 
even, and x2 can be replaced by y. Separate 
in the same way and repeat. After p such 
operations, let the equation be 

2” + C2Zn~2 + ••• = dz”"1 + 

Then the roots z, of this equation, and the roots 
x,- of the first, are related by 

zt’ = Xiv, v = 2P. 
Then if 

it follows that, approximately, 

If 
Ci = Xiv. 

I *i I > I I > I *31 > * * *, 

then, approximately, 

c2 = XiX2. 
And, if 

l*i| = I1 > |®31 — ’' ’» 
then Zi = Xi and z2 = x2” satisfy, approx! 
mately, 

z2 — cxz + c2 = 0. 

When all roots are distinct, 

x2v = c2/clf x3v = c3/c2, = c4/c3, • • • 

approximately. An enumeration of all possible 
contingencies resulting from the presence of 
conjugate pairs equal in modulus is out of the 
question, but generally speaking, a term that 
continues to oscillate rather than to increase 
after continued squaring marks the presence 
of a conjugate pair, and the pair zt- and z,+i 
will satisfy approximately 

C,_!Z2 - c,z + c,+1 = 0 

(see symmetric functions). The method can 
be generalized to apply to a function expres¬ 
sible in the form 

/(x) = 1 + ai/x + a2/x2 -1-. 

If the series converges for |x|>/?, then all 
zeros of /(x) exceeding R in modulus can be 
found. (See Alston S. Householder, Principles 
of Numerical Analysis, McGraw-Hill Book 
Company, 1953.) 

GRAIN BOUNDARY. The surface separating 
two regions of a solid in which the crystal axes 

are differently oriented. It has been shown 
that such a boundary may be thought of as 
built up of an array, or network of disloca¬ 
tions, whose spacing depends on the tilt 6 of 
the axes across the surface. The energy (per 
unit area) of a grain boundary is given by 

E/Em = (6/6m){l - In (6/em)\ 

where Em and 6m are parameters depending on 
the material. 

GRAM-CHARLIER SERIES. The series, 
useful in statistics, 

F(x) = D cke-*il2Hk(x), 
k=0 

where the constants ck depend on the fre¬ 
quency function (see distribution) represented 
over the interval [ — 00,00 ] and the Hk (x) are 
the Hermite polynomials. The Gram-Charlier 
series is similar to the Edgeworth series, and 
indeed the two are identical for infinite series; 
their difference arises in regard to the stoppage 
point when a finite number of terms only is 
taken as an approximation, in which case 
Edgeworth’s form is probably preferable. 

GRAM DETERMINANT. The Gram deter¬ 
minant of n functions (or vectors) /x, /2, —, 
/„ is the determinant of the n X n matrix 
whose general term is {jiff), namely the scalar 
product of ft and fj. The vanishing of the 
Gram determinant is necessary and sufficient 
for linear dependence of the functions. 

GRAM-SCHMIDT PROCESS. A method for 
converting a given set of vectors U!, u2, • • •, 
u„ into an orthonormal set vi, v2, • • •, v„. We 
begin with normalizing the vector uj, by divid¬ 
ing it by its norm ||wi|| and setting V! = 
ui/||«i||. We then define a vector w2, orthog¬ 
onal to vi by setting w2 = u2 — (u2,vi)v!. 

Next we normalize w2 by setting v2 = w2/||ie2||. 
Again we define w3 orthogonal to vx and v2 by 
setting w3 = u3 — (u3,Vi)vi — (u3,v2)v2 and 
then set v3 = w3/||tc3|| and so forth. (See also 
orthogonalization.) 

The process can be equally well applied to 
functions. 

GRAND CANONICAL ENSEMBLE. A 
grand ensemble with a density p given by the 
equation 
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where q is a (normalizing) constant, /3 = 1/kT 
(k, Boltzmann’s constant; T, absolute tem¬ 
perature), c, the energy of the system, v — fig 
(g, the partial thermal potential), and n the 
number of particles of the system. 

GRAND ENSEMBLE. See ensemble. 

GRAND PARTITION FUNCTION. Same as 
density of a grand canonical ensemble. 

GRAPH, AUTOMORPHISM. An isomor¬ 
phism (see graph, isomorphic) of a graph with 
itself. 

GRAPH, COMPLETE. A complete graph G 
is a linear graph in which every two distinct 
vertices are endpoints of an edge in G. The 
figure shown below is a complete graph with 
four vertices. 

The total number N of distinct labeled trees 
in a complete graph containing v vertices is 

N = vv~2, 

a result due to Cayley. Thus, the above ex¬ 
ample has 16 trees. They are enumerated un¬ 
der tree. 

GRAPH COMPONENT. A component of a 
graph G is a non-separable maximal con¬ 
nected subgraph. The decomposition of a 
graph into components is unique. 

GRAPH, CONNECTED. A graph is con¬ 
nected if there exists a path between any two 
vertices. Stated differently, any two distinct 
vertices /3i and yS2 are the terminal vertices 
of some path. 

GRAPH CONNECTIVITY. The nullity of a 
graph G is also known as its connectivity. 

GRAPH, DIRECTED. See digraph. 

GRAPH, FINITE. Graphs containing only a 
finite number of line segments and vertices. 

GRAPHICAL STATICS. The equilibrium 
of forces is often treated graphically in such 
practical problems as the stresses in the mem¬ 
bers of a framed structure. If three concur¬ 
rent forces are in equilibrium, the three vec¬ 
tors drawn to a common scale to represent 

Grand Ensemble — Graphical Statics 

them may be made to form a closed triangle 
(Figure 1); or if more than three, a closed 

Fig. 1. Three forces in equilibrium. 

polygon (Figure 2). The principle may be ex¬ 
tended and is much used in the calculation of 
the forces in a truss by means of the so-called 

Fig. 2. Five forces in equilibrium. 

stress diagram. A simple example is shown 
in Figure 3, which represents a small roof- 
truss with equal loads resting on it at the 

Fig. 3. Elevation of truss with corresponding phase 
diagram. 

joints A, B, C, D, E, and supported by the up¬ 
ward reactions of the walls at A and E. The 
several compartments of the figure are num¬ 
bered, and both the external forces and the 
forces acting along the members between these 
compartments are represented, both in magni¬ 
tude and direction, by the lines joining the 
corresponding numbers in the stress diagram. 
For example, the compressive force in the strut 
BF is represented by the line 8-9, while the 
tension in the vertical rod CF is given by 9-10. 
The closed figure 5-4-10-9-5 in the stress dia¬ 
gram indicates the equilibrium of the forces 
acting at the joint C. This method of analysis 
is attributed to Maxwell. 

In the graphical solution of some types of 
trusses it is found on reaching a particular 
joint that the arrangement of members is such 
that there are more than two unknowns. It 
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is then necessary to replace the unknowns by 
a substitute system which reduces the number 
of unknowns at the joint to two. The substi¬ 
tute system consists of a single member in¬ 
serted in such a way that the truss remains 
stable and determinate. This member is called 
a substitute, fictitious or phantom member. 
When the solution reaches a joint where the 
stress in the members is unaffected by the sub¬ 
stitution, the substitute arrangement is re¬ 
placed by the original arrangement. The 
graphic procedure is reversed in direction to 
find the stress in the original members. 

GRAPH, INFINITE. Graphs containing an 
infinite number of line segments and vertices. 
Such graphs have many interesting mathe¬ 
matical properties but have not as yet found 
practical application. 

GRAPH, LINEAR. A collection of edges no 
two of which have a point in common that is 
not a vertex. The words linear-complex and 
1-complex are frequently used alternatives. 

As defined here a graph is an abstract graph 
devoid of any geometric significance whatso¬ 
ever. It is true, however, that a graph can be 
interpreted as a configuration in 3-dimensional 
euclidean space. 

GRAPH, NON-ORIENTED. A linear graph 
in wrhich the elements have not been assigned 
an orientation is said to be non-oriented. (See 
element, oriented.) Such a graph is also 
called ordinary. 

GRAPH, NON-SEPARABLE. A graph of 
which every subgraph has at least two vertices 
in common with its complement. 

GRAPH, NULLITY. The nullity ^ of a graph 
G possessing v vertices, e edges and P maxi¬ 
mal connected subgraphs is 

n = e — v P > 0. 

GRAPH, ORDINARY. See graph, non-sepa- 
rable. 

GRAPH, ORIENTED. A linear graph is 
oriented when an orientation has been as¬ 
signed to each of its elements (see element, 
oriented). By long-standing convention the 
phrase “oriented graph” is applied only to 
graphs which possess at most one directed seg¬ 
ment between any two vertices. (For the 
more general case in which parallel edges are 
permitted see digraph or graph, directed.) 

GRAPH, PLANAR. A linear graph G can be 
viewed from either a geometric or a topologi¬ 
cal standpoint. In the first it is considered 
to be a collection of edges no two of which 
have a point in common that is not a vertex. 
In the latter it is thought of as defining a set 
of points in three dimensions whose members 
are the points which make up the edges of the 
graph. This point set is the topological graph 
G* corresponding to the linear graph G. G is 
said to be planar if G* can be mapped on a 
plane by a one-to-one continuous transforma¬ 
tion in such a way that no twTo image edges 
have a point in common that is not the image 
of a vertex in G. 

It has been shown by Kuratowski that a 
linear graph is planar if and only if it does 
not contain either of the following two graphs 
as subgraphs: 

GRAPH RANK. The rank of a graph G is 
v — P where v is the number of vertices and 
P the number of maximal connected sub¬ 
graphs of G. 

GRAPHS, DUAL. The linear graph G2 is the 
dual of the linear graph G\ if the conditions 
enumerated below are satisfied: 

(a) The edges of Gi and G2 are in one-to- 
one correspondence. 

(b) If Hi is any subgraph of G\ and Il2 is 
the complement of the corresponding subgraph 
in G2, 

r2 = R2 - n1} 

where r2 is the rank of H2, R2 is the rank of 
Go and ni is the nullity of Hi. 

It follows easily from this definition that 
rank Gx — nullity G2 and rank G2 = nullity 
Gi. Furthermore if G2 is the dual of Gi, Gi is 
the dual of G2. 

Two extremely useful and significant results 
are that the dual of a non-separable graph is 
non-separable and that a linear graph is 
planar if and only if it possesses a dual. 

The usual geometric procedure for finding 
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the dual of a planar graph G involves three 
steps: 

(a) Choose a set of fundamental circuits. 
(See circuit, fundamental.) 

(b) Put a node in each such circuit and a 
node outside the graph. 

(c) Connect any two nodes which are on 
opposite sides of a branch by a line segment. 

The resulting graph is the dual of G. These 
rules are illustrated in the accompanying dia¬ 
gram in which the dual appears dotted. 

GRAPH, SEPARABLE. A connected graph 
is separable if it contains at least one sub¬ 
graph which has only one vertex in common 
with its complement. Otherwise the graph is 
non-separable. 

GRAPHS, HOMEOMORPHIC. Two graphs 
G and G' are homeomorphic if there exists a 
one-to-one bicontinuous mapping between the 
two point-sets defined by G and G'. (See also 
graph, planar.) 

GRAPHS, ISOMORPHIC. Two graphs G 
and G’ are said to be isomorphic if there exists 
a one-to-one transformation which maps the 
vertices of G onto the vertices of G' and the 
edges of G onto the edges of G' in such a way 
as to preserve incidence relationships. In 
other words if vertex /? and edge « are incident 
in G, the respective images fi' and c' are inci¬ 
dent in G'. The one-to-one transformation re¬ 
ferred to above is an isomorphism of G with 

G'. 

GRAPHS, THEORY OF. See various entries 
under graph(s). 

GRAPH, TOPOLOGICAL. See graph, 
planar. 

GRASHOF NUMBER. A non-dimensional 
number G, relating buoyancy forces to viscous 
forces: 

AT /v2 , , 
G = ga — h!- = gBh /v 

where B is the buoyancy force per unit mass. 
It is ecpial to (Reynolds numberFroude 
number)2 and to Rayleigh number -i- Prandtl 
number. 

GRAVITATIONAL CONSTANT. The law 
of universal gravitation, as stated by Newton, 
may be expressed as 

F 
miW2 

G—~ 

When rri\ and m2 are unit masses and the dis¬ 
tance between the centers of mass, d, is unit 
distance, F = G, which is defined as the con¬ 
stant of universal gravitation. 

In the c.g.s. system of units G = G.G70 
X 10-8. It follows that the attraction between 
two gram masses one centimeter apart is of 
the order of a 15-millionth of a dyne. 

GRAVITATIONAL FIELD STRENGTH. 
The force per unit mass resulting from the 
gravitational attraction of other masses which 
produce a gravitational field. 

GRAVITATIONAL FLATTENING. The 
constant 

Qp <7e 
-» 

Qe 

where gp is the gravitational acceleration at 
the poles, and ge is the gravitational accelera¬ 
tion at the equator. This constant occurs in 
the formula for finding the value of the gravi¬ 
tational acceleration at a given latitude. 

GRAVITATIONAL POTENTIAL. For a 
point in a gravitational field (see field, gravi¬ 
tational), the amount of work which must be 
done on a particle of unit mass to move it 
from the point to infinity. It becomes equal 
to the potential energy per unit mass at the 
point in question if the potential energy is 
taken to be equal to zero at infinity, which is 
usually the case. If x,y,z are the coordinates 
of the attracted body of mass m and $,r),£ are 
the coordinates of the attracting body and 
p($,r),£) its density at that point, then the 
potential energy of m is 

V* = 
pd£drid{ 

V (£-z)2+0?-y)2+(f-z)2 

the integration to be extended over the entire 
body. G is Newton’s gravitational constant. 
The potential function is 
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y* 
— = F 
m 

pd£dyd£ 

V({ - x)2 + {r,~ y)2 + (f - z)2 

F satisfies the Poisson equation: 

d2F 32F a2F 
—2 H-y + —T = 47rGrp(a:,2/,z). 
ax2 dy2 dz2 

In empty space, this becomes Laplace’s equa¬ 
tion 

d2V 

~dJ 
+ 

d2V d2V 

dy2 dz2 
= 0. 

The force on a point mass is located at the 
point (x,y,z) is 

F = —m grad F. 

The solution of the two-dimensional Poisson 
equation 

d2V d2V 
+ = 2trGp(x,y) 

dxz dr 
IS 

V=-gJJpQ,v) In V(x-Z)2+(y-r,)2 d£dy. 

The potential of a homogeneous spherical shell 
with inner radius b, outer radius a and density p 
is: 

F = -G-2irp(a2 - b2) for 0 < r < b 

F = 
(a2 b3 r2\ 

-G-Awp (-) 
\2 3r G/ 

for b < r < a 

F = 
4tr /a3 - 63\ 

-cv( , ) for a < r 

the potential of an infinitely long, thin, homo¬ 
geneous rod if density p(= mass per unit 
length) 

F = — 2Gp | In r | 

where r is the perpendicular distance from the 
rod. 

GRAVITATIONAL RADIUS. The gravita¬ 
tional radius of a mass m is the length Gm/c2 
(G is the gravitational constant, c, the velocity 
of light in vacuo). For the sun this is 1.47 km, 
for the earth 5 mm. 

GRAVITATIONAL SYSTEM OF UNITS. 
See mechanical units. 

GRAVITATION, NEWTONIAN. See New- 
ton law of universal gravitation. 

GRAVITY, CENTER OF. See center of grav¬ 
ity. 

GRAVITY WAVE. (Also called gravitational 
wave.) A wave disturbance in which buoy¬ 
ancy (or reduced gravity) acts as the restoring 
force on parcels displaced from hydrostatic 
equilibrium. There is a direct oscillatory con¬ 
version between potential and kinetic energy 
in the wave motion. Pure gravity waves are 
stable for fluid systems which have static sta¬ 
bility. This static stability may be (a) con¬ 
centrated in an interface or (b) continuously 
distributed along the axis of gravity. 

GRAY BODY (NON-SELECTIVE RADIA¬ 
TOR). A gray body or a non-selective 
radiator (over the visible region of the spec¬ 
trum) is a radiator whose spectral emissiv- 
ity is independent of wavelength within this 
region. 

GRAY SCALE. A series of achromatic tones 
ranging from black to white. A gray scale 
may be divided into three or more steps but 
10 is a common number of divisions. A gray 
scale is sometimes included with the subject 
when making a color photograph so that meas¬ 
urements of its densities on the separation 
negatives or tripack will give the density 
range of that stage in the reproduction. A 
gray scale is helpful in controlling the process¬ 
ing stages in the analysis and synthesis of a 
color photograph. 

GREAT CIRCLE CHART. (GREAT 
CIRCLE SAILING, COMPOSITE SAIL¬ 
ING.) The great circle chart, on the gno- 
monic projection, is of considerable value to 
navigators in planning long voyages by sea or 
by air. The earth is presumed to be a sphere. 
The projection is perspective in character and 
corresponds to the picture of the spherical 
earth that would be received on a plane tan¬ 
gent to the surface of the earth by rays of light 
from the center. 

Any plane through the center of the earth 
intersects the surface in a great circle. The 
trace of this plane on the tangent plane is a 
straight line. On the chart meridians of longi¬ 
tude are straight lines but not parallel, while 
parallels of latitude are curved. The graticule 
of latitude and longitude is printed on the 
chart, together with outlines of the land 
masses. Some directions relative to the use 
of the chart are also printed. 
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A straight line between any two points on 
the chart is the great circle track between the 
two points. This is neither the shortest dis¬ 
tance nor the geodesic distance, but the dif¬ 
ference between the two is a very small per¬ 
centage of the total. 

Any two points 180° apart on the great circle 
have the same latitude numerically, but with 
different signs, unless the great circle is the 
equator. The two points of greatest latitude 
along the great circle are called vertices. On 
either side of a vertex the latitude decreases 
until the equator is reached 90° from the longi¬ 
tude of the vertex. 

Great circle sailing is employed when a ship 
wishes to take advantage of the shortest dis¬ 
tance, rather than to follow the rhumb line of 
constant course. Because of distortion, the 
rhumb line appears to be shorter than the great 
circle, on the Mercator chart. 

Composite track. When the great circle 
track between two points passes into regions 
unsuited for navigation (e.g., the great circle 
from north-western ports of the United States 
to Japan passes north of the Aleutian Islands) 
a composite track is used as the shortest avail¬ 
able track. First, a limiting parallel is selected 
as being the highest latitude that should be 
used. Then great circles are computed from 
the point of departure and the point of desti¬ 
nation that are parallel to the limiting parallel. 
The ship leaves and follows the great circle to 
the point of tangency. Then she steers east 
or west along the limiting parallel until the 
point where the great circle from destination 
is tangent to the limiting parallel. The ship 
now leaves the limiting parallel and follows 
the great circle to destination. 

The problems relative to great circle and 
composite sailing may be solved on the great- 
circle chart. However, various methods have 
been devised for arriving at the same result by 
computation, and the results are far more 
accurate. Various methods for solving great 
circle and composite tracks are found in 
treatises on navigation such as U.S. Hydro- 
graphic Office Publication #9. 

lem L[y\ = that has the property that 
the solution is expressible in the form 

y(x) =J iv(x,£)<£(£)d£, 

the integration extending over the interval on 
which the solution is to be defined. As an 
example, if L[y] = y", and the boundary condi¬ 
tions are y(0) = ?/(l) = 0, then 

(1 — £)x for x < £, 
K(x,£) = 

(1 — x)% for x > £. 

The limits of integration are then from 0 to 1. 
The notion can be generalized to spaces of 
higher dimensionality. For theoretical inves¬ 
tigations the function is of fundamental im¬ 
portance, but for numerical computation it is 
seldom used. 

GREEN’S IDENTITY. A class of integral 
identities useful in the study of linear partial 
differential equations. In particular, for a 
linear partial differential equation of the 
second order 

L(j) 0<f)XX “h ‘2b(f)Xy C<j)yy 

+ 2 d(j>x + 2 e<hv + /</> = g (1) 

where a, b, c, d, e, /, g are known functions 
of x and y, and (1) is a hyperbolic equa¬ 
tion (i.e., such that ac — b2 < 0), Green’s 
identity is given by 

(tpLcf) — 4>L\p)dxdy 

ds (2) 

where the adjoint operator L is defined by 

L\p = (a\p)xx + (Zb\l/)xy + (c\p)yy 

- (2#)* - (2et)y+ft, (3) 

R is a region with boundary curve C for which 
the exterior normal has direction cosines 

£» V J o' — V(a£ + by)2 + (6£ -(- cri)2; 

B = (2d — ax - bv)t + (2e — bx — cy)r)-, 

GREEN’S FORMULA. See Green’s theorem. 

GREEN’S FORMULA, FOUR DIMEN¬ 
SIONAL. See Minkowski world. 

GREEN’S FUNCTION. A function K(x,£) 
associated with a given boundary value prob¬ 

and d/dv is the directional derivative in the 
binormal direction, which is the direction with 
direction cosines 

a£ + by h£ + ey 
£ =-> i? =-> 

a a 
i.e., 
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— = £-r v — * 
dv dx dy 

This identity is useful in the Riemann 
method of solving the Cauchy problem. 

GREEN’S THEOREM. Any one of several 
theorems relating an integral over a domain 
in n dimensions to an integral over a domain 
in (n — 1) dimensions. In its most usual fonn 
it reads 

X {P(x,y)dx + Q{x,y)dy j 

J dQ(x,y) 

I dx 

dP(x,y) 1 

dy J 
dA, 

where P(x,y) and Q(x,y) have continuous first 
partial derivatives in the domain A. 

Green theorems for more than two dimen¬ 
sions are closely related to various theorems 
called by other names, e.g., Gauss theorem. 
For example, if u, v are scalar functions, S in¬ 
dicates a double and r a triple integral, the 
Gauss theorem in vector form is 

I Vu-Vvdr + | uVzvdr = f uVv-dS, 
Jt Jt Js 

and on exchanging u and v and subtracting the 
result from this equation, the Green theorem 
results 

J" (uV2v — vV'2u)dr = j* (uV v — vVu)-dS. 

In one dimension, the Green theorem runs 

/ 
** a 

[vL(u) — uL{v)]dx = [P(u,v)]‘ 

where L is the operator adjoint to L (see 
adjoint of an operator) which in unintegrated 
form is also called Lagrange’s identity. In 
general, Green theorems are equivalent to in¬ 
tegration by parts. 

GREGORY FORMULA (CREGORY-NEW- 
TON FORMULA). A formula for numerical 
evaluation of an integral. It is obtained from 
the Newton formula for interpolation and may 
be written 

f f(x)dx = +/i + f2 H-h 2fr) 
Jxo 

- (A/r_j - A/o)/12 - (A2/r-2 + A2/o)/24 

- 19(A3/r-3 - A3/0)/720 

-3(A4/r-4 + A7o)/100 +... 

where h is the interval between equally-spaced 
values of the independent variable x and the 
quantities Amfk arc finite differences. 

GRID, AS MEANS OF GENERATING TUR¬ 
BULENCE. In many of the experiments that 
have been made on turbulence, a square-mesh 
grid of bars has been used in a wind tunnel 
to generate the turbulence. Until recently it 
was thought that the turbulence produced in 
this way, at a distance from the grid greater 
than about 20 mesh lengths, was very nearly 
homogeneous and isotropic. It has been shown 
recently, however, that there is a lack of 
isotropy in the large scale components of the 
turbulence and that even at large distances 
from the grid the variation of intensity across 
the stream is of order ± 10%. 

GROSS CALORIFIC VALUE. See combus¬ 
tion. 

GROSS SECTION. When a prismatic mem¬ 
ber contains holes or transverse slots or notches 
in a limited region, the cross-sectional area of 
the prism is called the gross area or gross 
section. A cross-sectional area from which 
material has been removed is called a net area 
or net section. 

GROUND EFFECT (ON AIRPLANE). 
When an airplane is flying near the ground 
the air flow is modified by the presence of the 
ground. The effect may be calculated by con¬ 
sidering the effect on the flow of an inverted 
image of the airplane below the ground, so 
that the condition of zero vertical velocity 
component at the ground is satisfied. Since 
the most important effects are caused by the 
trailing vortices of the image airplane, it is 
usually sufficiently accurate to represent the 
image airplane by a simple horse-shoe vortex, 
i.e., a uniformly loaded lifting line with trail¬ 
ing vortices springing from the tips. 

The trailing vortices of the image airplane 
induce an upwash at the real airplane. This 
leads to a reduction of drag and incidence for 
a given value of the lift coefficient. An effect 
that is more important in practice is the re¬ 
duction of downwash angle at the tail, which 
means that the upward elevator deflection re¬ 
quired to maintain equilibrium at a given lift 
coefficient is increased. 

GROUND FORMS OF A SURFACE. ua 
(a = 1, 2) are curvilinear coordinates on a 
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surface. The indicial notation and summation 
convention are used, repeated Greek indices 
denoting summation over the values 1, 2. r 
denotes the vector from an origin to the point 
ua on the surface; n denotes the unit normal 
to the surface at that point. 

First ground form: The quadratic differential 
form aapduaduP, where aa$ is the covariant 
metric tensor for the surface, or more loosely 
the metric tensor for the surface, defined by 

dr dr 

“ 5?' 
aa0duadu& is the square of the length of a linear 
element on the surface joining the points ua 
and ua + dua. It is also called the first funda¬ 
mental form for the surface. The quantities aap 
are also called the f undamental magnitudes of 
the first order for the surf ace. The contravariant 
metric tensor for the surface a“^ is defined 
by a^a^-y = 5ya, where 57a is the Kronecker 

delta. 
Second ground form: The quadratic differ¬ 

ential form bapduadu0, where bap is defined by 

1 / 3n dr dn dr \ 

ha& ~ 2 \dua du& + duP dua) ’ 

and n is the unit normal to the surface. Also 
called second fundamental form for the surface. 
The quantities ba$ are the fundamental magni¬ 
tudes of the second order for the surface. 

Third ground form: The quadratic differential 
form capduadu^, where cap is defined by 

Cai3 a baabT(}. 

Also called third fundamental form for the sur¬ 
face. 

GROUND STATE. The lowest energy state 
of a stationary quantum mechanical system, 
particularly of a nucleus. 

GROUP. A set of elements, finite or infinite 
in number, satisfying the following conditions: 
(1) There is a defined operation by which to 
each ordered pair of elements A and B in the 
group G there is associated an element C of 
G, denoted by C = AB, and called the product 
of A and B. (2) For this operation the asso¬ 
ciative law holds: (AB)C = A(BC) = ABC 
for any three elements A, B, C of G. There 
exists: (3) a unit element E in G such that 
EA = A for every element A of G, and (4) to 

each element A of G a reciprocal (or inverse) 
element A~l of G such that A~*A = E. 

It must be understood that product, as de¬ 
fined in (1), is a convenient word to use for the 
result of combining two or more elements in a 
group but the law of combination is not con¬ 
fined to multiplication. For example, let the 
group elements be the integers 0, ±1, ±2, 
and let the combination law be addition, then 
the product of any two elements is their alge¬ 
braic sum. These integers, regarded as ele¬ 
ments of a group, will be seen to satisfy the 
requirements (1) — (4). 

A finite group containing n elements is of 
order n. If m ^ n elements satisfy the re¬ 
quirements of (1) — (4), they form a subgroup. 
Every group contains at least two subgroups: 
the unit element and the group itself. 

If X is an element of a group G and H is a 
subgroup of G, then the set of elements HX 
consisting of all products IIX with II in H is 
called a right coset and AH is a left coset. In 
general, cosets are not groups because they do 
not contain E, the unit element. If A, B, X are 
three elements of a group, then B = X~lAX is 
the transform of A by X and A, B are conju¬ 
gate to each other. The complete set of group 
elements conjugate among themselves is called 
a conjugate class, or merely a class, of the 
group. 

If H is a subgroup of the group G and X is 
an element of G, not necessarily contained in 
H, then X_1HX is also a subgroup of G and 
is said to be conjugate to II. A subgroup H 
which is identical with every one of its conju¬ 
gate subgroups is said to be invariant, or to be 
a normal subgroup or normal divisor of G. 

Suppose H is an invariant subgroup of a 
group G and that HA, HY, • • • are its cosets. 
If the product of HA and HF is defined as the 
coset containing the product AY, then the set 
of cosets of H is itself a group, called a quo¬ 
tient or factor group and denoted by G/H. 
For particular groups, permutation, symmetric, 
etc., see under the respective names. (For 
groups of linear, full linear, unitary trans¬ 
formations, etc., see under Lie group.) 

GROUP, ALTERNATING. See alternating 
group. 

GROUP DIFFUSION METHOD. See neu¬ 
tron diffusion theory, multi-group. 

GROUP, LIE. See Lie group. 
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GROUP, NEUTRON. In neutron transport 
theory, the collection of all neutrons in a 
system whose energies lie within a specified 
band. 

GROUP OF RESTRICTED HOMOGENE¬ 
OUS LORENTZ TRANSFORMATIONS. 
That subgroup of the homogeneous Lorentz 
group for which det A = +1 and A0° — 1. 

The following are some important facts about 
the restricted homogeneous Lorentz group: 
The group has both finite and infinite dimen¬ 
sional irreducible representations. However, 
the only finite dimensional irreducible repre¬ 
sentation is the one-dimensional trivial repre¬ 
sentation A—» 1. There exist a denumerable 
infinity of non-equivalent finite dimensional 
irreducible representations of the restricted 
homogeneous Lorentz group. (In general, 
these are non-unitary representations.) These 
finite dimensional irreducible representations 
can be labeled and characterized by two non¬ 
negative indices n,m, where n,m, = 0, y2, 1, 
% The representation D(n,m) has the 
dimension {2n + 1) {2m + 1); it is single 
valued if n + m is integral and double valued 
otherwise. The basis vectors in the vector 
spaces, V{n’m) and V(m’n), on which the repre¬ 
sentations D {n,m) and D(m,n), respectively, 
act can be so chosen that the representation 
matrices for D(n,ra) are the complex conju¬ 
gates of those for D{m,n). A quantity which 
transforms under D (0,0) is a scalar, one which 
transforms under D(%, %) a 4-component 
vector, one which transforms under D(%, 0) 
a spinor, one which transfonns under D(0, y2) 
a conjugate spinor, etc. 

where X is the wavelength. C = c in a non- 
dispersive medium. 

C is the velocity with which the wave energy 
is propagated. If a disturbance of finite dura¬ 
tion is propagated and is dispersed into a series 
of waves, that part of the disturbance in which 
the oscillations are of wavelength X travels 
with the corresponding group velocity, while 
the individual crests travel with their phase 
velocity, changing their length as they travel, 
and advancing or moving backwards relative 
to the disturbance (the group) according as 
dc 
— <0. In the former case the wave amplitude 
dX 
dies away as the waves approach the front of 
the group and new crests appear at the rear. 

GROWTH CURVE. (1) A curve showing 
the general pattern of growth of a variable. 
(2) An activity curve in which the activity in¬ 
creases with time, or that portion of an activity 
curve showing such an increase. (3) A theo¬ 
retical or experimental curve showing, as a 
function of time, the number of atoms, or the 
mass, or the activity of a nuclide being pro¬ 
duced in a radioactive transformation or in an 
induced nuclear reaction. 

GRUNEISEN CONSTANT (OR GRUNEI- 
SEN GAMMA). The constant y occurring in 
the relation connecting the linear expansion 
coefficient /3 with the compressibility K and 
the specific heat Cv, i.e., 

0 = KyCv/SV 

where V is the volume. This relation is reason¬ 
ably well satisfied for cubic crystals. Accord¬ 
ing to the theory by which it is deduced, 

GROUP RELAXATION. A variant of the 
total-step iteration for solving a linear system 
(see matrix inversion) in which at each step 
two or more equations are satisfied simultane¬ 
ously. Same as block relaxation. 

GROUPS, TRANSFORMATION. See trans¬ 
formation groups. 

GROUP VELOCITY. The velocity C of prop¬ 
agation of a group of waves formed by the 
superposition of wave trains of adjacent wave¬ 
length. If c is the phase velocity and C the 
group velocity, 

V d® 

y ~ ~ ®dv’ 

where 0 is the Debye temperature. (See Mie- 
Griineisen equation of state.) 

GRUNEISEN FORMULA. An empirical 
formula for the variation of the electrical re¬ 
sistivity of a very pure metal with temperature, 
of the form 

where 

G(x) 

p CX TG(@/T) 

s2ds 
= X- f - 

J0 (e* - 1)(1 - e~‘) 

There is good theoretical justification for a 
formula of this type, but the parameter 0 
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should not be taken literally as a measure of where B is the magnetic field and c is the 
the Debye temperature. velocity of light. 

g-SUM RULE. (Pauli’s g-sum rule.) In a 
weak magnetic field, for the group of atomic 
states arising from a given electron config¬ 
uration, the sum of the Lande g-factors for all 
levels with the same value of J, the quantum 
number of resultant total electronic angular 
momentum, is a constant independent of the 
coupling conditions. In a stronger magnetic 
field where J is no longer defined, the rule 
applies to the levels with a given M, the quan¬ 
tum number of the component in the field 
direction of the resultant total electronic an¬ 
gular momentum. 

In a field of intermediate strength M is to be 
taken as Ms + Ml, the sum of the quantum 
numbers of the components in the field direc¬ 
tion of the resultant spin and resultant orbital 
angular momentum of the electrons. In a 

very strong field M stands for X) (to+ mSi), 
i 

the sum of the quantum numbers of the com¬ 
ponents in the field direction of the spins and 
angular momenta of the individual electrons. 

GUEST YIELD CONDITION. A linear ver¬ 
sion of the Mohr criterion: 

O'! — 03 = Cj + + C3), CT\ > <72 < O’ 3 

where oq, o-2 and cr3 are principal stresses. 

GUIDED WAVE. A wave whose energy is 
concentrated near a boundary, or between 
substantially parallel boundaries, separating 
materials of different properties, and whose 
direction of propagation is effectively parallel 
to these boundaries. 

GUIDING CENTER. The motion of a 
charged particle in a slowly varying (both 
spatially and temporally) electromagnetic 
field can be approximated by a rapid gyration 
around a moving point. This point is called 
the guiding center of the particle. This ap¬ 
proximation is termed the guiding center 
theory. 

GUIDING CENTER DRIFTS. In the guid¬ 
ing center approximation, the motion of the 
guiding center is described in terms of a drift 
velocity. An electric field E produces a zeroth 
order drift velocity v given by 

v = cE X B/B2, 

GULDBERG AND WAAGE LAW. See law 
of mass action. 

GYROMAGNETIC RATIO. The ratio of the 
magnetic moment to the mechanical angular 
momentum of a system. In spectroscopy, as 
a rule, denoted by g and given in units e/2 me 
(Bohr magneton divided by h/2ir) or denoted 
by gt and given in units e/2mvc (nuclear mag¬ 
neton divided by h/2v). 

I. Gyromagnetic ratio, electronic 

(a) Orbital motion of an electric point 
charge. An electron traveling around a cir¬ 
cular orbit of radius r / times per second has a 
mechanical angular momentum of magnitude 

p = 2-rrfnir2 

and generates a magnetic moment of magnitude 

M = efirr2/c =-p 
2 me 

(e and m are electronic charge and mass, c is 
velocity of light). The classical gyromagnetic 
ratio of an electron moving in an orbit is there¬ 
fore 

p/p = e/2 me or g = 1. 

In an atom, for an orbital angular momentum 
L of magnitude 

PL = Vl(l + 1) 
2ir 

the magnetic moment has the magnitude 

ml = ^ VL(L + 1) = p0VL{L + 1) 
2toc 2w 

(p„, Bohr magneton). The gyromagnetic ratio 
is, therefore as above, 

e 
y0/p = -— or g„ = 1. 

2mc 

(b) Electron spin. The magnetic moment 
associated with the intrinsic electronic angular 
momentum (spin) s, of magnitude 

p, = Vs(s + 1) h/2-ir (s = \) 

is given by 

Ma Vs(7+1) 
e h 

me 2k 
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The gyromagnetic ratio of the spinning electron 
is therefore 

e 
v./p, = 2 X -— or g, = 2. 

2 me 

(Actually, on account of the quantum electro¬ 
dynamical electron moment correction 

g.= 2 X 
a ot 

1 + — - 2.973 — 
2tt 7r 

= 2 x 1.00114536.) 

(c) Orbital motion of spinning electron. See 
Lande g-factor. 

II. Magnetic ratio, nuclear 

The magnetic moment associated with the 
intrinsic nuclear angular momentum (spin) I, of 
magnitude 

Vi = V/(7 + 1) h/2ir 

is given by 

Vi 
e h /- 
-v 7(7 + 1). 
2mpc 2tt 

Here mp is the mass of the proton and gj the 
nuclear g-factor. 

The nuclear gyromagnetic ratio depends in a 
complicated way on the structure of the nucleus 
concerned, and cannot be expressed by a simple 
formula. 

For the proton the g-factor is 

gi = 5.5853 (I = §). 

(For further data on nuclear g-factors see H. 
Kopfermann, Nuclear Moments, Academic 
Press, Inc., New York, 1958.) 

with time. When suspended freely, the mo¬ 
ment about the center of gravity is zero and 
the spin axis remains fixed in space. The 
change in total angular momentum is then 
very closely the change in the spin momentum. 
It is denoted by: 

M = /« 

where M is the angular momentum due to ro¬ 
tation, I is the moment of inertia and to is the 

(mk2 
7 = -, where m is the mass of the 

g 
rotating element, g is the acceleration of grav¬ 
ity, and k is the radius of gyration.) Similarly, 
a gyroscope also has a precession momentum 
given by: 

N = JJ2 

where N is the precession momentum, J is 
moment of inertia of the gyroscope about the 
precession axis, and fi is the precession. The 

vector sum of M and N is the total angular 
momentum, H. That is, 

H = M + N = 7a> + JQ- 

The time rate of change of the vector H, 
(dH/dt), is defined as the torque. Thus, 

dH/dt = X H 

GYROSCOPE. A gyroscope is a rotating 
object with a very high angular momentum 
about a principal axis through its center of 
gravity. The spin does not diminish rapidly 

flXH = ax7a> + J2XJQ 

Q X H = dll/dt = X 7(o (since Q, X J —» 0) 

T = Q X 7<o. 



H 
HAAG’S THEOREM. The statement that 
any relativistic quantum field theory which 
has the following four properties: (a) relativis¬ 
tic transformation properties, (b) a unique, 
normalizable invariant vacuum state *0 and 
no negative energy states or states of space¬ 
like momenta, (c) canonical commutation 
rules at equal times, and (d) relation to the 
free field theory at a given time by a unitary 
transformation, is completely equivalent to a 
free non-interacting field theory. 

HALF-LIFE. The half-life of a substance is 
the time required for one-half of it to undergo 
a disintegration or, in some cases, a reaction 
process. Thus, the half-life of a radioactive 
substance is the time required for disintegra¬ 
tion of one-half the atoms of a sample of it. 
The relation of the half-life to the disintegra¬ 
tion constant and the mean life is as follows: 

In 2 0.693 
tht — - =- = 0.693r 

X X 

where is the half-life, X is the disintegration 
constant and r is the mean life. 

Again, the half-life of a free radical is the 
time required for one-half of those of a single 
kind present in the substance or system to 
undergo transformation. The biological half- 
life of a substance is the time in which a living 
tissue, organ or individual eliminates, through 
biological processes, one-half of a given 
amount of a substance which has been intro¬ 
duced into it. The effective half-life is a term 
usually applied to a radioactive substance in 
a biological organism. It is defined in tenns 
of the half-life of the radioactive substance 
itself, and its biological half-life in the or¬ 
ganism, by the following expression: 

Effective half-life 

Radioactive half-life X Biological half-life 

Radioactive half-life + Biological half-life 

HALF-PERIOD ELEMENT. The portion of 
a wave front contained between any two con¬ 

centric spheres so that the difference of their 
radii equals one half wavelength. It is also 
called a Fresnel zone or a Huygens’ zone of the 
wave front. 

HALF-POWER WIDTH OF A RADIATION- 
LOBE. In a plane containing the direction 
of the maximum of the lobe, the full angle be¬ 
tween the two directions in that plane about 
the maximum in which the radiation intensity 
is one-half the maximum value of the lobe. 

HALF-SPACE PROBLEM. See problem of 
Boussinesq and Cerruti. 

HALF-THICKNESS. The thickness of a par¬ 
ticular absorber that will reduce the intensity 
of a beam of radiation to one-half its initial 
value. If the absorption is exponential, the 
half-thickness is related to the linear or mass 
absorption coefficient and the mean free path 
as follows: 

In 2 0.693 
dy2 =- =-= 0.693Z 

n n 

where dy is the half-thickness, n is the absorp¬ 
tion coefficient and l is the mean free path. 

HALF-WIDTH. If y = f(x) is a function 
such that it has a maximum ym at xm and falls 
off rapidly on each side of this maximum, the 
half-width of the function is the difference 
x2 — x\ between the two values of x for which 
V — Vm/2; e.g., the half-width of the error 
function integrand e~y2 is 1.67. 

HALF-WIDTH OF A SPECTRAL LINE. 
A measure for the range in wavelength, or in 
units related to the wavelength, over which a 
spectral line has a measurable intensity. The 
definition of the term is essentially a matter 
of convenience for the purpose in hand. The 
term therefore occurs in the literature with 
several different denotations. For emission 
lines it may refer to (a) the distance from the 
center of the line to the point where the inten¬ 
sity has fallen to y2 times its maximum value 
(also called “half-intensity-width”), or (b) the 
distance from the center of the line to the 

423 
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point where the intensity has fallen to 1/e 
times its maximum value. For absorption 
lines it refers to the distance from the center 
of the line to the point where the absorption 
coefficient has fallen to % times its maximum 
value. Twice the half-width is called “whole 
half-width,” or simply “width” or “breadth” 
of the spectral line. For the limiting case of 
pure thermal broadening the half-width AA 

for emission lines according to definition (a) 
and for absorption lines is given by 

AX = V\n2 (A\)d 

and for emission lines according to definition 
(b) by 

AX = (AX)0 

where (AA)d is the Doppler half-width of the 
spectral line. For the limiting case of negli¬ 
gible thermal broadening the corresponding 
values are 

AX = — X2 

47rC 

and 

AX = — X2 

27rC 

where 7 is a parameter depending on the gas 
pressure, and, in the presence of an external 
electric or magnetic field, the field strength. 

/■y 

The expression -— XL sometimes is referred to 
27TC 

as one half the “natural line width.” However 
the latter term is more commonly used in the 
restricted sense given under the heading 
natural line width. 

HALF-WIDTH OF RESONANT PEAK. See 
resonance, sharpness of. 

HALL ANGLE. The ratio of the electric field 
Ev, developed across the current, to the field 
Ex, generating the current, in the magnetic 
field H„, as a result of the Hall effect. (See 
galvanometric and thermometric effects.) 

HALL COEFFICIENT (HALL EFFECT). 

See galvanometric and thermometric effects. 

HALL MOBILITY. The mobility of elec¬ 
trons or holes in a semiconductor as measured 
by the Hall effect. (See galvanometric and 

thermometric effects.) It is given by 

M// = cO/Hz 

where 0 is the Hall angle in the magnetic field 
H,, and c is the velocity of light. 

HAMILTON-CAYLEY THEOREM. Every 
matrix satisfies its own characteristic equa¬ 
tion. 

HAMILTON CHARACTERISTIC. If 
P(x,y,z) is a point in object space, and 
P'(x',y',z') is a point in image space, then the 
optical path length V(x,y,z,x?,y',z') of the ray 
joining P and P' is the characteristic function 

of Hamilton, or the eikonal of Bruns, of an 
optical system. If n and n’ are the refractive 
indices of object and image spaces then 

dV 
— = V, 
ox 

dV 

dy 
= Q, 

dV 

dz 
= r, 

dV / dV 

dx' P ’ dy' 

dV 

dz' 
—r 

where (p,q,r) and (p',q',r') are the optical 
direction cosines of the ray at the object and 
image points, respectively; thus V satisfies 

Any solution of this system of equations is a 
characteristic function. To distinguish V it 
is referred to as the point characteristic. 
Other commonly occurring characteristics are 
called the mixed characteristic, the angle char¬ 
acteristic, and the wave front characteristic. 

A characteristic function forms the basis of 
the direct method in geometrical optics; all 
properties of the system can be derived from 
the characteristic. (See Hamilton theorem.) 

HAMILTONIAN (HAMILTONIAN FUNC¬ 

TION OF A SYSTEM). Generally denoted 
by the symbol H. It is defined by the equa¬ 
tion 

3 n 

H(qk,pk,t) = -L(qk,Pk,t) + Z]PiQi(Qk,Pk,t). 

L is the Lagrangian function of the system, 
expressed as a function of the coordinates, 
momenta and time, qi stands for the gener¬ 
alized velocities, also expressed as functions of 
the coordinates, momenta and time, wrhere q 
are the coordinates of position, p, those of 
momentum, and the dot means the derivative 
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with respect to time, n is the number of parti¬ 
cles of the system. If the time does not occur 
explicitly, the system is called conservative and 
// is identical with the total energy of the 
system. 

HAMILTONIAN DENSITY. See continuous 

systems, Lagrangian and Hamiltonian formal¬ 

ism for. 

HAMILTONIAN FORMALISM FOR CON¬ 

TINUOUS SYSTEMS. See continuous sys¬ 

tems, Lagrangian and Hamiltonian formalism 

for. 

HAMILTONIAN FUNCTION OF OPTICS. 

If the unit tangent vector of an optical path 
in a medium with refractive index n = 

n(x,y,z) is (cos a, cos (3, cos y) then the Ham¬ 
iltonian function is 

where V2 is the Laplacian. Since the operator 
associated with the total energy of a system is 

d 
ifi — one obtains, as the analogue to the equa¬ 

te 
tion H = E in classical physics, the time- 
dependent. Schrodinger equation (for one parti¬ 
cle) 

fr dip 
Ihp =-V-\p + V{x,y,z)\p = ifi— 

2m ' dt 

HAMILTON-JACOBI PARTIAL DIFFER¬ 

ENTIAL EQUATION. A first order partial 
differential equation for the action function 

dqk ... 
where qk and — are the generalized coordinates 

dt 

H(x,y,p,q) = —\^n2 — p2 — q2 = —n cosy 

where p = n cos a, q — n cos /? are optical 
direction cosines. This leads to the canoni¬ 
cal form of Fermat’s principle: the optical 
paths are the curves x = x{z), y = y(z) for 
which 

V = 
dx dy 
— + q— - H)dz 
dz dz 

has an extreme value. (See Hamilton theo¬ 

rem.) 

and velocities of the system. The differential 
equation is 

H is the Hamiltonian (Hamiltonian function 

of a system) of the system, in which the mo- 
dS 

menta pk are replaced by the expressions- 
dqk 

HAMILTON PRINCIPLE. See action prin¬ 

ciple. 

HAMILTONIAN OPERATOR. In quantum 
mechanics, an operator associated with the 
Hamiltonian (Hamiltonian function of a sys¬ 

tem) of classical physics. For a single particle 
the classical Hamiltonian function in rectan¬ 
gular Cartesian coordinates is given by 

H 
yx2 + Vv2 + p? 

2m 
+ V(x,y,z) 

where px is the x-component of the momentum, 
etc., m is the mass and V(x,y,z) is the poten¬ 
tial energy of the particle. By the rules of 
Schrodinger wave mechanics for associating 
operators with dynamical variables (see oper¬ 

ators, quantum mechanical; momentum oper¬ 

ator; and position operator) the Hamiltonian 
operator in the Schrodinger representation be¬ 
comes 

fi2 9 
H = - — V2 + V(x,y,z), 

2m 

HAMILTON THEOREM. If V is the point 
characteristic of an optical system, i.e., V is 
the optical path length from an object to its 
Gaussian image point, if a, a' are position vec¬ 
tors of object and image points, and if s, s' 

are tangent vectors of length, n, n' of the ob¬ 
ject and image rays, then 

da' da dV 
s'-s — = — 

du du du 

for any differentiable one-dimensional mani¬ 
fold of rays, with parameter u. 

H AND D CURVE. See exposure-density re¬ 

lationship. 

HANKEL FUNCTION. See Bessel functions 

of the third kind. 

HANKEL TRANSFORM. Provided certain 
conditions are satisfied, f(y) is the Hankel 
transform of F(x) of order n if 
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f(y) = I Jn(xy)F(x)xdx, 

F{x) = f Jn(xy)f(y)ydy, 

where J„ is a Bessel function. (See also inte¬ 
gral transform.) 

HARDNESS (INDENTATION AND RE¬ 
BOUND ). A measure of yield strength and 
work hardening which serves to identify, to 
control and to select materials and their treat¬ 
ment. 

Brinell. The indenter is a 10-mm. diameter 
hardened steel ball. A sintered tungsten- 
carbide ball is also coming into use, especially 
for testing hard metals. The load applied is 
generally 500 kg. for soft metals and 3000 kg. 
for steels and hard metals. The Brinell hard¬ 
ness number is defined by the relation 

W 
BHN =- 

Area of indentation 

2 W 

~ 7tD[D - (D2 - d2)y*J 

where W is the load, D is the diameter of the 
indenter, and d is the mean chordal diameter 
of the indentation. Tables are available for 
direct conversion to hardness from the diam¬ 
eter of the indentation as measured with a 
calibrated magnifier after removal of the piece 
from the testing machine. 

Rockwell. Indenter is %6"-, or 
diameter steel ball or a conical diamond hav¬ 
ing an apex angle of 120° and a slightly 
rounded point. The various scales used are 
designated by letters. Rockwell “B,” for ex¬ 
ample, indicates a 100-kg load on a % 6"- 
diameter ball. Rockwell “C” indicates a 150- 
kg load on the diamond indenter. Rockwell 
“30T” designates a load of 30 kg on a %6"- 
diameter ball. (An instrument of higher sen¬ 
sitivity known as the Rockwell Superficial 
Tester is used for loads of 15, 30, and 45 kg.) 
The size of the indentation is measured by a 
dial gauge as the final depth minus a small 
preliminary penetration produced by a minor 
preload of 10 kg. The Rockwell hardness 
values are arbitrary numbers having an in¬ 
verse relationship to the depth of the inden¬ 
tation. 

Vickers. Also known as Diamond Pyramid 

Hardness. Indenter is a square-based dia¬ 
mond pyramid with included angle between 
faces of 136°. Loads may vary from 1 to 
120 kg with 10, 30, and 50 kg in common use. 
Hardness is equal to load (kg) divided by 
surface area (sq mm) of the permanent in¬ 
dentation. It is determined directly from op¬ 
tical measurements of the diagonals of the 
indentation which appears square at the sur¬ 
face of the metal. 

Tukon. A specially developed instrument 
for determining hardness under very light 
loads down to 25 grams. The small indenta¬ 
tions are measured at high magnifications up 
to 1000 times. The indenter is a diamond 
pyramid that makes an elongated impression, 
one diagonal being 7 times the other in length. 

Eberbach. Also used for very light loads. 
It consists of a spring-loaded, Vickers-type 
diamond pyramid indenter arranged for use on 
a metallurgical microscope. 

Scleroscope. Values depend on the height of 
rebound of a diamond-tipped body falling un¬ 
der the force of gravity from a fixed height. 
The instrument is relatively small and is port¬ 
able. One type reads directly on a graduated 
dial. 

HARD SPHERE GAS. See rigid sphere 

model. 

HARD SPHERE MODEL. See rigid sphere 

model. 

HARMONIC ANALYSIS. Not only is it pos¬ 
sible to combine two or more simple harmonic 

motions of different period, amplitude, and 
phase to form a complex motion, but there are 
also means of analyzing the resultant motion, 
when the latter is given, to find its component 
harmonics. Fourier showed that the analysis 
is possible for any periodic motion, however 
complicated. The equation, called the Fou¬ 

rier series, may be written 

y = a sin 2-irnt + b cos 2rnt + c sin 4irnt + d 

cos \irnt + e sin 6imt + / cos Girnt + • • •, 

in which y is the displacement of the vibrat¬ 
ing particle and t is the time. The funda¬ 
mental frequency n and the constants a, b, c, 
d, etc., must be calculated from the given wave 
form or the data from which it is plotted. 
There is a type of instrument, called a “har¬ 
monic analyzer,” which automatically com¬ 
putes the coefficients; or it may be done 
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mathematically, though the process is labo¬ 
rious and much aided by digital computer tech¬ 
niques. The accompanying figure shows the 
wave form and the twelve components of a 
complex tone. 

Records of a complex sound and 12 of its compo¬ 
nents (after D. C. Miller). 

HARMONIC FUNCTION. A function is 
harmonic within a given domain if it and its 
first derivative are continuous functions there 
and if it satisfies Laplace’s equation. The 
most familiar ones are solid spherical har¬ 
monics which are homogeneous in the varia¬ 
bles x, y, z. They must therefore also satisfy 
the equation of the Euler theorem for homo¬ 

geneous functions. A spherical surface har¬ 
monic is the special set taken on the surface 
of a unit sphere and usually given in spherical 

polar coordinates. The angular dependent 
parts can be taken as 

(cos m<t>\ 
)Pnm( cos 6), 

sin m(f>/ 

where Pnm is the associated Legendre poly¬ 

nomial. 

HARMONIC MEAN. Given the N positive 
numbers Xi, x2, x3, • • •, xs, the harmonic mean, 
//, is defined as the reciprocal of the arithmetic 

mean of the reciprocals, 

1 1 1 
-1-1-1- 

1 Xi X2 Xn 

Ti ~ n~ 

The arithmetic mean of N unequal positive 
numbers is greater than the geometric mean 
which in turn is greater than the harmonic 
mean. The harmonic mean is used in time 
and rate problems. 

HARMONIC MOTION. Simple harmonic 
motion is the to-and-fro motion of a body in 
a straight line, of such character that the dis¬ 
placement of the body from its equilibrium 
position (or mid-point of the motion) varies 
sinusoidally with time, i.e., 

x — a cos («t + 0) 

where x is the displacement and a and 0 are 
constants. The frequency of the motion is 
<o/2tt. Such a motion occurs whenever a body 
moves on a straight line under the action of 
a restoring force proportional to the displace¬ 
ment, i.e., f — — ks, with no other forces act¬ 
ing. A mass suspended by a spring that obeys 
the Hooke law is the simplest example. The 
term is also applied to motions that approxi¬ 
mate simple harmonic; for example, the mo¬ 
tion of a pendulum bob approximates simple 
harmonic motion very closely for small ampli¬ 
tudes. Similarly, the addition of a small dis¬ 
sipative frictional force results in a motion 
which may be described as a simple harmonic 
motion with an amplitude that decreases with 
time. 

The term harmonic motion (without the 
qualifier “simple”) is used to describe rotary 
and other motions in which some variable, 
such as an angular displacement, varies sinus¬ 
oidally with time. 

Two simple harmonic motions of the same 
frequency, at right angles to each other, e.g., 

x = a cos cot and y = b cos (cot + <f>), 

lead to an elliptical motion. Special cases occur 
for 0 = 0, when the ellipse degenerates to a 
straight line, and for a = b and 0 = 90°, when 
it degenerates to a circle. If the frequencies 
are unequal but commensurate, the motion is a 
Lissajou figure. 

HARMONIC MOTION, DAMPED. The 
differential equation of a system which will 
oscillate with a harmonic motion is 

d2x 
M—- + kx = F(t), 

dr 

where M is the mass of the moving particle, 
k is the restoring force constant, x is the in- 
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stantaneous displacement and F{t) is the ex¬ 
ternal force applied to the mass. If frictional 
forces or other dissipative agencies act, the 
behavior of the system may often be approxi¬ 
mated closely by the equation 

d2x dx 
M —r + R ——\- kx = F(t) 

dt2 dt 

where R is a constant, often called the re¬ 
sistance. 

HARMONIC MOTION, PERIOD OF. The 
time for one complete oscillation, that is, the 
reciprocal of the frequency. 

HARMONIC MOTION, SIMPLE ELLIP¬ 
TIC. A compounded oscillatory motion con¬ 
sisting of (simple) harmonic motion in two 
fixed perpendicular directions with equal fre¬ 
quencies. The resultant trace of the motion 
is in general an ellipse, which depending on 
the relative phase and amplitudes of the two 
components may take the special form of a 
circle or straight line. 

HARMONIC OSCILLATOR. See oscillator, 
harmonic. 

in the series is an integral multiple of a fun¬ 
damental frequency. (See harmonic analysis.) 

HARTLEY. A unit of information content 
equal to the information content of a message, 
the a priori probability of which is one-tenth. 
If, in the definition of information content, the 
logarithm is taken to the base ten, the result 
will be expressed in hartleys. 

HARTLEY FORMULA FOR TIME-FRE¬ 
QUENCY DUALITY. As implied by the 
Fourier transform, a time function cannot be 
confined within a small region on the time 
scale when the steady-state transmission char¬ 
acteristic is confined to a narrow range on 
the time scale. For example, it is well known 
that, if a telegraph dot is made narrower and 
narrower, its corresponding significant-fre¬ 
quency spectrum becomes broader and broader 
until, in the limit when the dot becomes an 
impulse, its significant-frequency spectrum is 
of infinite extent. Two mathematical equa¬ 
tions which express this relationship are 

g{t) = f c(/) cas 2irftdf 
J—cr 

HARMONIC OSCILLATOR, PARTITION 
FUNCTION OF. The function given by the 
equation 

£ = y; g—ffMn+M) = 

C(f) = cas 2-rrftdt 

where / is the cyclic frequency, t is time, and 
cas denotes cosine added to sine. 

where hv is the energy distance between suc¬ 
cessive oscillator levels, j3 = 1/kT (k is Boltz¬ 
mann’s constant and T is absolute tempera¬ 
ture), and Z is the partition function. Note 
that Planck’s constant h is used in above 

h 
formula, while the Dirac h = — , is used in 

2ir 
the entry oscillator, harmonic. 

HARMONIC PROGRESSION. The sequence 
a, b, c, ••• if their reciprocals 1/a, 1/6, 1/c, 
• • • form an arithmetic progression. The har¬ 
monic mean between two numbers is the 
middle term of a harmonic progression wdiose 
first and last terms are the given numbers. 
The harmonic mean between a and 6 is given 
by H = 2ab/{a + 6). If A, G, and H are re¬ 
spectively the arithmetic, geometric, and har¬ 
monic mean of two numbers then G2 = AH. 

HARMONIC SERIES OF SOUNDS. A 
series of sounds in which each basic frequency 

HARTLEY PRINCIPLES (WITH REGARD 
TO INFORMATION CAPACITY OF A 
TRANSMISSION CHANNEL). The amount 
of information that can be transmitted is pro¬ 
portional to the width of the frequency range, 
and the time it is available. Information con¬ 
tent is equated to the total number of code 
elements, multiplied by the logarithm of the 
number of possible values a code element may 
assume. Information content is independent 
of how the code elements are grouped. By 
quantizing, the continuous magnitude-time 
function used in ordinaiy telephony may be 
transmitted by a succession of code symbols 
such as are employed in telegraphy. And, to 
obtain the maximum rate of transmission of 
information, the signal elements need to be 
spaced uniformly. 

HARTMANN DISPERSION FORMULA. A 
very useful dispersion formula due to Hart¬ 
mann which suggests the anomalous disper- 
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sion near an absorption band, but does not 
provide for more than one such band and 
hence can be used over only a limited range 
of wavelengths. It is of the form: 

c 

where nQ} c and X0 are constants to be deter¬ 
mined from measurements. For best lit to 
empirical results a — 1.2, but for convenience 
a = 1 is often used. 

IIARTREE APPROXIMATION. A method 
used to determine energy levels of atomic 
systems. The wave function of the system is 
assumed to be the product of one-particle 
wave functions \pk(x), each particle occupying 
a definite one-particle state. The anti-sym¬ 
metry of the wave function is not taken into 
account. The expectation value of the energy 
in a state described by such a product wave 
function is then calculated and minimized with 
respect to variations of the functions ipk(x). 
This gives equations to determine the one- 
particle wave functions \f/k(x). The potential 
appearing in these equations is determined by 
the states of the other particles. The particles 
move in a self-consistent field which determines 
their motion and which is determined by this 
motion. 

11ARTREE-FOCK METHOD. This is an 
improvement on the Hartree approximation 

for calculating energy levels of atomic sys¬ 
tems. The wave function with respect to 
which the expectation value of the energy of 
the system is minimized is a Slater determi¬ 

nant, the anti-symmetrized product of one- 
particle wave functions \pk (x). The equations 
determining these functions \pk(%) include ex¬ 

change effects due to the anti-symmetry of the 
wave function of the system. 

IIAUNCIIED BEAM. See beam, haunched. 

IIAUSDORFF SPACE. See topological 

space. 

HAUY LAW. The fundamental law of crys¬ 

tallography stating that for a given crystal 
there exists a set of axial ratios such that the 
intercepts of every crystal plane on the crys¬ 

tal axes are expressible as rational fractions 
of these ratios. (See Miller indices.) 

/i-BAR OR fi. Symbol for Dirac-/i, the uni¬ 
versal constant h/2ir, where h is the Planck 

constant. 

HEAT. The term has been used in two re¬ 
lated, but distinctly different, senses. (1) Ac¬ 
cording to best modern usage, heat is energy 
in the process of transfer between a system 
and its surroundings as a result of temperature 
differences. (2) According to the older (and 
still current) usage, heat is the energy con¬ 
tained in a sample of matter, including both 
potential energy resulting from interatomic 
forces and kinetic energy associated with the 
chaotic motion of the molecules of a substance. 
In the range of temperatures in which quan¬ 
tum effects are not of importance, the average 
kinetic energy per molecule is one-half of the 
Boltzmann constant times the Kelvin tempera¬ 

ture for each degree of freedom, in accordance 
with the principle of the equipartition of 
energy. The average potential energy per 
molecule in monatomic solids, under the same 
conditions, is equal to the average kinetic 
energy; the Dulong and Petit law is explained 
by this fact. 

In accordance with the second definition, 
terms such as heat content, specific heat, etc., 
are used as measures of the internal energy of 
matter. 

Although we now recognize that heat is 
energy, it is still customary to express quantity 
of heat in the old water-temperature measure, 
by means of British thermal units or of calo¬ 
ries; and whenever heat quantities so ex¬ 
pressed are used in thermodynamic calcula¬ 
tions, it is necessary to use the mechanical 
equivalent of heat as a conversion factor be¬ 
tween these and the ordinary dynamic units 
of energy (foot-pounds, joules, or ergs). 

HEAT BALANCE. A method of accounting 
for all heat units in a process or change during 
which heat is transferred. Examples of cases 
where heat balances might be undertaken are: 
(1) Determining the nature and the magnitude 
of the various losses which occur when coal is 
burned in a steam boiler furnace. (2) Ac¬ 
counting for all heat units during the operation 
of a prime mover such as a Diesel engine or a 
steam turbine. (3) Determining the distribu¬ 
tion of heat in a static heating device such as 
a water heater supplied with steam. 

Heat balance work is based upon the first 
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law of thermodynamics. (See conservation of 
energy.) 

HEAT CAPACITIES, RELATION BE¬ 
TWEEN. (See thermal coefficients.) The 
molar heat capacity at constant pressure and 
the molar heat capacity at constant volume 
are related by 

a2TV 
CP = CV +- 

K 

where a is the thermal expansion coefficient, 
and k , the isothermal compressibility coeffi¬ 
cient. 

HEAT CAPACITY. The amount of heat 
necessary to raise the temperature of a sys¬ 
tem, entity, or substance by one degree of 
temperature. It is most frequently expressed 
in calories per degree centigrade. If the mass 
of a substance is specified, then certain de¬ 
rived values of the heat capacity can be ob¬ 
tained, such as the atomic heat, molar heat, 
or specific heat. (See thermal coefficients.) 

HEAT CAPACITY EQUATION. See Ein¬ 

stein specific heat function. 

HEAT CAPACITY, QUANTUM THEORY 

OF. See quantum theory of heat capacity. 

HEAT CARRIED AWAY. The enthalpy of 
combustion gases (in a chimney, stack, etc.) 
with reference to the enthalpy of the fuel and 
air entering the device; it is a measure of the 
energy lost through inability to cool the prod¬ 
ucts of combustion to the temperature of the 
surrounding atmosphere. It is usually as¬ 
sumed that the atmosphere is at a standard 
temperature t, (0°C or 60°F) and that the 
combustion gases are perfect. Hence 

Qc = | — [Cpltco, + (2 fcJUo 

+ 0.21(\ — l)Xm,-„[(?p]£.o2 

+ 0.79XXm,-n[Cp]^.N„ j tc 

XXm,-n[^p](“.a,r ta 

for solid or liquid fuel, or 

Qc = te 52 
burnt gases 

- tf 52 xiCp^mtaXX^nlCp]^ 
fuel gas 

for a gaseous fuel. 

Symbols: tc is the temperature of burnt gases 
leaving the device; ta is the temperature of air 
entering the device; tf is the temperature of fuel 
entering the device; XTOtn is the stoichiometric 
quantity of air in volume units; X is the air 
ratio; {Cp]\\ is the mean molar specific heat 
between the temperatures indicated; x is the 
mole fraction and c, h, etc., is the fuel com¬ 
position in mass units of respective element per 
unit mass of fuel; w refers to moisture. 

In a boiler or furnace the heat carried away 
is also known as the stack loss. 

HEAT CONSUMPTION. See specific heat 

consumption. 

HEAT CONTENT. See enthalpy. 

HEAT DROP. See enthalpy drop. 

HEAT EXCHANGER. A device for exchang¬ 
ing heat between two fluids. In a heater the 
temperature of the main fluid is raised; it is 
lowered in a cooler. The second fluid in a 
cooler is known as the coolant. The most 
widely used coolant is water (cooling water). 

There are three principal types of heat ex¬ 
changer, depending on the relative direction 
of the two fluids on the two sides of the heat¬ 
ing surface: parallel flow, Figure 1, counter¬ 
flow or contra-flow, Figure 2, and cross-flow, 
Figure 3. 

Fluid 1 

Fluid 2 

Fig. 1. 

*- Fluid 1 

■ Fluid 2 

Practical heat exchangers are seldom strictly 
of one particular type and necessarily con¬ 
tains elements of each type. They are de¬ 
scribed by the designation which is related to 
the conditions prevailing over the greatest por¬ 
tion of the heating surface. 
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HEAT FLUX VECTOR. See flux vector. 

HEAT FUNCTION. See enthalpy. 

HEAT INDEX. As used by C. W. Thorn- 
thwaite in his 1948 climatic classification, a 
function of temperature designed to have low 
magnitude under cold conditions, increasing 
exponentially with increasing temperature. 
For a given station, it is numerically equal to 
the sum of the twelve monthly values of the 
expression 

where t is the normal monthly temperature 
in °C. 

HEATING SURFACE. The metal surface 
separating two fluids exchanging heat in a heat 
exchanger. In particular, the sum of the sur¬ 
faces across which heat is added to the work¬ 
ing fluid in a boiler. 

HEATING VALUE. The heating, or cal¬ 
orific, value of a fuel is the quantity of heat 
produced by the combustion, under specified 
conditions, of unit weight or volume of the 
fuel. The heating value of a fuel may be cal¬ 
culated by a formula which may be derived for 
any fuel by multiplying the percentage of 
each chemical element present by its heating 
value per unit weight, and adding the products 
for all combustible elements in the fuel. Thus 
for coal, whose combustible elements consist 
of carbon, hydrogen, and sulfur, the heating 
value is: 

14,540C + 62,000// + 4000S 

(B.T.U. per lb of coal). 

The numbers in the above formula are the 
heating values per lb respectively, of carbon, 
hydrogen, and sulfur. In the use of this for¬ 
mula, it is essential that only that portion of 
the element that is actually free to burn be 
employed. For example, all coal contains 
some moisture. Now the hydrogen present in 
this water is not free to burn (i.e., it is already 
combined with oxygen). Therefore the figure 
used for // in the foregoing formula should not 
include the hydrogen present as water. 

Heating value by formula will not neces¬ 
sarily be the same as that obtained experimen¬ 
tally with the fuel calorimeter. The difference 
lies not in the accuracy of the experiment, nor 
of the calculation, but in the possible endo¬ 

thermic or exothermic reactions which take 
place when a compound fuel, such as a hydro¬ 
carbon, is burned. The volatile matter of coal 
must be broken down into the elements of car¬ 
bon and hydrogen by heat-absorbing action 
before they may reunite with the oxygen dur¬ 
ing combustion. For this reason, experimen¬ 
tally determined heating values are less than 
those which are computed by formulas, which 
contain no terms for such endothermic reac¬ 
tions. Approximate heating values of some 
of the common fuels are: coal, 13,000 B.T.U. 
per lb; natural gas, 1000 B.T.U. per cu ft; 
artificial gas, 300 B.T.U. per cu ft; gaso¬ 
line, 19,000 B.T.U. per lb; wood, 5000 B.T.U. 
per lb. 

Many thermodynamic analyses require the 
use of a “lower heating value” which may be 
obtained from the above values by subtracting 
an allowance for the latent heat of evapora¬ 
tion of the steam found in the products of com¬ 
bustion. (See also combustion calculations in 
engineering.) 

HEAT, LATENT. The heat per unit mass 
or mole required to produce a change of phase 
at constant pressure and temperature; it is 
equal to the difference in the specific enthal¬ 

pies of the substance at the two phases. Usu¬ 
ally, latent heats are reckoned positive for the 
transition from a phase of lower to a phase 
of higher energy. (For example liquid va¬ 
por.) Often an adjective is added to specify 
the type of transition involved, and the ad¬ 
jective “latent” may be omitted, e.g., (latent) 
heat of evaporation, (latent) heat of sublima¬ 
tion, (latent) heat of fusion, etc. Sometimes, 
particularly in the case of evaporation, the 
latent heat per unit mass 

l — h,2 — h\ 

is split up into two terms in view of the defini¬ 
tion //=£/ + pV: 

l = (u2 — Ui) + p(v2 — Vi) (since p = const). 

The first term, the change in internal energy 

p = u2 — Ui 

is termed internal (latent) heat and the second 
term 

>P - P(v2 - iq) 

which represents the work done at the bound¬ 
aries of the system against the external pres¬ 
sure is called external (latent) heat. 
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HEAT, MECHANICAL EQUIVALENT OF. 
The conversion factor between any unit com¬ 
monly employed to express mechanical energy 
and a unit commonly employed to express 
thermal energy, e.g., 4.1840 joules/calorie. 

HEAT, MOLECULAR. (Heat, Molar.) The 
product of the gram-molecular weight of a 
compound and its specific heat. (See heat, 
specific.) The result is the heat capacity per 
gram-molecular weight. 

HEAT OF DILUTION. The total or integral 
heat of dilution is the difference in enthalpy 
between a solution and its components. The 
differential heat of dilution or of mixing, which 
is more commonly meant by the term heat of 
dilution, is the heat absorbed (change in par¬ 
tial molar enthalpy) when one mole of a speci¬ 
fied component is dissolved in a large bulk of 
solution at constant temperature and pressure. 

HEAT OF MIXING. See excess functions. 

and in a counter-flow heat exchanger. The 
process of heat regeneration results in an in¬ 
crease in efficiency. (For specific examples see 
carnotization and Joule cycle.) 

HEAT, SPECIFIC. Also called the specific 
heat capacity. The quantity of heat required 
to raise the temperature of unit mass of a 
substance by one degree of temperature. The 
units commonly used for its expression are the 
unit mass of one gram, the unit quantity of 
heat in terms of the calorie. The unit mass of 
one mole is also used, although the preferred 
term for the quantity of heat is then the molar 
heat or molecular heat. 

HEAT, SPECIFIC, AT CONSTANT PRES¬ 
SURE. The amount of heat required to raise 
unit mass of a substance through one degree 
of temperature without change of pressure. 
Usually denoted by Cp, when the mole is the 
unit of mass, and cp when the gram is the unit 
of mass. 

HEAT OF REACTION. See thermal coef¬ 
ficients. 

HEAT OF TRANSFER. See thermomolecu- 
lar pressure. 

HEAT PROPAGATION IN CONDUCTING 
MEDIUM. A process governed by the general 
equation: 

V2T 
d2T d2T d2T 

dx2 dy2 dz2 

cp dT 

K~dt 

where T is the temperature, c, the specific 
heat, p, the density, K, the thermal conductiv¬ 
ity, x, y, 2, rectangular coordinates, and t, the 
time. For the case of radial heat flow (spheri¬ 
cal coordinates), the equation is 

d2T 2 dT pc dT 

dr2 r dr K dt 

where r is the radius. 
For the case of radial heat flow in one plane 

(cylindrical coordinates), the equation is 

d2T 

a7 
1 dT 

+- 
r dr 

pc dT 

K dt 

HEAT REGENERATION. The process of 
exchanging heat internally between the work¬ 
ing fluid at two different states in a particular 
cycle. Heat is best exchanged between two 
ranges of states in the same temperature range 

HEAT, SPECIFIC, AT CONSTANT VOL¬ 
UME. The amount of heat required to raise 
unit mass of a substance through one degree 
of temperature without change of volume. 
Usually denoted by Cv, when the mole is the 
unit of mass, and cv wrhen the gram is the 
unit of mass. 

HEAT, SPECIFIC, OF SOLIDS. See Dulong 
and Petit law; Debye theory of specific heat; 
Born-Einstein equation for heat capacity; 
Born-von Karman theory of specific heat. 

HEAT THEOREM (NERNST HEAT THEO¬ 
REM). An alternative name given to the 
third law of thermodynamics. 

HEAT TONE. Latent heat associated with 
a change of phase, an allotropic transforma¬ 
tion or a chemical reaction. The common 
feature of these processes is that they occur 
atp = constant and T = constant and that the 
overall system consists of a mixture of two 
systems 1 and 2 whose thermodynamic prop¬ 
erties differ by finite amounts and whose rela¬ 
tive masses change during the process. The 
heat tone refers to a complete transformation 
of a unit mass from 1 to 2. 

HEAT TRANSFER. (1) The physical process 
whereby heat passes from one system to an¬ 
other. (2) The branch of science which de¬ 
scribes the process of heat transfer, that is 
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also known as heat transmission. The central 
problem in heat transfer is to calculate the 
rate at which heat passes from one system to 
another under a variety of conditions. An 
auxiliary problem intimately connected with 
the preceding one is the calculation of the 
temperature field which exists in the system of 
interest while heat is being transferred. 

Heat can be transferred by three essentially 
different physical mechanisms, known as 
modes of heat transfer. In conduction heat is 
transferred through a material medium at rest. 
It occurs in solid bodies and very thin layers 
of fluid. When the layers of fluid (liquid or 
gas) become extensive, the temperature field 
in the system which accompanies the transfer 
of heat causes the density to vary from point 
to point. A mass of fluid of varying density 
placed in the gravitational field of the earth 
will not be in equilibrium, unless the density 
stratification satisfies a definite relationship. 
Hence, the buoyancy forces acting on the fluid 
particles will give rise to a velocity field. In 
convection heat is transferred principally by 
virtue of the physical motion of the fluid. 
Convection is called natural when the velocity 
field in the fluid is caused predominantly by 
the interaction of the temperature field with 
the gravitational field of the earth. Convec¬ 
tion is called forced when the velocity field is 
imposed on the fluid, e.g., by pressure gradi¬ 
ents, etc. Convection does not occur in a solid, 
because in it, a temperature field causes vary¬ 
ing degrees of thermal expansion which, in 
turn, may give rise to thermal stresses, but not 
to motion. Heat can also be transferred from 
one system to another without the intervention 
of a material body in between. It is then 
called radiation. Radiation is the transfer of 
energy by electromagnetic waves, and at the 
speed of light. We speak of thermal radiation 
when the bulk of the energy is carried in a 
particular range of wavelengths: 0.8 to 400 
microns (visible light: 0.4 to 0.8 /*; ultra¬ 
violet radiation: 0.02 to 0.4 p; X-rays: 10_6 
to 0.02 n). 

Conduction. When a homogeneous system of 
arbitrary shape transfers heat by conduction, 
it is found that a (scalar) temperature field 
T(x,y,z,t) is present throughout the system. 
The directed (vectorial) quantity q which rep¬ 
resents the rate of heat (energy) transfer per 
unit time and area at a point in the system is 
called heat flux. The principle of conservation 

of energy, in the absence of heat sources, leads 
to the general equation of conduction 

dT 
pc-1- div q = 0 (1) 

dt 

(p is density; c is specific heat). The relation 
between the heat flux vector q and the gradient 
of the temperature field is given by Fourier’s 
empirical law: 

q = — k grad T. (2) 

In accordance with the second law of thermo¬ 
dynamics, the coefficient of proportionality 
k(T), known as the thermal conductivity of the 
material, must always be positive 

k > 0. (2a) 

r=constant 

The thermal conductivity of known materials 
ranges from 0.003 for some gases to 300 Btu/hr 
ft F for some metals, i.e., over a ratio of 
1:100,000. 

Substitution of (2) into (1) leads to Fourier's 
equation of heat conduction 

dT 
pc— = div {k(T) grad T\. (3) 

dt 

In many applications, the thermal conductivity 
can be assumed constant, when Equation (3) 
simplifies to 

dT 
a — = V2T- (4) 

dt 

is known as the thermal diffusivity of the ma¬ 
terial. 

In the presence of heat sources, the source 
strength Q'(x,y,z,t) must be added to the right- 
hand side of Equation (1); hence the term Q'/pc 
will appear on the right-hand side of Equation 
(4). Fourier’s equation, together with the ini- 
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tial and boundary conditions, determines the 
temperature field T(x,y,z,t). Fourier’s law then 
determines the heat flux q at every point. 

The instantaneous rate Q at which heat is 
transferred across a solid body is found by 
integrating the heat flux q over its surface, but 
not over its entire surface. It is necessary to 
integrate separately the portions with positive 
and negative heat fluxes. As a rule one part 
of the surface, Figure 2, will be in contact with 

system 1 at Ti and another part will be in con¬ 
tact with system 2 at To, the remainder of the 
surface being adiabatic. The quantity of heat 
Q transferred by conduction is measured sepa¬ 
rately for systems 1 and 2. 

When the flow of heat is steady, the tem¬ 
perature field satisfies Laplace’s equation 

V2T = 0 (6) 

in the absence of sources, and the function 
T(x,y,z) is independent of the properties of the 
material, being a function of the geometrical 
arrangement only. It is easy to see that then 
in Figure 2 we have Qi = Q3. The quantity 
is the rate at which heat is conducted through 
the solid body, because in the steady state the 
solid body neither stores nor discharges energy. 

When the body is anisotropic (crystals), the 
vectors q and grad T are no longer collinear, 
but they remain proportional. Fourier’s law 
(in Cartesian coordinates X\, x2, x3) assumes the 
form 

qi = -k 

<12 = —k 

q3 = -k 

dT dT dT 
n ~— — k\2 — — Zcj3 — 

dx\ dx2 dx3 

dT dT dT 
21 7- — k22- ~ k23 - 

dx\ dx2 dxz 

dT dT dT 
31 7— ~ k23 7— ~ k33 - 

dxi dx2 dx3 

(7) 

The three fluxes qi, q2, q3 are seen to be coupled. 
It is a consequence of the second Law of 
thermodynamics and Onsager’s principle 

of reciprocal relations that the tensor ky is 

non-negative, definite and symmetrical 

hi = hi- (8) 

The problem of calculating the transfer of 
heat by conduction has, therefore, been reduced 
to the purely mathematical problem of solving 
some form of Fourier’s equation subject to 
appropriate boundary and initial conditions. 
Many particular problems have been solved 
and the reader will find an excellent com¬ 
pendium in Conduction of Heat in Solids by 
H. S. Carslaw and V. C. Jaeger, 2nd edition, 
Clarendon Press, 1959. The boundary condi¬ 
tions at the surface differ in accordance with 
the constraints imposed on it. Very seldom 
the surface temperature is prescribed by a func¬ 
tion T = f{x,y,z,t) on the surface. More fre¬ 
quently, the boundary condition is given in the 
form of a requirement on the heat flux q. When 
there is no heat flux (adiabatic surface) the con¬ 
dition is 

dT 
— = 0, on surface (9) 
dn 

(to is the normal to the surface). If forced or 
natural convection take place at the surface, 
the condition is written in the form of Newton’s 
law of cooling (see below, Convection) 

dT 
i\»uri = k = h(fl w Tjf). (10) 

dn 

Problems involving radiation at the surface 
occur seldom and are sometimes approximated 
by a condition identical with Equation (10). 

Fourier’s law and equation describe actual 
processes in an excellent manner, but the ob¬ 
jection has been raised that Fourier’s equation, 
being parabolic, admits of an infinite rate of 
propagation of temperature changes, contrary 
to physical reality. Proposed modifications of 
Fourier’s law do not, however, materially alter 
the solution in practical cases, but necessarily 
lead to grave mathematical complications. 

Convection. Since convection always involves 
a fluid in motion, it is possible to solve prob¬ 
lems in convection from first principles oidy in 
the case of laminar motion. In most important 
applications, the accompanying motion is tur¬ 
bulent and it is necessary to rely to a large 
extent on empirical information. The funda¬ 
mental empirical assumption, known as New¬ 
ton’s law of cooling, asserts that the rate of heat 
transfer per unit area q" is proportional to the 
difference between the temperature of the solid 
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surface, Tw, and that of the fluid at a large dis¬ 
tance from the wall, Tx. Hence 

q" - h(Tw - T„) (11) 

where the coefficient h (Btu/ft2 hr F), known 
as the coefficient of heat transfer or film coefficient, 
depends on the properties of the fluid and its 
state of motion. It is, therefore, a complicated 
function in any particular problem. Newton’s 
law of cooling holds in the large majority of 
cases, but breaks down where the surface is 
not isothermal. In the case of compressible 
flows (at high Mach numbers), it is replaced 
by the relation 

q" = h(Tw - Ta) (12) 

where Ta denotes the adiabatic wall tempera¬ 
ture, i.e., the temperature which would be 
assumed by the fluid at the wall if the latter 
were non-conducting. This difference is due 
to the large amount of heat dissipated by the 
flow near a wall and is often referred to as the 
thermal barrier because, generally, it impedes 
the transfer of heat as Ta = + rUff/2cp 
(r is the recovery factor which depends on 
the flow; cp is the specific heat at constant 
pressure). 

Owing to the difficulties associated with the 
calculation of the coefficient of heat transfer, 
it is often necessary to confine oneself to a 
dimensional analysis of the problem. It is then 
found that for geometrically similar bodies in 
similar flow fields with similar boundary condi¬ 
tions, the relation between the coefficient of 
heat transfer h and the remaining parameters 
can be expressed in terms of various dimen¬ 
sionless groups (numbers). To show their 
relationships, certain of these numbers are 
given below in the dimensions used in the pres¬ 
ent discussion. They can, of course, be defined 
in numerically and dimensionally equivalent 
terms. For the definitions most commonly 
used, see the corresponding entries. They are: 

the Prandtl number 

a k 
the Eckert number 

(L is the characteristic length; p is the djmamic 
viscosity; v is the kinematic viscosity; Ux is the 
fluid velocity at large distance from surface; 
p is the density of fluid; /3 is the coefficient of 
thermal expansion of fluid; cp is the specific 
heat of fluid at constant pressure.) The gen¬ 
eral relation is 

Nu = f{Re, Gr, Pr, Ec). (14) 

The exact form of the function / must be deter¬ 
mined, theoretically or empirically, for each 
class of dynamically similar problems. Equa¬ 
tion (14) formulates the problem in terms of 
the minimum number of independent variables. 
Several specialized forms of Equation (14) are 
of importance. In general {Tw - Tx) « Uj/cp 
and the Eckert number can be omitted. In 
natural convection the Reynolds number can 
be omitted, when 
Nu = fi(Gr, Pr). (natural convection) (15) 

When the natural motion is very slow, 

Nu = f2(Gr X Pr) = f2(Ra) (16) 

where Ra is known as the Rayleigh number. In 
forced convection, the Grashof number can be 
omitted, and we have 

Nu = fffRe, Pr) (forced convection) (17) 

when a more accurate analysis is performed, it 
is found that the turbulence intensity Tu of the 
free stream must be added to the independent 
variables in Equation (14). In particular, equa¬ 
tion (17) must be rewritten to read 

Nu = fi(Re, Pr, Tu). (18) 

the Nusselt number 

k 
the Reynolds number 

pl <x)E GcjqE 
Re =- =- 

M v 

the Grashof number 

Gr = 
- T„)L3 

(13) 

The Stanton number is St = 
Nu 

Re X Pr 
(19) 

In high-speed flow, the Eckert number cannot 
be omitted, and it or the 

Mach number M = 
Ua Ec 

7-1 
(20) 

(c is the velocity of sound; y is the ratio of 
specific heats) must be retained as an inde¬ 
pendent variable. 
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The velocity profile in a fluid near a wall, as 
well as the temperature distribution, are of the 
boundary layer type. Consequently, in many 
cases the relations for the Nusselt number (and 
hence for h) can be derived from boundary 
layer theory. In cases of laminar flow in the 
boundary layer, the problem is a mathematical 
one, because the boundary layer equations can 
then be written and analyzed. In cases when 
turbulent flow is involved, additional informa¬ 
tion of an empirical nature must be supplied. 

Boundary layer theory leads to a general re¬ 
lation between the shearing stress r (a charac¬ 
teristic of the velocity field) and the local heat 
flux q (a characteristic of the temperature field) 
known as Reynolds’ analogy. The analogy is 
usually expressed in the form of a relation be¬ 
tween the dimensionless skin friction coefficient 

r 

and the Stanton number. In the simplest case 
of two-dimensional flow past a flat plate at zero 
incidence, and for Pr = 1, the analogy has the 
form 

St = \c{. (22) 

The relation is an expression of the fact that 
under those conditions the velocity and tem¬ 
perature profiles are identical functions of the 
coordinate perpendicular to the surface. For 
Pr 9^ 1, the two are similar. 

Boundary layer theory leads to the formula¬ 
tion of another important analogy, namely that 
between heat and mass transfer. The mecha¬ 
nism of the diffusion of a vapor into a flowing 
stream is basically identical with that of heat, 
and this reflects in the respective equations for 
laminar or turbulent flow. Hence a complete 
analogy can be established between the transfer 
of heat in forced convection and the transfer of 
mass into it. 

Radiation. The transfer of heat by radiation 
is studied in terms of and in relation to the ideal 
case of black body radiation. Black body radi¬ 
ation constitutes an upper limit for the heat 
flux from any surface at the same temperature. 
The amount of heat emitted by a unit surface 
at temperature T is given by the Stefan- 

Boltzmann law E = <rTA. Real surfaces are 
characterized by a coefficient e < 1, called its 
emissivity (equal to its absorptivity, see 
KirchhofTs law). It is assumed that real sur¬ 
faces are gray, i.e., that they have the same 

spectral energy distribution as a black body. 
Hence for a gray surface 

E = wT\ (23) 

The quantity of heat exchanged between two 
surfaces at Tx and T2, respectively, is obtained 
by considering that each one of them emits 
energy in accordance with Equation (23) and 
that, being gray, it reflects a fraction 1 — e of 
the energy emitted by the other surface. In 
this manner it can be calculated that the heat 
flux qi2 due to radiation between two infinite, 
parallel plane surfaces 1 and 2 is 

<?12 — 

<T 

(1/«l) + (1/*2) — 1 
(TV ?V). (24) 

For two gray surfaces 1 and 2, Figure 3, we 
obtain 

Q12 = —*(T14 - T24) 
7r 

rr cos cos 02 
Xjj ---dA,dA2 (25) 

where the double integral constitutes a purely 
geometrical shape factor. The formula in Equa¬ 
tion (25) is approximate only because it disre¬ 
gards the reflected quantities of energy. It is 
exact for two black surfaces = e2 = 1. 

For concentric cylinders or spheres, the exact 
equation is 

. <x 

(1/€i) + {A i/A2) {(l/e2) — 1} 

X (TV - 7V). (26) 

(A2 is the outer surface; Aj is the inner surface.) 
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When the outer surface is very large, A2 —» 
oo, the rate of heat transferred becomes inde¬ 
pendent of its emissivity and depends only on 
the emissivity of the small surface. 

Radiation from flames poses special problems 
because gases are selective emitters (and ab¬ 
sorbers) and emit (or absorb) energy in pre¬ 
ferred wave bands. Consequently the relations 
become complex; they have not yet been fully 
explored. 

HEAT, UNITS OF. See thermal units. 

HEAVISIDE OPERATIONAL CALCULUS. 
The behavior of a vibrating system may be 
analyzed by solving the differential equations 
of the dynamical system. In other words find 
the currents or velocities of the elements which 
when substituted in the differential equations 
will satisfy the initial and final conditions. 
The solution of the differential equation may 
be divided into the steady-state term and the 
transient term. The operational calculus is of 
great value in obtaining the transient response 
of an electrical, mechanical or acoustical sys¬ 
tem to a suddenly impressed voltage, force or 
pressure. The general analysis used by Heavi¬ 
side is applicable to any type of vibrating sys¬ 
tem whether electrical, mechanical or acousti¬ 
cal. The response of a system to a unit force 
can be obtained with the Heaviside calculus. 

Heaviside’s unextended problem is as fol¬ 
lows: given a linear dynamical system of n 
degrees of freedom in a state of equilibrium, 
find its response when a unit force is applied 
at any point. The unit function, 1, depicted 
in the figure, is defined to be a force which is 
zero for t < 0 and unity for t ^ 0. 

>-? 

*T 0 

The unit function. The electromotive force, force, 
torque or pressure is zero before and unity after £ = 0. 

The response of a dynamical system to a 
unit force is called the indicial admittance of 
the system. It is denoted by 4(0• A(t) rep¬ 
resents the current, linear velocity, angular 
velocity, or volume current when a unit elec¬ 
tromotive force, force, torque or pressure is 

suddenly applied in a system which was ini¬ 
tially at rest. 

In the Heaviside calculus the differential 
equations are reduced to an algebraic form by 
replacing the operator d/dt by the operator p 

and the operation J'dt by 1/p. Tables of 

operational formulas have been compiled which 
serve for operational calculus the same purpose 
that tables of integrals serve the integral cal¬ 
culus. Operational formulas may be modified, 
divided or combined by various transformation 
schemes. This is similar to integration by 
parts or change of variable in the integral cal¬ 
culus. 

The procedure in the Direct Heaviside Oper¬ 
ational Method to be followed in obtaining an 
operational solution of an ordinary differential 
equation is as follows: Indicate differentiation 
with respect to the independent variable by 
means of the operator p. Indicate integration 
by means of 1/p. Manipulate p algebraically 
and solve for the dependent variable in terms 
of p. Interpret and evaluate the solution in 
terms of known operators. (See transient re¬ 

sponse of a dynamical system to an arbitrary 

force—Duhamels’ integral.) 

HEAVISIDE UNIT FUNCTION. The func¬ 
tion f{x) defined by j{x) = 0 if x is negative, 
and f(x) =1 if a: is zero or positive. 

HEINE-BOREL THEOREM. If an infinite 
set S of open intervals covers the finite closed 
interval [a,6] in the sense that every point of 
[a,b] is contained in at least one interval of 
S, then there exists a finite subset of S having 
the same property. The theorem is easily gen¬ 
eralized in various ways. 

HEINE FORMULA. An integral representa¬ 
tion for Legendre polynomials: 

Pnm(x) = (n + 1) (n + 2) •••(» + m) (— l)m/2 

X - f [x + \^x2 — 1 cos <p]n cos m<t>d<j>. 
ir J0 

HEISENBERG FORCE. A central force be¬ 
tween two nucleons which is derivable from a 
potential containing an operator which ex¬ 
changes both the spins and the positions of the 
two particles. Nuclear forces are known to 
have exchange properties of this general type. 

HEISENBERG PICTURE. The description 
of the evolution in time of a quantum mechani- 
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cal system by the use of a time-independent 
state vector | '!>//) 

$//) = 0 (a) 

but by time-dependent operators, Fu(t), cor¬ 
responding to the observables of the system. 
The time dependence of Fhif) is given by 

dtF„(t) = l- [HH,FH(t)] (b) 
n 

where Hu is the Hamiltonian of the system. 
The state vector, 1$//), in the Heisenberg 
picture is the same for all time and describes 
the entire history of the system, i.e., the results 
of all possible experiments on the system 
throughout its history. However, if an actual 
experiment is performed on the system, the 
state vector will be changed. Although the 
Heisenberg state vector <fdoes not depend 
on time, it may be specified by the results it 
predicts for some experiments at a given time. 
It can, for example, be specified as that state 
vector which corresponds to the Schrodinger 
picture state vector at time t = 0, i.e., | = 
l'J's(O)). For a closed system, i.e., one for 
which the Hamiltonian Hs in the Schrodinger 
picture is time-independent, there exists a 
unitary transformation 

V(t) = (c) 

which effects the transition from the Schro¬ 
dinger to the Heisenberg picture, with 

\*«) = V(t)\*s(t)) (d) 

FH(t) = V(t)FsV~1(t) (e) 

where it is assumed that the Schrodinger and 
Heisenberg pictures coincide at time t = 0. 
(It is to be noted that for a closed system 
Hs = Hh = H.) The Heisenberg picture is 
the one in which the investigation and expres¬ 
sion of the relativistic invariance of the quan¬ 
tum mechanical equation of motion is usually 
made. The reason for this is principally that 
the Schrodinger picture deals only with experi¬ 
ments which are instantaneous in the inertial 
frame which it uses. Such experiments are 
difficult to express in terms of similar experi¬ 
ments in different inertial systems. Further¬ 
more, in order to define an instantaneous state 
it must be possible to define a complete set of 
commuting observables which correspond to 
compatible experiments at a single instant of 
time. Since it is not at all clear that such a 
set exists for a relativistic (field) system one 

cannot expect that instantaneous states can be 
defined for such systems. For this reason, as 
well as for the reason that relativistic covari¬ 
ance can be simply discussed in terms of 
Heisenberg states, the Heisenberg picture 
plays an important role in the formulation of 
relativistic quantum mechanics. 

HEISENBERG THEORY OF FERROMAG¬ 
NETISM. The exchange interaction (see dis¬ 
cussion of exchange energy) between elec¬ 
trons in neighboring atoms can be shown to 
depend on the relative orientations of the elec¬ 
tronic spins. If it should turn out that parallel 
spins are favored, there is a strong tendency 
for all the spins in the lattice to become 
aligned, the transition to the ordered state cor¬ 
responding to the Curie point. The concept 
of localized spins (e.g., d-electrons in the tran¬ 
sition metals) is confirmed by neutron diffrac¬ 
tion, but the theory is incomplete at the stage 
of calculating the actual magnitude and sign 
of the interaction. 

HEITLER - LONDON - SLATER - PAULING 
METHOD. See valence bond method. 

HEITLER-LONDON THEORY OF VA¬ 
LENCE. Application of the Heitler-London 
method (see hydrogen molecule, Heitler-Lon¬ 
don theory of; valence bond method) to mole¬ 
cules formed from more complicated atoms for 
which, however, the calculations can be carried 
out less rigorously. In the case of molecular 
states of different multiplicities resulting from 
two atoms in S states, Heitler and London 
were able to show that the states with the low¬ 
est total spin S always lie lowest and that the 
others lie in the order of their multiplicities. 
In other words, the greater the number of elec¬ 
tron pairs with antiparallel spins formed from 
the unpaired electrons of the separate atoms, 
the more stable the resulting molecular state 
will be. Within the limits to which this result 
can be generalized the valency of a homopolar 
bond is equal to the number of newly formed 
electron pairs and the valency of an atom 
equal to the number of unpaired electrons. 
The representation of the saturation of a 
homopolar bond as a saturation of electron 
spins by forming antiparallel pairs corresponds 
to the empirical concept of chemical bonding 
by electron pair formation. 

HELE-SHAW CELL. A cell enclosing a thin 
layer of viscous fluid between parallel bound- 
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aries. If the layer is of uniform thickness and 
the viscosity large enough for the inertia forces 
to be negligible (i.e., Stokes flow, with low 
Reynolds number) the drag, which is in the 
opposite direction to the velocity and propor¬ 
tional to it, exactly balances the pressure 
gradient force and so 

v = —k grad p. 

The velocity profile across the layer is para¬ 
bolic and so v is a representative velocity. 
k depends on how v is defined, on the thickness 
of the layer, and on the fluid viscosity. The 
isobars are equipotentials if * is a constant, 
and an analogy can be drawn with any two- 
dimensional problem requiring the solution of 
Laplace’s equation, e.g., in magnetism, electro¬ 
statics, etc. The lines of flow which may be 
revealed by coloring the fluid and having 
glass walls to the cell are analogous with lines 
of force, etc., in problems with similar bound¬ 
aries. Variable permeability, etc., may be 
represented by variable thickness of the cell. 

HELICITY. The scalar product a-p where a 

is a unit vector in the direction of the particle’s 
spin and p is a unit vector in the direction of 
the particle’s momentum. (See polarization.) 

HELIUM GAS. Because of its low atomic 
mass, helium has an appreciable vapor pres¬ 
sure even at low temperatures, its boiling point 
being 4.2°K. Because of this the equation of 

state of helium can only be obtained properly 
if one takes quantum effects into account. 

HELIUM, LIGHT ISOTOPE OF. The most 
abundant helium atoms, He4, are bosons, but 
the Heg atoms are fermions. This has as a 
consequence that liquid He3 does not show 
superfluidity—a property very probably con¬ 
nected with the Bose-Einstein statistics obeyed 
by the He4 atoms. 

HELIUM, LIQUID. Because of its very large 
zero-point energy helium does not solidify 
under its own vapor pressure. At 2.2°K it 
undergoes a phase transition, the lambda tran¬ 

sition. Below the lambda point it exhibits 
superfluidity and its viscosity behaves like 
that of a gas. 

Liquid helium near the absolute zero is a 
quantum-liquid and can be approximately de¬ 
scribed as being a system of phonons and 
rotons. 

HELIX. A curve traced on a cylindrical or 
conical surface in such a way that all ele¬ 
ments of the surface are cut at a constant 
angle. A circular helix lies on a right circu¬ 
lar cylindrical surface. In parametric form, 
its equation is 

x = a cos 9, y = a sin 9, z = b9 

where a, b are constants and 9 is a parameter. 
The thread of a screw is often a circular helix. 

HELMHOLTZ DERIVATIVE (Of a scalar 
U{x,y,z,t) or a vector A(x,y,z,t).) (Also 
called Lorentz derivative.) The Helmholtz 
derivative is defined by the expressions 

dU dU 
— =-b U div v 
dt dt 

and 
dA dA 
— =-b A div v + (A • V)v. 
dt dt 

—— and — are the total or substantial deriva- 
dt dt 
tives with respect to time, v is the instantaneous 
velocity of a material particle, the carrier of the 
scalar property U or the vector property A. If 
S is a moving material surface, then 

d rr rrdU 
- 11 UdS = 11 — dS 
dt dd 8 d d8 dt 

and 
d rr rr dA 
- I A-dS = 11-dS. 
dt d d8 1/J5 dt 

sXA'*-il¥+{(curlA,Xvl. 
jMUdV=fKiir+div(Uy) 

■dr 

dV 

HELMHOLTZ EQUATION (FOR OPTI¬ 

CAL MAGNIFICATION). An equation of 
the form 

nxy{ tan 9y = n2?/2 tan 92, 

expressing the relation between the linear and 
the angular magnification at a spherical re¬ 
fracting interface. y\, y2 are linear dimen¬ 
sions of object and image, 0,, d2 the angles 
made by focal rays and axis at object and 
image points and nu n2 are refractive indices 
of object and image space. Also called 
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Lagrange-Helmholtz equation. (See, how¬ 
ever, the Abbe sine condition.) A spherical 
surface cannot satisfy both these equations for 
finite angles. Hence a spherical surface can 
never make a perfect image. (See Lagrange 
theorem.) 

HELMHOLTZ EQUATION FOR VORTIC¬ 
ITY. An equation which describes the rate 
of change of vorticity w in a homogeneous in¬ 
compressible viscous fluid. 

I)a> 

Dt 

da) 

dt 
+ (v-V) o> 

= (co-V)v -f- pV-’w. 

In the right-hand side the first term represents 
the change in vorticity due to stretching or 
shearing motion in the fluid, and the second 
term the conduction of vorticity by viscosity. 

HELMHOLTZ FLOW. Flow with free 
streamlines or vortex sheets. 

HELMHOLTZ FORMULATION OF HUY¬ 
GENS PRINCIPLE. Solutions of the wave 
equation 

of the form u = ve~lkcl where v is independent 
of t and solutions of (V2 + k2)v = 0 are called 
monochromatic waves. Helmholtz is responsi¬ 
ble for the theorem: 

Suppose d is a solution of (V2 + k2)v = 0 

with first and second partial derivatives con¬ 
tinuous outside and on a closed surface S, and 
such that \rv\ is bounded and 

uniformly with respect to 9 and <j> as r —* °o. 
Let 

where r is the distance from a fixed point P and 
d/dv denotes differentiation along the outward 
normal to S. The value of I(P) is —4irv(P) or 
zero according as P is outside or inside S. 

HELMHOLTZ FREE ENERGY. See Helm¬ 
holtz function. 

HELMHOLTZ FUNCTION. The potential 
given by 

A = U - TS 

where U is the internal energy, T is the tem¬ 
perature, and S is the entropy. Some authors 
call this function free energy (or the work 
function). However, it is preferable to use the 
neutral term Helmholtz function because other 
authors use the term free energy to denote the 
Gibbs function, with resulting confusion. (See 
also thermodynamics, characteristic functions 
of.) 

HELMHOLTZ INSTABILITY. (Also called 
shearing instability.) The hydrodynamic in¬ 
stability arising from a shear, or discontinuity, 
in current speed at the interface between two 
fluids in two-dimensional motion. The pertur¬ 
bation gains kinetic energy at the expense of 
that of the basic currents. 

According to the theory of small perturba¬ 
tions, waves of all wavelengths on such an 
interface are unstable, their rate of growth 
being exp pt with /* given by 

*-x\V- V'\ 
A 

} 

where A is the wavelength and U and U' the 
current speeds of the two fluids. Such waves 
are called Helmholtz waves or shear waves, 
and move with a phase speed c equal to the 
mean of the current speeds 

c = %(U + U'). 

HELMHOLTZ-KETTELER FORMULA. 
The dispersion formula: 

n2 = 1 + 2 
D'\2 

- \2 + G\2 

where D' is a constant, G\2 is the term repre¬ 
senting the frictional force, X is the wavelength 
and the sum is taken over s, the As being the 
resonant wavelengths of the medium. 

HELMHOLTZ-LAGRANGE FORMULA. 
See the Lagrange theorem and Helmholtz’ 
equation (for optical magnification). 

HELMHOLTZ THEOREM. The statement 
that if F is a vector field satisfying certain 
quite general mathematical conditions, then F 
is the sum of two vectors, one of which is irro- 
tational (has no vorticity), the other solenoi- 
dal (has no divergence). 
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HELMHOLTZ WAVES. Unstable waves at 
a discontinuity of velocity in a fluid, i.e., at a 
vortex sheet. In the simplest case the dis¬ 
continuity is horizontal and the density above 
(/>x) is less than below (p2) so that the surface 
is statically stable; then waves of length 
2ir/k given by 

9 
- < 
k 

P1P2 

P2 ~ Pi 
(U1 - U2)2 

are unstable when the amplitude is small, 
where Ui and U2 are the velocities of the upper 
and lower streams, and the streams are deep 
compared with the wavelength. 

Helmholtz waves have been invoked by 
some authors to explain the flapping of flags, 
the ruffling of a water surface by wind, and 
the formation of some forms of billow' clouds. 

HENCKY-PRANDTL NET. Net of orthog¬ 
onal systems of slip lines in plane plastic flow 
of a perfectly plastic material. (See slip line 
for their properties.) 

HENNEBERG METHOD. A method of ana¬ 
lyzing statically determinate complex trusses 
by substituting for one of the bars to arrive 
at a simple truss. This substitute truss first 
is analyzed under the given loads and next 
under the action of equal and opposite forces 
along the bar which was removed. The mag¬ 
nitude and sign of the pair of forces is ad¬ 
justed to make the total force in the substitute 
bar equal to zero. 

HENRY. See electromagnetic units. 

HENRY LAW. See vapor pressure of ideal 

solutions. 

HEREDITARY MATERIAL. See viscoelas¬ 

ticity. 

IIERMANN-MANGUIN SYMBOLS. A no¬ 
tation sometimes used to describe the sym¬ 

metry classes of crystals. Two-, three-, four- 
and six-fold rotation axes are represented by 
the numbers 2, 3, 4 and 6. Three-, four- and 
six-fold inversion axes have symbols 3, 4, 6. 
Asymmetry has the symbol 1. A center of 
symmetry has the symbol 1. A plane of 
symmetry is represented by m (mirror). The 
first number denotes the principal axis. If a 
plane of symmetry is perpendicular to an axis, 
this is represented by n/m (e.g., 2/m, 4/m, 
6/m). Then follow the symbols for the sec¬ 

ondary axes, if any, and then any other sym¬ 
metry planes. 

HERMITE EQUATION. A second-order dif¬ 
ferential equation 

y" - 2xy' + 2ny = 0 

where n is a constant. (See Hermite polyno¬ 
mials.) 

HERMITE INTERPOLATION FORMULA. 
An interpolation formula which makes use of 
the polynomial of degree 2n + 1 with pre¬ 
scribed value and prescribed slope at each of 
the n.+ l abscissae 

*0, X\, ’ > Xn> 

assumed distinct. The polynomial*^ 
n 

H(x) = J2 UiVi(x) + f'{Wi(x)]Li2(x), 
0 

where /, and /', are the prescribed values and 
slopes; where 

Wi(x) = x — xi} 

Vi(x) = 1 — Wi(x)o)"(xi)/u'(x); 

and where the L+z) and <»(x) occur in the 
Lagrange interpolation formula. More gen¬ 
erally, higher derivatives may also be pre¬ 
scribed. 

HERMITE POLYNOMIALS. The class of 
special functions obtained by orthogonalizing 
over the interval [ — 00, go] the sequence of 
powers l,x, x2, •••, wdth the weighting func¬ 
tion w{x) = e~*2. (Sometimes the weighting 
function is taken to be e~x2/2, and notations also 
differ by a factor of ( — l)n or n!.) They satisfy 
the (Hermite) differential equation, 

y"{x) - 2xy' + 2ny = 0, n = 0, 1, 2, • • 

Explicitly they are given by (the normalizing 
factor is 2nnl\/n) 

H0{x) = 1, H\(x) = 2x, 

H2(x) = 4x2 - 2, H3(x) = 8x3 - 12x, 

n(n — 1) 
Hn(x) = (2x)n - — - (2x)*-2 

n(n — 1 )(n — 2)(w — 3) 
+  -- -2! -- (2x)n—4 + 

Their generating function is ex2e (< x)*. They 
satisfy the recursion formula 

Hn+i(x) - 2xHn(x) + 2nHn_i(x) =0, n > 1. 
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Their Rodrigues formula is: 

2 dne~x* 
Hn(x) = (~l)nex 

ax 

They are useful, c.g., in the problem of the 
linear oscillator in quantum mechanics. (For 
a closely associated series much used in sta¬ 
tistics, see Gram-Charlier series.) 

HERMITIAN CONJUGATE. (1) See Hermi¬ 
tian matrix; Hermitian operator; representa¬ 
tion theory, quantum mechanical. 

HERMITIAN MATRIX. A matrix A such 
that A* — A. Its eigenvalues (proper values) 
are all real and it can always be diagonalized. 
In fact, there exists a unitary matrix V such 
that 

A = VAV* 

0„(A) being the required polynomial. How¬ 
ever, if every 0^0 the polynomials ^(A.) 
form a Sturm sequence, possessing all the 
properties required for satisfying the Sturm 
theorem. 

Consequently, for any p, by counting the 
variations in sign of the sequence of values 
</>i(/x) one can ascertain the precise number of 
eigenvalues exceeding and exceeded by p. It 
is therefore advantageous not to expand the 
polynomial <f>(A.) explicitly, but to proceed as 
follows for solving the equation: Having found 
an interval on which one or more roots are 
known to lie, take consecutive midpoints, eval¬ 
uating the terms of the sequence for each by 
means of the recursion. 

If the vectors are required, it will be neces¬ 
sary to form the product R of all the rotations 
applied. Then 

where A is diagonal. The computation of the 
eigenvalues and eigenvectors is much simpler, 
therefore, than in the more general case. 

One of the most successful methods is that 
of Givens, which will be described for the sym¬ 
metric (real) case: Let R23 be a matrix that 
differs from the identity only in the elements 
(2, 2), (3, 3), (2, 3), and (3, 2), and let 

P22 = cos 0 = P33 J P23 = — P32 = sin 0. 

Then R23 is orthogonal, and <£ can be chosen 
so that in 

R23rAR23 

the elements in positions (1,3) and (3, 1) 
vanish. If a matrix R24 is formed analogously, 
the elements in (1, 4) and (4, 1) can be annihi¬ 
lated without disturbing the zeros previously 
created. By continuing this process, the final 
matrix will be tridiagonal in form: 

AR = RT, 

and if t is an eigenvector of T belonging to A: 

then 
Tt = At, 

ARt = RTt = ARt 

so that Rt is an eigenvector of A belonging to 
A. (See also Lanczos method of biorthogonali- 
zation.) 

Another method, often called the Jacobi 
method, for computing eigenvalues is iterative 
in character, and makes use of the fact that the 
matrix A can be transformed to the diagonal 
form A as the limit of an infinite sequence of 
plane rotations. The rotation matrices R,;- are 
of the same form as before, but the angle <t> is 
chosen so that in the matrix 

R,/AR,; 

/«! 01 0 0 

T — ( 01 «2 02 0 

'0 02 C*3 03 

The characteristic polynomial can be obtained 
by means of a very simple recursion: 

0o(M — 1j 

0 i(A) = A — «i, 

02(A) = (A — a2)0i(A) — 0i20o(A), 

03(A) = (A — «3)02(A) — 02“0i(A), 

the elements vanish in the positions {i, j) and 
(;, i). Zeros are not preserved, in general, but 
the sum of the squares of the diagonal ele¬ 
ments is increased by the squares of the anni¬ 
hilated elements at each step. Optimally one 
should, at each step, annihilate the pair of 
largest off-diagonal elements, but to reduce 
the searching one can go through the elements 
above the diagonal in some sequential order, 
annihilating all elements greater than some 
specified magnitude. With successive cycles 
the level should be decreased. In the limit the 
product of all the rotation matrices R„ is the 
matrix V of eigenvectors. This method has 
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been described in detail by von Neumann, 
Goldstine, and Murray. 

HERMITIAN OPERATOR. An operator P, 
operating in a complex Hilbert space, is Her¬ 
mitian if, for all elements u,v in the space, the 
following relation holds for scalar products 
(Pv,u) = (v,Pu). Thus, if (u,v) is defined by 

(u,v) = I u*Pvdx, 
•'a 

where u* is the complex function conjugate to 
u, then P is Hermitian if 

f u*-(Pv)dx = T v-(Pu)*dx. 
v a Ja 

All operators of interest in quantum mechan¬ 
ics have this property. 

where p,p' are the incident heights of a paraxial 
ray at finite aperture in the plane of the en¬ 
trance and exit pupils, respectively, and y,y' 
are the incident heights of the ray in object and 
image spaces, respectively. 

Herschel’s condition and Abbe’s sine condi¬ 
tion cannot simultaneously hold, except for 
telescopic systems or systems with transverse 
magnification ±1. In these cases the two 
conditions are equivalent. 

HERTZ. A unit of frequency equal to one 
cycle per second. 

HERTZ VECTOR. The integration of Max¬ 
well’s equations can be reduced to the deter¬ 
mination of a vector potential A and a scalar 
potential <I> which in a homogeneous medium 
satisfy the wave equations 

HERMITIAN SCALAR PRODUCT. See 
vector space. 

HERMITIAN SPACE. See vector space. 

HERPOLHODE. The curve along which the 
cone traced out by the angular velocity vector 
intersects the invariable plane tangent to the 
momental ellipsoid (see ellipsoid, momental) 
and perpendicular to the angular momentum 
vector, in the case of a rotating rigid body not 
subject to any external torque. (See pol- 
hode.) 

HERSCHEL CONDITION. To obtain 
Abbe’s sine condition the change in aberration 
due to a transverse displacement of the object 
point is investigated and this change is zero 
if the sine condition is satisfied. Similarly, 
Herschel’s condition is sufficient for the van¬ 
ishing of the change in aberration due to a 
longitudinal displacement of the object point. 
The condition for an axially symmetric optical 
system is 

sin sin %6' 

u u' 

where u,u' are the angles from the optical axis 
made by a paraxial ray between the paraxial 
foci 0,0', and 6,6' are the angles with the optical 
axis made by any ray from 0 to O'. If the 
object and image are at infinity, i.e., the system 
is telescopic, the Herschel condition becomes 

V2A - 

V2<t> - 

1 d2A 

?~dP 

1 <324> 

= 0 

= 0 
c2 dt2 

and the Lorentz gauge condition 

1 d4> 
V-A +-= 0. 

C dt 

(Whenever the operator V2 precedes a vector 
quantity it is to be understood that the vector 
is expressed in Cartesian coordinates.) 

Heinrich Hertz has shown that it is possible 
under ordinary conditions to define the electro¬ 
magnetic field in terms of a single vector func¬ 
tion F, viz. 

1 dF 
A =- — 

<? dt 

and 

H = 

<f> = div F 

1 dF 
— curl — ; E = —grad div F 
c2 dt 

d2F 

dP 
= 0. 

1 d2F 

?dP 

F is the Hertz vector. 
If the field is generated by a charge dis¬ 

tribution p = p(£,y,t,t) and a velocity distribu¬ 
tion v = v(£,?7,f,<) and if 
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then 

F (x,y,z,t) =fff dxdydz 
P t—r/c 

where r = y/(x — £)2(y — j?)2(z — f)2 and the 
T . . 

subscript t-signifies that p is to be evaluated 
C / /V* . t — T 

at the retarded time —-— . If the charge is 

concentrated in one point and is oscillating 
about a fixed point in a fixed direction, the 
quantity p represents the dipole moment with 
respect to this fixed point. If the fixed point is 
chosen as the origin of the coordinate system 
(£ = y = f = 0) and the fixed direction as the 
z-axis, then 

Px = Vv = 0 

and 
Vz = pit) 

F = 
p(t - r/c) 
k- 

r 

In this case it is best to use polar coordinates: 

z 

y 

The potentials are given by 

<t> = _ I t + E. 
ler 

cos 9 

Hr = Hg = 0; H g, = 

r > t—r/c 

sin 6 [ p p 
1 + “ 
r crl t_rlc 

Ip P , 
Eg, = 0; Er = 2cos0 — + — 

ICT T J i—xlc 

Eg 
P . 

— sin 0 + 
L rr 

sin 9 
t—r/c 

A dot means partial derivative with respect to 
time. The field in the “near-zone” is given by 

P 
Hg, = —- sin 9 

crl 

2 p p 

Er = — cos 9; Eg = — sin 9. 
r r 

It is understood that unretarded values are 
used in this case. This is the field of a current p 
and a static dipole p. The field in the “far- 
zone” or “wave-zone” is given by 

H r = H g = 0 j Er = 0 j Eg = 0; 

f P 
Hg, = \ — sin 9 

[re* t—r/c 
Eg = i — sin 9 

rcr J t—r/c 

The total radiation per unit time is given by 

2 
t—r/c* 

An accelerated charge emits not only radiation 
but also angular momentum. The amount of 
angular momentum radiated per unit time is 

P X p 
t—r/c 

HERZBERGER DISPERSION FORMULA. 
The dispersion formula for the index of re¬ 
fraction 

n — Mo T" Mi^" + M2(X“ — 0.035) 1 

+ ms(X2 - 0.035) “2 

is due to Herzberger. The m are empirical con¬ 
stants. 

HESSENBERG METHOD. See eigenvalues 
and eigenvectors. 

HESSE NORMAL FORM. Most of the 
standard forms, y — mx + b; Ax + By + 
C = 0, etc., of equation for the straight line in 
analytic geometry suffer from the defect that 
they fail to represent certain lines (y = mx + b 
does not represent a vertical line) or else that 
many different equations (e.g., Ax + By + 
C = 0 and 2Ax + 2By + 2C = 0) represent 
the same straight line. Hesse’s normal form 
is constructed with the purpose that exactly 
one such equation shall correspond to each 
straight line; it is obtained from Ax + By 
+ C = 0 in the following way. By division, 
if necessary, by —1 it is arranged that: if 
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C ^ 0, then C > 0; if C — 0, B X 0, then 
B > 0; if C = B = 0, then A > 0; and the 
equation is then divided by the normalizer 

factor y/(A2 + B2). Hesse’s normal form is 
of considerable practical importance in the 
problem of finding the distance from a point 
to a line. 

HESSIAN. The Hessian of a function F(xi, 
x2, xn) of n variables is the functional 
determinant, 

Fi.i Fi, 2, •••, F\,n 

^2.1 F2,2, •••, F2,n 

Fji, 1 Fn,2, ' ’ *> Fn,n 

where = d2F/dXidXj. It is to be noted that 
the Hessian of F is the Jacobian of the n func¬ 
tions dF/dxi, dF/dx2, • ■ ■, dF/dxn. 

HESS LAW. The heats of reaction may be 
added in the same way as the equations for 
chemical reactions. This fact is of use when 
the heat of a particular reaction is difficult to 
measure experimentally, but the reaction can 
be split into other reactions whose heats are 
more easily determined. 

HETEROPOLAR BOND. (Also called ionic 
bond or electrovalent bond.) The chemical 
bond between two ions of opposite charge, pro¬ 
duced by the classical electrostatic attraction. 
For two pointlike ions of charge «(= 4.8024 X 
10_ 10 esu) at distance r from each other, 
the potential energy, according to Coulomb’s 
law, is 

V 
11.615 

X 104, 
r r 

where the numerical factor gives V in cm-1 

if r is substituted in Angstrom units. As a re¬ 
sult of the finite extent of the actual ions, a 
deviation from the simple Coulomb law takes 
place at small internuclear distances. The de¬ 
viation is always in the sense of a repulsion 
and can be represented by an exponential 
term, so that 

e2 
V --b Be lp, 

r 

where B and p are constants, p is a measure 
of the sum of the radii of the ions under con¬ 
sideration. (For more detail see G. Herzberg, 

Molecular Spectra and Molecular Structure, I, 
Spectra of Diatomic Molecules, 2d ed., D. Van 
Nostrand Co., Inc., Princeton, 1950.) 

HEXAGONAL CLOSE-PACKED STRUC¬ 
TURE. A crystal structure obtained by pack¬ 
ing together equal spheres as follows: A layer 
is made by placing each sphere in contact with 
six others. A second layer is added by placing 
each sphere in contact with three spheres of 
the bottom layer. In the third layer, the 
spheres go directly above those in the first 
layer—and so on. (See also close-packed 
structure.) 

HEXAGONAL SYSTEM. One of the seven 
crystal systems. In this system, three equal 
axes are coplanar at 60°, fourth axis is at right 
angles to the other three. 

HICKS FORMULA. A formula developed 
from the original Rydberg formula for a more 
accurate representation of the observed wave 
numbers vn in atomic line series. Hicks’ for¬ 
mula is: 

R 

a 
« + H-b 2 ~b 3 ”b 

n n n 

where a,b,c, ■ • • are constants. (For the mean¬ 
ing of the other symbols, see Rydberg equa¬ 
tion.) 

HIDDEN COORDINATES. (See derivation 
of Hamilton-Jacobi partial differential equa¬ 
tion.) It may happen that some of the co¬ 
ordinates qxq2 • • • are not explicitly contained 
in the Lagrangian, although the velocities 

(lfl± , (Ifll , ... are so contained. Such coor- 
dt dt 
dinates are called hidden, ignorable or cyclic. 
Their corresponding conjugate momenta are 
constants of motion: Example: the angular 
position of a particle rotating along a circle 
with uniform angular velocity. The angle does 
not occur in the Lagrangian. 

HIGH ELASTICITY. See elasticity, high. 

HIGHER IGNITION LIMIT. See ignition 
limit. 

HIGHEST COMMON FACTOR. The high¬ 
est common factor of two polynomials, PQ and 
Pi, is the polynomial of greatest degree that 
divides both. In case this is a constant, the 
polynomials are said to be relatively prime. 
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It can be found by applying the Euclidean 
algorithm: Supposing the degree of P, not ex¬ 
ceeding that of P0, divide Pi into P0 and let 
— Po represent the remainder; divide P2 into 
Pi with — P3 the remainder; •••; then if 
Pi-7^0, Pf+1 = 0, Pi is the highest common 
factor. This is represented 

Po = QlPx ~ p2, 

Pi = Q2P2 — U3, 

Pi-1 = QiPi- 

HILBERT SPACE. A space which is linear, 
metric and complete. (See under Euclidean 
space, and under complete.) Usually a Hil¬ 
bert space is also taken to be infinite-dimen¬ 
sional; that is, for any integer n there exist n 
linearly independent points (or vectors) in the 
space; and also separable, that is, there exists 
a sequence of points which is everywhere dense 
in the space. The most important realizations 
of a Hilbert space are the set of all sequences 
(xux2, • • xn, • • •) such that (xi2 + x22 4- 
+ xn2 + • • •) is convergent, and the set of 
measurable functions/ integrable in square over 
a fundamental integral; that is, such that 

b 

f2(x)dx is integrable in the sense of Lebesgue. 

HILBERT TRANSFORM. The integral 
transform defined by 

m 
1 

2tt 
1 + cot 

fo - y) 

2 
<t>(y)dy 

4>{y) 
1 

2tt 
1 + cot 

(s ~ yY 
2 . 

f(x)dx. 

(See also integral transform.) 

HINDERED ROTATION AROUND A SIN¬ 
GLE BOND. According to elementary theo¬ 
ries, the o- C —C single bond in ethane, pro¬ 
pane, acetaldehyde, etc., should be axially 
symmetrical. One observes, however, that the 
relative rotation of the two groups around this 
bond is not free, but hindered by a potential 
barrier of the order of 1-3 kcal, which must be 
crossed over whenever the mutual orientation 
of the groups is changed by about 20°. 

HINGE. A support or junction point in a 
structure at which there is no restraint against 
rotation. The bending moment or end mo¬ 
ment is zero at a hinge, but shear and axial 

force generally can be transmitted across a 
hinge. 

HINGED ARCH. See arch. 

HINGE, PLASTIC. When the limit moment 
is reached in a beam of perfectly plastic ma¬ 
terial, rotation can take place under constant 
moment. At such a plastic hinge, no addi¬ 
tional moment is required to produce rotation, 
while at an actual hinge no moment at all is 
needed. (See mechanism; method of analysis 
of frames.) 

HITCHCOCK METHOD. A method for 
finding complex roots of an algebraic equa¬ 
tion. (See Bairstow method.) 

HITCHCOCK TRANSPORTATION PROB¬ 
LEM. See transportation problem. 

H-L-S-P (HEITLER-LONDON-SLATER- 
PAULING) METHOD. See valence bond 
method. 

H-M-H (HUND-MULLIKEN-HOCKEL) 
METHOD. See molecular orbitals method. 

HODOGRAPH. The curve formed by the 
ends of the velocity vectors of a moving par¬ 
ticle, when all the vectors are drawn from a 
common point. 

HODOGRAPH EQUATIONS, TRANSONIC. 
See transonic hodograph equations. 

HODOGRAPH TRANSFORMATION. A 
transformation of the x,y-plane into the 
u,i>-plane where x,y are the independent, and 
u,v the dependent variables in the differen¬ 
tial equations of gas dynamics. In certain 
gases, it transforms the equations into linear 
ones. 

HOFF CONVERGENCE METHOD. The 
stability of a rigid-jointed truss under a given 
set of loads is checked by applying an arbi¬ 
trary moment at any joint and determining 
the end moments everywhere by moment dis¬ 
tribution. Stiffness and carry-over factors are 
computed, taking axial force into account. If 
the moment distribution process converges 
and the answer is unique, the truss is stable. 
Uniqueness can be checked by changing the 
order of balancing of joints. 

HOHLRAUM. See black body. 

HOLDER CONDITION. A function f(x) 
satisfies a Holder condition at a point a if 
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there exist constants c and k such that 
| f{x) — /(a) | < c | (x — a) |fc for all x in some 
neighborhood of a. (Compare Lipschitz con¬ 
dition.) 

HOLDER INEQUALITY. A generalization 
of the Schwarz inequality; thus for real num¬ 
bers, 

I °i&i + • • • +anbn | < {| o,\ |7> + • • • +1 an\v}1 lp 

and for real functions, 

>> i 

f(x)g(x)dx 

with 
1 1 
—1— = 1. 

V Q 

These formulas give the Schwarz inequality 
for the case p = q = 2. 

“HOLE.” In general, a state or energy level 
not occupied by a particle, particularly when 
adjacent levels are filled. The term is applied 
particularly to the case of electrons in a metal, 
or semiconductor, where it is more convenient 
to describe an energy band as containing just 
a few holes, rather than as nearly full of elec¬ 
trons. This usage is reinforced by the circum¬ 
stance that the electrons in such states, near 
the top of a band, have anomalous properties, 
such as negative effective mass, whereas the 
holes, representing the absence of such anoma¬ 
lous electrons, are mobile, and behave other¬ 
wise as if they were normal particles (al¬ 
though, of course, of opposite electric charge). 

For the application of the term in particle 
theory, see entry following. 

HOLE THEORY. The theory proposed by 
Dirac in 1930 to resolve the difficulty asso¬ 
ciated with the negative energy solutions of 
the Dirac equation. The latter admits both 
positive and negative energy solutions. The 
meaning of a negative energy particle is, how¬ 
ever, not clear. A negative energy particle if 
it existed, would have a negative rest mass, 
and it would be accelerated in a direction op¬ 
posite to that of the external force. No such 
particles are known to exist in nature. In the 
presence of an external field the Dirac equa¬ 

tion predicts a finite probability for a transi¬ 
tion from a positive energy state to a negative 
energy one. Furthermore, in order to guar¬ 
antee energy conservation, such transitions 
(from a positive to a negative energy state) 
would be to have to release an amount of 
energy of the order of 2me2, where rn is the 
mass of the particle. Such transitions are 
never observed. To resolve this difficulty 
Dirac advanced the hole theory in which he 
assumed that all the negative energy states are 
occupied with one particle in each state in 
accordance with the Pauli exclusion principle. 
If this is so, the exclusion principle also makes 
it impossible for positive energy particles to 
make transitions to negative energy states 
(since they are all occupied), unless they are 
first emptied by some means. Such an unoc¬ 
cupied negative energy state will now appear 
as something with positive energy, since to 
make it disappear, i.e., to fill the unoccupied 
state up, we would have to add to it a negative 
energy particle. Similarly, the charge of the 
“hole” (i.e., of the unoccupied negative energy 
state) would be opposite of that of the positive 
energy particle. 

In his original formulation, which identified 
the electron as the positive energy particle, 
Dirac envisaged an electron distribution of 
negative density everywhere in the world, 
with a perfect vacuum having all states of 
negative energy occupied, and all states of 
positive energy unoccupied. One difficulty en¬ 
countered with this assumption involves the 
enormous charge density contributed by the 
negative energy states. In the modem version 
of the theory, as developed by Heisenberg, 
Kramers and others, this difficulty is overcome 
and there exists a complete symmetry between 
particles and anti-particles (“hole”). 

Dirac’s hole theory predicts the possibility 
of “pair creation” (i.e., the simultaneous crea¬ 
tion of a particle anti-particle pair) if enough 
energy is supplied by a y-ray (or otherwise) 
to lift an electron from a negative energy state 
to a positive energy state, i.e., if the energy 
of the y-ray is greater than 2me2. The hole 
theory, in fact, predicts electromagnetic effects 
even if the energy is less than 2me2 because 
the electromagnetic field will cause redis¬ 
tribution of charge and thus give rise to a 
“polarization of the vacuum.” 

The correctness of the hole theoretic inter¬ 
pretation of the spin % Dirac equation as 
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applied to electrons, neutrinos, ^-mesons, pro¬ 
tons, neutrons, A and 2 particles has been 
established experimentally by the verifica¬ 
tion of the existence of positrons (the anti- 
particle in the case of electrons), anti-neu¬ 
trons, /ji-particles, anti-protons, anti-neutrons, 
anti-A and anti-2 particles. The existence 
of electronic vacuum polarization effects has 
also been established experimentally, particu¬ 
larly through a contribution to the Lamb shift, 
by the fine structure of the positronium ground 
state and by the level shifts of mesic atoms. 

HOLLOW BOX. See black body. 

HOLOMORPHIC FUNCTION. A function 
is said to be holomorphic (or regular) in a 
region 8 of the complex plane if it has a de¬ 
rivative at every point of S. 

IIOLONOMIC MOTION. Motion is holo- 
nomic when the differential equations of con¬ 
straint are integrable, non-holonomic if they 
are not. 

HOLTE METHOD. In the theory of the 
slowing down of neutrons at large distances 
from a source, this method is the most power¬ 
ful and general of the analytical methods. It 
is based upon analytical continuation in the 
plane of the energy-transform variable, and 
unlike the methods of Bethe and of Wick may 
be extended to the case of a medium having 
energy-dependent cross sections. 

IIOMEOMORPHIC GRAPHS. See graphs, 
homeomorphic. 

HOMOCENTRIC. A pencil of rays is homo¬ 
centric or stigmatic if the rays are concurrent 
in a point other than the object point. 

HOMOGENEOUS. A function f(xlt x2, • • •, 
x„) is homogeneous in all of its variables if, 
for any parameter t, f(txi, fx2, ••*, tx„) = 
t"f{xi, i2, x„). The exponent n is the 
order of the function. The Euler theorem on 
homogeneous functions states that for such a 
function 

df df 
Xi-1-b z„- = nf. 

dii dxn 

The term is used with two meanings for a 
differential equation: (1) A first-order equation, 
y' = M{x,y)/N(x,y) is a homogeneous equa¬ 
tion if M, N are homogeneous functions of 
the same degree. (2) The general equation, 

/(z,y,?/',?/",• • ■) = 0 is homogeneous and linear 
if / is a homogeneous linear function of y and 
all its derivatives. If the right-hand side equals 
a function of x, the independent variable, it is 
still linear but now inhomogeneous. 

An integral equation, a boundary condition, 
or a system of simultaneous linear algebraic 
equations can also be homogeneous or inhomo¬ 
geneous in a similar way. 

HOMOGENEOUS AFFINE TRANSFORMA¬ 
TION. See affine transformation. 

HOMOGENEOUS DEFORMATION. A de¬ 
formation in which a particle initially at Ar< 
in a rectangular Cartesian reference system x 
moves to x, in the same system, where 

Xi = hi + dijXj 

where bi and a.y are constants and the indicial 
notation and summation convention are used. 

HOMOGENEOUS FUNCTIONS IN THER¬ 
MODYNAMICS. See Euler theorem. 

HOMOGENEOUS LORENTZ TRANSFOR¬ 
MATION. The linear transformation which 
relates the space-time coordinates xM = (a*0 = 
ct, x1, x2, x3 j of an event as seen by an ob¬ 
server <S to the space-time coordinates x'M of 
the same event as seen by an observer S'. The 
most general homogeneous Lorentz transforma¬ 
tion is the linear transformation 

3 

I'^EAV (a) 
»=o 

(where xM = {x° = ct, x1, x2, x3}) which leaves 
the quadratic form 

z2 = H z% = (z0)2 ~ x2 
n=*o 

= (z0)2 - (z1)2 - (z2)2 - (x3)2 (b) 

invariant, i.e., for which x2 = x'2. The re¬ 
quirement that x'2 = x2 is the mathematical 
statement of the fact that light propagates with 
the same speed, c, with respect to both 0 and O'. 
In (a) the transformation coefficients A/ are 
all real. The condition that the quadratic form 
x2 be invariant requires that 

3 

= gvo (c) 
M'P=0 

or in matrix form 

(d) ArgA = g 
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where gis the metric tensor with com¬ 
ponents 

goo = ~g 11 = ~g22 — — ^33 = +1 

g»v = 0 for n ^ v. (e) 

It follows from Equation (d) that det A = ±1 
and therefore for every homogeneous Lorentz 
transformation there exists an inverse trans¬ 
formation A-1 such that A-1 A = 1, the iden¬ 
tity transformation corresponding to S = S'. 
The product of two homogeneous Lorentz trans¬ 
formations is again a homogeneous Lorentz 
transformation so that the set of all homoge¬ 
neous Lorentz transformations form a group: 
the homogeneous Lorentz group. 

By setting a = v — 0 in Equation (c) one 
obtains 

(A00)2 = 1 + D (A0*)2 
i=1 

> l 

so that A0° > 1 or A0° < — 1. A Lorentz trans¬ 
formation for which A0° > 1 is called an ortho- 

chronous homogeneous Lorentz transfor¬ 

mation. 
The set of all A can be divided into four sub¬ 

sets according to whether det A equals plus or 
minus one and Ao° is greater than +1 or less 
than —1. The subset with det A = +1 and 
A0° > 1 is called the group of restricted homo¬ 
geneous Lorentz transformations and is a 6- 
parameter continuous group. The other sub¬ 
sets can be obtained by adjoining to the re¬ 
stricted homogeneous Lorentz group the fol¬ 
lowing three (discrete) transformations: 

(a) Space Inversion: x0 —* x'o = x0; 
= —x 

A (is) 

det A (i8) -1 A0°>1 

(b) Time Inversion: x0 —* x'o — — xo\ x 
= X 

/-1 

A (it) = 

\ 

\ 

J 
det A (it) = — 1 Ao° < — 1 

(c) Space-Time Inversion: x' — — x 

A iist) A (i's) A (q) 

r1 \ 
-i 

-i 

\ -1/ 

det A(i3l) = -(-1 Aq° = —1 

These subsets are disjoints and are not con¬ 
tinuously connected. 

HOMOGENEOUS PROCESS. A stochastic 
process {x{t)} is homogeneous in t if the prob¬ 
ability of transition from state x{t\) to x{t2) 
depends only on the difference t2 — h. 

HOMOGRAPHIC TRANSFORMATION. A 
homographic (also called linear or linear frac¬ 
tional) transformation of a complex variable 
z is a transformation of the form 

02 + 6 
w =- 

cz + d 

with constants a, b, c, d such that ad — be =£ 0. 
Any three points a, /?, y may be transformed 
by a (uniquely determined) homographic 
transformation into any three others a, fj', y . 
(See also homogeneous Lorentz transforma¬ 
tion.) 

HOMOMETRIC PAIRS. Two crystal struc¬ 
tures having the same X-ray diffraction pat¬ 
tern. This is possible because, basically, a 
diffraction pattern depends only on the rela¬ 
tive vector distances between the atoms in 
the lattice, not on their absolute positions in 
space. 

HOMOMORPHISM. A mapping of a group 
G onto a group G' such that products are 
mapped onto products, i.e., such that, if a —> a' 
and b —> b't then ab —» a'b'. If the mapping is 
one-to-one it is called an isomorphism. A 
homomorphism (isomorphism) of a group 
into itself is called an endomorphism (auto¬ 
morphism) . 

HOMOPOLAR BOND. See atomic bond. 

IIOMOTOPIC. See deformation. 

HOOKE’S LAW. The concept of the propor¬ 
tionality of stress to strain as a suitable de¬ 
scription of the behavior of most materials in 
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the elastic range. (See Hooke’s law, general¬ 
ized; elastic constants.) 

HOOKE’S LAW, GENERALIZED. Each of 
the six components of stress at a point of a 
body is a linear function of the six components 
of (infinitesimal) strain at that point. The 
law is valid for a large number of hard ma¬ 
terials over a range of strain of practical in¬ 
terest. For isotropic materials the law takes 
the following form in a rectangular Cartesian 
coordinate system: 

Gij = %IX6ij “h Xe^fcSjj, 

where <ry and ey are the components of stress 
and strain respectively in the system, 8y is the 
Kronecker delta and the summation conven¬ 
tion is used. A and p. are then physical con¬ 
stants for the particular material to which the 
equation applies and are called the Lame con¬ 
stants. ju is also known as the rigidity modu¬ 
lus, rigidity, or sheer 7tiodulus for the material. 

HOOP STRESS. See stress, circumferential. 

HORIZONTAL SHEAR. See shear, hori¬ 
zontal. 

HORN EQUATION, FUNDAMENTAL. A 
horn is a passive acoustical transducer con¬ 
sisting of a tube of varying sectional area. 
The fundamental wave equation for axial mo¬ 
tion in tube of varying section is 

.. „ d<f> d 
<t> ~ c — — (log S) 

dx dx 

d 2<t> 

dx2 
= 0 

where <f> is the velocity potential, c is the 
velocity of sound, in centimeters per second, 
S is the cross-sectional area at a point x along 
the axis, in square centimeters, and x is the 
distance along the axis of the horn, in centi¬ 
meters. 

HORNER METHOD (FOR ORTAINING 
IRRATIONAL ROOTS OF AN ALGEBRAIC 
EQUATION). Given that a particular root 
is located between consecutive integers n0 and 
n<> -f 1, reduce the roots by n0. Then locate 
the root between consecutive tenths, say ni/10 
and (n-i + 1)/10, 0 ^ rii ^ 9, and reduce by 
ni/10. By continuing, the root can be deter¬ 
mined as 

% + nilO 1 -f- n2l0 

to as many decimals as desired (see synthetic 
division). For hand computation the method 

is not to be recommended, but with a binary 
machine the method takes the form of succes¬ 
sive bisection of an interval on which a root 
is known to lie, in order to obtain successive 
binary digits, and the method is often very 
effective. (See algebraic equations.) 

HORN, FINITE CONICAL. The acoustical 
impedance at the throat of a finite conical 
horn may be obtained in a manner similar to 
the procedure for the finite cylindrical horn 
in the following entry by employing the 
equations for the pressure and velocity in an 
infinite conical horn and applying the proper 
boundary conditions. The expression for the 
acoustical impedance, zAX, at the throat in 
terms of the dimensions of the horn and the 
acoustical impedance, zA2, at the mouth is 

sin k(l — d2) pc 
jzA2-;—;-b — sin kl 

sm k02 S2 

sin k(l + 0i — d2) 
Zaz-—-—- 

sm kd i sin kd2 

jpc sin k(l + 0X) 

S2 sin kdi 

(1) 

where zA i is acoustical impedance at the 
throat, in acoustical ohms, Si is the area of the 
throat, in square centimeters, S2 is the area of 
the mouth, in square centimeters, l is the length 
of the horn, in centimeters, k6j is tan-1 kxx, 
kd2 is tan-1 kx2, xA is the distance from the 
apex to the throat, in centimeters, x2 is the 
distance from the apex to the mouth, in 
centimeters, k is 27r/A, X is the wavelength, in 
centimeters, c is the velocity of sound, in 
centimeters per second, p is the density of air 
in grams per cubic centimeter, zA2 is the 
acoustical impedance at the mouth, in acoustical 
ohms. 

The acoustical impedance at the mouth of 
the horn is usually assumed to be the same as 
that of a piston in an infinite baffle. In this 
case the mouth acoustical impedance, zA2, is 
given by Equation 5 of mechanical and 
acoustical impedance load upon a vibrating 
piston. 

HORN, FINITE CYLINDRICAL. The 
acoustical impedance at the throat of the 
finite cylindrical horn is 

za i = 

Pi_ 

U, 
(1) 
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where zai is the acoustical impedance, in 
acoustical ohms, p j is the pressure at the 
throat, in dynes per square centimeter, and 
Ui is the volume current, in cubic centimeters 
per second. 

The acoustical impedance, at the mouth of a 
cylindrical horn is 

V2 
*A2 = — (2) 

U2 

where za2 is the acoustical impedance, in 
acoustical ohms, p2 is the pressure at the 
mouth, in dynes per square centimeter, and 
U2 is the volume current, in cubic centimeters 
per second. 

From Equations 4 and 5 of horn, infinite 

cylindrical the expressions for the pressures 
and volume currents at the throat and mouth 
are given by 

At x — 0, Pi = kcpAt?kct (3) 

Ui = SikAejkct (4) 

At x = l, p2 = kcpAtjk^et~l) (5) 

U2 = SikAeMct~l\ (6) 

From Equations 1, 2, 3, 4, 5 and 6 the ex¬ 
pression for the acoustical impedance, za 1, at 
the throat in terms of the length and cross- 
sectional area of the horn and the acoustical 
impedance, za2, at the mouth is 

pc /S1ZA2 cos (kl) + jpc sin (kl)\ 

A1 Si \jSiZA2 sin (kl) + pc cos (kl)) ^ 

where p is the density of the medium, in grams 
per cubic centimeter, k is 2ir/\, X is the wave¬ 
length, in centimeters, c is the velocity of 
sound, in centimeters per second, Si is the 
cross-sectional area of the pipe, in square centi¬ 
meters, l is the length of the pipe, in centi¬ 
meters, and za2 is the acoustical impedance at 
the mouth, in acoustical ohms. 

The acoustical impedance at the mouth of 
the horn is usually assumed to be the same as 
that of a piston in an infinite baffle. In this 
case the mouth acoustical impedance, zA2, is 
given by Equation 5 of mechanical and acous¬ 

tical impedance load upon a vibrating piston. 

HORN, FINITE EXPONENTIAL. The 
acoustical impedance at the throat of a finite 
exponential horn may be obtained in a manner 
similar to the procedure for the finite cylin¬ 
drical horn in the preceding entry by em¬ 
ploying the equations for the pressure and 

velocity in an infinite exponential horn and 
applying the proper boundary conditions. The 
expression for the acoustical impedance, zA 1, 
at the throat in terms of the length and flare 
constant of the horn and the acoustical im¬ 
pedance, zA2, at the mouth is 

S2za2 [cos (bl + 0)] + jpc [sin (bl)]' 

jS2ZA2 [sin (bl)] -f pc [cos (bl — 0)]. 

(1) 

where za 1 is the acoustical impedance at throat, 
in acoustical ohms, Sx is the area of the throat, 
in square centimeters, S2 is the area of the 
mouth, in square centimeters, l is the length of 
the horn, in centimeters, ZA2 is the acoustical 
impedance of the mouth, in acoustical ohms, 
6 is tan-1 a/6, a is m/2, and 6 is %\/4k2 — m2. 

For 6 = 0, Equation 1 is indeterminate. To 
evaluate, take the derivative of the numerator 
and denominator with respect to 6 and set 6 = 
0. Then the expression for the throat acoustical 
impedance becomes 

Below the frequency range corresponding to 
61 = 0, 61 is imaginary. For evaluating this 
portion of the frequency range the following 
relations are useful: 

tan-1 jA = j tanh-1 A 

= i?'[log« (1 + A) - loge (1 - A)] 

(3) 
log« (- 1) = ± jir (2K + 1), 

K = any integer (4) 

cos (A ± jB) = cos A cosh B T j sin A sinh B 

(5) 

sin jA = j sinh A (6) 

The acoustical impedance at the mouth of 
the horn is usually assumed to be the same as 
that of a piston in an infinite baffle. In this 
case the mouth acoustical impedance, zA2, is 
given by Equation 5 of mechanical and acous¬ 

tical impedance load upon a vibrating piston. 

HORN, INFINITE CONICAL. The equation 
expressing the cross-sectional area as a func¬ 
tion of the distance along the axis is 
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s = >v2 (I) 

where S is the cross-sectional area at x, in 
square centimeters, x is the distance along the 
horn axis, in centimeters, and Si is the cross- 
sectional area at X\, in square centimeters. 

The general horn equation for the conical 
horn from Equation 1 and the fundamental horn 
equation (sec horn equation, fundumcn tal) 
is 

2c2 d& „ d’j 
i-- - c2 -£ = o. 

X dx dx 
(2) 

The velocity potential, pressure, and volume 
current are 

<t> = — 
x 

V = jupA kx) 

u = — 
AS(1 + jkx)^ul~kx) 

(3) 

(4) 

(5) 

where 0 is the velocity potential, A is the 
amplitude of 0, p is the sound pressure, in dynes 
per square centimeter, U is the volume current, 
in cubic centimeters per second, p is the density 
of the medium, in grams per cubic centimeter, 
co is 2-n-f, f is the frequency, in cycles per second, 
I is the time, in seconds, k is 2ir/X, X is the wave¬ 
length, in centimeters, c is the velocity of 
sound, in centimeters per second. 

The real and imaginary components of the 
acoustical impedance, in acoustical ohms, at 
the throat are 

pc k2x \ 

^r+ kw (6) 

pc kx\ 

S\ 1 -(- k2x2 
(7) 

where ta is the acoustical resistance, in acous¬ 
tical ohms, xa is the acoustical reactance, in 
acoustical ohms, Si is the area at x\, in square 
centimeters, Xi is the distance of throat from 
x = 0, in centimeters. 

HORN, INFINITE CYLINDRICAL (IN¬ 
FINITE PIPE). The equation expressing the 
cross-sectional area as a function of the dis¬ 
tance along the axis is 

S = Si (1) 

where Si is the cross section of the pipe, in 
square centimeters. 

The general horn equation for the infinite 
pipe from Equation 1 and the fundamental horn 
equation is 

0-c2— = °. (2) 
dx 

The velocity potential, pressure, and volume 
current are 

0 = Atm et~x) (3) 

p = (4) 

U = S,L4ey*(ct-x) (5) 

where 0 is the velocity potential, A is the 
amplitude of 0, x is the distance along the axis, 
in centimeters, p is the sound pressure, in dynes 
per square centimeter, U is the volume cur¬ 
rent, in cubic centimeters per second, t is time, 
in seconds, k is 2ir/\, X is the wavelength, in 
centimeters, p is the density of the medium, in 
grams per cubic centimeter and c is the velocity 
of sound, in centimeters per second. 

The real and imaginary components of the 
acoustical impedance at the throat or input end 
of the pipe are 

pc 
(6) 

«i 

xA= 0 (7) 

where r\ is the acoustical resistance, in acous¬ 
tical ohms, and xa is acoustical reactance, in 
acoustical ohms. 

HORN, INFINITE EXPONENTIAL. The 
equation expressing the cross-sectional area as 
a function of the distance along the axis 

S = Sje”11 (1) 

where S is the cross-sectional area at x, in 
square centimeters, x is the distance along the 
axis, in centimeters, Si is the cross-sectional 
area at the throat, that is, x = 0, in square 
centimeters, and m is the Haring constant. 

The general horn equation for the exponen¬ 
tial horn from Equation 1 and the fundamental 
horn equation is 

„ dd> „ d2<b 
0 — c2m-c2 —- = 0. (2) 

dx dx2 

The velocity potential, pressure, and volume 
current are 

0 = *-<■»/2>* 
\ -ik1 — m5 

jut 
(3) 
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V = - j«p«“(m/2)x 
—3~ .\/4Jfes — m- 

Jut 
(4) 

U = - AS 
m y/4k2 — m2 

2+j 2 

[. m , . 

2Z~J-2- ] (5) 

where <£ is the velocity potential, A is the am¬ 
plitude of <t>, p is the sound pressure, in dynes 
per square centimeter, U is the volume current, 
in cubic centimeters per second, « is 2irf, f is 
the frequency, in cycles per second, t is the 
time, in seconds, k is 2ir/X, X is the wave¬ 
length, in centimeters, c is the velocity of 
sound in centimeters per second and p is the 
density of the medium, in grams per cubic 
centimeter. 

The real and imaginary components of the 
acoustical impedance, in acoustical ohms, at 
the throat are 

pc I m2 
(6) rx = — J1 — 

-Si \ 4 k2 

pc m 
xA =- 

St 2k 
(7) 

where ta is the acoustical resistance, in acous¬ 
tical ohms and xa is the acoustical reactance, in 
acoustical ohms. 

When m = 2k or 4irf = me the acoustical re¬ 
sistance is zero. This is termed the cutoff fre¬ 
quency of the exponential horn. 

Below the cutoff frequency the acoustical im¬ 
pedance is entirely reactive and 

HORN, INFINITE PARABOLIC. The equa¬ 
tion expressing the cross-sectional area as a 
function of the distance along the axis is 

S = (1) 

where S is the cross-sectional area at x, in 
square centimeters, x is the distance along the 
horn axis, in centimeters and Si is the cross- 
sectional area at xi, in square centimeters. 

The general horn equation for the parabolic 
horn from Equation 1 and the fundamental 
horn equation (see horn equation, funda¬ 

mental) is 
C2 d<t> 

<p-C 

x dx 

2 
d2<fi 

dx2 
= 0- (2) 

The velocity potential, pressure, and volume 
current are 

<t> = A[J0(kx) - jY0(kx)Wut (3) 

p = -jupA[J0(kx) — jY0(kx)]eiut (4) 

U = ASk[-J'0(kx) + jY'0(kx)]ejut (5) 

where <t> is the velocity potential, A is the am¬ 
plitude of <f), p is the sound pressure, in dynes 
per square centimeter, U is the volume current, 
in cubic centimeters per second, u is 2irf, f is 
the frequency, in cycles per second, t is the 
time, in seconds, k is 27t/X, X is the wavelength, 
in centimeters, J0, Ji are Bessel functions of 
the first kind of order zero and one, and Yo, Yi 
are Bessel functions of the second kind of order 
zero and one. 

The real and imaginary components of the 
acoustical impedance, in acoustical ohms, at 
the throat are 

pc 2 

s[ irkxl[Ji2{kxl) + F^C/cxx)] 
(6) 

_ pc Jp(kxi)Ji(kxi) + Y0{kxi)Yi(kxi) 

XA ~S~i Ji2(kx!) + Y12(kxl) 

where va is the acoustical resistance, in acous¬ 
tical ohms, and xa is the acoustical reactance, 
in acoustical ohms, p is the density of the 
medium, in grams per cubic centimeter, c is the 
velocity of sound, in centimeters, Si is the area 
at Xi, in square centimeters, Xi is the distance 
of the throat from x = 0, in centimeters, k is 
27t/X, and X is the wavelength, in centimeters. 

HOROPTER. (1) A horopter, or frontal 
horopter, is a geodesic in the Luneburg geom¬ 
etry of visual space that is apparently perpen¬ 
dicular to the median. 

(2) The horopter of single vision is defined 
for a given point of fixation and attitude of 
the eyes as the set of points in the binocular 
field of view whose retinal images lie on corre¬ 
sponding points of curves on the two retinas. 

HOSPITAL RULE. See under L’Hospital. 

HOTELLING’S T. A generalization to the 
multivariate case by H. Hotelling (1931) of 
the statistic t known as “Student’s distribu¬ 
tion.” It tests simultaneously a set of means 
of variates which may be interdependent. 

HOUR ANGLE (LHA) (SHA). The hour 
angle of a celestial object {LHA) is the angle 
measured along the celestial equator from the 
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observer’s celestial meridian to the point of 
intersection of the hour circle through the ob¬ 
ject with the celestial equator. Hour angle is 
usually measured to the west (in the direction 
of apparent rotation of the celestial sphere) 
from the local meridian to the hour circle 
through the object. If the hour angle is 
measured toward the east it must be carefully 
labeled. 

Sidereal hour angle (SIIA) is the hour angle 
of a celestial object measured from the vernal 
equinox toward the west. 

HOUR CIRCLE. Any great circle on the 
celestial sphere that passes through the poles 
of rotation is perpendicular to the celestial 
equator and is known as an hour circle. 

H THEOREM. The II function has been in¬ 
troduced by Boltzmann: 

H = Jf log fdv 

where / is the molecular distribution function, 
and v the velocity. For uniform systems (/ in¬ 
dependent of the position) and in the absence 
of external forces, it can be shown from the 
Boltzmann equation that: 

dH 

dt 

~ - X) fffln ~r~ (f'tf'j ~ fifj)gijbdbdvid\j 
Z ijJJJ jijj 

where g(j is the relative velocity and b the 
impact parameter. 

Whether f'tf'j be larger or smaller than f,fj, 
each term of the sum on the right hand side of 
(1) is always positive or 0. Therefore, one has 
the fundamental relationship: 

dH 
— <0. 
dt 

The irreversible behavior of II can be par¬ 
alleled with that of the entropy. The demon¬ 
stration of the II theorem was the first "proof” 
of irreversible behavior from microscopic ar¬ 
guments, but the demonstration rested on the 
validity of the Boltzmann equation, which, at 
the time, was based on intuitive probabilistic 
arguments. 

HUBBLE CONSTANT. The reciprocal of T 
in the equation d = vT, where v is the velocity 

of recession of a galaxy which is at a distance d. 
T = 8 X 109 years is sometimes called the age 
of the universe, although there is no evidence 
that the term should be taken literally. 

HUME-ROTHERY RULES. (See crystal 
phases.) The ratio of the number of valence 
electrons to the total number of atoms in an 
alloy is characteristic of a given crystal phase. 
Thus CuZn, AgCd, Cu3A1, are all in the 
/1-phase with ratio 3:2, while Cur,Zn8, Cu9A14, 
are in the y-phase with ratio 21:13. 

HUMIDITY. (1) Absolute. The mass of 
water vapor present in unit volume of gas, 
usually expressed in grams of water vapor per 
cubic meter. (2) Mixing ratio. The ratio of 
the mass of water vapor to the mass of other 
gas in a mixture, expressed in meteorology in 
grams of water vapor per kilogram of dry air. 
(3) Relative. The percentage of the satura¬ 
tion mixing ratio of water vapor actually pres¬ 
ent in a gas mixture. 

HUND COUPLING CASES. A set of rela¬ 
tively simple coupling cases proposed by F. 
Hund, representing limiting cases of the vari¬ 
ous possible coupling conditions in diatomic 
and linear polyatomic molecules (see also 
coupling in atomic and molecular structure). 

Of most practical importance are Hund’s 
cases (a) and (b). In case (a) the resultant 
electronic angular momentum L and the re¬ 
sultant electron spin S are strongly coupled to 
the internuclear axis with components A and 
2 respectively, so that the total electronic 
angular momentum in the direction of the in¬ 
ternuclear axis fl = A + 2 is well defined. In 
case (b) the vector L has a well-defined com¬ 
ponent A in the direction of the internuclear 
axis. However S is no longer coupled to the 
internuclear axis, but to the resultant N of A 
and the molecular rotation. (For more detail 
see G. Herzberg, Molecular Spectra and Molec¬ 
ular Structure, I. Spectra of Diatomic Molecules. 
2d ed., D. Van Nostrand Co., Inc., Princeton, 
1950, p. 219 ff.) 

HUND-MULLIKEN-IIUCKEL METHOD. 
See molecular orbitals method. 

HUND RULES FOR ATOMIC MULTI¬ 
PLETS. (1) Of the atomic terms resulting 
from equivalent electrons, those with greatest 
multiplicity 2S + 1 (S, quantum number of 
resultant electron spin) lie lowest, and of these 
the lowest is the one with the highest value of 
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L (L, quantum number of resultant orbital 
electronic angular momentum). 

(2) Multiplets formed from equivalent elec¬ 
trons are regular when less than half the shell 
is occupied, but inverted when more than half 
the shell is occupied. (See electron shells in 
an atom.) 

HURWITZ CRITERION. See stability (of 
system). 

HURWITZ POLYNOMIAL. A polynomial 
of order n in some variable s having real co¬ 
efficients, 

n 

H(s) = Z arsr 
r= 0 

is known as a Hurwitz polynomial if the n roots 
of the equation 

H(s) = 0 

all have negative real parts. The constraints 
on the coefficients required for this to be true 
are discussed under stability, algebraic criteria. 

An interesting property of Hurwitz poly¬ 
nomials is that the component polynomials 
consisting of the odd and even terms in H(s), 
namely, 

Hi(s) = a0 + a2s2 + a4s4 -|- 

and 

H2(s) = s(ai + a3s2 + a5s4 -1-) 

have zeros which all lie on the imaginary axis of 
s, the zeros of Hx and H2 interlacing. 

HUYGENS’ PENDULUM. See tantochrone. 

HUYGENS’ PRINCIPLE. Hadamard has 
analyzed Huygens’ principle in the syllogism: 

(Major premise.) To determine the effect 
at time ti of a luminous phenomenon caused 
by a given disturbance at time t0 < t1 we may 
find the state at time t1, t0 < t1 < tx, and 
from that deduce the state at tx. 

(Minor premise.) If during t0 — e fi t t0 
a luminous disturbance is localized in the im¬ 
mediate neighborhood of a point 0, the effect 
at the subsequent time tl is localized in a very 
thin spherical shell with center 0 and radius 
c(tl — t0), where c is the velocity of light. 

(Conclusion.) The effect at time tx due to a 
luminous disturbance localized at 0 at time t0 
is determined when the initial disturbance is 
replaced by a suitable system of luminous dis¬ 
turbances taking place at time tl, t0 < t1 < tx, 

and distributed over the surface of the sphere 
with center 0 and radius c(tl — t0). 

Huygens’ principle gives a satisfactory ac¬ 
count of the laws of reflection and of refraction 
but is not sufficient for the explanation of dif¬ 
fraction phenomena though it provides a good 
approximation in some cases. Fresnel ex¬ 
tended Huygens’ principle, by adjoining as¬ 
sumptions concerning the amplitude of the sec¬ 
ondary disturbances, and thereby explained 
some diffraction phenomena. Helmholtz, for 
monochromatic wave functions, and Ivirchhoff 
in the general case, showed that these special 
assumptions were satisfied by all sufficiently 
well-behaved solutions of the wave equation. 
(See Helmholtz formulation of Huygens’ prin¬ 

ciple and Kirchhoff’s formulation of Huygens’ 
principle.) 

HUYGENS’ WAVELETS. The secondary dis¬ 
turbances in Huygens’ principle are referred 
to as Huygens’ wavelets. If V (x,y,z,u,v) is 
Hamilton’s point characteristic, where u,v are 
curvilinear coordinates on the surface of a 
primary disturbance, then Huygens’ wavelets 
are given by 

V(x,y,z,a,b) = ct 

where c is the velocity of light and t is time. 
If the wave fronts of the primary disturbance 

are 
<t>(x,y,z) - ct = 0 

then 

<f>x“ + <t>y2 + <t>z2 = n2 

but V (x,y,z,u,v) is also an integral of this 
differential equation, depending on two param¬ 
eters, and it follows that the envelope of the 
wavelets also is a solution of this equation. 
That is, both the wavelets and their envelope 
are wave fronts. 

HUYGENS’ ZONE. See half-period element. 

HYBRIDIZATION OF EIGENFUNCTIONS. 
Strictly speaking, this term means any linear 
combination of the eigenfunctions of one prob¬ 
lem used to represent an eigenfunction of an¬ 
other problem. It is applied to problems of 
electronic bonding, where the true bonding 

orbitals may be hybrids of, for example, both 
s and p type atomic orbitals. (See next entry.) 

HYBRIDIZATION OF ELECTRON ORBI¬ 
TALS. Some atoms, such as boron and car¬ 
bon, have 3 or 4 singlet electrons in their 
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maximum valency state. From elementary 
considerations, one of these should be in the 
2s, and the others in the 2p states. One would 
then observe a marked difference between the 
properties of the bonds formed by these dif¬ 
ferent electrons. The fact that the three BH 
bonds in the BH3 molecule, or the four CH 
bonds of methane are found to be equivalent 
can be understood when one takes into account 
the possible hybridization of the wave func¬ 
tions of the three or four electrons of these 
atoms. Each of the 2s and 2p wave functions 
is itself a solution of the wave equation for the 
maximum valency state (5»S for carbon); a 
linear combination of these is therefore also 
a solution. Pauling has shown that such hy¬ 
brid orbitals can be constructed, and that they 
lead to the formation of equivalent bonds and 
to the observed valency angles. 

HYBRID ORBITALS. See hybridization of 
electron orbitals. 

HYDRAULIC JUMP, OR BORE. A transi¬ 
tion at which the mass transport of a stream 
moving under gravity is unchanged but the 
horizontal momentum flux is decreased by a 
rise in pressure due to an increase in depth of 
the stream. There is a loss of total head at 
the jump so that the transition is irreversible: 
energy is dissipated at the jump in a breaking 
wave. 

For a jump to be possible the flow must be 
super-undal, i.e., the Fronde number 

f = u/m* 
must exceed unity. If uX) u2 and hi, h2 are 
the speeds and depths of the stream moving on 
a horizontal bed, the bore being stationary, 
then 

2 0 hi 
u2 — - — (hi + h2). 

2 h2 

If Hi = hi + u2 /2g is the total head of the 
oncoming stream, the loss of head at the jump 
is 

Hi — H2 = (h2 — hi)3/4hih2. 

By impressing on the system a velocity —Ui 
it is seen that a bore invades still water with 
speed Ui where 

2 0 ^2 
Ui — ~ — (7*1 + h2). 

2 h\ 

HYDRODYNAMIC ANALOGY (FOR THE 
TORSION PROBLEM IN CLASSICAL 
ELASTICITY THEORY). A hydrodynamic 
problem the solution to which is determined 
by differential equations and boundary condi¬ 
tions equivalent to those of the torsion prob¬ 
lem. For example, the differential equations 
and boundary conditions determining the tor¬ 
sion function </> and conjugate torsion function 
i/' are those determining the velocity potential 
and stream function, respectively, for the irro- 
tational motion of an incompressible inviscid 
fluid, contained in a vessel of the same shape 
as the cylinder which undergoes torsion and 
rotated with uniform angular velocity (vortic- 
ity) about the line corresponding to the axis 
of torsion. Again, the differential equation 
and boundary condition determining \f> — 
y> (x2 + y2) are the same as those determining 
the velocity distribution in a Newtonian fluid 
which flows under a constant pressure head 
through a straight pipe, the cross section of 
which is the same as that of the cylinder which 
undergoes torsion. 

HYDRODYNAMICS. The science of the 
dynamics of fluid motion, especially the steady 
motions of an incompressible, inviscid fluid. 

HYDRODYNAMICS, RELATIVISTIC. See 
relativistic hydrodynamics. 

HYDROGEN BOND. The hydrogen atoms 
in such groups as HF, HO, HN and some¬ 
times HC tend to be shared between the elec¬ 
tronegative atom or group to which they are 
attached and similar groups on other mole¬ 
cules. These hydrogen bonds increase the in- 
termolecular forces and the boiling points of 
HF, H20, NH3 (to a certain extent), as well 
as those of organic alcohols and acids, etc. 

The formation of these hydrogen bridges is 
usually explained by the fact that the H atom, 
attached to an electronegative atom or group, 
becomes more or less positively charged. It 
tends to acquire a coordination number 2 in¬ 
stead of 1, and to share an electron doublet 
with an 0, N, or F atom of another molecule. 
It is only when the C atom is linked to strongly 
electronegative atoms such as Cl or F that the 
CH bond is sufficiently polarized to form hy¬ 
drogen bonds with other molecules. 

HYDROGEN FINE STRUCTURE. If in the 
Bohr-Sommerfeld model of the hydrogen atom 
and the hydrogen-like ions relativity effects 
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are taken into account, the elliptical electron 
orbits (see electron orbits in an atom) are 
found to describe a rosette motion (Sommer- 
feld). The energy corresponding to the dif¬ 
ferent orbits depends in this case on both the 
principal quantum number n and the azi¬ 
muthal quantum number k, and is given by 

ory, there corresponds, in Dirac’s theory, a 
pair of levels with the quantum numbers n 
and j ± y2. However the energy of these two 
levels, e.g., 2-5and 2(for notation see 
energy levels of atoms) is strictly the same. 
(For removal of this degeneracy see Lamb 
shift.) 

En,k 

= -IJiC 1 + 
*2Z2 -l-M 

(n — k + Vk2 - a2Z2)2. 

- nc- 

or, in series expansion, 

Here h stands for Planck’s constant, c for the 
velocity of light, Z for the atomic number, p 
for the reduced mass 

mM 
P =- 

m -f- M 

(m and M, for masses of electron and nucleus re¬ 
spectively), a, for Sommerfeld’s fine structure 
constant 

2re2 
a =-= 7.29729 X 10-3 

he 

(e, electronic charge, and R for the Rydberg 
constant). Since the fine structure constant 
a is small, higher terms in Z in the above ex¬ 
pansion can, as a rule, be neglected. They are, 

"" however, important in the x-ray spectra of 
hyclrogen-like ions of high atomic number Z. 
(For the higher terms see H. E. White, Intro¬ 
duction to Atomic Spectra, McGraw-Hill, Inc., 
New' York, 1934, p. 134.) The first term of 
the expansion formula gives the main part of 
the energy which is the same as that of the 
circular Bohr orbit. 

Dirac’s formula for the hydrogen fine struc¬ 
ture is the same as Sommerfeld’s if k is re¬ 
placed by j + y2 (j + % = k = 1, 2, • • •, n). 
To each value of j, except for the j value cor¬ 
responding to k = n, there are twro possible 
values of the orbital quantum number l = 
j -f- y2 and l = j — y2. Therefore to each 
level witli the quantum number n and the 
quantum number k y=n in Sommerfeld’s the- 

HYDROGEN MOLECULE, HEITLER-LON¬ 
DON THEORY OF. Solution of the wave 
equation for the H2 molecule using the state of 
the separated atoms as zero approximation 
and then introducing the interaction of the 
two atoms as a perturbation. 

The potential energy of two electrons 1 and 
2 in the field of two protons A and B is given 
by 

_ e2 e2 e2 e2 e2 e2 

R r lA r2A rXR r2Ii r12 

where R, r\A, • • • are defined as in Figure 1. If 
a first order perturbation calculation is carried 

2 

Fig. 1. Designations for the H2 molecule. (From 
G. Herzberg, Molecular Spectra and Molecular Struc¬ 
ture. I. Spectra of Diatomic Molecules, 1950, D. Van 

Nostrand Company, Inc., Princeton.) 

out using as perturbation function W, the devia¬ 
tion from the potential energy for large It 

e e e e 
W=+-+- 

R ri2 T\b r2A 

one obtains two energy levels E„ and Ea with 
eigenfunctions \ps and \f/a given by 

'Is — N8[<t>A(l)<l>B{2) + <£/t(2)<£/j(l)] 

'Pa = Na[<j>A(l)<t>B(2) — <pA(2)<f>B(l)]. 

Here <pA(\), 4>b( 1), <t>A(2), <Pb{2) are the hydro¬ 
gen eigenfunctions for each of the electrons 
moving in the field of nuclei A and B, re¬ 
spectively, and JV„ and Na are normalization 
factors. The eigenfunction \p„ is symmetric, 
that is, remains unchanged for an exchange of 
the electrons. \pa is antisymmetric, that is, it 
changes sign for such an exchange. 
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For the energies one finds 

K + J 

K - J 
Ea = 2 Eh +  -— • 

1 — O 

Here Eh is the energy of the ground state of the 
H atom, and 

S = J' <t>A(l)<f>H(l)<t>A(2)<j>B(2)dTldT2 

K = f<f>A (1) 4>b (2) W<f>A (1) <t>B (2) dr x dr 2 

J = J <^>.4(l)0fi(2)fF^.4(2)</)ij(l)dr1dT2. 

All three integrals, K, J, and S, occurring in 
the energy expressions, depend on the value of 
the internuclear distance R. Actual evalua¬ 
tion of these integrals gives the lower broken- 
line curve in Figure 2 for Es and the upper for 

Fig. 2. Potential curves of the two lowest states 
of the H2 molecule. (From G. Herzberg, Molecular 
Spectra and Molecular Structure. I. Spectra o-f Dia¬ 
tomic Molecules, 1950. D. Van Nostrand Company, 

Inc., Princeton.) 

Ea (omitting the constant term 2Eh), that is 
for the state characterized by the symmetric 
eigenfunction \p, a potential minimum arises 
leading to molecule formation while for the 
state characterized by the antisymmetric 
eigenfunction tj/a there is repulsion for all R 
values. (The full line curves in Figure 2 re¬ 
sult from calculations by James and Coolidge 

which carried the original calculations of Heit- 
ler and London to higher approximations.) 

The integral K (Coulomb integral) gives the 
interaction of the two charge clouds on a clas¬ 
sical basis. The integral J (exchange integral) 
arises from the fact that the two electrons are 
indistinguishable and can be exchanged. The 
latter integral gives the major contribution to 
the potential energy of the molecule. 

Since, according to the Pauli principle, only 
those states can occur whose total eigenfunc¬ 
tion is antisymmetric, the stable state Ea can 
occur only with antisymmetric spin function, 
that is, with antiparallel electron spins. Ac¬ 
cording to this theory, the ground state of H2 
should therefore be a singlet state. This is in 
agreement with spectroscopic observation. 

(For more details see W. Heitler, Elemen¬ 
tary Wave Mechanics, Oxford University 
Press, 1945.) 

HYDROGEN, SPECIFIC HEAT OF. See 
specific heat of hydrogen. 

HYDROSTATIC EQUATION. The form as¬ 
sumed by the vertical component of the 
Navier-Stokes equation when all Coriolis, earth 
curvature, frictional, and vertical acceleration 
terms are considered negligible compared with 
those involving the vertical pressure force and 
the force of gravity. Thus 

dp 

where p is the pressure, p the density, g the ac¬ 
celeration of gravity, and z the geometric 
height. 

HYDROSTATIC EQUILIBRIUM. The state 
of a fluid whose surfaces of constant pressure 
and constant mass (or density) coincide and 
are horizontal throughout. Complete balance 
exists between the force of gravity and the 
pressure force. The relation between the 
pressure and the geometric height is given by 
the hydrostatic equation. 

The analysis of atmospheric stability has 
been developed most completely for an atmos¬ 
phere in hydrostatic equilibrium. 

HYDROSTATICS. The study of the distri¬ 
bution of fluid pressure, and the forces on sub¬ 
merged bodies, in a fluid at rest. 

Since there can be no shear stresses in a 
fluid at rest, the pressure gradient at any point 
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is vertical and equal to the weight of fluid per 
unit volume. That is, 

dp 

where z is measured vertically upward and p 
is the density of the fluid. (See also Archime¬ 

des’ principle; force on a submerged surface; 

stability of a floating body.) 

HYDROSTATIC STRESS. See stress, hydro¬ 

static. 

HYLLERAAS COORDINATES. A two-par¬ 
ticle set of coordinates useful in the quantum 
mechanical problems of the helium atom, the 
singly ionized lithium atom, etc. The coor¬ 
dinates are u = r12, where ri2 is the separation 
between the two particles; s = ri + r2, where ri 
and r2 are the respective distances of the two 
particles from the origin; and t = ri — r2. The 
volume element is then given by dv\dv2 = 
7t2m(s2 — t2)dudsdt. The ranges of the var¬ 
iables are: 0 < u < s; — u < t < u) 0 < s < °°. 

HYPERBOLA. A conic section obtained by 
a plane cutting both nappes of a right-circular 
conical surface. It is the locus of a point 
which moves so that the difference of its dis¬ 
tances from two foci is a constant. Its eccen¬ 
tricity is greater than unity. 

The standard equation may be taken as 
x2/a2 — y2/b2 = 1. The curve is a central 
conic for it is symmetric about both the X- 
and Y-axes when placed in standard position 
with the coordinate origin at its center. The 
transverse axis, coincident with the X-axis, is 
of length 2a; the conjugate axis, along the 
Y-axis, has length 2b (b < a). The distance 
from the center of the hyperbola to either 

focus is V°2 + b2; the eccentricity, e = 

y/a2 -1- b2/a\ the length of the latus rectum 
is 262/a; the equations for the directrices are 
x = ±a/e, the same as for the ellipse. The 
distance from any point on the hyperbola to 
a focus is a focal radius and the differences be¬ 
tween any two focal radii equals 2a. The 
lines y = ±bx/a are asymptotes to the hy¬ 
perbola. If the length of the transverse axis 
becomes equal to that of the conjugate axis 
(a = b), the curve is an equilateral or rec¬ 
tangular hyperbola. In this case, the asymp¬ 
totes are perpendicular to each other. If the 
coordinate axes are rotated so that they coin¬ 

cide with the asymptotes, the equation for the 
rectangular hyperbola becomes xy — a2/2. 

The polar equation of the hyperbola is 
r — a(e2 — l)/(e cos (9 — 1) and parametric 
equations are x — a cosh u, y = b sinh u or 
x = a sec <f>, y = b tan 

HYPERBOLA, GEODESIC. See geodesic 
hyperbola on a surface. 

HYPERBOLIC EQUATION. See hyperbolic 
partial differential equation. 

HYPERBOLIC FUNCTION. Combinations 
of e±z with properties similar to those of the 
trigonometric functions. They are defined by: 

sinh z = (e2 — e~z)/2 = 2 -1-1-1— • 
3! 5! 

Z2 2 4 
cosh 2 = (e* + e~z)/2 — 1 H-1-1- 

2! 4! 

tanh 2 = sinh 2/cosh 2; coth 2 = 1/tanh 2 

sech 2 = 1/cosh 2; csch 2 = l/sinh2. 

If n is a positive integer, i = \/ — l ,u = nwi; 
sinh u = tanh u = 0; cosh u = ( — 1)"; sinh 
(2 + u) = ( — l)ra sinh 2; cosh (2 + u) = ( — l)n 
cosh u. 

For real 2, the hyperbolic functions are re¬ 
lated to the hyperbola as the trigonometric 
functions are related to a circle. 

Again with real 2, hyperbolic and circular 
(trigonometric) functions are related as fol¬ 
lows: sinh iz = i sin 2; cosh iz = i cos 2; tanh 
iz = i tan 2. Additional formulas, similar to 
those familiar from trigonometry, are: cosh2 2 

— sinh2 2=1; 1 — tanh2 2 = sech2 2; cosh2 2 

+ sinh2 2 = cosh 2z; 2 sinh 2 cosh 2 = sinh 22. 
The inverse hyperbolic functions are also 

denoted in a manner similar to that for the 
inverse trigonometric functions. Thus, if y = 
sinh 2, the inverse function is the angle whose 
hyperbolic sine is y, or 2 = sinh-1 y = arc 
sinh y. 

HYPERBOLIC LOGARITHM. A logarithm 
to the base e; a natural logarithm. 

HYPERBOLIC PARABOLOID. See parabo¬ 
loid. 

HYPERBOLIC PARTIAL DIFFERENTIAL 
EQUATION. A second order partial dif¬ 
ferential equation. For the solution to be 
well defined ordinarily initial and bound- 
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ary conditions are needed. In the simple case 
the equation can be reduced to the form 
Mj-x — uyy + • • • =0, where omitted terms in¬ 
volve no derivatives of second or higher order. 
The usual difference scheme is representable 

1 

T2 2(1 - T2) T2 

1 

where r = Ay/Az. If initial conditions are 
given along a horizontal line, it is necessary 
that r — 1 for adequate numerical stability. 
(See elliptic partial differential equation; par¬ 
tial differential equation; Cauchy problem for 
partial differential equations.) 

HYPERBOLIC POINT (ON A SURFACE). 
A point at which the product of the principal 
curvatures (see curvature of surface, radius 
of) of the surface is negative. Hence, a sin¬ 
gular point in a streamline field, constituting 
the intersection of a convergence line and a 
divergence line. 

HYPERBOLOID. A central quadric with 
one or two negative terms in its equation. If 
there is only one, so that 

the surface is a hyperboloid of one sheet, 
given this name because any point on the sur¬ 
face may be reached from any other point on 
the surface. A plane parallel to the XT-plane 
gives an ellipse but if the sections are parallel 
to the XZ- or TZ-planes the results are hyper¬ 
bolas. When a = b, the sections by planes 
z — constant are circles and the surfaces can 
be generated by revolving the hyperbola, 
x2/a2 — z2/^2 = 1 about its conjugate axis, 
the Z-axis. 

If there are two negative terms in the equa¬ 
tion 

the surface is a hyperboloid of two sheets, 
separated into two parts symmetrically lo¬ 
cated above and below the planes x = con¬ 
stant. Traces parallel to the XT- and XZ- 
planes are hyperbolas and traces parallel to 
the TZ-planes are ellipses, provided x > a. 
When b = c, the sections by planes x = const. 

are circles and a surface of revolution results 
when the hyperbola x2/a2 — y2/c2 = 1 is ro¬ 
tated about its X- or transverse axis. 

HYPERCIRCLE METHOD. See method of 
the hypercircle. 

HYPERCOMPLEX NUMBER. See quater¬ 
nion. 

HYPERCONJUGATION. The hypothesis of 
hyperconjugation has been advanced to inter¬ 
pret some properties of substances containing 
but 1 double bond by analogy with those of 
substances containing conjugated double 
bonds. Consider a substance with a terminal 
structure H3C—CH=CH— • • •. One of the 
possible resonating structures of this group is 

H3 = C—CH=CH— H3=C=CH—CH— 

the dotted line indicating two unpaired elec¬ 
trons with opposite spins. Some authors have 
questioned the fact that hyperconjugation 
alone is sufficiently large to explain the ob¬ 
served anomalous properties of such sub¬ 
stances (bond lengths and heats of formation). 

HYPERFINE SPECTRUM. See hyperfine 
structure. 

HYPERFINE STRUCTURE. The (in gen¬ 
eral, narrow) splitting of atomic and molecular 
spectral lines or energy levels due to the influ¬ 
ence of the nuclear spin; also the narrow 
structure of atomic lines due to the isotope 
effect. 

(a) Hyperfine structure due to the presence 
of nuclei with the same atomic number Z, but 
different masses M (isotope effect). 

For the isotopes of the hydrogen atom the 
effect of the nuclear mass on the atomic energy 
levels can be accounted for by the dependence 
of the Rydberg constant on the nuclear mass 
M according to 

27r2e4 mM 
R = -;-• 

ch3 m + M 

where e and m are respectively charge and 
mass of the electron, c is the velocity of light, 
and h is Planck’s constant. For more com¬ 
plicated atoms this approach is inadequate. 
According to the above formula the isotope 
effect for elements of moderately high atomic 
number Z would rapidly approach zero. How¬ 
ever relatively large isotope shifts (of an order 
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similar to that of the effect of nuclear spin, see 
below) have been observed for heavy elements 
(e.g., Zn, P). Wave mechanical calculation 
of the hyperfine structure on the basis of dif¬ 
ferent masses alone produce a result of the 
right order of magnitude for the lighter ele¬ 
ments (e.g., Li, Ne). However for heavier 
elements the change of nuclear radius with 
nuclear mass has to be taken into account. 
(For more details see H. Ivopfermann, Nu¬ 
clear Moments, Academic Press, Inc., New 
York, 1958.) 

(b) Hyperfine structure due to nuclear spin. 
If the nucleus of an atom or one nucleus in 

a molecule has a spin I =+ 0, the total angular 
momentum F is the vector sum of I and J, the 
total angular momentum apart from spin. If 
more than one nucleus in a molecule has I =+= 0, 
F is the vector sum of J and T, the resultant 
nuclear spin. The corresponding quantum 

numbers are 

F = 7 + 7, J + 7 - 1, •••,|7 - 1| 

or 

F = 7 + T, 7 + T - 1, • • • ,\J — T\. 

The number of hyperfine structure components, 
for large 7, is 27 + 1 and 2T + 1 respectively. 
(Because of the very small interaction between 
the nuclear spins the additional splitting cor¬ 
responding to the different possible values of T 
is very small. See below.) 

The selection rules for F are 

AF = 0, ±1 and F = 0 *— |—> F = 0. 

In general, the hyperfine structure splitting 
of an energy level is due to a combination of 
magnetic dipole and electric quadrupole inter¬ 
action. If the magnetic interaction due to 
the nuclear magnetic moment 

JUI = UonQl 

where /ion is the nuclear magneton, gt, the nu¬ 
clear g-factor (see gyromagnetic ratio) pre¬ 
dominates, the intervals between successive 
hyperfine structure components (F and F + 1) 
are proportional to F + 1 (Lande s interval 

rule). 
(1) Atoms. For purely magnetic interac¬ 

tion of the nucleus with the rest of the atom 
the energy of the hyperfine structure levels is 

given by 
G 

where W0 is the energy without hyperfine 
structure splitting, 

G = F(F + 1) - 7(7 +1) - 7(7 + 1) 

and 

Here 77 (0) is the mean value of the magnetic 
field produced at the position of the nucleus by 
the motion of the electrons. 

For purely electrostatic interaction of a 
nucleus possessing an electric quadrupole mo¬ 
ment Q with the rest of the atom the energy 
of the hyperfine structure components is given 
by 

§(?((? + 1) - £7(7 + 1 )7(7 + 1) 
W = W0 - B—--- - ' 

7(2/ - 1)7(27 - 1) 
where 

B = eQ<t>jj( 0). 

Here e stands for the charge of the electron and 

4>jj{0) for the vector gradient of the electric 
field of the electrons at the position of the 

nucleus. 0) is rotationally symmetric 
about the J-axis. 

(2) Molecules. For purely magnetic inter¬ 
action between one nucleus with I + 0 and 
the rest of the molecule, the energies of the 
hyperfine structure components are given by 

W = W0+ 
I" “K2 1 
-(- b 

IJ(J + 1) J 
G 

Here a and b are constants depending on the 
nuclear magnetic moment and on the magnetic 
moment due to molecular rotation; J and K are, 
respectively, the quantum numbers correspond¬ 
ing to the total angular momentum of the 
molecule apart from nuclear spin and its com¬ 
ponent in the direction of the figure axis. 

For purely electrostatic interaction of a 
nucleus having I + 0 and Q + 0, with the rest 
of the molecule, the energy of the hyperfine 
structure components in diatomic, linear, and 
symmetric top molecules is given, to a good ap¬ 
proximation, by 

W = W0- B 1 - 
3A'2 

7(7 + 1) 

r!(?((?+ 1) - £7(7+ 1)7(7+ 1) 

7(27 - 1) (27 - 1) (27 + 3) 
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In general, for Q^O, the electrostatic in¬ 
teraction of the nucleus with the rest of the 
molecule is predominant, and the magnetic 
interaction can be taken into account as a 
small perturbation. (For more detail, see H. 
Kopfermann, l.c.) 

Influence of a magnetic field. In a magnetic 
field the hyperfine structure levels of an atom 
or molecule show a Zeeman effect and Paschen- 
Back effect similar to that for ordinary fine 
structure. However because of the relatively 
weak interaction between J and I, the transi¬ 
tion from the former to the latter effect takes 
place at lower field strength. 

At moderate field strength each level corre¬ 
sponding to a total angular momentum F will 
split into 2F + 1 component levels with quan¬ 
tum numbers 

Mf = F,F-1,F-2,---,-F. 

The selection rules for Mp are 

AMf — 0, ±1, 
and 

Mf = 0 <— |—> Mp = 0 for F = 0. 

At higher field strength, each level cor¬ 
responding to a total angular momentum J will 
split into 2J + 1 equidistant component levels 
with quantum numbers 

Mj — J, J — 1, J — 2, • • •, —J. 

Here gr is the rotational ^-factor, a number 
of the order 1, characteristic of the particular 
molecular state, and gt the nuclear 0-factor. 
(See gyromagnetic ratio.) 

HYPERGEOMETRIC DISTRIBUTION. If 
a finite population of N units contains a pro¬ 
portion p of units of one type (“successes”) 
and a proportion q = 1 — p of units of another 
type (“failures”), the probability of obtaining 
r “successes” in a sample of n is 

1 ft! 

N^] r!(» - r)! 
(Np)[r] (Ah?)tn_rl 

where a[pl denotes a (a — l)(o — 2) • • • (a — p 
+ 1)- 

The corresponding frequency distribution is 
called the hypergeometric distribution, as its 
terms are those of a hypergeometric series. The 

The variance is smaller than that of the cor¬ 
responding binomial distribution to which it 
tends as N tends to infinity. 

HYPERGEOMETRIC EQUATION. See 
Gauss hypergeometric equation. 

HYPERGEOMETRIC FUNCTION. The 
function, usually denoted by F(a,b;c;z) de¬ 
fined by the hypergeometric series 

This is the ordinary Zeeman effect with line 
separations which, at sufficiently high field 
strengths, are considerably greater than those 
of the field-free hyperfine structure components. 
Each term with a given J is however once more 
split into 21 + 1 components with quantum 
numbers 

•b o(o -f 1)6(6 T 1) 
— 2 -1-;- 

1 - c 1 • • -c(c + 1) 

or also, equivalently, in other ways, e.g., by 
use of the gamma function. (See Gauss hy¬ 

pergeometric equation; and confluent hyper¬ 

geometric function.) 

Mj = I, I -l, I -2, 

The selection rules for the quantum numbers 
Mj and Mi are 

A Mj = 0, ± 1 and A Mi = 0. 

The energy of the component levels with 
different values of Mf is given by 

W = W0 — gFMFHonH 

where WQ is the energy in zero field, II the 
magnetic field strength and 

f[F(F+l)+J(T+l)-/(/+l)]0r | 

1 + [F(F+l)+/(/+l)-J(J+1)]0/J 
gF =-- —— • 

2F(F+1) 

HYPERMULTIPLET. In an atom with non¬ 
zero nuclear spin I, each energy level with a 
given value of J, the quantum number of the 
resultant total electronic angular momentum, 
splits into a number of hyperfine structure 
levels with quantum numbers 

F = J + I,J + I- 1, \J — J|. 

The resulting hypermultiplet has 27 + 1 com¬ 
ponents for J > I, and 2J + 1 components for 
J < I. The intervals between successive hyper¬ 
fine structure levels (F and F + 1) are propor¬ 
tional to F + 1 (Land6’s interval rule). 

(For more details, including hypermultiplet 
structure in molecules, see hyperfine structure, 
and the literature quoted under this heading.) 
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HYPERSONIC FLOW. If r is the thickness 
ratio of a body in a stream of Mach number 
M, the product Mr is known as the hypersonic 
similarity parameter. Hypersonic flow is often 
defined as flow for which this parameter is of 
order 1, or greater. The linearized equation of 
supersonic flow is then no longer valid, because 
although the perturbation velocities may be 
small compared with the speed of flow they are 
not small compared with the speed of sound. 
This means that there are some additional 
non-linear terms in the equation which cannot 
be neglected. 

Alternatively, hypersonic flow is sometimes 
defined as flow in which the Mach number M 
exceeds some arbitrarily specified value, often 
taken as 5. 

In hypersonic flow the bow shock wave 
lies close to the body, and since flow disturb¬ 
ances are confined to the region between the 
body and the bow shock wave, the region of 
disturbed flow is a narrow one. The strength 
of the bow shock wave varies considerably 
with distance from the nose of the body, so 
that the flow in the disturbed region is rota¬ 
tional, even outside the viscous boundary 
layer. The variations of speed in the flow are 
quite small, the changes of Mach number be¬ 
ing associated mainly with changes of tem¬ 
perature, and hence of the speed of sound. 

HYPERSONIC SIMILARITY LAW. For hy¬ 
personic flow past a series of slender bodies or 
thin airfoils, related to each other by an affine 
transformation, the pressure coefficients at cor¬ 
responding points are given by 

Cp = t2P(Mt), (1) 

where M is the stream Mach number, r is the 
thickness ratio of the body, and P is a function 
depending on the shape of the body, when r 
has been specified. The product Mr is known 
as the hypersonic similarity parameter. 

Since, at hypersonic speeds, M2 >>> 1, Equa¬ 
tion (1) may also be written as 

Cp = t2P[t{M2 - 1)*] (2) 

and it can be shown that in this form the law 
is consistent with the linearized equation of 

supersonic flow. (See hypersonic flow; sub¬ 
sonic and supersonic flow, linear equations.) 
Thus Equation (2) applies over the whole 
range of supersonic and hypersonic speeds, for 
a slender body or thin airfoil. 

HYPERSONIC SIMILARITY PARAMETER. 
See hypersonic flow; hypersonic similarity law. 

HYPOTHESIS, STATISTICAL. A hypothe¬ 
sis concerning the form of a statistical (proba¬ 
bility) distribution or some of its parameters, 
or of a process generating such a distribution. 
Many scientific hypotheses are of such a type 
and the testing of hypotheses forms a large 
and important part of statistical theory. 

If the hypothesis concerns a parameter 
which, if known, would determine the parent 
population completely, it is said to be simple; 
in the contrary case it is composite. 

HYSTERESIS. In general, the phenomenon 
exhibited by a system whose state depends on 
its previous history. This term usually refers 
to magnetic hysteresis, as exhibited by a ferro¬ 
magnetic material. A quantitative study of 
the process indicates that, as the field strength, 
H, is increased and then decreased, the mag¬ 
netic induction, B, follows the magnetization 
curve, which is of a type shown in the figure 
of the entry for magnetization curve. Note 
that the initial portion (solid line) of the 
curve is not retraced. 

Electric hysteresis is a somewhat analogous 
phenomenon exhibited by dielectrics in the 
electric field. 

Some solids exhibit either elastic hysteresis, 
in which the variables corresponding to H and 
B in the magnetic case are the stress and the 
strain or deformation; or plastic hysteresis, for 
which see unloading. 

Hysteresis of an oscillator is a behavior that 
may appear in an oscillator wherein multiple 
values of the output power and/or frequency 
will correspond to give values of an operating 
parameter. 

Hysteresis of a radiation counter tube is 
the temporary change in the counting rate 
versus voltage characteristic caused by pre¬ 
vious operation. 



I 
ICE POINT. Temperature of equilibrium be¬ 
tween air-saturated water and ice at a pressure 
of one standard atmosphere. 

ICE-POINT DEPRESSION. The glass used 
in liquid-in-glass thermometers shows a con¬ 
siderable thermal lag: the volume change of 
the glass lags behind the temperature change, 
reaching its final value only after several hours. 
Thus, if a thermometer is immersed in an ice- 
water bath shortly after having been used at 
a higher temperature, the liquid (e.g., mer¬ 
cury) column falls somew’hat below the 0°C 
(32°F) mark. This effect is known as ice- 
point depression. Good quality thermometers 
have an ice-point depression of less than 
0.05°C on cooling from 100°C. 

IDEAL ANGLE OF INCIDENCE. See thin- 
airfoil theory. 

IDEAL CURRENT SOURCE. See current 
source, ideal. 

IDEAL GAS. See perfect gas. 

IDEALLY PLASTIC. Synonymous with per¬ 
fectly plastic. 

IDEAL SYSTEM. A thermodynamic system 
is called an ideal system when the chemical 
potentials of all the components are of the 
form 

m = Hi(T,p) + RT In Xi (1) 

where T,p) is a function only of the vari¬ 
ables absolute temperature, T, and pressure, 
p. The Xi are the mole fractions of the com¬ 
ponents. 

Systems for which has this form possess 
remarkably simple properties (see law of mass 
action; vapor pressure of perfect solutions). 
Moreover mixtures of perfect gases and very 
dilute solutions have these properties. 

According to Equation 1, a system is called 
ideal if the chemical potential of component i 
varies linearly with the logarithm of the mole 
fraction of i, with a slope RT. This linear 
relation need not necessarily extend over the 
whole concentration range, so that the quantity 

Hi(T,p) is in general the value of m extrapolated 
to Xi = 1 at constant T,p. If the system is 
ideal in a concentration range which extends 
to Xi = 1, then 

m{T,p) = m°(T,p) (2) 

where Hi° is the chemical potential of the pure 
component i. They are two important cases: 
(a) The mixture is ideal for all values of x^ and 
for all i. It is then called a perfect mixture and 
Equation 2 is verified for all i. (b) The mixture 
is ideal when all components but one (index 1) 
are present in very small amount. Such 
systems are called ideal dilute solutions. Then 
Equation 2 is only valid for component 1. 

Different kinds of ideal systems are distin¬ 
guished by the form of ni(T,p). In a mixture 
of perfect gases m(T,p) varies logarithmically 
with pressure, while for a liquid or solid solu¬ 
tion one can, to a first approximation, regard 
Hi as independent of pressure. 

IDEAL VOLTAGE SOURCE. See voltage 
source, ideal. 

IDEMPOTENT. A matrix which remains un¬ 
changed when multiplied by itself; e.g., the 
3-rowed matrix, 

IDENTIFYING INDEX. See index, free. 

IDENTITY. An equality in which both mem¬ 
bers are equal for all values of the symbols 
for which the members are defined. Either 
member can be transformed into the other by 
use of the fundamental rules of operation. An 
identity involves a difference of form but not 
of value. It is frequently indicated by put¬ 
ting the symbol s between the two members. 
Thus, 

(a -f b)(a — b) = (a2 — b2). 

I EFFECT. See inductive effect and reac¬ 
tivity. 
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465 Ignition Limit — Image Sources, Sinks, Line Vortices, etc. 

IGNITION LIMIT. The velocity of combus¬ 
tion in a combustible mixture depends on its 
composition. It is reduced to zero at both ends 
of the scale, when the ignition limit is reached. 
The lower ignition limit corresponds to fuel de¬ 
ficiency, and the higher or upper ignition limit 
corresponds to oxygen deficiency. 

IGNITION TEMPERATURE. See combus¬ 
tion. 

IGNORABLE COORDINATE. A coordinate 
which does not appear in the Lagrangian func¬ 
tion, although its time derivative may appear. 

IKONAL. See eikonal. 

ILLUMINANCE. See illumination. 

ILLUMINANCE, RETINAL. A psycho- 
physiological quantity, partially correlated 
with the brightness attribute of visual sensa¬ 
tion, and measured in trolands. 

ILLUMINATION (ILLUMINANCE). Il¬ 
lumination (at a point of a surface) is the 
quotient of the luminous flux incident on an 
infinitesimal element of surface containing the 
point under consideration by the area of that 
element. (See quantity of illumination.) 

ILLUMINATION INTENSITY. The flux 
density of light incident upon a surface. 

ILLUMINATION, QUANTITY OF. The 
product of an illumination and its duration. 

IMAGE FOCAL LENGTH. See focal length. 

IMAGE IMPEDANCE. That impedance 
which causes maximum power transfer, as 
dictated by the Thevenin theorem, from the 
transducer to which it is connected. 

IMAGE NUMERICAL APERTURE. See 
exit aperture. 

IMAGE PHASE CONSTANT. The imagi¬ 
nary part of the transfer constant. The prefix 
“image” may be omitted when there is no 
danger of confusion. 

IMAGE RAY. See ray. 

IMAGE-SIDE PUPIL. See exit pupil. 

IMAGES, METHODS OF. (1) When electric 
charges are placed in the neighborhood of con¬ 
ductors, charges are induced on the surfaces of 
the conductors. The surface distribution of 
charges (together with the externally placed 

charges) is such as to make the conducting sur¬ 
face an equipotential surface. The electric 
field and electrostatic potential external to the 
conductors is then the resultant field due to 
both the externally placed charges and the in¬ 
duced surface charges. In the method of 
images the field and potential external to the 
conductors are determined by imagining that 
the conductors are removed and that addi¬ 
tional image charges are placed in such a way 
that equipotential surfaces are formed at what 
had been the conducting surfaces. All images 
must be placed in regions of space that are 
separated from the actual charges by the sur¬ 
face or surfaces at which the boundary condi¬ 
tions are to be satisfied. The method of images 
may also be used to solve problems involving 
dielectric rather than conducting boundaries. 
(See boundary conditions on the electromag¬ 
netic field vectors.) 

(2) Similarly, the method of images may be 
used for the solution of magnetostatic, hydro- 
dynamic, and other problems in which bound¬ 
ary conditions at the interface between two 
media determine the solution. In such cases, 
fictitious image magnetic dipoles, sources or 
sinks of fluid, etc., are introduced to satisfy the 
boundary conditions over the surfaces of the 
interfaces. (See following entry.) 

(3) In the solution of problems in the theory 
of the diffusion and slowing down of neutrons 
in matter, this method is useful. In using it, 
the material under consideration is extended 
from finite to infinite extent, and the bound¬ 
ary condition satisfied by placing appro¬ 
priate sources of positive or negative strength 
throughout the medium. 

IMAGE SOURCES, SINKS, LINE VOR¬ 
TICES, ETC. The irrotational flow of an 
incompressible inviscid fluid in the presence 
of simply-shaped boundaries (e.g., planes, 
spheres, circular cylinders) can often be com¬ 
puted by finding a system of sources, sinks, 
vortices, etc., with the whole of space occupied 
by fluid, which together produce a flow in 
which the boundaries of the given system are 
in the same position as streamlines in the new 
system. The sources, sinks, etc., required in 
addition to those of the given system must be 
outside the region of the given fluid, and are 
the images of the given system in the given 
boundaries. There is a complete analogy with 
simple electrostatic systems in which the 
boundaries are equipotentials. 



Imaginary — Impedance 4G6 

IMAGINARY. See complex number. 

IMMITTANCE. A group of electrical quanti¬ 
ties consisting of impedances and admittances. 

IMPACT. The action of two bodies in colli¬ 
sion, whereby the velocity of one or both 
bodies is changed. In the case of direct im¬ 
pact, the velocity of the moving bodies is in 
the direction of the normal (perpendicular) 
to th" bodies at the point of contact. Other¬ 
wise the impact is oblique. The impact is 
central when the centers of mass of the two 
bodies lie on the line of impact (normal to 
the bodies at the point of contact). Impact 
is a term which implies a short time of contact 
during which the impulse of the external forces, 
with the possible exception of some reactions, 
is negligible. The impulse of the (large) equal 
and opposite forces of impact is strictly zero. 
Therefore the momentum of a system of un¬ 
supported bodies is not changed during the 
impact. 

IMPACT BUCKLING. See buckling, impact. 

IMPACT, ELASTIC. In the impact of elastic 
bodies some energy appears as vibratory mo¬ 
tion. Elementary theory ignores this loss and 
assumes that rigid body kinetic energy is con¬ 
served. The coefficient of restitution (see 
restitution, coefficient of) is taken as unity. 
(See impact.) 

IMPACT, INELASTIC. During inelastic im¬ 
pact, the rigid body kinetic energy is spent 
partly in vibratory or wave motion of the 
impacting bodies and partly in inelastic de¬ 
formation in the region of contact. In the 
extreme case the coefficient of restitution (see 
restitution, coefficient of) is zero. 

IMPACT PARAMETER. Consider (see fig¬ 
ure) a collision between two molecules. In the 

Impact parameter. Collision between two hard 
spheres. The trajectory of sphere 2 in the coordinate 
system in which 1 is stationary is indicated by the 

broken line, x >s the angle of deflection. 

system of coordinates chosen, molecule 1 is at 
rest, while molecule 2 moves with the relative 
velocity gi2. The axis is parallel to g!2. The 
impact parameter b is the minimum distance 
at which molecule 2 would pass by molecule 
1 if the two molecules did not interact. 

For hard spheres, the amount of momentum 
and energy exchanged during the collision de¬ 
pends on b alone; for other more realistic 
models, where the interaction potential energy 
depends on distance, the momentum and 
energy exchange depends both on the impact 
parameter and on the initial relative velocity. 
(See also angle of deflection.) 

IMPACT, PLASTIC. A collision between two 
bodies whose coefficient of restitution has a 
value less than unity. In such a collision 
kinetic energy is lost. The amount of energy 
lost is given by the formula: 

AK = \MX{? - 1 )ulc2 + \M2{<? - 1 )u22 

where Mx is the mass of the first body, M2 
is the mass of the second body, e is the coeffi¬ 
cient of restitution between the two bodies, 
ulc is the final velocity of the first body with 
respect to center of mass, u2c is the final veloc¬ 
ity of the second body with respect to center 
of mass. 

The total momentum remains unchanged in 
a plastic impact. 

A collision in which the coefficient of restitu¬ 
tion is zero is often called a perfectly inelastic 
impact. 

IMPEDANCE. The term expresses the rela¬ 
tion between a sinusoidally varying quantity 
(such as force, pressure, voltage, electric field 
strength, temperature) and a second quantity 
(such as velocity, current, magnetic field 
strength, heat flow) which is a measure of the 
response of a physical system to the first. For 
most systems, the impedance depends on the 
frequency of the disturbance. When the im¬ 
pedance is stated for a given frequency, it 
connects the disturbing quantity and the re¬ 
sponse only when a steady state is reached— 
during the transient period the response to a 
sinusoidal disturbance is not, in general, itself 
sinusoidal. 

The most common use of the term is in con¬ 
nection with alternating current circuits, in 
which the impedance Z is defined as the (com¬ 
plex) ratio of the (complex) potential differ- 
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ence V applied across a circuit element to the 
(complex) current I flowing in the element: 

Z - V/I = (y0/i0)e», 

where V0 and 70 are the amplitudes of the 
sinusoidally varying potential differences and 
current, respectively, and 4> is the phase angle. 

If the disturbing quantity is a sinusoidally 
varying force acting on a mechanical system, 
the force may be written in the complex form 
F = F0eio>t and the velocity of motion as 
v = The mechanical impedance is 
then 

Zm = F/v = (F0A„y*. 

Thus, for a mass M, subject to a restoring force 
equal to — kx (where x is the displacement of 
the mass from its equilibrium position and k is 
a constant) and to a dissipative force equal to 
— Rmdx/dt, where R is a constant, the mechan¬ 
ical impedance is 

Zm = Rm + i(o)M — k/u>). 

Here Rm is exactly analogous to electrical 
resistance (R), M to inductance (L), and k to 
inverse capacitance (C) in an electric circuit 
having R, C, and L in series. The elements of 
the mechanical system (mass, springs, resistive 
effects) are thus analogs of circuit elements. 
The quantity (wM — k/to) is the mechanical 
reactance of the system. 

The concept of impedance as outlined above 
is satisfactory as long as the physical dimen¬ 
sions of the electrical circuit elements, or their 
mechanical analogs, are sufficiently small so 
that the currents or velocities may be consid¬ 
ered to be the same everywhere throughout 
them. When this condition is not satisfied, it 
must be recognized that any disturbance will 
be propagated as a wave. Under such circum¬ 
stances, the impedance offered to an electro¬ 
magnetic wave is taken as E/H, where E is the 
(complex) electric field strength at any point 
and H is the (complex) magnetic field strength 
at the same point. The impedance is meas¬ 
ured in ohms, as is the impedance for circuits 
with lumped parameters. For a longitudinal 
acoustic wave, the impedance is defined as 
the ratio of the (complex) pressure excess to 
the (complex) volume velocity, i.e., the veloc¬ 
ity times the area perpendicular to the direc¬ 
tion of motion. This ratio is known as the 
acoustic impedance. In the cgs system of 
units it is measured in acoustical ohms (gm 
cin-4 sec-1). 

(See also impedance, transform and other 
entries immediately following.) 

IMPEDANCE, ACOUSTIC. The acoustic 
impedance of a sound medium on a given 
surface lying in a wave front is the complex 
quotient of the sound pressure (force per unit 
area) on that surface by the flux (volume 
velocity, or linear velocity multiplied by the 
area), through the surface. When concen¬ 
trated, rather than distributed, impedance of 
a portion of the medium is defined by the 
complex quotient of the pressure difference 
effective in driving that portion, by the flux 
(volume velocity), the acoustic impedance 
may be expressed in terms of mechanical im¬ 
pedance, acoustic impedance being to the 
mechanical impedance divided by the square 
of the area of the surface considered. The 
commonly used unit is the acoustical ohm. 
Velocities in the direction along which the 
impedance is to be specified are considered 
positive. This definition pertains to single¬ 
frequency quantities in the steady state and 
to systems whose properties are independent 
of the magnitudes of these quantities. Vari¬ 
ous other definitions have been proposed, but 
their application has been less widespread: 
(a) the quotient of the force by the particle 
velocity (Crandall); (b) the quotient of the 
sound pressure by the volume displacement 
(Webster); (c) the quotient of the sound 
pressure by the particle velocity (Brillie). 

IMPEDANCE, BLOCKED. Of a transducer, 
the impedance at the input when the imped¬ 
ance of the output system is made infinite. 
For example, in the case of an electromechani¬ 
cal transducer, the blocked electric impedance 
is the impedance measured at the electric ter¬ 
minals when the mechanical system is blocked 
or clamped; the blocked mechanical imped¬ 
ance is measured at the mechanical side when 
the electric circuit is open-circuited. 

IMPEDANCE, CHARACTERISTIC, 
ACOUSTIC. The characteristic impedance 
of a medium is given by the ratio of the effec¬ 
tive sound pressure and the effective particle 
velocity for a plane progressive sound wave 
propagated through that medium. It is equal 
to the product of the density of the medium 
and the velocity of sound in the medium. The 
unit is the rayl (dyne-sec/cm5) (or the MKS 
rayl newton-sec/m5). 
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IMPEDANCE, CHARACTERISTIC OF A 
LINE OR GUIDE. Electromagnetic waves 
are often transmitted over lines or waveguides. 
The impedance of such a guide, at any particu¬ 
lar frequency, depends on the length of the 
guide and on the conditions at the far end of 
the line. For example, a coaxial cable that is 
one-eighth wavelength long and has a short 
circuit at the far end, acts like an inductance, 
while one three-eighths of a wavelength long, 
similarly short-circuited, acts like a capaci¬ 
tance. These variations in impedance result 
from reflections of the wave from the far end. 
Were the guide infinitely long, there would be 
no effect of reflections. The impedance of a 
guide of infinite wavelength is known as the 
characteristic impedance of the guide. It fol¬ 
lows that a finite guide having as a termina¬ 
tion an element with impedance equal to the 
characteristic impedance will have no reflec¬ 
tions from its far end—such a termination is 
equivalent to an infinite length of line extend¬ 
ing beyond the end. The characteristic im¬ 
pedance of a lossless line is equal to the square 
root of the product of the inductance per unit 
length and the capacitance per unit length. 

The characteristic impedance of either an 
electromagnetic or an acoustic waveguide is a 
pure resistance, whose magnitude is dependent 
on the dimensions of the cross section of the 
guide and on the medium in which the wave 
is transmitted, but is independent of fre¬ 
quency. 

IMPEDANCE CHARACTERISTIC, OF A 
MEDIUM. As indicated under impedance, 
characteristic, of a line or guide, this quantity 
depends on the dimensions of the cross section 
of the guide. If a plane sinusoidal wave is be¬ 
ing propagated through space without a guide, 
the ratio of the amplitude of the electric field 
strength to that of the magnetic field strength 
(or of the pressure amplitude to the velocity 
amplitude) at any point is the same as at any 
other. This ratio is the characteristic imped¬ 
ance of the medium in which the wave travels. 
For an electromagnetic wave in a non-dissipa- 
tive medium it is equal to the square root of 
the ratio of the absolute permeability to the 

permittivity, i.e., Zc = vVA (377 ohms for 
empty space). 

IMPEDANCE CIRCLE. Consider a nondis- 
sipative transmission line terminated by a 
fixed impedance. As the line length is varied, 

the (complex) input impedance describes a 
circle in the R, X plane. 

IMPEDANCE, DRIVING-POINT. At a 
driving point of a transducer, the complex 
ratio of the applied sinusoidal potential dif¬ 
ference, force, or pressure to the resultant cur¬ 
rent, velocity, or volume velocity, respec¬ 
tively, at this point, all inputs and outputs 
being terminated in any specified manner. 

IMPEDANCE, FREE. Of a transducer, the 
impedance at the input of the transducer when 
the impedance of its load is made zero. The 
approximation is often made that the free elec¬ 
tric impedance of an electroacoustic trans¬ 
ducer designed for use in water is that meas¬ 
ured with the transducer in air. 

IMPEDANCE, FREE MOTIONAL. Of a 
transducer, the complex remainder after the 
blocked impedance has been subtracted from 
the free impedance. 

IMPEDANCE, IMAGE. See image imped¬ 
ance. 

IMPEDANCE, ITERATIVE. Of a trans¬ 
ducer, that impedance which, when connected 
to one pair of terminals, produces a like im¬ 
pedance at the other pair of terminals. 

IMPEDANCE LEVEL. The value of circuit 
impedance which is used in matching several 
networks to each other or to their terminal 
impedances is called the impedance level in 
that part of the circuit. 

IMPEDANCE, MECHANICAL. The com¬ 
plex quotient of the alternating force applied 
to a system by the resulting linear velocity in 
the direction of the force at its point of ap¬ 
plication. The unit is the mechanical ohm. 

IMPEDANCE, MECHANICAL ROTA¬ 
TIONAL (ROTATIONAL IMPEDANCE). 
The complex quotient of the alternating torque 
applied to the system by the resulting angular 
velocity in the direction of the torque at its 
point of application. The unit is the rota¬ 
tional ohm. 

IMPEDANCE, MOTIONAL (LOADED MO¬ 
TIONAL IMPEDANCE). Of a transducer, 
the complex remainder after the blocked im¬ 
pedance has been subtracted from the loaded 
impedance. 
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IMPEDANCE, MUTUAL. The impedance 
that is common to two meshes of a network 
is their mutual impedance. Equivalently, if 
a set of voltages and currents are related by 

Ei = Z\\I \ + Z12I2 + • • • ZlnIn 

En — En\I 1 + Zn2l2 + • • • + ZnnIn 

the coefficient Ztj = Zji is called the mutual 
impedance between the fth and jth meshes. 

IMPEDANCE, NORMALIZED (WITH RE¬ 
SPECT TO A WAVEGUIDE). An imped¬ 
ance divided by the characteristic impedance 
of the waveguide. 

IMPEDANCES, CONJUGATE. Impedances 
having resistance components which are equal 
and reactance components which are equal in 
magnitude but opposite in sign. Conjugate 
impedances are expressible by conjugate com¬ 
plex quantities. 

IMPEDANCES, IMAGE, OF A TRANS¬ 
DUCER. The impedances which will simul¬ 
taneously terminate all of the inputs and out¬ 
puts of the transducer in such a way that at 
each of its inputs and outputs the impedances 
in both directions are equal. 

IMPEDANCE, SPECIFIC ACOUSTIC 
(UNIT AREA ACOUSTIC IMPEDANCE). 

At a point in a medium, the complex ratio 
of sound pressure to particle velocity. 

IMPEDANCE, SURFACE TRANSFER. 
When an electromagnetic wave is guided 
along the surface of a conductor having finite 
conductivity, the ratio of tangential electric 
field at the surface to the current induced at 
the surface of the conductor in the conductor. 

IMPEDANCE, THROAT ACOUSTIC. The 
acoustic impedance (see impedance, acoustic) 
at the input end of a horn. 

IMPEDANCE, TRANSFER. Between two 
points of a transducer, the complex ratio of 
the applied sinusoidal potential difference, 
force, or pressure at one point to the resultant 
current, velocity, or volume velocity at the 
other point, all inputs and outputs being ter¬ 
minated in any specified manner. 

IMPEDANCE, TRANSFORM. The analogy 
for transient situations of the steady state im¬ 
pedances, viz., the ratio of the one-sided 

Laplace transforms of two quantities such as 
voltage and current. 

IMPERFECT GAS. See real gas. 

IMPLICIT FUNCTION. A function y of x 
defined by an equation such as F(x,y) = 0. 
The implicit function theorem can be stated in 
varying degrees of generality; usually in appli¬ 
cations something like the following. If the 
function F(x,y) = 0 is continuous and has 
continuous first partial derivatives in a neigh¬ 
borhood of a point x = a, y = b, where F(a,b) 
= 0, and if dF/dy ^ 0 at (a,b), then there 
exists a unique function y = f(x), continuous 
in a neighborhood of x = a, such that F(x,f(x)) 
is identically zero and /(a) = b. Generaliza¬ 
tions to a larger number of variables can be 
made directly. 

IMPORTANCE FUNCTION. In the theory 
of neutron chain reactors, the increase of the 
overall level of neutron population due to the 
introduction of a single neutron of speed v at 
point r in the system. 

IMPROPER FRACTION. A fraction whose 
numerator is not less in absolute value than its 
denominator. 

IMPROPER INTEGRAL. A definite integral 
such that the integrand becomes infinite at one 
or more points in the interval of integration, 
or at least one of the limits of integration is 
infinite. 

IMPULSE. A vector quantity defined by the 
time integral of the force F acting on a par¬ 
ticle over a finite interval, for example, 

/• ^2 

I FdJt 
Jh 

for the interval from tx to t2. The impulse- 
momentum theorem states that the impulse 
equals the change in momentum experienced 
by a particle during the corresponding time 
interval. 

IMPULSE, ANGULAR. See angular impulse. 

IMPULSE FUNCTIONS. (1) Definitions. 
A class of functions defined not by their val¬ 
ues, but by their integral properties. 

Unit impulse function of t, of order one 
(see below for higher orders), at t = t0, denoted 
by 8(t — t0) is such that 
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for all a, 0 such that a < t0 < 0 

for all a, 0 such that a < 0 < t0 

Instances of such limit approximations to 5(0 
are 

sin kt . k sech kt , k ... 
lim-> lim-> lim - e , 
k—»oo 7rt k—► » TT k—>oo 2 

or t0 < a < 0. 

An alternative definition, which includes the 
above as a particular case, is 

— t0)f(t)dt 

= f{t0) for all a, 0 such that a <t0 < 0 

= 0 for all a, 0 such that a < 0 <t0 

or t0 < a < 0 

provided /(<) is coptinuous at t = t0 and 
bounded elsewhere. 

(2) Right-Handed, Left-Handed and Sym¬ 
metrical Impulse Functions. It will be noticed 
that the above definitions do not cover the 
possibilities t0 = a or t0 = 0. The value of the 
integrals in either of these cases demands a 
more precise definition. If 5(0 is a “right- 
handed” function, then, in addition to the 
above, 

r0 
I 8(t — t0)dt = 1 when t0 — a 

J a 

= 0 when t0 = 0. 

If 5(0 is a “left-handed” function, then, in 
addition to the definitions in (1) above, 

when t0 = 0 

when t0 = a. 

If (t) is a “symmetrical” function, then, in 
addition to the definitions in (1) above, 

when t0 = a or t0 = 0. 

(3) The Impulse Function as a Limit Func¬ 
tion. The implications of the above definitions 
are perhaps clarified by considering the impulse 
function as the limiting form of a normal 
function when a suitable function parameter 
tends to a limiting value. 

If for instance any function <t>(t) is integrable 

then the same is clearly true of the function 
k<t>(kt), where k is any positive constant. The 
effect of increasing k, however, is to compress 
the abscissae while expanding the ordinates and 
as k —* oo the function k<j>(kl) will tend to 5(0. 

which are all symmetrical, and 

lim f(k,t) 
k—►» 

where f(k,t) = k in the interval 0 < t < - and 
k 

f(k,t) = 0 outside this interval, which is a widely 
used form of right-handed impulse function. 

(4) The Impulse Function of Order One as 
the Derivative of the Step-Function. It is clear 

from the above definition of 5(0 that I S(t)dt 
J —oo 

= 0 or 1 according as t $ 0, and is therefore 
unit step function at the origin, u(t). Con¬ 
versely it would appear that 5(0 is therefore 
the derivative of u(t). Although u(t) is not 
differentiable at t = 0, it may be made so by 
considering it also as a limit function. For 

sin kt 
instance if 5(0 is identified with lim-then 

*->«> 7rt 
u{t) may be expressed as the limit form of 

sin kt 

, irt 

1 rl sin kt 

1 1 
= - + - Si(fc) 

6 7T 

dt 

where Si(*) = 
Jo X 

dx. Any objections 

raised on the ground that the integral of a 
limit is here identified with the limit of an 
integral may be discounted by arguing that 
k need not be infinite, that the limit is therefore 
never reached, that we can produce two dif¬ 
ferentially related functions which approximate 
as closely as we please to u(t) and 5(0 and 
finally that in any case true discontinuous 
functions such as u(t) and 5(0 never occur in 
physical problems, but only approximations to 
them. 

(5) Impulse Functions of Higher Order. Unit 
impulse function of order n(> I) at t = ta may 
be defined by 

r« 
&n(t ~ tQ)dt 

= 5„_j(0 if a < t0 < 0 

= 0 if a < 0 < t0 or t0 < a < 0 
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with similar extended definitions to cover the 
cases t0 = a or tQ = /J according as right- 
handed, left-handed or symmetrical functions 
are envisaged. Thus, using the above limit 
approach 8n(t — t0) may be considered as the 
derivative of 5n-i(t — t0). From this point 
of view, identifying 8i(t) = 8(t) with such a 

sin let 
limit function as-has the obvious advan- 

-irt 
tage that all the derivatives of the limit function 
exist; if a right- (or left-) handed limit function 
is used, this property is lost. 

(6) Laplace Transform of Impulse Func¬ 
tions. The Laplace transform of 8(£), by vir¬ 
tue of its definition integral, is unity provided 
either (i) the lower limit of the Laplace in¬ 
tegral is 0 — or (ii) the lower limit is 0 and 
8(t) is defined in a right-handed manner. 

Under the same conditions the Laplace 
transform of 8„(t) is s"-1. 

IMPULSE-MOMENTUM PRINCIPLE. The 
time integral of Newton’s second law for a 
mass particle, 

d 
F = ma = — (mv), 

dt 

is the impulse-momentum principle, 

/' J tx 

Fd£ = (rav)2 — (mv) i. 

This statement that impulse equals change in 
momentum applies also to the generalization 

F = 5 <mv‘> 

where F represents the sum of all forces acting 
on a system of total mass m and vc is the 
velocity of the center of mass. 

IMPULSE-WEIGHT RATIO. A measure of 
the efficiency of propulsive systems that is 
used to compare propellants. It is defined as 
the ratio of total impulse to take-off weight, 
and may be found from the expression: 

I/W = 
Ft 

W 

where I/W is the impulse-weight ratio, F is the 
thrust, t is the time of burning of the motor, 
and W is the total weight of the rocket at 
take-off. 

IMPULSIVE MOTION. Motion induced in 
a fluid by the impulsive motion of the bound¬ 

aries. If the fluid is incompressible and of 
uniform density and the impulsive pressure is 

w (= P±t), the impulsive motion is irrotational 
with velocity potential <j> = —w/p. 

IMPULSIVE SOUND EQUATION. 

El ctaS 

- = e", 
V 

where E is the total sound energy produced 
by a single impulse, V is the volume of room, 
a is the mean sound absorption coefficient, 
S is the exposed surface area, t is the duration 
of impulsive sound, and c is the velocity of 
sound. 

INCIDENCE, ANGLE OF. (1) The angle 
between the chord line of an airfoil and the 
direction of the relative air stream. (Also 
known as angle of attack.) In the case of a 
twisted wing the angle of incidence varies along 
the span. It is usual then to specify the angle 
of incidence at a particular spanwise position, 
e.g., the wing root or the center line. (2) The 
angle at which one body or material or radia¬ 
tion strikes a surface, measured from the line 
of direction of the moving entity to a line per¬ 
pendicular to the surface at the point of im¬ 
pact. The term is used commonly in regard 

to the impact of radiant energy upon a ma¬ 
terial surface. In the figure, i is the angle of 
incidence, R, the angle of reflection, D, the 
angle of deviation, and r the angle of refrac¬ 
tion. 

INCIDENCE, ANGLE OF, IDEAL. See 
thin-airfoil theory. 

INCIDENCE FOR ZERO LIFT. See thin- 
airfoil theory. 

INCIDENCE, PRINCIPAL, ANGLE OF. 
See angle of principal incidence. 

INCIDENT. A vertex and an edge are inci¬ 
dent with each other if the vertex is an end¬ 
point of the edge. 



Incommensurable — Indeterminancy Principle 472 

INCOMMENSURABLE. Two numbers a 
and b are said to be incommensurable if there 
exists no number contained in each of them an 
integral number of times. Thus 1 and \/2 are 
incommensurable. A number, such as \/2, 
which is incommensurable with the integers is 
irrational. 

INCOMPLETE BETA FUNCTION. The in¬ 
complete beta function is defined by 

Bx(p, q) = J* xp~l{\ — x)q~xdx, 0 < x < 1, 

p > 0, q > 0. 

INCOMPLETE BLOCK. A layout used in 
the design of experiments. If the experiment 
is divided into blocks and there are more 
treatments than can be inserted in any one 
block, the blocks are called incomplete. If 
the design is such that there are the same num¬ 
ber of treatments in each block and every pair 
of treatments occurs together in the same num¬ 
ber of blocks, the design is said to be balanced. 

INCOMPLETE COMBUSTION. See com¬ 
bustion. 

INCOMPLETE GAMMA FUNCTION. The 
function defined by 

Tx(tt) = f e~xxn~ldx, n > 0, 0 < x < oo. 
•'O 

INCREMENTAL THEORY OF PLASTIC¬ 
ITY. A plastic flow law which expresses strain 
increments of plastic flow in terms of the ap¬ 
plied stress and possibly stress increments. 
This is the more natural type of plastic flow 
law since plastic strain is permanent and does 
not have to be maintained by the applied 
stress. (See also deformation theory of plas¬ 
ticity.) 

INDEPENDENCE. See independent. 

INDEPENDENT. (1) A set of n quantities 
Pi, P2> • • •, pn (e.g., vectors, functions, etc.) for 
which addition is defined and also multiplica¬ 
tion by a scalar, is linearly independent if for 
any set of n scalars ax, a2, • • •, an not all zero, 
we have 

aiPi + a2p2 H-h anPn ^ 0. 

A set of n functions f\, f2, •••,/„ of the n 
independent variables X\, x2, • • •, x„ is (func¬ 
tionally) independent if there does not exist 
any identically vanishing function F(flyf2) ■ • •, 

fn) with not all dF/dfi equal to zero. If fx, 
f2, • • •, fn have continuous first partial deriva¬ 
tives, they will be independent in the neighbor¬ 
hood where not all the dF/dfi vanish, provided 
their Jacobian does not vanish identically. 

(2) In the theory of probability, A and B are 
independent if the probability of A for given B 
is equal to the probability of A with B un¬ 
specified, viz., 

P(A/B) = P(A). 

It follows that 

P(A and B) = P(A)P(B). 

Likewise two random variables are independ¬ 
ent if their frequency functions are related by 

f(x\, x2) =/i(x1)/2(x2)- 

Analogous definitions apply to more than two 
variables. 

INDEPENDENT COMPONENTS. The 
number of independent components of a ther¬ 
modynamical system is the total number of 
components c less the number of independent 
reactions F other than transfers of molecules 
from one phase to another 

c' = c — r'. 

INDEPENDENT REACTIONS. In a system 
containing c components which can undergo F 
reactions other than transfers of molecules 
from one phase to another, there is for each 
reaction a stoichiometric equation 

y jVioMj = 0, (i — 1, • • • C, P = 1, • • ' T ). 

‘ (1) 
The reactions 1, • • • / are said to be indepen¬ 
dent (from a thermodynamic point of view) 
if none of these equations can be derived by 
linear combination of the others. 

INDEPENDENT VARIABLE. (1) For the 
mathematical meaning of this term, see func¬ 
tion. (2) That independent quantity or con¬ 
dition which, through the action of the control 
system of an automatic controller, directs the 
change in the controlled variable according to 
a predetermined relationship. 

INDETERMINANCY PRINCIPLE. A con¬ 
sequence of quantum mechanics that asserts 
that in the simultaneous determination of the 
values of two canonically conjugated vari¬ 
ables, the product of the smallest possible un- 
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certainties in their values is of the order of 
magnitude of the Planck constant h. If Aq is 
the uncertainty in the value for the coordinate 
q of a particle, and Ap is the uncertainty in 
the simultaneous determination of the corre¬ 
sponding component of its momentum p, then 
Ap-Aq = h/4ir. Similarly if AE and At are 
the uncertainties in the simultaneous deter¬ 
mination of the energy and the time, AE-At = 
k/^TT. 

INDETERMINATE FORM. Limiting proc¬ 
esses applied to special combinations of func¬ 
tions sometimes result in meaningless expres¬ 
sions such as 0/0, oo/oo, 0-oo) co — oo, l®, 0°, 
°o°, etc. These are called indeterminate forms. 
To evaluate them, L’Hospital’s rule, or modi¬ 
fications of it may be used, as will now be 
shown for several special cases. 

(1) The case 0/0. The limiting value of 
f{x)/<t>(x) for x = a is /(n) (a)/<$>{n) (a), where 
the lowest-order derivatives which do not 
vanish are to be evaluated. 

(2) The case oo/oo. Let/(x) = 1 /g(x), <f>(x) 
= l/h(x) and evaluate /i(n)(o)/^(n)(o) as in 
case (1). The same procedure works when a = 
-OO. 

(3) The case 0-°o. If f(x)4>(x) becomes in¬ 
determinate, reduce the expression to case (1) 
or case (2) by writing it as f(x)h(x) or g(x)<f>(x). 

(4) The case °o — oo. The indeterminate 
form is f(x) — <j>(x) = 1 /g(x) — 1 /h(x) = 
(,h — g)/gh, which is now case (1). 

(5) The cases 0°, oo°, 1°°. The function has 
the form/(x)^x\ Its logarithm, however, is 
cf>(x) ln/(x) which is case (3). 

INDETERMINATE STRUCTURE. A stati¬ 
cally indeterminate structure is one that can¬ 
not be analyzed by means of the equations of 
static equilibrium alone. The properties of 
the material of which the structure is com¬ 
posed enter the problem through the stress- 
strain relations. Also the requirements of 
geometry or continuity must be considered. 

INDEX. (1) An exponent. (2) A subscript 
or superscript used in indicial notation. (For 
index of a subgroup, see coset.) 

INDEX, DUMMY. See summation conven¬ 
tion. 

INDEX, FREE. An index on a symbol or 
product of symbols which is not repeated (cf. 
dummy index in entry on summation conven¬ 
tion). Also called identifying index. 

INDEX, IDENTIFYING. See index, free. 

INDEX OF PROBABILITY. Gibbs’ name for 
the natural logarithm of the coefficient of 
probability. 

INDEX OF REFRACTION, ABSOLUTE. 
For a non-absorbing medium the absolute 
index of refraction may be defined by either: 
(1) The velocity of radiation in vacuo divided 
by the velocity of the same radiation in a 
specified medium. Because of Snell’s law, the 
index of refraction may also be defined as the 
ratio of the sine of the angle of incidence (in 
vacuo) to the angle of refraction. Because 
the difference is small, the index of refraction 
is frequently measured with respect to air 
rather than with respect to free space (vac¬ 
uum). (See index of refraction, relative.) 
Excepting a few very special cases (x-rays; 
light in metal films) the index of refraction is 
a number greater than unity. A few represen¬ 
tative values are: 

^•water 1.34, Wglass 1.5—1.9, 

^germanium = 4.25 (infrared radiation). 

(2) The square root of the relative dielectric 
constant of a medium\/£/eo. The index of 
refraction is invariably a function of the fre¬ 
quency or wavelength of the radiation. When 
definition (2) is used, the appropriate value of 
6 is often not the permittivity observed with 
static fields. 

(For absorbing media, see index of refrac¬ 
tion, complex.) 

INDEX OF REFRACTION, COMPLEX. 
The dynamic dielectric constant k of a medium 
is in general a complex number and the com¬ 

plex index of refraction is V/c = n -+- im = 
n( 1 — ik) where the real part n is the refrac¬ 
tive index and m, or alternatively, k is the ab¬ 
sorption constant or absorption index of the 
medium. The second form is especially useful 
in the study of metallic reflection. (See Fres¬ 
nel equations for metallic reflection.) 

INDEX OF REFRACTION, ELECTRON- 
OPTICAL. See electron-optical index of re¬ 
fraction. 

INDEX OF REFRACTION FOR METALS. 
See index of refraction, complex. 

INDEX OF REFRACTION, RELATIVE. If 
Vi is the velocity of light in a non-absorbing 
medium M4 then the relative index of refrac- 
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tion Mo in Mx is rii = V\/v2■ In many appli¬ 
cations Mi is air and since the absolute index 
of refraction of air under common conditions 
of temperature and pressure is approximately 
1.00029, the absolute index of M2 is often used 
as an approximation to the relative index of 
M2 in air and referred to as the index of M2. 

INDEX OF REPULSION. See point centers 
of repulsion. 

INDEX, UMBRAL. See summation conven¬ 
tion. 

INDICATED EFFICIENCY. In a recipro¬ 
cating gas compressor, the ratio of the indicated 
power H\, measured on an indicator diagram, 
to the ideal power consumption. The latter 
can be calculated on two alternative bases: (a) 
assuming an isothermal process, HV, (b) as¬ 
suming an isentropic process IPs. Hence 

HV , IPs 
Vi = ~~ or V i = -• 

H\ H\- 

The indicated efficiency is a measure of how 
well the actual engine performs the stipulated 
ideal process (T = const, or S = const.). Since 
compressors are usually cooled, and since HV 
represents the minimum work, it is found that 
Vi < 1 always, but v i may become larger than 
1. 

INDICATED MEAN EFFECTIVE PRES¬ 
ENCE. See mean effective pressure. 

INDICATED THERMAL EFFICIENCY. In 
a reciprocating prime mover (internal combus¬ 
tion engine, steam engine), the ratio of indi¬ 
cated work Wi to heat Q supplied to working 
fluid: 

W{ 

The indicated work is measured on an indi¬ 
cator diagram and, consequently, excludes me¬ 
chanical losses. The indicated thermal effi¬ 
ciency is a measure of the perfection of the 
thermodynamic design of the engine, i.e., a 
measure of how well the heat supplied Q has 
been transformed into mechanical work. In 
an internal combustion engine 

Q = BHn 

per unit time; here B is the fuel consumption 
and Hn its lower calorific value. In a steam 
engine 

Q h hw 

per unit mass of working fluid, where h is the 
enthalpy of the steam at admission, and hw is 
the enthalpy of the feed-water to the boiler. 

INDICATRIX (AT A POINT P OF A SUR¬ 
FACE). In a two-dimensional rectangular 
Cartesian coordinate system x,y with axes in 
the principal directions at P, for which the 
principal curvatures are *x and ku, the ellipse 
VxV2 +Vj/|y2 = 1, if P is an elliptic point; 
the two hyperbolas kxx2 + Kyy2 = ±1, if P is 
a hyperbolic point; a pair of parallel straight 
lines in the tangent plane at P, parallel to the 
principal direction for which the principle 
curvature is zero, if P is a parabolic point. 
1**1 and |kv\ denote the absolute values of kx 
and kv. 

These curves are similar and similarly situ¬ 
ated to the real curves of intersection with the 
surface of planes parallel to the tangent plane 
at P on both sides of it and infinitely close to it. 
Also called Dupin’s indicatrix. 

INDICATRIX OF DIFFUSION. The surface 
formed by the extremities of the radii vectors 
drawn in all directions from an element of a 
surface of a secondary source, or from an ele¬ 
ment of volume of a translucent solid, when 
each radius vector represents the (relative) 
luminous intensity or the (relative) luminance 
in the corresponding direction. (1) In many 
cases only a meridian section of this indicatrix 
is required. (2) The term indicatrix is often 
used to denote, instead of the surface, the 
curve obtained in a similar manner in a plane 
normal to the element concerned. 

INDICATRIX OF REFRACTION. An indi¬ 
catrix of refraction at a point 0 of an aniso¬ 
tropic medium is a set of points P so that the 
distance OP is proportional to the index of 
refraction of the medium in the direction OP. 

INDICIAL EQLTATION. As an attempt to 
find a series solution valid near a point x = c 
of a linear homogeneous ordinary differential 
equation 

y(n) + o-i2/(n-1) H-f an_iy' + any = 0, 

we may substitute 
00 

y = ak(x - c)k+> 
fc=0 

in the equation. When k is put equal to zero, 
and the coefficient of the lowest power of x is 
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set equal to zero, the result is called the in¬ 
dicial equation, since it serves to determine 
the values of s. These values are called the 
exponents of the differential equation. 

The indicial equation may be: (1) inde¬ 
pendent of s, in which case no series solution 
of the type assumed exists; (2) a polynomial 
in s, of degree equal to the order of the differ¬ 
ential equation; depending on the nature of 
the roots of the indicial equation, there may 
then be n distinct series solutions of the differ¬ 
ential equation or fewer; (3) a polynomial 
in s of degree less than the order of the differ¬ 
ential equation in which there will be fewer 
than n distinct series solutions. 

In case (2) the point c is a regular singular¬ 
ity (see singular point of a differential equa¬ 
tion) of the differential equation, and setting 
successive coefficients equal to zero in the 
above power series in x, obtained by substitut¬ 
ing the above y into the given differential 
equation, will, in general, determine the suc¬ 
cessive ak. But if the roots of the indicial 
equations differ by an integer, the general solu¬ 
tion will involve logarithms. This method is 
often named after Frobenius, who made an 
important contribution to its theoretical justi¬ 
fication. 

INDICIAL NOTATION. The notation in 
which a set of quantities, called a system, is 
denoted by a symbol carrying one or more 
indices which may be superscripts or sub¬ 
scripts. These are usually lower case Latin 
italics and it is understood that each of the 
indices may take independently the integral 
values 1, 2, • • •, n (say). For example, with 
n = 3, the symbol a/ denotes the nine quan¬ 
tities ai1, a22, a33, a32, a23, af, a3\ a2\ cq2. 
With n = 4, the symbol apqbr denotes the sixty- 
four quantities obtained by assigning to p, q 
and r the values 1, 2, 3, 4 independently. 

The individual quantities obtained by as¬ 
signing values from 1 to n to each of the in¬ 
dices are called the elements or components of 
the system. Systems of quantities depending 
on one index are called systems of the first 
order or simple systems. Those depending on 
two indices are called systems of the second 
order or double systems, and so on. 

INDICIAL RESPONSE. The normal re¬ 

sponse of a system to an input in the form of 
unit step function at the origin. 

If the output quantity is q„(t) the input 
6[t) and their Laplace transforms for an ini¬ 
tially quiescent system are related by 

Q0(s) = F(s)-@(s) 

where F(s) is the transfer function connecting 
them, then if 6(t) is unit step function, 0($) = 

- and therefore 
s 

Q0(s) = F(s)/s. 
Hence 

Qo(t) = f {£~1F(s) )dt 

= r w{t)dt 
Jo 

where W (t) is the weighting function (the re¬ 
sponse to unit impulse function at t = 0). 
Thus indicial response is the time integral of 
the weighting function. Similarly, the re¬ 
sponse to unit ramp function input is the in¬ 
tegral of the indicial response. 

INDIFFERENT LINE. See Saurel theorem. 

INDIFFERENT STATES. Let us consider a 
closed system whose state (see Duhem the¬ 
orem) is determined completely by T, p, the 
weight fractions wf* of each component (i = 
1 • • • c) in the various phases a (a = 1 • • ■ 4>) 
and the mass of each phase, i.e., by the vari¬ 
ables 

T, p, W\X, • • • Wc*, m}---m<t>. (1) 

Suppose the system is initially in the state (1). 
Let us then consider the set of states acces¬ 

sible to this closed system, i.e., compatible 
with the conservation of mass (see conserva¬ 
tion of mass in closed systems). If there exists 
in this set states which differ from (1) in the 
mass of at least one of the phases, but in which 
all the weight fractions are the same, the state 
(1) is called an indifferent state. The system 
is then called an indifferent system. This ter¬ 
minology is due to Duhem. 

A simple example is given by the decomposi¬ 
tion of calcium carbonate 

CaC03(s) = CaO(s) + C02(s) (2) 

where (s) means a solid phase and (g) a gas. 
CaC03 and CaO are two distinct solid phases. 

If a molecule of CaC03 decomposes, then it 
increases the amount of CaO and C02 without 
altering the composition of any of the phases, 
each phase being formed by a simple com- 
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ponent. All states of the system are indiffer¬ 
ent. 

The azeotropic systems are also special 
cases of indifferent systems. 

The properties of indifferent systems are 
very similar to those of azeotropic systems. 
For example, one has the generalized Gibbs- 
Konovalov theorems: If in any isothermal 
(isobaric) equilibrium change the system 
passes through an indifferent state, then the 
pressure (temperature) passes through an ex¬ 
treme value, and conversely. (See also Saurel 
theorem.) 

INDUCED DRAG. See drag. 

INDUCED POLARIZATION. The polariza¬ 
tion brought about by the action of an electric 
field in a dielectric that does not contain per¬ 
manent dipoles. 

INDUCTANCE. See inductance, self; and 
inductance, mutual. 

INDUCTANCE, MUTUAL. The mutual in¬ 
ductance, M, between two circuits or two cir¬ 
cuit elements is defined as the ratio M = <f>/I 
where <f> is the flux linked by one and being 
produced by a current I in the other. From 
the Faraday law of electromagnetic induction, 
the voltage, V, induced in the first circuit or 
circuit element is given by V = —Mdl/dt, 
where dl/dt is the time rate of change of the 
current in the second circuit or element. Mu¬ 
tual inductances are measured in henries. 
(See also inductance, self; circuits.) 

INDUCTANCE, SELF. The self inductance, 
L, is defined as the ratio L = <£//, where (f> is 
the magnetic flux linked and produced by a 
circuit or circuit element and I is the current 
in the same circuit or element. From the Far¬ 
aday law of electromagnetic induction the 
back emf is given by V = —Ldl/dt. Self in¬ 
ductances are measured in henries. (See also 
inductance, mutual.) 

or current distributions, or magnetic dipole 
distributions in a substance, brought about by 
the presence or approach of an electrified 
body, a magnet or any other source of electric 
or magnetic field. 

INDUCTION ENERGY. See Debye energy. 

INDUCTION FIELD. See field, induction. 

INDUCTION FORCES. When a charged 
particle a (for example an ion) interacts with 
a neutral molecule, the charged particle a 
induces on the neutral molecule b a dipole mo¬ 
ment. If the polarizability of molecule b is 
ab the energy of interaction between the charge 
e„ and this induced moment is 

0(r) = 
eaQ!b 

2^’ 
(1) 

Similarly, there exists a potential energy of 
interaction between a point dipole Ua and an 
induced dipole produced in a neutral molecule 
of polarizability a&. When averaged over the 
angles, the result is 

4>{r) = 
Ma2«6 

(2) 

It is important to note that (1) and (2) corre¬ 
spond always to an attraction. This effect 
was discussed for the first time by Debye. 

INDUCTION, INTRINSIC (B.) (INTEN¬ 
SITY OF MAGNETIZATION). The intrin¬ 
sic induction or magnetic polarization of a 
medium is the vector difference between the 
magnetic induction at the point of interest, 
and the induction which would exist at that 
point, for the same magnetizing force if the 
medium were a vacuum there. 

B = TmH + B,-, 

where ym is the magnetic constant (mo)- In 
unrationalized systems of units the magnetic 
polarization is defined by 

INDUCTION DRAG. A velocity-dependent 
resistive force which acts on a conducting fluid 
to dampen its motion perpendicular to the 
magnetic lines of force. 

Pm = B,/47T, 

whereas in rationalized systems, 

Pm = B,. 

INDUCTION EFFECT. See van der Waals In any system, the polarization is related to 
forces. the magnetic moment density by Pm = ymM. 

INDUCTION, ELECTRIC AND MAG¬ 
NETIC. The word induction is often used to 
indicate the generation or alteration of charge 

INDUCTION THEOREM. Consider a me¬ 
dium comprising two homogeneous regions 
(which may have different or identical prop- 
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erties) separated by a closed surface S. An 
impressed electromagnetic field Ej( lb gives 
rise to an induced field; the induced field is 
composed of a field reflected from the surface 
and a field transmitted by the surface. The 
induced field is the same as that produced by 
electric tend magnetic current-sheets on the 
surface, of densities 

J = n, X II, 

M = E, X n. 

This is a consequence of Green’s theorem ap¬ 
plied to Maxwell’s equations. 

INDUCTIVE CAPACITY. See permittivity 

or dielectric constant. 

INERTANCE, ACOUSTIC (ACOUSTIC 
MASS). The quantity which, when multiplied 
by 2tt times the frequency, gives the acoustic 
reactance (see reactance, acoustic) associated 
with the kinetic energy of the medium. It is 
measured in acoustic ohms. 

INERTANCE, SPECIFIC ACOUSTIC. The 
coefficient which, when multiplied by 2?r times 
the frequency, gives the positive imaginary 
part of the specific acoustic impedance. (See 
impedance, specific acoustic.) 

INERTIA. A property manifested by all 
matter, representing the resistance to any al¬ 
teration in its state of motion. Mass is the 
quantitative measure of inertia. 

INDUCTIVE EFFECT AND REACTIVITY. 
The term is used to describe the tendency of 
electronegative or electropositive groups or 
atoms in organic molecules to polarize the re¬ 
mainder of the molecule, i.e., to decrease or 
increase the electron density of the neighbor¬ 
ing atoms. For molecules containing double 
bonds (and particularly conjugated double 

bonds), the inductive effect can be quite im¬ 
portant, because of the mobility of the ir-elec- 
trons. It affects the tendency of the molecule 
to react with electrophilic or nucleophilic 
atoms or groups of atoms. (See also resonance 

effect.) 

INDUCTOR. A device whose primary pur¬ 
pose is to introduce inductance into an electric 
circuit or network. 

INEQUALITIES, METHOD OF. A proce¬ 
dure for computing the plastic limit load of a 
frame based upon the solution of systems of 
linear inequalities. The inequalities express 
the fact that at each critical section the bend¬ 
ing moment cannot exceed the positive mo¬ 
ment or be algebraically less than the negative 
limit moment. 

INERTIA, AREA MOMENT OF. If the area 
lies in the an/-plane, the moment of inertia 

about the y-axis is Iu = I x2dA, about the x- 

axis is Ix = I y2dA and about a perpendicular 
J A /» 

or polar axis lv — I r2dA, where r is measured 
Ja 

from the polar axis. If the polar axis is erected 
at the intersection of the x and y axes, Iv — 

I, + lv 
INERTIA, AREA PRODUCT OF. If the area 
is taken to be in the xy-plane the product of 

inertia Ixy The product of inertia 

is zero if either axis is a line of symmetry or, 
more generally, a principal axis. 

INERTIA ELLIPSOID. The quadric surface 
associated with the inertia tensor. (See angu¬ 
lar momentum.) 

INERTIA FORCES. Forces equal and op¬ 
posite to the reaction of matter on its sur¬ 
roundings when it is accelerated; represented 
in an equation of motion by the rate of change 
of momentum; equal to the resultant of all the 
other forces. 

INEQUALITY. For various inequalities, e.g., 
Abel, Holder, Minkowski, see the respective 
names. 

INEQUALITY THEOREMS, METHOD OF. 

A technique for the X-ray analysis of crystal 

structure in which use is made of certain fun¬ 
damental inequalities, which must be satis¬ 
fied by the structure factors, to estimate their 
phases. 

INERTIAL COORDINATE SYSTEM. See 
inertial frame. 

INERTIAL FLOW. Flow in the absence of 
external forces. 

INERTIAL FRAME. A frame of reference in 
which Newton’s laws are valid, is termed an 
inertial frame. Axes fixed on the earth, a ro¬ 
tating body in curvilinear motion, are most 
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often taken to be a sufficiently good approxi¬ 
mation to an inertial frame. Coriolis and cen¬ 
trifugal effects, however, do play a significant 
role in problems of missiles and satellites, wind 
and weather. 

INERTIAL INSTABILITY. (1) (Also called 
dynamic instability.) Generally, instability in 
which the only form of energy transferred be¬ 
tween the steady state and the disturbance is 
kinetic energy. 

(See Helmholtz instability, barotropic in¬ 
stability.) 

(2) The hydrodynamic instability arising 
in a rotating fluid mass when the velocity dis¬ 
tribution is such that the kinetic energy of a 
disturbance grows at the expense of kinetic 
energy of the rotation. 

INERTIA, MOHR CIRCLE FOR. See Mohr 
circle for inertia. 

INERTIA, MOMENTS AND PRODUCTS 
OF. In the general case of the motion of a 
particle or aggregate of particles with respect 
to a single fixed point, the angular momentum 
can be written as having three components 
with respect to a coordinate system based at 
the fixed point. 

Hx = wx2m,(yt2 + z;2) - UyZniiXiyi 

vanish and the angular momentum can be ex¬ 
pressed in terms of the moments of inertia 
alone. Following are formulae for the mo¬ 
ments of inertia of certain homogeneous solids 
with respect to the axes specified (M is the 
total mass of the body in each case): 

Particle distant r from axis.... Mr2 
Sphere of radius R, with respect 

to any diameter. %MR2 
Cube of edge L, with respect to 

axis through center parallel to 
edge. %ML? 

Rectangular plate, dimensions 
A X B, with respect to axis 

perpendicular to it at center — (A2 + B2) 
12 

Cylinder of length L and radius 
R, with respect to axis per¬ 
pendicular to its length at 

, ,,/L2 . R2\ 
center. Ml--I 

V12 4 / 
Cylinder of radius R, with re¬ 

spect to its own longitudinal 
axis. %MR2 

Any body with respect to any 
axis distant r from the center 
of mass, the value for a paral¬ 
lel axis through that point 
being 70. 70 + Mr2 

— wz2m,a-tz,- 

Hy = -u>x2 rriiXiDi + coylm^x2 + z,-2) 

- w*2m4/jZf 

Hz = —wx2 miXiZi — UyZmtyiZi 

+ a)z2m,(x,-2 + y2) 

where «x, uu, uz are components of angular 
velocity, »?, is the mass of 7th particle, ?/,, z,- 
are coordinates of 7th particle. 

The terms 2ml(i/,2 + z2), 2m4(xl-2 + z2), 
2mi(x2 + y2) are called moments of inertia 
with respect to the x, ?/, and z axes, respectively, 
and are symbolized by Ixx, Iuy, and I2Z. 

The terms 2m1xty!-, 2/nt£,zt-, etc., are called 
the products of inertia and are symbolized by 
Ixin Txz, etc. 

For a continuous rigid body the summations 
are replaced by integrals over the volume of 
the body. In a rigid body, it is sometimes 
easier to choose coordinate axes, called moving 
axes, which are fixed in the body. There al¬ 
ways exists one set of such axes, called prin¬ 
cipal axes, such that the products of inertia 

Experimental methods of obtaining moments 
of inertia by the use of a torsion pendulum are 
explained in any laboratory manual of ele¬ 
mentary dynamics. 

For certain purposes it may be desirable to 
know at what one distance from the axis all 
the particles of the body of mass M would 
have to be placed to give it the same moment 
of inertia 7 that it actually has. This distance 
is the radius of gyration, and is expressed by 
the formula 

[7 
\ aT 

The “principal axes” of a body through a 
given point are axes of maximum or minimum 
moment of inertia. 

The quantity expressed by 

7 = J r 2da, 

in reference to any plane figure, is called the 
areal moment of inertia of the figure with 
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respect to a given straight line in its plane. 
The figure is divided into elements of area da, 
each element multiplied by the square of its 
distance r from the axis, and the products 
summed as indicated above to get the areal 
moment of inertia. This quantity is purely 
geometric and has of course no actual connec¬ 
tion with inertia or mass. One of its important 
applications is in the theory of flexure of elastic 
rods or beams. If E is the (Young’s) elastic 
modulus of the material and I the areal mo¬ 
ment of inert ia of the cross-section with respect 
to the neutral axis, the bending moment or 
flexural torque required to bend the rod to a 
curvature k is given by 

M = EIk. 

INERTIA, ROUTH RULE OF. See Routh 
rule of inertia. 

INFINITE ABSORBER MODEL. In the 
theory of resonance capture of neutrons in a 
chain reacting system, the calculational model 
in which it is assumed that the heavy atom 
which does the capturing may be ascribed in¬ 
finite mass, i.e., the capturing atom does not 
moderate. (See narrow resonance model.) 

INFINITE GRAPH. See graph, infinite. 

INFINITE MULTIPLICATION. See multi¬ 
plication, infinite. 

INFINITESIMAL. The word infinitesimal is 
properly defined only as part of a phrase. 
Thus a function y = y(x) is sometimes said 
to be an infinitesimal if there is a value of x, 
call it a (usually a = 0 or a = oo), such that 
y —» 0 as x-* a, but more properly one should 
say that y becomes infinitesimal at a. The idea 
of the order of an infinitesimal is often con¬ 
venient. Thus if y and z become infinitesimal 
at a, but their quotient remains between finite 
(non-zero) limits, then y and z are said to be 
infinitesimals of the same order. If yn and z 
are of the same order, then z is said to be of 
the nth order relative to y, and so forth. 

INFINITESIMAL DEFORMATION. A de¬ 
formation in which the displacement gradients 
in a rectangular Cartesian coordinate system 
are sufficiently small so that terms of second 
degree in them may be systematically neg¬ 
lected in comparison with terms of first-degree; 
terms of third degree may be systematically 
neglected in comparison with terms of second 
degree and so on. 

INFINITESIMAL RING OF A GROUP OF 
LINEAR TRANSFORMATIONS. Let G be 
a group of linear transformations (see, e.g., Lie 
group), i.e., a group oin'X.n (real or complex) 
matrices M whose elements (at least for small 
values of the pt) are differentiable functions of 
r parameters p\, p2, pr so chosen that 

0, 0, •••,0) is the unit matrix. E.g., for 
rotations through an angle <£ in the plane 
n = 2, r = 1, pi = $ and the matrices are 
given by 

cos <f>, — sin 4>\ 

sin cj>, cos 4>/ 

Consider all possible ways of selecting a 
one-parameter family M(0) from G with 
M(0)=0, and form the corresponding matrix 
M'{0). The set of all such matrices M'{0) is 
called the infinitesimal ring G° of the group G. 
E.g., in the above case the infinitesimal ring 
for rotations in the plane consists of multiples 
of the matrix 

It is easy to prove that if G° contains the 
matrices U and V, then it also contains 
W = UV — VU, and is actually a (non-com- 
mutative, non-associative) ring if W is defined 
as the product of U and V. The ring G° is in 
fact the most important special case of an ab¬ 
stract Lie ring. 

INFINITE YAWED WING. The theory of 
an infinite yawed wing of constant chord is of 
interest, because it is relatively simple and 
gives some insight into the more complicated 
case of a swept back wing of finite span. 

The system to be considered is shown in 
the figure. The wing is yawed at an angle <f> 
and is placed in an infinite uniform stream 
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of velocity U. Resolving the velocity U into 
components u and v, parallel to the axes Ox 
and Oy, it is clear that if viscous effects are 
neglected the pressure distribution on the wing 
depends only on the component u, and is inde¬ 
pendent of v. Thus the pressure, lift and 
moment coefficients on the yawed wing (de¬ 
noted by symbols with primes) can be related 
simply to the coefficients on the same wing at 
zero yaw (symbols without primes) by the 
equation 

CP 

C'l C'm 
— = — = cos' <t>. 
CL Cm 

(1) 

Except in cases where the compressibility of 
the fluid can be neglected, this equation must 
be applied to the yawed wing at a Mach num¬ 
ber M' and to the unyawed wing at a Mach 
number M = M' cos 4>. This illustrates the 
important effect of sweep back in delaying to 
higher Mach numbers the changes that occur 
on an unswept wing at Mach numbers ap¬ 
proaching 1. 

In deriving Equation (1) it has been as¬ 
sumed that the incidence of the unyawed wing 
is the same as that of the yawed wing meas¬ 
ured in a plane normal to the axis OY. Also, 
the chord used in defining C'm is c' (and not c) 
and the pitching moment is measured about an 
axis perpendicular to the velocity U. 

It can be shown that for a laminar bound¬ 
ary layer on an infinite yawed wing the equa¬ 
tions for flow in the plane xz are independent 
of the flow in the plane yz. Hence the flow in 
the plane xz can be calculated without consid¬ 
ering the flow in the plane yz, and the results 
then used to calculate the latter. 

When the boundary layer is turbulent the 
evidence regarding this “independence prin¬ 
ciple” is conflicting, but at present it seems 
likely that the principle does not apply. 

INFINITY. The word infinity is usually de¬ 
fined only as part of a phrase. Thus a func¬ 
tion fix) is said to approach infinity at a point 
x — a if after choice of any number N, a num¬ 
ber 8 > 0 can be found such that fix) > N for 
all x if |x — a\ < 8. 

INFLECTION, POINT OF. A point on a 
curve, y = fix), where the derivative dy/dx 
changes sign but where neither a maximum 
nor a minimum occurs. It may be distin¬ 
guished from these two cases, for, at a point 
of inflection, d2y/dx2 = 0. 

The bending moment in a beam is zero at a 
point of inflection. 

INFLUENCE COEFFICIENTS. The mag¬ 
nitude of the effect produced at one point by 
a unit disturbance at another, as for example, 
a component of stress, force, moment, or de¬ 
flection at one point of a structure produced by 
a unit force or deflection at another. 

INFLUENCE LINE. An influence line is a 
graphical way of representing the effect of a 
certain variable circumstance upon a given 
condition. In particular, the influence line as 
applied in structural engineering represents the 
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variable effect of a single moving unit concen¬ 
trated load upon the shear, bending moment, 
reaction, or any other function of a structure 
such as a beam, truss, or bridge. The influence 
line is plotted in reference to a base or zero 
line. Positive or tensile effects are represented 
above the line and negative or compressive 
effects below. The ordinate of the influence 
line is the ratio of the effect to the concen¬ 
trated load producing it. If the load is in lbs. 
or tons the effect is in lbs. or tons. It is very 
useful for locating the position of the load 
which will produce maximum effect. For in¬ 
stance, the influence line for bending moment 
at the center of the beam shown above indi¬ 
cates that the maximum moment for this 
point will occur when the moving load which 
may be taken as unity is directly over the 
point. Any other ordinate such as ab repre¬ 
sents the bending moment at the center due to 
a load of unity at point A. The maximum mo¬ 
ment at the center of this beam due to a uni¬ 
form load of w lbs. per linear ft., covering the 
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entire length, may be computed by multiply¬ 
ing the area of the influence line by w. 

I 1 t2 
Area = - X l X - = — 

4 2 8 

wl2 
Maximum moment at center —- 

8 

Such quantitative results can also be ob¬ 
tained by the usual analytical methods. How¬ 
ever, since influence lines are almost invaria¬ 
bly drawn to indicate how a structure sub¬ 
jected to moving loads should be loaded, it is 
usually convenient, and faster, to use the or¬ 
dinates and areas of the influence line to ob¬ 
tain moments, stresses, etc. 

Influence lines for statically determinate 
structures are composed of straight lines. 
Those for indeterminate structures are curved 
or have straight segments the intersections of 
which lie on curves. (See Mueller-Breslau 
principle.) 

INFORMATION. (1) See information con¬ 
tent and information theory. (2) Apart from 
its ordinary meaning, this term occurs in sta¬ 
tistics in a specialized sense. If a sample of 
n values is drawn from a frequency function 
f(x,6) the amount of information about 6 in 
the sample is defined as 

d \2 
— log f(x,6)) f{x,6)dx. 
.86 / 

In a multivariate situation the matrix whose 
d log f 

(i,j)th element is the expectation of n ——— 
OUi 

d lo f 
X —--- - is called the information matrix. 

86j 

INFORMATION CONTENT (OF A MES¬ 
SAGE OR A SYMBOL FROM A SOURCE). 
The negative of the logarithm of the proba¬ 
bility that this particular message or symbol 
will be emitted from the source. The choice 
of logarithmic base determines the unit of in¬ 
formation content. (See bit and hartley.) 
The probability of a given message or symbol 
being emitted may depend on one or more pre¬ 
ceding messages or symbols. The quantity 
has been called self-information. 

INFORMATION CONTENT, AVERAGE. 
(PER SYMBOL) (INFORMATION RATE 
FROM A SOURCE, PER SYMBOL.) The 
average of the information content per symbol 

emitted from a source. The terms entropy and 
negentropy are sometimes used to designate 
average information content. 

INFORMATION CONTENT, CONDI¬ 
TIONAL. (OF A FIRST SYMBOL GIVEN 
A SECOND SYMBOL.) The negative of the 
logarithm of the conditional probability of 
the first symbol, given the second symbol. 
The choice of logarithmic base determines the 
unit of information content. (See bit and 
hartley.) The conditional information con¬ 
tent of an input symbol given an output sym¬ 
bol, averaged over all input-output pairs, is 
the equivocation. The conditional informa¬ 
tion content of output symbols relative to in¬ 
put symbols, averaged over all input-output 
pairs, has been called spread, prevarication, 
irrelevance, etc. 

INFORMATION MATRIX. See matrix, in¬ 
formation. 

INFORMATION THEORY. A mathematical 
theory relating to the problems of the process¬ 
ing and transmission of information. Infor¬ 
mation is measured quantitatively in terms of 
equally likely yes or no decisions called bits. 
A communication channel is characterized by a 
capacity measured in bits per second. The 
capacity determines the maximum rate at 
which the channel can convey information. 
The central problem in information theory is 
that of finding methods of coding information 
which make for the most efficient use of a 
channel. 

INFRARED RADIATION. Any radiation 
whose monochromatic components lie for prac¬ 
tical purposes within the wavelength range 
780-105 millimicrons. 

INFRARED SPECTRA OF MOLECULES. 
See rotation spectra of molecules, rotation- 
vibration spectra of molecules. 

INFRARED SPECTRUM. See spectrum, 
infrared. 

INHOMOGENEOUS LORENTZ TRANS¬ 
FORMATION. An inhomogeneous Lorentz 
transformation, L = (a, A} is defined by 

3 

x ^ ^ AM xv -j— a^ 

where A is a homogeneous Lorentz transfor¬ 
mation and the term corresponds to a space- 
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time translation by the amount aM = ja0, oq, 
°2, 03}. The multiplication law for Lorentz 
transformations is 

\ai, Ai} • {a2, A2j = {eq + Ajeq, AjA2} 

The set of all inhomogeneous Lorentz. trans¬ 
formations form a 10 parameter continuous 
group. If one denotes the generators for in¬ 
finitesimal space time-translations by pM, and 
the generators for rotations in the x^x” plane 
by A/M„ = —Mft,, the commutation rules obeyed 
by these operators are 

[Pn, Vv] - 0 

[Mnv, A/pff] = jipMva QvpA/p<r 

T" QpoMpV 9v<r A/pp) 

[A/pi/, paJ = I^CjvoVp. QpaVv)• 

INHOUR (INVERSE HOUR). In the theory 
of neutron chain reactors, a unit of reactivity. 
It is the amount of positive reactivity required 
to give a particular reactor a steady positive 
period of one hour or 3600 seconds, and so, as 
a unit, varies from system to system. The 
inhour formula, expressed in terms of inhours, 
becomes: 

— + £ —- 
keffT i 1 + XtT 

-1- V-!-- 
3600k,ff T 1 + 3600X,- 

if X,; and l are expressed in terms of seconds. 

INHOUR (INVERSE HOUR) FORMULA. 
In the theory of neutrons chain reactions, a 
formula relating reactor period (see period, 

reactor) to effective multiplication. A form 
very often used is: 

keff kef/T i 1 + XjT 

where p denotes the reactivity, kefS the effective 
multiplication, l the neutron lifetime, T the 
reactor period, /3,: the yield fraction and \ the 
decay constant for the fth group of delayed neu¬ 
trons. If N groups of delayed neutrons are con¬ 
sidered, N real periods 7y emerge as solutions, 
but no more than one may be positive. 

INITIAL MODULUS. The value of the tan¬ 

gent modulus at zero stress. 

INITIAL-VALUE PROBLEMS. For ordi¬ 

nary differential equations, those for which the 

initial values of the dependent variables are 
specified; for partial differential equations, 

those of parabolic or hyperbolic type, requir¬ 
ing the specification of initial conditions as 
well as possibly conditions along the boundary. 

In mechanics and fluid mechanics, initial- 
value problems include particularly those dy¬ 
namical or transient problems in which the 
state of the system changes, as contrasted with 
steady-state problems, and is determinable at 
any time from the initial conditions. 

INITIAL VERTEX. See vertex, initial. 

INNER MULTIPLICATION OF TENSORS. 
See tensors, inner product of. 

IN, OUT FIELD. See S matrix and QT. 

INSPECTIONAL ANALYSIS. The reduction 
of the mathematical equations of a problem to 
non-dimensional units of space, time, and 
mass; or testing such equations for invariance 
under any group of transformations. The pro¬ 
cedure stands in close relation to dimensional 

analysis and usually gives rise to a set of non- 

dimensional numbers appearing as coefficients 
in the governing equations. These can always 
be arranged to be the same as the non-dimen¬ 
sional numbers or parameters of a correspond¬ 
ing dimensional analysis. 

INSTABILITY. A property of the steady 

state of a system such that certain disturb¬ 
ances or perturbations introduced into the 
steady state will increase in magnitude, the 
maximum perturbation amplitude always re¬ 
maining larger than the initial amplitude. 

The method of small perturbations, assum¬ 
ing permanent waves, is the usual method of 
testing for instability; unstable perturbations 
then usually increase exponentially with time. 
An unstable non-linear system may or may 
not approach another steady state; and the 
method of small perturbations is incapable of 
making this prediction. (See also entries un¬ 
der stability.) 

INSTANTANEOUS AXIS OF ROTATION. 
In rigid body motion, the line in the body or 
an extension of the body which is instanta¬ 
neously at rest. For a cylinder rolling down 
an inclined plane without slipping, the instan¬ 
taneous axis is the line of contact between the 
cylinder and the plane. 

INSTANTANEOUS CENTER. A term ap¬ 
plicable to plane motion. It is the point of 



483 Instantaneous Frequency — Integral, Line 

intersection of the instantaneous axis of ro¬ 
tation with the plane of motion. The instan¬ 
taneous center is a point about which the 
body may be considered to be in pure rotation 
(i.e., without translation) at any instant. It 
is not necessarily on the body. In the case of 
rectilinear motion it is infinitely distant. 

INSTANTANEOUS FREQUENCY. See fre¬ 
quency, instantaneous. 

INTEGRABLE SQUARE. A function f(x) 
having the property that 

Jf*(x)f(x)dx < oo 

is integrable square (/* is the complex conjugate 
of /). The definition is very often used of real 
functions/(x), where it becomes 

f/2(x)dx < oo; 

the type of integration referred to is usually 
that of Lebesgue. 

INTEGRAL. The function <f> (x) is an integral 
of /(x) if d<f)/dx = /(x). The process of find¬ 
ing an integral is integration or the inverse of 
differentiation. If C is any real number, then 
<f>(x) -+- C is also an integral of fix). (See 
constant of integration.) Thus, if one integral 
exists, an infinite number of others may be ob¬ 
tained by adding an arbitrary constant. These 
are called indefinite integrals and indicated 
symbolically as 

ff(x)dx = <p(x) + C. 

(For various types of definite integral, e.g., 
Riemann, Stieljes, Lebesgue, and others, see 
the respective names.) 

INTEGRAL, CAUCHY. See Cauchy integral. 

INTEGRAL, CIRCULATORY. An integral 
of a vector function F: 

F-ds 

over a closed contour. It is a measure of the 
tendency of lines of force to close up. If F 
refers to a fluid, then the circulatory integral 
is a measure of the flow around the path 
chosen. When the vector field has a poten¬ 
tial, this integral is zero and the field is said 
to be irrotational, 

INTEGRAL CONTROL. See control, propor¬ 
tional, derivative and integral. 

INTEGRAL, CONVOLUTION. See convo¬ 
lution integral. 

INTEGRAL, DEFINITE. See integral. 

INTEGRAL DOMAIN. See domain. 

INTEGRAL, ELLIPTIC. See elliptic inte¬ 
gral. 

INTEGRAL EQUATION. An equation in 
which the unknown function occurs under an 
integral sign. A linear integral equation of the 
third kind is of the form 

g(.x)<f»(x) = f{x) + X f K{x,z)<t>{z)dz, 
•'a 

where the functions g{x), f(x) and K(x,z) are 
known and it is desired to find the unknown <f> 
as a function of x. The function K{x,z) is 
called the kernel (or nucleus) of the equation. 
The limits of integration a and b are either 
constants or known functions of x, and A is a 
parameter. When one or both of the limits 
become infinite or when the kernel becomes 
infinite at one or more points in the range of 
integration, the equation is called singular. 

The most important special cases are: 
(1) Fredholm equation of the first kind: 

g(x) = 0; a and b constant. 
(2) Fredholm equation of the second kind: 

g(x) = 1; a and b constant. 
(3) Volterra equation of the first kind: 

g(x) = 0; a = 0, b = x. 
(4) Volterra equation of the second kind: 

g(x) = 1; a = 0, b = x. 
(See also Fredholm determinant; Liouville- 

Neumann series.) 

INTEGRAL FUNCTION. Synonym of entire 

function. 

INTEGRAL, IMPROPER. See improper in¬ 

tegral. 

INTEGRAL, LEBESGUE. See Lebesgue in¬ 

tegral. 

INTEGRAL, LEBESGUE-STIELJES. See 
Lebesgue-Stieljes integral. 

INTEGRAL, LINE. Given a vector function 

of position \{x,y,z) which is defined for all 
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points on a curve such as A-B in the figure, 
one may replace the curve approximately by a 
series of equal, directed chords AiS, A2S, • • • 
A„S. The magnitude and direction of the vec¬ 

tor V may then be determined at some point 
in each segment of the curve. The sum of the 
scalar products: 

n 

£Vy A,S, 
;=i 

can then be obtained. The line integral is 
defined as 

n 

V-dS = lim 22 Vj-AjS. 
4 n—»oo i=l 

The usefulness of the line integral will be im¬ 
mediately recognized if a special case is con¬ 
sidered. Suppose that V is the force acting on 
a particle in a field of force. Then the line 
integral is just the work done on the particle 
as it moves from A to B under the action of the 
force. 

When the line integral is taken over a closed 
path, or contour, starting and ending at the 
same point, it is usually denoted as 

V • dS or V dS 

and is sometimes called a contour integral or 
a circulatory integral. 

The choice of the direction in which dS shall 
be counted as positive is a matter of conven¬ 
tion, but cases arise (e.g., in connection with 
Stokes theorem) when consistency of conven¬ 
tion must be assured. The magnitude of the 
integral is related by Stokes theorem to the 
integral of V X V (curl V) over any surface 
bounded by the path. 

In the particular case in which V is the 
gradient of a potential </>, 

/' J A 

XdS = <(>n — 4>a, 

i.e., to the difference of potential between B 
and A. Over a closed contour, then 

§ y-ds = o 

and the field of V is described as irrotational. 

INTEGRAL, LOGARITHMIC. The definite 
integral 

,'zdt 
Li( 

r‘ dt 
,i(z) = — 

Jo In t 

If z = ex, the function is also called the ex¬ 
ponential integral 

iir 
Ei (x) = Ci (x) + i Si (x) -|- 

2 

where Ci (x), Si (x) are the improper integrals 
called the cosine integral and sine integral, 
respectively: 

r* cos t 
Ci (x) = — I -dt 

Jx t 
(1 — cos t)dt 

-l 

r * sin t ir r x sin t 
i (x) = I -dt --I - 

Jo t 2 Jx t 

— C + In x 

%x sin t 
dt 

and C is the Euler-Mascheroni constant. 

INTEGRAL, MULTIPLE. The definition of 
an indefinite integral can be extended to cover 
the case of a function of several variables and 
then more than one integration will be required 
to evaluate the integral. The subject can be 
considered in various ways but one simple 
approach is that of partial integration as the 
inverse to partial differentiation. Thus, given 
the double integral 

u = 

one wishes to determine u so that it will satisfy 
the partial differential equation uTV = f{x,y). 
The first integration is performed with respect 
to x, for example, holding y constant, and the 
second with respect to y, although the order of 
integrating does not matter. Constants of in¬ 
tegration added to the result complete the 
work, although these are not really constants 
but arbitrary functions of the variables. 

If f(x,y)dxdy 



485 Integral Operator — Integral Theorems of Vector Analysis 

Further generalization to triple, quadruple, 
etc., integrals offers no further difficulty in 
principle. Often, for ease in printing, a single 
integral sign is used for multiple integrals. 

The definite multiple integral is commonly 
of more importance and it may be interpreted 
geometrically. For example, a function of 
three variables f(x,y,z) = 0 can be considered 
as a surface. Double integrals, with the ap¬ 
propriate limits, can then be formulated to 
give the volume of a solid bounded by two or 
more surfaces, the area of the surface itself, 
and the moment of inertia of a plane area. 
Similarly, a triple integral may be used to ob¬ 
tain the volume of a solid or of a closed sur¬ 
face. When given these geometrical interpre¬ 
tations double and triple integrals are often 
called surface and volume integrals. 

INTEGRAL OPERATOR. An operator L in¬ 
volving integrals, usually of some such form as 

Lf(x) = f f(x)K(x,s)ds, 
J a 

or similarly in several variables, where the 
function K{x,s) is called the kernel of the 
operator. (Compare integral transform.) 

INTEGRAL, RESONANCE. See resonance 
integral. 

INTEGRAL, RIEMANN. See Riemann in¬ 
tegral. 

INTEGRAL, STIELJES. See Stieljes inte¬ 
gral. 

INTEGRAL, SURFACE. See integral, mul¬ 
tiple. 

(5) (j)(j)fnda = JOX Vfdv 

(6) X Fda =*= JOX V x Fdt> 

^ fffyA(V'B)dV 

~MA(n'B)da-ffL (B-V)A dv 

Time Derivatives of Integrals 

(8) 
d 

dt H 

-JX 

A - n da 

I dA 
+ v div A 

. I dt 

+ curl [A X v]} -nda 

-JX 
[dA 

l dt 
+ A div v + (A • V)v [ • nda 

(9> ItfflfdV=fffy{di+iiV(fv)}dV 

Explanation of symbols: 
dR is a vector element of arc-length, 
da is a surface element, n its normal, 
dv is an element of volume, 
v is the velocity of a surface element or volume 

element, 
C is the boundary curve of surface S, 
S is the surface boundary of volume V. 

INTEGRAL 
ANALYSIS. 

THEOREMS OF VECTOR 

(1) & F dR 
^ c 

= jj(n*v) X Fda 

(Stokes Theorem) 

(2) j)<fFn da = JJJ VF dv 

(Gauss Theorem) 

(3) 

II 
** : JJ n X V/da 

(4) ^dR X F = Jj(n X V) X Fda 

Green’s Formulae 

(10) ffluv2wdv+JJX (Vw) • (Vw)dv 

(ID JOX [uV2w — wV2m) dv 

If / is a scalar depending on x,y,z,t, it can be 
represented as the following integral: 
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= — fff - {b2 —— div grad f !■ dv 
4tr JjJv r [ dt2 J dr t+br 

1 rr\b df 1 n-V/1 
-<P<P |-ro'n-h/n-V-da. 

47rJJslr dt r r ) t+br 

If II is a vector depending on x,y,z,l, it can be 
represented as the following integrals: 

B (x,y,z,t) 

= ±fffl 
47T JJJy r 

d2B 

[h2 dt2 

-Ml 
mi\ 
+ ^££ 

4tr JJ.S- 

-III 
= 1111 

-Ml 

+ curl curl B ^ 

div B | 
dv 

dv 
t + br 

vl r J t 

B n 

B X n 

+ br 

da 

da 
t + br 

n X curl B 
da 

t+br 

d2B 

~di2 

| div B | 

l r J 

+ curl curl B 

dv 

dv 
t + br 

+ 
b d 

47r 

7 1 r ) t+br 

£ rr^xtnxai 
dt J Js { r J 

da 
t+br 

— ££ J Bn 
4tt J Js l ■3, 

^ > t+br 

da 

+sHi,(v;)x(nXB)Lda 

- (f<f{-(n-B)} da 
4ir dt J Js ' T J * + 

1 rrjnX curl B | 

47r Jjs 1 r j t+br 

The subscript t + br means that after the ex¬ 
pression has been evaluated in terms of x,y,z,t, 
the time t is to be replaced by t + br. The 
constant b is the reciprocal of the wave-velocity 
with which the physical disturbance is prop¬ 
agated ; r is the distance from the point x,y,t to 
a point of V or S; r0 is a unit vector along r; 
n is the outer normal of the closed surface, S. 

INTEGRAL TRANSFORM. Consider a 

homogeneous integral equation 

f(y) =J K{x,y)F{x)dx 

with kernel K(x,y). The function f {y) is an 
integral transform of F{x). Given F [x), pre¬ 
sumably f{y) may be found explicitly. Re¬ 
garding the equality as an integral equation, 
however, one wishes to solve for F(x), or in¬ 
vert the transform. Thus, if the transform can 
be inverted the result will be the solution of 
the integral equation for the given kernel. 

Many special cases have been studied and 
given special names. The reciprocal relations, 
written in the form 

KFdx and F = C 

are shown in the following table for the more 
familiar integral transforms. 

Name Constants 
Integration 

Limits 

1. Fourier. C = C' = l/-\/25? ±00 

2. Sine (cosine)... C = C' = V27^ 00, 0 

3. Laplace. C = 1, C' = l/2irt oo, 0; c ± ioo 
4. Mellin. C = 1, C' = 1/2ri oo, 0; c ± ioo 

5. Hankel. C = C' = 1 00, 0 

6. Hilbert. C = C' = 1/2 T 

Name K K' 

1. Fourier. g*x» e—*xV 

2. Sine (cosine)... sin (cos) xy sin (cos) xy 
3. Laplace. e~TV e™ 
4. Mellin. X*-1 x~v 
5. Hankel. J m(%y) J mixy) 
6. Hilbert. 1 + cot (x — y)/2 K 

Notes for table: (1) The constant factor is sometimes 

omitted or modified. (3) The constant c is any real 

number such that I e~cx\f(x)\dx is bounded. The 
Jo 

symbol p is almost invariably used in place of y. 
(5) This is often called the Fourier-Bessel transform. 

The kernel, Jm is a Bessel function of order m. 
(6) The principal value of the integral is to be taken, 

that is: 

lim 
6—>0 
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All of these relations must be used with 
proper care as to the conditions under which 
they are valid. These properties, as well as 
tables of the pairs f(y) and F(x) in explicit 
form, may be found in Formulas and Theo¬ 
rems for the Special Functions of Mathemati¬ 
cal Physics, W. Magnus and F. Oberhettinger, 
translated by John Wermer, Chelsea Publish¬ 
ing Co. 

INTEGRAL TRANSPORT EQUATION. 
The Boltzmann transport equation, an in- 
tegro-differential equation for the angular 

flux vN {r,E,Q.) may, in certain cases, be in¬ 
tegrated to yield an integral transport equa¬ 
tion, (1) for the total flux, or (2) the angular 
flux integrated over angle. The conditions for 
(2) are: the neutron sources be isotropic, and 
the scattering in the laboratory system must 
be independent of angle. The further condi¬ 
tion that scattering produces no change in neu¬ 
tron energy makes (1) possible. Equation (2) 
has the form: 

X ^(r',#) 

+jdE'Z(E')v'N(r' ,E')C(E')f(E' ,E) 

in a geometrically simple homogeneous body. 
See neutron transport theory for definition of 
symbols. 

INTEGRAL, VOLUME. See integral, mul¬ 
tiple. 

INTEGRAND. A function which is to be 
integrated. 

INTENSITY DISTRIBUTION, CURVE OF. 
A curve, generally polar, which represents the 
luminous intensity in a plane passing through 
the source, as a function of the angle measured 
from some given direction. (1) When the 
source has an axis of symmetry, the plane is 
generally a meridian plane. (2) The pole of 
the polar curve is at the point representing the 
position of the light source. (3) When the 
reference direction is vertical, angles are meas¬ 
ured from the downward vertical. 

INTENSITY DISTRIBUTION, SURFACE 
OF. The surface formed by the extremities 
of all the radii vectors drawn from a common 
origin, the length of each radius vector being 
proportional to the luminous intensity of the 
source in the corresponding direction. 

INTENSITY, MEAN HORIZONTAL. See 
mean horizontal intensity. 

INTENSITY, MEAN SPHERICAL. See 
mean spherical intensity. 

INTENSITY METHOD OF MEASURING 
TOTAL ABSORPTIVITY. A method, due to 
Knudsen, of measuring the total absorptivity 
(see sound absorption coefficient) of a room, 
in which the maximum steady state energy 
density is measured before and after the addi¬ 
tion of a known amount of absorption. The 
total absorptivity a can then be determined 
by the relation 

a' 
a = - 

Ema x 

E max 

where E'max is the maximum steady state en¬ 
ergy density after a' units of absorption have 
been added. 

INTEGRATING FACTOR. An integrating 
factor for a differential equation M (x,y)dx -f- 
N{x,y)dy = 0 is a function y(x,y) such that 
fxMdx -}- fiNdy = 0 is exact, that is, such that 

d(uM) d(yN) 

dy dx 

INTEGRATION. See integral. 

INTEGRATION, CONTOUR. See contour 
integration. 

INTEGRATION, NUMERICAL. See quad¬ 
rature formulas. 

INTENSITY OF A SOURCE OF PARTI- 
CLES. The total number of particles emitted 
per unit area per unit time. 

INTENSITY OF A SPECTRAL LINE. The 
intensity of a spectral line in emission (energy 
emitted by the source per second) is given by 

nm = N hcv A em. iy n'lK'ynmri-nm• 

Here Nn is the number of atoms in the initial 
(upper) state, h is Planck’s constant, c is the 
velocity of light, vnm is the wave number, and 
Anm is Einstein’s transition probability for 
spontaneous emission 
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where Rnm is the matrix element of the transi¬ 
tion (see quantum mechanical transition). 

The intensity of a spectral line in absorption 
(energy absorbed from an incident beam of 1 
cm cross section) is, for a sufficiently thin 
absorbing layer Ax, given by 

Iabs. = PnmNmBmnAxhCVnm. 

spectively. From the sum rule the following 
rules can be derived: (a) The components of 
a multiplet for which the quantum numbers 
7 and L alter in the same manner are more 
intense than those for which they alter un¬ 
equally. (b) The components belonging to a 
large 7 value are more intense than those with 
small 7. 

The detailed multiplet intensity rules, as 
derived from quantum mechanics, are: 

Here Nm is the number of atoms per cm3 in 
the initial (lower) state, pnm is the density of 
radiation of the incident beam, and Bmn is 
Einstein’s transition probability for absorption 

INTENSITY OF A SPHERICAL SOUND 
WAVE, FORMULA FOR. The intensity of 
a spherical sound wave in a dissipative me¬ 
dium is given by 

Pe~ar 
I =-- 

4trr2 

where I is intensity in ergs/cm2-sec, P is 
power output of source in ergs/sec, r is dis¬ 
tance from source in cm, a is amplitude 
absorption coefficient in nepers/cm. 

For transitions (L — 1) —*■ L 

(J — 1) —> J 

| B(L + 7 + S + 1)(L + 7 -(- S) | 

1 (L + J -S)(L + J -S - 1)1 

7 

7 -> 7 

\ —B(L + 7 + >S+l)(L + 7 — S) | 

1 (L-7+£)(L-7-S-l)(27+l)J 

7(7 + 1) 

(7 + 1) —> 7 

\B(L - 7 + S)(L - J + S - 1) 1 

_l (L — J-S — 1)(L — J-S — 2)1 

J + 1 

INTENSITY OF RADIATION. The energy 
or the number of photons or of particles, flow¬ 
ing through unit area per unit time. For 
parallel radiation, the area usually refers to a 
surface normal to the direction of propagation. 

INTENSITY OF RADIOACTIVITY. The 
number of atoms disintegrating per unit time, 
or derivatively, the number of scintillations or 
other effects (roentgens per hour at one meter) 
observed per unit time. 

INTENSITY, RADIANT (OF A SOURCE). 
The rate of transfer of radiant energy per unit 
solid angle. 

INTENSITY RULES FOR MULTIPLETS. 
In the case of Russell-Saunders coupling 
(small multiplet splitting) the line intensities 
in a multiplet are determined by the following 
rule (Burger-Dorgelo-Ornstein’s sum rule): 
The sum of the intensities of all the lines of 
a multiplet which belong to the same initial 
or final state is proportional to the statistical 
weight 27 + 1 of the initial or final state, re¬ 

For transitions L —» L 

(j _ i) _> j 

—A(L -j- J -f- S + 1)(L + 7 — S) J 

(L -J + S+ 1)(L -7 -S) I 

7 

J —> J 

A[L(L + 1) + 7(7 + 1) | 

-S(S+ 1)]2(27+ 1)1 

7(7 + 1) 

(7+1) —> 7 

—A(L + 7 — <S + 2) (L + 7 — »S + 1)1 

(L — 7 + S)(L — 7 — S — 1) J 

(J+ 1) 

The constants A and B depend on tempera¬ 
ture and wave-number and can be omitted in 
the calculation of the relative intensities, as 
long as the multiplet splitting is small. 
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INTENSIVE PROPERTIES. The properties 
which are independent of the mass of a sys¬ 
tem, such as the pressure p and the tempera¬ 
ture T, and which take well-defined values at 
each point of a system. 

INTENSIVE VARIABLE. See intensive 
property. 

INTERACTION. Whenever two or more 
bodies exert mutual forces on one another, 
they are said to interact. The term inter¬ 
action is often used loosely for the force of 
interaction, i.e., the mutual force exerted by 
one body on another. (See the various types 
of interaction and also the various entries 
under coupling. ) 

INTERACTION CONFIGURATION. See 
configuration, interaction. 

INTERACTION CROSS SECTION. The in¬ 
teraction cross section is given by a = 1/rcA, 
where n is the number of nuclei per unit 
volume and A is the interaction mean free 
path. 

INTERACTION CURVE. A limiting rela¬ 
tion between two independent quantities, 
especially one required by design specifica¬ 
tions. The curve giving the combinations of 
axial force P and bending moment M which 
will cause failure in a particular column pro¬ 
vides an example of actual interaction. The 
straight line design formula 

P M 

is an example of a specification requirement 
where Pmax is the maximum axial force allowed 
when M = 0, and Mmax the maximum moment 
allowed when P = 0. 

INTERACTION ENERGY. The energy of 
interaction is the work that must be done 
against the force(s) of interaction to establish 
a physical system referred to infinity as an 

origin. 

INTERACTION, EXCHANGE. See ex¬ 

change force. 

INTERACTION FAST EFFECT. See fast 

effect, interaction. 

INTERACTION, FERMI. See universal 

Fermi interaction. 

INTERACTION, MAJORANA. See majorana 
force. 

INTERACTION, MANY-BODY. See many- 
body force. 

INTERACTION MEAN FREE PATH. The 
average distance which a given particle travels 
before experiencing an interaction with another 
particle. 

INTERACTION PICTURE. Suppose the 
Hamiltonian if of a system is composed of 
two parts: an unperturbed Hamiltonian H0, 
and an interaction (perturbation) Hamiltonian 

H = H0 + Hj (1) 

so that in the Schrodinger picture the time 
behavior of the state vector describing the 
system is governed by the equation 

ihdt<i>s(t) = (H0 + H/) <%(<). (2) 

Introduce the vector 

(3) 

which by virtue of (2) satisfies the equation 

ihdt$iR{t) = eiH °tlhH ie~iH (4) 

The scheme which describes the physical system 
by the vector m{t) and operators Qm(t) 

Qm(t) = e+WtQse-^otl* (5) 

is called the interaction picture. In the inter¬ 
action picture the time dependence of the oper¬ 
ators is determined by the unperturbed 
Hamiltonian, with 

— ihdtQiR{t) = [H0, QIR(t)]. (6) 

(Note HaIR = H0S.) The time dependence of 
the state vector is determined by the inter¬ 
action Hamiltonian as indicated by Equation 

(4). 
In relativistic field theoretic application the 

advantage of the interaction picture stems 
from the fact that the field operators satisfy 
field-free equations, so that covariant com¬ 
mutation rules can be written down for all 
times. It also permits a generalization of 
Equation (4) which makes it covariant. 
Equation (4) is not covariant, since it singles 
out a special Lorentz frame in defining the time 
derivative. (See Tomanaga-Schwinger equa¬ 
tion.) 
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INTERATOMIC POTENTIAL. The poten¬ 
tial energy of two atoms. The three most 
important potentials used are the Lennard- 
.Jones “12-6” potential, 

U(r) = Ar~12 - Br~6, 

the “exp-6” potential, 

U(r) = Ce~ar - Dr-6, 

and the Morse potential, 

U(r) = E{ 1 - exp [-0(r - r0)]}2, 

where a, 0, A, B, C, D, E, and ra are constants, 
and U(r) is the potential energy for a distance 
apart r. 

INTERCOMBINATION LINES. Spectral 
lines corresponding to transitions between elec¬ 
tronic energy levels of different multiplicity. 
Such transitions involve a violation of the (ap¬ 
proximate) selection rule AS — 0 which applies 
as long as Russell-Saunders coupling is a good 
approximation. As a rule, therefore, intercom¬ 
bination lines are very weak, especially for 
elements of low atomic number. For heavier 
elements where Russell-Saunders coupling does 
not hold, the intensity of intercombination 
lines may approach that of ordinary lines from 
the same energy level. 

INTERFERENCE. The variation of wave 
amplitude with distance or time, caused by the 
superposition of two or more waves. As most 
commonly used, the term refers to the inter¬ 
ference of waves of the same or nearly the 
same frequency. Wave interference is char¬ 
acterized by the phenomenon of the occurrence 
of local maxima and minima of wave ampli¬ 
tude, which cannot be described by the ray 
approximation to solutions of the wave equa¬ 
tion. In terms of the Huygens approximation, 
interference can occur whenever wave disturb¬ 
ance can be propagated from a source to a 
region of space by two or more paths of dif¬ 
ferent length. There is (destructive) inter¬ 
ference if the phases and amplitudes of the 
disturbances arriving by the various routes are 
such as to reduce the square of the resultant 
amplitude below the sum of the squares of the 
amplitudes of the components. If the square 
of the resultant amplitude exceeds the sum of 
the squares of the component amplitudes, con¬ 
structive interference occurs. Interference ef¬ 
fects are observed with electromagnetic waves, 
sound waves, water waves, as well as with 

matter waves (i.e., electron and neutron 
waves). 

INTERFERENCE COEFFICIENTS OF 
THERMODYNAMICS OF IRREVERSIBLE 
PROCESSES. See phenomenological rela¬ 
tions and reciprocity relations. 

INTERMITTENCY EFFECT. The depar¬ 
ture from the reciprocity law when the expo¬ 
sure of a photographic emulsion is made in a 
series of discrete installments rather than in a 
continuous exposure to the same total energy. 

1NTERMOLECULAR FORCES. Our knowl¬ 
edge of the intermoleeular forces comes mainly 
from the following sources: 

(1) Thermodynamic properties of gases at 
low densities (see real gases; statistical me¬ 
chanics). 

(2) Transport processes in dilute gases, for 
example, viscosity, diffusion, etc. (see kinetic 
theory of gases). 

(3) Thermodynamic properties of crystals 
near °K. 

It is convenient, though somewhat arbitrary, 
to classify intermoleeular forces in two types 
(excluding chemical interactions): 

(1) Repulsive short range forces. 
(2) Attractive long range forces. 
The short range forces become significant 

when the molecules come close enough to¬ 
gether for their electron clouds to overlap. 
The exact analytical form of these forces is 
complicated (see Lennard-Jones potential, 
Buckingham potentials). The corresponding 
energy is called the overlap energy. 

The various contributions to the long range 
forces are: 

(1) The electrostatic contribution. 
(2) The dispersion contribution (see dis¬ 

persion forces). 
(3) The induction contribution (see induc¬ 

tion forces). 

INTERNAL ABSORPTANCE. The ratio of 
the luminous flux absorbed between the entry 
and exit surface of the filter or the plate, to 
the flux which leaves the entry surface. 

INTERNAL COMBUSTION ENGINE. A 
reciprocating, usually high-speed, engine work¬ 
ing on the two-stroke or four-stroke principle, 
which produces power by virtue of the internal 
combustion of a spray of liquid fuel, or a 
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vaporized liquid fuel, in the engine cylinder. 
(See diesel engine; spark-ignition engine.) 

INTERNAL CONVERSION. In an electro¬ 
magnetic transition between two states of an 
atomic nucleus differing by energy E, a y-ray 
of energy E is usually emitted. An alterna¬ 
tive mode of decay, however, is that an atomic 
electron of energy E-e may be emitted from 
one of the inner shells of the atom through 
direct interaction with the electromagnetic 
field of the nucleus, where e is the binding 
energy of the electron. Thus, one speaks of 
iv-conversion, L-conversion, etc., correspond¬ 
ing to electrons ejected from the K. L. ••*, 
shells. If the transition in question follows a 
/8-decay transition, the spectrum of electrons 
observed will therefore consist of a number of 
discrete energy groups, corresponding to the 
conversion electrons, superimposed upon the 
continuous spectrum coming from the /3-decay 
itself. The process is more probable the lower 
the energy E of the transition. 

INTERNAL CONVERSION COEFFI¬ 
CIENT. The ratio of the number of internal 
conversion electrons to the number of quanta 
emitted plus the number of conversion elec¬ 
trons emitted in a given mode of de-excitation 
of a nucleus. Partial conversion coefficients 
refer to conversion fractions for various elec¬ 
tron shells, e.g., K-conversion fractions, L-con¬ 
version coefficients, etc. Sometimes called con¬ 
version fraction. 

INTERNAL ENERGY. The energy ascribed 
to a given state of a system, which is deter¬ 
mined only by the state itself (and is thus a 
scalar quantity) and is not accounted for by 
the kinetic energy of bulk motion or potential 
energy in external force fields. By thermo¬ 
dynamics, the change in the internal energy 
when the system goes adiabatically from one 
state to another is equal to the external work 
performed in bringing about the change. On 
a molecular scale, the internal energy is the 
sum of the kinetic energy of the thermal mo¬ 
tion of the molecules and the sum of their 
potential energies in each other’s fields of 
force. By the first law of thermodynamics, 
the change of internal energy in any process 
is equal to the difference of the heat gained 
and the external work done. (See thermody¬ 
namics, first law of.) 

INTERN AL ENERGY FLUX VECTOR. See 
flux vector. 

INTERNAL FIELDS IN DIELECTRICS. 
The interactions between the molecules in a 
dielectric can be broadly subdivided in two 
classes: (1) the short range intermolecular 
forces (dispersion, repulsion forces, and even¬ 
tually, chemical interactions) which result 
practically in nearest neighbor interactions 
only; (2) the dipolar interactions having 
longer ranges: in order to predict their effect, 
one must consider a very large number of in¬ 
teracting pairs. 

Lorentz and later authors have evaluated 
the electric field acting on the individual 
charges inside the dielectric (inner or internal 
field) as follows: a small sphere is chosen, 
large enough to manifest the same properties 
as a macroscopic system, yet small enough for 
the dipolar interactions within the sphere to 
be calculable exactly. The long range dipolar 
interactions of the molecules within the sphere 
with the surrounding material are treated by 
means of macroscopic equations. 

The internal field, appears thus as a sum 
of two terms, one of which is evaluated by 
microscopic equations, the other by assuming 
the whole system to be continuous. One as¬ 
sumes often that the sum of the interaction 
within the sphere leads to a negligible field; 
this hypothesis is justified exactly for some 
models. (See also under reaction and cavity 
field.) 

INTERNAL FRICTION. See friction, in¬ 
ternal. 

INTERNAL HEAT OF EVAPORATION. 
See latent heat. 

INTERNAL OPTICAL DENSITY. The 
logarithm to base ten of the reciprocal of the 
internal transmission factor. 

INTERNAL TRANSMITTANCE. The ratio 
of the luminous flux reaching the exit surface 
of a filter or a plate to the flux which leaves 
the entry surface. 

INTERNAL VERTEX. See vertex, internal. 

INTERNATIONAL ANGSTROM. See ang¬ 
strom. 

INTERPOLATION. The approximation from 
tabulated values of a function, and possibly of 
its derivatives, of values not included in a 
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table. Let f(x), and possibly derivatives, be 
tabulated at x0, • • •, xm. Usually one selects a 
set of functions <f>0, '' ’, <t>n, which may be 
polynomials, trigonometric functions, exponen¬ 
tials, or of any other convenient class, and ap¬ 
plies some criteria for selecting coefficients a, 
such that «o<£o + • •' + is accepted as an 
approximation P[/|x] to/(x). The most com¬ 
mon criteria are agreement of P with / (and 
possibly derivatives) at the x<. Most com¬ 
monly the term “interpolation” is applied only 
when criteria of this type are applied. (Cf. 
difference operators; Aitken method; La¬ 
grange interpolation formula; Hermite in¬ 
terpolation formula; Newton interpolation 
formula; and, for other criteria, minimax 
approximation; least squares.) 

INTERQUARTILE RANGE. The interquar¬ 
tile range is defined as Q3 — Qi where Q3 and 
Qi are the third and first quartiles in a dis¬ 
tribution. It is sometimes used as a measure 
of dispersion. 

INTERVAL BETWEEN EVENTS. If two 
events occur at the positions and times repre¬ 
sented by 

and xM + dxM (m = 1, 2, 3, 4), 

the interval between is given by 

ds2 = g fivdx^dx1’, 

where gM„ is the metric of space-time. In 
Minkowski space, the interval is given by: 

ds2 = c2dt2 — dr2. 

INTERVAL RULE, LANDES. See Landes 
interval rule. 

INTERVAL, SOUND. The interval between 
two sounds is their spacing in pitch or fre¬ 
quency, whichever is indicated by the context. 
The frequency interval is expressed by the 
ratio of the frequencies or by a logarithm of 
this ratio. 

INTRINSIC DERIVATIVE OF TENSOR 

FIELD. <«•;;* are the components in a generic 
coordinate system x of a tensor field of weight 
W, which is defined along a curve by its de¬ 
pendence on a parameter r. The intrinsic 
derivative of the tensor field with respect to 
r is the tensor with components bt'^ri^/br in 
the coordinate system x, defined by 

«&•••* dxZ 
lpq---r,m ’ 

Or dr 

where are the components in the system 
x of the covariant derivative of the tensor field. 
Also called absolute derivative. 

INTRINSIC DERIVATIVE, SURFACE. See 
surface, intrinsic derivative. 

INTRINSIC EQUATIONS OF A CURVE. 
See curve, intrinsic equations of. 

INTRINSIC GEOMETRY OF A SURFACE. 
See intrinsic properties of a surface. 

INTRINSIC PROPERTIES OF A SURFACE. 
Those properties of the surface which can be 
described without reference to the surrounding 
space. The description of these properties is 
the intrinsic geometry oj the surface. 

INVARIANCE, GAUGE. See gauge invari¬ 
ance. 

INVARIANCE PRINCIPLE. A principle 
whereby a relationship must be invariant 
under certain transformations. For special 
cases, see discussions of Lorentz invariants 
and various articles on relativity. 

INVARIANT, OR ABSOLUTE INVARIANT 
(UNDER A TRANSFORMATION OF CO¬ 
ORDINATES). An entity which is unaltered 
by the transformation. For example, a point 
in space, as distinct from the coordinates of 
the point; an absolute tensor or vector as dis¬ 
tinct from the components of the tensor or 
vector in a particular coordinate system. 
Most frequently used to signify scalar field 
and in this sense often referred to as scalar 
invariant. Entities such as relative tensor 
fields or relative scalar fields are also called 
relative invariants. The term invariant may 
be used to signify either an absolute or relative 
invariant. 

INVARIANT POINT. State of a given sys¬ 
tem where the number of degrees of freedom 
is zero, e.g., the triple point: the condition that 
solid, liquid, and vapor phases shall exist in 
equilibrium completely determines the state of 
the system. (See freedom, degree of (2).) 

INVERSE ELEMENT. The inverse of a 
group element A is the element A-1 such that 
A~1A = AA*1 = I, where I is the unit ele¬ 
ment. 

INVERSE FUNCTION. If y = f(x), the in¬ 
verse function is x = g(y). 
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INVERSE HYPERBOLIC FUNCTION. See 
hyperbolic function. 

INVERSE INTERPOLATION. The approxi¬ 
mation, from an interpolating polynomial, of 
the value of an abscissa corresponding to a 
given ordinate. This amounts to solving an 
algebraic equation of degree equal to the poly¬ 
nomial. (See Zdenek Kopal, Numerical Anal¬ 
ysis, John Wiley & Sons, Inc., 1955; E. T. 
Whittaker and G. Robinson, The Calculus of 
Observations, Blackie & Sons, Ltd., 1940.) 

INVERSE MATRIX. The inverse of an n X n 
matrix A whose determinant is not zero is the 
unique n X n matrix A-1 such that AA~' = 
A~rA = I, where / is the unit matrix of 
order n. 

INVERSE OPERATOR. An operator symbol 
which cancels the process directed by another 
operator. Thus A, B are inverse operators if 
they mean addition and subtraction of a con¬ 
stant, respectively, or if they are defined as 
differentiation and integration. 

INVERSE SQUARE FIELD, MOTION IN. 
See motion in inverse square field. 

INVERSE SQUARE LAWS. (1) Laws of 
force in which the force of interaction between 
two particles varies as 1/r2 where r is the dis¬ 
tance of separation between the particles. The 
gravitational force and the Coulomb law of 
force between electrical charges follow inverse 
square laws. (2) The intensity of radiation 
from a point source emitting isotropic radia¬ 
tion decreases as 1/r2 from the source in a 
non-absorbing medium. This law is a conse¬ 
quence of the law of conservation of energy. 

INVERSE SURFACES. Let r be the vector 
drawn from a fixed point C to a generic point P 
on a surface S. Let Q be a point on the line 
CP such that the vector drawn from C to Q 
is (c2/r2)r, where c is a real constant and r is 
the length of the vector r. Then the locus of 
the point Q is a surface S'. The surfaces S and 
S' are inverse surfaces. C is the center of in¬ 
version, c the radius of inversion. The process 
by which the surface S' is generated from S is 
called inversion. 

INVERSE TRIGONOMETRIC FUNC¬ 
TIONS. See trigonometric functions, inverse. 

INVERSION. (1) See inverse surfaces. (2) 
Literally, a condition in which the temperature 

of the air increases upwards, this being an in¬ 
version of the more normal condition of a de¬ 
crease with height. More loosely it is used to 
refer to a shallow layer of great static stabil¬ 
ity which inhibits the mixing of the air above 
and below and therefore acts as a ceiling to 
convection from warm ground or to the dis¬ 
persal of pollution from the ground. Alter¬ 
natively the term is sometimes used to indicate 
a state in which the potential temperature in¬ 
creases upwards, i.e., one of static stability. 
(3) The alteration of the normal Boltzmann 
distribution in such a manner that the popula¬ 
tion of the higher energy levels is greater than 
that of the lower. (See temperature, nega¬ 
tive.) (4) See spectrum, inversion. (5) See 
inversion of coordinates. 

INVERSION, CENTER OF. See inverse sur¬ 
faces. 

INVERSION DOUBLING. In a nonplanar 
symmetric top molecule a reflection of all par¬ 
ticles at the origin (inversion) leads to a con¬ 
figuration which cannot also be obtained by 
rotation of the molecule. Corresponding to 
these two configurations of the molecule, each 
rotational level J, K is doubly degenerate as 
long as the potential hill separating these two 
configurations is infinitely high. For a finite 
potential hill, a splitting occurs into two sub- 
levels which have opposite symmetry with re¬ 
spect to an inversion. The eigenfunctions of 
these sublevels contain equal contributions 
from both “original” levels. 

INVERSION INTEGRAL. See Laplace 
transform. 

INVERSION OF COORDINATES. Strictly, 
the transformation of a coordinate system that 
carries each coordinate into the negative of 
itself; for example, in the rectangular Carte¬ 
sian coordinate system, the transformation 
x-* -x,y-+ -y,z-^> -z. 

The term is sometimes used loosely to indi¬ 
cate a transformation that reverses the sign of 
one or more, but not all, of the coordinates. 
For example in a mirroring transformation 
only one of the three spatial coordinates is 
inverted and the other two are left invariant. 
Another example is in Minkowski four-dimen¬ 
sional space, where spatial inversion inverts 
the three spatial coordinates and leaves the 
time coordinate invariant; or alternately, time 
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inversion, which inverts the time coordinate 
but not the spatial coordinates. 

INVERSION, RADIUS OF. See inverse sur¬ 
faces. 

INVERSION SPECTRA. See microwave 
spectra of molecules. 

INVERSION TEMPERATURE. At suffi¬ 
ciently low temperatures, the Joule-Thomson 
coefficient is positive (see throttling experi¬ 
ment), and cooling by throttling is the result. 
This coefficient becomes negative at higher 
temperatures, and the temperature at which 
the effect changes sign is called the inversion 
temperature. 

INVERTED MULTIPLET. See multiplet. 

INVISCID FLUID. Alternatively called a 
“perfect” or “ideal” fluid, a fluid in which the 
only stress across any element of area is nor¬ 
mal to it and is the fluid pressure. There are 
no shearing stresses, and vorticity is not dif¬ 
fused. 

INVOLUTE (OF A CURVE). If the tan¬ 
gents to the curve C are normals to the curve 
C", then C' is an involute of C and C is an 
evolute of C’. 

INVOLUTE (OF A SURFACE). Take a 
singly-infinite system of geodesics (see geo¬ 
desic line) on a surface S. At each point P or 
S draw the tangent to the geodesic of the fam¬ 
ily which passes through P. On this tangent 
take a point Q such that the distance PQ is 
constant. Then the locus of Q is a surface S' 
which is called an involute of the surface S. 
The surface S is called the evolute of the sur¬ 
face S'. 

ION. An atom or molecularly-bound group 
of atoms which has gained or lost one or more 
electrons, and which has thus a negative or 
positive electric charge; sometimes a free elec¬ 
tron or other charged subatomic particle. Ions 
may be produced in gases by the action of 
radiation of sufficient energy; ionic solids are 
built up of ions bound together by their elec¬ 
trostatic forces, and when dissolved in a polar 
liquid, such as water, the salt dissociates into 
its ions, which have an independent existence. 

IONIC BOND. See heteropolar bond; atomic 
bond; bond type. 

IONIC BOND CHARACTER. Consider a 
diatomic molecule AB, of which A is the more 
electronegative atom. Let \J/cov be the sym¬ 
metrical wave function i/'..i(l)i/'S(2) + \J/A (2) 
tZ's(l) representing the pure covalent bond and 
\pion the “ionic” wave function <L-i(l)'/'.•!(2). 
Neglecting the ionic configuration with both 
electrons attached to atom B, one can write 
for the total wave function: 

’P = icov + on 

where X is a constant. The percentage ionic 
character of the bond (Coulson) is then 
]00X2/(1 + X2). 

A rough experimental determination of the 
ionic character can be obtained by comparing 
the dipole moment of the bond to that which 
one would observe if atoms A and B carried, 
respectively, a whole negative and positive 
charge each. 

IONIC CONFIGURATION. See atomic 
bond energy. 

IONIC STRENGTH. The ionic strength I 
of an electrolyte solution is defined by 

/ = z?mi (1) 

where is the charge number of ion i (see 
electroneutrality) and mt, its molality. 

Instead of molalities, other concentration 
scales, for example, molar concentrations, may 
also be used in (1). 

IONIZATION, DEGREE OF. The ratio, 
usually stated as a percentage, of the number 
or the concentration of the particles in a sys¬ 
tem which become ionized, to those which re¬ 
main unionized. If the system is a solution, 
the reference particles are the molecules of a 
specified component. 

IONIZATION ENERGY. See ionization po¬ 
tential. 

IONIZATION, MINIMUM. The smallest 
possible value of the specific ionization (see 
ionization, specific) that a charged particle 
can produce in passing through a particular 
substance. 

IONIZATION POTENTIAL. The ionization 
potential of an electron is the energy absorbed 
when the electron is detached from an atom, 
molecule or ion and brought to rest at infinity, 
resulting in an ion in its ground electronic 
state. When it is not otherwise specified, the 
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ionization potential of an atom, molecule or 
ion is the lowest of the ionization potentials of 
its electrons. 

For polyatomic molecules, one distinguishes 
often between the vertical and the adiabatic 
ionization potential. The vertical ionization 
potential is the energy absorbed during the 
instantaneous removal of the electron: the 
bond lengths of the molecule remaining un¬ 
altered, i.e., the resulting ion is not necessarily 
in its fundamental state. It may still con¬ 
tain a large amount of vibrational energy. 

The adiabatic ionization potential is the 
energy absorbed when the electron is detached 
adiabatically, i.e., infinitely slowly and re¬ 
versibly. The vibrational degrees of freedom 
of the molecule have time to adjust continu¬ 
ally during the ionization. At the end of this 
process, the ion is in its fundamental state. 
Whence 

I adiabatic ^ I vertical- 

IONIZATION, SPECIFIC. The number of 
ion pairs formed per unit distance along the 
track of an ion passing through matter. This 
is sometimes called the total specific ioniza¬ 
tion to distinguish it from the primary specific 
ionization, which is the number of ion clusters 
produced per unit track length. The relative 
specific ionization is the specific ionization for 
a particle of a given medium relative either to 
that for (1) the same particle and energy in 
a standard medium, such as air at 15°C and 1 
atm, or (2) the same particle and medium at 
a specified energy, such as the energy for which 
the specific ionization is a maximum. 

IONIZATION, TOTAL. (1) The total elec¬ 
tric charge on the ions of one sign when the 
energetic particle that has produced these ions 
has lost all of its kinetic energy. For a given 
gas the total ionization is closely proportional 
to the initial energy and is nearly independent 
of the nature of the ionizing particle. It is 
frequently used as a measure of particle en¬ 
ergy. (2) The total number of ion pairs pro¬ 
duced by the ionizing particle along its entire 
path. 

ION PAIR. (1) A positive ion and a nega¬ 
tive ion or electron, having charges of the 
same magnitude, and formed from a neutral 
atom or molecule by the action of radiation 
or by any other agency that supplies energy. 
(2) As postulated in the Debye-Huckel theory, 

in concentrated solutions of strong electrolytes 
(two or more), ions may occasionally ap¬ 
proach each other so closely that they may 
form pairs (or groups) without entering into 
permanent chemical combination. 

ION(S), STANDARD ENTROPY OF. The 
quantity called the standard entropy of an 
ion is really the relative partial entropy of the 
ion in a solution of unit activity, that of the 
hydrogen ion being assumed to be zero. 

ION(S), STANDARD FREE ENERGY OF. 
The free energy of formation of the particu¬ 
lar ions, taking that for the formation of 
hydrogen ions at unit activity from the gas 
at 1 atmosphere pressure to be zero. 

IRRADIANCE. Irradiance (at a point of a 
surface) is the quotient of the radiant power 
incident on an infinitesimal element of surface 
containing the point under consideration, by 
the area of that element. 

IRRADIATION. (1) Descriptively, irradia¬ 
tion is the exposure of an object to radiation. 
(2) Quantitatively, irradiation is the product 
of an irradiance and its duration. 

IRREVERSIBLE PROCESS. A process oc¬ 
curring in a system such that, in order to re¬ 
verse the direction of the process, a finite 
change in the parameters of the system must 
be made, e.g., the compression or expansion 
of a gas in a cylinder by means of a piston, 
when friction is present between piston and 
cylinder. 

IRREVERSIBLE PROCESSES, LINEAR 
RELATIONS IN THERMODYNAMICS OF. 
See phenomenological relations in thermody¬ 
namics of irreversible processes. 

IRROTATIONAL FLOW. Flow in which the 
vorticity, or rotation, of the fluid is zero (curl 
v = 0) and the velocity is the gradient of a 
potential, i.e., v = grad <f>. It is therefore 
called potential flow. If the fluid is also in¬ 
compressible the equation of continuity is 
Laplace’s equation, V2(j> = o, and the flow is 
everywhere uniquely determined if <£, or the 
normal component of the velocity, is specified 
at all points of the boundary. 

In general the motion can only remain irro¬ 
tational if the density is uniform and there is 
no tangential force at the boundaries (which 
in practice requires that the fluid be inviscid). 
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IRROTATIONAL VECTOR. See vector, ir¬ 
rotational. 

IRROTATIONAL WAVES. See wave (s), di- 
lational. 

ISALLOBAR. A line along which the local 
rate of change of pressure is constant, usually 
drawn as lines of constant pressure tendency. 

ISALLOBARIC WIND. The ageostrophic 
component of the wind due to a changing pres¬ 
sure field. It is equal to 

1 dp 
v, = --2grad„- 

where p is the density, / is twice the vertical 
component of the earth’s rotation, and grad// 
denotes the horizontal gradient. It is therefore 
directed towards regions of greatest pressure 
fall. 

ISENTROPIC. Occurring at constant en¬ 
tropy. Any reversible process in an isolated 
system. 

ISENTROPIC BULK MODULUS. See bulk 
modulus. 

ISENTROPIC ENTHALPY DROP. See en¬ 
thalpy drop. 

ISENTROPIC HEAT DROP. See enthalpy 
drop. 

ISING MODEL. A model of a binary alloy, 
in which it is assumed that the two types, 
A and B, of atoms are arranged in a regular 
array. In the state of perfect order, all A 
atoms are on a-sites and all B atoms on /8-sites, 
so chosen that each atom has the same neigh¬ 
bors as do others of the same type. Thus, in 
one dimension, the array 

A—B—A—B—A—B—A—B ••• 

represents perfect order. When any two atoms 
are interchanged, e.g., if the above array be¬ 
comes 

A—B—B—A—A—B—A—B ••• 

the change in the internal energy of the crystal 
may be computed by considering the number 
of pairs of the types A—B, A—A, and B—B 
that, have been created or destroyed. Thus in 
the case considered above, the increase in in¬ 
ternal energy is 

+ (A A — 2 eAB 

where (jIB, eAA, and eAB are the energies of the 
pairs of the types indicated by the subscripts. 

The model has been of great value in the 
consideration of order-disorder transitions, but 
is of limited validity, even when next nearest 
neighbors are considered. (See also coopera¬ 
tive phenomena.) 

ISOBAR. (1) A line along which the pressure 
is constant. In meteorology isobars are drawn 
for horizontal surfaces. (2) One of two or 
more atomic species, or elements, which have 
the same mass number, but differ in other re¬ 
spects, such as atomic number or energy state. 

ISOBARIC SURFACE. A surface of constant 
pressure; represented on a meteorological 
chart by contours of height above sea level. 
The geostrophic wind is then given by the 
spacing and orientation of the contours. 

ISOCANDELA CURVE. (1) A curve traced 
on an imaginary sphere with the source at its 
center and joining all the points correspond¬ 
ing to those directions in which the luminous 
intensity is the same. (2) A plane projection 
of this curve. 

ISOCHORIC. Of equal or constant volume, 
usually applied to a thermodynamic process 
during which the volume of the system remains 
unchanged. 

ISOCHROMATIC STIMULI. Color stimuli 
which, when acting simultaneously, give rise 
to identical color sensations. The identity of 
color may result from the identity of spectral 
distribution or it can occur when the spectral 
distributions are different if the tristimulus 
values are the same (metameric lights). In 
photometry it is usual to describe lights as iso- 
chromatic if they have the same chromaticity. 

ISOCHRONE. A line connecting points hav¬ 
ing the same time values, as points of the 
same gelation time for colloidal solutions. 

ISOELECTRONIC PRINCIPLE. Similar 
molecules which have the same number of 
valence electrons should have similar molecu¬ 
lar orbitals. Their properties should therefore 
be quite analogous. Such similarities are evi¬ 
dent for carbon monoxide and nitrogen, for 
example. 

ISOGONIC. Having equal magnetic declina¬ 
tion. 
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ISOLATED SYSTEM. A system which is 
isolated from, and therefore docs not exchange 
matter or energy with, its surroundings. The 
conservation laws of energy, momentum, and 
angular momentum only hold in systems which 
are isolated with respect to the agents that 
cause changes in the conserved quantities. 
Thus an isolated system for the conservation 
of energy is one on whose boundaries no work 
is done and across whose boundaries no heat 
flows. Similarly, momentum is conserved only 
in a system isolated in the sense that no net 
force acts across its boundaries. (See also 
closed system; open system; thermodynamic 
system.) 

ISOLUX. A curve or surface of equal light 
intensity. (Also called isophot.) 

ISOMAGNETICS. Lines connecting points at 
which some property of the earth’s magnetic 
field (such as the magnitude, the vertical com¬ 
ponent, or the horizontal component) remains 
constant. Isomagnetic lines may indicate 
local magnetic anomalies such as caused by 
magnetic ore bodies, magnetic minerals in 
sediments, or the vertical rather than the 
horizontal deviation of the compass or mag¬ 
netic needle. 

ISOMETRIC CONFORMAL REPRESEN¬ 
TATION. See representation. 

ISOMETRIC LINES ON A SURFACE. If 
in terms of the parameters u and v, the first 
ground forms for a surface takes the form 

X[U(tfw)2 + V(dv)2], 

where A is a function of u and v, U is a func¬ 
tion of u only and V is a function of v only, 
then the curves u = constant and v = constant 
are called isometric lines; u and v are called 
isometric parameters. The term isothermal or 
isothermic is also used instead of isometric. 

ISOMETRIC PARAMETERS. See isometric 

lines on the surface. 

ISOMORPHIC GRAPHS. See graphs, iso¬ 

morphic. 

ISOMORPHISM. See homomorphism. 

ISOPERIMETRIC PROBLEM. In the cal¬ 
culus of variations, the problem of making an 
integral stationary, while one or more integrals 
involving the same variables are to be kept 
constant (accessory conditions). It is so- 

called from a particular example, that of find¬ 
ing the figure of maximum area with a fixed 
perimeter. The method of Lagrange multi¬ 
pliers may be used. 

ISOPHOT. A curve or surface of equal light 
intensity. (Also called isolux.) 

ISOPLANASIE CONDITION. See Staeble- 
Lihotzky condition. 

ISOTEMPERATURE LOCI. Lines on a 
chromaticity diagram connecting points hav¬ 
ing equal correlated color temperatures. (See 
temperature, correlated color.) 

ISOTHERMAL. (1) Occurring at, or per¬ 
taining to, constant temperature. (2) See also 
isometric lines on the surface. 

ISOTHERMAL ATMOSPHERE. (Also 
called exponential atmosphere.) An atmos¬ 
phere in hydrostatic equilibrium in which the 
temperature is constant with height and in 
which, therefore, the pressure decreases expo¬ 
nentially upward. In such an atmosphere the 
thickness between any two levels is given by 

RdTv PA 
zb ~ Za =-In —. 

g Pb 

where Rd is the gas constant for dry air, Tv the 
virtual temperature (°K), g the acceleration of 
gravity, and Pa and PB the pressures at the 
heights za and zb, respectively. In the iso¬ 
thermal atmosphere there is no finite level at 
which the pressure vanishes. 

ISOTHERMAL BULK MODULUS. See bulk 
modulus. 

ISOTHERMAL COMPRESSION. Compres¬ 
sion during which the temperature remains 
constant. In general, this will entail flow of 
heat into or out of the system. 

ISOTHERMAL EXPANSION. Expansion 
during which the temperature remains con¬ 
stant. In general, this will entail flow of heat 
into or out of the system. 

ISOTHERMIC. See isometric lines on the 
surface. 

ISOTHERMS. I fines (or surfaces) consisting 
of points at the same temperature, e.g., corre¬ 
sponding to a given temperature in the equa- 



Isotope — Isotope Effect in Molecular Spectra 49S 

tion of state. (See critical point; Maxwell 
theorem.) 

ISOTOPE. One or two or more nuclides hav¬ 
ing the same atomic number, hence constitut¬ 
ing the same element, but differing in mass 
number. 

ISOTOPE CHARTS (Z-N, Z-A, A-Z, A-2Z, 
TRILINEAR). Any of a set of charts in 
which the properties of atomic nuclei, includ¬ 
ing their modes of radioactive decay, are sum¬ 
marized. In the trilinear chart, the neutron 
number A-Z is plotted against the atomic 
number Z, the axes being inclined at an angle 
of 60 degrees; the result is that nuclides with 
the same mass number are found in the same 
vertical row, while each horizontal row con¬ 
tains species with the same neutron excess 
A-2Z. 

ISOTOPE EFFECT IN ATOMIC SPECTRA. 
See hyperfine structure(a). 

ISOTOPE EFFECT IN MOLECULAR 
SPECTRA. The internuclear potential field 
of a molecule is, to a very good approximation, 
not affected by isotopic substitution of the 
nuclei. As a consequence, an isotope effect on 
the molecular electronic energy levels can, as 
a rule, be neglected, and the vibrational and 
rotational effects be treated on the assumption 
that the equilibrium internuclear distances are 
the same in all isotopic molecules. 

In the case of a diatomic molecule the 
vibrational constants of an isotopic molecule 
[designated by the superscript (i) ] are related 
to those of the “normal” molecule by the for¬ 
mulas 

w*(0 = poje, «e(l)xe(,) = p2uexe, 

o>eU)yeU) = p3o)eye, • • • 

where 

/ M 

and p. and p.(i) are the reduced masses of the 
“normal” and the isotopic molecules, respec¬ 
tively. The vibrational absorption bands of 
an isotopic molecule are given by the formula 

J'abs^ = ~j~ 2) 

- p2COeXe[(v + |)2 - 

+ P3«.y.[(» + £)3 -£]+•••. 

The vibrational isotope shift is therefore 

Av = I'abs — J'abs'0 

= we(l - p)v - 0)eXe(l — p2) (v2 + v) 

+ wcye( 1 — p,5)(y3 + -fir2 + -fi») +• ■ •. 

If p is close to one, the vibrational isotope 
shift is approximately given by the expression 

Av = (1 — p)vAGv+x 

where AGV+^ stands for the separation of suc¬ 
cessive vibrational energy levels. 

The rotational constants of an isotopic mole¬ 
cule are related to those of the “normal” mole¬ 
cule by the formulas 

BA = p2Be, aA = PV, DA = PADe> 

F = P5/3, •••. 

The rotational isotope shift, neglecting the 
rotational constant j8 is therefore 

Avr = vT- vS = (1 - p2)[B'eJ'(J' + 1) 

- B"eJ"(J" + 1)] 

- (1 - p3)[a'e(v' + + 1) 

- a"e(v" + + 1)] 

- (1 - P4)[D'J'2(J' + l)2 

- D"J"2(J" + l)2]. 

In the case of a rotation-vibration spectrum 
the above formula is greatly simplified since 
B’e = B"e, a'e = D' « D". The second 
and third terms are, in general, very small 
compared to the first. Therefore, to a first 
approximation, 

Avr = (1 - p2)vr. 

The rotational isotope shift is thus, to a good 
approximation, proportional to the distance 
from the zero line. 

For two isotopic polyatomic molecules the 
product of the w(i)/w values for all vibrations 
of a given symmetry type is independent of 
the potential constants and depends only on 
the masses of the atoms and the geometrical 
structure of the molecule according to the fol¬ 
lowing formula (Teller-Redlich product rule): 
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(*).,„(») ,,,(*) 
<a)1 C02 Wf 

COi C02 «/ 

When referred to an arbitrary mole fraction 
N0 as the reference state the value of Q moles 
of mixture is 

Here quantities with the superscript (i) refer 
to one of the isotopic molecules, quantities 
without superscript to the other; wj, coo, •••,«/ 
are the zero order frequencies of the / (genuine) 
vibrations of the symmetry type considered; 
mi, m2, ■ • • are the masses of the representative 
atoms of the various sets (each set consisting 
of those identical atoms that are transformed 
into one another by the symmetry operations 
permitted by the molecule); a, /3, • • • are the 
numbers of vibrations (inclusive of nongenuine 
vibrations) that each set contributes to the 
symmetry type considered; M is the total mass 
of the molecule; t is the number of translations 
of the symmetry type considered; Ix, Iv, Iz are 
the moments of inertia about the x, y, and z 
axes; bx, by, bz are 1 or 0 depending on whether 
or not the rotation about the x, y, or z axis is 
a nongenuine vibration of the symmetry type 
considered. Both on the left and right hand 
side (in a, (3, •••,«, bx, by, bz) a degenerate 
vibration is counted only once. 

ISOTOPE EFFECT IN SUPERCONDUC¬ 
TIVITY. The critical temperature Tc of su¬ 
perconductors varies with the isotopic mass 
M. The relation Tc cc M~ ** suggests that the 
superconducting transition depends on the 
velocity of sound, a result predicted by the 
Frohlich-Bardeen theory. 

ISOTOPE MIXTURE, VALUE OF. A meas¬ 
ure of the difficulty of preparing a quantity 
of an isotope mixture. It is proportional to 
the amount of the mixture, and is also a func¬ 
tion of the composition of the mixture. The 
change in value created by a cascade is di¬ 
rectly proportional to the number of separat¬ 
ing elements it contains. For a binary mix¬ 
ture, the value of Q moles of mixture, taking 
the equimolar mixture as the reference state, 

is given by 
Q(2N - 1) In K 

when N is the mole fraction of either com¬ 
ponent, R is N/l — N, the molecular abun¬ 
dance ratio. 

V = j (2N - 1) In 
N(1 - Np) 

N0(l - N) 

(N — Np)(l -2V0)1 

N0(l - N0) i 1 

The total value created by a separating plant 
is the difference between the total value of all 
outgoing materials and the total value of all 
ingoing materials. This resultant is independ¬ 
ent of No. 

ISOTOPE SEPARATION FACTOR. The 
ratio of the abundance ratio of two isotopes 
after processing to their abundance ratio be¬ 
fore processing. It is given by the following 
equation: 

n'i/n'2 

r =- 
ni/n2 

where nx and n2 are the mole fractions of iso¬ 
topes of mass numbers m\ and m2 respectively, 
and n\ and n'2 are the corresponding quanti¬ 
ties after processing. The term “enrichment 
factor” is sometimes used for r — 1. 

ISOTOPIC ABUNDANCE. The relative 
amount (expressed as number of atoms) of 
a particular isotope in a sample of an element. 

ISOTOPIC ABUNDANCE, FRACTIONAL. 
The ratio of the number of atoms of a par¬ 
ticular isotope to the total number of atoms 
of the element, both in a given sample. It is 
usually expressed as a percentage. 

ISOTOPIC ABUNDANCE, RELATIVE. The 
number of atoms of a particular isotope rela¬ 
tive to a specified number of atoms of a speci¬ 
fied isotope, both in a given sample. Usually 
the meaning is more specific, as the number 
of atoms of a particular isotope relative to 
100 atoms of the most abundant isotope, or 
to 1 atom of the least abundant isotope. 

ISOTOPIC (ISOBARIC) NUMBER. Synon¬ 
ymous with neutron excess. 

ISOTOPIC SPIN (ISOBARIC SPIN). A 
concept introduced by Heisenberg as a con¬ 
venient device for the description of states of 
particles between which there are charge-inde¬ 
pendent forces. The isotopic spin is defined in 
analogy with the ordinary spin angular mo- 
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mentum of elementary particles, and is usually 
denoted by T. The isotopic spin of the nu¬ 
cleon (neutron and proton) is taken to be y2: 
its two “magnetic” substates having MT = 
± y2 then refer to neutron and proton respec¬ 
tively. States of two nucleons may then be 
characterized by isotopic spin zero or unity, 
the former of which can only refer to a neutron 
and a proton since MT = 0 necessarily in this 
case, while the latter can refer to a pair of neu¬ 
trons (Mt — +1) or it can refer to a pair of 
protons (MT = — 1). If forces are charge- 
independent, they may depend upon T but 
not upon Mt. Similarly, one ascribes isotopic 
spin unity to the 7r-mesons whose substates 
with Mr = ±1, 0 then refer to the two 
charged, and the single uncharged, pions. 
One is then able to describe the charge in¬ 
dependent interactions between pions and nu¬ 
cleons in a correspondingly concise manner. 
The concept of isotopic spin has been ex¬ 
tremely useful in classifying the quantum 
states of light nuclei, and it is now proving of 
even greater significance in the theory of fun¬ 
damental particles. 

ISOTOPIC SPIN QUANTUM NUMBER. 
See quantum number, isobaric spin. 

ISOTROPIC. A medium M is isotropic with 
respect to a function / defined on M if / is a 
scalar field over M. If M is not isotropic, then 
M is anisotropic or aelotropic. 

ISOTROPIC MATERIAL. A material in 
which different directions are indistinguishable 
by physical experiment. In elasticity theory, 
a material in which the elastic properties are 
independent of direction. 

ISOTROPIC STATE OF STRESS (AT A 
POINT). A state of stress in an element of 
material at a point, such that the normal com¬ 
ponents of the Cartesian stress tensor at the 
point are all equal and the tangential com¬ 
ponents are all zero. Also called spherical 
state of stress. If the equal normal compo¬ 
nents are negative, the state of stress is called 
a hydrostatic pressure; if they are positive, 
negative hydrostatic pressure or hydrostatic 
tension. For more general states of stress at 
a point, the negative of the mean of the three 
normal components of the stress tensor at the 
point is called the hydrostatic pressure at the 
point. Alternatively, a system of surface 
forces acting on a body, everywhere directed 

normally inwards to the surface and such that 
the surface force per unit area measured in the 
state of deformation existing is constant over 
the surface is called a hydrostatic pressure. 

ISOTROPIC TENSOR. See tensor, isotropic. 

ITERATED FISSION EXPECTATION. In 
a critical assembly, the value after large time 
of the number of fissions per generation time 
arising from the daughter neutrons of a given 
neutron. This is a specific normalization of 
the importance function. 

ITERATED LOGARITHM, LAW OF. A 
theorem in probability to the effect that in a 
series of n binomial trials with probability p, 
the difference between the number of successes 
»S and the expected number np is of the order 
(2npq log log n) ^ and tends to that quantity 
with probability unity as n tends to infinity. 

ITERATION, METHOD OF. In neutron 
transport theory, a specific application of the 
general idea of constructing progressively more 
accurate solutions to an integral equation by 
iteration. In the case of the one-velocity in¬ 
tegral equation it can be shown that an in¬ 
crease in accuracy does indeed occur. An ini¬ 
tial trial function might be obtained from the 
diffusion approximation. 

ITERATIVE IMPEDANCE. See impedance, 
iterative. 

ITERATIVE METHODS (FOR SOLVING 
EQUATIONS, WHETHER ALGEBRAIC OR 
TRANSCENDENTAL). These methods are, 
in fact, methods of successive approximation 
in which, having given one or more approxima¬ 
tions to a solution, it is used in computing an 
improved one. Only the case of a single equa¬ 
tion in a single variable will be considered here 
(see matrix inversion and the solution of linear 
equations, and simultaneous equations; also 
Alston S. Householder, Principles of Numer¬ 
ical Analysis, McGraw-Hill Book Co., 1953, 
for further development of the theory). 

If the equation to be solved is 

fix) = 0, 
let 

0(x) = x - g(x)f(x), 

where throughout some region containing a, 
the root to be determined, g(x) nowhere van¬ 
ishes or becomes infinite. Then 

a = <i>(a), 
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and if, for some x0 in this region, every 

z.+i = 
is again in the region and the sequence of x,- 
converges, it necessarily converges to a root. 
A sufficient condition for this is that 

| <f>'(x) | < k < 1 

at every point of the region. Moreover, if 
<f> is analytic in some circle about x0, and if it 
can be shown that for some positive k < 1, 

I </>(*') - 4>{x") | < k\x' — x"|, 

whenever both x' and x" are in the circle, then 
it can be concluded that every x* will, in fact, 
fall within the circle and that the equation has 
a root a to which the sequence converges. 

Newton’s method is obtained with 

g{x) = l//'(x), 

and one is assured of convergence if, for real a, 

Kxo)f"(x0) > 0, 

and neither f nor f" changes sign between a 
and x0. 



JACOBIAN. Let Fi and F2 be two functions 
of u and v. Then 

J 

dFi dFj 

J = 
dll dv 

dF2 dF2 

dFi dF2 

dll dv 

dll dv 

dFi dF2 

dv du 

is the functional determinant or Jacobian of 
F\ and F2 with respect to u and v. It is fre¬ 
quently denoted by d(Fi,F2)/d(u,v). 

In general if Fi, F2) • • ■, Fn are functions of 
Ui, u2, • • •, un, then 

j _ d(Fi,F2, • • Fn) 

• • •, un) 

dF i dF i dF i 

dui du2 dun 

dF 2 dF2 dF2 

dUi du2 dun 

dFn dFn 8 

dui du2 dun 

(See also Hessian.) 

JACOBI METHOD. A method for computing 
eigenvalues of a Hermitian matrix. 

JACOBI POLYNOMIALS. The class of 
special functions Jn{a,(3,x) obtained by or- 
thogonalizing over the interval [ — 1,1] the se¬ 
quence of powers, 1, x, x2, • • • with the weight¬ 
ing function w{x) = (1 — x)a (1 -f x)&, with 
a, /? > —1. (Thus, for a = /3 = 0, they reduce 
to the Legendre polynomials.) They satisfy 
the differential equation 

(1 - x2)y" + [fi-a-(a + f3 + 2 )x]y' 

+ n(a -t- /3 + n + \)y = 0. 

Their Rodrigues formula is 

Jn(a,0,x) 
(-D" 
2nn! 

(1 - z)-a(l + a;)-6 
dn 

dx" 

X [(1 - z)n+a(l + x)n+b]. 

JACOBI THEOREM IN OPTICS. There is 
a general theorem of Jacobi that applies to the 
differential equation of geometrical optics: Let 
V(x,y,z,a,b) be a complete integral of the 
equation 

Vx2 + Vy2 + V 2 = n2 

where the subscript notation is used for partial 
derivatives. A complete integral is defined as 
a set of solutions depending on two parameters 
a, b and such that the matrix 

FV V VI v xa r ya Y za 

-Lxb Tj/b V zb- 

is of rank two. Then the light rays of the me¬ 
dium of refractive index n — n(x,y,z) are given 

by 

d d 
— V(x,y,z,a,b) = ch — V(x,y,z,a,b) = c2 
da db 

where Cj, c2 are arbitrary constants. 

JEANS LAW. See black body radiation. 

JET, BENT OVER. A turbulent jet emerging 
into a smooth cross-wind gradually assumes 
the speed of the wind as it mixes with it and 
therefore becomes bent over. It becomes bi¬ 
furcated so that it appears to consist of two 
contra-rotating parallel rolls with exterior 
fluid passing up between. 

After becoming bent over the momentum in 
the direction of emission (z-axis) is still re¬ 
tained but the velocity and concentration de¬ 
crease as z~2, as it entrains exterior air. 

If it possesses a significant amount of buoy¬ 
ancy and emerges vertically into a horizontal 
cross-wind, ultimately the upward momentum 
acquired from the buoyancy becomes domi¬ 
nant and the upward velocity decreases as z-^ 
and the concentration as z~2. 

Bent over jets can also be formed when 
heavy or light fluid emerges horizontally into 
stationary fluid. 

JET, BUOYANT. Sometimes called a plume, 
similar in appearance to a turbulent jet (see 
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jet, turbulent) but necessarily having a ver¬ 
tical axis. If the motion is produced by buoy¬ 
ancy and not significantly by a large efflux 
velocity the entrainment velocity and mean 
upward velocity are proportional to z-1^, while 
the concentration decreases as z_% in the axi- 
symmetric case, z being measured from the 
apex of the cone which envelopes the jet. In 
a two-dimensional plume rising from a hori¬ 
zontal line source of buoyancy up a wedge, the 
mean velocity is independent of height and the 
concentration decreases like z-1. The plumes 
from two equal parallel horizontal line sources 
flow together if there is a rigid boundary below 
them and then rise as a single plume as if from 
a line midway between them. (See correlation 
coefficient.) 

JET, TURBULENT. The configuration of 
motion produced by the emergence of fast 
moving fluid into otherwise stationary sur¬ 
roundings. In the case of a round orifice the 
motion becomes turbulent at the boundary of 
the issuing fluid and the region of turbulence 
grows outwards and inwards. 

The region of smooth flow in the center, 
called the potential core, decreases conically 
until the turbulence reaches the axis. Exterior 
fluid is entrained by the mixing on the outside 
and is carried in the direction of the axis. 
There is therefore a velocity towards the axis 
of the jet in the exterior fluid. 

From the place where the turbulence occu¬ 
pies the whole section the motion is similar at 
all stages. The turbulent region occupies a 
cone of semi-vertical angle about 9°. The in¬ 
flow velocity, the mean velocity within the jet 
in the direction of its axis, and the mean turbu¬ 
lent velocity, is proportional to z~1, z being 
measured from the apex of the cone envelop¬ 
ing the jet. This is proved from the assump¬ 
tion that the flux of momentum along the jet 

is constant. 
The emerging fluid is diluted by mixing with 

the environment, and the concentration is pro¬ 

portional to z~1. 
The profiles of time-mean velocity and 

time-mean concentration across the jet are not 
identical but rather similar, the profile being 
almost Gaussian except at the edges. 

Plane jets have similar properties but the 
velocity and concentration are proportional to 
z~^, z being measured from the edge of the en¬ 
veloping wedge. (See correlation coefficient.) 

JEZEK METHOD. 4n approximate solution 
of the instability problem for eccentrically- 
loaded columns, based on an elastic-perfectly 
plastic material and the assumption of a sine 
wave deflection. Jezek also gave an exact 
solution based upon the idealized stress-strain 
relation. 

(j, j) COUPLING. Theoretical limiting case 
for the coupling of the spins s< and the orbital 
angular momenta 1( of the individual electrons 
in an atom: strong coupling between the and 
I* of each individual electron, adding up (in 
two possible ways, see angular momentum 
vectors, quantum theoretical addition of) to 
the total angular momentum j; of the individ¬ 
ual electrons; weak coupling between the in¬ 
dividual j/, resulting in the total angular mo¬ 
mentum J of magnitude J(h/2ir) of the atom. 
Written symbolically: 

(I1S1KI2S2XI3S3) ••• = Cj 1 j2j3 •••) = J. 

Pure (j, j) coupling holds for some of the ex¬ 
cited states of atoms of high atomic number Z, 
but occurs relatively seldom. More frequent 
arc transitions cases between (j, j) coupling 
and Russell-Saunders coupling. The figure il¬ 
lustrates (for a ps electron configuration) the 

Relative positions of the terms of a ps electron con¬ 
figuration. To the left, Russell-Saunders coupling; 

to the right, (j, j) coupling. 

relative positions of the energy levels in the 
two limiting cases, and their correlation. 

JOHANSEN THEORY. See rupture line 
theory. 

JOHNSON AND LARK-HOROWITZ FOR¬ 
MULA. A formula for the resistivity of a 
metal or degenerate semiconductor due to the 
presence of impurities which scatter the elec¬ 
trons. It may be written 

p = G270n-'^ ohm-cm 

where n is the number density of impurity 
atoms per cm8. 
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JOINT. The intersection or junction of mem¬ 
bers of a truss or a frame is called a joint. A 
pinned joint permits freedom of rotation and 
no moment at the ends of the members at the 
joint. A rigid joint permits no relative rota¬ 
tion between the members framing into the 
joint. 

JOINT EFFICIENCY. This term refers to a 
strength ratio in connection with either riveted 
or welded joints. The joint efficiency is defined 
as the ratio of the strength of a section of the 
joint to the strength of an analogous section of 
solid plate. The joint efficiency, in pressure 
vessel design, usually requires an increase in 
the theoretical thickness of the plate which 
would otherwise be required for a seamless 
vessel. To illustrate, if the theoretical thick¬ 
ness of a seamless vessel, for a given set of 
conditions, is 1", the same vessel with a welded 
joint having an efficiency of 80% would re¬ 
quire a wall thickness of 1%". Welded joint 
efficiencies vary from 55 to 95%; riveted joint 
efficiencies from 45 to 95%, but most of them 
have values between 60 and 70%. 

JOINTS, METHOD OF. The method of solv¬ 
ing for the forces in the members of a truss 
by summing forces at each joint. If the num¬ 
ber of joints is j there will be 2j independent 
joint equations for a plane truss and 3j for a 
space truss. 

JORDAN CURVE. A simple, closed curve. 

JORDAN-HOLDER THEOREM. Any two 
composition-series of a group consist of the 
same number of subgroups, and lead to two 
sets of factor groups which, except for the 
order in which they occur, are identical with 
each other. 

JORDAN MATRIX. A matrix whose elements 
are equal and non-zero along the principal di¬ 
agonal, unity along the diagonal immediately 
above, and zero elsewhere. 

JORDAN METHOD. A method of matrix 
inversion in which by a succession of row op¬ 
erations one reduces the given matrix to diag¬ 
onal form. 

JORDAN NORMAL FORM. See Jordan 
matrix. 

JOST-LEHMANN REPRESENTATION. See 
Dyson representation. 

JOUKOWSKI AIRFOILS. Two-dimensional 
airfoil theory is based mainly on the use of 
conformal mapping to transform the known 
solution for flow past a circular cylinder into 
flow past an airfoil. If 2 and £ are the complex 
variables in the planes of the circle and the 
airfoil, the shape of the airfoil is defined by 
the mapping function £ = /(2) and by the 
radius and position of the center of the circle 
in the 2-plane. 

Joukowski airfoils are those which are given 
by the simple mapping function 

c2 
r = * + — (i) 

2 

The conditions of the transformation are 
chosen so that the airfoil has a sharp trailing 
edge, this being a singular point. The circu¬ 
lation round the airfoil is then determined by 
the Joukowski condition. 

The family of Joukowski airfoils was the 
first to be studied theoretically. Because the 
airfoils have a cusp at the trailing edge, they 
are not really suitable for practical use, and 
are now mainly of historical interest. 

Karman and Trefftz introduced a general¬ 
ized Joukowski transformation, giving airfoils 
with a finite angle at the trailing edge. This is 

, A±fY. (2) 
f — nc \z — c) 

The trailing-edge angle is then equal to 
7r(2 — n). The simple Joukowski transforma¬ 
tion of Equation (1) is a special case of Equa¬ 
tion (2), obtained by putting n = 2. (See 
H. Glauert, The Elements of Aerofoil and Air¬ 
screw Theory (2nd Edition), Cambridge, 1947.) 

JOUKOWSKI CONDITION. In calculating 
the flow past a two-dimensional airfoil, results 
may be obtained for any arbitrarily chosen 
value of the circulation. For an airfoil with 
the usual sharp trailing edge, however, there 
is only one value of the circulation for which 
the theoretical velocity at the trailing edge is 
not infinite. Joukowski suggested that the 
circulation should be chosen to have this 
value; the circulation is then said to satisfy 
the Joukowski condition. 

Experiments show that the circulation round 
an airfoil is slightly less than that given by the 
Joukowski condition, because of the effects of 
the boundary layers. The boundary layer near 
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the trailing edge of a lifting airfoil is usually 
thicker on the upper surface than on the lower, 
so that the circulation is that given by the 
Joukowski condition for an incidence slightly 
lower than the actual incidence. At high 
Reynolds numbers, when the boundary layers 
are very thin relative to the airfoil chord, the 
discrepancy is small and the Joukowski con¬ 
dition gives a good approximation to the circu¬ 
lation found in experiments. 

JOULE. See mechanical units. 

JOULE CYCLE. A quantity of ideal gas is 
taken through the following reversible proc¬ 
esses: (a) from a pressure P2 and volume V, 
compressed adiabatieally to pressure Pi; (b) 
heated at constant pressure Pi; (c) expanded 
adiabatieally to pressure P2; (d) cooled at con¬ 
stant pressure P2 to initial volume V. 

The efficiency of a Joule engine is 

7-1 

where y is the ratio of the specific heats. 

JOULE LAW. See perfect gas. 

JOULE-THOMSON COEFFICIENT. The 
ratio of the change in temperature to the 
change in pressure when a gas expands at con¬ 
stant enthalpy to a lower pressure through a 
small aperture or porous plug. Its mathemati¬ 
cal form is therefore 

JOULE-THOMSON INVERSION TEMPER¬ 
ATURE. The temperature, or one of the 
two possible temperatures, at which the Joule- 
Thomson coefficient changes its sign for a 
given gas. 

J-SHAPED DISTRIBUTION. A frequency 
function f(x) which, when graphed with f(x) 

as ordinate against x as abscissa, has the shape 
roughly of part of the letter J or its mirror 
image. 

JULIAN DAY. A system of chronological 
reckoning by days has many advantages in the 
simplification of calculations which involve 
long periods of time with the resulting con¬ 
fusion in calendar dates. The “Julian Era” 
is arbitrarily set to begin at Greenwich Mean 
Noon January 1, 4713 b.c. Julian days are 
reckoned consecutively from that era. Frac¬ 
tions of a day are recorded on the decimal 
system from Greenwich Mean Noon. January 
1, 1960, is JD 2,436,934.00000 at GMT noon. 
Julian Day numbers are tabulated in the 
American Ephemeris and Nautical Almanac, 
together writh tables to facilitate the determi¬ 
nation of the Julian Day Number for any date. 

JUMP. To (conditionally or unconditionally) 
cause the next instruction to be selected from 
a specified storage location. 

JUMP, CONDITIONAL. An instruction 
which will cause the proper one of two (or 
more) addresses to be used in obtaining the 
next instruction, depending upon some prop¬ 
erty of one or more numerical expressions or 
other conditions. 

JUMP DISCONTINUITY. See discontinuity. 

JUMP, UNCONDITIONAL. An instruction 
which interrupts the normal process of obtain¬ 
ing instructions in an ordered sequence, and 
specifies the address from which the next in¬ 
struction must be taken. 

JURY PROBLEM. A differential equation 
solved numerically by a method of successive 
approximations which fits the solution to given 
boundary conditions. 

Elliptic equations, such as the Poisson equa¬ 
tion, lead to jury problems. A partial differen¬ 
tial equation, such as the barotropic vorticity 
equation, may combine a jury problem and a 
marching problem. 



K 
KARMAN CONSTANT. An absolute numer¬ 
ical constant, k, relating the mean velocity U 
and distance z from a plane wall to the shear 
stress t0 and density p in rectilinear steady 
turbulent flow parallel to it, according to 

u dU 
(r0/p)A — kz-—- 

dz 

It is required that the shear stress be inde¬ 
pendent of distance from the wall. The ve¬ 
locity profile is logarithmic. 

To demonstrate the existence of this con¬ 
stant it is necessary to assume that the motion 
is similar at all distances from the wall (or, 
in mixing length terminology that the mixing 
length, or eddy size, is proportional to distance 
from the wall), and that the level of turbu¬ 
lence is in equilibrium with the pressure field 
producing the motion and that it is at large 
Reynolds number (viscous stresses negligible 
in the mean motion), k = 0.4 approximately, 
according to experiments. 

KARMAN-FRIEDRICH EQUATIONS. In 
the analysis of two-spar wings, a spar may be 
considered as a beam on elastic supports pro¬ 
vided by the ribs. The ribs are assumed to 
have infinite bending stiffness but finite tor¬ 
sional stiffness. The resulting equations are of 
the three-moment type. 

KARMAN-TSIEN RELATION. A theoretical 
relationship of the Mach 1 pressure coefficient 
to the corresponding pressure coefficient at low 
speed. The relationship takes into account the 
compressibility effects of high speeds. It gives 
a better correlation with experimental findings 
of actual pressure coefficient than the Glauert 
theory. The pressure coefficient according to 
the Karman-Tsien relation is: 

P Vl - M,2 + V2Cp0[ 1 - Vl - Mj2] 

where Cp is the pressure coefficient at Mach 1, 
and Cpo is the low speed pressure coefficient. 
The above relation refers to two-dimensional 
flow. 

KARMAN VORTEX STREET. See vortex 
street. 

KATABATIC WIND. A down-slope wind, 
usually a shallow layer (2-3 meters deep) of 
air, cooled by contact with the ground, drain¬ 
ing down a hillside. 

KATOPTICS. Variant spelling of catoptics. 

KEESOM ENERGY. The average interaction 
energy of two dipoles at a distance r. For two 
dipoles in line, the interaction energy is given 
by ±2y/r3 where p. is the dipole moment. The 
± sign depends on whether the dipoles are 
oriented in opposite or parallel directions on 
the line. For two dipoles in a three-dimen¬ 
sional space, the interaction energy is (^/r3)/, 
where / is a factor depending on the mutual 
orientation. For a Boltzmann distribution, if 
|i2/r3« fcjT, the average interaction energy of 
the two dipoles is 

2 1 m4 

tA ~~ _ 3 7*kT' 

tK is the Keesom energy. 

At very high temperatures, the orientation 
becomes completely disordered, and ex becomes 
0. 

KEESOM POTENTIAL. This intermoleeular 
potential applies to rigid spheres containing a 
point dipole (or a symmetrical quadrupole). 
Its analytical expression is 

0,t, 06, <t>b ~ <t>a) = 00 r < <r (1) 

PdPb . 

=-a-g(0a,0b,<i>b ~ <t>a) r > <J (2) 
r 

where 

0ft, 06 0a) 

= 2 cos 0a cos 06 — sin 0U sin db cos (06 — 0a). 

(3) 

The figure represents two rigid spheres (e.g., 
molecules) having the centers at a and b. The 
axes of their components of moment, pa and p.b, 
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are indicated by the dashed lines shown at 
angles to the 2-axis of 0a and db, respectively. 
The other two coordinates in the derivation, 

<t>a and <j>b, define the corresponding axis 
orientations about the 2-axis. The distance 
r between a and b is the distance between the 
centers of the molecules, or effectively the 
internuclear distance. 

KEKULE STRUCTURE. See benzene, struc¬ 

tures of. 

KELLOGG EQUATION. An equation of 

state, relating the pressure, absolute tempera¬ 
ture, and density of a gas. It is of the form: 

p = RTp + (li.JIT - A„ - rr 

+ - « - -fi) r3 

in which p is the pressure, T the absolute tem¬ 
perature, P the density, R the gas constant, and 
A0, B0, C0, a, b, and c are constants. 

KELVIN CIRCULATION THEOREM. See 
circulation theorem. 

KELVIN EQUATION FOR SURFACE TEN¬ 

SION. 

U, = y 

where U, is the surface energy per unit area, 
y is the surface tension, T is absolute tempera¬ 

ture. 

KELVIN FORMULA FOR THE VAPOR 

PRESSURE OF SMALL DROPS. See in¬ 

fluence of curvature on vapor pressure. 

KELVIN FORMULATION OF THE SEC¬ 
OND LAW OF THERMODYNAMICS. See 
Planck-Kelvin formulation of the second law 
of thermodynamics. 

KELVIN MATERIAL. Material whose me¬ 
chanical behavior exhibits delay elasticity 
only. It is represented by the Kelvin model: 

E 

1+e 

In the linear case the constitutive equation 
takes the form: 

a = Ee + pe. 

(See viscoelasticity models.) 

KELVIN MODEL. See Kelvin material for 

the basic Kelvin or Voigt model. More gen¬ 
eral viscoelastic materials can be represented 
by a sequence of Kelvin models in series with 
a spring and a dashpot, and this is sometimes 
referred to as the general Kelvin model. (See 
delay time for properties of this model.) 

KELVIN TEMPERATURE SCALE. See 
temperature; thermodynamics, second law in 

closed systems. 

KEPLER EQUATION. See anomaly, true 

and eccentric. 

KEPLER LAWS. After much study of avail¬ 
able data, Kepler drew three conclusions about 
the motion of the planets: (1) The orbit of 
each planet is an ellipse with the sun at one 
focus. (2) The radius vector drawn from the 
sun to the planet sweeps out equal areas in 
equal times. (3) The square of the period of a 
planet is proportional to the cube of the major 
axis of the elliptical orbit. Newton deduced 
the law of gravitation from Kepler’s laws. 
(For further details see planetary motions.) 

KERN (OR KERNEL OR CORE). A 
straight bar loaded by an eccentric force P 
parallel to its axis will bend as well as stretch 
or compress. The distribution of strain over 
the cross section is linear. In the elastic range 
the stress, too, is linearly distributed 

P Pexy PeyX 
a —-1-\-- 

A Ix Iv 
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where .r and 1/ are principal axes and ex and eu 
are the eccentricities of P about the x and 
y-axes, respectively. The limits of the com¬ 
bination of ex, ey for the stress to have the same 
sign at each point of the cross section defines 
the kern. A compressive force within the kern 
produces no tension. 

KERNEL. A known function, also called a 
nucleus, K(x,z) which occurs in an integral 
equation. It is symmetric if K (x,z) = K (z,x); 
Hermitian if K{x,z) = K*(z,x) ; skew Hermi- 
tian if K(x,z) = —K* (z,x), where the asterisk 
indicates the complex conjugate. A polar 
kernel has the form K{x,z) =u{z)G(x,z), 
where G{x,z) is symmetric. It may be trans¬ 
formed into a symmetric kernel by a change 
of the dependent variable. A definite kernel, 
positive or negative, satisfies the requirement 

Jf{x)dx J K(x,z)f(z)dz ^ 0, 

where f{x) is any finite function defined over 
the range for which the kernel is defined. A 
singular kernel has one or more singular points 
within its limits of integration. A kernel of 
the form 

k 

K{x,z) = Y,fi(,x)gi(z) 
i=1 

is called degenerate. A solving kernel or re¬ 
solvent is an infinite series of iterated kernels 
which appears in the Liouville-Neumann 
series. (See also integral transform.) (For 
use of the term kernel in structural engineer¬ 
ing, see kern.) 

KERNEL, DIFFUSION. In the diffusion of 
neutrons, these kernels may refer to point, line, 
plane, etc., sources. As an example, the point 
kernel 

„ , „ exp { — k | r — r' | } 
r.r ) =- 

4 irD | r — r' | 

with D being the diffusion constant and k, the 
reciprocal of diffusion length, gives the mino- 
energetic neutron flux at r due to unit source 
atr'. 

KERNEL, GAUSSIAN. In reactor theory, the 
Gaussian kernel, 

, .. \ j r — ] 
K(r,r') = (4ttt) 2 exp .-— 

l 4r 

I 2 

with r the age-to-thermal characteristic of the 
slowing-down medium being often used for a 
slowing-down kernel. It may be derived di¬ 
rectly from Fermi age theory. (See age equa¬ 
tion, Fermi.) 

KERNEL, MULTIGROUP. In the multi¬ 
group formulation of the slowing-down of 
neutrons, in which neutrons, distributed con¬ 
tinuously with respect to energy are assigned 
to a finite number of energy groups, the group 
kernel Kj{r,r') denotes the slowing-down ker¬ 
nel from point r' in energy group ; — 1 to point 
r in group j. 

KERNEL, POINT. Of particular interest in 
the study of the penetration of radiation 
through matter (shields) this kernel, denoted 
G(R) gives the total flux of radiation at a 
point separated by a distance R from a point 
source which emits one particle per second. 

KERNEL, SCATTERING. In scattering the¬ 
ory, the microscopic cross-section describing 
the scattering of neutrons from energy E to 
E' through an angle 6. Often denoted by 
cts(E E', 6), the quantity, or its average over 
angle, acts as kernel in the transport equation 
describing the slowing down of neutrons. 

KERNEL, SLOWING DOWN. In reactor 
theory, K(r,E] r',E'), the flux of neutrons of 
energy E at point r due to a unit point source 
of neutrons of energy E' at r' is a quite general 
slowing-down kernel. Its average, K(r,r/), 
representing the probability that a fission neu¬ 
tron born at r', becomes thermal at r, is often 
called the slowing-down kernel. 

KERNEL, SYNTHETIC. An ad-hoc slowing- 
down kernel for neutrons, constructed to agree 
with experimental results. It is often ex¬ 
pressed as the convolution of a number of 
multigroup kernels. (See kernel, multi¬ 
group.) 

KERNEL, TRANSPORT. In the transport 
theory of monoenergetic neutrons, the trans¬ 
port kernel, 

K(t, r') - £ 
exp | —2|r - r'|] 

47t r 2 

gives the flux of neutrons at r which have 
suffered n collisions due to unit flux at r' of 
neutrons which have suffered n — 1 collisions. 
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KERR ELECTRO-OPTICAL EFFECT AND 
LAW. This effect occurs when an isotropic 
substance (e.g., nitrobenzene) becomes aniso¬ 
tropic in the presence of an electric field. 
Kerr’s electro-optical law then applies: if np 
and n, are the refractive radius for light polar¬ 
ized in planes parallel and perpendicular, re¬ 
spectively, to the electric vector of intensity E, 
then 

np — n, = B\E2 

where B is the Kerr electro-optical constant 
for the given substance, wavelength and tem¬ 
perature. 

KERR MAGNETO-OPTICAL EFFECT. See 
magneto-optical effect. 

KET VECTOR. Vector in Hilbert space de¬ 
scribing the state of a dynamical system in 
quantum mechanics. Denoted by the symbol 
A). (See also bra vector.) 

KEV. Symbol for one thousand electron volts, 
a unit of energy equal to 1.602 X 10 ~9 erg. 

KEYES EQUATION. An equation of state 
for a gas, deduced from the concept of the 
nuclear atom. This equation is designed to 
correct the van der Waals equation for the 
effect upon the term b of the surrounding mole¬ 
cules. The equation is written as 

RT A 

P = V - Be~a/V ~ (V + If 

B = 
2641.6 C 

1.890 - 

X 10(284.38 CIT) 
m 

X l(Td — 
kg 

7616.4 F 
3.0274 - 

x iq(511.88FIT) 

367.00 C 
fi(T) = --- 0.7400 

676.80 F 

X 10 -2 
ft3 

lbm 

yooo cy 

/1800 F>2 
- 0.7400 - 

T \ T ’1 
/1000 c\2 

f2(T) = 20.630 - 12.000 (-J 

)' 
= 20.630 - 12.000 

ysooF 

/1000 C\24 
f3(T) = 28994 - 5.398 f—— ) 

T / 

= 28994 - 5.398 

(See also steam tables.) 

^1800 F 

)" 

KILOMOLE. That quantity of substance 
whose mass expressed in kilograms is numeri¬ 
cally equal to the molecular weight (mass) of 
the substance. 

in which P is pressure, T is absolute tempera¬ 
ture, V is volume, R is the gas constant, e is 
the base of natural logarithms, 2.718 - - *, and 
A,a,B, and l are constants for each gas. 

KEYES-SMITH-GERRY EQUATION. An 
empirical (thermal I equation of state for 
steam. It is given below in a dimensionally 
correct form, after E. Schmidt: 

RT 
=-+ B 

V 

where 

R 
kp m 

47.063-= 85.78 
kg C 

ft lbf 

lbmF 

KILOPOUND. See kip. 

KIND OF TENSOR. See tensors, type of. 

KINEMATICALLY ADMISSIBLE. A term 
applied to pattern of deformation or rate of 
deformation which is geometrically permis¬ 
sible. In plastic limit analysis the deforma¬ 
tions are taken as plastic only and may be 
discontinuous. In elastic analysis, kinemati¬ 
cally admissible fields of displacement and 
corresponding strains are required for the 
theorem of minimum potential energy. 

KINEMATIC BOUNDARY CONDITION. 
The condition that the fluid velocity directed 
perpendicular to a solid boundary must vanish 
on the boundary itself. This may be stated 
mathematically by the expression 

n • V = 0, 
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where n is a unit vector normal to a solid sur¬ 
face, and V is the fluid velocity vector. Ir. 
meteorology, this boundary condition is often 
employed in considering flow near the earth’s 
surface. 

When the boundary is a fluid surface or 
interface, this condition applies to the vector 
difference of velocities across the interface and 
requires that the interface, although in motion, 
will at all times consist of the same fluid par¬ 
cels. In meteorology, such a condition must 
be applied at fronts and other surfaces of 
discontinuity. 

(See also dynamic boundary condition.) 

KINEMATICS. The geometry of motion, 
without regard to forces or bodies of matter. 
Two of the aspects given special consideration 
are: the motion of points and the motion of 
rigid figures. Whatever system of space co¬ 
ordinates is found simplest may be used, and 
may be transformed from one system to an¬ 
other as desired. 

The motion of a point may be completely 
specified by giving each of its three rectangu¬ 
lar coordinates (for example) as a function of 
the time; that is, by writing its “equations of 
motion”: 

* =/i(0/ 

y = AW, 
2 = hit): 

(1) 

KINEMATIC VISCOSITY. See absolute vis¬ 
cosity. 

KINETIC ENERGY. See energy, kinetic. 

KINETIC ENERGY FLUX VECTOR. See 
flux vector. 

KINETIC ENERGY, NEGATIVE. See en¬ 
ergy, negative kinetic. 

KINETIC ENERGY, OF IRROTATIONAL 
MOTION. If 4> is the velocity potential then 
the kinetic energy, T, of the fluid contained 
within a bounding surface S is 

T = %pj4> grad <t> ■ dS = 2pJ<I>~ dS. 

In two dimensional motion with complex 
potential <}> + i\J/, 

T = (t>d\f/ 

per unit length, the integral being taken round 
the boundary. 

The minimal theorem of Kelvin states that 
for an incompressible fluid of uniform density 
the kinetic energy of the actual (irrotational) 
motion (satisfying div v = 0 and curl v = 0) 
is less than that of any other motion (not 
irrotational) satisfying the same boundary 
conditions. 

KINETIC ENERGY OF RIGID BODY. The 
kinetic energy T of rigid body consists of two 
parts T and T", i.e., T = T + T" where T 
is the translational energy and T", the rota¬ 
tional energy. 

r = 

where v0 is the velocity of the center of mass 
and 

T" = \{Awi2 + Bo)‘f + Cu 32) 

where A, B, C are the principal moments of 
inertia and au, «2, “3 the components of the 
angular velocity <o0 along the directions of 
A, B, C. 

KINETIC MOMENTUM. Kinetic momen¬ 
tum of a charged particle in an electromag¬ 
netic field A, cf>, the vector p — (e/c)A, where 
p is the momentum. Name arises from anal¬ 
ogy with the kinetic energy W — e<f>, where 
IT is the total energy. 

KINETIC POTENTIAL. See Lagrangian 
function. 

KINETICS. The science dealing with the ef¬ 
fects of forces and moments on the motion of 
material bodies. 

KINETICS, REACTOR. In reactor theory, 
the study of the time behavior of a chain¬ 
reacting system. If the diffusion approxima¬ 
tion to neutron transport theory be used, the 
relevant time-dependent differential equations 
are: 

DV2$ + [(1 - flkMB2) - 1] 2a <t> 

1 d<J> 
+ pP°o(B‘2) £ X,C,- =- 

1=1 v dt 
dCi kx 
— = — XiC, -|-18; 2„ <t>, i = 1, • • • m. 
dt v 

The first equation expresses the diffusion of 
thermal neutrons (one-group theory, speed 
= v) in a medium characterized by diffusion 
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constant 1), absorption 2a, infinite multipli¬ 
cation kx, non-leakage probability (during 
slowing down) PX(B2) and resonance escape 
probability p. The second equation gives the 
time variation of concentration of the ilh type 
of excited nucleus which acts as a source 

m 

(“precursor”) of delayed neutrons. ff = ^ j3,- 
i 

is the total fraction of fission neutrons which 
are delayed and X, is the decay constant for 
ith type of precursor. 

KINETIC THEORY. A theory wdiich ex¬ 
plains the phenomena in gases described mac- 
roscopically by thermodynamics as due to 
the kinetic motion and collisions of atoms and 
molecules. 

First introduced by Kronig and Clausius to 
explain the perfect gas law, it can be extended 
to furnish expressions for the viscosity, ther¬ 
mal conductivity, diffusion coefficient, and 
other transport coefficients of gases. Its nat¬ 
ural extension is statistical mechanics where 
the attempt to deduce properties of matter in 
bulk from atomic properties is brought to its 
logical conclusion and is made applicable to 
liquids and solids as well as gases. 

To derive the perfect gas law in kinetic 
theory one defines the pressure in a gas as the 
force per unit area, and thus, by Newton’s 
second law, as the (net) transport of momen¬ 
tum through a unit area. In this way one 
obtains 

p = ±nmv2, 

where p is the pressure, n the number of par¬ 
ticles per unit volume, m their mass, and v 
their root mean square velocity. 

Similarly one can derive van der Waals’ 
equation for an imperfect gas. (See also vis¬ 
cosity, kinetic theory of; diffusion, kinetic 
theory of; and thermal conductivity, kinetic 
theory of.) 

age (random) kinetic energy of a (point) par¬ 
ticle to %k (k is Boltzmann’s constant). 

KIP (OR KILOPOUND). One thousand 
pounds. 

KIRCHHOFF EQUATION FOR THE HEAT 
OF REACTION. See Clausius equations. 

KIRCHHOFF FORMULATION OF HUY¬ 
GENS PRINCIPLE. Two theorems, due to 
Kirchhoff, contain a formulation of Huygens’ 
principle that generalize Helmholtz’s formula¬ 
tion for monochromatic wave-functions to 
heterochromatic wave-functions. 

(1) If u(x,y,z, /) is a wave-function with con¬ 
tinuous first and second partial derivatives 
inside and on a closed surface S and {x\,yi,z{) 
is a point inside S, then 

4tru(xuyltZi, t) = ff — 
JJs 1 dn 

1 dr " du~ 1 " du~ 

cr dn _dt_ r .dn_ 

where r is the distance from {x\,y\,z{) to a 
generic point on S, d/dn denotes differentiation 
along the inward normal to S, and 

U(x,y,z, <)] = / (x,y, z, t-T\ 

If, however, {xi,yi,z{) is outside S, then the 
integral is zero. 

(2) If u(x,y,z, t) is a wave function having 
no singularities outside a closed surface S for 
all t', — oo < f' < t, and if u behaves like 
F(ct — R)/R at large distances R from the 
origin, where F{ct) and F'(ct) are bounded 
near < = — co( then the above integral formula 
holds for points (xi,2/i,Zi) outside S provided 
that d/dn means differentiation along the out¬ 
ward normal to S. If (xltyltZi) is outside S, 
in this case, the integral is zero. 

KINETIC THEORY OF LIQUIDS. For 
many purposes liquids can be treated as if 
they were dense gases, and kinetic theory can 
be applied for such problems as the (kinetic) 
viscosity of liquids, the thermal conductivity 
of liquids, and diffusion through liquids. 

KINETIC THEORY OF VISCOSITY. See 
viscosity, kinetic theory of. 

KINETIC THEORY TEMPERATURE. 
Temperatures defined by the ratio of the aver¬ 

KIRCHHOFF GEOMETRIC OPTICS THE¬ 
OREM. A theorem due to Kirchhoff stating 
that geometrical optics is a limiting form of 
physical optics. More precisely, the diffuse 
boundary of the shadow in diffraction phe¬ 
nomena becomes the sharp shadow of geo¬ 
metrical optics as the wavelength of light tends 
to zero. 

KIRCHHOFF LAW OF RADIATION. The 
monochromatic emissivity of a surface at tem¬ 
perature T is equal to its monochromatic ab- 
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sorptivity. It is a consequence of the second 
law of thermodynamics. 

KIRCHHOFF LAWS OF NETWORKS. Two 
laws relating to electric networks carrying 
steady currents. The general case is that of 
n points or junctions, each one of which is 
connected with each of the n — 1 remaining 
points by a conductor containing a source of 
electromotive force. Ivirchhoff’s two state¬ 
ments are as follows: 

(1) If conductors forming part of a net¬ 
work carrying a steady current meet at one 
point, the sum of the currents flowing toward 
the point is equal to the sum of those flowing 
away from it; or the algebraic sum of all the 
currents in these conductors is zero. 

(2) Starting at any one of the junctions of 
such a network and following any succession 
of the conductors which form a closed path, 
around either way to the starting point, the 
algebraic sum of the products formed by mul¬ 
tiplying the resistance of each conductor by 
the current through it is equal to the algebraic 
sum of the electromotive forces encountered 
on the journey. (In this reckoning, we call 
all currents moving with us positive, and all 
electromotive forces tending to cause such cur¬ 
rents positive.) 

Maxwell has set forth a general method 
of calculating the currents and the relative 
potentials of the junctions when the resist¬ 
ances and electromotive forces in the several 
branches of a network are given. For a net¬ 
work of n points, this method involves the 
solution of n - 1 simultaneous, first-degree 
equations. The work is often simplified, how¬ 
ever, by the circumstance that some of the 
conductors or some of the electromotive forces 
are absent. (3) The Kirchhoff laws also hold 
when alternating rather than direct currents 
are flowing in circuits if the instantaneous cur¬ 
rents and voltages are used. They do not 
necessarily hold for the average currents and 
voltages, since for circuit elements other than 
resistances (i.e., capacitance and inductance) 
the current and voltage are not in phase. For¬ 
mally, if complex voltages, complex currents 
and complex impedances are used, with V = 
IZ, the Kirchhoff laws are applicable to alter¬ 
nating current circuits. 

KIRKWOOD APPROXIMATION. An ap¬ 
proximation used in the kinetic theory of 
liquids. The force on one molecule of a set 

of molecules is assumed to be the sum of the 
forces exerted, neglecting in turn all but one 
other molecule of the set. In this way an 
equation may be obtained for the radial dis¬ 
tribution function. 

KIRKWOOD EQUATION FOR THE DI¬ 
ELECTRIC CONSTANT. Kirkwood has 
shown that for quasi-spherical molecules of 
dipole moment p, whose polarizability is iso¬ 
tropic, the static dielectric constant is given 
by: 

3eg 47rfV0pp* 

2es + n2 3 kT 

where n is the index of refraction of the mole¬ 
cule, N0, the concentration in molecules per 
cubic centimeter, T, the absolute temperature, 
k, the Boltzmann constant, p the dipole moment 
of a given dipole, and p* the average dipole 
moment of the neighboring dipoles, when this 
dipole is maintained in a fixed position. 

If nearest neighbor interactions only are 
considered, the scalar product 

p-p* = p2(l + 2 cos 7) 

where m is the magnitude of the dipole moment; 
2, the average number of nearest neighbors, 
and cos 7 is the average value of the cosine of 
the angle between the molecule and its neigh¬ 
bors. 

In this case, the Kirkwood formula can be 
written in a form which is very similar to the 
Onsager equation (which neglects the mu¬ 
tual orientation of the dipoles): 

3<g /n2 + 2\ 4xNon* 

2eg + n2 \ 3kT ) 3kT 
(Id-2 cos 7). 

fiv is the magnitude of the dipole moment when 
the molecule is in a vacuum. 

The cos 7 of Equation (2) depends on the 
detailed interactions between neighboring di¬ 
poles. If these tend to orient the molecular 
dipoles in parallel directions, the dielectric 
constant will be larger than the value predicted 
by the Onsager equation. In the non-parallel 
case, it will be smaller. 

KLEIN-GORDON EQUATION. The rela¬ 
tivistic equation which describes the motion of 
a (scalar or pseudoscalar) spinless particle, of 
mass m. It is derived by inserting the operator 
substitutions E —► ihdt, p = —ifiV into the 
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relativistic relation between the energy and 
momentum for a free particle 

E2 = c2p2 + m2c4 (a) 

where m is the mass of the particle. This 
procedure then yields the equation 

-n2 = (-fi2c2v2 + mV)<Kx) (b) 
dt2 

or in relativistic notation 

/ m2c2\ 
yo + -r^rj <Kx) = 0 (c) 

(where □ = dMdM, dM = (cdt, dx, dy, d z) denotes 
the d’Alembertian). Equation (b) and (c) is 
known as the Klein-Gordon equation. The 
amplitude </>(x) is a one-component scalar 
quantity which under an inhomogeneous 
Lorentz transformation 

((-) = angle between directions of polarization 
of k and ko). 

(2) The integral Klein-Nishina formula gives 
the total cross section for scattering, not being 
restricted to a solid angle. 

KLEIN-RYDBERG METHOD. Method in¬ 
troduced by 0. Klein (Z. Phys. 76, 226, 
(1932)) and R. Rydberg (Z. Phys. 73, 376 
(1932); 80, 514 (1933)) for constructing the 
potential curve (see potential functions of 
molecules) of a diatomic molecule point by 
point from the observed vibrational and ro¬ 
tational levels without assuming an analytical 
expression for the potential function. The 
exact curves obtained in this way are generally 
fairly closely approximated by the simple 
Morse curve. 

KNEE-FREQUENCY. See frequency re¬ 
sponse representation. 

x' = A x + a 

transforms according to 

<t>(x) —> 4>'(x') = <h(x). 

The amplitude <t> describes a scalar particle if 
under a spatial inversion x —> — x, x0 —► x0, 
<t> —> <f>. If on the other hand, under a spatial 
inversion, <t> —* ~<t>, <t> is said to describe a 
pseudoscalar particle. 

A consistent interpretation of the Klein- 
Gordon equation as the equation describing a 
spinless particle of mass m results if one adopts 
the manifold of positive energy solutions as the 
set of states which are physically realizable. 
This vector space is made into a Hilbert space 
by defining the scalar product of his vectors as 

(f,g) = ij du^x) g(x) -f(x) 
dfif(s)j 

dxy \ 

This scalar product does not depend on the 
space-like surface <x for/ and g which obey the 
Klein-Gordon equation. 

KLEIN-NISHINA FORMULA. (1) Expres¬ 
sion derived from the Dirac electron theory 
without radiative corrections for the differen¬ 
tial cross section for scattering by an electron 
at rest of a quantum with momentum k„ to 
give a quantum with momentum k in the ele¬ 
ment of solid angle dil: 

d<t> 
r02 k2 /k0 k 
— dSl —- (-1- 
4 k0 \k k0 

— 2 + 4 cos2 0 ) 

KNUDSEN COSINE LAW. It can be shown 
from kinetic theory that for a gas at rest at 
a uniform temperature, the number of mole¬ 
cules striking or leaving an area dS of the 
wall in a solid angle dw making an angle 8 
with the normal is given by 

dS 
— nc cos 8dw, 
4tt 

where n is the number of molecules per cm3, 
and c the mean velocity. This is known as the 
cosine law. Knudsen assumed that it holds 
for each molecule individually, that the direc¬ 
tion of a molecule on leaving the wall is inde¬ 
pendent of its direction before striking, and 
that the law gives the probability of a mole¬ 
cule leaving the wall in a given direction. The 
law is probably true for irregular surfaces, but 
does not hold in such cases as that of the dif¬ 
fraction of molecules from crystal lattices, 
which have a regular arrangement. 

KNUDSEN GAS. At very low densities, the 
mean free path for molecular collisions is quite 
large. The molecules enclosed in a container 
move on linear trajectories, and suffer many 
more collisions with the walls than between 
themselves. The transport properties (diffu¬ 
sion, viscosity, thermal conductivity) of such 
gases depend essentially on the collisions with 
the walls, and not on the gaseous collisions. 
The properties of these gases have been stud¬ 
ied extensively by M. Knudsen, and a gas 
which is placed under experimental conditions 
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such that the mean free path of its molecules 
is much larger than the dimensions of the 
measuring apparatus is called a Knudsen gas. 

KNUDSEN NUMBER. The ratio of the mean 
free path of the molecules of a gas to a length 
characteristic of the flow field. For values of 
the Knudsen number less than about 0.01, the 
gas may be treated as a continuum. (See also 
rarefied gas dynamics. 

KOCH EQUATION. An empirical (thermal) 
equation of state for steam: 

RT A 
v = 

V (T/D) 
2.82 

- p- 
,_B_ 

(T/D)14 (T/D) 31.6 

The equation is dimensionally correct, and the 
constants have the following values: 

R = 47.06 
kp m 

kg°C 
= 85.77 

ft lbf 

lbm °F 

tial subrange) in this bandwidth of small 
eddies in which the local average properties 
are determined only by the rate of dissipation 
per unit mass. 

KRONECKER DELTA. In Cartesian tensor 
analysis, the function 8y, usually defined for 
positive integral i and j, such that 8i;- = 1 if 
i = j and 8y = 0 if i ^ ;. 

KRONECKER DELTA, GENERALIZED 

(IN n DIMENSIONS). The system ;! // 
defined as having the values 1 or — I when the 
k superscripts are distinct numbers chosen 
from 1 to n and the k subscripts form an even 
or odd permutation respectively of the super¬ 
scripts, and as having the value 0 in all other 
cases. 

Often denoted 8W in Cartesian tensor analysis 
or in contexts other than those of tensor anal¬ 
ysis. 

m3 ft3 
A = 0.09172— = 14.692 — 

kg lbm 

B = 1.3088 X 10~4— 
kg 

C 

ft3 
= 1036.6 — 

lbm 

= 4.379 X 10 

2 

.4 ft" = 3.467 X 1014- 
lbm 

D = 100°C = 180°F. 

The equation breaks down in the neighborhood 
of the critical point. (See steam tables.) 

KRONIG PENNEY MODEL. A one-dimen¬ 
sional periodic potential for which the wave 
equation may be solved exactly, and shows 
band structure, thus providing a mathemat¬ 
ical model in which certain properties of 
metals may be verified by rigorous calcula¬ 
tions. 

KRYLOV METHOD. See eigenvalues and 
eigenvectors. 

k-SPACE. An abbreviation for momentum 
space, or wave-vector space, i.e., the space 
mapped out by the wave-vectors k, e.g., of 
the various electronic wave functions in a 
metallic crystal. It has the same symmetry 
properties as the reciprocal lattice of the 
crystal. 

KOLMOGOROFF SIMILARITY HYPOTH¬ 
ESES. (Also called local similarity hypoth¬ 
eses, universal equilibrium hypotheses.) 
Statements of the factors determining the 
transfer and dissipation of kinetic energy at 
the high wave-number end of the spectrum of 
turbulence. 

(1) At large Reynolds numbers the local 
average properties of the small-scale compo¬ 
nents of any turbulent motion are determined 
entirely by kinematic viscosity and average 
rate of dissipation per unit mass. 

(2) There is an upper subrange (the iner- 

k-STATISTICS. The pth ^-statistic of a 
sample is defined to be the unique polynomial, 
symmetric in the observations, whose expec¬ 
tation is kp, the pth cumulant. The fc-statis- 
tics are readily computed from the moments or 
from the sums of powers of the observations— 
thus, in a sample of n 

ki = S\/n = TO[ 

k2 = (ns2 — Si2)/n(n — 1) = tim2/(n — 1) 

k3 = (n2sz — 3ns2S! + 2s13)/n(n — l)(n — 2) 

= n2m3/(n — l)(n — 2) 
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k4 = ((»3 + n2)s4 - 4(n2 + n)s3st 

— 3 (n2 — n)s22 + 12ms2Si2 

— 6sj4)/n(n — l)(n — 2 )(n — 3) 

= n2((n + l)m4 — 3 (n — l)m22)/(n — 1) 

X (n — 2)(n — 3) 

where sp = 2xp, Wi is the mean and m2, m3, ni4 
the moments about the mean. The sampling- 
properties of the cumulants are much simpler 
than those of the moments. 

KUNDT CONSTANT. The Verdet constant 
divided by the magnetic susceptibility. In the 
case of ferromagnetic substances having vari¬ 
able susceptibility, the Verdet factor is not 
constant, but is proportional to the suscepti¬ 
bility. For such substances the Kundt factor 
has a constant value. 

KURIE PLOT. A graph of the /3-particle 

spectrum in which the Fermi probability 
equation is rearranged in the form: 

K(N/f)* = C - (E + 1) 
where N is the number of /3-particles of mo¬ 
mentum (or energy) lying within a certain 
narrow range, / is a complicated function of 

the corresponding /3-particle energy E (in units 
of me2) as worked out by Fermi, and K and C 
are constants. The plot of (V//)1^ against 
(E + 1), often called a Kurie plot, is generally 
a straight line for allowed transitions and 
some forbidden transitions, in other words, 
the equation holds; and is used in determining 
the character of the ^-transition and the maxi¬ 
mum energy. 

KURTOSIS. Ivurtosis is a property of a dis¬ 
tribution purporting to express its relative 
peakedness. The only measure of kurtosis in 
use is the ratio /u.4/yu.22, where pn and ^.2 are the 
central moments of order four and two. In 
fact, this is now realized to be an indifferent 
measure of “peakedness.” 

KUTTA-JOUKOWSKI LAW. For a two- 
dimensional airfoil in a steady uniform sub¬ 
sonic stream of velocity V, with circulation r 
round the airfoil, the lift force per unit span 
is PVT, where p is the fluid density in the un¬ 
disturbed stream. 

The result can be obtained in various ways; 
perhaps the simplest is by considering the rate 
of change of momentum of the fluid passing 
across a cylindrical surface of large radius 
with its center at the airfoil. 



LABORATORY COORDINATE SYSTEM. 
See L-System and C-System. 

LAG, ANGLE OF. When two related quan¬ 
tities, such as an alternating voltage and an 
alternating current, vary sinusoidally with 
time and have the same frequency, they may 
be expressed as 

. fsinl , 
Qi = A | | (ut -j- <t>) 

IcosJ 

f sin 1 
n. — r 1 l 

cos 

where A, B, and u are constants. It is then said 
that Q2 lags (behind) Qi and 4> is known as the 
angle of lag if it is positive. If </> is negative 
its magnitude is the angle of lead and Q2 is said 
to lead Qi. 

LAG CORRELATION. The correlation be¬ 
tween two time-series when one is lagged with 
respect to the other; if ut and vt are the values 
at time t, the correlation of ut and vt+k would 
be a lag correlation with lag k. 

LAGRANGE BRACKET. If u and v are two 
functions of the generalized coordinates q and 
momenta p, the expression 

\u,v] 
% dP< 

,=1 du dv 

dpi dqi 

du dv 

is called the Lagrange bracket of u and v. It 
remains invariant under a canonical transfor¬ 
mation. (See also Poisson bracket.) 

LAGRANGE BRACKET OF OPTICS. See 
the optical differential invariant. 

LAGRANGE DENSITY. Integrand L of an 
integral which is such that the conditions that 
it should be an extreme are the equations of 
motion of a dynamical system of fields. L is 
a function of the fields, their time and space 
derivatives, and the coordinates and time. 
(See continuous systems, Lagrangian and 
Hamiltonian formalism for.) 

LAGRANGE EQUATIONS OF MOTION 
(SOMETIMES CALLED EULER-LA- 
GRANGE EQUATIONS). A set of equations 
of motion for a dynamical system. In the case 
where the system is conservative the equation 
of motion for the ith particle is written: 

d dL dh 

dt dqi dqi 

where L is the Lagrangian function or kinetic 
potential; is the generalized coordinate of 
ith particle (i = 1, 2, 3, • • • n, where n is the 
number of degrees of freedom of the system); 
<?,- is the generalized velocity of ith particle. 

These equations have the advantage over 
Newton’s equations that any kind of coordi¬ 
nates may be used. (See coordinates and 
momenta, generalized.) 

For non-conservative systems a set of equa¬ 
tions can be written: 

d dK dK 
-= Qi 
dt dqi dqi 

where Q, is the generalized force such that 
QiSqi represents work done by Q,- when the co¬ 
ordinate qt changes by 8^; K is the kinetic 
energy of the system. (See also continuous 
systems, Lagrangian and Hamiltonian for¬ 
malism for; variations, calculus of.) 

LAGRANGE FIELD EQUATIONS. See 
Lagrangian formalism for field systems. 

LAGRANGE IDENTITY. See adjoint equa¬ 
tion, and Sturm-Liouville problem. 

LAGRANGE INTERPOLATION FOR¬ 
MULA. A formula for interpolation that may 
be used when the abscissae Xo, Xj, •••, xn at 
which / (x) is known are distinct but not neces¬ 
sarily equally spaced. Let 

0>(x) = (x - x0)(x — Xi) • • • (x — xn), 

Li(x) = «(x)/[(x - x,V(x,)] 

O.n 

= n [(* - *;)/(*» - *})]■ 

516 
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Then the Lagrange formula is 

P\f\x] = 2/,£,•(*). 
The polynomials Li(x) have been tabulated 
for particular spacings of the abscissae, since 
they are independent of the function / to be 
interpolated. In case some xt are coincident, 
confluent forms exist (see Alston S. House¬ 
holder, Principles of Numerical Analysis, 
McGraw-Hill Book Company, 1953, for a 
general theory), but in practice it is simpler 
than to use divided differences. 

functions of time and of the Lagrangian co¬ 
ordinates. 

Few observations in meteorology are La¬ 
grangian: this would require successive ob¬ 
servations in time of the same air parcel. 
Exceptions are the constant-pressure balloon 
observation, which attempts to follow a parcel 
under the assumption that its pressure is con¬ 
served, and certain small-scale observations of 
diffusing particles. (Cf. Eulerian coordinates; 
see also Lagrange equations of motion.) 

(2) Same as generalized coordinates. 

LAGRANGE MULTIPLIERS. Terms used 
in a method of solving isoperimetric problems 

in the calculus of variations. Suppose 
u = f(xi, x2, • • •, xn) and that m < n accessory 
conditions </> \{xi,x2, ■ ■ ■ ,xn) = 0; <t>2 = 0; • • •; 
4>m = 0 are also given. Using m constants L,, 
called the Lagrange multipliers, form the equa¬ 
tion 

LAGRANGIAN CORRELATION. The cor¬ 
relation between the properties of a flow fol¬ 
lowing a single parcel of fluid through its space 
and time variations. 

(See correlation coefficient.) 

LAGRANGIAN DIFFERENTIATION. See 
material differentiation. 

F = f + + L2<f)2 -f- • • ■ + Lm<t>m. 

If the n derivatives are required to vanish 

dF/dxi = 0; dF/dx2 = 0; • • •; dF/dxn = 0 

these relations, together with the m conditions 
4h — 0, make it possible to determine the 
{m -f- n) variables so that an extremal or sta¬ 
tionary value of u results. 

LAGRANGE THEOREM. If y, y' are dis¬ 
tances from the axis, 6, 6' angles of inclination 
with the axis, n, n' refractive indices in object, 
image space, respectively, then Lagrange’s 
theorem in Gaussian optics states 

nOy = n'd'y'. 

This is the first order form of both Abbe’s 
sine condition and the Helmholtz equation. 
It is also referred to as the Helmholtz-La- 
grange formula, the Smith-Helmholtz equa¬ 
tion, or Helmholtz equation. 

LAGRANGIAN COORDINATES. (1) (Also 
called material coordinates.) A system of co¬ 
ordinates by which fluid parcels are identified 
for all time by assigning them coordinates 
which do not vary with time. Examples of 
such coordinates are (a) the values of any 
properties of the fluid conserved in the motion; 
or (6) more generally, the positions in space 
of the parcels at some arbitrarily selected mo¬ 
ment. Subsequent positions in space of the 
parcels are then the dependent variables, 

LAGRANGIAN EQUILIBRIUM POINT. A 
point in space where the resultant gravita¬ 
tional field is zero. This condition may be 
produced by the equilibrium between the 
gravitational fields of two or more bodies, or 
it may be experienced by a body in a free- 
fall orbit, where its angular acceleration is 
equal and opposite to the acceleration of the 
resultant gravitational field. Theoretically, 
of course, every body has an infinite gravi¬ 
tational field; the Lagrangian Equilibrium 
Point is therefore limited in its validity to 
the gravitational fields which are assumed to 
be significant. 

LAGRANGIAN FORMALISM FOR CON¬ 
TINUOUS SYSTEMS. See continuous sys¬ 
tems, Lagrangian and Hamiltonian formalism 
for. 

LAGRANGIAN FORMALISM FOR FIELD 
SYSTEMS. Recall the Lagrangian formalism 
for classical particle mechanics. If we form 
the action 

= I L(qi,<ji,t)dt 
J to 

(1) 

where L is the Lagrangian, then the action 

principle states that I is stationary for those 
variations of the q, for which 5q,(t0) = 5qi(ti) 
= 0. The variation of I induced by variations 
55, is 
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<5/(<i,<2) 
d dL' 

dt dqi, 
bq'dt 

+ z 
i 

(2) 

The last term in (2) is zero when bql = 0 at 
times, t\ and t2. The action principle is thus 
equivalent to the Lagrange equations of 
motion 

dL d dL 
---= 0. (3) 
dqi dt dqi 

A more general variation consists in varying 
not only the qvs but also the times t\ and t2, 
i.e., ti —> t\ T" bti and t2 —* t2 -\- bt2. If we 
denote by nql the “new” ql resulting from the 
variation of the “old” 0qx} then the variation 
of the ql at a fixed time can be written as 

Sq\t) = nq\t) - o2*(0- (4) 

The variation of the ql(ti) produced by varying 
both ql and ti will be denoted by 

&q*(h) = nql{h + &L) — 0q'(ti) 

= bq^ti) + btmq^ti). (5) 

Under this double variation, 

bl(ti,<2) = I L{t)dt - I 
J U 

»t2~\-bt'2 

L{t)dt 

-f- f bL{t)dt 

= L{t\)bt\ — L(t2)bt2 -T D 
dL 

(6) 

where we have dropped those terms which 
vanish when the equations of motion (3) are 
satisfied. With the help of (4) and (5) Equa¬ 
tion (6) can be rewritten as 

hi = [L(h) - Spi(<1)gl'(<1)]5ii 

— [L(t 2) — ^Pi(t2)ql(t2)]8l2 

+ J2 Pi(L)Aql(ti) - Zpi(t2)Aq'(t2) (7) 
i 

where the momentum conjugate to q\l), 
is defined as the coefficient of Aql(t), i.e., 

Pi(t) 
dL 

(8) 

Similarly the Hamiltonian is defined as the 
coefficient of bt 

H(t) = 2Ml)?® - L(t). (9) 

In effecting the transition to quantum mechan¬ 
ics, the commutation relations and the Heisen¬ 
berg equations of motion are defined in terms 
of these canonical variables by making them 
operators and requiring them to satisfy the 
commutation rules 

[q\0, Pj(t)] = thin (10a) 

[«*(«), 9*(fl] = [pm(t),Pn(t)] = 0 (iob) 

and that their time dependence be determined 
by the equation 

dO(t) 
rt—~ = [0(t),H] (11) 

dt 

where 0(t) is any dynamical variable not in¬ 
volving the time explicitly. 

The above considerations are easily general¬ 
ized to the case of a field system. A field 
requires for its specification a set of field func¬ 
tions [x = {x®,xx ,x2,x3) \ the index s 
refers to the different components]. The finite 
number of degrees of freedom of particle me¬ 
chanics is now replaced by a continuous 
infinity. One can consider 4>s(x,l) as the 
“coordinates” of the field, and the behavior 
of </>g(x,f) as time evolves is the description of 
the evolution of the field system. In a field 
theory one can again define a Lagrangian 
density <£ = £(<t>s,4>sU), where = dM<f>*, such 
that the variation of action integral I 

■/V J u J V 
d3x£((f>s,(t>,„) 

(12) 

with respect to 4>s yield the field equations. 
More precisely one requires that I be an ex¬ 
tremum for arbitrary variations of <t>a, provided 
only that b<t>s{x,t\) = bct>a(\,t2) = 0 where t\ and 
t2 are the time limit of integration in (12). This 
action principle is the natural extension of 
Hamilton’s principle in particle mechanics, 
since the aggregate of values which <t>s and </>« 
take on can be thought of as the coordinates 
qv and velocities ql occurring in particle mechan¬ 
ics. The variation of I due to <t>a —* <t>s + b<t>, 
is given by 
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hi = f d*x h<t)s I — 
Jii s L d<; 

+f/° 

where 2 denotes the bounding surface of 9. 
(the four-volume of integration over which the 
field extends) and ?iM(x) is the outward normal 
to 2 at x. For the case that 2 consists of two 
planes t = /i and t = and that the fields tend 
to zero for large spatial distance, the action 
principle, hi = 0 for variations which vanish 
on 2, requires that 

„ d£ 

« dcpsl. 

It has the property that 

dT 
-= 0 
dxf 

(18) 

(19) 

by virtue of the equations of motion, if £ does 
not explicitly depend on the space-time co¬ 
ordinates. Upon integrating (19) over 3-space 
one obtains 

d 

dx° 
xT»° + T»kdPx = 0. (20) 

d£ JL d d£ 
-Z — — = o 
d<t>s o dxM 30sm 

(14) 

which are the field equations. 
Under a variation 5</>s of the field functions 

together with a rigid body displacement 5.rM of 
9., the variation of I is 

If the fields vanish at large spatial distances, 
then so will T'Mfc, and the second term does not 
contribute since it can be recast into a surface 
integral. One therefore obtains the four con¬ 
servation laws 

M = 0, 1,2,3. (21) 

hi 
d£ 

d<t>„ -I?t 

-JC? 

^ d d£ 

0 ^'* (i d<p, 

\ 
- J h<f>sd4x 

+ 5.1 
d f d£l , 

T I £Qi«> ~ | d % 
dx, ( 4>/S 

+I 
d f d£ } A 

— I — A*, d4* (15) 
dxy {d<f>s,r J 

where h<f>s = n<t>s(x) — 0<t>s(x) and A<£s = h<f>s + 
0s>m5x'1. If the equations of motion are 
satisfied, the first term vanishes and hi can be 

re-written using Gauss theorem, I dF^/dx^cPx 
p Jn 

= I do^Fp, as follows: 

+ A<(>s 

8 

d£ I 

J (16) 

The momentum canonically conjugate to <£., is 
now defined as the coefficient of A<f>a 

*-»(*) = nM —— (17) 

where is the unit vector normal to 2. Sim¬ 
ilarly, the canonical energy-momentum tensor 
is defined by 

The first corresponds to conservation of the 
energy Pa, 

P° = (22) 

and the other three to the conservation of the 
three quantities 

0* 
k 

(23) 

which are the three components of the total 
momentum of the field. If £ is a scalar, is 
a second rank tensor and the four quantities 

= J*d^xT^ transform like a four-vector. In 

the transition to the quantized field theory, the 
field quantities </>., and irs become operators 
satisfying the canonical commutation rules and 

\<t>*(x), *v, (x')] |*0=*o' = **»5(x “ x')5»,' 

[<*>»(*), <t>Ax )]j0=x0' 

= [tt,(x), *v, (x')]x0'=x0 = o. (24) 

The Heisenberg equations of motion are now 
given by 

dOx 
l PM,Ox] = in- (25) 

dx" 

where Ox is any operator function. 
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As an illustration of the above formalism we 
briefly treat the case of a neutral meson field 
4> which satisfies the equation of motion 

(□ + m2)4>(x) = (aM^ + M2)<f>0) = 0. (26) 

The Lagrangian density for this case can be 
taken to be 

£ = -KmV - (27) 

since the Euler equations (14) for this £ are 
precisely Equation (26). The momentum 

d£ 
canonically conjugate to <£ is t(x) = — = 4>(x) 

d<f> 
= $0(x). The Hamiltonian, or energy operator 
is given by 

simple pole at the origin. Its solutions are 
the Laguerre polynomials. Differentiation of 
the equation k times and replacement of the 
kth derivative by y gives 

xy" + (k + 1 — x)y' + (n — k)y = 0 

which is the associated Laguerre equation 
whose solutions are associated Laguerre poly¬ 
nomials. These functions occur in the quantum 
mechanical problem of the hydrogen atom. 

The associated polynomials may be defined 
by the equivalent expressions 

Ln(k\x) 
exx k 

n\ 

H = P0 = J d3xT°° 

= ij" d3x{ir2 + n2<t>2 + (W>)2! 

since 

T^v = <t>^<t>v + nviy2 4>2 — $x4>x)- 

In the quantized theory the commutation rules 
for the field operators t(x) and <f>(x) are 

[*■(*), <Kx')]x0=x0' = —ihS(x - x'). 

(See also covariant commutation rules.) 

LAGRANGIAN FUNCTION OR KINETIC 
POTENTIAL. The difference between the 
kinetic energy and potential energy of a dy¬ 
namic system. It is generally symbolized 
by L. 

LAGRANGIAN METHOD OF ANALYSIS. 
A method whereby the motion of a body of 
fluid always consisting of the same fluid par¬ 
ticles is considered. By considering the rate 
of change of its volume and momentum the 
equations of continuity and fluid motion are 
deduced. Properties of the fluid are expressed 
in terms of their values at one moment (or, in 
steady flow, at one value of one of the space 
coordinates, i.e., their values on a given sur¬ 
face or plane) and time from that moment (or 
displacement from the given surface). The 
Lagrangian coordinates of a particle are the 
values of the coordinates of the particle at the 
specified moment or when the particle crosses 
the specified surface. 

LAG, SHEAR. See shear lag. 

LAGUERRE EQUATION. The linear equa¬ 
tion xy" + (1 — x)y' + ny = 0, having a 

(-*)* 

z! 

The special case of k = 0 gives the Laguerre 
polynomials 

LAGUERRE POLYNOMIALS. The class of 
special functions Ln(x) obtained by orthogo- 
nalizing over the interval [0, cc ] the sequence 
of powers l,x, x2, • ■ ■ with the weighting func¬ 
tion w(x) = e~x. They are the eigenfunc¬ 
tions of the eigenvalue problem 

xy" + (1 - x)y' + \y = 0 

under the boundary conditions y(0) = finite 
and y( oo) = 0(xfc) for some positive k, where 
O is the ordersymbol. The eigenvalues are 
A = n = 0, 1, 2, • • *. The first few Laguerre 
polynomials are: 

L0(x) = 1, Li(x) = -x + 1, 

L2(x) = x2 - 4x + 2, ■■■, 

—2 Their whose normalizing factor is (n!) 
generating function is (1 — t)~l 
They satisfy the recursion formula 

Ln+i(x) — (2n + 1 — x)Ln(x) 

+ n2L„_j(x) =0, n > 0. 

Their Rodrigues formula is 

Ln(x) = e*-^(xne x). 
dxn 

The more general polynomials with weighting 
function w(x) = xae~x, a > — 1, are also often 
called Laguerre polynomials. 
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(For associated Laguerre polynomials see 
Laguerre equation.) 

LAMB CONSTANT L. The quantity 
g 
— a3 Rao, where a is the fine structure constant, 
07T 

a = e2/fic, and Rx = }^a2mc2 = e2/2a0 is the 
Rydberg constant for an infinitely heavy 
nucleus. 

LAMBDA POINT (X-POINT). See transi¬ 
tion of higher order. (For dependence of to 
lambda point on pressure, see Ehrenfest rela¬ 
tions. ) 

LAMBDA TRANSITION. See lambda point. 

LAMBDA-TYPE DOUBLING. The n, A, • • • 
electronic states of diatomic and linear poly¬ 
atomic molecules are doubly degenerate if the 
molecule is not rotating. In the rotating mole¬ 
cule the interaction of rotation and electronic 
motion causes a splitting of this degeneracy 
which in general increases with increasing ro¬ 
tation (A-type doubling). The rotational 
levels of the two term series, distinguished by 
superscripts c and d, are in the case of a 1n 
state 

Fc(J) = BVCJ(J + 1) + 

Fd{J) = BdJ{J + 1) + • • - 

that is, the splitting is given by 

Aucd = {B‘ - Bvd)J{J + 1) = qJ(J + 1) 

where the splitting constant q depends on the 
position of nearby 2 states. For A states the 
splitting is usually negligibly small. 

LAMBERT. A unit of luminance equal to 
1/ir candle per square centimeter, and, there¬ 
fore, equal to the uniform luminance of a per¬ 
fectly diffusing surface emitting or reflecting 
light at the rate of one lumen per square 
centimeter. 

LAMBERT COSINE LAW. See cosine emis¬ 
sion law. 

LAMBERT PROJECTION (LAMBERT 
LINE). The Lambert conformal conic pro¬ 
jection with two standard parallels was de¬ 
vised by Johan Heinrich Lambert during the 
last half of the 18th century. It has become 

of increasing importance with the development 
of air navigation. 

It is a conic projection but differs from 
others in that the cone, with apex on the axis 
of rotation of the earth, enters the surface of 
the earth at one parallel of latitude and 
emerges at another. These two parallels are 
referred to as the limiting or the standard 
parallels. The projection is conformal. Thus 
areas on the earth retain their relative sizes 
and shapes on the chart. The scale of distance 
is nearly constant over the chart. On a Lam¬ 
bert Chart of the United States with limiting 
parallels 45°N and 29°N the scale of distance 
in latitude 49°N is 1.01, at 45° is exact (or 
1.00), on the 37th parallel is 0.99, on the 29th 
parallel is again 1.00, and in latitude 25°N is 
1.01. 

Meridians of longitude are converging 
straight lines and parallels are curved. 
Rhumb lines are curved and this means that 
navigation by the various sailings becomes 
very difficult on the Lambert Chart. How¬ 
ever, great circles are nearly flat and for con¬ 
siderable distances may be considered as 
straight. For example: on a Lambert projec¬ 
tion with limiting parallels 36° and 54° north 
latitude the Lambert line, i.e., a straight line 
on the Lambert Chart, from Cape Hatteras to 
the English Channel has a maximum distance 
of only 15.6 miles from the great circle. 

LAMB SHIFT. According to the Dirac the¬ 
ory for the fine structure of hydrogen and 
hydrogen-like ions, levels with the same quan¬ 
tum numbers n and j, but different quantum 

0.3652cm'1 

2 2 

Fig. 1. Energy levels for n = 2 level of hydrogen 
according to Dirac theory. (Dashed line represents 
position of level according to Sehrodinger theory.) 

0.3652cm 1 

1057.7010.15 Mc/sec 

Fig. 2. Energy levels for n — 2 level of hydrogen 
when radiative corrections are included. (The ex¬ 
perimental value for 22S* — 22P ^ level shift is 
1057.70 Mc/sec.). The Lamb shift for the n = 2 

level in cm-1 is 0.0353 cm-1. 



Lame Constants — Lamellar Vector Field 522 

numbers l, have the sume energy. The fact 
that this does not hold strictly was first 
demonstrated by Lamb and Retherford (1947), 
who measured a shift of about 1050 Me be¬ 
tween the 2 2Si^ level and the 2 2P% level of 
hydrogen. (See Figs. 1 and 2.) According to 
Bethe, Schwinger, Weisskopf and others, all 
levels of H, He+, etc., are shifted compared to 
the Dirac levels on account of the interaction 
of the electron with the radiation field. This 
quantum electro-dynamical shift is largest for 
S states for which it is given by 

AE(n,0,%) 
me2 

2k0(n,0) 

For P, D, • 

A E(n,l,j) = 

+ ^ + 3xZa[Ui- *log2]j. 

states the shift is given by 

R 8Z4 a3 

— 
TV Sir 

3m\ 

~m) L 
log 

k0(n, l) 

3 1 

±8(j+ $)(2l+ 1)} 

where the ± sign corresponds with j = l ± 1. 
Here a is Sommerfeld’s fine structure con¬ 
stant, and k0 is the so-called average excitation 
energy (fc0 = 10.646 RhcZ2 for 2Si^), m and M 
are the masses of electron and nucleus respec¬ 
tively, R is the Rydberg constant, and Z is the 
atomic number. As seen from the above 
formula the Lamb shifts are proportional to Z4 
and inversely proportional to n3. 

The experimental methods of Lamb depend 
on the long life of the metastable 2 2Si^ states 
(~3 sec.). Roughly speaking, the experiments 
consist in making a beam of hydrogen atoms 
and exciting the atoms by electron bombard¬ 
ment. Most of the excited atoms in the 2 2Si^ 
state, but not those in the 2 2Py2 or 2 2P% levels, 
would live long enough to reach a detector. If 
now a radio frequency field of the correct fre¬ 
quency to induce transitions from the 2*S^ 
level to one of the 2 P levels is placed in the 
path of the atoms, then the decay of the atoms 
in the 2 P states would result in a reduction of 
the atoms detected and thus indicate a radio 
frequency resonance. In the actual experi¬ 
ment, the beam along most of its path trans- 
verses a homogeneous magnetic field provided 
by an external magnet. In this way the Zee- 
man components of 2 and 2 2P are sep¬ 
arated and the likelihood of decay from the 
2 2S^ through mixing with the 2 2P^ is de¬ 

creased. There exists also an important ex¬ 
perimental advantage in performing the ex¬ 
periment in a magnetic field. This is that the 
radio frequency source can then be used at a 
fixed frequency, as the resonances of the Zee- 
man components can be explored by varying 
the strength of the magnetic field keeping the 
frequency fixed. 

(For further treatment of the Lamb shift 
see level displacement in hydrogen-like 
atoms.) 

LAME CONSTANTS. See Hooke’s law, gen¬ 
eralized. 

LAME EQUATION (GENERALIZED). The 
most general second-order (linear) differential 
equation with five regular singularities, one of 
them being the point at infinity, with preas¬ 
signed exponents differing from each other by 
Yi at each singularity, all other points of the 
complex plane being ordinary points. This 
equation is remarkable because of the large 
number of important equations (Legendre, 
Bessel, etc.) obtainable from it by confluence. 
Letting a1( a2, a3, a4 and °o be the singular 
points, with exponents «i, ai + y, • • • a4, a4 
+ Mi, Mi + y, the equation has the form 

where 

dw 
+ P— + Qw = 0 

dz 

i=l 

2 
- * 

z — Oj 

Q v ai(ai + h) _J_ ^Z2 “l- + C 

(z - a,)2 (z - <q) • • • (z - a4) 

A is expressible in terms of the a,-, and B, C are 
arbitrary constants. For example if the con¬ 
fluence takes the form cq = a2 = 0, a3 = a4 
= <», then choosing all a,- = 0 and setting z = 
f2, with proper choice of B and C, we get 

d2w dw 
, 2 + f — + (r2 - ^2)w = o, 
dr ^ 

which is Bessel’s equation. 

LAMELLAR VECTOR FIELD. A vector 
field B is called lamellar if it satisfies the 
condition 

B • curl B = 0. 

Such a vector field B can always be written in 
the form 

B = / grad g. 
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A lamellar vector field can be represented as a 
family of surfaces (lamina) which are orthogonal 
to the vector field B. (See Figure 1.) 

where a is the internal radius, b is the external 
radius, <rt is the hoop or circumferential stress, 
<jr the radial, and <rz the axial stresses. F is the 
total axial force. 

If in addition div B = 0, the field can be split 
up into tubes along which the “flux” is con¬ 

stant; by “flux” is meant ffs* ■ nda, where S 

is the top or bottom boundary of the tube. 
(See Figure 2.) 

LAME RELATIONS. Six independent rela¬ 
tions which must be satisfied by the covariant 
metric tensor for a three-dimensional space, 
as necessary and sufficient conditions that it 
be Euclidean. They are usually written, in 
tensor notation, 

Sij = 0, 

where Slj is defined by 

= hiklejmnRklmn. 

Rkimn is the Riemann-Christoffel tensor and tm 
is the €-system (epsilon system). 

LAME THEORY OF THICK WALLED 
CYLINDERS. An isotropic elastic circular 
cylinder of constant wall thickness subjected 
to uniform internal and external pressures pi, 
pe has the following state of stress 

LAMINAR BOUNDARY LAYER. See bound¬ 
ary layer. 

LAMINAR BOUNDARY-LAYER EQUA¬ 
TIONS. The Navier-Stokes equations for 
steady two-dimensional flow of an incompres¬ 
sible fluid, in the absence of body forces, are 

with the equation of continuity 

du dv 
— + — = 0. 

dx dy 
(3) 

In these equations, u and v are velocity com¬ 
ponents parallel to the x and y-axes, p is density, 
p is pressure and p is viscosity. To derive the 
equations for flow in a boundary layer, the x- 
axis is taken along the solid boundary, the 
y- axis being normal to the boundary. If (is a 
characteristic length along the boundary, it 
can be shown that the terms involving p in 
Equations (1) and (2) are negligible except in a 
layer adjacent to the wall whose thickness 5 is 
of order IR~**, where R is the Reynolds number 
based on the length l. This layer is, of course, 
the boundary layer, and at high Reynolds num¬ 
bers its thickness 5 is small compared with l. 

It can also be shown that ' is O(R~^) so that 
u 
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at high Reynolds numbers all the terms in 
Equation (2) are small compared with those in 
Equation (1). Thus the pressure is almost con¬ 
stant across the boundary layer and the pres¬ 
sure distribution along the boundary layer is 
determined by the external flow. Equation (2) 
is not required, since it only expresses a rela¬ 
tionship between terms which are all small and 

d2 

unimportant. Moreover, in Equation (1) —~ 
d-u dx 

« 2 ’ so that the boundary layer equations 

are simply Equation (3) and 

du du 1 dp d2u 
u  -b v • — =---1-*' —o 

dx dy p dx dy1 

where v = p/p, the kinematic viscosity. The 
boundary conditions are u = v = 0aty = 0, 
and u = U(x) at y = 00, where U{x) is the 
velocity of the potential How outside the 
boundary layer. 

By introducing a system of curvilinear co¬ 
ordinates it can be shown that these boundary- 
layer equations also apply when the solid 
boundary is curved, provided the radius of 
curvature of the boundary is always large 
compared with the thickness of the boundary 
layer. 

It should be emphasized that the assump¬ 
tions made in deriving the boundary-layer 
equations are only valid at high Reynolds 
numbers. In a turbulent boundary layer the 
Reynolds stresses are of importance and the 
equations derived here for steady laminar flow 
do not apply. 

LAMINAR BOUNDARY LAYER, INSTA¬ 
BILITY' OF. See transition of turbulent flow 
in a boundary layer. 

LAMINAR BOUNDARY LAYER, SOLU¬ 
TION OF EQUATIONS. Exact analytical 
solutions of the laminar boundary-layer equa¬ 
tions can only be obtained for a few special 
cases. The general problem of flow in a bound¬ 
ary layer with any prescribed pressure distri¬ 
bution can be solved by numerical step-by- 
step methods, although the work is laborious 
and there are considerable difficulties. For 
practical purposes, when a large number of 
cases is to be computed, an approximate 
method must be used. 

One of the simplest approximate methods is 
that introduced by Pohlhausen. It is assumed 

in this method that the velocity distribution 
in the boundary layer can be expressed as 

— — ay + br]~ Cr)’’ + c/774, 

where 77 = y/b, u is the velocity at a distance y 
from the wall, U is the velocity outside the 
boundary layer, and <5 is the boundary-layer 
thickness. In general, the thickness b varies 
with distance x along the wall. By introducing 
the boundary conditions at the wall and at the 
edge of the boundary layer, the quantities «, 
b, c and d can all be expressed in terms of a 
single dimensionless parameter 

82 du 

v dx 

where v is the kinematic viscosity. 
The displacement and momentum thick¬ 

nesses can each be expressed in terms of A, and 
the shear stress at the wall is 

ro -^(2 + AY 
\dy/u=0 5 V 6/ 

The solution is completed by substituting these 
quantities into the momentum equation (see 
momentum equation for boundary layer) and 
integrating. 

The Pohlhausen method gives fairly good 
agreement with more exact calculations in re- 

• i |. dp 
gions where the pressure gradient -f- is negative, 

dx 
but is less satisfactory in regions of positive 
pressure gradient. Methods depending on two 
free parameters, instead of the single one A in 
the Pohlhausen method, have been introduced 
to give better results in regions of positive pres¬ 
sure gradient. (See H. Schlichting, Boundary 
Layer Theory (English Translation by J. Kes- 
tin), Pergamon, 1955.) 

LAMINAR FLOW. Flow in which there is no 
turbulence. (See channel, two-dimensional, 
flow in; pipe, laminar flow in.) 

LAMINAR SEPARATION BUBBLE. See 
transition of turbulent flow in a boundary 
layer. 

LAMINAR SUBLAYER. See turbulent 
boundary layer. 

LANCZOS METHOD OF BIORTIIOGO- 
NALIZATION. A method of forming sequen¬ 
tially the columns of matrices B and C such 
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that B'C = D is diagonal, and, for a given total angular momentum, including nuclear 
matrix A, spin.) 

AB = BT, 

T = 

lZU 
1 

0 

V 

Z12 

z22 

1 

AtC = CT, 

0 0 ...\ 
z23 0 • • • 

z33 Z3A 

./ 
a tridiagonal matrix. If the initial columns of 
B and C are chosen so that no diagonal element 
of D vanishes, the reduction can be carried 
through to completion barring special proper¬ 
ties of A. (See eigenvalues and eigenvectors 
of matrices, computation of.) (For Hermitian 
matrices the method is equivalent to that of 
Givens.) 

LANDAU FORMULA. A formula which 
gives the contribution to the magnetic sus¬ 
ceptibility of metals produced by changes in 
the orbital wave functions of the free electrons 
which occur when a magnetic field is applied. 
(See orbital diamagnetism of conduction elec¬ 
trons.) 

LANDS g-FACTOR. Lande’s ^-factor stands 
for the gyromagnetic ratio of the electrons in 
an atom due to orbital motion and electron 
spin (see also Zeeman effect). It can be 
stated in explicit form only for simple coupling 
conditions. For (L, S) coupling it is given by 

9 1 + 
J(J + 1) + S(S + 1) - L(L + 1) 

2J(J + 1) 

Here J, L, and S are the quantum numbers 
corresponding to the resultant total angular 
momentum, resultant orbital angular momen¬ 
tum and resultant spin of the electrons, respec¬ 
tively. (For more detail, see H. E. White, 
Introduction to Atomic Spectra, McGraw-Hill, 
New York, 1934, p. 216 ff.) (See also g-sum 
rule, g-permanence rule.) 

LANGEVIN FUNCTION. The function L(x) 
giving the average dipole moment g in a gas of 
dipoles p in a magnetic field II at a temperature 
T, 

a = pL(x), x = dull, 

d= 1 A’71, k being Boltzmann’s constant. The 
Langevin function is given by the equation 

1 
L(x) = coth x- 

x 

The Langevin function is not restricted to 
gases, but applies generally to systems of 
polarized entities. (See Weiss theory of ferro¬ 
magnetism.) 

LANGEVIN-PAULI FORMULA. See Lange¬ 
vin theory of diamagnetism. 

LANGEVIN THEORY OF DIAMAGNET¬ 
ISM. Langevin considered the orbital mo¬ 
tion of an electron in an atom to be an equiva¬ 
lent current loop of radius r. The application 
of a magnetic field II causes a precession which 
increases the magnetic moment by the amount 

e Hr 

where e and m are the electronic charge and 
mass, and c is the velocity of light. This im¬ 
plies a magnetic susceptibility of — e2r2/4wc2. 
For N atoms per unit volume, each with Z 
orbital electrons (i.e., of atomic number Z), 
the susceptibility is given by 

X = 
Ze2N - 

6 me2 r 

where r2 is the mean square radial distance of 
the electrons from their nuclei. 

This equation is known as the Langevin- 
Pauli formula. 

LANDS INTERVAL RULE. (1) The inter¬ 
vals between successive fine structure compo¬ 
nents of an atomic energy level (J and J + 1) 
are proportional to J -f- 1. (J is the quantum 
number of resultant total electronic angular 
momentum.) 

(2) The intervals between successive hvper- 
fine structure components of an atomic energy 
level (F and F -(- 1) are proportional to F -(- 1. 
(F is the quantum number of the resultant 

LANGLEY. A unit of energy per unit area 
commonly employed in radiation theory; equal 
to one gram-calorie per square centimeter. 

LANGMUIR ADSORPTION ISOTHERM. 
A relation between the density (p) and the 
pressure (p) of the adsorbed substance given 
by the equation 

Ap 
p =-, 

1 + Ap 
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where A is a constant. (For further discussion, 
see adsorption isotherm.) 

LANGUAGE (IN ELECTRONIC COMPUT¬ 
ERS). (1) A system consisting of (a) a well 
defined, usually finite, set of characters; (b) 
rules for combining characters with one an¬ 
other to form words or other expressions; and 
(c) a specific assignment of meaning to some 
of the words or expressions, usually for com¬ 
municating information or data among a group 
of people, mechanisms, etc. (2) A system 
similar to the above but with any specific 
assignment of meanings. Such systems may 
be distinguished from (1) above, when neces¬ 
sary, by referring to them as formal or un¬ 
interpreted languages. Although it is some¬ 
times convenient to study a language inde¬ 
pendently of any meanings, in all practical 
cases at least one set of meanings is eventually 
assigned. (See also code; language, ma¬ 
chine.) 

LANGUAGE, MACHINE. (1) A language, 
occurring within a machine, ordinarily not per¬ 
ceptible or intelligible to persons without spe¬ 
cial equipment or training. (2) A translation 
or transliteration of (1) above into more con¬ 
ventional characters but frequently still not 
intelligible to persons without training. 

LAPLACE EQUATION. A second-order 
partial differential equation of elliptic type 
which, in vector form, is V2</> = 0. In Car¬ 
tesian coordinates it reads 

d2<j> d2<f> d2<t> 

dx2 dx22 dxn2 

It is the homogeneous case of Poisson’s equa¬ 
tion. Its solutions, the scalar quantity <f>, 
occur in problems involving steady-state tem¬ 
peratures, gravitational and electric potentials, 
hydrodynamics of ideal fluids, and many other 
physical phenomena. The equation is usually 
solved by the method of separation of varia¬ 
bles in a suitable curvilinear coordinate system 
and with boundary conditions imposed by 
physical requirements. Such solutions are 
called harmonic functions. In two dimensions, 
the real and the imaginary part of an analytic 
function of a complex variable must satisfy 
Laplace’s equation. Thus if w = u + iv is an 
analytic function of z = x + iy, then uTX + 
uvv = 0 and vxx -1- vvu = 0. Under usual con¬ 
ditions, gravitational and electrostatic poten¬ 

tials, as well as many other physical functions, 
are harmonic functions of three variables. 

LAPLACE EXPANSION. From the n by n 
matrix A select any k rows (the theorem could 
also be stated with interchange of the words 
“row” and “column”). Form all the fc-rowed 
determinants which can be formed by select¬ 
ing k columns from k rows; multiply each of 
these determinants by its algebraic comple¬ 
ment (see minor); then the sum of all these 
products is equal to the determinant of A. 

LAPLACE FORMULA. See surface tension 
of curved interfaces. 

LAPLACE LAW. See Ampere law. 

LAPLACE TRANSFORM. The Laplace 
transform of a function f{x) is the function 
F(y) defined by 

F(y) = f e~yxf(x)dx, 
Jo 

where x and y are not necessarily real variables. 
Specializing to the real domain, the unilateral 

Laplace transform of fit), a function of a real 
variable t, is defined as 

n*) = m) = f e-gtf(t)dt, 
Jo 

and in this casef(t) is given in terms of F(s) by 
the inversion integral, 

J r.C+100 

f(t) = £-'F(s) = — I e-tsF(s)ds 
2in Jc_t00 

in which c is any real number such that I e~ct 
Jo 

I fit) | dt is bounded. (The bilateral transform, 
in which the integration range of t is from — » 
to +oo has few applications in the control field, 
though it is used in some aspects of network and 
system synthesis.) 

The zero lower limit of the /-integral for F(s) 
is often for clarity, modified to 0— or 0+, 
meaning respectively 

lim = =F | e J, 
»->o 

it being understood that any other limiting 
process which may occur in the integrand is 
carried out first. The distinction is important 
when f(t) contains an impulse function of any 
order at / = 0, as it often does. (See also 
integral transform.) 
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LAPLACE TRANSFORM THEOREMS. In 

the theorems that follow F(s) denotes the uni¬ 

lateral Laplace transform of /(f). Where de¬ 

sirable, according as the lower limit of integra¬ 

tion is taken as 0+ or 0 — , the Laplace trans¬ 

form of /(f) will be denoted by F±(s), and the 

operation of Laplace transformation by £±. 

(a) The Superposition Theorem. 

£ Z Anfn(t) = Z An£fn(t) 
n n 

ptT- 

F ±(s) 'G±(s) = I /(f — T)g(r)dT 
Jo± 

— I f(r)g(t — r)dr 
Jo± 

(/) The Integral Theorem. 

where/i {t),f2{t) • • • are functions of t and Ay, 
A2, • • • are constants. 

(b) The Frequency-shift Theorem. 

£±eatf(t) = F±(s - a) 

where a is any finite constant, real or complex. 

(c) The Time-shift Theorem. 

(i) Time-delay. 

£±f(t - t0) = e~l°sF±(s) 

where t0 is real and >0, provided /(f) = 0 for 
t < 0 and, in the case of the 0+ transform, /(f) 
in addition contains no impulse functions at 
t = 0. 

(ii) Time-advance. 

£±f(t + t0) = e'°°F±(s) 

where t0 is real and > 0, provided f(t) = 0 for 
t < t0 and, in the case of the 0+ transform, 
f(t) in addition contains no impulse functions 
at t — to. 

(d) Limit Theorems. 

(i) lim f(t) 
t~>o + 

= lim sF+(s) 
8-+» 

= lim s{F_(s) - Ky - K2s - K3s2■ ■ ■} 
8—»oo 

where Ky, K2, • ■ ■ are the amplitudes of any 
impulse functions of order 1,2, • • • at t = 0 
which f(t) may contain. 

(ii) lim f(t) — lim sF±(s) 
t—+ * S—>0 

provided F(s) has no singularities to the right 
of or on the imaginary axis of the s plane. 

(e) The Convolution Theorem. 
If f(l), g(t) have Laplace transforms F(s), 

G(s), then 

(g) The Differential Theorem. 

(i) Basic Form. If f(t) is differentiable over 

the integration range of the Laplace transform 
integral, then 

d 
= sF±(s) -/(o±). 

dt 

(ii) Modified Form. If the f-derivative of a 

discontinuity is interpreted as a first order 

impulse function of amplitude equal to the 

discontinuity, and if, extending the concept, 

the ^.-derivative of an impulse function of any 

order is interpreted as an impulse function of 

order one higher and having the same ampli¬ 

tude, then provided/(0 is differentiable in this 

extended sense over the integration range, the 

above statement of the theorem is still true. 

(iii) Extended Form. Iteration of the theorem 

gives 

dn 
£ i —f(t) = snF As) 

±dtn ± 

1 
L.... , ^1 Sn-V+ + + 

dt dtn 1j|_0± 
If/(f) = Oforf < 0 

dn 
£ _ — /(f) = snF_(s). 

dtn 

(h) Basic Laplace Transforms. 

(i) m = i 

(ii) /(f) = 

F±(s) = 
1 

1 
F±(s) - 

s — a 

values of I a I 

for all 

(iii) /(f) = 5(f) F+(s) = 0 

= unit impulse F_(s) = 1 

of first order 

at f = 0 
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LAPLACIAN. (1) The Laplacian operator. 
(2) In nuclear terminology, the negative of 
buckling. 

LAPLACIAN OPERATOR. An operator 
sometimes represented by A, sometimes by V2, 
and of the form 

d~ /dx2 + d~ /dy2 + • • •. 

In vector notation, the operator is written 

div grad = V-V = V2. 

In rectangular coordinates its components 
are d2/dx2, d2/dy2, d2/dz2\ in spherical polar 

“ 'sin0 
l a / , a\ 

coordinates -5 — I r — ) , 
r2dr\ dr/’ 

-) ddj ’ 

r2 sin2 6 

d ( . 

dd V 

r2 sin2 6 d(f>2 

dinates 

and in cylindrical coor- 

ia / a\ _i <?_ 
p dp \ dp) ' p~ dcj)~ dz2 

(See also curvilinear orthogonal coordi¬ 
nates.) 

LAPORTE RULE. A strict selection rule 
for dipole radiation which is stated in the 
form: Even terms can combine only with odd, 
and odd only with even. A special case of the 
Laporte rule is the prohibition of the com¬ 
binations of two terms with the same electron 
configuration. 

LAPSE RATE. The rate of decrease with 
height, usually referring to temperature in the 
atmosphere and therefore equal to —dT/dz. 

Throughout this book, a number of lapse 
rates for specified conditions are defined under 
the corresponding headings (e.g., dry-adiabatic 
lapse rate.) 

LARGE ION. (Also called slow ion, heavy 
ion.) An ion of relatively large mass and low 
mobility which is produced by the attachment 
of a small ion to an Aitken nucleus. They 
were discovered by P. Langevin, and are some¬ 
times referred to as “Langevin ions.” 

LARGE NUMBERS. See law of large num¬ 
bers. 

LARMOR PRECESSION. The motion which 
a charged particle or system of charged par¬ 
ticles subject to a central force directed to¬ 
wards a common point experiences when under 
the influence of a small uniform magnetic field. 
If a coordinate system is chosen which rotates 

about the direction of the magnetic field with 
an angular velocity 

2 me 

where w is the angular velocity, q is electric 
charge in esu, m is mass, c is the velocity of 
light, H is magnetic field strength in emu, then 
the motion in this system of coordinates is the 
same as the motion referred to a coordinate 
system fixed in space without a magnetic field. 
This is called the Larmor theorem. 

The application of this principle arises al¬ 
most exclusively in the description of the mo¬ 
tion of atoms and electrons in magnetic fields. 
(See precession.) 

LATENT HEAT. See heat, latent. 

LATENT HEAT OF PHASE CHANGE. 
See Clausius-CIapeyron equation. 

LATENT HEAT OF VOLUME CHANGE. 
Sec thermal coefficients. 

LATENT ROOTS. See eigenvalues and 
eigenvectors; and matrix. 

LATERAL BUCKLING. A beam bent about 
its strong axis may fail by combined bending 
and twisting. The compression flanges or 
fibers then undergo appreciable lateral dis¬ 
placements. Lateral buckling can be avoided 
by providing enough lateral supports or by 
using cross sections with sufficiently large tor¬ 
sional rigidity and strength. 

LATERAL DEFLECTION. The component 
of deflection perpendicular to the applied load. 
A beam whose section has markedly different 
moments of inertia about its principal axes 
shows large lateral deflections when the plane 
of the loads is almost perpendicular to the 
strong axis. (See unsymmetrical bending.) 
For example, when the cross section is rec¬ 
tangular, if the loads are directed along one 
diagonal, the other diagonal becomes the neu¬ 
tral axis and deflection is in the direction per¬ 
pendicular to the neutral axis. Therefore, if 
the cross section is a narrow rectangle, a load 
directed almost perpendicular to the strong 
axis almost will cause lateral deflection alone. 

LATERAL LOAD. Lateral load or transverse 
load is a force perpendicular to the axis of a 
beam, or perpendicular to the middle surface 
of a membrane, plate, or shell. 
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LATERAL MAGNIFICATION. The linear 
magnification normal to the optical axis of an 
axially symmetric system is the radial or lat¬ 
eral magnification dr'/dr where dr is in the 
radial direction in object space and dr' is the 
conjugate element in image space. If dPi/dri 
is the lateral magnification of the ith surface, 
i = 1, 2, • • •, N of an optical system, then the 
lateral magnification of the system is 

dr' _ * dr\ 

dr i=i dri 

In Gaussian optics, at each surface of an 
axially symmetrical system, the lateral mag¬ 
nification is 

mi = r'i/r 

where rt- is the distance of an object point from 
the axes. 

LATERAL SPHERICAL ABERRATION. 
The difference between the reciprocals of the 
image distances for paraxial and rim rays. 
(See also longitudinal spherical aberration.) 
If S' and S'h are the image distances for par¬ 
axial rays and rays which strike a lens a dis¬ 
tance h from its center, respectively, then 
S' — S'h is the longitudinal spherical aberra¬ 
tion, and (1/<S'>,) — (1/*S') is the lateral spher¬ 
ical aberration. 

LATIN SQUARE. An experimental design 
based on a p X P array of p letters such that 
each letter occurs once and only once in each 
row and column; e.g., 
A, B, C, D 

for p = 4 and the letters 

A B C D 

B D A C 

C A D B 

D C B A. 

Such a layout might, for example, correspond 
to 16 plots and four treatments represented by 
the letters. 

The design may be generalized to allow for 
a further treatment represented by Greek let¬ 
ters and is then known as a Graeco-Latin 
square, e.g. 

Aa Bp Cy Db 

By Ab Da cp 

Cb Dy Ap Ba 

Dp Ca Bb Ay. 

Here no combination of Roman and Greek 
letters occurs more than once. More general 
designs are sometimes known as Hyper- 
Graeco-Latin squares. 

The purpose of all these designs is to pro¬ 
vide independent comparisons of row, column 
and treatment effects. 

LATITUDE. 1. Terrestrial Latitude. As a 
first approximation consider the earth as a 
sphere rotating about an axis passing through 
the north and south poles of rotation. The 
great circles on the sphere passing through the 
poles of the earth are known as meridians. 
The plane passing through the center of the 
earth perpendicular to the axis of rotation is 
the plane of the equator and cuts the surface 
of the earth in the great circle known as the 
equator. The geographic latitude of a point 
on the surface of the earth is the angular dis¬ 
tance north or south of the equator through 
90°. 

When the earth is considered as a geoid, 
there are astronomic, geocentric and geodetic 
latitudes for a point on the surface of the 
geoid. The figure shows a cross section of the 

P' 

geoid in the plane of a meridian. PB repre¬ 
sents the axis of rotation, PAQP' is an ellipti¬ 
cal meridian of the geoid through the point A, 
on the surface of the geoid. AB is a line from 
A to the center of the geoid and ABQ is the 
geocentric latitude of the point A. AC is a 
normal to the surface of the geoid, and ACQ 
is the geodetic latitude of A. AD is the direc¬ 
tion of gravity at A, and ADQ is the astro¬ 
nomic latitude of A. 

Astronomic and geodetic latitude differ 
slightly at various places on the earth due to 
uneven distribution of mass within the earth. 
The difference is referred to as the deflection 
of the vertical and can be determined by pre¬ 
cise determination of astronomic latitudes at 
stations arranged about a circle centered upon 
the point for which geodetic latitude is desired. 
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Conversion from astronomic to geocentric 
latitude and vice versa can be accomplished 
on the basis of the dimensions of the standard 
geoid. If we call astronomic latitude <f> and 
geocentric latitude <f>' we have 

sin 2<t> 
<t> — <t>' = v = m- 

sin 1" 

m = ——— = 0.003373 
2 - e2 

in which e is the eccentricity of the geoid. For 
all practical purposes one need only the first 
two terms of the expansion and (using the 
data for Hayford’s geoid) we have 

4> — <f>' = V = 095'(65 sin 2<f> — 1 '(17 sin 4<t>. 

The astronomic latitude </> may be determined 
observationally to any desired accuracy. 

2. Celestial Latitude. The position of a 
heavenly body may be referred to the ecliptic 

as the fundamental great circle. Celestial lati¬ 
tude is the angular distance north or south of 
the ecliptic measured along a great circle pass¬ 
ing through the poles of the ecliptic. 

3. Galactic Latitude. The position of a 
heavenly body may be referred to the plane 
of the galaxy (milky way) as the fundamental 
great circle. Galactic latitude is the angular 
distance north or south of the galaxy measured 
along a great circle passing through the poles 
of the galaxy. 

LATTICE. (1) A set <S of elements a, b, • • ■, is 
partially ordered if a binary relation often 
denoted by the symbol <, which is reflexive, 
antisymmetric and transitive (see relation), 
is defined for certain of its elements. For ex¬ 
ample, let a, b • • • denote the subsets of S and 
let a stand in the given relation to b if the subset 
a is included in the subset b. A partially 
ordered set is a lattice if for any two elements 
a, b there exists an element c which is a least 
upper bound for a, b; that is, such that a < c, 
b < c and if a < e, b < e, then c < e, and also 
an element d which is a greatest lower bound 
for a, b; that is, such that d < a, d < b and if 
/ < a, / 5s 5 then / < d. These elements c and 
d are called the join (or sum) and the meet 
(or intersection) respectively of a and b and are 
denoted by c = a U b and d = a D b. The 
terms cup and cap are also used and it is also 

common to write a + b for aU6 and ab or 
a X b for a 06. (See Boolean algebra.) 

(2) Atomic lattices are important in the 
determination of crystal structure; while lat¬ 
tices of fissionable and non-fissionable mate¬ 
rials are used in heterogeneous nuclear re¬ 
actors. 

LATTICE CONSTANT. A length represent¬ 
ing the size of the unit cell in a crystal lattice. 
In a cubic crystal, this is just the length of the 
side of the unit cell, but such a simple defini¬ 
tion is not in general possible, and the lattice 
constant must be chosen according to the 
geometry of the structure in each case. 

LATTICE DIMENSIONS. According to the 
Bragg formula the spacing of the atomic 
planes can be deduced from the X-ray diffrac¬ 
tion pattern and a knowledge of the X-ray 
wavelength, which can itself be measured by 
diffraction from a ruled grating. 

LATTICE ENERGY OF CRYSTALS. The 
energy required to dissociate a crystal com¬ 
pletely into gaseous ions at infinite distance 
from each other. (For method of calculation 
see Born-Mayer equation.) 

LATTICE MODEL. Apart from its impor¬ 
tance for the solid state, a lattice model is also 
often used for calculations in the liquid state. 
This is partly justified by the fact that the 
available volume per particle in the liquid 
phase near the melting point is only slightly 
(~10%) larger than in the solid. The main 
difference is that the number of nearest neigh¬ 
bors has a well-defined value in crystals, but 
only an average temperature-dependent value 
in liquids. 

LATTICE, RECIPROCAL. See reciprocal 
lattice. 

LATTICE SUM. In general, any sum whose 
terms are functions of the positions of points 
in a space lattice. The term is applied par¬ 
ticularly to those sums involved in evaluating 
the Coulomb energy of an ionic crystal, where 
the magnitude of each term depends on the 
inverse distance of the lattice point from the 
origin, with a sign depending on the charge of 
the ion at that point. Such sums are difficult 
to evaluate directly, as they converge only 
very slowly, but special methods have been 
devised to calculate them. (See Evjen 
method.) 
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LATTICE THEORY OF ELASTIC COEFFI¬ 
CIENTS. See elastic coefficients, lattice the¬ 
ory of. 

LATTICE, THERMAL MOTIONS IN. See 
thermal motions in a lattice. 

LATTICE VIBRATION CONTRIBUTION 
TO SPECIFIC HEAT. The contribution to 
the molar specific heat at constant volume, due 
to lattice vibrations, is given by Debye’s equa¬ 
tion 

Cv = 3Nkf(x)(e/T) 
where 

, rx 
/(x) =3x 3 I -- dy 

where N is Avogadro’s number, k is Boltz¬ 
mann’s constant, and © is the Debye tempera¬ 
ture. (See Debye heat capacity equation.) 

LAUE EQUATIONS. The Laue equations 
are necessary conditions for an extremal of 
the intensity of radiation (x-rays) diffracted 
by a crystal. They have the form 

and all other coefficients an = 0 for n < -k, 
the singular point is a pole of order k. The 
coefficient 

is called the residue of the function j(z) about 
the point z0. 

LAW OF AREAS. See Keplerian motion. 

LAW OF COMPOSITION OF FORCES. 
Equilibrium; forces, parallelogram of; forces, 
polygon of. 

LAW OF CONSERVATION OF LEPTONS. 
The statements that to each lepton one can 
assign a leptonic number, +1 or —1, and to 
any other particle a leptonic number zero, and 
that in any physical process the total leptonic 
number is conserved. One can assign the 
lepton number +1 to e~, then because e+ + 
e~ 2y, the positron, e+, has leptonic num¬ 
ber — 1. The following assignments are then 
consistent with experiments: 

(u — u0) - ai = n{\ 

(u — uc)-a2 = n2X 

(u — u0) • a3 = n3X 

where u0 is a unit vector in the direction of the 

incident beam, u is a unit vector in the direction 

of the scattered beam, X is the wavelength, and 

cq, a2, a3 are the crystallographic axial vectors 

in the Zachariasen notation. 

LAURENT SERIES. A generalization of the 

Taylor series, making it possible to develop a 

function of the complex variable about an 

isolated singular point z = z0■ The result is a 

two-way power series (positive and negative 

powers) 
oo 

/(*) = Z an(z - z0)n 
n——x 

with coefficients given by 

1 r f(t)dt 

an~2^Jc(t-z0)n+1' 

The contour consists of two concentric circles 

around the singular point, in the positive and 

negative directions, respectively. The series 

converges in the annulus determined by the 

two circles. If there are an infinite number 

of negative powers in the series, f(z) has an 

essential singularity at z0; if a_fc is not zero 

Leptonic number -\-l Leptonic number —1 

e~ (electron) e+ (positron) 
v (neutrino) v (anti-neutrino) 
M- (negatively charged u+ (positively charged 

M-meson) ^u-meson) 

LAW OF CONSTANT HEAT SUMMATION. 
See Hess law. 

LAW OF COSINES. In a plane triangle: 
a2 = b2 -f- c2 — 2be cos A. In a spherical tri¬ 
angle: cos a = cos b cos c + sin b sin c cos A, 
or cos A = — cos B cos C + sin B sin C cos a. 

LAW OF ERROR. See normal distribution. 

LAW OF HESS. See Hess law. 

LAW OF LARGE NUMBERS. A theorem in 
probability which takes various forms; the 
general effect is that if an event has probabil¬ 
ity p, then in a large number n of trials, the 
proportion of events is ever closer to np in a 
probabilistic sense. 

More precisely the “weak” law of large 
numbers states that if {nk} is a sequence of 
independent random variables with a common 
distribution and mean m, then for every e > 0 

P 
n—>» 

M -> u. 
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The “strong” law of large numbers states 
that Bernoulli’s theorem and the Gauss- 
Laplace theorem are special cases of the law. 
More general forms are also studied. 

LAW OF MASS ACTION. The condition for 
chemical equilibrium (see chemical affinity, 
chemical potentials) gives for an ideal system 

K{T,p) = xx’i • • • */«. (1) 

The quantity K(T,p) is the equilibrium con¬ 
stant of the reaction, xx • ■ • xc are the mole 
fractions and 17 • • • vc the stoichiometric co¬ 
efficients. For a non-ideal system (see refer¬ 
ence systems) one has the generalized law of 
mass action 

K(T,p) = • • • (xcy c)'* (2) 

where 71 • • • yc are the activity coefficients. 

LAW OF SINES. In a plane triangle: 

sin A sin 11 sin C 

a b c 

In a spherical triangle 

sin A sin H sin C 

sin a sin b sin c 

LAW OF TANGENTS. In a plane triangle: 

a — b tan \{A — H) 

a + b tan 5 (A -f- B) 

LCAO APPROXIMATION. See molecular 

orbitals method. 

LEAST ACTION, PRINCIPLE OF. This 
principle, first enunciated rather loosely by 
Maupertuis in the 18th century, states that 
the actual motion of a conservative dynami¬ 
cal system from IJX to P2 takes place in such 
a way that the action has a stationary value 
with respect to all other possible paths be¬ 
tween P1 and P2 corresponding to the same 
energy. (Cf. Hamilton principle.) 

LEAST CIRCLE OF ABERRATION. The 
smallest circular cross section of a bundle of 
rays forming a radially symmetrical caustic 
surface is the least circle of aberration of the 
bundle. 

“LEAST CONSTRAINT,” GAUSS PRINCI¬ 
PLE 01’. (1) The motion of connected points 

is such that, for the elementary motion ac¬ 
tually taken, the sum of the products of the 
mass of each particle into the square of the 
distance of its deviation from the position it 
would have reached if free, is a minimum. 

(2) The motion of a system of material 
points interconnected in any way and sub¬ 
mitted to any influences, agrees at each instant 
as closely as possible with the motion the 
points would have if they were free. The ac¬ 
tual motion takes place so that the constraints 
on the system are the least possible. For the 
measurement of the constraint, during any in¬ 
finitesimal element of time, take the sum of 
the products of the mass of each point by the 
square of its deviation from the position the 
point would have occupied at the end of the 
element of time, if it had been free. 

LEAST-ENERGY PRINCIPLE. A principle 
relating to stable equilibrium, and having 
very wdde application. If a conservative sys¬ 
tem is in stable equilibrium, any slight change 
in its condition or configuration requiring the 
performance of work will put it out of equilib¬ 
rium, so that, if the system is now left to 
itself, it will return to its former state and in 
so doing will give up the energy imparted 
when it was disturbed. 

(Cf. potential energy.) 

LEAST SQUARES. A method of smoothing 
or curve fitting which selects the fitted curve 
(or surface) so as to minimize the sum of the 
squares of the deviations of the given points 
from the curve (or surface). In the linear case 
one has a system which can be expressed in 
matrix form as 

Xc — y -fid, 

where the matrix X is N X n, with N > n; 
y is the vector of measured quantities; and the 
length of the residual vector d is to be mini¬ 
mized. If the measurements are equally 
weighted, this means that c is chosen so that 
d7d is as small as possible; if not, then drWd 
is to be made as small as possible, where \V is 
the diagonal matrix whose elements are the 
weights. The solution is that of the system 

XrWXx = Xr\Vy, 

where W = I if the weights are equal (see 
matrix inversion). For fitting a polynomial 
the matrix X has the form 
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/' *1 T 2 . £l . ™ n— 1. 
*1 \ 

1 *2 -r 2 X2 • x2"~1 

X = 1 *3 
2 ~ n —1 • £3 

1 X4 
2 . X4 . -r n~1 X4 

. / 
where Xi is the value of the independent vari¬ 
able for the ith measurement. However, the 
use of orthogonal polynomials is advisable for 
this problem. 

In polynomial fitting the unknown param¬ 
eters are the coefficients of the polynomial, and 
they occur linearly in the equations they sat¬ 
isfy. In case the theoretical relationship is of 
the form 

v = fit; <*, 0, • • •) 

where the parameters a, j8, • • •, do not occur 
linearly, it is generally necessary to linearize 
the equations in order to solve them. Two 
methods can be suggested, and either requires 
initial, sufficiently close, approximations a0, 
/30, • • •, which are to be improved progressively. 
By one method one forms the quantity to be 
minimized, 

5(a, 0, • • •) = 2 [vi ~ /(€*; «, 0, ’ • Of, 

the summation extending over all observations, 
and applies a method of steepest descent. In 
the other method one expands in Taylor series 

/(£»•; «o, 0o, • • •) + (« — tto)/a(£i-; «o, 0o, • • •) 

+ (0 — 0o)//j(&; «0, 00, •••)+•• • ~ Vi + 5,-. 

Here one wishes to minimize 25,2, or possibly 
2a>,-5t-2 where the a>,• are weights. If a0, 0o, 
are sufficiently close to the true a, fi, • • •, one 
can omit quadratic and higher terms in a — a0, 
0 — 0o, • • •, and solve as a linear least squares 
problem for these differences. The result could 
be added as partial corrections to a0, 0o, • • •, 
and the process repeated. (See W. Edwards 
Deming, Statistical Adjustment of Data, John 
Wiley & Sons, Inc., 1938.) 

LEAST WORK, THEOREM OF. A special 
form of the theorem of minimum complemen¬ 
tary energy which applies to a linear elastic 
system whose boundary displacements are zero 
wherever they are specified. Under these con¬ 
ditions the complement of the strain energy is 
a minimum V = V', and the strain energy U 
is equal to V, which in turn equals the work 
done by the applied forces. This work is then 

minimum and if Ri is one of the independent 

unknown components of reaction or internal 
force 

dV'/dR, = 0. 

(See Castigliano’s theorem.) 

LEBESGUE INTEGRAL. The Lebesgue in¬ 

tegral 

of the bounded measurable function f(x), 
taken over the measurable set E which is of 
finite measure, is defined as the limit to which 
either 

r=n r=n 

X) ar_\m(er), or X arm(er), 
r=l r=l 

tends, as the greatest of the numbers ar, or_, 
converges to zero; where (L, U) is divided into 
n parts (ar_x, ar), for r = 1, 2, 3, • • • n; and 
a0 = L, a„ = U; and where er is that set of 
points of E, for all of which 

Or—i < fix) < ar\ r = 1, 2, 3, • • • n — 1; 

and en is that set for which a„_x < f{x) < an. 
U and L denote the upper and lower bounds 
of f(x) in E. 

LEBESGUE MEASURE. See measure. 

LEBESGUE-STIELTJES INTEGRAL. 
Whenever the Lebesgue integral 

exists, where a = </>(a), 0 = 0(h), its value may 
be said to define that of the Lebesgue-Stieltjes 
integral 

I f(x)d<l>(x), 

of the measurable function f(x), with respect 
to the monotone function 4>(x). 

LE CHATELIER PRINCIPLE. See Cha- 
telier (Le)-Braun principle. 

LE CHATELIER THEOREM. See Chatelier 
(Le) theorem. 

LEDUC LAW. See Amagat law. 

LEE WAVES. Standing waves formed in a 
fluid stream under gravity in the lee of an 
obstacle, usually on the bottom boundary of 
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the fluid. Theoretically there exists a system 
of lee waves in an infinitely deep stream of 
uniform velocity and static stability in which 
the wave amplitude increases upwards and 
decreases downstream: but in a nonuniform 
stream in which the coefficient 

2 = 

U2 U dz2 

varies with height (2) in a suitable way (mak¬ 
ing it, in this respect, equivalent to a stream 
made up of superposed layers), a train of 
waves whose amplitude is at a maximum at 
some middle level in the fluid (i.e., at a height 
comparable with the size of the obstacle) may 
extend far downstream. 

The simplest case is that of surface waves 
on water behind a ship or immersed obstacle, 
this exemplifying the more general result that 
if the static stability is concentrated into a 
single discontinuity the amplitude is a maxi¬ 
mum at that level. 

Lee waves are waves which travel through 
the fluid with a velocity equal and opposite to 
that of the stream so that they remain station¬ 
ary relative to the obstacle producing them, 
and cannot occur in super-undal flow. 

LEGENDRE EQUATION. The differential 
equation 

(1 - x2)y" - 2xy' + n{n + 1 )y = 0. 

Legendre functions P„(x) of the first kind 
(the restriction is usually added that P,,(l) 
= 1), which are finite throughout. Similarly, 
an associated Legendre function of the first 
kind is a (bounded) solution of the associated 
Legendre equation (see above), while an asso¬ 
ciated function of the second kind is a solution 
(allowed to become infinite at the end-points) 
of the associated equation for certain particular 
values of n and to. 

LEGENDRE POLYNOMIALS. The class of 
special functions obtained by orthogonalizing 
over the interval [ — 1, 1] the sequence of 
powers 1, x, x2, • • • with the weighting func¬ 
tion w{x) = 1. They are the eigenfunctions 
of the eigenvalue problem: 

(1 - x2)y" - 2xy' + \y = 0 

under the boundary condition that y is to 
remain finite at the end-points x — ± 1. The 
eigenvalues here are X = n(n -f 1), with n = 
0, 1, 2, • • • and the nth Legendre polynomial 
belongs to the eigenvalue n(n + 1). The 
first few polynomials (in the form usually given; 
here the normalizing factor is (2n + 1)^): 

P0(x) = 1, Pi(x) = x, P2(x) = £(3x2 - 1), 

P3W = §(5x3 - 3x) 

If we set x = cos 0, these can also be expressed 
conveniently in terms of multiple angles, thus 

It is a special case of the associated Legendre 
equation 

(1 - x2)y" - 2xy' 

+ n(n + 1) — 
TO 2 -1 

1 - x2J 
y — 0. 

(See Legendre functions.) 

LEGENDRE FUNCTIONS. The only solu¬ 
tions, with continuous first derivative for all x 
in the interval —1,1, of the Legendre equation 

(1 - x2)y" - 2xy' + n(n + \)y = 0, 

» = 0, 1, 2, •••, 
are the Legendre polynomials, P0(x), Pi(x), 
P2(x), •••. But if we allow y(x) to become 
infinite at the end-points, then the equation is 
also satisfied by functions Q0(x), QRx), ••• 
called Legendre functions of the second kind. 
On the other hand, if we drop the restriction 
that n be a non-negative integer, we get 

P0(cos 0) = 1, Px(cos0) = cos d; 

P2(cos 6) = |(3 cos 26 + 1); 

P3(cos 6) = |-(5 cos 30 + 3 cos 0), • • 

It is in this form that they naturally arise in 
problems of temperature, potential, etc. for a 
sphere. 

Their generating function is (1 — 2x1 + 
t2)~'A. They satisfy the recursion formula 

(n + l)P,1+1(x) - x(2n + l)P„(x) 

+ nP„_ i(z) = 0. 

Their Rodrigues formula is: 

1 dn , 
Pn(x) *-(x2 - 1)". 

2 nn\dxn 

They have the minimum property, among all 
polynomials of degree n with the same coeffi¬ 
cient of xn, of having the least mean distance 
from the x-axis; that is, 
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Pn(x)dx = min. 

(For an integral representation of the Le¬ 
gendre polynomials, sec Schliifli formula.) 

LEHMAN-FILHES METHOD. See spectro¬ 
scopic binary stars. 

where the sum runs over all states with fixed 
energy momentum p, one obtains 

W(2){x — y) 

1 

(2*7 
J 6(k0)p(k2) exp [ — ik(x — x')]d4k 

(5) 

LEHMANN REPRESENTATION. A repre¬ 
sentation of the vacuum expectation value of 
two Heisenberg fields (Wightman function of 
order 2), first obtained by Lehmann. The 
integral representation for the vacuum expecta¬ 
tion of the Wightman function WC2)(x,y) = 
('I'o, <f>(x)<£(j/)tyo)> "here <f>(x) is a real scalar 
field (i.e.,. which under an inhomogeneous 
Lorentz transformation {a,A} transforms ac¬ 
cording to 

U(a,A)<t>(x)U(a,A)~l = <f>(A x + a) (1) 

where U(a,A) is a unitary (antiunitary if A 
includes a time inversion) representation of the 
Lorentz group can be found as follows: By 
virtue of Lorentz invariance 

W(2)(x,y) = W'2\Ax -+- a, Ay + a) (2) 

From pure translation invariance (A = /) one 
infers that W,2\x,y) = Wl2)(x — y). On the 
assumption that there exist a unique, invariant 
vacuum state >Po, such that U(a,A)'P0 = 'Po and 
that the set of states | p(i(n), a) with p0(n) > 0, 
p^(n)p(n)/i > which are eigenstates of the total 
energy momentum operator P„ and some other 
observables (denoted by a) are complete, one 
deduces that 

where the factor d(k0) (which is equal to -f 1 if 
k„ > 0, and equal to 0 if k0 < 0) enters, since 
due to the spectrum condition only positive 
energy vectors k are involved in the sum (.3). 
If we write 

p(k2) = f P(K2)b(k2 - K2)dK2 (6) 
do 

the limits are from 0 to since by (4) k is the 
energy momentum of a physical state hence k2 
(which corresponds to the square of the mass 
of the state) must be greater than zero. Finally 
therefore 

w'<2,(* - „) -JTW) (7») 
co 

d4kexp [ — ik(x — y)]5(k2 — x2)e(/c0) (7) 

Alternatively, since the second integral is 
usually denoted by 

A(+)(x - y; k2) = - ——- fd4k t(k0) 
(Z7T) %J 

exp [ — ik{x — y)]6(k2 — k2) (8) 

one deduces that 

W(2\x,y) 

= Z ('Pok(x)l p/n), a) 

<Pmu), «14>(y) I *0) 

= Z <*,, <*>(()) I Vy!n),a) 

I p<n’*) 

(Pn<n\ a 10(0) | 'P) exp [ij),n>(x - y)] 

(3) 

where use has been made of the fact that 
U(a, 1) = exp ( — iP^a*). Defining 

p(V2) = (2ir)A Z (*0 ' a)(p, a <f>(0) |'Pq) 
a 

= (2tt):i z I ('Pol0(0) Ip, a)I2 >0 (4) 

W<2,{x — y) = f dK4p(K2)A(+)(x — y, k2) (9) 
dp 

Equation (9) is the Lehmann representation 
for the two-fold vacuum expectation value of 
a scalar field. It is a special case of the Dyson 
representation of a causal commutator. For 
the vacuum expectation value of the time- 
ordered product (one-particle Green’s func¬ 
tion), 

G(x,y) = ('I'o, /5(<f>(x)<f>(y))'P0), 

where 

P(A (x)B(y)) = A (x)B(y), if x0 > y„ 

= H(y)A(x), if y0 > x0 

the following result holds 
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G(x,x') = f dK2p(K2) r d4k 
do d — 00 

+c0 exp[ — ik(x — x')) 

kr — k2 — it 

/»* 
= I dK2p(K2)Ap(x — x'; k2) 

•A) 

where p(*2) is the same weight function as 
defined above. For a spinor field 0(x), the 
following representation is obtained for the 
one-particle Green’s function: 

G{x,x') = fOJ'o, T[\p{x)${x')\tyo) 

= f(^0, P[i(x)l(xOJtfoM*,*') 
where 

«(x,x') = 1 for x0 > Xq 

= — 1 for x0 < Xq 

G{x,x') =-7 fd4p exp [—tp(x - x')]G(p) 
(27t) c/ 

where 

G(p) = 

(2t) 

A, 

7P + m 

+ f*( 
J inA-u. 

A,(k) 
+ 

A-(ic) \ 

— k + fe/ i+M \yp + k + it yp — * + 

and the A’s are real and non-negative. 

LEIBNITZ RULE. A formula for the nth 
derivative of the product of two functions in 
terms of the successive derivatives of the 
factors: 

dn dnu /n\ dn xu 
— (uv) =-- v + . , . 
dx11 dxn Vl) dxn~x 

dv 

dx 

The coefficients are binomial coefficients. 

LENGTH, LINEAR EXTRAPOLATION. 
See linear extrapolation length. 

LENGTH OF A CURVE. The length of a 
straight line is interpreted experimentally to 
mean the number of times another straight line 
of unit length can be superimposed on the 
given line. Since this operation cannot be 
conveniently applied to a curve the concept is 
generalized to the limit of the sum of chords 
to the curve. As the number of chords in¬ 

creases without limit each chord separately 
approaches zero as a limit. 

In rectangular coordinates, if the curve is 
described by f(x,y) = 0, its length from the 
point (a,c) to the point (b,d) is given by either 
one of the definite integrals 

s + y'2 dx + x'2 dy 

where y' = dy/dx and x' = dx/dy. If t is a 
parameter, x = y = /2W, the arc length 
between t = a and t = b is 

/» ^ _ 
s = I Vx,2 -(- yt2 dt 

” a 

where xt = dx/dt and yt = dy/dt. In polar 

coordinates, if r = f(6), r' = dr/dO and d' — 
dO/dr, 

s = f y/r2 + r'2 dO — f y/r20'2 + 1 dr. 
dg, dn 

LENGTH, RELAXATION. See relaxation 
length. 

LENNARD-JONES POTENTIAL. See inter¬ 
atomic potential. 

LENS, ELECTRON. A device using either 
electric fields or an arrangement of coils or 
magnets to produce a focusing force on a beam 
of electrons. 

LENS EQUATION, ELECTRON-OPTICAL. 
See electron-optical lens equation. 

LENS EQUATION, GAUSSIAN. See Gaus¬ 
sian lens equation. 

LENS POWER. The power of a lens is the 
reciprocal of its focal length and is usually 
measured in diopters (i.e., reciprocal meters). 
Thus for an axially symmetric lens having 
spherical surfaces of radii rx, r2 and axial sepa¬ 
ration t the power is 

1 t 
<t> = ~ = 4>i -*r $2-0i02, 

/ n 

where/ is the focal length, n, the relative index 
of refraction of the lens medium to the sur¬ 
rounding medium and 0i, 02, the powers of the 
surfaces. An appropriate sign convention would 
be to have r, > 0 when the center of curvature 
is to the right of the vertex (i.e., axial inter¬ 
section of the surface), so that 
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n — 1 n — 1 
<£l = -’ <f> 2 =- 

r i r2 

The thin lens approximation, < = 0, is often 
used so that 

/1 1 
<t> — <t>l + <t>2 — (W — 1) (- 

Vi r2 

LENZ LAW. A general law of electromag¬ 
netic induction stating that when the electro¬ 
motive force induced by a variation in mag¬ 
netic flux produces an electric current, the 
magnetic effect of that current tends to oppose 
the change in magnetic field which produced it. 

LEPTON(S). The generic name of the “ele¬ 
mentary” particles having spin % and mass 
less than that of the nucleons. Three such 
types of leptons are known: 

Mass (in elec- 

Particle Iron masses) 

(fi-meson) 206.9 ±0.1 

(electron and 

positron) 1 

v, v (neutrino and 

antineutrino) 0 

Mean Life Charge 

2.22 ± 0.02 ±e 

X 10 ~6 sec 

stable ±e 

stable 0 

LEPTON CONSERVATION. See law of con¬ 
servation of leptons. 

LETHARGY. In neutron transport theory the 
lethargy variable, denoted u, is often used in 
place of the neutron energy. They are related 
according to 

E = E,e-, <* = In0A 

where E0 is an arbitrarily chosen “source 
energy.” 

LEVEL. The difference of a quantity from an 
arbitrarily specified reference quantity or posi¬ 
tion. In this general sense, the word level is 
used widely throughout science and engineer¬ 
ing. In these specific applications, its meaning 
is readily inferred from the context. In quan¬ 
tum mechanics it is essentially synonymous 
with energy eigenstate. 

LEVEL ABOVE THRESHOLD (SENSA¬ 
TION LEVEL). Of a sound, the pressure 
level of the sound in decibels above its thresh¬ 
old of audibility (see audibility, threshold of) 
for the individual observer. Similar defini¬ 
tions are used for the other psychophysical 
stimuli, such as light. 

LEVEL DISPLACEMENTS IN HYDRO¬ 
GEN-LIKE ATOMS. Owing to its interaction 
with the quantized electromagnetic field, an 
electron placed in the Coulomb field of a nu¬ 
cleus will experience effects not predicted by 
the simple Dirac equation. Another effect not 
taken into account by the simple Dirac equa¬ 
tion is the motion of the nucleus, which 
in the Dirac equation is represented by a 
Coulomb field and assumed infinitely heavy. 
Finally corrections to the level scheme pre¬ 
dicted by the Dirac equation will arise due to 
the structure of the nucleus, i.e., to its finite 
size, magnetic moment, etc. 

The interaction of the electron with the 
quantized electromagnetic field (see quantiza¬ 
tion of electromagnetic field) is characterized 
by the coupling constant 

a — e2/he - 3^37 

which is small, so that perturbation methods 
can be applied with a as the development 
parameter. The convergence of the expansion 
is quite good (although probably it is only an 
asymptotic expansion) and calculations up to 
the fourth order in a are enough to compare 
the calculated energy displacements with ex¬ 
periments for the case of hydrogen and deu¬ 
terium (Z — 1). The corrections to the dy¬ 
namics of the electron due to these interactions 
with the quantized electromagnetic field are 
called “radiative corrections.” 

The second order radiative corrections, those 
for which the electron has interacted twice 
with the quantized electromagnetic field (i.e., 
has emitted and then reabsorbed a virtual 
photon), are listed in Table 1 for the 2 2S^~ 
2 2Ph shift. The corrections to order a(Za)4 

are those in which the electron has interacted 
once with the external field in between the 
emission and subsequent absorption of the 
virtual photon, whereas the contributions to 
order a(Za)5 are those in which the electron 
has interacted twice with the external field in 
between the emission and absorption. The 
reduced mass corrections have been included. 
The symbols A0(2.0), A0(2.1) represent the 
average excitation energies for the 2S and 2P 
levels, respectively, with 

A0(2.0) = 16.160 Ryx 

K0(2.1) = 0.9704 Ryx 

Ryx being the Rydberg constant for an 
infinitely heavy nucleus. The quantity 
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level shift an amount of 0.12 ± 0.02 Mc/s for 
H, 0.73 =t 0.02 Mc/s for D and 7.1 Mc/s for He. 

The comparison between the theoretically 
calculated level shift and the experimentally 
observed value are listed in Table 3. The agree¬ 
ment for the case of H is nothing short of 
amazing, as theoretical and experimental values 
check within an overall inaccuracy of 0.25 Me. 
This compared with the total energy of the 
levels considered represents a precision of 
almost 1 part in 10lf). The theoretical value 
for the Lamb shift exceeds the experimental 
value for the case of H and D by about 0.2 me. 
It is expected that the (aZ)2 corrections to the 
2nd order radiative corrections will account for 
this discrepancy. The same contribution to the 
He+ would turn out to be 64 (Z6 = 64) times 
larger or about 13 Mc/s, which is just the 
excess of the theoretical over experimental 
value. 

For the case of the n = 3 level the value of 
the 3 2>S^-3 2Py2 shift has been experimen- 

TABLE 1 

2nd Order Radiative Corrections to 2 Sy-2 Py Interval 

Magnitude of Shift of 
Contribution (Theoretical) 2 Sy-2 Py Levels on Mc/s 

Z*L ( —2 log a + ^ + — — 2 log Z 

H D He+ 

Radiative shift (order a{aZ)4) 

, A'0(2.O)\/i 

l0'jr.(2.i)A1 3m) 
1009.84 1010.63 13168.3 

Radiative shift (order a(aZ)b) (2nd ZbL(3ira)(l + -j^g- — 5 log 2 

order in the external potential) 
+ Tl¥)(1 ~3S) 

7.14 7.13 228.4 

Vacuum polarization (order a(aZ)4) W-i>(l-3£) -27.08 -27.11 -433.9 

Magnetic moment (order a(aZ)4) Z*L®( 1-2.75^) 67.71 67.77 1084.7 

is known as Lamb’s constant and 

denoted by L. 
The fourth order radiative corrections are 

listed in Table 2, corresponding to the correc¬ 
tion due to the virtual emission and absorption 
of two photons, but during which time only 
one interaction with the nuclear field has taken 
place. 

The finite mass effects besides the one al¬ 

ready included in Tables 1 and 2 factors 

have been com¬ 

puted to contribute 0.33 mc/s to the hydrogenic 
2&yq-2 Py level shift, 0.17 ± 0.01 mc/sec in 
D and 2.8 mc/sec in He+. 

The finite sizes of the proton and deuteron 
give rise to corrections for S levels similar to 
the small energy differences which give rise to 
the isotope shift in heavy nuclei. These 

5^-2 2P^ ‘finite” size contribute to the 22S>\xr22P\ 

TABLE 2 

4th Order Radiative Corrections to 2 2Sy-2 2Py Interval 

Contribution Magnitude of Shift in Mg/sec 

z,i(!)<0-52) 
H D He+ 

Radiative shift (order a2(aZ)4) 0.24 ±0.13 0.24 ± 0.13 3.9 

Magnetic moment (order a2(aZ)4 Z4L ( -0.328 -0.11 -0.11 -1.7 

Vacuum polarization (order a2(uZ)4) z'l(-4±-) 
V 54 tv ) 

-0.24 -0.24 -3.8 
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TABLE 3 

Total Shift of 2 2<S^-2 2Pyi Interval 

H 

Theoretical 1057.95 d= 0.15 
Experimental 1057.77 ± 0.10 

tally measured by Lamb with the result of 
(315.0 ± 0.3) Mc/s which compares extremely 
well with the theoretically computed value of 
314.94 ± 0.05 Mc/s. The theoretical value 
for the 4 2<S^-4 2Py Lamb shift is 133.10 =L 
0.02 Mc/sec. No precise experimental value 
is available. 

Finally, Table 4 lists the level shifts for fixed 
Coulomb field (Z = 1) for several S, P and D 
states, in first approximation in the external 
field and without 4th order radiative cor¬ 

rections. 
TABLE 4 

Level Shift for Fixed Coulomb Field 

State Level Shift in Mc/sec 

1 S 8126.87 

2 S 1039.24 

3 S 309.69 

4 S 130.95 

2 PH -12.88 

2 PH 12.55 

3 P* -3.49 

3 P* 4.05 

4 Py> -1.41 

4 Py, 1.77 

3 Dy -1.30 

3 D% 1.21 

LEVEL OF ENERGY. The value of an 
energy, as for example as electrostatic po¬ 
tential, thought of as measured vertically 
above some fixed origin. Not the same as 

energy level. 

LEVEL POPULATION. The number of sys¬ 
tems is an ensemble which are in each of the 
energy levels permissible for a quantum me¬ 

chanical system. 

LEVEL, QUANTIZATION. See quantization 

level. 

LEVEL SCHEME. See energy level dia¬ 

gram. 

LEVEL, SENSATION. See level above 

threshold. 

LEVEL WIDTH. The energy spectrum of 
the bound states of a stationary quantum me- 

D He+ 

1059.21 ± 0.16 14055.8 ± 3.0 
1059.00 ± 0.11 14043.0 ± 3.0 

chanical system consists of a number of dis¬ 
crete values of energy called energy levels. 
However, if the system is not quite stationary, 
but decays in time with a mean life r, then by 
the uncertainty principle each energy level be¬ 
comes slightly indeterminate in energy, cover¬ 
ing an energy range of the order of r = h/r, 
where 2?rfi is Planck’s constant, and V is the 
level width. If a level may decay in any of 
a number of different ways a, b, • • •, the width 
may be considered to be the sum of a number 
of partial widths, r = r0 + r6 + • • •, where 
ra is proportional to the probability per sec¬ 
ond that the level will decay according to mode 
a. If the lifetime of the level is directly meas¬ 
urable, then the width may be inferred from 
the above relation. More usually, however, 
the level appears as a resonance, say in a nu¬ 
clear reaction, the spread in energy of the 
resonance being proportional to r. (See Breit- 
Wigner formula, for example, where T has its 
usual definition of the full width of the reso¬ 
nance at half height.) 

LEVY-MISES MATERIAL. Synonymous 
with Saint Venant-Mises material. 

LEWIS ACID, LEWIS BASE, OR LEWIS 
SALT. See acids and bases, definitions of 
Bronsted and Lewis. 

L’HOSPITAL RULE. If two functions f{x) 
and g (x) together with their derivatives up to 
order (n — 1) vanish at x = a, and if their 
derivatives of nth order do not both vanish 
there or both become infinite, then 

f(x) /(n)(o) 
lim- = ——- 

X^ag(x) g{n\a) 

LIBRATION. In general terms, a quivering 
or swaying motion, applied more specifically 
to an oscillating rotary motion, as of the 
moon about its axis or of a molecule in a 
solid where it has insufficient energy to make 
complete free rotations. 

LIEBMANN METHOD. The Gauss-Seidel 
method applied to the solution of the differ- 
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ence equations approximating the Laplace or 
the Poisson equation. (See matrix inversion; 
partial differential equations.) 

LIE GROUP. A group which is also an ana¬ 
lytic manifold in which the group operations, 
multiplication and formation of inverse, are 
analytic. Historically, the first Lie groups 
were continuous transformations of the points 
of a manifold. Thus, consider the set of trans¬ 
formations of the points of a Euclidean plane, 

a-i = <t>(x,y,a), ?/i = i{x,y,a), 

for some range of values of the parameter a, 
given by functions </> and if/ such that, if two 
transformations of the set are carried out in 
succession, the result is again a transformation 
of the set. An easily visualized example is the 
group of rotations 

Xi = x cos a — y sin a, 2/1 = x sin a + y cos a. 

Lie groups of transformations owe their prac¬ 
tical importance partly to their usefulness in 
systematizing the solutions of differential 
equations, both ordinary and partial, and 
partly to the fact that many of the standard 
groups of linear transformations are Lie 
groups. For example: 

The full linear group is the group of all non¬ 
singular matrices with complex numbers as 
elements. 

The real linear group is the group of all non¬ 
singular n X n matrices with real numbers 
as elements. 

The unimodular group is the group of all 
complex matrices with determinant equal to 
unity. 

The real unimodular group is the group of 
all real matrices with determinant equal to 
unity. 

The unitary group is the group of all unitary 
matrices. 

The unitary modular group is the group of all 
unitary matrices with determinant equal to 
unity. 

The real orthogonal group is the group of all 
real orthogonal matrices. 

The rotation group is the group of all real 
orthogonal matrices with determinant equal 
to plus one. 

LIENARD-WIECHERT POTENTIALS. See 
field of a moving charge in space. 

LIE RING. A real vector space in which 
a product ab, linear in both factors, is de¬ 
fined for every pair of elements a,b in such 
a way that ba = —ab and (ab)c + (bc)a + 
(ca,b) = 0 for all c. (See infinitesimal ring 
of a group of linear transformations). 

LIFE, MEAN. The average time during 
which an atom or other system exists in a 
particular form, e.g., the mean time between 
the appearance and disappearance (birth and 
death) of a particle. Five examples are: (1) 
The mean life of mesons before undergoing 
transformation. (2) The mean life of excited 
nuclei or atoms before losing their energy of 
excitation. (3) For a radionuclide, the mean 
life is the reciprocal of the disintegration con¬ 
stant. For branching decay, it is given by 

1 1 

X Xj + X2 + X3 • • • 

where Ai, A2, A3, • • • are the partial disintegra¬ 
tion constants for the various modes involved. 
(4) For a thermal neutron, the mean time in¬ 
terval between the instant when the neutron 
becomes thermal, and when it disappears from 
the reactor by absorption or leakage. For a 
homogeneous medium, the infinite and finite 
lifetimes refer to the lifetime in infinite- and 
given finite-sized regions of the medium. (5) 
When excess carriers are injected into a semi¬ 
conductor, they will eventually recombine 
with others of the opposite sign. Experiment 
shows that in the bulk material this mean life 
may be rather long, because the recombination 
process between holes and electrons requires 
the emission of a photon or phonon. The 
process is much enhanced at the surface, as 
shown by the Suhl effect. 

LIFETIME. (1) The mean life (see life, 
mean). (2) The half-life. 

LIFETIME, COMPARATIVE. The product 
of the half-life or half-period of a /3-disinte¬ 
grator and a function (commonly represented 
by the symbol /) which expresses the prob¬ 
ability per unit time that a /3-transition wdll 
occur in a given nucleus. The function / de¬ 
pends chiefly upon the fi-disintegration energy, 
and to some extent, also upon the atomic num¬ 
ber of the product nucleus. The use of the 
comparative lifetime values puts all the /3-dis¬ 
integrators on the same basis so far as the 
disintegration energies and atomic numbers are 
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concerned, and these values are measures of 
the inherent forbiddenness of the /3-transitions. 

LIFETIME, MEAN, OF ELECTRON IN 
TRAP. See mean lifetime of electron in trap. 

LIFETIME, NEUTRON. In nuclear reactor 
theory, the average time spent by a neutron 
from its appearance via fission to its ultimate 
capture. When neutron leakage is small, the 
lifetime is approximately the sum of the slow¬ 
ing down and diffusion times. 

LIFT AND MOMENT ON AN AIRFOIL, 
GENERAL FORMULAE. For a two-dimen¬ 
sional airfoil in a unifonn stream, let the flow 
be given by the complex potential function 
w(z), where z = x + iy. Then if X and F are 
the components of the resultant force acting 
on unit span of the airfoil, it may be shown 
by considering the change of momentum of the 
fluid passing across a closed curve round the 

airfoil that 

where the integral is taken round a closed 
curve surrounding the airfoil. 

From Equation (1), the Kutta-Joukowski 
law can be derived. The couple per unit length 
of cylinder (pitching moment per unit span), 
about an axis through the origin, is 

where (R denotes the real part. 
Equations (1) and (2) were derived by 

Blasius, and are sometimes known as Blasius’ 

formula, or the theorem of Blasius. 

LIFT COEFFICIENT. The lift L on a body 
in a stream of fluid is the component of the 
resultant force on the body, due to the fluid, 
in a direction perpendicular to the stream. 

The lift coefficient is 

L 

where p is the density of the fluid, I is the 
velocity of the undisturbed stream, and S is a 
representative area of the body, for a wing, 
S is usually taken as the plan area, and for a 
complete aircraft the gross wing area is used. 

For a two-dimensional airfoil, if L' is the lift 
per unit span, the lift coefficient is 

L' 

where c is the chord. 

LIFT COEFFICIENT, DESIGN. See thin- 
airfoil theory. 

LIFTING-LINE THEORY. The theory is 
applicable in subsonic flow to wings of small 
sweep-back and fairly large aspect ratio (not 
less than about 4). It is assumed that the 
wing can be replaced by a set of bound vor¬ 
tices lying along the F-axis (Figure 1), the 

Fig. 1. 

combined strength of these bound vortices at 
any point y, being equal to the circulation 
around the wing at that position. Since the 
bound vortices cannot end except on a bound¬ 
ary, they must turn downstream to form a 
system of trailing vortices, as indicated in 
Figure 1. 

If T(y) is the circulation, the strength of the 
trailing vortex from an element of length dy is 

(IV 
-—-dy. since this is the change of strength 

dy 
of the bound vortex in the length dy. 

This model of the flow, assumed in the 
theory, is generally in accordance with obser¬ 
vation. In fact, the sheet of trailing vortices 
behind a wing is unstable, and “rolls up” to 
form a pair of vortices at a distance apart 
rather less than the span of the wing. This 
rolling up of the vortex sheet is neglected in 
calculating the behavior of the wing but should 
be considered in some other problems, e.g., in 
estimating the angle of downwash at the posi¬ 
tion of the tailplane on an aircraft. 

In lifting-line theory, the component w of 
the velocity induced by the trailing vortices, 
in the direction of the Z-axis, is calculated for 
points along the F-axis. This velocity is added 
vectorially to the stream velocity V, and it is 
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assumed that the flow past each section of the 
wing is the same as for two-dimensional flow 
with this new velocity. 

The velocity component w at a point y 1 is 

dr 

where s is the semi-span of the wing. 
Thus a section of the wing at jq experiences 

the same lift as a two-dimensional airfoil of the 
same section at an angle of incidence 

method of solution, the coordinate y is replaced 
by a new variable 0, defined by 

y — — s cos 6. 

The circulation Y(y) is then expressed as a 
Fourier series 

00 

r = 4 sV^An sin n6, (5) 
n«=l 

the coefficients An being chosen to satisfy 
Equations (1) and (4). It is found that the lift 
coefficient Cl for the whole wing depends only 
on the coefficient Ai, and this is given by 

w 
<*0 (2) (6) 

where a is the true angle of incidence of the 
wing section and both a and aQ are measured 
relative to the zero-lift line. This lift force is 

inclined downstream as shown in Figure 2, 

making an angle — with the normal to the 

stream direction. Thus the drag coefficient 
of this wing section is increased by an amount 
w 
t^'Cl, where Cl is the local lift coefficient. 
V r/fY 
Also, if a0 is the lift gradient in two-dimen- 

ClOLo 

sional flow, the lift coefficient at the section of 
the three-dimensional wing under consideration 
is 

Cl = a0a0, (3) 

so that the circulation at this section is 

r = \CLcV = \a0c(aV - w), (4) 

where c is the local wing chord. 
The problem of determining the lift distri¬ 

bution on a given wing at a given angle of 
incidence is essentially that of finding a dis¬ 
tribution of r across the span that satisfies 
both the equations (1) and (4). In the usual 

where A is the aspect ratio of the wing. 
It has already been mentioned that the drag 

coefficient of each section of the wing is in- 
w 

creased by an amount — -Cl, where Cl is the 

local lift coefficient of the wing section. The 
corresponding increase in the drag coefficient 
of the whole wing is known as the coefficient 
of trailing-vortex drag. In the past, this quan¬ 
tity has usually been called the induced drag 
coefficient, but as the term “induced drag” is 
now used with another meaning “trailing- 
vortex drag” is to be preferred. 

The coefficient of trailing-vortex drag, for a 
wing developing a lift coefficient Cl, is 

C 2 
Cd( = —- (1 + 8), (7) 

where 8 is a small quantity given by 

1 + 8 
2 nAn2 

~A?~' 
(8) 

It is clear from Equation (2) that the angle 
of incidence required to obtain a given lift 
coefficient is greater for a wing of finite span 
than for a two-dimensional airfoil. When the 
wing of finite span is untwisted, so that the 
true angle of incidence a is constant across the 
span, it is easily shown from Equation (6) that 

a 
CL , 

- «o H-7 (1 + r), 
7rA 

(9) 

where a and a0 are the angles of incidence for 
the wing of finite span and for a two-dimen¬ 
sional airfoil, each measured relative to the 
zero-lift line and giving the lift coefficient CL. 
t is a small quantity given by 
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a ir A 
1 -|- r = — — -> 

A i 2 a„ 
(10) 

dC 
where aQ is the lift gradient —- for the two- 

da,, 
dimensional airfoil. 

An important case is that of elliptic loading 
for which Equation (5) takes the simple form 

r = 4sVAi sin 6 — isVAi 
y 

i - V (it) 

of the wing and its wake is used. In various 
approximate forms of the vortex theory (2), 
which are useful for purposes of calculation, 
the distributed vorticity is replaced by a finite 
number of discrete vortices. 

In supersonic flow the linearized equation 
for the velocity potential can be used, in con¬ 
junction with distributions of sources, to cal¬ 
culate flow fields for case (2) as well as for 
case (1). (See A. Robinson and J. A. Laur- 
mann, Wing Theory. Cambridge, 1956.) 

All the other coefficients A „ are then zero, and 
8 and r in Equations (7) and (9) are also 
zero. Both the trailing-vortex drag coefficient 
and the “induced incidence” (a — a„) then have 
minimum values, for given values of Cl and 
A. The induced velocity component w is 
constant across the span and has a value given 

by 

The trailing-vortex drag coefficient is simply 

Cll 
IT A 

For all the wing planforms used in practice 
it is found that both 5 and r are fairly small 
compared with 1. Thus the case of elliptic 
loading, which implies 8 = r = 0, may be re¬ 
garded as a reasonable first approximation for 
any of the usual wing planforms. 

LIFTING-SURFACE THEORY OF WINGS. 
The simplest form of three-dimensional wing 
theory is lifting-line theory, in which the wing 
is represented by a bound vortex lying along 
a line normal to the stream. Lifting-line 
theory is not satisfactory, however, for wings 
which are swept back, or which have a small 
aspect ratio, and for these cases a more ac¬ 
curate representation of the wing must be 
considered. 

In lifting-surface theory the induced veloci¬ 
ties are usually assumed to be small so that 
the equations can be linearized. The flow field 
for a wing with thickness at incidence is then 
calculated by superposition of the flow fields 
for (1) a symmetrical wing with thickness at 
zero incidence and (2) a thin (possibly cam¬ 
bered and twisted) wing at incidence. 

For the calculation of (1), the wing is repre¬ 
sented by a distribution of sources and sinks 
over the plane of symmetry of the wing. lor 
(2), a distribution of vortices over the surface 

LIGHT. Light is (1) an attribute of all the 
perceptions or sensations which are peculiar to 
the organ of vision and which are produced 
through the agency of that organ; and (2) 
radiation capable of stimulating the organ of 
vision. (See quantity of light.) 

LIGHT ABSORPTION IN SPACE. See stel¬ 

lar luminosities. 

LIGHTHILL METHOD. See airfoil theory 

(two-dimensional). 

LIGHT, QUANTITY OF. The product of 
luminous flux and the time during which it 
is maintained. 

LIGHT SCATTERING FUNCTIONS. The 
light scattering functions for spherical particles 
are discussed under spherical wave functions. 

LIGHT SOURCES, STANDARD. See speci¬ 

fied achromatic light. 

LIGHT YEAR. See astronomical distance 

units. 

LIKELIHOOD. If f(x, 6) denotes a fre¬ 

quency (probability) function depending on 
one or more parameters collectively denoted 
by 6, the likelihood of a sample of independent 
values Xi, x2, • • •, xN is defined as L = j{x\,6) • 
f(x2) 6) • • • f(xN, 6). 

The method of maximum likelihood consists 
in estimating the parameters 6 by choosing 
those values which maximize L (or log L). 
II. A. Fisher has shown, under general condi¬ 
tions, that maximum likelihood estimates are 
consistent and efficient and tend to be nor¬ 

mally distributed in large samples; further, 
that they are sufficient if sufficient statistics 
exist. 

LIMIT. See convergence. 
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LIMIT ANALYSIS AND DESIGN (PLAS¬ 
TIC). Plastic limit analysis and design is 
concerned with the load-carrying capacity of 
a structure or other body composed of elastic- 
perfectly plastic material. Although still 
idealized, it is a far more realistic approach 
than the use of an arbitrary limitation of the 
maximum stress computed from an elastic 
analysis. (See limit theorems; limit load.) 

LIMIT, ELASTIC. See elastic limit. 

LIMITING CURVES. Any line on a phase 
diagram, or other graphical representation of 
the conditions of a system, at which two phases 
are coexistent. Usually these limiting curves 
are the plotted curves that separate phases. 

LIMITING DENSITY. The value which the 
density of a gas approaches as its pressure- 
volume relationship approaches the constant 
value (at constant temperature) of an ideal 
gas. 

LIMITING LAW FOR STRONG ELECTRO¬ 
LYTES. The activity coefficients in a strong 
electrolyte solution exhibit characteristics 
quite different from those of non-electrolytes. 
Indeed in highly dilute solutions we have for 
the osmotic coefficient of the solvent 

(1 — <t>) ~ Cs Cs —* 0 (non-electrolytes) 

(1) 

(1 — 0) ~ Cs^ Cs —* 0 (strong electro¬ 
lytes) (2) 

where Cs is the concentration of the solute. 
As a consequence, the derivative of 1 — at 

the origin is finite in the first case, but infinite 
in the second. This behavior of strong elec¬ 
trolytes is related to the long range electro¬ 
static forces between the ions in the solution. 

The statistical theory due to Debye and 
Hiickel (see Debye-Hiickel theory), leads in¬ 
deed to the following limiting law for the ac¬ 
tivity coefficient of an ion with the charge zt, 
in a very dilute solution in which the ionic 
strength is I 

V2h e2N2 
logio 7. - 2. 2 3026 (DRT)k 1 

where N is the Avogadro number, e the elec¬ 
tronic charge, D the dielectric constant of the 
solvent and R the gas constant. The ionic 
strength is in units of moles/cm3. 

LIMIT LOAD. The plastic limit load is the 
maximum or collapse load of a structure com¬ 
posed of elastic-perfectly plastic material com¬ 
puted on the basis of the original geometry. 
(See limit theorem.) Other limiting conditions 
may be employed to define different kinds of 
limit loads. 

LIMIT MOMENT. See moment, limit or 
plastic. 

LIMIT OF RESOLUTION, RAYLEIGH 
CRITERION. See Rayleigh criterion of re¬ 
solving power. 

LIMIT, PROPORTIONAL. The stress in a 
simple tension test at which the deviation of 
the stress-strain curve becomes noticeable. It 
may differ from the elastic limit in that elas¬ 
ticity may be non-linear, but the distinction is 
not very meaningful, in fact, for most metals 
and other structural materials. 

LIMIT THEOREMS. The limit theorems of 
plasticity established by Drucker, Prager, and 
Greenberg hold for any stable elastic-perfectly 
plastic material when geometry changes of the 
body are negligible prior to collapse and during 
the early stages of collapse. They hold there¬ 
fore for the initial motion of a rigid-perfectly 
plastic material. 

The preliminary theorem is: Collapse occurs 
under constant load and at constant stress; 
plastic strains only take place. The limit 
theorems then are: 

I. (Lower bound.) If an equilibrium distri¬ 
bution of stress can be found which balances 
the applied load and is everywhere below yield 
or at yield, the structure will not collapse or 
will just be at the point of collapse. 

II. (Upper bound.) The structure will col¬ 
lapse if there is any compatible pattern of 
plastic deformation for which the rate at which 
the external forces do work equals or exceeds 
the rate of internal dissipation. 

Theorem I expresses the ability of the struc¬ 
ture to adjust itself to carry the applied load 
if at all possible. It gives lower bounds on, or 
safe values of, the plastic limit loading. The 
maximum lower bound is the plastic limit load 
itself. Theorem II states that if a path of 
failure exists the structure will not stand up. 
It gives upper bounds on, or unsafe values of 
the plastic limit loading. The minimum upper 
bound is the plastic limit load itself. The two 
theorems enable reasonably close bracketing 
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of the answer to problems of practical impor¬ 
tance. 

As the lower bound theorem permits any 
distribution of stress satisfying equilibrium 
and the loading conditions, it must be true, 
within the limitation of negligible effect of 
change in geometry, that residual, thermal or 
initial stresses or deflections do not influence 
the plastic limit load. (See also first limit 
theorem; second limit theorem; sinusoidal 
limit theorem.) 

LIMIT, YIELD. The stress at which plastic 
flow is initiated. When this stress is sharply 
defined as for mild steel it is termed a natural 
yield limit. When the onset of plastic flow 
occurs gradually, as for most metals, a conven¬ 
tional yield limit is defined below which plastic 
strains are neglected. 

LINEAR. An adjective used in many related 
senses. Given the quantities x1} x2y x3, • • •, xn, 
a linear combination of them is aiaq + a2x2 + 
• • • + a„xn. (See linearly independent.) 

A linear function is a polynomial of the first 
degree in its variables. Thus, with the linear 
function, y = mx T 6, a plot of it would be a 
straight line of slope m and intercept b on the 
y-axis. The general case of a linear algebraic 
equation would be axxx + a2x2 H-+a„x„ = 
a0, where the x{ are variables and the a* are 
constants. (See also linear equations (alge¬ 
braic).) 

A set of simultaneous linear equations is 

n 

y' o.ijXj = 6jj 
i=i 

i = 1,2, • • •, n and an, b, are constants. 
A linear differential equation is A0(x)y + 

Al(x)y' + A2(x)y" + •■• + A „(*)/"> = fix) 
where the Ax{x) are functions of the independent 
variable only and y', y", • • • are the first, 
second, etc., derivatives. 

LINEAR ABSORPTION COEFFICIENT. 
See absorption coefficient. 

LINEAR COMBINATIONS OF WAVE 
FUNCTIONS. See under valence bond 
method; molecular orbitals method; exchange 
energy. 

LINEAR DIFFERENTIAL EQUATION. 
See linear. 

Limit, Yield — Linear Inequalities 

LINEAR EQUATIONS (ALGEBRAIC). 
Equations in which the unknowns occur only 
linearly, hence of the form 

OnXi + aX2x2 + • • • = hx, 

a2i%i + a22x2 -|-- h2. 

They are homogeneous if 0 = hx = h2 = • • •, 
otherwise nonhomogeneous. In matrix form 
the equations can be written 

Ax = h, 

and the condition for solvability is that the 
rank of A and the rank of the augmented 
matrix (A, h) be the same. (For methods of 
solving see matrix inversion.) 

LINEAR EXTRAPOLATION LENGTH. In 
the theory of neutron transport, the flux dis¬ 
tribution far from sources, boundaries, inter¬ 
faces, appears as identical with the solution to 
an appropriate diffusion equation, which, if 
extended to a boundary surface, S, would sat¬ 
isfy 

1 d<P 

<f> dn s 

1 

l 

l is the linear extrapolation length. Only in 
\ ery simple cases is l equal to z0, the extrap¬ 
olated end point. For an infinite half-space 
composed of non-capturing, spherically scat¬ 
tering atoms, 

l = 0.7104AS 

where As is the scattering mean free path. 

LINEAR GRAPH. See graph, linear. 

LINEAR GROUP. See Lie group. 

LINEAR HYPOTHESIS. In statistics this 
expression occurs in a special sense concern¬ 
ing normally distributed random variables. 
Given p such variables with means m (i = 1, 2, 
■ • V) connected with parameters 6t (i = 1, 2, 
• •p) by linear equations 

V 

y ] Cjk@j 
j=i 

a hypothesis specifying r of the 0’s (r < p) is 
a linear hypothesis. Many common types of 
statistical test can be reduced to this form. 

LINEAR DIFFERENTIAL FORM. Differ- LINEAR INEQUALITIES. A system of re- 
ential form of degree one. lations among variables xt, possibly including 
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linear equations among them, but also includ¬ 
ing at least one inequality of the form 

2 a,re,- > b 

(in practice a strict inequality is seldom re¬ 
quired). Such a system may be incompatible 
(e.g., Xi >0,x2> 0, -xx - x2 - 1 > 0), may 
define a unique point (e.g., aq >0, x2 > 0, 
— *1 — *2 > 0), or else will define a region in 
space, not necessarily bounded (e.g., aq > 0, 
x2 > 0, — xx — x2 + 1 > 0 define a bounded 
region; aq > 0, x2 > 0, aq + x2 — 1 > 0 an 
unbounded region). 

The inequality written above can be replaced 
by the equivalent pair 

Xq -f- 2a,x,- = b{, ^ 0, 

and in general it is possible to replace a system 
of inequalities by a system in the special form 

Ax = b, x > 0, 

where A is a rectangular matrix, x and b are 
vectors. 

The principal applications are in linear pro¬ 
gramming. 

LINEARLY INDEPENDENT VECTORS. 
The vectors A1( A2, • • • A„, are linearly inde¬ 
pendent if the equation CiAi -f c2A2 -)-H 
cvlAm = 0 implies that Ci = c2 = • • ■ = cm = 0. 
Any n-dimensional space contains n linearly 
independent vectors. They are a base of the 
vector space. Any other vector can be written 
as a linear combination of these base vectors. 
It is convenient to choose the base vectors 
mutually perpendicular or orthogonal and of 
unit length. In ordinary three-dimensional 
space these base vectors are denoted by i, j, k. 

LINEAR MAGNIFICATION. (1) See repre¬ 
sentation. (2) If ds is arc length in the object 
space of an optical system and ds' is the con¬ 
jugate element in image space then ds'/ds is 
the linear magnification of the system. If 
ds\/dsi is the linear magnification of the ith 
surface, i = 1, 2, • • •, N, of an optical system 
then the linear magnification of the system is 

ds t=i ds i 

LINEAR PASSIVE NETWORK. See net¬ 
work, linear passive. 

LINEAR POLARIZATION. Sec polarization 
cycle. 

LINEAR PROGRAMMING. The problem of 
minimizing or maximizing a linear function 
C = cfl + ScjXi, subject to constraints in the 
form of linear inequalities to be satisfied by 
the The function C may represent costs or 
profits or losses in a business activity or a com¬ 
petition (possibly against nature), and the 
constraints represent limitations upon re¬ 
sources or their availability. 

If the inequalities are compatible and satis¬ 
fied by more than a single point aq, the solu¬ 
tion lies on the boundary, and, if unique, is 
the intersection of some subset of the planes 
whose equations are formed by using equality 
instead of inequality signs. Hence, in prin¬ 
ciple, the problem could be solved by solving 
the equations in all possible combinations and 
comparing the values of C. However, the diffi¬ 
culty of the problem comes from the fact that 
if the numbers of variables and relations are 
at all large, as they often are in practice, the 
number of sets to be solved may be astronom¬ 
ical. For such cases the simplex method may 
be used. 

LINEAR SYSTEMS. Systems such that the 
inter-related quantities comprising the sys¬ 
tem are related by linear differential or differ- 
entio-integral equations. 

Such equations and therefore such systems 
obey the principle of superposition, namely, 
the combined effect of a number of causes act¬ 
ing together is the sum of the effects of the 
several causes acting separately. 

LINEAR SYSTEM (NETWORK). See net¬ 
work, linear system. 

LINEAR TRANSFORMATION (OF A COM¬ 
PLEX VARIABLE). See homographic trans¬ 
formation. 

LINEAR VISCOELASTICITY. See visco¬ 
elasticity, linear. 

LINE INTENSITY. See intensity of a spec¬ 
tral line. 

LINE INTENSITY FORMULAS. See inten¬ 
sity rules for multiplets; rotational sum rules 
(b). 

LINE, LOXODROMIC. See loxodrome. 

LINE OF APSIDES. A line which contains 
the major axis of an ellipse is known as the 
line of apsides of the ellipse. In astronomy the 
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term is used to indicate the line joining peri¬ 
helion and aphelion points in an orbit and ex¬ 
tending to infinity to cut the celestial sphere. 

LINE OF CURVATURE (ON A SURFACE). 
A curve on a surface such that the tangent to 
the curve at any point is parallel to a prin¬ 
cipal direction of curvature of the surface at 
that point. 

LINE OF FLOW. A line whose tangent is, 
at a given time, everywhere parallel to the 
velocity (u, v, w). It is given by 

dx dy dz 

U V w 

The paths of the particles are the time-envel¬ 
opes of the lines of flow. 

LINE OF NODES. The astronomical term 
applied to a line of intersection of any two 
fundamental planes. The line of nodes for the 
moon is the line of intersection of the plane 
containing the moon’s orbit with the plane of 
the ecliptic. The line of nodes for any member 
of the solar system, other than satellites, is the 
line of intersection of the plane of the orbit of 
the object with the plane of the ecliptic. The 
line of nodes for the earth is the line of inter¬ 
section of the plane of the earth’s equator with 
the plane of the ecliptic. 

LINE OF POSITION. In navigation a line 
of position is any line on the surface of the 
earth on which a ship may be presumed to be 
located. Lines of position may be determined 
in a variety of ways. 

In pilotage (navigation by use of fixed ob¬ 
jects on shore) a line of position is established 
by the direction of a fixed object. This direc¬ 
tion may be established by visual observation 
or by radio. If the distance can be determined 
as well as the direction (e.g., by synchronized 
audible and radio signals, or by measuring the 
angle subtended by an object of known size 
(e.g., height of a light house) a second line of 
position is established as the circle centered 
on the object with radius equal to the deter¬ 
mined distance. These two observations of 
the same object provides a complete position 

or a fix. 
In celestial navigation lines of position are 

determined by observing the altitude of a 
celestial object and computing the direction 
and distance of the substellar point from the 

assumed position of the ship. (See naviga¬ 
tional astronomy.) 

Loran lines of position are determined by 
the use of special equipment. 

LINE OF STRICTION OF A SURFACE. 
See ruled surface. 

LINE, POLAR. See polar line. 

LINE, RECTIFYING. See rectifying line. 

LINES OF LATITUDE. See surface of revo¬ 
lution. 

LINES OF LONGITUDE. See surface of 
revolution. 

LINE SPECTRUM. See spectrum, line. 

LINE STRENGTH. The strength of a spec¬ 
tral line is defined (Condon and Shortley) as 
the sum of the squared matrix elements of the 
transitions contributing to the intensity of the 
line, that is 

Snm = 21 |2 

Different from the transition probability, the 
line strength is the same for absorption and 
emission lines. 

LINE VORTEX. A line vortex, or vortex fila¬ 
ment, is a vortex tube of finite strength but 
of infinitesimal section (i.e., of zero sub¬ 
stance). The circulation round a line vortex 
surrounded by fluid in irrotational motion is 
the same for all circuits encircling it. 

In the special case of a rectilinear vortex 
the complex potential is 

in in 
w = 0 + i\]/ =-(log r + id) =-log z 

2tt 2tt 

where k is the strength of the vortex, or circu¬ 
lation round it. It produces a velocity K/2irr, 
at right angles to the radius, at distance r. 
The fields of motion of parallel rectilinear vor¬ 
tices are additive, and each moves with the 
velocity at its position due to all the others. 

More generally the velocity at a point due 
to a vortex filament is perpendicular to the 
surface on which the solid angle, A, subtended 
by the filament is constant and is equal to 
k grad A. The fluid velocity is equal to the 
sum of the velocities due to all filaments in the 
fluid. 

LINE WIDTH. See Doppler width of a 

spectral line; level width. 
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LINE WIDTH, MAGNETIC RESONANCE. 
See magnetic resonance line width. 

LINE WIDTH, NATURAL. See natural line 
width. 

used to advantage for the integral equations 
as well), 

= f{x) + X f K(x,z)<t>(z)dz. 
Ja, 

LINK. Alternate term for chord. 

LIN METHOD. See polynomial factoriza¬ 
tion. 

LIOUVILLE EQUATION. In the statistical 
mechanics of an ensemble of systems, each 
containing N particles of mass m, it is useful to 
introduce a density or probability function 
P.xiq.x, Pn), representing the probability that a 
system of the ensemble will have its point in 
phase space fall within the volume bounded by 
9i, 92, Pi, P2, Pat, and qx + 5qu 
92 + 5q2, • ■ •, Pi + Spi, p2 + 5p2, • • •, pn + 
5px. If no newT systems are created or de¬ 
stroyed, Pn will satisfy the Liouville equation: 

SPn 

dt 

PNPj 

N 
+ SjP NPj 

*) 
= o, 

where 

Vy = d/dqj and 5y = d/dpj. 

LIOUVILLE-NEUMANN SERIES. Given a 
set of n linear algebraic equations in n un¬ 
knowns, <f)i, in the form in which they naturally 
arise in the study of forced vibrations with n 
degrees of freedom, namely 

n 

</>» = /* + X Z) = 1, 2, • • • n), 
7-1 

where the /,• and k{j are given constraints and 
X is a parameter. 

In matrix form, this system of equations 
becomes 

/ = (/ - \K)d>, 

where/and <t> are the vectors (/i,/2, •••/„) and 
(<t>i, <f>2, ••• 4>n), I is the unit matrix and 
K is the matrix {fc,y_1}. Then the solution, 
under certain convergence conditions, is given 
by 

Bj'- analogy with the above, let us attempt to 
write the solution as a power series in X, 

4>(*) = <l>o(x) + Xitf>i(x) 

+ X202(a;) + X303(x) + * • *. 

Substituting into the integral equation and 
equating coefficients of equal powers of X, we 
get 

4>(x) = f(x) + X J K(x,z)f(z)dz 

+ X2/K2(x,z)f(z)dz -\-, 

where 

K(x,y)K(y,z)dy, etc., 

which is the Liouville-Neumann series for the 
given integral equation. 

If we set 
00 

Kix,z;\) = X) \nKn+1(x,z), 
71=0 

then the above solution (again under certain 
convergence conditions) may be written 

4>(x) = f(x) + xj* IC(x,z;\)f(z)dz. 

Thus /v(x,2;X) is called the resolvent kernel of 
the given equation. 

LIOUVILLE SURFACE. A surface for 
which the first fundamental form (see geo¬ 
desic parallels on a surface) may be written 
in the form 

lf(u) + g(v)] [F(u) (du)2 + G(v)idv)2], 

by a suitable choice of the surface parameters 
u, v, where / and F are functions of u only and 
g and G are functions of v only. 

<t> = (/ - XK)-1/ 

= / + XAy + \2K2f + \3K3f • • •, 

which is called the Liouville-Neumann series 
for the system of equations. 

Now consider a Fredholm integral equation 
of the second kind (the same concepts may be 

LIOUVILLE THEOREMS. (1) If f(z) is 
analytic and bounded for all finite values of 
the complex variable z, then / (z) is a constant. 
(2) The extension in phase occupied by a col¬ 
lection of representative points in phase space 
is constant in time. (See also Liouville equa¬ 
tion; ensembles.) 
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LIPSCHITZ CONDITION. A condition 
somewhat stronger than simple continuity. In 
the simplest form, a function f(x) is said to 
satisfy a Lipschitz condition on the interval 
from a to b in case there exists a constant k 
such that 

l/(*i) ~/O2) | < k\x 1 - x21 

whenever X\ and x2 both lie on the interval. 
If the derivative exists and is bounded on the 
closed interval then the Lipschitz condition is 
satisfied, but not conversely. The condition is 
a useful one in the study of the solution of 
a differential equation. Various generaliza¬ 
tions are possible, in particular to functions of 
several variables. 

LIQUEFACTION. The process of change of 
phase from gaseous to liquid. The opposite 
change is called boiling or evaporation. 

LIQUID, BOSE-EINSTEIN TREATMENT. 
See Bose-Einstein liquid. 

LIQUID HELIUM. See helium, liquid. 

LIQUIDS, KINETIC THEORY OF. See 
kinetic theory of liquids. 

LIQUID SPHERE, RELATIVISTIC FIELD 
OF. See relativity, general. 

LIQUID STATE. See cell model of the 
liquid state. 

LIQUIDS, STATISTICAL TREATMENT. 
See liquids, theory of. 

LIQUIDS, THEORY OF. Although statisti¬ 
cal mechanics can deal with crystals and 
gases, liquids still pose many insoluble prob¬ 
lems. One can either treat a liquid as a dis¬ 
ordered crystal or as a dense gas, and either 
of these methods of approach can claim some 
successes, but an all-embracing theory of 
liquids does not yet exist. (See also kinetic 
theory of liquids; Bose-Einstein liquids; he¬ 

lium, liquid.) 

LIQUIDUS CURVE. See mixed crystals. 

LISSAJOUS FIGURES. When two sine 
waves, varying about axes at right angles, are 
combined, the resultant figure is no longer a 
sine wave but varies with the relative time 
phase of the waves and with their relative 
frequency. For example, if the waves have 
the same frequency the resultant is a straight 

line when they are in time phase (or 180° out 
of phase) and is an ellipse for all other values 
of phase position. For equal amplitudes of 
the original waves and 90° phase the ellipse 
is the special case of the circle. If the fre¬ 
quencies of the two waves are not the same 
the resultant becomes more complicated but 
gives a definite pattern whenever the frequen¬ 
cies are in the ratio of whole numbers to one 
another. The figure shows a graphical con¬ 
struction for a frequency ratio of 1:2. 

Such figures are obtained when the result¬ 
ant motion of two simple harmonic motions 
at right angles to each other is examined. 
The figures can be produced in a cathode-ray 
tube by supplying each deflection-circuit with 
harmonically-related voltages. The figures 
are used thus for phase and frequency meas¬ 
urements. 

LIVE LOAD. Variable or moving loads are 
classified as live loads. Snow, wind and stored 
merchandise constitute variable loads. Mov¬ 
ing loads are made up of the weight of people, 
trains, trucks, etc. The dead weight of travel¬ 
ing cranes must be considered as a live load on 
the structure (see dead load). Live loads are 
treated conveniently by the use of influence 
lines. 

LJUNGSTROM TURBINE. See axial-flow 
turbine. 
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LOAD. (1) Any force which is supported by 
a body is called a load. The forces which in 
turn support the given body are called re¬ 
actions. A concentrated load is a theoretical 
force having a contact area negligibly small 
compared with the area of the surface of the 
body upon which the force acts. A distributed 
load is one whose area of contact covers, 
wholly or partially, the area of the supporting 
surface of the body. Distributed loads are 
uniform if the intensity is the same for each 
unit of area covered by the load. When this 
intensity varies, the distributed load is non- 
uniform. (2) In communications, the load is 
the signal power delivered by a transducer. 

LOAD, AXIAL. See axial load. 

LOAD FACTOR. The factor of safety 
against plastic collapse or other ultimate fail¬ 
ure of a structure. It is given by the collapse 
load divided by the design load, and thus gen¬ 
erally is quite different from the nominal fac¬ 
tor of safety, which is equal to the yield stress 
divided by the working stress. 

LOADING, DYNAMIC. See dynamic load¬ 
ing. 

LOAD, LATERAL. See lateral load. 

LOAD, LIMIT. See limit load. 

LOAD, LIVE. See live load. 

LOAD, MOVING. See live load. 

LOADS, METHOD OF FICTITIOUS. An¬ 
other name for the method of elastic loads. 
See also conjugate beam. 

LOBACEVSKII METHOD. In current Rus¬ 
sian literature, any root-squaring method as 
a method of solving algebraic equations nu¬ 
merically. Actually the idea of root-squaring 
for this purpose had already been proposed by 
Dandelin, and the specific algorithm proposed 
by Lobacevskil was slightly more cumbersome 
than Graeffe’s method which is the one in com¬ 
mon use at present. 

LOCAL BUCKLING. See buckling, local. 

LOCAL DERIVATIVE. See local rate of 
change; partial derivative. 

LOCALIZED MONOLAYERS. In the dis¬ 
cussion of adsorbed films, an important role is 

played by films that are at most one molecule 
thick, and which are attached to the surface of 
a solid or of a liquid in which the molecules 
are practically insoluble. Such a layer is often 
called a monolayer. 

In the model of a localized monolayer, there 
are definite points of attachment on the solid 
surface capable of accommodating just one 
adsorbed molecule. Such points on the sur¬ 
face are called “sites.” (See mobile mono- 
layers; adsorption isotherms.) 

LOCALIZED STATES. The states which 
represent a system localized at a definite space 
point at a given time. In a quantum mechani¬ 
cal description the states which represent a 
system localized at time t = 0 at x = y = 
z = 0 can be determined from the following 
(physically plausible) postulates: 

(a) They form a linear set, S, i.e., the super¬ 
position of two such localized states again be 
localized in the same manner. 

(b) The set S be invariant under rotations 
and under space inversions and time inver¬ 
sions. 

(c) If a state is localized at the origin at 
time t = 0, then a spatial displacement of this 
state shall make it orthogonal to all states of <S. 

In non-relativistic quantum mechanics these 
states are essentially delta functions times spin 
functions in configuration space. In the relativ¬ 
istic. situation since a particle must be described 
by a superposition, positive energy wave func- 
t ions of a localized state of an elementary system 
(i.e., one whose states transform under some 
irreducible representation of the Lorentz group) 
have non-vanishing values in a region of linear 
dimension fi/mc, where m is the mass of the 
Particle. (5-functions cannot be constructed 
out of only positive energy solutions since the 
latter do not form a complete set.) 

LOCALLY EUCLIDEAN. A topological 
space T is said to be locally Euclidean at a 
point p if there exist a Cartesian coordinate 
system at p; that is, a homeomorphism be¬ 
tween a neighborhood of p and the unit cube 
in a Euclidean n-space. Then each point p 
corresponds to a set of numbers Tj, ,r2, • • r, 
which are called the coordinates of p. Thus 
the surface of a sphere, say of the Earth, is 
locally Euclidean of two dimensions at even- 
point; at the north pole, for example, since if 
the south frigid zone is removed it is clear that 
the remainder can be distorted topologically 
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into a square on the Euclidean plane. A lo¬ 
cally Euclidean space is a space which is lo¬ 
cally Euclidean at each of its points. 

LOCAL RATE OF CHANGE. The rate of 
change at a fixed point in a frame of reference; 
denoted by d/dl. 

LODE’S VARIABLES. To express the flow 
rule for plastic flow Lode devised stress and 
strain variables which express the influence of 
the intermediate stress or strain principal 
values in comparison with the extreme values. 

2a2 — — *3 
M = -> CTj > (T2 > *3. 

*x — *3 

2«2 — «1 — 63 
V-- > £2 > €3. 

«1 ~ «3 
• 

For plastic flow with varying principal stresses, 
the components in the strain variable should 
be replaced by strain increment components. 
For the flow rule associated with Mises flow 
condition, then ^ = v. 

LOGARITHM. If B is an arbitrarily chosen 
number greater than unity, then the logarithm 
L of any other number N is defined by 
N = BL; L = logB N. The chosen number B 
is the base of the system of logarithms. For 
any base, logs 1 = 0; logs 5 = 1. Two sys¬ 
tems of logarithms are generally used: com¬ 
mon and natural. 

The former, also called Briggs logarithms, 
uses the base 10 and is particularly useful for 
numerical calculations. The common loga¬ 
rithm of a number N could be indicated by 
logio N but the notation log N is more usual. 
Since any number may be written in the form 
N — 10" X M, where n is an integer, positive 
or negative, its common logarithm is log N = 
n + log M. The first part of this sum is the 
characteristic of the logarithm and it may be 
obtained by inspection of the given number. 
The second part, called the mantissa, is an 
irrational number, less than unity and usually 
given in decimal form. 

If a logarithm is given, the number which 
corresponds to it is the antilogarithm. The 
cologarithm is the logarithm of the reciprocal 
of a number. Thus colog N = log (1/iV) = 
-log N. 

The natural logarithms have the base e = 
2.71828-•• and are also called the Napierian 
or hyperbolic system. Such logarithms occur 

as the result of integration, etc., and they often 
appear in equations representing physical phe¬ 
nomena. Instead of the more exact symbol 
loge iV, the abbreviated notation In N is cus¬ 
tomary. I he modulus of the common system 
1 dative to the natural system of logarithms is 
log e — 0.434294-•• and, inversely, In 10 = 
2.302585-•• is the modulus of the natural 
system relative to the common system. 

A logarithmic scale is one in which the dis¬ 
tance from the origin to any scale mark is 
proportional to the logarithm of the number 
attached to that mark. 

/ 
h- 
o 

2 3 u 567S9ZO 
“I-1-1-1 ^ 1-- I I I- 
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Logarithmic scale. 

J 

Thus, the accompanying figure shows a 
(common) logarithmic scale with the numbers 
I; ■“> 3, - - - , 10, • • • attached to the division 
marks; if we take OI as the unit of length, 
then the distances OA, OB, OC, etc., are rep¬ 
resented by log 2, log 3, log 4, etc., so that 
OI = log 10 = 1. In going from left to right, 
the scale marks will become closer and closer 
together. 

The logarithmic scale is applied in the slide- 
rule and in logarithmic paper. In the latter 
case, if both abscissa and ordinate are marked 
logarithmically, the paper is called log-log 
paper; if the abscissa is equally spaced and only 
the ordinate is logarithmic, it is semi-log paper. 
I he logarithm of a complex number z = r 
(cos 9 + i sin 9) = reie is given by In z = In r 
+ i{9 + 27m), where n = 0, ±1, ±2, • • •. It 
may also be defined by the integral In z = 
rz dz 

Ji J taken °Ver any path wllich avoids the 
origin. 

LOGARITHMIC DECREMENT. In a me¬ 
chanical system which is performing damped 
harmonic oscillations, the natural logarithm 
ot the amplitude of successive excursions on 
the same side of the position of equilibrium is 
called the logarithmic decrement. Thus, if the 
displacement u is given by the expression 

u = u0e~at cos cot 

the logarithmic decrement is The loga¬ 
rithmic decrement has, however, sometimes 
been defined as the natural logarithm of the 
ratio of the amplitude of successive excursions 
on opposite sides of the position of equilib¬ 
rium; it then has half the value given above. 
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When a specimen of a solid acts as the 
elastic element in a vibrating mechanical sys¬ 
tem, the value of the logarithmic decrement 
observed is characteristic of that solid, al¬ 
though in most materials this value is found 
to depend to some extent on the amplitude of 
the vibrations, and on their frequency. When 
the damping is low, the logarithmic decrement 
may be related to other measures of internal 
friction. (See friction, internal.) 

LOGARITHMIC DIFFERENTIATION. 
Sometimes a derivative is found most easily 
by taking logarithms on both sides of the de¬ 
fining functional equation and then differen¬ 
tiating. The result of logarithmic differentia¬ 
tion is d In / = df/f. 

LOGARITHMIC DISPLACEMENT OPER¬ 
ATOR. See difference operators. 

LOGARITHMIC DISTRIBUTION. A fre¬ 
quency distribution for which the frequency at 

the (integral) value j (= 1, 2, 

{ — log (1 — X)} that is to say, is the coefficient 
of V in the expansion of 

log (1 - \t) 

log (1 - X) 

It is the limiting form of a negative binomial 
distribution. 

where k is Karman’s constant, and Zq is called 
a “roughness length,” not necessarily related 
to the “roughness height.” 

The profile is not applicable very close to 
the boundary where there is a layer in laminar 
flow because the turbulence is not similar, the 
smallest eddies being destroyed by viscosity. 
(See turbulent boundary layer; roughness 
effect on skin friction.) 

LOGARITHMIC SCALE. See logarithm. 

LOGICAL DESIGN. (1) The planning of a 
computer or data-processing system prior to 
its detailed engineering design. (2) The syn¬ 
thesizing of a network of logical elements to 
perform a specified function. (3) The result 
of (1) and (2) above, frequently called the 
logic of the system, machine, or network. 

• 

LOGICAL DIAGRAM. In logical design, a 
diagram representing the logical elements and 
their interconnections without necessarily ex¬ 
pressing construction or engineering details. 

LOGICAL ELEMENT. In a computer or 
data-processing system, the smallest building 
blocks which can be represented by operators 
in an appropriate system of symbolic logic. 
Typical logical elements are the and-gate and 
the flip-flop, which can be represented as oper¬ 
ators in a suitable symbolic logic. 

LOGARITHMIC INTEGRAL. See integral, 
logarithmic. 

LOGARITHMIC PROFILE OF VELOCITY. 
The profile of the mean velocity u assumed 
near a plane boundary by fluid in turbulent 
motion in which the turbulence is similar at 
all distances. This condition is represented in 
the mixing length theory by assuming either 
that the mixing length is proportional to dis¬ 
tance from the boundary {l = kz) or that it is 
determined locally and is equal to the simplest 
length derivable from the local features of the 
velocity profile, viz. 

I 
du / d2u 

k dz! dz2 

Also the shearing stress r0 is assumed to be 
independent of distance from the boundary. 
Then 

u — 
TO 

log (z/z0) 

LOGICAL OPERATION. (1) Any non- 
arithmetical operation. Examples are: ex¬ 
tract, logical (bit-wise) multiplication, jump, 
data transfer, etc. (2) Sometimes, only those 
nonarithmetical operations which are express¬ 
ible bit-wise in terms of the propositional cal¬ 
culus or a two-valued Boolean algebra. 

LOGICAL SYMBOL. A symbol used to rep¬ 
resent a logical element graphically. 

LOGISTIC CURVE. The logistic curve is a 
growth curve used to describe functions which 
continually increase, gradually at first, more 
rapidly in the middle growth period, and slowly 
again, reaching a maximum at the end of the 
growth. Its equation is 

V = 

k' 

1 _|_ ea+6x’ 
b < 0, 

the symmetrical logistic. A more general form 
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y = fci + j _i_ ga+bx+cx2 
c < 0, 

the asymmetrical or skew logistic. 

LOGIT. In biological response, the prob¬ 
ability of response P to dose x is sometimes 
represented by the logistic curve 

1 

P ~ 1 + e-<«+0*>' 

The logit of P is defined as 

P 
Y = log- 

1 - P 

and in this case is the linear function 
— (a + /?:r). Thus the theory of linear re¬ 
lations and regressions can be applied to Y 
and x. 

LONDON FORCES. Weak forces of attrac¬ 
tion (also called dispersion forces) exerted on 
each other by inert atoms. London, on the 
basis of quantum mechanics, has shown that 
they are due to the perturbation of the re¬ 
pulsive ground state by the higher electronic 
states of the system consisting of the two 
atoms. This perturbation at large internu- 
clear distances r, gives a potential energy de¬ 
creasing as — (1/r6) toward smaller r values. 
At smaller distances r the strong repulsion of 
the zero-valent atoms sets in, so that only a 
very shallow minimum at a relative large in- 
ternuclear distance results. Analogous forces 
also add to the mutual attraction of atoms with 
free valences and of molecules with or without 
permanent dipole moments. (See also Van 
der Waals forces.) 

LONDON SUPERCONDUCTIVITY EQUA¬ 
TIONS. In the treatment due to F. and H. 
London, the charge density P and the current 
density j in superconducting matter are each 
considered as the sum of two parts, so that 

dp M 

and 
dt 

dpM 

dt 

+ v • j(n) = 0 

+ V-j(8) = 0. 

magnetic induction in electromagnetic units, 
we have 

j(n)=crE, — (Aj(s)) = E 
dt 

and 
V X (Aj(8)) = — B/c 

where c is the velocity of light, A is a constant 
of the material which depends on temperature, 
and a is a conductivity which is finite at all 
temperatures. 

LONGITUDE. 1. Terrestrial Longitude. The 
longitude of a point on the surface of the earth 
is measured from the terrestrial meridian 
through Greenwich, England east or west 
along the equator, or along a parallel of lati¬ 
tude, to the terrestrial meridian through the 
point. This angle may be expressed in units 
of angle (usually degrees) or units of time. 
In units of time longitude is expressed toward 
the west from Greenwich through 24 hours. 

2. Celestial Longitude. The position of a 
heavenly body may be referred to the plane of 
the ecliptic as the fundamental plane. Great 
circles passing through the poles of the ecliptic 
are known as circles of latitude. The celestial 
longitude of an object is the angular distance 
measured along the ecliptic from the vernal 
equinox, in the direction of the sun’s motion on 
the ecliptic, to the point of intersection of the 
circle of latitude through the object, with the 
ecliptic. 

3. Galactic Longitude. The position of a 
heavenly body may be referred to the plane of 
the galaxy as the fundamental plane. Galactic 
longitude is measured eastward from an inter¬ 
section of the celestial equator and the galactic 
equator at about Right Ascension 18h 40m. 

LONGITUDINAL MAGNIFICATION. In 
an axially symmetric optical system longi¬ 
tudinal magnification is the linear magnifica¬ 
tion measured in the axial direction. Thus 
dx'/dx is longitudinal magnification if dx is 
measured parallel to the optical axis in object 
space and dx' is the conjugate distance in 
image space. 

LONGITUDINAL SHEAR. See shear, longi¬ 
tudinal. 

The superscript n corresponds to the “normal 
part,” and the superscript s to the super¬ 
conducting part. If E and B are, respectively, 
the electric field in electrostatic units, and 

LONGITUDINAL SPHERICAL ABERRA¬ 
TION. The difference between the focal 
length of rim rays and paraxial rays. (See 
also lateral spherical aberration.) 
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LONGITUDINAL WAVES. See wave(s), 
dilational. 

LONGITUDINAL WAVES IN A ROD. It is 
assumed that the rod is of homogenous ma¬ 
terial and constant cross section. The velocity 
of sound propagation in a rod is 

where c is the velocity of sound propagation, 
in centimeters per second, Q is Young’s modu¬ 
lus, in dynes per square centimeter, and p is 
the density, in grams per cubic centimeter. 

LONG PERIOD VARIABLES. See variable 
stars. 

LONG RANGE ORDER. A system may be 
said to possess long range order if it is pos¬ 
sible to assign letters A, B, C, etc., to the sites 
of the lattice in such a way that there is a 
greater probability of finding an atom of type 
.4 on an .4-site, of type B on a B-site, and so 
on, than any other arrangement. Such order 
is characteristic of order-disorder transitions 
in binary alloys. It is measured by the 
parameter 

r — w 
S =- 

r -f- w 

where r and tt> are the numbers of atoms on 
right and wrong sites respectively. (See also 
cooperative phenomena.) 

LONG WAVES. Waves of infinitely long 
wavelength, or waves whose velocity is, for 
practical purposes, the same as those of in¬ 
finite wavelength. They are gravity waves 
whose length is large compared with the fluid 
depth so that the horizontal displacement of 
the fluid particles is the same at all depths 
and the vertical acceleration is negligible (the 
pressure is hydrostatic at all times). The 
velocity of long waves in a single layer of fluid 
of depth h is (gh)**. 

In the atmosphere standing waves of great 
length (circa 3000 km) which occur in the 
upper air westerly winds and in which the air- 
stream executes a wavy pattern around a line 
of latitude with a few (usually between 3 and 
7) waves encircling the pole, are called long 
waves. 

LOOP. A closed path. An immediate conse¬ 
quence of this definition is that a finite graph 

contains only a finite number of loops, a con¬ 
clusion which is crucial for the practical ap¬ 
plication of Kirehhoff’s voltage law. 

LORENTZ CONDITION. The condition 

1 d<(> 
V-A H-- 0 

c dt 

which may be imposed on the vector and 
scalar potentials describing an electromagnetic 
field. In Minkowski space the condition may 
be written 

dA» 
—- = 0. 

dx^ 

LORENTZ DERIVATIVE. See Helmholtz 
derivative. 

LORENTZ FIELD. The fictitious field intro¬ 
duced in the theory of dielectric and magnetic 
polarization in order to find the actual local 
field acting on the molecules. It is defined as 
the field produced inside a spherical cavity in 
a uniformly polarized medium, and has the 
value (47r/3) P, where P is the polarization of 
the medium. 

LORENTZ FORCE. The force exerted by an 
electric field E and a magnetic field B on a 
charge q moving with velocity v. It is given 
by the formula 

F = ?(E+vX B). 

LORENTZ GAS. A simplified model of a 
fully ionized gas, which is useful for the cal¬ 
culation of plasma transport properties. The 
electron-electron interactions are neglected and 
the ions are assumed to be infinitely massive. 

LORENTZ LAW. See Lorentz number. 

LORENTZLORENZ LAW. If n is the re¬ 
fractive index and p the density of a dielectric, 
then the Lorentz-Lorenz law is 

ii“ — 1 — C(n2 -J- 2)p 

where C is a constant for the dielectric 
known as the specific refractive power. (See 
Clausius-Mossotti equation.) 

LORENTZ NUMBER. The ratio 

L = K/crT 

where K is the thermal conductivity and a the 
electrical conductivity of a metal at absolute 
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temperature T. This ratio was observed to 
be nearly constant for many metals by Wiede¬ 
mann and Franz, in agreement with the free 
electron theory of metals which predicts the 
value 

t2 /k\2 
L — ~ y~J = 2.7 X 10 13 statvolt2/deg2 

where k is Boltzmann’s constant and e the elec¬ 
tronic charge. This constancy is not main¬ 
tained down to low temperatures, at least until 
the regime of residual resistance is attained. 

LORENTZ TRANSFORMATION. The co¬ 
ordinate system 2'(z', y’, z', f) moves with the 
constant velocity v along the positive x-direc- 
tion of the coordinate system 2(x, y, z, t). At 
the time t = i! = 0, the two coordinate systems 
coincide. The transformation laws are 

where 

M = 1 - 

and 
Vl - 02 

v a2 “ “f* Vy -f- Vt 

P = = -o- 
r c2 

Kinematic consequences of the Lorentz-trans- 
formation: 

(A) If a material point has the velocity w = — 
dr’ dt 

in 2 and the velocity w' = — in S', 

then 

wVl - f - V (Vl - 02 - 1) + 1 ] 

w'»-V_1 
w • V 

Special cases: 

r> _r_v{‘i^(1 _VT^1i)+ Vi - is'1 

t - 
r • v 

f = 0 Vl - W C 

The transformation matrix is: 

X y Z t 

x’ 
l 0 0 — V 

Vi - 02 Vi - /s2 
y' 0 l 0 0 
z' 0 0 i 0 

t' 
— V 0 0 1 

c2 Vl - p- Vl - j82 

If the components of v are not (v, 0, 0) but 
(vx, vU) v2) the transformation matrix is 

X V z t 

*' 
I~^M 

V1 
VrV. 

—iT'v 

v' -V-^M 
tr 

x-v4m 
vz 

-b4*a/ -Vy/Vl-p 

z! — vxv,M — vvv,M 1-4 M -v./Vi-p 

1' 
vx vu v. 

l/vTW/32 
cVl-02 cWl-02 cW 1—(81 

(1) If w is parallel to v, then 

(Addition law of velocities) 

(2) If w is perpendicular to v, then 

w 
and 

' = wV 1 — /32 — v; 

wri = w2 + v2 — 
2 2 

V W 

(B) Time Dilatation (Slowing of Clocks) 

If a clocks ticks n times per second in a rest 
frame, then from the point of an observer 
moving with velocity v relative to the clock, 
it will appear to tick 

times per second. 

(C) Lorentz-Fitzgerald Contraction 

If a body moves through space with speed 
v, its dimension parallel to the direction of 
motion is reduced in the ratio 

v 
1 

c“ 
1. 
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(D) Aberration of light 

Star ^ ky 

\ 

Star ★ 
\ 

S’ 

w 
\ 
\ 
\ 

/n2 — 1 X dn\ 

\ n2 n d\) 

where v is the velocity of the medium, n its 
index of refraction and X is the wavelength of 
the light in vacuum. 

LORENTZ TRANSFORMATION, PROPER. 
See proper Lorentz transformation. 

LOSCHMIDT NUMBER. See Avogadro law. 

tan a = 
sin a V1 — p2 

For small values of /3, the 
(cos a) — /3 

angle A a = a — a ( = angle of aberration) is A a = /3 
sin a. 

(E) Do-ppler Effect 

Assume an observer at rest and a light source 
moving with the velocity v and the component 
of this velocity in the direction to the observer 
to be v cos a, then 

or 

AX 

X 

X 

X7 

v 
1-cos a 

c 

Vl - P2 

VT~^ p2 - i + 
v cos a 

c 

V COS a 

1- 
c 

where X = wavelength of light if the source is 
at rest, and X' = wavelength of light as it 
appears to the observer if the light source in 
moving. 

Special cases: 

(1) Longitudinal Doppler effect (a = 0) 

AX Vl - p2 - 1 -f p 

(2) Transverse Doppler effect (a = 90°) 

LIA /-- 

— = (Vi - p2 - i) 
x 

/?! 

2 ’ 

(F) Fresnel Coefficient of Drag 

The correction to be applied to the velocity 
of light, in a moving transparent medium, to 
correct for the motion of the medium. It is 
given by 

LOSS ANGLE IN A DIELECTRIC MA¬ 
TERIAL. When a dielectric substance is 
placed for a sufficient time in a periodic field 
E = E0 cos wt, the electric displacement D 
becomes itself periodic in time. In general, the 
displacement and the field are not in phase, 
and one may write: 

D = D0 cos (cof — 0). 

The phase angle 4> is related to the energy 
losses in the dielectric (which are proportional 
to tan <£), and is therefore usually called the 
loss angle. (See dielectric constant, complex.) 

LOSS, COMPLIANCE. See compliance loss. 

LOSS, DIVERGENCE. See divergence loss. 

LOSS FACTOR, DIELECTRIC. The rate at 
which heat is generated in a dielectric is pro¬ 
portional to its loss factor, which is equal to 
the product of its dielectric constant by its 
power factor. Both the dielectric constant 
and power factor are usually functions of fre¬ 
quency, therefore the loss factor changes with 
changing frequency. 

LOSS FACTOR, MECHANICAL. When a 
stress (t0 cos wt is applied to an elastic solid in 
which damping is present, the strain lags be¬ 
hind the stress, so that e = e0 cos (wt — 8), tan 
8 is called the mechanical loss factor. This 
characterizes the damping at the angular fre¬ 
quency w and can be related to other measures 
of internal friction. (See friction, internal.) 

LOSS FUNCTION. In decision theory, a 
function of the decision and the true under¬ 
lying distributions which expresses the loss in¬ 
curred in taking that decision. If there are a 
number of possible situations, the array of 
losses according to situation and decision is 
called the loss matrix. It is analogous to the 
pay-off matrix of games theory. 
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LOSS, INSERTION. See insertion loss. 

LOSS MATRIX. See loss function. 

LOSS MODULUS. See modulus, loss. 

LOSS TANGENT. See dielectric constant, 
complex. 

LOSS, TRANSMISSION. A general term used 
to denote a decrease in signal power in trans¬ 
mission from one point to another. Loss is 
usually expressed in decibels. 

LOUDNESS CONTOURS. Curves which 
show the related values of sound pressure level 
and frequency required to produce a given 
loudness sensation for the typical listener. 
(See loudness of a sound.) 

LOUDNESS OF A SOUND. The magnitude 
of the auditory sensation produced by the 
sound. The relation between the loudness and 
the intensity of a sound should agree with com¬ 
mon experience in estimates of the sensation 
magnitude. A true loudness scale should be 
constructed so that when the units are double 
the sensation will be doubled and when the 
scale is trebled the sensation will be trebled, 
etc. The unit on the loudness scale is termed 
the sone. The loudness level of the reference 
tone, expressed in phons, is the intensity level 
of the reference tone of 1000 cycles per second 
expressed in decibels. By definition, a loud¬ 
ness of one sone has been arbitrarily selected 
to correspond to a loudness level of 40 phons. 

The loudness of a tone of 1000 cycles is 
given by the empirical equation, 

logic N = 0.03L.V — 1.2 

where N is the loudness, in sones, and Ln is the 
loudness level, in phons. 

The loudness level is given by, 

I 
Ln = 10 log — 

1 o 

where Ln is the loudness level, in phons, I is the 
intensity of the sound, in watts per square 
centimeter, I0 is the intensity of the reference 
sound, that is, the threshold of hearing (= 1010 
watts per square centimeter). 

LOWER BOUND THEOREM FOR PLAS¬ 
TICITY. See limit theorems. 

LOWER CALORIFIC VALUE. See combus¬ 

tion. 

LOWER IGNITION LIMIT. See ignition 
limit. 

LOWERING INDICES ON A TENSOR. 
See raising and lowering indices on a tensor. 

LOXODROME (CURVE). A curve on a 
surface of revolution which cuts the meridians 
at a constant angle, other than a right angle. 
Also called loxodromic spiral, or loxodromic 
line, or loxodromic curve. (See also rhumb 
line.) 

LOZENGE DIAGRAM. A mnemonic scheme 
from which can be read off a great variety of 
forms of the interpolating polynomial for 
equal-interval interpolation. (For generaliza¬ 
tion, see Zdenek Kopal, Numerical Analysis, 
John Wiley & Sons, Inc., 1955.) 

For forward difference formulas write 

where the table can be extended upwards, 
downwards, and to the right in an obvious way. 
A valid polynomial for interpolation can be 
constructed by starting with any /,• in the first 
column, multiplying the binomial coefficient on 
the right by either of the two A/,• to which it 
is joined, multiplying the coefficient on the 
right of that by either A2/,-, continuing thus and 
adding results. Moreover, all polynomials that 
end with the same Aon the right are iden¬ 
tically equal. 

The same diagram can be used for central 
differences if, for example, one replaces Af_2 by 

a'2/-i by 52/—i, 

LR TRANSFORMATION. A method for ob¬ 
taining the eigenvalues and eigenvectors of a 
matrix A, consists of taking A0 = A and 
forming 

A j L,R,, A,-+i R,Li, 

where R; is upper triangular and L( unit lower 
triangular. Under rather general circum¬ 
stances the sequence of matrices At approaches 
an upper triangular matrix in the limit, and 
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since all A< have the same proper values as has 
A itself, the diagonal elements of the limit ma¬ 
trix are these proper values. The method is 
due to Rutishauser, who has also devised 
methods of accelerating convergence and for 
treating exceptional cases. For a discussion of 
the factorization see matrix inversion. (See 
also National Bureau of Standards, Further 
contributions to the solution of simultaneous 
linear equations and the determination of 
eigenvalues, NBS Appl. Math. Series 49,1958.) 

(L, S) COUPLING. See Russell-Saunders 

coupling. 

L-SYSTEM AND C-SYSTEM. In analyzing 
collision processes, it is convenient to use two 
frames of reference. In one, the L-system, 
the coordinate system is assumed to be fixed 
in the laboratory, or with respect to the ob¬ 
server. In the other, the C-system, the co¬ 
ordinate system is assumed to be fixed with 
respect to the center of mass of the colliding 
particles. 

1-TYPE DOUBLING. In a linear polyatomic 
molecule, energy levels with vibrational an¬ 
gular momentum 1 = 1, 2, • • • are doubly de¬ 
generate if the molecule is not rotating. The 
splitting of these degenerate states, brought 
about by interaction with the molecular rota¬ 
tion, is called Z-type doubling, Z-type doubling 
produces two series of rotational terms with 
slightly different constants, Bvc and Bvd. The 
difference Av between the two term series is 
given by 

= qiJ(J + 1) = (Bvc - Bvd)J{J + 1). 

The two rotational levels belonging to a given 
J have opposite parity ( + , —). 

LUDER’S LINES. Loci of concentrated shear 
strain which appear after plastic flow of metals 
with an upper yield point. They occur along 
slip lines, or trajectories of maximum shear 
stress. 

LUMEN. One lumen is the luminous flux 
emitted within unit solid angle (one steradian) 
by a point source having a uniform intensity 
of one candela. Definition adopted by the 9th 
General Conference on Weights and Measures 
(1948). 

LUMEN-HOUR (LUMEN-SECOND). Units 
of quantity of light; the quantity of light 

equal to one lumen radiated or received for a 
period of one hour (second). 

LUMEN PER SQUARE METER (LUX). 
A unit of illumination, recommended by the 
C.I.E. 

LUMEN-SECOND. See lumen-hour. 

LUMERG. A unit of luminous energy (see 
energy, luminous). One erg of radiant energy 
having a luminous efficiency of x lumens per 
watt is x lumergs of luminous energy. 

LUMINANCE. Luminance (at a point of a 
.surface and in a given direction) is the quo¬ 
tient of the luminous intensity in the given di¬ 
rection of an infinitesimal element of the sur¬ 
face containing the point under consideration, 
by the orthogonally projected area of the ele¬ 
ment on a plane perpendicular to the given 
direction. 

LUMINANCE FACTOR. Luminance factor 
(of a non-luminous body—secondary light 
source—under specified conditions of illumi¬ 
nation and observation) is the ratio of the 
luminance of the body considered, illuminated 
and observed under these conditions, to the 
luminance of a perfect diffuser receiving the 
same illumination. (See spectral luminance 
factor.) 

LUMINANCE PRIMARY. That one of a set 
of three transmission primaries whose amount 
determines the luminance of a color. 

LUMINANCE TEMPERATURE FOR A 
GIVEN WAVELENGTH. The absolute tem¬ 
perature of a full radiator for which the lumi¬ 
nance at the specified wavelength has the same 
spectral concentration as for the radiator con¬ 
sidered. In practice, particularly in pyrom- 
etry, the reference wavelength is generally 655 
millimicrons. 

LUMINANCE TRANSMISSION CON¬ 
STANT. That type of transmission in which 
the transmission primaries are a luminance 
primary and two chrominance primaries. 

LUMINOSITY COEFFICIENTS. The con¬ 
stant multipliers for the respective tristimulus 
values of any color, such that the sum of the 
three products is the luminance of the color. 

LUMINOSITY FUNCTION (STANDARD). 
Because of the variable sensitivity of the eye 
to radiation of different wavelengths, a stand- 
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ard function has been established by the Com¬ 
mission Internationale de l’Eclairage (CIE), 
formerly called in English translations Inter¬ 
national Commission on Illumination (ICI), 
for converting radiant energy into luminous 
(i.e., visible) energy. 

For the standard conditions chosen in estab¬ 
lishing this standard luminosity function 
(photopic vision) the luminously effective 
radiant intensity in lumens of radiation of 
spectral intensity J\ watts/unit wavelength 
is given by 

-X=oo 

680 I y\J\d\ 
J\=o 

where y\ is the standard luminosity function 
normalized to a value of unity at 555 milli¬ 
microns. The numerical values for y\ are 
commonly given as a luminosity curve. 

For very low levels of intensity (scoptopic 
vision) the peak of the luminosity function 
curve shifts toward the violet for young eyes 
(507 mu) with an absolute value of 1746 
lumens/watt. 

LUMINOSITY, RELATIVE. The ratio of the 
value of the luminosity at a particular wave¬ 
length to the value at the wavelength of maxi¬ 
mum luminosity. (See also stellar luminosi¬ 

ties.) 

LUMINOSITY STELLAR. See stellar lumi¬ 

nosities. 

LUMINOUS COEFFICIENT. A coefficient 
which measures the integrated fraction of the 
radiant power that contributes to its luminous 
properties as evaluated by means of the stand¬ 
ard luminosity function. 

Luminous coefficient 
X=oo 

= fX yxJxd\/f 
Jx=0 / Jx=0 

J\d\. 

Where y\ is the standard luminosity func¬ 
tion and J\ is the spectral power distribution 
of the radiant intensity. The luminous coeffi¬ 
cient is unity for a narrow band of wave¬ 
lengths at 555 millimicrons. 

LUMINOUS EFFICIENCY. (1) The lumi¬ 
nous efficiency of radiation is the ratio of lu¬ 
minous flux to the corresponding radiant flux. 
(2) The luminous efficiency of a source is the 
ratio of the total flux emitted to the total 

power consumed. 

LUMINOUS EFFICIENCY, RELATIVE. 
See relative luminous efficiency. 

LUMINOUS EMITTANCE (FROM A 
POINT OF A SURFACE). The quotient of 
the luminous flux emitted from an infinitesi¬ 
mal element of surface containing the point 
under consideration, by the area of that ele¬ 
ment. 

LUMINOUS FLUX. The quantity character¬ 
istic of radiant flux which expresses its capac¬ 
ity to produce a luminous sensation, evaluated 
according to the values of relative luminous 
efficiency. Unless otherwise indicated, the 
luminous flux in question relates to photopic 
vision, and is connected with the radiant flux 
in accordance with the formula adopted in 
1948 by the C.I.E., i.e., by the relation 

0 = Kmf P\-V\-d\ 

in which P\ -d\ is the radiant flux corresponding 
to the radiation comprised between X and X 
+ dX, and U\ is the relative luminous efficiency, 
the values of which as a function of X are con¬ 
tained in colorimetric tables. 

LUMINOUS INTENSITY (IN A GIVEN DI¬ 
RECTION). The quotient of the luminous 
flux emitted by a source, or by an element of 
a source, in an infinitesimal cone containing 
the given direction, by the solid angle of that 
cone. 

LUMINOUS REFLECTANCE, DIREC¬ 
TIONAL. The ratio of the luminance of an 
imperfectly diffusing surface to the illumi¬ 
nance of a perfectly diffusing (and perfectly 
reflecting) surface. 

LUMINOUS REFLECTANCE, SPECULAR. 
The ratio of (1) the illuminance of a surface 
observed by reflection in a mirror to (2) the 
illuminance of the surface seen directly in the 
specular luminous reflectance of the mirror. 

LUNDQUIST SERIES CRITERION. A cri¬ 
terion for the stability of rigid-jointed frame¬ 
works based upon a moment distribution pro¬ 
cedure. (See also Hoff convergence method.) 

LUNEBURG GEOMETRY. R. K. Luneburg 
developed the geometry of the binocular field 
of view, called visual space. The apparently 
straight lines (as opposed to the physically 
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straight lines) are geodesics in a Riemannian 
space of constant curvature. Early psycho¬ 
logical experiments seemed to indicate that the 
space was hyperbolic, but this conclusion 
seems to be in doubt at present. (See equidis- 
tant alleys; horopter; parallel alleys; Vieth- 
Miiller torus.) 

LUNEBURG LENS. Luneburg has shown 
that a medium with index of refraction 

~m—1 

is a perfect optical system, where r is the dis¬ 
tance from a fixed point. When m — 1 the 
system is Maxwell’s fisheye. 

LUX. See lumen per square meter. 

LUX-SECOND. A unit of quantity of illu¬ 
mination; a quantity of illumination of one 
lux continued for one second. 

LYMAN SERIES. A series of lines, in the 
ultraviolet region, of the spectra of hydrogen 
and the hydrogen-like ions He+, Li+ + , •••. 
The wave numbers 

Vn = 

Xn 

are represented by the formula 

1 1 

ri“ J 
vn = RZ2 

]2 „2 
(n = 2,3, •••), 

where R stands for the Rydberg constant and 
Z for the atomic number. 
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MACAULEY METHOD. A method of sim¬ 
plifying the double integration procedure for 
calculating the deflections of beams of uniform 
cross section when the applied loading is dis¬ 
continuous. Two constants of integration only 
are introduced. Junction conditions at points 
of discontinuity of loading x — a are satisfied 
by integrating x — a as a unit, and by extend¬ 
ing all distributed loads to the right-hand end 
of the beam, introducing negative loads as 
needed. 

MACH ANGLE. At a point in a supersonic 
gas flow where the Mach number is M the 
Mach angle is 

■ _i 1 
u = sin — 

M 

(See also Mach cone, Mach line.) 

MACH CONE. In a uniform supersonic gas 
flow, lines drawn through any point P, making 
an angle with the streamlines equal to the 
Mach angle /x, defines the surfaces of two 
cones, with their apices at P. These are the 
upstream and downstream Mach cones for P. 
Any small disturbance at P cannot affect any 
part of the flow outside the downstream Mach 
cone, correspondingly, P cannot be affected by 
any small disturbance outside the upstream 
Mach cone. 

If the flow is not uniform, lines may still be 
drawn making an angle /x with the stream di¬ 
rection at each point, but these lines will not 
be straight, and the surface defined by the 
lines will be a conoid having a tangent cone 
at its vertex of apex angle 2/x. 

In uniform two-dimensional flow the Mach 
cone becomes a wedge, whose faces make 
equal angles /x with the stream. (See also 
Mach angle; Mach line.) 

MACH CRITERION. Only those proposi¬ 
tions should be employed in physical theory 
from which statements about observable phe¬ 
nomena can be deduced. 

MACHE UNIT. A unit of quantity of radio¬ 
active emanation, defined as the quantity of 

emanation which sets up a saturation current 
equal to one one-thousandth of the electro¬ 
static unit of current. It is equal to 3.6 X 
10“10 curie. 

MACH LINE. A line drawn in a supersonic 
gas flow making an angle with the local flow 
direction equal to the Mach angle /x. The 
velocity component normal to a Mach line is 
sonic and small disturbances in a supersonic 
flow are propagated along Mach lines. 

The Mach lines through a given point in a 
uniform flow define the Mach cone at that 
point. In two-dimensional flow there are two 
families of Mach lines, running downstream to 
the right and left of the streamlines. The 
former are usually known as + Mach lines, 
the latter as — Mach lines. (See also char¬ 
acteristics, method of; Mach angle; Mach 
cone.) 

MACH NUMBER. The ratio of the speed of 
flow at a point in a fluid to the speed of sound 
in the fluid at the same point. For the impor¬ 
tant case of a body in a uniform stream, the 
Mach number of the undisturbed stream is 
usually given. 

Since the speed of sound is a = (yp/p)^, the 
Mach number M (or Ma) corresponding to a 
speed of flow v is given by 

W y p 

Since the pressure changes due to the flow are 
0(pv2), the resulting density changes will be 
negligible if M2 « 1. The fluid may then be 
considered to be incompressible, if the only 
density changes to be considered are those due 
to the flow. 

MACH NUMBER, CRITICAL. See critical 
Mach number. 

MACLAURIN SERIES. A special case of 
the Taylor series. If f(x) and all of its deriva¬ 
tives remain finite at x = 0, then /(x) may be 
expanded to 
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m =m +/'(o)x 

x2 x”-1 
+ f"(0) -+••• + /(n-n(0) 7-— + Rn 

2! {n — 1)! 

where Rn is the remainder after n terms. 
When the remainder converges towards zero 
as the number of terms increases, the result is 
the Maclaurin series for / (x) at x = 0. 

Expressions for Rn are: 

-JW(0x), 0 < 0 < l; 
n\ 

MACROCANONICAL ENSEMBLE. A term 
denoting a canonical ensemble, but especially 
used to distinguish it from a microcanonical 
ensemble. 

MACROSCOPIC. A term used in statistical 
mechanics to describe any of the constants, 
properties, or variables of a system which are 
directly observable by the methods of meas¬ 
urement used in an actual or hypothetically 
realizable experiment on the system. 

MACROSTATE. (1) A term which describes 
a state of a system of independent particles 
where the total number of particles in each 
single particle level is given. A single macro¬ 
state may correspond to many different micro¬ 
states. (2) Any state of a system which can 
be distinguished from all other states by ob¬ 
servations made on the system in an actual or 
in a realizable hypothetical experiment. That 
is, the state of a thermodynamic system de¬ 
scribed in terms of macroscopic properties, i.e., 
in terms of properties, such as pressure, vol¬ 
ume, temperature, etc., which refer to the 
whole system. The macrostate usually in¬ 
volves a small number of independent proper¬ 
ties and the description is independent of the 
system’s molecular or atomic structure, in con¬ 
tradistinction to its microstate. 

MADELUNG CONSTANT. A constant ap¬ 
pearing in the term for the Coulomb energy 
<f> of an ionic crystal (see Born-Mayer equa¬ 
tion). It may be defined by A in the equation 

Ae2 

where R is the separation of nearest neighbors 
in the crystal, and is evaluated by adding the 
mutual electrostatic potential energies of all 
the ions in the particular lattice. The Made- 
lung constant also appears in the expression 
for the wavelength of the residual radiation 
(Reststrahlen) selectively reflected by a given 
heteropolar crystal. 

MADELUNG EXPRESSION FOR ELEC¬ 
TRICAL POTENTIAL DUE TO INFINITE 
LINEAR ARRAY. Consider an infinite line 
array of charges consisting of p kinds of charge 
ej, the jth kind being located at Xj ± t, Xj ± 21, 
etc., along a line, and let the array be neutral, 
so that 

v 

Z ei = o. 
i—i 

Then Madelung’s method gives for the poten¬ 
tial V, at a point whose coordinate along the 
line is x and whose distance from it is r, 

V (x,r) 

4 00 p 

7 Z E ejK0 ( 
l n=1 j=l 

(2tv nr\ 

VT)cos 
2irn(x — 

t 

where 
K0{z) = (tvi/z)H0^(iz) 

is the modified Bessel function of the second 
kind. 

MAGIC NUMBERS. Certain numbers of 
neutrons or protons which give rise to a nu¬ 
cleus of especially high stability (i.e., high 
binding energy). Thus, nuclei containing 2, 8, 
20, 28, 50, 82, or 126 neutrons or protons are 
especially stable. For example, tin (Z = 50) 
has as many as ten stable isotopes, while lead 
(Z = 82) is the end-product of several radio¬ 
active series. By analogy with the structure 
of atoms, these numbers represent closed 
shells of neutrons or of protons in the nucleus. 

MAGNETIC ANISOTROPY. The depend¬ 
ence of magnetic properties on direction; e.g., 
a crystal exhibits “hard” and “easy” direc¬ 
tions for magnetization. As one result, a mag¬ 
netizing force H not parallel to a crystal axis, 
will produce induction B that is not parallel 
to H. The “ratio” of B to H is no longer a 
number (/*), but becomes a tensor. 

MAGNETIC CHARGE DENSITY (P°). 
The divergence of the magnetic induction B, 
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by analogy with electric charge density which 
is the divergence of the dielectric displace¬ 
ment D. A fictitious concept sometimes used 
in writing the Maxwell equations in a sym¬ 
metric form. 

MAGNETIC CIRCUIT. See Bosanquet law. 

MAGNETIC CURRENT DENSITY, (J°). 
A vector quantity related to the magnetic 
charge density by the equation of continuity. 
Hence 

an 
J* = -v x E- 

dt 

Since J*, being a fictitious quantity, is identi¬ 
cally zero, the quantity 

dB 
— = -V X E 
dt 

is sometimes called the magnetic current 
density. 

MAGNETIC DIPOLE. See dipole, mag¬ 
netic. 

MAGNETIC DOUBLE REFRACTION. 
See Cotton-Mouton effect. 

MAGNETIC ENERGY. See energy; Poynt- 
liig theorem. 

MAGNETIC FIELD. A vector field asso¬ 
ciated with distributions of currents and mag¬ 
netized materials. (See magnetic induction; 
magnetic field intensity.) 

MAGNETIC FIELD STRENGTH, H. A de¬ 
rived vector, associated with a magnetic field, 
which is independent of the magnetic proper¬ 
ties of the material. Thus for any given dis¬ 
tribution of currents the measurable mag¬ 
netic effects vary with the material within the 
system, but the field strength H does not. 
The unit is the ampere-turn/meter. 

MAGNETIC FLUX. The magnetic flux 
through any bounded surface S is the surface 
integral of the normal component of the mag¬ 
netic induction taken over the surface. 

MAGNETIC FLUX DENSITY, B. See mag¬ 
netic induction. 

MAGNETIC INDUCTION (B) (MAG¬ 
NETIC FLUX DENSITY). The observable 
vector associated with a magnetic field. By 
introducing a circuit element of length dl 
which carries a current I, the mechanical 
force is given by the quantity Idl X B. The 
unit is the weber/square meter. (For other 
units, see electromagnetic units.) 

MAGNETIC MOMENT DENSITY. See 
magnetization. 

MAGNETIC MOMENT, m. The magnetic 
moment of a body is the volume integral of its 
magnetization, M. The torque exerted on a 
magnet or current loop of moment m in a 
uniform field of magnetic induction B is 
m X B. 

MAGNETIC MOMENT, NUCLEAR OR 
ATOMIC. The magnetic moment of a nu¬ 
clear or atomic particle or system of particles 
usually denotes the magnetic dipole moment. 
For a particle or system in a magnetic field, 
the interaction energy is the negative of the 
product of the magnetic field strength (see 
magnetizing force) by the component of the 
magnetic dipole moment of the particle in 
the direction of the field (— /*#//). A mag¬ 
netic moment is associated with the intrinsic 
spin of a particle and with the orbital motion 
of a particle in a system, e.g., nuclei with 
finite spins have finite magnetic moments be¬ 
tween about —2 and +6 nuclear Bohr mag¬ 
netons. 

MAGNETIC POLE. (1) (Also called dip 
pole.) In geomagnetism, either of the two 
points on the earth’s surface at which the 
magnetic meridians converge, i.e., where the 
magnetic field is vertical. (Cf. geomagnetic 
pole.) 

(2) In magnetic theory, a fictitious entity 
analogous to a unit electric charge of electro¬ 
static theory. In nature only dipoles, not iso¬ 
lated magnetic poles, exist. 

MAGNETIC POTENTIAL. Since the curl 
of a magnetostatic field in a current-free re¬ 
gion vanishes, i.e., 

V X B = 0, V X II = 0, 

the vectors II and B are derivable from scalar 
potentials, 

II = -VU. 

(Sec magnetic field.) 
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MAGNETIC RESONANCE. See resonance, 
magnetic. 

MAGNETIC RESONANCE, LINE WIDTH. 
In magnetic resonance experiments, the width 
of the absorption lines depends on the inter¬ 
actions of the spins with each other and with 
the crystal lattice. It may be measured by 
the random fluctuating magnetic field exerted 
on a spin by its neighbors, i.e., is of the or¬ 
der of 

AH = ju/a3 

where h is the magnetic moment of each spin 
and a is the interatomic spacing. In liquids, 
however, the motion of the molecules is so 
rapid that this effect averages out to nearly 
zero. The line width in ferromagnetic reso¬ 
nance is anomalously large. 

MAGNETIC RIGIDITY (HP). A measure 
of the momentum of a particle equal to the 
product of the magnetic field intensity perpen¬ 
dicular to the path of the particle, and the re¬ 
sultant radius of curvature of the path of the 
particle. 

MAGNETIC SCALAR POTENTIAL. For a 
steady magnetic field in the absence of cur¬ 
rents, the magnetic field intensity H is irro- 
tational (see Maxwell’s equations). Hence a 
scalar potential exists. 

MAGNETIC SHELL (MAGNETIC DI¬ 
POLE SHEET, DOUBLE LAYER). A sur¬ 
face distribution of magnetic dipoles asso¬ 
ciated with discontinuities in the normal com¬ 
ponent of the magnetic field intensity across 
the surface. The magnetic field of any cir¬ 
cuit of arbitrary size and geometry may be 
identified with that of an equivalent mag¬ 
netic shell bounded by the circuit. 

MAGNETIC SPECTRUM. See spectrum, 
magnetic. 

MAGNETIC STRAIN ENERGY (E„). A 
component of potential energy in a magnetic 
domain, given by: 

Ea = -§Xs<r sin2 6 

where Ag is the magnetostriction expansion 
occurring between the demagnetized state and 
saturation, a the tensile stress to which the 
domain is subject, and 6 the angle between 
the magnetization and the tension. 

MAGNETIC SURFACES. The magnetic 
lines of force of an arbitrary magnetic field 
which does not possess a high degree of sym¬ 
metry will not in general close on themselves 
in any finite volume but will wander ergodi- 
cally throughout all space. If, however, a 
field possesses lines of force which approxi¬ 
mately close on themselves, a single line of 
force may trace out an approximately closed 
surface over which the line wanders ergodi- 
cally. Such a surface is termed a magnetic 
surface. 

MAGNETIC SUSCEPTIBILITY (X). The 
ratio 

X = ] MI /1HI in rationalized units or 

x = | M | /4tt | H | in non-rationalized units, 

where M is the magnetization and II is the 
magnetizing force. The susceptibility x is re¬ 
lated to the relative permeability Hr by: 

Hr = (1 + 47tx)mo, 

and again the factor 4?r is dropped in rational¬ 
ized units. Note that the magnitude of the 
susceptibility differs by a factor of 4?r in ra¬ 
tionalized and unrationalized units, but that 
Hr is unaffected by rationalization. (See also 
magnetization; paramagnetism; diamagnet¬ 
ism; ferromagnetism.) 

MAGNETIC VECTOR POTENTIAL, A. 
The vector B, the magnetic induction, is al¬ 
ways solenoidal. Hence B may always be 
written in the form B = V X A. 

MAGNETISM, LAWS OF. The laws of 
magnetism are those of electromagnetism un¬ 
der steady-state conditions. The pertinent 
Maxwell equations reduce to 

V X H = J 

V B = 0. 

In addition, the equation of continuity becomes 

VJ = 0 

since there is no displacement current. By 
the Stokes theorem, the first equation can be 
expressed in integral form as 

H-dl = I 

(the Ampere law). 
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MAGNETISM, QUANTUM THEORY OF. 
As magnetic properties of matter are related 
to atomic phenomena, many of the magnetic 
properties can be understood only on the basis 
of quantum theory. The magnetic moment of 
an electron is partly due to its orbital motion. 
The corresponding contribution of the elec¬ 
trons to the magnetic moment of an atom is 
proportional to the orbital angular momentum 
M of the atom, /* = eM/2mc, where e is the 
charge, m the mass of an electron, c is the speed 
of light. Since the components of M can take 
only values which are integral multiples of 
k/2ir, the magnetic moment n has components 
which are integral multiples of ek/4-rrmc. This 
is called the Bohr magneton. In addition to 
their orbital magnetic moment, electrons have 
a magnetic moment connected with their spin. 
The magnitude of this moment is equal to one 
Bohr magneton. Quantum theory gives a sat¬ 
isfactory explanation of the diamagnetism of 
atoms which is due to an electronic current 
distribution opposing the effect of the external 
magnetic field, of the temperature independent 
paramagnetism of many metals due to a re¬ 
orientation of spins in previously unoccupied 
states of a zone, of the temperature dependent 
paramagnetism of certain substances related to 
an orientation of existing dipole moments, of 
fnany features of ferromagnetism which is re¬ 
lated to the living up of a large number of 
spins on neighboring atoms, and of many 
other magnetic phenomena. (See ferromag¬ 
netic resonance; paramagnetic susceptibility, 
Langevin theory; Brillouin zone; band theory 
of solids.) 

MAGNETIZATION CURVE. An originally 
unmagnetized specimen of magnetic material, 
wrhen subjected to an increasing magnetizing 
force (H) develops the induction (B) shown 
in the solid curve. This solid curve is called 
the magnetization curve, and is not retraced 
as H is reduced. The initial slope of the mag¬ 
netization curve is the initial permeability 
(no)- If H is carried to some maximum value 
H„, and then reduced (to —Hm), B follows 
the dotted hysteresis curve. The residual in¬ 
duction Br is the induction remaining when H 
has been reduced to zero; the reverse H needed 
to reduce B to zero is called the coercive force 
(IT). If H (and therefore also B) goes 
through a small cyclic change starting from 
an arbitrary point on the hysteresis loop (see 
figure), a minor loop is described, with an 

average slope fiA, called incremental permea¬ 
bility. If the cyclic change of H approaches 
zero, fiA approaches a limit /v, the reversible 
permeability. If the positive and negative 
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FIELD STRENGTH. H, IN OERSTEDS 

Magnetization curve (solid) and hysteresis loop 
(dotted). (From Bozorth, Ferromagnetism., 1951. 

D. Van Nostrand Company, Inc., Princeton.) 

peaks of H are equal in a cyclic magnetiza¬ 
tion, the hysteresis loop is symmetrical. As 
the peak value Hm is increased (making larger 
loops), the loop tips trace a path called the 
normal magnetization curve. (See also hys¬ 
teresis.) 

MAGNETIZATION, M (MAGNETIC MO¬ 
MENT DENSITY). The magnetic polariza¬ 
tion vector M describes the change in the mag¬ 
netic field intensity due to the presence of mat¬ 
ter. For a material with linear magnetic prop¬ 
erties, it is proportional to the applied field 
intensity H, and the ratio |M|/|H| defines the 
magnetic susceptibility of the material. 
For materials with non-linear magnetic prop¬ 
erties 

Xm = d|M|/d|H|. 

Magnetization is measured in ampere-turns/ 
meter 

MAGNETIZATION, SATURATION. The 
application of an increasing magnetizing force 
to a ferromagnetic substance yields a result¬ 
ing intrinsic induction (B,„) that asymptoti¬ 
cally approaches a constant value (B„), the 
saturation magnetization, 
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MAGNETIZING FORCE (II). An auxiliary 
vector field introduced for mathematical con¬ 
venience in the discussion of magnetic phe¬ 
nomena. Its introduction is prompted by the 
fact that the Maxwell equation: 

MAGNETOMECIIANICAL DAMPING. A 
component of energy loss associated with the 
elastic vibration of a magnetic material, pro¬ 
duced by interaction of magnetic effects with 
stress and strain. 

3D 
V X B = MJ + M- 

dt 

which depends, through the permeability n, 
upon the medium in which a solution is desired, 
may be made independent of the medium by 
introducing the magnetizing force field II = 
B/g. This leads to the equation: 

dl) 
V X II = J + — 

dt 

which, with the application of Stoke’s Theorem, 
gives directly the integral form of Ampere’s 
law 

<^H-ds = J J-dA = I, 

for stationary currents. H is measured in 
ampere-turns per meter (mksa) or oersteds 
(emu). The terms viagnetic field, viagnetic 
field strength and magnetic field intensity are 
often used for H. (See electromagnetic units.) 

MAGNETIZING FORCE, DYNAMIC. The 
applied magnetomotive force per unit length 
required to provide the flux and the rate-of- 
change of flux specified by the conditions for 
which a dynamic hysteresis loop is deter¬ 
mined. 

MAGNETOCALORIC EFFECT. Consider a 
specimen of matter whose magnetic moment 
is M in an applied magnetic field H. Then, if 
the field H is changed, so that the entropy S 
remains constant, the absolute temperature T 
will change according to the relation 

/dT\ T /dM\ 

Van A - ~~ cw A? 
where C(H) is the heat capacity of the specimen 
at constant II, and is equal to T(dS/dT) //. 
The equation is valid if the derivatives are all 
taken at constant pressure or all at constant 
volume. 

MAGNETOHYDRODYNAMICS. (Also 
called hydromagnetics.) The science of the 
motion of an electrically conducting fluid 
(plasma) in a magnetic field. 

MAGNETOMECIIANICAL FACTOR. The 
number g' occurring in the definition of the 
magnetomechanical ratio. The theory of the 
gyromagnetic effect predicts that g' should be 
nearly 2 for electron spins, and this is actually 
observed in ferromagnetic substances, showing 
that the orbital moments (for which g' is 
unity) are effectively quenched. 

MAGNETOMECIIANICAL RATIO. The 
ratio of the magnetic moment to the angular 
momentum, as observed in the gyromagnetic 
effect. This ratio is usually expressed in the 
form g'e/2rnc where g' is the magnetomechani¬ 
cal factor. 

MAGNETOMOTIVE FORCE. The line in¬ 
tegral 

f. n-ds 

when II is the magnetic field intensity, defines 
the magnetomotive force between two points 

^HdS = I A and B. For a closed contour 

(Ampere law). 

MAGNETON, NUCLEAR. See nuclear mag¬ 
neton. 

MAGNETO-OPTICAL DISPERSION. An 
expression of the Faraday effect as the wave¬ 
length derivative of the product of the Verdet 
constant and the refractive index. 

MAGNETO-OPTICAL EFFECT (KERR 
MAGNETO-OPTICAL EFFECT). Kerr dis¬ 
covered that if plane-polarized light (sec light, 
plane-polarized) is reflected normally from 
the polished pole of a strong electromagnet, 
the light becomes slightly elliptically-polar- 
ized. The elipticity is so small that the effect 
may be considered merely as a rotation of the 
plane of vibration through an angle 6 given by 

6 = KH 

where II is the magnetizing force and K is 
the magnetic Kerr constant. 

MAGNETOSTATIC FIELD. A field in 
which the magnetizing force and magnetic in¬ 
duction are independent of time. 
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MAGNETOSTATICS. The study of mag¬ 
netic fields which are independent of time. 

MAGNETOSTRICTION. The elastic defor¬ 
mation of a material under forces exerted by 
a magnetostatic field. 

MAGNETOSTRICTION, CRYSTAL SATU¬ 
RATION. See crystal saturation magneto¬ 
striction. 

MAGNETOSTRICTION DRIVING SYS¬ 
TEM. See driving system, magnetostriction. 

MAGNETOSTRICTION GENERATING 
SYSTEM. See generating system, magneto¬ 
striction. 

MAGNETRON, BOHR. See Bohr magnetron. 

MAGNIFICATION. The ratio of the size of 
an image formed by an optical system to the 
size of the object is the most frequent mean¬ 
ing of magnification. However, for a large 
and distant object, the ratio at the eye of the 
angle subtended by the image to the angle 
which would be subtended at the eye by the 
object itself is also called magnification, al¬ 
though it is better stated as magnifying power. 

MAGNIFICATION, ANGULAR. See angu¬ 
lar magnification. 

MAGNIFICATION, AXIAL. See axial mag¬ 

nification. 

MAGNIFICATION, EMPTY. See empty 
magnification. 

MAGNIFICATION, LATERAL. See lateral 

magnification. 

MAGNIFICATION, LINEAR. See linear 
magnification; representation. 

MAGNIFICATION, LONGITUDINAL. See 
longitudinal magnification. 

MAGNIFICATION, NORMAL. See normal 

magnification. 

MAGNIFICATION, OPTIMUM. See opti¬ 

mum magnification. 

MAGNIFICATION, RADIAL. See radial 

magnification. 

MAGNIFICATION RATIO OF A PROJEC¬ 
TOR. The ratio of the maximum luminous 
intensity of a projector to the mean spherical 
luminous intensity of the projector lamp. 

MAGNIFICATION, ZONAL. See zonal mag¬ 
nification. 

MAGNIFYING POWER. The ratio of the 
apparent size of an image to the apparent size 
of the object as seen without the magnifying 
device or instrument. However, to define “ap¬ 
parent size of an object” in terms that will per¬ 
mit of rigorous discussion requires certain as¬ 
sumptions. One may define the apparent size 
of an object as the angle which the object sub¬ 
tends at the eye, or as the size of the image 
which the lens of the eye forms of the object 
on the retina of the eye (retinal image). With 
any definition, however, the magnifying power 
of a complex device or instrument depends 
somewhat upon the accessory equipment. 

MAGNITUDE. (1) See order. (2) The 
length of a vector. 

MAGNUS EFFECT. See rotating cylinder, 
flow past. 

MAIIALANOBIS’ DISTANCE. Sec D- sta¬ 
tistic. 

MAINARDI-CODAZZI RELATIONS. Sec 
equations of Gauss and Codazzi. 

MAJORANA FORCE. A central force be¬ 
tween two nucleons which is derivable from a 
potential containing an operator which ex¬ 
changes the positions of two particles but not 
their spins. Nuclear forces are known to have 
exchange properties of this general type. (See 
majorana operator.) 

MAJORANA OPERATOR. The quantum 
mechanical operator Py which exchanges the 
positions of the ith and jth particles when it 
operates upon the wave function of a system 
which contains these particles. For example, 
if i/dri, r2, r3, • • • r„) represents the wave func¬ 
tion for a system containing n particles located 
by the position vectors ri, r2, r3, • • • r„, then 

Pi3^(ri, r2, r3, • • • r„) = ^(r3, r2, r,, • • • rn). 

The operator can be written explicitly as 

P a = -1(1 +°v<u)(i + T.-'Tjf), 

where <r,<ry is the scalar product of the vector 
operators representing the spin of the i‘h and/7* 
particles and T,Ty is the similar quantity for 
the isotopic spin. The majorana potential 

V(rj- n) = ££/(r,-r,)P,y, 
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in which J (77 — rd is some attractive potential 
function of the vector separation of the par¬ 
ticles, has shown the greatest success of any 
of the simple interactions used to explain some 
of the general properties of nuclear structure, 
such as the apparent saturation of nuclear 
forces. 

MALUS COSINE-SQUARED LAW. A law 
applying to the intensity of polarized light as 
affected by the polarizing apparatus. If a 
beam of plane-polarized light is passed through 
a Nicol prism, for example, the intensity (flux 
density) of the emergent beam falls off, as the 
prism is rotated, from a maximum value when 
the transmission plane of the prism coincides 
with the plane of vibration of the light, to zero 
when it is at right angles to that direction. 
The intensity varies as the square of the cosine 
of the angle through which the prism has been 
thus rotated. The same law applies to the 
effect of a glass reflector, reflecting always at 
the polarizing angle, as the plane of reflection 
is rotated around the stationary, polarized 
incident beam. 

MALUS-DAUPIN THEOREM. See normal 
congruence. 

MANIFOLD (ANALYTIC MANIFOLD). 
A manifold is a connected locally Euclidean 
topological space. The simplest example of 
a manifold which is not Euclidean as a whole 
is the surface of a sphere, say of the Earth. 
Now suppose that a manifold has been covered 
by a set of overlapping neighborhoods, each of 
which is associated with a (Cartesian) coordi¬ 
nate system. Then, in any region common to 
two systems, say in the torrid zone, the coordi¬ 
nates x,y of a point p in the one system will be 
functions, x = <£ (x,y); y = 1p(x,y) of the co¬ 
ordinates x,y of the same point in the other 
system. Two coordinate systems are said to 
be analytically related if either they do not 
overlap at all or else in overlapping regions 
these functions <f>{x,y) and 1p(x,y) are analytic, 
i.e., if they are expansible in a Taylor scries. 

Now suppose we have defined a family F of 
coordinate systems S: 

(1) F contains at least one coordinate sys¬ 
tem at every point p. 

(2) Any two coordinate systems in F are 
analytically related to each other. 

(3) F is complete; i.e., any coordinate sys¬ 
tem which is analytically related to 

every coordinate system in F is itself in 
F. A manifold with such a family of 
coordinate systems is called an analytic 
manifold. 

Then a function defined in a neighborhood of 
a point p is said to be analytic at p if it is an 
analytic function of its coordinates in a co¬ 
ordinate system at p. A simple example is 
given by the entire Euclidean plane, provided 
with a complete set of equivalent coordinate 
systems, one coordinate system being called 
equivalent to another if the systems are ana¬ 
lytically related. (Compare Lie group.) 

MANTISSA. The decimal part of a common 
logarithm. (See logarithm, common.) 

MANY-BODY FORCE. An interaction be¬ 
tween two particles that become modified 
when a third particle is present, e.g., the forces 
between polarizable molecules. 

MAPPING. If »S and T arc two sets of ele¬ 
ments, then a set of ordered pairs (s,t) where 
s runs through S and t runs through all or part 
of T is a mapping of S into T; t is the im¬ 
age of s and s is said to be mapped onto t. If 
t also runs through the whole of T, the map¬ 
ping is also said to be onto T. Synonyms such 
as function, transformation, correspondence, 
etc., are used in certain cases for historical rea¬ 
sons; thus, a function f{x,y,z) = x1 2 + y1 + z- 
of three real variables is a mapping of the set 
of ordered triples (x,y,z) of real numbers into 
the set of real numbers. If S is mapped onto T 
in such a way that distinct elements s have dis¬ 
tinct images t, then the mapping is said to be 
one-to-one, or to be a one-to-one correspond¬ 
ence between S and T. The product ST of two 
mappings S and T is the mapping obtained by 
carrying out first T and then S (some writers 
use the reverse order, which seems less natural 
in view of the following example). Exam¬ 
ple: let S be the mapping of the set of real 
numbers onto itself given by »S(x) = Xs and let 
T be given by T(x) = x + 1; then ST(x) = 
S{T(x)} = (x + l)3 * and TS(x) = x8 + 1. If 
a set of mappings forms a group it is usually 
called a group of transformations; e.g., con¬ 
sider all one-to-one mappings of a set of n 
objects onto itself (usually called permuta¬ 
tions'); clearly it forms a group S„ with n! 
elements, which is called the symmetric group 
of degree n. 
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MAPPING, CONFORMAL. See conformal 
mapping; representation. 

MAPPING, ONE-TO-ONE. See representa¬ 
tion. 

MARCHING PROBLEM. A differential 
equation with initial conditions solved numeri¬ 
cally by computing the values of the depend¬ 
ent variable recursively for systematically 
increasing values of the independent variable. 
For example, the wave equation is solved at 
each time-step before advancing to the next 
time-step. Hyperbolic equations may be for¬ 
mulated as marching problems. (See jury 
problem.) 

MARGUERRE LARGE DEFLECTION 
THEORY. An approximate but quite accu¬ 
rate method of solution of problems of large 
deflection of simply supported rectangular 
elastic plates in membrane compression. The 
energy method is used to determine the free 
parameters in the assumed deflection shape. 

MARGULES EQUATION. An equation for 
the equilibrium inclination of an interface 
separating two homogeneous air masses in a 
steady geostrophic motion parallel to the in¬ 
terface, 

/ — T1P2) 

where a is the angle of inclination of the sur¬ 
face to the horizontal, / the Coriolis parameter, 
g the gravitational acceleration, and T\ and T<i 
the absolute temperatures of the colder and 
warmer air masses, respectively, with speeds 
Vi and v2. This equilibrium condition has 
been used to calculate the slope of atmospheric 
frontal surfaces. 

MARKOV OHAIN. See Markov process; 
transition probability. 

MARKOV PROCESS. A stochastic process 
of a simple kind. The distribution of future 
states depends only on the present state and 
not on previous history; that is to say the con¬ 
ditional probabilities of events for t > t0 given 
values at t0 are independent of values assumed 
at times t < t0. 

The term Markov chain is often reserved 
for discrete time Markov processes. 

MARKOV SCHEME. See autoregression. 

MARK’S BOUNDARY CONDITIONS. See 
boundary conditions, Mark’s. 

MARSHAK’S BOUNDARY CONDITIONS. 
See boundary conditions, Marshak’s. 

MARTINGALE. A stochastic process {x(t)} 
is called a martingale if the expectation 
E\x(t)\ is finite for all t and the conditional 
probability 

E\n{tn+l)/x{ti), • x(tn)} 

= n 1, t\ ^ t2 fn_j_i. 

with probability unity. In short, the expected 
value of what is to happen next (i„+1) is what 
has just happened (tn). 

MASOTTI FIELD. The electric field which 
would exist at the position of a molecule in a 
polarized dielectric if all of the molecules 
within a sphere of radius R around the mole¬ 
cule in question were removed without disturb¬ 
ing the polarization of the remaining dielectric. 
The radius R must be chosen large enough to 
be able to view, from the position of the mole¬ 
cule in question, all of the dielectric outside 
of the sphere as a continuum. 

MASS. The physical measure of the prin¬ 
cipal inertial property of a body, i.e., its re¬ 
sistance to change of motion. At speeds small 
compared with the speed of light, the mass of 
a body is independent of its speed. Under 
these circumstances, the masses wii and m2 
of two bodies may be compared by allowing 
the two bodies to interact. Then 

mx/m2 -- \a2\/\a1\, 

where |ai| and |o2| are the magnitudes of the 
respective accelerations of the two bodies as 
a result of the interaction. This permits the 
measurement of the mass of any particle with 
respect to a standard particle (for example, 
the standard kilogram). At higher speeds, the 
mass of a body depends on its speed relative 
to the observer according to the relation: 

m = m0/v 1 — v2/c2 

where w0 is the mass of the body as found by 
an observer at rest with respect to the body, 
v is the speed of the body relative to the ob¬ 
server who finds its mass to be m, and c is the 
speed of light in empty space (see entries on 
relativity). 

As a consequence of the Newton law of uni- 
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versal gravitation or of the Einstein demon¬ 
stration of the equivalence of inertial and 
gravitational masses, equal masses at the same 
location in a gravitational field have equal 
weights. Because of this, masses may be com¬ 
pared with a platform balance or a spring 
balance. 

Mass is particularly important because it 
is a conserved quantity, which can neither be 
created nor destroyed. Thus, the mass of any 
isolated system is a constant. When relativ¬ 
istic mechanics is appropriate, e.g., when 
speeds comparable to the speed of light are 
involved, mass may be converted into energy 
and vice versa, hence the energy of the system 
must be converted into mass through the Ein¬ 
stein equation. 

E = me2 

where c is the speed of light in empty space, 
before the conservation law may be applied. 

MASS ABSORPTION COEFFICIENT. See 
absorption coefficient. 

MASS, ACOUSTIC (ACOUSTIC INERT- 
ANCE). The quantity which, when multi¬ 
plied by times the frequency, gives the 
acoustic reactance (see reactance, acoustic) 
associated with the kinetic energy of the me¬ 
dium. 

MASS ACTION, LAW OF. See chemical 
equilibria, calculation of. 

MASS, CENTER OF. See center of mass. 

MASS DEFECT. The difference between the 
atomic mass and the mass number of a nu¬ 
clide. (See packing fraction.) 

MASS FLUX VECTOR. See flux vector. 

MASS FORMULA. An equation for the 
atomic mass of a nuclide as a function of its 
atomic number and mass number. (See mass 
formula, empirical and mass formula, semi- 
empirical.) 

MASS FORMULA, EMPIRICAL. A formula 
for the mass of an atom of the form: 

M(A,Z) = A( 1 +fA) + \Ba{Z - ZA)2 + A, 

where M is the mass of an atom of atomic num¬ 
ber Z and mass number A; fA is an idealized 
packing fraction; ZA is the (nonintegral) 
atomic number of maximum stability for mass 

number A; and A is a term reflecting the 
“pairing energy” of like nucleons, and there¬ 
fore having four possible values which are 

-\~h^A for even A, odd Z 

+ |e.4 for odd A, odd Z 
A = J 

— jeA for even A, odd Z 

-~^SA for even A, odd Z 

The terms 5.4, eA, as well as fA, BA and ZA 
are usually taken to be parameters varying 
smoothly with A, which are adjusted to fit the 
experimental data. 

MASS FORMULA, SEMIEMPIRICAL. A 
mass formula (due principally to von Weiz- 
sacker, Bethe, Becker, Bohr and Wheeler) 
based on the liquid-drop model of the nucleus. 
It may be written: 

M(A,Z) = ZMh + (A - Z)Mn 

(A - 2Z)2 , u 
— a A + b-\- 47rcr02A^ 

A 

3Z(Z - \)e2 
H-77—” + A- 

5r0AH 

Here M(A,Z) is the mass of an atom of mass 
number A and atomic number Z, MH and Mn 
are the masses of the hydrogen atom and the 
neutron, e is the electronic charge, r0 is the 
radius parameter, and a, b and c are adjust¬ 
able parameters. The terms represent, in 
order: the mass of the constituent protons and 
electrons; the mass of the constituent neu¬ 
trons; the “bulk energy of condensation” due 
to short-range attractive forces between nu¬ 
cleons and proportional to the volume of 
the nucleus; the “asymmetry energy” corre¬ 
sponding to the tendency of protons and neu¬ 
trons to be equal in number; the “surface 
energy”; the “electrostatic energy” due to re¬ 
pulsive forces between protons; and the “pair¬ 
ing energy” as given under mass formula, 
empirical. 

MASSIEU FUNCTION. See thermodynam¬ 
ics, characteristic functions of. 

MASS-LUMINOSITY RELATION, STEL¬ 
LAR. See stellar mass-luminosity relation. 

MASS NUMBER. The whole number near¬ 
est in value to the atomic mass when that 
quantity is expressed in atomic mass units. 
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In light of present-day theory, the mass num¬ 
ber represents the total number of nucleons 
in the nucleus, and is therefore equal to the 
sum of the atomic number and the neutron 
number. The mass number is commonly writ¬ 
ten as a superscript after or before the symbol 
of the atom, such as O16 or 40K. 

MASS POINT, FREE. See dynamics of a free 
mass point. 

MASS RENORMALIZATION. The self en¬ 
ergy of an electron (i.e., its change in mass 
due, for example, to its interaction with the 
quantized electromagnetic field) is logarithmi¬ 
cally divergent when calculated in perturba¬ 
tion theory. The way to overcome, or rather 
bypass, this difficulty is based on an observa¬ 
tion made by Kramers (1947) in connection 
with classical electrodynamics. (See classical 
electron theory.) He pointed out that one can 
never experimentally observe m0, the bare 
mass of the electron, but only (m0 + 8m) the 
observed mass, m = m0 + 8m, where 8m is the 
change in mass due to the interaction with the 
electromagnetic field. Kramers therefore sug¬ 
gested that only the observable quantity m 
should play a role in the theory and not the 
separate quantities m0 or 8m. This principle 
is known as the principle of mass renormaliza¬ 
tion. One accepts the fact that the change in 
mass may be infinite (hoping, however, that 
a future theory might make it finite) but one 
does not consider this of consequence since 
the physically observable quantities such as 
energy levels and cross sections are finite when 
expressed in terms of the observable mass m. 
(See divergences.) 

MASS SPECTRUM. See spectrum, mass. 

MATCHING STIMULI (INSTRUMENTAL 
STIMULI, PRIMARIES). The defined stim¬ 
uli of an additive colorimeter. 

MATERIAL BUCKLING. See buckling. 

MATERIAL DERIVATIVE. Also called 
total or substantial derivative. (See total de¬ 

rivative.) 

MATHEMATICAL PHYSICS, EQUATIONS 
OF. The name is sometimes given to a set of 
partial differential equations of second order, 
of which the following are the most commonly 
met with: (1) the Laplace equation, 

V20 = 0 

and its inhomogeneous analogue, the Poisson 

equation; (2) the equation of wave motion, 

c2v20 = d24>/dt2; 

(3) the diffusion equation, which also applies 
to thermal conduction, 

a2V2</> = d<p/dt; 

(4) the equation of telegraphy, 

ad2<t>/dt2 -f bd<j>/dt = d2<t>/dx2. 

The parameters are observable quantities and 
t is the time. In modern theoretical physics, 
the differential equations of quantum mechan¬ 
ics, particularly the Schrodinger wave equa¬ 

tion, must be included. 
Many special functions (which see) owe 

their importance to the fact that they are use¬ 
ful in constructing solutions of these equations. 
In fact, the name “equations of mathematical 
physics” is sometimes also given to the linear 
ordinary differential equations (see Legendre’s 

equation, Bessel’s equation, etc.) which arise 
when the above partial differential equations 
are solved by the method of separation of 
variables. These ordinary equations are all 
specializations arising from confluence from 
the generalized Lame equation. 

MATHIEU EQUATION. A differential 

equation resulting from the separation, in 
elliptical cylindrical coordinates, of partial 

differential equations like Laplace’s or the 
wave equation. It also occurs in the quantum 
mechanical problem of a molecule with re¬ 
stricted internal rotation. The usual form of 
the equation is 

y" + (a + b cos 2x)y = 0 

but related forms are sometimes given. Since 
the coefficient of y is periodic, the Floquet 

theorem applies and possible solutions are 

y = etiXP{x), 

where P{x) is periodic and can be written as 
an infinite series of sine or cosine terms. Sub¬ 
stitution of this assumed solution into the dif¬ 
ferential equation gives a three-term recursion 

formula or the coefficients in the series. The 
exponent ^ is obtained as a complicated func¬ 
tion of the parameters a and b, which may be 
written as a continued fraction. If the final 
solution is required to be periodic, a situation 
occurring frequently for physical reasons, 
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= ik, with k an integer. The allowed values 
of a are the eigenvalues and the solutions are 
called Mathieu functions. 

MATRIX. A rectangular array of scalars 
(real or complex) called elements of the ma¬ 
trix, together with certain rules of combina¬ 
tion. If 

Ml <*12 <*13 •*\ 

A = (<*;y) = ( <*21 <*22 <*23 • • • ]• B = (fiij) 

and if A and B have the same dimensions, then 
the sum is 

A + B = (a,} + fiij), 

that is, corresponding elements are added to¬ 
gether. 

If A has n columns and B has n rows, the 
product is 

AB = (2] <*iAj). 
k 

If p is a scalar, 

pA = (pctij). 

The transpose of A is 

/<*11 <*21 <*31 ' • -\ 

Ar = (<*ji) = ( <*12 <*22 <*32 ' " J ; 

the conjugate transpose A* is the result of 
replacing each element in Ar by its complex 
conjugate. If Ar = A, A is symmetric; if 
A* = A, A is hermitian. The square matrix 
I = (5ij), where is the Kroneeker delta, is 
called the identity. If it is n X n, then for 
any matrix A with n rows, IA = A, and for 
any matrix B with n columns, B1 = B. A 
square matrix, with n rows and n columns, is 
said to be of order n. The square matrix C 
such that 

CA = AC = I, 

if such exists, is called the inverse of A and 
denoted C = A-1. When A-1 exists then A 
is said to be nonsingular. If A is hermitian, 
of order n, and for every' vector x of n dimen¬ 
sions, which is to say, matrix of n rows and one 
column, 

x*Ax > 0, 

then A is nonnegative semidefinite; if for every 
vector x X 0, 

x*Ax > 0, 

then A is positive definite. For nonhermitian 
matrices these notions are not defined. 

The elements a,-,- of a matrix A = (a,j) con¬ 
stitute the diagonal, or main diagonal. If all 
other elements are null, A is a diagonal matrix. 
If, in addition, 

<*.»• = <*, 

that is, all diagonal elements are equal, then A 
is a scalar matrix and A = qI. 

If Y*V = VV* = I, then V is a unitary 
matrix, and if V is unitary and real it is orthog¬ 
onal. 

If A is square matrix of order n, then det A 
will represent the determinant of A. The poly¬ 
nomial 

0(X) = det (XI — A) 

is a polynomial in X of degree n whose leading 
coefficient is unity, and whose constant term 
is det A. This is called the characteristic polyr- 
nomial, and the Cayley-Hamilton theorem 
states that 

0(A) = 0. 

There is a polynomial 0(X) of minimal degree 
and leading coefficient unity for which 

0(A) = 0. 

This is called the minimal polynomial, and 
0(X) may or may not be the same as 0(X), but 
in all cases 0(X) divides 0(X), and every' zero 
of 0 is also a zero of 0. (These zeros are vari¬ 
ously called proper values, characteristic 
values, eigenvalues, latent roots.) If X is 
any eigenvalue, there exists a nonnull vector x 
satisfying 

(A - XI) x = 0, 

and any such vector is called an eigenvector, or 
characteristic vector, or proper vector, or 
modal column. Naturally there exists also a 
nonnull vector y such that 

y*(A - XI) = 0. 

Either x or y is said to belong to X. If A is 
hermitian, then all eigenvalues are real. In 
this event there exists a unitary matrix V such 
that 

V*AV = A, 

where A is diagonal, and its elements are the 
eigenvalues of A. Moreover, the columns of 
V are eigenvectors, and, in fact, if r, is the ith 
column of V, and X, the ith element in the 
diagonal of A, then t>, belongs to X,-. The ma¬ 
trix V is said to diagonalize A. 
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If A*A = AA*, then A is said to be a normal 
matrix. Such a matrix can also be diagonalized 
by a unitary matrix V, but the diagonal form 
A is not real unless A is hermitian. 

For a more general matrix A, there exists a 
nonsingular matrix V such that 

V_1AV = A, 

where A has the form 

/Ax 0 0 • • -\ 

0 A2 0 
A = » 

0 0 A3 

\ .... 
and each A, is either a scalar matrix or of the 
form 

/X, 0 0 ...\ 

A, = |l X, 0 • • • ) 

with all diagonal elements equal, with ones just 
below the diagonal, and zeros elsewhere. This 
A is the Jordan normal form. Each Xi is an 
eigenvalue, each column v of V is a principal 

vector, which is to say that for some X and 

some v, 
(A - Xl)"v = 0. 

Also each row of V-1 is a principal row vector. 
(For computational methods see eigenval¬ 

ues and eigenvectors of matrices, computation 

of and matrix inversion.) 

MATRIX, ADJACENCY. Let G be a non- 

oriented graph possessing e elements ei, e2, '' ‘ > 

ee and v vertices pi, P2, ’'', Pv The adjacency 
matrix A of G is a square matrix of order v in 
which ay = 1 if Pi and p} are adjacent (see 
vertices, adjacent) and zero otherwise; a,,- de¬ 
notes the entry in A located in the ith row and 
j,h column of A. Note that a« = 0 {i — 1, 2, 

v), i.e., the diagonal of A is composed 

solely of zeros. 
Let B be the degree matrix of G. The 

Matrix Tree Theorem states that all the pri¬ 
mary co-factors of the matrix M = B — A of 
a connected non-oriented graph G are equal to 

the number of trees in G. A graph having the 
associated matrices A, B, M below is shown in 
the accompanying figure. 

A = 

B = 

M = 

0 111" 

10 11 

110 1 

-1110. 

'3 0 0 O' 

0 3 0 0 

0 0 3 0 

.0 0 0 3. 

' 3 -1 -1 -r 

-1 3 -1 -1 

-1 -1 3 -1 

,-l -1 -1 3. 

Observe that the (1,1) co-factor of M is pre¬ 
cisely equal to 16, the number of trees in G 
(see tree). (See also digraph.) 

MATRIX, ADJOINT OF. See adjoint of a 
matrix. 

MATRIX, CIRCUIT. Let G be a linear 
oriented graph with elements ey (j = 1, 2, • • -, 
e) and oriented circuits C» (i = 1, 2, • • •, k). 
The circuit matrix B„ = (6y) has k rows and 
e columns and is defined as follows: 

(a) b{j = +1 if element ey is in circuit C, and 
agrees in orientation with that of C,-; 

(b) b{j = — 1 if element ey is in circuit C, and 
is oppositely oriented to C,-; 

(c) b,j = 0 if element ey is not in circuit C,-. 

The circuit matrix corresponding to a set of 
fundamental circuits of a connected graph is 
denoted by B„. It contains e — v + 1 rows 
and e columns where v is the number of ver¬ 
tices. The orientation of a fundamental cir¬ 
cuit is usually chosen to agree with that of its 
unique chord. The rank of a fundamental cir¬ 
cuit matrix is e — v + 1. 

MATRIX, CLTT SET. See cut set matrix. 

MATRIX, DEGREE. Let G be a graph with 
v vertices Pi, P2, ” ‘, Pv The degree matrix B 
is a square, diagonal matrix of order v in which 
bu is the degree of the vertex Pi (i = 1, 2, • • - , 
v). (See vertex, degree; bu is the entry in B 
located in the ith row and i"1 column. An 
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example of a degree matrix is given under 
matrix, adjacency.) 

MATRIX ELEMENT. (1) A quantity ay at 
the intersection of the ith row and the jth 
column of a matrix. It may be of a general 
functional nature, real or complex. 

(2) The quantity resulting when a quantum 
mechanical operator 0 operates on an element 
i//„ of a complete, orthogonal set of wave func^ 
tions from the left and is then multiplied from 
the left by the complex conjugate of another 
element of the set, ipm*, and integrated over the 
position variables. The set of quantities 

Om,n = J* \f/m*(x,y,z)0^n(x,y,z)dxdydz 

can be considered to be the m,n elements of a 
matrix O which represents the operator 0. In 
quantum mechanics it is usually not the prac¬ 
tice to introduce a special notation to distin¬ 
guish between the operator 0 and the matrix 
O representing the operator, as is done in 
this book by the use of bold-face letters for 
matrices. 

MATRIX, IDENTITY. A diagonal matrix 
with all non-zero elements equal to unity. 

MATRIX, INCIDENCE. See matrix, vertex. 

MATRIX INVERSION. For a given square 
matrix A, the determination of a matrix de¬ 
noted A-1 such that AA-1 = A-1A = I, the 
identity, assuming A-1 to exist. A closed 
method of inversion would yield the exact in¬ 
verse, except for errors due to rounding, after 
a finite number of operations in prescribed se¬ 
quence performed upon the elements. These 
operations are usually arithmetic, but may in¬ 
clude square-rooting. Other methods, some¬ 
times called iterative are such as to produce a 
sequence of matrices C„ which approach A-1 

in the limit, again apart from rounding errors. 
Since x = \~1h satisfies the system of linear 
equations Ax = h, and since, conversely, each 
column of A-1 is the solution of such a system 
with a particular h, the problems of inversion 
and solution are mathematically equivalent 
and will be spoken of interchangeably. 

The most common direct methods are known 
as (Gaussian) elimination, or triangulariza- 
tion, with variants due to Crout, Banachiewicz, 
Doolittle, and many others, differing only in 
detailed arrangements and systems of record¬ 
ing intermediate results. 

Let A be partitioned in any way in the form 

An A12 

A21 A22 

where Au is required only to be square and 
nonsingular. In particular An may be a 
scalar, A2i therefore a column vector, A12 a 
row vector; or A22 may be a scalar, Ai2 a 
column vector, and A2J a row vector. The 
methods seek a factorization in one of the two 

Ai2\ _ /Ln 0 \ /Rn R i2\ 

A22 f Vl2i L22/ Vo R22/ 

0 \ /An AJ2\ _ /R11 Ri2\ 

1*22' 'A2i A22' \0 R22' 

where the partitioning is comformable through¬ 
out. The first factorization requires that 

L11R11 = An, L11R12 = A12, 

L21R11 = A2i, L21R12 + L22R22 = A22, 

and the second that 

P11A11 = Rn, P11A12 = R12, 

P21A11 + P22A21 = 0, P21A12 + P22A22 = R22- 

The second form is more usual but in fact they 
are entirely equivalent computationally. If 
Au-1 is known, which is certainly the case if 
An is a scalar, then all matrices can be deter¬ 
mined and one can even choose arbitrarily 
either Pn or Ra, and either P22 or R22. One 
common choice (Gaussian elimination) is to 
take Pn the identity ( = 1 if a scalar), and P22 

the identity. Then 

Rn = An, R12 = A12, 

P21 = ~A21A11 ', R22 = A22 ~ A2iA11—'A12. 

Thereafter one proceeds with R22 as with the 
original A, that is, one multiplies on the left by 
a matrix 

1 °v 0 P V 

where P' and R22 are to be partitioned. The 
result is the formation of n — 1 matrices Pi 
each unit lower triangular, such that 

Pn—lPn—2 • • • Pi = P 

is also unit lower triangular, and 

PA = R 

forms: 
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is upper triangular and hence readily inverted. 
Note that P has a unit determinant, whence 
the determinant of A is given by the product 
of the diagonal elements of R. If one is inter¬ 
ested only in solving equations, the P, need not 
be retained, but each must be multiplied by the 
vector on the right. 

While ordinarily one partitions off a row and 
a column, taking An a scalar, it sometimes 
happens that the matrix A has a submatrix An 
of order greater than 1, but whose inverse is 
already known or readily obtained. The above 
formulas apply equally to this case. Analo¬ 
gous formulas can be written for taking Rn 
and R22 to be identities. 

In the methods of enlargement one applies 
the above formulas first to a second order sub¬ 
matrix; next, this is taken to be An and 
bordered to form a third order submatrix to 
be inverted by the same formulas. Eventually 
the entire matrix is inverted. This method is 
to be recommended when the matrix to be in¬ 
verted is a finite segment of an infinite matrix 
and the size of the segment to be inverted is 
not determined in advance. 

When A is positive definite the factorization 
(1) can be modified: 

/An Ax27\ _ /Ln 0\/LnT L21r\ 

\A21 A22 / \li2l I / Vo L22 / 

with L22 symmetric. Evidently 

LiiLn7 = An, UiUiT = A21, 

L22 — A22 — 

Ordinarily An is a scalar. For obvious reasons 
this is called the square-root method. It is due 
to Cholesky, and to Banachiewicz. 

Other factorizations are to apply a Schmidt 
orthogonalization to the columns, A = QT, 
where T is a unit upper triangle and Q is 
orthogonal by columns. Hence Q'Q = D, a 
diagonal, and 

A-i = T-iD-iQr 

It might seem more natural to form AU = 
Q with U = T-1 formed directly. This can be 
done but it turns out the same computations 
are required to form U directly as to form first 
T and then T_1. 

Alternatively the rows of A can be orthog- 
onalized by applying the same process to A7. 

Still another possibility is to obtain an orthog¬ 
onal matrix fl such that QA = S, where S is 
upper triangular. This is done by applying 
first a rotation in the (1, 2)-plane to eliminate 
the element a2i of A; then in the (1, 3)-plane to 
eliminate a3i, and continuing until all sub¬ 
diagonal elements are eliminated. 

In the triangular factorization significance 
can be optimized by interchanging rows and 
columns at each stage so that the divisor in 
every division has as many significant figures 
as possible, or, when there is a choice, is as 
large as possible. In forming plane rota¬ 
tions, this interchange is unnecessary, but the 
method requires more arithmetic operations 
than triangular factorization, and requires a 
square root in the selection of each rotation. 

Quite different in appearance is the method 
of modification based upon the following iden¬ 
tity: 

(B - (ruv7)-' = B"1 - rB—1uvrB—x, 

a-1 + r—1 = vrB-'u, 

readily verified, where u and v are column 
vectors. If u and v are columns e,- and ej of I, 
then cuv7' is a matrix whose only nonnull ele¬ 
ment is a in the ilh row and jth column. Hence 
the formula gives the effect on the inverse of 
modifying a single element of the matrix. Or 
if <r = 1, n = e;, it gives the result of modi¬ 
fying the entire ith row by v. Evidently one 
could start with any matrix, perhaps I or the 
diagonal of A, whose inverse is known, and 
modify row by row, or column by column, to 
build up to A-1. In case A is symmetric, take 
u = v = ± ejy a = ay = aji. This affects 
also the diagonal elements so that one starts 
by inverting a suitably demodified diagonal of 
A. This method seems to be in principle the 
method of “tearing” advocated by Kron. 

If C is an approximation to A-1 which one 
wishes to improve, form either of 

H = I - AC, K = I - CA. 

Then either of 

Q = C(I + H), C\ = (I + K)C 

may be a better approximation, and will be if 
in any norm, one of the following is true: 

|[H|| < 1, ||K|[ < 1. 

Convergence is then quadratic. A rigorous 
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bound for the error in the inverse is given by 
either of 

IIA 1 - C|| < ||CH||/(1 - ||H||), 

IIA 1 - C|| < |JKC||/(1 - ||K]|), 

under the same condition. 
For solving the system 

Ax = h, 

if A is of high order but with most elements 
null, one usually prefers to generate a sequence 
of vectors x„ approaching the solution x in the 
limit. Let 

S„ = x — x„, r„ = h — Ax, = AS,,, 

Starting with any x0, one forms recursively 

Xx+i = x„ + Cvrv, 

where C„ is some matrix which may be fixed in 
advance, or may change from step to step. One 
can always arrange, if convenient, so that every 
diagonal element of A is unity. If this is done, 
and C„ = I, one has the simple, or total step, 
iteration. If one writes, then, 

A = I - B, 

so that B has a null diagonal, it is necessary and 
sufficient that the spectral radius p(B) < 1 
For the single-step (or Seidel, or Gauss-Seidel, 
or Liebmann) iteration let 

A = L + R, 

where L is null except below the diagonal, and 
R is null below the diagonal. Then 

C, = R-\ 

or, as the computation is usually made, one 
solves 

Rxp+1 = h — Lx,. 

Convergence is assured when A is positive defi¬ 
nite, and, more generally, when p(R_1L) < 1, 
the latter condition being necessary and suffi¬ 
cient. Note that in solving for the ith element 
of x,,_|_i, one solves the ith equation for that 
element in terms of the most recent values of 
all other elements, and the equations are taken 
in fixed cyclic order. In the method of relaxa¬ 
tion there is no fixed order, but one selects at 
each stage the particular equation which is 
least well satisfied, and if this is the jth, one 
solves for the jlh element in terms of most recent 
values of the others. This inspection can be 
done readily in computing by hand, but not 
readily by machine, whence relaxation is not 
recommended for machine computation (al¬ 

though some authors apply the term more 
generally to any method, or at least some other 
methods, of generating converging sequences). 
In the method of steepest descent 

C„ = (r/Ar,)_1r,r/. 

The method is more usually written 

X„ 

Up = r/r,/r/Ar,. 

It applies in this form only when A is positive 
definite, and then it always converges. Note, 
however, that any system with a nonsingular 
matrix A can be converted to an equivalent 
system with a positive definite matrix: 

ArA\ = A'h. 

(See condition number, and norm.) 

MATRIX, MODAL. The modal matrix of a 
given matrix A is that matrix H satisfying the 
condition that 

(H—1AH)ty = XAy 

where (H-’AH)^ is the i,j matrix element of 
the matrix H”'AH and Xi are the eigenvalues 
of the matrix A. 

MATRIX, PRINCIPAL DIAGONAL OF. 
The set of matrix elements, Ay, for which i = j. 

MATRIX, REAL. A matrix which has only 
real numbers or functions as elements. 

MATRIX, REDUCIBLE. See representation 
of a group. 

MATRIX, REDUCING. See representation 
of a group. 

MATRIX, S. See S-matrix. 

MATRIX, SCATTERING. See S-matrix. 

MATRIX, SECONDARY DIAGONAL OF. 
The set of elements Ay for which i -j- j = n -f- 1, 
where n is the order of the matrix. 

MATRIX, STOCHASTIC. A real square 
matrix with non-negative elements and unit 
row sums. These matrices have important 
applications as transition probability matrices 
in the theory of Markov chains. 

MATRIX, TRANSMISSION. See transmis¬ 
sion, matrix. 

MATRIX TREE THEOREM. See matrix, 
adjacency. 
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MATRIX, VERTEX. The vertex matrix 
Aa = (afj) of a linear oriented graph G pos¬ 
sessing v vertrices /?t, (i = 1, 2, • • •, v) and e 
elements tj, (j = 1,2, • • •, e), is a matrix with 
v rows and e columns such that 

(a) ctij = 1 if element tj is incident at vertex 
Pi and oriented away from /?,; 

(b) dij = —1 if element tj is incident at pi 
and oriented toward /3<; 

(c) dij = 0 if element tj is not incident at 
vertex Pi. 

The vertex matrix has exactly two non-zero 
elements, one +1 and one —1 in each column 
and at least one non-zero element in each row. 
The rank of the vertex matrix of a connected 

graph is v — 1. 
For a non-oriented graph the vertex matrix 

is defined similarly: 

(a) da = 1 if element tj is incident at vertex 
pi and 

(b) d^ = 0 otherwise. 

A graph is completely defined by its vertex 
matrix. 

MATRIZANT. The matrizant of a matrix A 
whose elements are functions of some variable 
x is the series: 

I + I X(xi)dxi + I A(xi) I A(x2)dx2dxi 

/%t 

+ I A(xx) I A(x2) I Mx3)dx3dx2dxi H- 
dt0 dt„ Jt„ 

where I is the identity matrix. 

MATTE SURFACE. A matte surface is con¬ 
tinuous but not smooth, i.e., it belongs to class 
C0 but not class C\. When a matte surface is 
an interface between two media, the resulting 
reflection of light is diffuse. 

MATTHIESSEN RULE. An approximate 
rule stating that the total electrical or ther¬ 
mal resistivity of a metal is the sum of the 
separate resistivities due to scattering of the 
electrons by thermal vibrations of the lattice, 
by impurities, by imperfections, etc. 

MAUPERTUIS THEOREM. If a static sys¬ 
tem is in equilibrium and every change in con¬ 
figuration consistent with the constraints in¬ 
creases the potential energy, the equilibrium is 
stable. (See minimum potential energy.) 

MAXIMAL CONNECTED SUBGRAPH. See 
subgraph, maximal connected. 

MAXMIN. See games theory. 

MAXWELL. The unit of flux in the electro¬ 
magnetic system of units. (See electromag¬ 
netic units.) 

MAXWELL AND BETTI RECIPROCITY 
THEOREM. See reciprocity theorem in 
classical elasticity theory. 

MAXWELL-BOLTZMANN DISTRIBUTION 
LAW. A more general relationship than the 
Maxwell distribution law. It may be ex¬ 
pressed as follows 

f(p,q) = 

where f(p,q) is the number of particles in the 
system per unit volume of phase space with 
given values of the generalized momenta, p, 
and coordinates, q, C is a normalizing con¬ 
stant, p = 1/kT {k: Boltzmann’s constant, 
T:absolute temperature), and e(p,q) is the 
particle energy. 

MAXWELL-BOLTZMANN STATISTICS. 
See Boltzmann statistics. 

MAXWELL-BOLTZMANN TRANSPORT 
EQUATION. See Boltzmann transport equa¬ 
tion. 

MAXWELL DISTRIBUTION LAW. A law 
expressing the relative numbers of molecules 
in a gas which have various given speeds, or 
various given kinetic energies, of thermal agi¬ 
tation at any instant. In its usual forms, it is 
limited by certain simplifying conditions, viz., 
uniformity of temperature, absence of turbu¬ 
lence or convection currents, negligible effect 
of gravity, and purity of the gas (molecules 

Graph of the Maxwell distribution law. 

all of equal mass). The law may be expressed 
in various terms. For example, if N is the total 
number of molecules, the proportion of them 
having speeds confined to the interval Av be¬ 
tween v — %Av and v + %Ay (and hence 
having v cm per sec as their representative 
speed), is 
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AN 

N 

±h3(Av) 
v2e-h2v\ (1) 

h is a constant which may be shown to be equal 
to 

h = 6.034 X 107 (2) 

in which T is the absolute temperature and m 
is the mass of one molecule in grams. From (1) 
it is easily deduced that the modal (most fre¬ 
quent) speed of the molecules is 

1 

the mean speed is 
2 

(3) 

(4) 

simplified; in general, provision must be made 
for the presence of dielectrics, conductors, or 
magnetizable bodies. In these equations, H is 
magnetizing force, B is magnetic induction, E 
is electric intensity, D is electric induction, p 
is electric charge density, J is conduction cur¬ 
rent density, t is time. The “curl” and the 
“divergence” of a function are well-known 
operators of vector analysis. The equations, 
in rationalized mks units, are 

3D 
Curl H = — + J 

dt 

dB 
Curl E -- 

dt 

The additional relations 

Div B = 0 

and the effective speed (corresponding to aver¬ 
age kinetic energy) is 

vs = (5) 

This last quantity, and hence h, can be calcu¬ 
lated from the density and the pressure of the 
gas. (See kinetic theory, equipartition of en¬ 
ergy, Maxwell-Boltzmann distribution law, 
perfect gas law.) 

MAXWELL EFFECT. The optical bire¬ 
fringence shown by viscous liquids having 
anisotropic molecules due to the existence of a 
shearing velocity gradient. If the liquid is 
flowing in the x-direction with a velocity vx, 
which is a function of y only, then the differ¬ 
ence between the indices of refraction for the 
two principal planes of polarization for a light 
wave traveling in the z direction will be 

An = c(dvx/dy). 

The constant c is known as the Maxwell con¬ 
stant. The two principal planes are the ones 
which are perpendicular to each other, with 
the 2-axis as their line of intersection, and each 
makes an angle of 45° with the x-axis. 

MAXWELL EQUATIONS. A set of four 
classic formulae of the electromagnetic theory. 

They deal with certain vector quantities per¬ 
taining to any point of a region under varying 
electric and magnetic influence. If the point is 
in empty space, the equations are somewhat 

Div D = p 

are frequently included as part of Maxwell’s 
system, although they are not independent 
relations if one assumes the conservation of 
charge. The last two are also known as the 
Gauss law. For linear homogeneous isotropic 
media, B = /TI; D = «E. The values of p and 
f for a vacuum satisfy 

pvev - 1/c2 

where c is the speed of light, p is permeability 
and « is permittivity. 

The equations and the expressions of con¬ 
servation are often stated in the integral form: 

fHdS=fs(r+J) 
fE-iS—If-'*; 

j)B ■ dS = 0; fv-dS 

d S; 

(See integral, line; integral, surface; Gauss 

theorem; Stokes theorem.) 

MAXWELL FISHEYE. An optical medium 
with the index of refraction 

a 

where r is the distance from a fixed point and 
a, b are constants. In this system, any sphere 
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of radius R has a conjugate sphere, of radius 
1/R, which is a perfect and undistorted image 
of the sphere of radius R. This image is in¬ 
verted; its magnification is —1/R2. Max¬ 
well’s fisheye is a perfect optical system. 

MAXWELLIAN MOLECULES. See point 

centers of repulsion. 

MAXWELLIAN VELOCITY DISTRIBU¬ 
TION. See Maxwell distribution law. 

MAXWELLIAN VIEW. A method of ob¬ 
serving an integrating photometric sphere 
(i.e., a sphere with a white, diffusing inner 
wall, in which a light source is placed). In 
this method the source is focussed on the 
pupil of the eye; a method for weak sources. 

MAXWELL MATERIAL. A viscoelastic ma¬ 
terial exhibiting instantaneous elasticity and 
viscous flow only. It is represented by the 
Maxwell model: 

a E 

-WW 
a 

1 +€ 

In the linear case the constitutive equation 

takes the form: 
& a 

e = — H— 

E v 

At constant strain, the stress in a Maxwell 
material relaxes to zero. 

MAXWELL MODEL. See Maxwell material 
for the basic Maxwell model. More general 
viscoelastic materials can be represented by a 
sequence of Maxwell models in parallel with a 
spring, and this is sometimes referred to as the 
general Maxwell model. (See relaxation time 

for properties of this model.) 

MAXWELL-MOHR METHOD. A method of 
calculating the deflection 8 of a pin-connected 
elastic truss at a given point in a given direc¬ 
tion which introduces a unit load at the point. 
It is equivalent to the method of virtual work 
in which the actual truss is taken as the geo¬ 
metric or compatible system and the forces s 4 
set up by the unit load are taken as the equi¬ 

librium system 

MAXWELL RELATION (S). From the basic 
relations for the characteristic functions (see 
thermodynamics, characteristic functions of) 
it may be easily deduced that 

where S is the entropy, a, the coefficient of 
thermal expansion and k, the (isothermal) 
compressibility. These two relations are due 
to Maxwell. 

MAXWELL RELATION BETWEEN DI¬ 
ELECTRIC CONSTANT AND INDEX OF 
REFRACTION. According to Maxwell’s 
identification of light with electromagnetic 
radiation, the dielectric constant « and the 
refractive index, n, of a substance should be 
related by the formula c = n2. This relation 
only holds under rather restrictive conditions, 
such as the absence of permanent dipoles in 
the substance, measurement with light of very 
long wavelength, etc. 

MAXWELL STRESS FUNCTIONS. Using 
the indicial notation, the stress components in 
a rectangular Cartesian coordinate system x, 

at a point xt of a body, may be denoted cry. 

Provided the body is in equilibrium and no 
body forces are acting, the stress field must 
satisfy equations of equilibrium, which may be 
written, using the summation convention, 

d(Tij 

dXj 
= 0. 

Any stress field, of sufficient regularity, satisfy¬ 
ing these equations may be expressed in terms 
of three functions of position in the body, 4n, 
<t>2, <t>3 (say), called the Maxwell stress functions, 
by 

<rn = 

033 — 

d~<f> 2 

dx3 

d2<h 

dx22 

+ 

+ 

d2<t> 3 

dx22 

d24>2 

dxi2 

022 — 
d2<t> 3 

dXi2 
+ 

d^i 

dx32 

031 — 

d2<t> 2 

dx3dXi 

023 — 

012 — 

d2<fri 

dx2dx3 

d2<t> 3 

dX\dx2 

MAXWELL THEOREM FOR ISOTHERMS. 
Consider an isotherm in the region where a 
liquid can coexist with its vapor (see critical 
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point). The figure represents such an iso¬ 
therm DLVA; C is the critical point, LCV is 
the saturation curve. In accordance with the 
continuity of state one may treat the segments 
AV and LD of the isotherms as two parts of 
a single continuous curve such as A\ NMLD. 
The part NM of this “extrapolated” isotherm 
corresponds to unstable phases (see mechani¬ 
cal stability). 

p,V isotherms in region of the critical point. 

Maxwell has shown that the condition of 
equilibrium (see chemical potential) between 
the liquid L and the vapor V requires 

f Vdp = 0. (1) 
JVNML 

The two shaded areas in the figure are there¬ 
fore equal. 

MAYER THEORY OF VIRIAL COEFFI¬ 
CIENTS. See cluster theory of virial co¬ 
efficients. 

MEAN ACTIVITY COEFFICIENTS. See 
mean chemical potentials. 

MEAN, ARITHMETIC. See arithmetic 
mean. 

MEAN CHEMICAL POTENTIALS. Con¬ 
sider an electrolyte which dissociates into v+ 
cations each with a charge z+ and v_ anions 
of charge z_ (see electroneutrality). We then 
have 

z+v+ + z_ j»_ = 0. (1) 

Because of the electroneutrality conditions the 
chemical potentials of the anions and of the 
cations m— cannot be measured separately. 

For this reason it is useful to define a mean 
chemical potential by the relation 

v+p+ + v-V- 
M± =-—- V) 

V+ + V- 

To this mean chemical potential corresponds 
in the usual way a mean activity coefficient. 

MEAN CURVATURE. See curvature. 

MEAN DEVIATION. The mean deviation of 
N sample values x about a point a is defined 
as 2|r — a\/N. Used as a measure of disper¬ 
sion, a is usually chosen to be the sample mean, 
or the sample median about which the mean 
deviation is a minimum. An alternative but 
less desirable expression is “average devia¬ 
tion.” 

MEAN DIFFERENCE. A measure of dis¬ 
persion, not to be confined with mean devia¬ 
tion. For a set of values xXy x2, xN the 
mean difference is 

—1— Z 
N(N - 1) ZU 

Xi — Xj 

Sometimes a divisor N2 is used. The quantity 
can also be defined for continuous variation. 

MEAN EFFECTIVE PRESSURE. (OR 
INDICATED MEAN EFFECTIVE PRES¬ 
SURE.) In an indicator diagram, that pres¬ 
sure P which acting uniformly along one stroke 
would produce a quantity of work equal to 
that produced (or consumed) during one cycle 
of operation of the engine. Hence, on the 
indicator diagram, the product PVS is equal to 
the area enclosed by the diagram, with due 
regard to signs. 

The mean effective pressure is directly re¬ 
lated to the power of an engine. If the number 
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of revolutions per working stroke is denoted by 
k (k = 1 for a two-stroke engine, and k = 2 
for a four-stroke engine), the engine speed is 
denoted by n (revolutions per minute) we have 

In a multi-cylinder engine, V3 denotes the 
sum of the swept volumes of all cylinders. 

Hence 
IP, 

P = K—-• 
nVs 

MEAN FREE PATH. (1) The average dis¬ 
tance that a particle travels between successive 
collisions, or that a wave (train) travels be¬ 
tween successive reflections. Under collisions 
one must understand any scattering process 
which can include processes such as absorp¬ 
tion, inelastic scattering, and so on. If the 
cross section for such processes is o- and n the 
number of scatterers per unit volume, the mean 
free path l is given by the equation 

1 
l = — 

Tier 

(la) The average distance covered by a 
gaseous molecule betwreen two successive col¬ 
lisions. There is no difficulty in defining a 
mean free path A in a gas consisting of hard 
spheres; elementary kinetic considerations 
show that for a pure hard sphere gas, A de¬ 
pends on the concentration n in molecules per 
cm-3, and on the collision diameter d, but not 
on temperature (for a given n): 

1 

\/2 ivnd2 

For more realistic potentials, when the inter- 
molecular potential energy varies smoothly 
with intermolecular distance, one meets the 
same difficulty as in the definition of the mo¬ 
lecular cross section; classically, the interac¬ 
tion decreases rapidly with distance, but does 
not vanish, except at infinity. Even in a 
dilute gas, molecules are then in slight inter¬ 
action with each other, and there is no clearcut 
definition of a collision or a mean free path. 
A comparison of the equations for the trans¬ 
port coefficient obtained from the potential 
curve considered, and from the hard sphere 
model, allows one to define a “mean free path” 
for a molecule and for a given set of experi¬ 

mental conditions. In contrast with result ob¬ 
tained for hard spheres, the mean free path 
depends now slightly on the temperature, and 
also on the transport coefficient from which it 
has been derived. 

(lb) In neutron transport theory, the aver¬ 
age distance traveled by a neutron before ex¬ 
periencing a collision of a particular type 
(scattering, capture, etc.). It is equal to the 
reciprocal of the macroscopic cross-section 
(Ncn)-1 for the process under consideration. 
The reciprocal of the mean free path in a mix¬ 
ture is equal to the sum of the reciprocals of 
the component mean free paths. 

(lc) The mean free path of sound waves in 
an enclosure is defined as the average distance 
between successive reflections of a sound wave 
traveling in the enclosure. 

MEAN FREE PATH, TRANSPORT. The 
transport mean free path is closely related to 
mean free path for scattering, namely 

1 — (cos 6)av 

where (cos d)av is the average cosine of the 
scattering angle. 

In nuclear reactors, the term is used with 
two meanings: (1) Where the Fick law is 
applicable, three times the diffusion coefficient 
of neutron flux. (2) A modified mean free path 
used to correct for the persistence of velocities 
and anisotropy of scattering, the latter being 
expressed in the above formula. 

MEAN FREE TIME. The average time be¬ 
tween collisions. In solid state physics, an 
important example of the use of the term is 
to denote the average time between collisions 
of an electron with impurities in a semicon¬ 
ductor. 

MEAN HORIZONTAL INTENSITY. The 
average value of the luminous intensity of a 
source in all directions in a horizontal plane 
passing through the center of the source. 

MEAN LIFETIME. See life, mean. 

MEAN LIFETIME OF AN ATOMIC STATE. 
The time t after which the number Nn of atoms 
left in a given atomic state n is 1/e times the 
original number Nn°. If Anm is the Einstein 
transition probability of spontaneous emission 
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(see transition probability) for the transition 
from the state n to a lower state m, we have 

Nn = Nn° exp - (23 Anm)t 
m 

For allowed (electric dipole) transitions r is 
of the order 10“8 sec. If no allowed transi¬ 
tions can occur from the state n to any lower 
state, the mean life is much larger; it is of the 
order 10“3 sec if magnetic dipole transitions 
are possible, and of the order 1 sec if only 
quadrupole transitions are possible. States 
with such long lifetimes are called metastable 
states. 

celestial equator with constant angular veloc¬ 
ity. It completes the circuit of the equator in 
the same period of time that the true sun com¬ 
pletes its circuit of the ecliptic. (See time¬ 
keeping.) 

MEAN VALUE OF A FUNCTION. Defined 
for a function f(x) over an interval (a,b) by 

f f(x)dx 

b — a 

Over an area <S it is defined by 

ff/(x,y)ds 

s 
MEAN LIFETIME OF ELECTRON IN 
TRAP. This can be defined as r where the 
rate of thermal release of electrons is 
( 1/t) X number in traps. We then have the 
relation 

h3(gi/g0) /~ 

16tt m*{kTfa °XP \ kT ) 

where h and k are Planck’s and Boltzmann’s 
constants, respectively, m* is the effective 
electron mass, T is the absolute temperature, 
(«c — et) the energy change involved in trans¬ 
ferring an electron from the bottom of the con¬ 
duction band into an electron trap, a is the 
average cross-section for capture of a free elec¬ 
tron by the trap, and gi, g0 are the statistical 
heights of full and empty traps respectively. 

MEAN MOLECULAR VELOCITY. See mo¬ 
lecular velocity, mean. 

MEAN NORMAL CURVATURE. See curva¬ 
ture, mean normal. 

MEAN OF DISTRIBUTION. See concen¬ 
tration. 

MEAN SPHERICAL INTENSITY. The 
average value of the luminous intensity of a 
source in all directions It is also the quotient 
of the total luminous flux by the total solid 
angle, 4-n- steradians. 

MEAN-SQUARE MOLECULAR VELOC¬ 
ITY. See molecular velocity, mean-square. 

MEAN SUN. A fictitious object that is as¬ 
sumed to move eastward in the plane of the 

Over a region V of space it is defined by 

JJJ f(x,y,z)dV 

V 

MEAN VALUE THEOREMS. The first law 
of the mean for integrals is 

b 

f(x)dx = (b - a)f(z) 

where a^z^b and fix) is a continuous 
function. 

The second law of the mean is 

rb 
f{x)<t>{x)dx = 4>{a) / f{x)dx 

with z and/(:r) restricted as before; is also 
continuous and a positive monotonic decreasing 
function in the interval (a,b). Another form of 
the second law is 

| f(x)<j>(x)dx 
a 

b 

f(x)dx + <f>(b) 

where <f>{x) is not necessarily always positive. 
There are similar formulas for the case 

where 4> {x) is an increasing function. The two 
forms of the second theorem are known as the 
forms of Bonnet and of DuBois-Reymond, 
respectively. 

A mean value theorem also exists for a 
derivative. Let fix) be a function which has 
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a finite derivative at all points of the interval 
(a,b). Then there exists a value of z between 
a and b such that/(6) — /(a) = f'(z) (b — a). 
The theorem may be interpreted geometri¬ 
cally, for it states that the tangent to a smooth 
curve is parallel to an intermediate point on a 
chord of the curve. The procedure can be 
generalized to give the extended mean value 
theorem 

f(b) = f(a) + (b - a)f'(a) 

(b-a)2 (b-a)"-1 , 
+ ——/"(a) + • • + - /(w - 1} (a) 

2! (»- 1)! 

(b - a)n 
+ ~fM(z). 

n\ 

(See also Taylor Series.) 

MEAN VELOCITY. The time average of the 
velocity at a fixed point, over a somewhat arbi¬ 
trary time interval T counted from some fixed 
time t0- For example, the mean velocity of 
the u component is 

MEAN, WEIGHTED. See arithmetic mean. 

MEASURABLE FUNCTION. A function 
f(x), defined in any interval (a,£>), is said to 
be measurable, provided that, for every value 
of A, the set of points x, of (a,b), at which 
f(x) ^ A, is a measurable set of points. 

MEASURABLE SET OF POINTS. When 
the exterior and interior measures me(G) and 
m«(G) of a set G, of points in p dimensions, 
are equal to one another, the set G is said 
to be measurable, and the number me{G) = 
mt(G) is defined to be the measure of G. 
When G is measurable its measure is denoted 

by m{G). 

MEASURE OF LOCATION. A value which 
determines the location of a frequency dis¬ 
tribution. It is, in some defined sense, typical 
or central. The customary measures are the 
arithmetic mean and the median. 

MECHANICAL-ACOUSTICAL RECIPROC¬ 
ITY THEOREM. See reciprocity theorem, 
mechanical-acoustical. 

MECHANICAL AND ACOUSTICAL IM¬ 
PEDANCE LOAD UPON AN OSCILLAT¬ 
ING SPHERE. An oscillating sphere is a 
sphere whose radius remains constant while 

the sphere executes a movement of translation 
as a function of the time. The mechanical 
impedance, in mechanical ohms, of the air load 
upon an oscillating sphere is 

(1) zm = 

Airtt pc k R + j{2kR + 

4 + k*R4 

where R is the radius of the sphere, in centi¬ 
meters, p is the density, in grams per cubic 
centimeter, k is 2ir/X, X is the wavelength, in 
centimeters, and c is the velocity of sound, in 
centimeters per second. 

The acoustical impedance, in acoustical 
ohms, of the air load upon an oscillating sphere 
is 

2.4 = 
pc 

127tR2 

~k4R* +j(2kR + k3R3)' 

. 4 + k*R* . 
• (2) 

The acoustical impedance per unit area of an 
oscillating sphere is 

pc Yk4R4 + j(2kR -f k3R3)~ 

3~ L 4 + k4R4 
(3) 

The oscillating sphere is an acoustical dou¬ 
blet. Therefore, the acoustical resistance com¬ 
ponent is proportional to the fourth power of 
the frequency when the dimensions are small 
compared to the wavelength. The oscillating 
sphere represents the direct radiator loud¬ 
speaker without a baffle. 

MECHANICAL AND ACOUSTICAL IM¬ 
PEDANCE LOAD UPON A PULSATING 
CYLINDER. The pulsating cylinder is a 
cylinder whose radius increases and decreases 
with time. The motion of the air around the 
cylinder will, like the motion of the cylinder 
itself, take place in radial directions in planes 
nonnal to the axis of the cylinder and will 
have the same radial velocity in all directions 
but will depend upon the distance from the 
center of the cylinder. 

The mechanical impedance, in mechanical 
ohms, of the air load, per unit length, upon a 
pulsating cylinder is 

zm — 2irRpc 
- (2kR)2 + j2kR- 

. 1 + (2kR)2 . 
(1) 

w’here R is the radius of the cylinder, in centi¬ 
meters, p is the density of air, in grams per 
cubic centimeter, k is 2ir/X, X is the wavelength, 
in centimeters, and c is the velocity of sound in 
centimeters per second. 

The acoustical impedance, in acoustical 
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ohms, of the air load per unit length upon a 
pulsating cylinder is given by 

Za = 

pc 

2ttR 

(2 kR)2 + j2kR 

1 + (2 kR)2 

The acoustical impedance per unit area is 

21 = PC 

(2kR)2 + j2kR 

1 + (2 kR)2 

(2) 

(3) 

MECHANICAL AND ACOUSTICAL IM¬ 
PEDANCE LOAD UPON A PULSATING 
SPHERE. The pulsating sphere is a sphere 
whose radius increases and decreases with 
time. The motion of the air around the sphere 
will, like the motion of the sphere itself, take 
place only in radial directions and will have 
the same velocity in all directions, but will de¬ 
pend upon the distance from the center of the 
sphere. 

The mechanical impedance, in mechanical 
ohms, of a pulsating sphere is 

Zm = 47rR2pc 
(kR)2 + jkR 

1 + (kR)2 . 
(1) 

where R is the radius of the sphere, in centi¬ 
meters, p is the density, in grams per cubic 
centimeter, k is 2tt/\, X is the wavelength, in 
centimeters, and c is the velocity of sound, in 
centimeters per second. 

The acoustical impedance, in acoustical 
ohms, of the air load upon pulsating sphere is 

za - 
pc (kR)2+j(kR) 

2irR2 L 1 + (kR)* 
(2) 

The acoustical impedance per unit area is 

z 1 pc 
'(kR)2 + jkR' 

. 1 + (kR)2 . 
(3) 

MECHANICAL AND ACOUSTICAL IM¬ 
PEDANCE LOAD UPON A VIBRATING 
PISTON. The mechanical impedance, in me¬ 
chanical ohms, of the air load upon one side 
of a vibrating piston set in an infinite baffle is 

Zm = 7r R2pc 1 - 
Jx(2kR) 

kR 

TTUp 

+ j—3Kx(2kR) 
2k 

(1) 

where R is the radius of piston, in centimeters, 
p is the density, in grams per cubic centimeter, 
c is the velocity of sound, in centimeters per 
second, k is 2x/X, X is the wavelength, in centi¬ 

meters, w is 2nf, and / is the frequency, in 
cycles per second. 

Ji and A'i may be found in treatises on 
Bessel functions. They are also defined by 
the series, 

Jx(2kR) 

kR 

Ki(2kR) 

k2R2 /c4A4 i k6R6 

~2~ 22-3 + 22-32--i 

2 f(2A;A)3 (2kR)5 

tr L 3 32-5 

(2 kR)7 j 

+ 32-52- 7 J 

(2) 

(3) 

The acoustical impedance, in acoustical 
ohms, of the air load upon one side of a vibrating 
piston in an infinite baffle is 

za = 

pc 

^R2 
1 - 

Jx(2kR) 

kR 
+ 

jup 

2tvR4k3 
- K\(2kR). 

(4) 

The acoustical impedance per unit area of 
the piston is 

+ «'***>■ 
(5) 

The above equation may be used to deter¬ 
mine the mechanical or acoustical radiation 
resistance and the mechanical or acoustical 
reactive component of the air load upon the 
cone in a direct radiator loudspeaker. It is 
customary to use the above equations for the 
resistive and reactive components of the me¬ 
chanical or acoustical impedance at the mouth 
of a horn in computing the mechanical or 
acoustical impedance at the throat of the horn. 

MECHANICAL AND ACOUSTICAL IM¬ 
PEDANCE LOAD UPON A VIBRATING 
PISTON IN FREE SPACE. The mechanical 
impedance, in mechanical ohms, of the air 
load upon one side of a vibrating piston in free 
space is given by the approximate equation 

(1) 

where R is the radius of the piston, in centi¬ 
meters, p is the density, in grams per cubic centi¬ 

me 1 - 
J i (2 kli) 

kR 
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meter, c is the velocity of sound in centimeters 
per second, and X is the wavelength, in centi¬ 
meters. 

The acoustical impedance, in acoustical 
ohms, of the air load upon one side of a vi¬ 
brating piston in free space is 

The acoustical impedance, in acoustical 
ohms, upon a vibrating piston in the end of an 
infinite tube is 

The acoustical impedance per unit area of 
the piston is 

MECHANICAL AND ACOUSTICAL IM¬ 
PEDANCE LOAD UPON A VIBRATING 
PISTON IN THE END OF AN INFINITE 
TUBE. The mechanical impedance, in me¬ 
chanical ohms, of the air load upon a vibrating 
piston in the end of an infinite tube is given 
by the approximate equation 

where R is the radius of the piston, in centi¬ 
meters, p is the density, in grams per square 
centimeter, c is the velocity of sound, in centi¬ 
meters per second, and X is the wavelength, in 
centimeters. 

Ji and K\ may be found in treatises on 
Bessel functions. They are also defined by 
the series 

zA 
Pc 

^R* 
1 

4.4tf 

X 

+ 
2ttR4K3 1 

The acoustical impedance per unit area of 
the piston is 

Zl = Pc 1 
4AR 

X 

+ 
ju>p 

2R2K3 Al 

MECHANICAL AND ACOUSTICAL IM¬ 
PEDANCE LOAD UPON A VIBRATING 
STRIP. The mechanical impedance, in me¬ 
chanical ohms, of the air load, per unit length, 
upon one side of an infinitely long vibrating 
strip set in an infinite baffle is 

Zm = 2 pcD 
'(2 kD)* + (2 kD)*‘ 

. 1 + (2 tcD)* . 
(1) 

where 2D is the width of the vibrating strip, 
in centimeters, p is the density, air grams per 
cubic centimeter, c is the velocity of sound, in 
centimeters per second, k is 2ir/\, and X is the 
wavelength, in centimeters. 

The acoustical impedance, in acoustical 
ohms, of the air load per unit length, upon a 
vibrating strip set in an infinite baffle is 

za 

pc 

2D 

(2 kD)* + (2kD)H 

1 + (2 kD)H 
(2) 
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The acoustical impedance per unit area of 
the strip is 

(2kD)% + (2 kD)*' 
Zi = pc 

1 + (2kD)H 
(3) 

MECHANICAL EFFICIENCY. In a recip¬ 
rocating prime mover, the ratio of the work 
available on the driving shaft, We, to the indi¬ 
cated work Wi measured on an indicator dia¬ 
gram 

We 
Vm « — * (1) 

vV i 

In a turbine, the ratio of We to the enthalpy 
drop, 

Wi = h - h3 (2) 

for the real process. In a reciprocating com¬ 
pressor, the ratio of the indicated work W{ to 
the work We supplied to the driving shaft, 

Vm = 
Wi_ 

We' 
(3) 

In a turbocompressor, the indicated work is 
replaced by the (negative) enthalpy of the real 
process, 

Wi = h- h3. (4) 

MECHANICAL EQUIVALENT OF LIGHT. 
The experimental problem in this determina¬ 
tion is to separate the visible from the infra¬ 
red and ultraviolet radiation. One procedure 
is to enclose a lamp, of known power output, 
in a jacket which absorbs the invisible radia¬ 
tion and transmits the visible, the former being 
measured by the temperature-rise of the jacket 
and the latter photometrically. Measure¬ 
ments by Ives in 1926 with white light gave 
1.6 X 10~3 watts per lumen. More recent 
measurements made at 555 m//. gave 1.46 X 
10 ~3 watts per lumen, or 680 lumens per watt. 
(See also luminosity function, standard.) 

MECHANICAL IMPEDANCE. See imped¬ 
ance; impedance, mechanical. 

MECHANICAL LOSS FACTOR. See loss 
factor, mechanical. 

MECHANICAL MOBILITY SYSTEM. A vi¬ 
brating system of one degree of freedom con¬ 
sisting of a mass, compliance and mechanical 
resistance is considered in this book from the 
standpoint of the classical dynamical analogy 
(see dynamical analogy, classical). It is the 
purpose of this section to consider the same 

In all cases the mechanical efficiency is a 
measure of the perfection of the mechanical 
design and condition of the engine; its value 
is always less than unity and decreases as the 
mechanical losses (friction, power required to 
drive ancillary mechanisms such as fuel pump, 
scavenge pump, lubrication pump, etc.) in¬ 
crease. 

MECHANICAL EQUIVALENT OF HEAT. 
If the units of work and heat (see first law of 
thermodynamics) are defined separately, it 
becomes necessary to determine the relation 
between them, the mechanical equivalent of 
heat 

unit of work 
J = —- 

unit of heat 

An Ti 

, (B) 
4n r' 

Mobility Network 

(C) 

System 

Electrical Network 

(D) 

or the heat equivalent of mechanical energy 

unit of heat 
A -- 

unit of work 

The modern tendency is to define heat in 
terms of work and the first law of thermody¬ 
namics, and either to measure heat in units of 
work, or to define the mechanical equivalent of 
heat by convention. (See thermal units.) 

A mechanical vibrating system consisting of a mass, 
compliance and mechanical resistance. A. Mechanical 
system. B. Mechanical mobility system equivalent 
to the mechanical system of A. C. Mobility net¬ 
work of the mechanical system. D. Electrical net¬ 

work analog of the mobility system. 

system from the standpoint of the mechanical 
mobility analogy. 

The mechanical system consisting of a mass, 
compliance and mechanical resistance is shown 
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in Figure 1A. The mechanical vibrating sys¬ 
tem may be rearranged to the equivalent me¬ 
chanical system which is termed the mechani¬ 
cal mobility system of Figure IB. The devel¬ 
opment of the mobility network of Figure 1C 
follows in a simple and direct manner from the 
mechanical mobility system of Figure IB. 

The sum of the forces through the three 
branches of the mechanical mobility system 
and the mobility network of Figure IB and C 
is 

fm — fml "f" fm2 “l- fmZ (1) 

where 
V 

/mi = — 
Tl 

(2) 

dv 
fM2 — mi ~r 

dt 
(3) 

/M3 = — fvdt (4) 

The mobility network and the electrical 
analogy are developed below. 

From the sum of Equations 2, 3 and 4 the 
differential equation of the mobility network 
of Figure 1C is 

dv v 1 r 

!’1 = m,dt + 7, + 'cIJvit■ (5) 

The sum of the electrical currents of the 
electrical network of Figure ID is 

i — t’i + &2 + H (6) 

MECHANICAL OHM. See ohm, mechanical. 

MECHANICAL RECTILINEAL MOBIL¬ 
ITY. Mechanical rectilineal mobility is the 
inverse of mechanical rectilineal impedance. 
Mechanical rectilineal mobility Zj, in mechani¬ 
cal mhos, is defined as the complex ratio of 
linear velocity to linear force as follows: 

v 
2/ = — (1) 

JM 

where v is the velocity, in centimeters per sec¬ 
ond, and fa is the force, in dynes. 

It is evident that a mechanical element in 
the mechanical mobility sense is analogous to 
the electrical element if velocity difference 
across the mechanical element is analogous to 
the voltage difference across the electrical ele¬ 
ment and if the force through the mechanical 
element is analogous to the electrical current 
through the electrical element. 

Mechanical rectilineal mobility Z/, in me¬ 
chanical mhos, is a complex quantity and may 
be written as follows: 

zi = n + jxi (2) 

where 77 is the responsivity, in mechanical 
mhos, and xi is the excitability, in mechanical 
mhos. 

MECHANICAL RECTILINEAL RECI¬ 
PROCITY THEOREM. See reciprocity the¬ 
orem, mechanical rectilineal. 

where i\ = — (7) 
te 

de 
*2 — Ce~ (8) 

dt 

i3 = - jedt (9) 

From the sum of Equations 7, 8 and 9 the 
differential equation of the electrical network 
of Figure ID is 

i = CE - + - + 7 fedt. (10) 
dt te L J 

Comparing the variables and coefficients of 
the mobility and electrical networks in the 
Differential Equations 5 and 10 establishes the 
analogous variables and quantities in the two 

systems. 

MECHANICAL RECTILINEAL RESIST¬ 
ANCE. Mechanical rectilineal energy is 
changed into heat by a rectilinear motion 
which is opposed by linear resistance (fric¬ 
tion). In a mechanical system dissipation is 
due to friction. Energy is lost by the system 
when a mechanical rectilineal resistance is dis¬ 
placed a distance x by a force jM. 

Mechanical rectilineal resistance (termed 
mechanical resistance) rM, in mechanical ohms, 
is defined as 

(1) 

where fn is the applied mechanical force, in 
dynes, and u is the velocity at the point of 
application of the force, in centimeters per 
second. 

Equation 1 states that the driving force ap¬ 
plied to a mechanical rectilineal resistance is 
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proportional to the mechanical rectilineal re¬ 
sistance and the linear velocity. 

Mechanical rectilineal resistance is repre¬ 
sented by sliding friction which causes dissi¬ 
pation of energy in the figure. 

ht 

Graphical representation of the element, mechanical 
rectilineal resistance, rM. 

MECHANICAL RECTILINEAL SYSTEM 
OF ONE DEGREE OF FREEDOM. A me¬ 
chanical rectilineal system of one degree of 
freedom is shown in Figure 1. In one degree 

Fig. 1. Mechanical rectilineal system of one degree 
of freedom. 

of freedom the activity in every element of the 
system may be expressed in terms of one vari¬ 
able. 

In the mechanical rectilineal system a driv¬ 
ing force fa acts upon a particle of mass m 
fastened to a spring or compliance Cm and 
sliding upon a plate with a frictional force 
which is proportional to the velocity and des¬ 
ignated as the mechanical rectilineal resist¬ 
ance rM- 

The principle of the conservation of energy 
states that the total store of energy of all 
forms remains constant if the system is iso¬ 
lated so that it neither receives nor gives out 
energy; in the case of transfer of energy the 
total gain or loss from the system is equal to 
the loss or gain outside the system. The sum 
of the kinetic, potential, and heat energy dur¬ 
ing an interval of time is, by the principle of 
conservation of energy, equal to the energy 
delivered to the system during that interval. 
In the mechanical rectilinear system of Fig¬ 
ure 1, there are three forms of energy, namely, 
kinetic, potential, and heat energy. 

Kinetic Energy. The kinetic energy Tkm 
stored in the mass of the mechanical rectilineal 
system is 

T km = hm*2 (1) 

where m is the mass, in grams, and x is the 
velocity of the mass m, in centimeters per 
second. 

Potential Energy. The potential energy Vpm 
stored in the compliance or spring of the me¬ 
chanical rectilineal system is 

1 x2 

VFM~2TM 
(2) 

where Cm = 1/s is the compliance of the spring, 
in centimeters per dyne, s is the stiffness of the 
spring, in dynes per centimeter, and x is the 
displacement, in centimeters. 

Kinetic and Potential Energy. The total 
energy stored in the system is 

1 x2 
Wm = Tkm + Vpm = hmx2 + - —— • (3) 

2 Cm 

The rate of change of energy in the system is 

dWm xx 
- = mix -|- 

dt Cm 
(4) 

Dissipation of Energy. Assume that the 
frictional force /m upon the mass m as it slides 
back and forth is proportional to the velocity 
as follows: 

fM = rMx (5) 

where rM is the mechanical resistance, in 
mechanical ohms, and x is the velocity, in 
centimeters per second. 

The rate at which mechanical rectilineal 
energy Dm is converted into heat is 

Dm = ImX = rMx2. (6) 

Equation of Motion. The power delivered to 
the system must be equal to the rate of kinetic 
energy storage plus the rate of potential energy 
storage plus the power loss due to dissipation. 

The rate at which work is done or power 
delivered to the mechanical rectilineal system 
by the applied mechanical force is xFm^w1 = 
fM±. 

The rate of increase of energy {T km + Vpm) 
of the system plus the rate at which work is 
done on the system or power delivered to the 
system by the external forces must be equal to 
the rate of dissipation of energy DM. Writing 
this sentence mathematically yields the equa¬ 
tion of motion for the mechanical rectilineal 
system of Figure 1. 

XX 

mix + rjtfX2 -\-= FmPu‘x (7) 
Cm 

rax + tmx -|-- = Fme*'"*. (8) 
Cm 
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Solution of Equal ion of Motion. The steady 
state solution of the differential Equation 8 is 

• = =f*L 
, . j ZM 

rM + jum — 
uCm 

(9) 

Mechanical Rectilineal Impedance. From 
Equation 9 the vector mechanical rectilineal 
impedance zm, in mechanical ohms, is 

zm = rM + jum-— 
wG m 

(10) 

Mechanical Rectilineal Reactance. Mechan¬ 
ical rectilineal reactance xm is the imaginary 
part of the mechanical rectilineal impedance 
zm, of Equation 10. The mechanical rectilineal 
reactance xm, in mechanical ohms, is 

1 
Xm — com- 

uCM 

Response. The response of the mechanical 
rectilineal system of Figure 1 can be obtained 
from Equation 9. The response is the velocity 
x, in centimeters per second, for a constant 
applied force/m, in dynes. A typical response 
frequency characteristic is shown in Figure 2. 

Fig. 2. Response frequency characteristic of the 
mechanical rectilineal system of Figure 1. 

Resonant Frequency. For a certain value of 
m and Cm, there will be a certain frequency at 
which the imaginary component of the mechan¬ 
ical rectilineal impedance is zero. This fre¬ 
quency is called the resonant frequency. At 
this frequency the ratio of the current to the 
applied voltage is a maximum. At the resonant 
frequency the current and voltage are in phase. 
The resonant frequency fr, in cycles per second, 
is given by 

2 it's/ mCM 

Power. The power PM, in ergs per second, 
dissipated in the mechanical rectilineal system 
of Figure 1 is given by 

Pm = rMx2. (12) 

MECHANICAL RECTILINEAR SYSTEM 
OF ONE DEGREE OF FREEDOM, 
D’ALEMBERT’S PRINCIPLE APPLIED TO. 
See D’Alembert’s principle applied to mechan¬ 
ical rectilinear system of one degree of 
freedom. 

MECHANICAL ROTATIONAL RECIPROC¬ 
ITY THEOREM. See reciprocity theorem, 
mechanical rotational. 

MECHANICAL ROTATIONAL RESIST¬ 
ANCE. Mechanical rotational energy is 
changed into heat by a rotational motion 
which is opposed by a rotational resistance 
(rotational friction). Energy is lost by the 
system when a mechanical rotational resist¬ 
ance is displaced by an angle cf> by a torque jR. 

Mechanical rotational resistance (termed 
rotational resistance) rR, in rotational ohms, 
is defined as 

(1) 

where fR is the applied torque, in dyne centi¬ 
meters, and 6 is the angular velocity at the 
point of application about the axis, in radians 
per second. 

Equation 1 states that the driving torque 
applied to a mechanical rotational resistance 
is proportional to the mechanical rotational 
resistance and the angular velocity. 

Mechanical rotational resistance is repre¬ 
sented by a wheel with a sliding friction brake 
which causes dissipation of energy. (See 
figure.) 

Graphical representation of the element, mechanical 
rotational resistance, rR. 

MECHANICAL ROTATIONAL SYSTEM 
OF ONE DEGREE OF FREEDOM. A me¬ 
chanical rotational system of one degree of 
freedom is shown in Figure 1. In one degree 
of freedom the activity in every element of 

Fig. 1. Mechanical rotational system of one degree 
of freedom. 
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the system may be expressed in terms of one 
variable. 

In the mechanical rotational system a driv¬ 
ing torque fR acts upon a flywheel of moment 
of inertia I connected to a spring or rotational 
compliance CR and the periphery of the wheel 
sliding against a brake with a frictional force 
which is proportional to the velocity and 
designated as the mechanical rotational resist¬ 
ance rR. 

The principle of the conservation of energy 
states that the total store of energy of all 
forms remains constant if the system is iso¬ 
lated so that it neither receives nor gives out 
energy; in the case of transfer of energy the 
total gain or loss from the system is equal to 
the loss or gain outside the system. The sum 
of the kinetic, potential, and heat energy dur¬ 
ing an interval of time is, by the principle of 
conservation of energy, equal to the energy 
delivered to the system during that interval. 
In the mechanical rotational system of Fig¬ 
ure 1, there are three forms of energy, namely, 
kinetic, potential and heat energy. 

Kinetic Energy. The kinetic energy TKR 
stored in the moment of inertia of the mechan¬ 
ical rotational system is 

Tkr = (1) 

where 1 is the moment of inertia, in gram 
(centimeter)2 and <f> is the angular velocity of 
I, in radians per second. 

Potential Energy. The potential energy Vpr 
stored in the rotational compliance or spring 
of the mechanical rotational system is 

1 4>2 
VPR = - 

2 CR 
(2) 

where Cr is the rotational compliance of the 
spring, in radians per dyne per centimeter, and 
<t> is the angular displacement, in radians. 

Kinetic and Potential Energy. The total 
energy stored in the system is 

WR = Tkr + Vpr = i/<*>2 + (3) 

The rate of change of energy in the system is 

dWR 

dt 
= /</># -f- 

Cr' 
(4) 

Dissipation of Energy. Assume that the 
frictional torque fR upon the flywheel I as the 

periphery of the wheel slides against the brake 
is proportional to the velocity as follows: 

Sr = tr4> (5) 

where rR is the mechanical rotational resistance, 
in rotational ohms, and </> is the angular veloc¬ 
ity, in radians per second. 

The rate at which mechanical rotational 
energy Dr is converted into heat is 

Dr = fR<f) = rR<j>2. (6) 

Equation of Motion. The power delivered to 
the system must be equal to the rate of kinetic 
energy storage plus the rate of potential energy 
storage plus the power loss due to dissipation. 

The rate at which work is done or power 
delivered to the mechanical rotational system 
by the applied mechanical torque is 4>FrPu1 = 

fn(t>- 
The rate of increase of energy (Tkr + Vpr) 

of the system plus the rate at which work is 
done on the system or power delivered to the 
system by the external forces must be equal to 
the rate of dissipation of energy Dr. Writing 
this sentence mathematically yields the equa¬ 
tion of motion for the mechanical rotational 
system of Figure 1. 

... . o $$ 
I<M> + rR<p~ + —- = FrPw‘4> (7) 

Cr 

r<t> + rR4> + ^- = FrP*1. (8) 
Cr 

Solution of Equation of Motion. The steady 
state solution of the differential Equation 8 is 

4> : 
FrP“1 fR 

(9) —m ■ ' • 

tr + jul - 
3 zr 

<j)Cr 

Mechanical Rotational Impedance. From 
Equation 9 the vector mechanical rotational 
impedance zr, in rotational ohms, is 

Zr = rR + jal-3~- (10) 
uCr 

Mechanical Rotational Reactance. Mechan¬ 
ical rotational reactance xr is the imaginary 
part of the mechanical rotational impedance 
zR of Equation 10. The mechanical rotational 
reactance xr, in rotational ohms, is 

1 
xr = ul - — • (11) 

uCr 
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Response. The response of the mechanical 
rotational system of Figure 1 can be obtained 
from Equation 9. The response is the velocity 
<£, in radians per second, for a constant applied 
torque/r, in dynes centimeters. A typical re¬ 
sponse frequency characteristic is shown in 
Figure 2. 

Fig. 2. Response frequency characteristic of the 
mechanical rotational system of Figure 1. 

Resonant Frequency. For a certain value of 
I and Cr, there will be a certain frequency at 
which the imaginary component of the mechan¬ 
ical rotational impedance is zero. This fre¬ 
quency is called the resonant frequency. At 
this frequency the ratio of the current to the 
applied voltage is a maximum. At the resonant 
frequency the current and voltage are in phase. 
The resonant frequency /r, in cycles per second, 
is given by 

fr = 2tvVJCr (12) 

Power. The power PR, in ergs per second, 
dissipated in the mechanical rotational system 
of Figure 1 is given by 

Pr = rR<t>2. (13) 

MECHANICAL ROTATIONAL SYSTEM 
OF ONE DEGREE OF FREEDOM, 
D’ALEMBERT’S PRINCIPLE APPLIED TO. 
See D’Alembert’s principle applied to me¬ 
chanical rotational system of one degree of 

freedom. 

MECHANICAL STABILITY. (See thermo¬ 
dynamic stability conditions; stability of 
phases.) A phase must satisfy certain con¬ 
ditions if it is to be stable (or metastable). 
For systems consisting of a single component 
the necessary and sufficient conditions are the 
conditions of thermal stability and of mechani¬ 
cal stability. The condition of mechanical 

stability is 

The isothermal compressibility coefficient is 
thus always negative for all stable (or meta¬ 

stable) phases. 

MECHANICAL UNITS. All mechanical 
measurements involve the motion of material 
bodies, described in terms of space and time co¬ 
ordinates. Hence length and time are almost 
universally chosen as fundamental quantities. 
The present standard of time is the mean solar 
day, defined as the average period between two 
successive transits of the sun across the merid¬ 
ian at any given spot on the earth’s surface. 
The most commonly used unit of time is the 
second, defined as 1/86,400 part of a mean 
solar day. This is not a completely satisfac¬ 
tory definition (see the entry on time for 
further discussion of the subject). It seems 
probable that the second will be redefined in 
the near future, as a specified multiple of a 
period of vibration of some particular mole¬ 
cule, probably ammonia. 

Two independent length standards, the 
meter and the yard have been used widely. 
By recent international agreement, however, 
the inch has been redefined as exactly 0.0254 
meters, and the yard as exactly 36 inches. The 
change became effective in the United States 
in July 1959. 

In physics, chemistry, and electrical engi¬ 
neering, as well as in much of mechanical 
engineering, the commonly employed systems 
of mechanical units use length, mass, and time 
as fundamental quantities. These are known 
as length-mass-time systems. Three such sys¬ 
tems, the meter-kilogram-second (MKS), the 
centimeter-gram-second (cgs), and the foot¬ 
pound-second (f lbm s) systems, are in use. 
In all three systems the constant of propor¬ 
tionality in Newton’s law is chosen as a dimen¬ 
sionless quantity of unit magnitude. 

In structural engineering and in some me¬ 
chanical engineering applications, forces play 
a more important part than do masses. Sys¬ 
tems which use length, force, and time as 
fundamental units are therefore convenient. 
An example is the foot-pound-second system. 
The unit of force, the pound (force), is defined 
as the weight of a pound mass at a point on 
the earth’s surface at a point where the ac¬ 
celeration due to gravity is 32.174 ft/sec2. In 
this system the unit of mass, the slug, is a 
derived unit, equal to 1/32.174 lbm. In order 
that confusion may not be caused by the use 
of the pound both as a unit of mass and as a 
unit of force, the pound (mass) is abbreviated 
as lbm, the pound (force) as lbf. 

A third type of system defines both the mass 
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Relations among the Systems of Mechanical Units 

Quantity 
MKS 

System 

Equivalents in Other Systems 

cgs 

System 

f lbm s 

System 

f lbf s 

System 

f lbm lbf s 

System 

cm gm gf s 

System 

Length 1 Meter 102 3.281 3.281 3.281 102 
cm ft ft ft cm 

Mass 1 Kilogram 103 2.205 70.94 2.205 103 

gm lbm slug lbm gm 

Density 1 K/M3 10-3 62.43(10) ~3 2.009 62.43(10)—3 10~3 

gm/cm3 lbm/ft3 slug/ft3 lbm/ft3 gm/cm3 

Force 1 Newton 105 7.233 0.2248 0.2248 102.0 

dyne poundal lbf lbf gf 

Work (Energy) 1 Joule 107 22.93 ft 0.7376 0.7376 1.020(10)4 
erg poundal ft lbf ft lbf gf cm 

Power 1 Watt 107 22.93 ft 1.341(10)~3 0.7376 1.020(10)4 

erg /sec poundal/sec horse power ft lbf/sec gf cm/sec 

and force as well as units of length and time. 
In such mass-force-length-time systems, the 
constant of proportionality in Newton’s second 
law takes on dimensions and a non-unitary 
value. The abbreviation gf is often used to 
indicate a gram [force), the unit of force, 
which is defined as the weight of a one-gram 
(gm) mass under the action of a gravitational 
acceleration of 980.665 cm/sec2. 

The more important units in each system 
and the relations among these units are shown 
in the table. As an example of the use of this 
and similar tables, suppose that a moment of 
inertia is specified as 1050 gm cm2, and that it 
is desired to express this quantity in the f lbm 
s system. The use of conversion factors from 
the table shows that 

1050 gm cm X 

X 

2 2.205 lbm (3.281 ft)2 

1000 gm 

M2 

(100 cm)2 

X M2 

= 0.002492 lbm ft2. 

MECHANICS, QUANTUM. See quantum 
mechanics. 

MECHANISM METHOD OF ANALYSIS OF 
FRAMES. As shown by Symonds and Neal, 
the collapse or plastic limit load of frames can 
be determined simply from the upper bound 
theorem point of view alone. A frame col¬ 
lapses as a mechanism with plastic hinges. 
For a given frame and loading, every possible 
collapse mechanism may be regarded as some 
combination of a limited number of independ¬ 
ent mechanisms. Only a few combinations 
need be examined in most practical problems. 

MECHANISM OF SOUND ABSORPTION 
BY ACOUSTICAL MATERIALS. The mech¬ 
anism of sound absorption by acoustical ma¬ 
terials may be illustrated by the acoustical 
impedance concept. Expressions have been 
developed for the normal acoustical impedance 
per unit area of the acoustical material. These 
considerations are confined to the frequency 
range in which the thickness of the material 
is small compared to the wavelength. It is 
assumed that the back of the acoustical ma¬ 
terial is placed in contact with the wall. The 
acoustical impedance of the acoustical material 
is given by 
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%a 1 

rAwd jwdmp 

3 + 3 

jpc2 

ccPd 
(1) 

where zai is the acoustical impedance, in acous¬ 
tical ohms per unit area, ta\d is the d-c acous¬ 
tical resistance of the material per unit cube, in 
acoustical ohms, d is the thickness of the ma¬ 
terial, in centimeters, p is the density of air, in 
grams per cubic centimeter, m is the ratio of 
the effective density of the air in the pores to 
its density in the open, P is the porosity, the 
ratio of the volume of air in the pores to the 
total volume, c is the velocity of sound, in 
centimeters per second, w is 2ir/, and / is the 
frequency, in cycles per second. 

The acoustical resistance, in acoustical ohms, 
per unit area is 

tai = 

TAlDd 

3 
(2) 

MEMBRANE. A flat or curved sheet of 
material of negligible bending rigidity and 
strength. It carries load by stresses in its 
middle surface. 

MEMBRANE ANALOGY (FOR TORSION 
OF A ROD). A membrane is stretched under 
uniform biaxial tension T and is clamped on 
a plane curve in the rry-plane of a rectangular 
Cartesian coordinate system, x,y,z, identical 
with the periphery of the cross section of the 
rod. A uniform surface force, p per unit area, 
directed normally to one of the surfaces of the 
membrane is applied. The displacement w of 
a generic particle of the membrane parallel to 
the 2-axis is governed by the differential equa¬ 
tion 

The inertance per unit area is 

Mi 
dmp 

3 

subject to the condition 2Tz/p = 0, on the 
clamped boundary. Thus, the dependence of 
2Tz/p on x and y is precisely that of the 
Prandtl stress function for the torsion problem. 

The acoustical capacitance per unit area is 

Pd 
Cai = —• (4) 

pc2 

MEDIAN. (1) The median of a set of values 
is that value which divides the frequency into 
two halves. If the set is even in number the 
median is usually taken as midway between 
the two central values. (2) In the Luneburg 
geometry of binocular vision, the median is 
the line in the horizontal plane that is the 
Euclidean perpendicular bisector of the line 
segment joining the nodal points of the eyes 
of the observer. 

MELLIN TRANSFORM. This transform, 
j(y), and its inverse, F{x), are defined, sub¬ 
ject to certain conditions, by the relations 

f(y) = f xv~1F(x)dx; 

pC+i<*> 

F(x) = — I x~vf(y)dy. 
27Ti Jc—too 

(See also integral transform.) 

MELTING. The process of change of phase 
from solid to liquid. The opposite process is 
called solidification. 

MEMBRANE ANALOGY-BENDING. The 
differential equation and boundary conditions 
for the stress function for cantilever bending 
of an elastic prismatic bar are the same as 
for deflection of a uniformly stretched mem¬ 
brane having the same level boundary as the 
cross section of the beam and loaded trans¬ 
versely by a pressure distribution determined 
from the beam problem. 

MEMBRANE ANALOGY-TORSION. The 
differential equation and boundary conditions 
for the stress function for torsion of an elastic 
prismatic bar are the same as for deflection of 
a uniformly stretched membrane with the same 
boundary as the cross section and loaded trans¬ 
versely with unifonn pressure. In multiply 
connected cross sections, all boundaries are 
level but not at the same height. Membrane 
slope gives shear stress; membrane contours 
give the direction of shear stress; and the 
volume between the membrane and the level 
of the boundary is proportional to the twist¬ 
ing moment. (See Batho and Bredt formulas.) 

MEMBRANE EQUILIBRIUM. If two phases 
a and /? are separated by a fixed wall per¬ 
meable to some components i but not to other 
components j (i.e., a semipermeable mem¬ 
brane), the condition for the two phases to be 
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in equilibrium as regards i is (see chemical 
potentials; chemical equilibrium; chemical af¬ 
finity) 

= M/ (1) 

where ma, p/ are the chemical potentials of 
the components i in the phases a and /3. But 
in this case in general the chemical potentials 
of the components j in the two phases will be 
different 

^ m/ (2) 

and the pressure in phase a will be different 
from the pressure in phase /3. 

pa p'3- (3) 

The difference p" — p^ is also called the 
osmotic pressure. 

Such a partial equilibrium is called a mem¬ 
brane equilibrium. 

MEMBRANE THEORY (OF THIN 
SHELLS). A theory of the deformation of 
thin shells by applied forces in which the 
couples, in directions tangential to the shell, 
acting on elements of the shell, are neglected. 

MEMORY UNIT (OF A COMPUTER). See 
storage unit. 

MERCALLI SCALE. See earthquake scales. 

MERCATOR PROJECTION. The Mercator 
projection of the present day is a development 
of the conformal chart of the earth that was 
invented by Gerhard Kramer (Latin surname 
Mercator) about the middle of the 16th cen¬ 
tury. For nautical purposes this type of pro¬ 
jection will probably be used by navigators as 
long as they use the rhumb line, i.e., follow the 
loxodrome, from one place to another. 

Contrary to many loose statements, the 
Mercator projection should not be considered 
as a perspective projection of the earth from 
the center to a cylinder tangent to the earth 
at the equator. Instead it is a conformal pro¬ 
jection. The equator is represented by a 
straight line with parallels of latitude straight 
and parallel to the equator. Meridians of 
longitude are straight lines perpendicular to 
the equator and the meridians. Since the chart 
is to be conformal at every point, the distance 
scale must be the same in all directions at 
every point. In other words the parallels must 
be so spaced that the scale along a meridian is 
the same as that along a parallel. 

Since the earth is considered to be a geoid, 

an element of distance along a parallel, dp, is 
given as 

a cos 4> dLo 

dP = (1 — e2 sin2 <{>) Y 

in which a is the equatorial radius of the earth, 
cp is the latitude, Lo the longitude, and e the 
eccentricity. 

We may assume that the meridians are at 
their actual distances apart at the equator, in 
which case dp = a dLo and we have 

d<t> cos </> 

a dLo (1 — e2sin20)^ 

An element of length along the elliptical 
meridian is 

a(l — e2)d<t> 
dm =----—— • 

(1 — e2 sin2 <fr)** 

If we consider ds an element of length on the 
completed projection, that is to represent this 
element of length on the meridian, we must 
also have the ratio of dm to ds equal the scale 
along the parallel. Thus we have 

dm a(l — e2)d<t> cos 0 

ds ds( 1 — e2 sin2 0)^ (I — e2 sin2 <t>)Yl 

or 

a(l — e2)d<f> 
ds =-—- 

(1 — e2 sin2 0) cos 0 

The distance of any parallel 0 from the equator 
on the completed chart is 

s _ r*_a(l - e2)d<j> 

J0 (1 — e2 sin2 0) cos 0 

The values of this integral have been computed 
many times and a number of tables of values 
are available. For example Table 5 of U.S. 
Hydrographic Office #9 contains the value of 
the integral for every minute of latitude from 
the equator to the pole. These are referred to 
by navigators as meridional parts (see sail¬ 
ings, mercator). 

The greatest virtue of the Mercator chart 
for navigators is the fact that the rhumb line 
is straight. Within reasonable limits the chart 
is conformal over large areas, particularly in 
the lower latitudes. This is shown by the 
comparative areas at various latitudes of a 
unit square projected on the chart 
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<*> 0° 15° 30° 45° 60° 75° 
Area 1 1.02 1.15 1.4 2 3.9 

For a small square the differential stretching 
of the north-south side is hardly noticeable. 
Beyond 75° other types of projection should be 
used, e.g., modified Lambert conformal projec¬ 
tion. 

MERCURY, ADVANCE OF PERIHELION 
OF. See relativity, general. 

MERIDIAN(S). See surface of revolution. 

MERIDIAN SECTIONS. See surface of revo¬ 
lution. 

MERIDION(AL) PLANE. In an axially 
symmetric optical system a plane containing 
the axis. 

MERIDION(AL) RAY. In an axially sym¬ 
metric optical system, a ray that is coplanar 
with the axis. If the ray also intersects the 
axis in the object plane, it is an axial ray, 
otherwise it is an oblique meridional ray. 
Sometimes the term meridional ray is used in 
the restricted sense of an axial ray. 

MEROMORPHIC FUNCTION. A function 
of a complex variable for which every point 
in the finite plane is either a regular point or 
a pole. For example, 

/GO = 
P(z) 

Q(z) 

where P and Q are polynomials, without com¬ 
mon factor, is a meromorphic function. 

MESH. (1) For mathematical meaning, see 
net. (2) As used in electricity, a mesh is a 
set of branches forming a closed path in a net¬ 
work, provided that if any one branch is 
omitted from the set, the remaining branches 
of the set do not form a closed path. The 
term loop is sometimes used in the sense of 
mesh. 

MESON. A fundamental particle intermedi¬ 
ate in mass between the electron and the pro¬ 
ton. Those identified so far are the /i-meson 
(or muon) of rest mass 207m (where m is the 
electron mass), which is found with positive 
and negative charge; the 7r-meson (or pion), of 
which the positive and negative forms have 
mass 273m, while the neutral form has mass 
264m; and the A-meson of mass 966m. Of 
these mesons, the pion is known to interact 

very strongly with nuclei and is thought to be 
largely responsible for nuclear forces in the 
same sense that the photon is responsible for 
electromagnetic forces. All these particles are 
unstable, decaying radioactively ultimately to 
photons and neutrinos. They are seen in the 
cosmic radiation, and can be produced arti¬ 
ficially by accelerating machines such as the 
cyclotron. 

MESOPIC VISION. Vision in conditions in¬ 
termediate between those of photopic and 
scotopic vision. 

METACENTER. See stability of a floating 
body. 

METACENTRIC HEIGHT. See stability of 
a floating body. 

METALLIC BOND. See bond types. 

METALLIC REFLECTION. See Fresnel 
equations for metallic reflection. 

METALS, ELECTRON THEORY OF. See 
electron theory of metals. 

METASTABLE PHASES. See stability of 
phases. 

METASTABLE STATE. An excited state of 
an atom, molecule, etc., from which all transi¬ 
tions to a lower state are “forbidden” (see 
forbidden transition), for instance the lowest 
triplet state in helium and the alkaline-earth 
atoms. Metastable states have a mean life¬ 
time of 105 sec or more. 

METER-CANDLE. A unit of illuminance, 
the same as the lux. 

METER-CANDLE-SECOND. A unit of pho¬ 
tographic exposure corresponding to an illumi¬ 
nation of 1 lux acting for 1 second. 

METHOD OF IMAGES. See images, method 
of. 

METHOD OF ITERATION. Sec iteration, 
method of. 

METHOD OF MOMENTS. See moments 
method. 

METHOD OF POLYNOMIAL APPROXI¬ 
MATIONS. A method of analysis in the 
theory of neutron chain-reacting systems. It 
is assumed that the cross-sections appearing in 
the Boltzmann transport equation (see neu¬ 
tron transport theory) may be approximated, 
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in their energy dependence, by polynomial ex¬ 
pressions of low order. When this is the case, 
it is convenient to expand the energy variation 
of the neutron density in terms of a similar set 
of polynomials. The energy expansion may 
be carried out through the use of the Mellin 
transformation. 

METHOD OF SMALL PERTURBATIONS. 
(Also called method of perturbations, pertur¬ 
bation method.) The linearization of the ap¬ 
propriate equations governing a system by the 
assumption of a steady state, with departures 
therefrom limited to small perturbations. 

METHOD OF STEEPEST DESCENTS. See 
steepest descents, method of. 

METHOD OF SUCCESSIVE APPROXIMA¬ 
TIONS. See iterative methods. 

METHOD OF THE HYPERCIRCLE. A 
method for finding the upper and lower bounds 
for quadratic functionals which arise in the 
solution of linear boundary value problems oc¬ 
curring in connection with certain partial dif¬ 
ferential equations of mathematical physics. 
The method was originally developed in con¬ 
nection with classical elasticity theory. 

METHOD OF VERDE AND WICK. See 
Verde and Wick, method of. 

METHOD, SN. See Sx method. 

METHOD, SOURCE-SINK. See source-sink 
method. 

METHOD, SPENCER-FANO. See Spencer- 
Fano method. 

METHOD, SPHERICAL HARMONICS. See 
spherical harmonics method. 

METHOD, WICK-CHANDRASEKHAR. See 
Wick-Chandrasekhar method. 

METHOD, YVONNE. See Yvonne method. 

METRIC SPACE. See topological space. 

METRIC TENSOR. In n-dimensional space, 
let x1 (= Xi) be the coordinates in a rectangular 
Cartesian coordinate system x of a point which 
has contravariant coordinates xl in the generic 
curvilinear coordinate system x. Define the 
quantities <7^ by 

dxk d£k 

in each curvilinear coordinate system y. The 
aggregate of quantities so obtained forms an 
absolute covariant tensor of second order, which 
is called the covariant metric tensor or metric 
tensor or fundamental metric tensor or funda¬ 
mental tensor, g^, as defined above, are the 
components of this tensor in the coordinate 
system x. The set of quantities ga is often 
referred to as the covariant metric tensor (or 
metric tensor) for the coordinate system x. 

Define the quantities glJ by 

dxl dxJ 

gV = Tk dxk dXk 

in each curvilinear coordinate system x. The 
aggregate of quantities so obtained forms an 
absolute contravariant tensor of second order, 
which is called the contravariant metric tensor. 
glj, as defined above, are the components of 
this tensor in the coordinate system x. The 
set of quantities gli is often referred to as the 
contravariant metric tensor for the coordinate 
system x. g^ and gt] are related by 

Qik9kj = 5/, 

where 8/ denotes the n-dimensional Kronecker 
delta. 

MEUNIER THEOREM (MEUSNIER THE¬ 
OREM). k„ is the normal curvature at a point 
of the surface in the direction of some tangent 
line and k is the curvature, at the same point, 
of the curve of intersection of the surface with 
a plane containing the same tangent line and 
making an angle 6 with the plane defined by 
the tangent line and the normal to the surface. 
Then 

Kn — k cos 9. 

MEV. Symbol for one million electron volts, 
a unit of energy equal to 1.602 X 10-6 erg. 

MHO. A unit of electrical conductance, the 
reciprocal ohm. (See electromagnetic units.) 

MICROBAR. A unit of pressure used in 
acoustics. It is equal to one dyne per square 
centimeter. 

MICROCANONICAL ENSEMBLE. An en¬ 
semble, the density of which is zero except in 
a very narrow range of values of the energy of 
the system. 

MICROGRAM. One millionth of a gram, 
sometimes denoted by y. 
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MICROMICRO-. Prefix denoting 10 ~12. 
Thus 1 micromicrofarad (/*/*/) = 10-12 farad 

(/)• 

MICROMICRON. One millionth of a mi¬ 
cron, or one trillionth of a meter, sometimes 
denoted by /*/*, one micromicron = 10- 6 mi¬ 
cron = 10~12 meter. 

MICRON. Unit of length, abbreviation p. 
Exactly 10-6 meter and 10-4 centimeter. 

MICRORECIPROCAL DEGREE. A con¬ 
venient unit for the expression of the recipro¬ 
cal of the color temperature (see temperature, 
color). The value is expressed in micro¬ 
reciprocal degrees by the expression M.D. = 
1,000,000/color temperature (°K). 

MICROSCOPIC. (1) Of such a size as to be 
observable with the aid of an optical micro¬ 
scope but not with the unaided eye or a simple 
magnifier. (2) In statistical mechanics, the 
term is used to describe any of the constants, 
properties, or variables of a system which are 
below the level of individual detection by the 
methods of measurement used in an actual or 
hypothetically realizable experiment. 

MICROSCOPIC REVERSIBILITY, PRIN¬ 
CIPLE OF. A postulate that each micro¬ 
scopic process occurring must be accom¬ 
panied by an inverse process. As stated in a 
specific case by Mitchell and Zemansky: “At 
equilibrium, the total number of molecules 
leaving a given quantum state in unit time 
shall equal the number arriving at that state 
in unit time, and also in unit time the num¬ 
ber leaving by any one particular path shall 
be equal to the number arriving by the re¬ 

verse path.” 

MICROSTATE. The state of a thermody¬ 
namic system described in terms of its micro¬ 
scopic structure. It consists, in principle, of 
a set of coordinates of all its atoms or mole¬ 
cules, which describes their instantaneous posi¬ 
tions, and of a set of momenta describing the 
instantaneous velocities of all the molecules. 
Hence a microstate involves a very large num¬ 
ber of coordinates and is contingent on the 
adoption of a molecular model for the thermo¬ 
dynamic system. In statistical and quantum 
mechanics it is found more convenient to in¬ 
vert the description of the microstate. A sys¬ 
tem of coordinates (phase space) is selected 
which consists of three space coordinates, Xi, 

x2, x-d, and of three momentum coordinates, px, 
pv, p,, and the description is achieved by indi¬ 
cating the occupation numbers n of all the 
molecules, i.e., by specifying the number of 
molecules n* which are instantaneously present 
in the cells of length Axi, Ax2, Ax3, A pi, A p2, 
Aps into which the phase space can be sub¬ 
divided. This description is in contrast with 
the macrostate which relies on the indication 
of a small number of measurable properties 
(such as pressure, volume, temperature, etc.). 
Interpreted in microscopic terms, the macro¬ 
state makes use of suitably-formed averages 
of the microscopic coordinates. Hence one 
macrostate corresponds to a large number of 
different microstates, but not vice versa. To 
each microstate is assigned the same a priori 
weight in statistical mechanics. 

MICROWAVE SPECTRA OF MOLE¬ 
CULES. Molecular spectra in the microwave 
region arise from transitions between narrowly 
spaced energy levels. Depending on the types 
of energy levels involved one distinguishes: 

(a) Pure rotation spectra, corresponding to 
transitions between the rotational energy levels 
belonging to the same electronic and vibra¬ 
tional state (see rotation spectra of mole¬ 
cules) . 

(b) Spin-reorientation spectra, correspond¬ 
ing to transitions between the multiplet com¬ 
ponents of an electronic energy level (see fine 
structure H). 

(c) Inversion spectra, corresponding to 
transitions between the two different modifi¬ 
cations of a non-planar molecule (see rotation- 
vibration spectra of molecules). 

(d) Spectra corresponding to transitions be¬ 
tween the A-doublet components of n, A, • • • 
electronic states of diatomic and linear poly¬ 
atomic molecules, or to transitions between 
the (-doublet components of n, A, • • • vibra¬ 
tional levels of linear polyatomic molecules. 
(See A-type doubling, Z-type doubling.) 

MIDPOINT FORMULA (FOR NUMERI¬ 
CAL QUADRATURE) 

’ (a + b\ 
f(x)dx = (b - a)f ( ——j 

4* — a)3/"(£), a < £ < b. 

MIE FUNCTIONS. See spherical vector 
wave functions. 
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MIE-GRUNEISEN EQUATION OF STATE. 
This is an approximate equation of state for 
crystals, and relates the pressure p, the volume 
v, and the total energy U. It may be written 

dv v 

where U0 is the value of the energy in the 
absence of thermal vibrations, but including 
zero point of energy 

d In w 

7 _ din?; 

where w is the frequency of a normal mode. In 
deriving Equation (1), y is assumed to have 
the same value for all normal modes. (See 
Griineisen constant.) 

Equation (1) leads to the following expres¬ 
sion for the linear thermal expansion coeffi¬ 
cient /3 

where k is the volume compressibility, Vm is 
the molar volume, and Cv the molar specific 
heat at constant volume. 

MIE SCATTERING. Any scattering pro¬ 
duced by spherical particles without special 
regard to comparative size of radiation wave¬ 
length and particle diameter; to be contrasted, 
therefore, with Rayleigh scattering. (See Mie 
theory.) 

MIE THEORY. A complete mathematical- 
physical theory of the scattering of electro¬ 
magnetic radiation by spherical particles, de¬ 
veloped by G. Mie in 1908. In contrast to the 
theory of Rayleigh scattering, the Mie theory 
is not restricted to scattering by particles small 
compared to the wavelength of the scattered 
radiation, but rather embraces all possible 
ratios of diameter to wavelength. 

MIGRATION AREA FOR NEUTRONS. 
Generally referring to the squared-distance 
traveled by a neutron during its lifetime in 
matter, migration area {M2) is given by: 

M2 = i«rs2> + (r2)) 

where (r,2) is the average squared-distance 
between the point at which the neutron appears 
in the medium and the point at which it be¬ 
comes “thermal” and (r2) is the average 

squared-distance between the point at which 
the neutron becomes thermal and the point at 
which it is captured. M2 is often defined as 

M2 = (t + L2) 

where r is the characteristic age-to-thermal for 
the medium, and L2 is the diffusion area. The 
two definitions are not equivalent. 

MIGRATION LENGTH FOR NEUTRONS. 
The migration length is the square root of the 
migration area. 

MILLER INDICES. According to the Haiiy 
law, the intercepts of any crystal plane on 
the crystal axes may be expressed as rational 
fractional multiples of the crystal parameters. 
The Miller indices are the reciprocals of these 
fractions, reduced to integral proportions. 
Thus, the symbol (211) means the plane hav¬ 
ing intercepts %a, b, c on the three axes re¬ 
spectively. The notation 2 is used to mean 
— 2. In the hexagonal crystal system, four 
indices, the Bravais-Miller indices, are used. 

MILLIBAR. The unit of pressure used in me¬ 
teorology. 1 bar = 106 dynes cm-2 = 1000 

mb = 1 atmosphere approx. 

MILLIMASS UNIT. One-thousandth of an 
atomic mass unit; symbol mmu. 

MILNE METHOD (FOR SOLVING AN 
ORDINARY DIFFERENTIAL EQUATION). 

y' = /(*,y) 

uses the predictor 

Vv +1 = Vv— 3 + d/l(2fy — fV_ 1 -f 2fv—2) 

and the corrector 

Vv+i — Vv—\ + Hfv+i + -4/,, + /„_ i)/3, 

the latter formula being the Simpson rule ap¬ 
plied to the evaluation of the integral. The 
formulas are meaningful when y and / are 
vectors. The method is one of the simpler 
ones and often quite accurate, but for some 
problems exhibits serious lack of stability. 
(See F. B. Hildebrand, Introduction to Nu¬ 
merical Analysis, McGraw-Hill Book Com¬ 
pany, 1956; Lothar Collatz, Numerische 
Behandlung von Differentialgleichungen, 2nd 
edition, Springer, 1955.) 

MILNE’S PROBLEM. The problem of find¬ 
ing the distribution, in space and angle, of 
neutrons (or photons) in a homogeneous 
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source-free medium filling the half-space 
x < 0. The particles are assumed to originate 
at x — — oo and do not undergo a change in 
energy upon scattering. 

MINIMAL SURFACE. A surface at each 
point of which the principal curvatures (see 
curvature of surface, center of) are equal in 
magnitude and opposite in sign. 

MINIMAX. See games theory. 

MINIMAX APPROXIMATION. The repre¬ 
sentation of a function f(x) by an approxima¬ 
tion P\f\x\ selected from a class of functions 
in such a way that if R = f — P, then the 
maximum of 1/1*1 over all points x of some as¬ 
signed set is minimized over all functions of 
the class. Often called Chebyshev approxima¬ 
tion. There is no simple algorithm for forming 
the Chebyshev approximation to an arbitrary 
continuous function, but there are techniques 
of successive approximation to it. 

In case the class of functions is the class of 
linear combinations of functions (f>„(x)t c/>\(x), 
• • ■, <f>n(x) on an interval from a to b, then the 
basic theorem is the following: If the functions 
</>,■ form a Chebyshev system of order n for the 
interval from a to b, and if / is continuous on 
this interval, then the minimax approxima¬ 
tion P„(x) is unique; moreover | fix) — Pn(x) | 
achieves its maximum at least n -\- 2 times at 
points x0, X\, • • •, x„ + i on the interval and at 
these points / — P„ alternates in sign. 

The Chebyshev polynomial Tn(x) is that 
polynomial of degree n with leading coefficient 
unity that gives the minimax approximation to 
zero on the interval from —1 to +1; hence 
xn — Tn is that polynomial of degree n — 1 
that gives the minimax approximation to xn. 
This explains the utility of Chebyshev expan¬ 
sions. (See Zdenck Kopal, Numerical Analy¬ 
sis, John Wiley ct Sons, Inc., 1955; Cornelius 
Lanczos, Applied Analysis, Prentice-Hall 
Company, 1956; Cecil Hastings, Jr., Jeanne 
T. Hayward, and James P. Wong, Jr., Ap- 
proximations for Digital Computers, Princeton 
University Press, 1955.) 

MINIMAX METHOD OF ESTIMATION. 
Suppose we wish to estimate a population 
parameter 0 from a sample, and that we can 
specify the amount of loss incurred if we adopt 
any value when the true value is Oj. Denot¬ 
ing the sample values collectively by X, sup¬ 
pose also that we have some rule R that tells 

us which value of 0 to adopt for any particular 
sample X. We can then calculate the expected 
loss or risk as a function of 0. For any given 
rule H we can find the maximum value of the 
risk, and the minimax estimate is provided by 
the particular rule lt„ that minimizes this max¬ 
imum risk. (See also loss function; games 
theory.) 

MINIMUM. A point x„ for a function y = 
fix) where the value of y is less than at any 
other point in the neighborhood of x = x„ (see 
maximum). The test for a minimum is: 
dy/dx = 0 or co at x = x„; dy/dx < 0 for 
x < x„; dy/dx > 0 for x > x(); d2y/dx2 > 0. 

MINIMUM CRITICAL MASS PROBLEM. 
In the theory of neutron chain reactors, the 
problem of finding that distribution of fission¬ 
able material which makes a reactor of fixed 
size just critical with the smallest amount of 
fuel. 

MINIMUM ENERGY PRINCIPLE. See 
variation principle and bond energies. 

MINIMUM ENTROPY PRODUCTION. See 
time variation of the entropy production. 

MINIMUM PHASE FUNCTIONS. A trans¬ 
fer function F(s) is a minimum phase function 
if it is a stable function and if there exists no 
other stable function G(s) such that j G(iu) | 
53 | F(iu) | at all u, but such that the total 
change in ph G(iu) as u goes from — oo to -\-oo 
is smaller than the total change in ph F(iu) as 
u goes from — oo to -f-co. 

The minimum phase property may be in¬ 
terpreted in terms of the pole-zero distribution 
of the function F(s). 

Consider the linear factor (s — *,) where #, 
has a negative real part (see figure). If s = iu 

the phasor (s — st) = (iu — st) is represent¬ 
able in the figure by PQ. As u varies from 
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— =0 to +oo this phasor increases in phase by 
7r. If however we consider the factor (s + s^, 
represented by P'Q this factor will decrease in 
phase by w. Thus if F(s) may be written in 
the form 

(s - ai)(s - a2)--- 
F(s) = K- 

the total increase in ph F(iu) as « goes from 
— oo to +oo will be 

++_ - A+ - B_ + B+) 

where A_, A + are respectively the number of 
zeros of F(s) with negative and positive real 
parts, B_, B+ the corresponding number of 
poles. However, if F(s) is a stable transfer 
function B+ must be zero and the increase of 
phase reduces to 

7r(+_ - A+- B) = -7r(B - A + 2A+) 

where A, B are the total numbers of zeros and 
poles. Since for any practical transfer function 
B > A, the phase swing is clearly reduced by 
making A+ vanish, i.e., F{s) is a minimum 
-phase function if all its poles and zeros are in the 
left half plane. For if F(s) had a zero at s = a 
in the right half plane (and a conjugate one at 
s = a* if a is complex) a function G(s) could 
be constructed having zeros at s = —a (and 
— a*), the other factors being left unchanged; 
thus | G(iw) | would be identical with | F(i<S) | 
(since if a is real | ia — a | = | iu + a | whereas 
if a is complex \iu — a||fw — a*| = ||a|2 — w2 
— 2iuRa\ = ||a|2 — w2 + 2iuRa \ = \iu + a\\io3 
+ a*|) but the phase swing for G(iu>) would 
be less than for F(iw). 

For a minimum phase function, the absence 
of zeros and poles of F(s) in the right half 
plane, and thus the absence of singularities of 
log F(s) in this region, permits the phase of 
F(iw) to be obtained as a single valued function 
of log | F(iu) |. 

MINIMUM POTENTIAL ENERGY THE¬ 
OREM. See potential energy, theorem of 
minimum. 

MINIMUM WEIGHT DESIGN. The econ¬ 
omy of a design depends upon material con¬ 
sumption and cost of fabrication. Although a 
design of minimum weight is not necessarily 
the best it is always of interest. Following in 
the spirit of Michell, general theorems for 
minimum weight plastic design were formu¬ 
lated by Drucker and Shield. The theorems 

follow from the plastic limit theorems and give 
upper and lower bounds on minimum weight. 
Earlier studies of elastic structures were made 
by Wasiubynski, and of plastic beams, frames 
and trusses by Heyman and by Prager. 

MINKOWSKI ELECTRODYNAMICS FOR 
MOVING RODIES. A body is assumed at 
rest in a coordinate system 2' (with the co¬ 
ordinates x', ?/, z', t'). In it Maxwell’s equa¬ 
tions are 

dB' 
- = -curl' E' 
df 

dD 
—- + j' = curl' IP 
dt’ 

div' D' = p' div' B' = 0 

with the auxiliary material equations (for iso¬ 
tropic bodies) 

D' = eE' 

B' = p\V 

j' = <rE' 

the system 2' is assumed to move with the 
velocity v with respect to the laboratory system 
2. The following relation exists between the 
field variables in both systems (|| means a 
component parallel to v and J_ means a 
component perpendicular to v): 

D'll = (D + ^ (v X H)) 

D + 4 (v X H) 

D' 
x v Vl - I32 /.L 

H' || = (H - [v X D]) j,; 

H'x = 
/II - [v X Dj\ 

\ Vi — d2 /± 

E'„ = (E + [v X B]) || 

/E + [v X B]\ 

x v Vi - /32 A 
B'„ - (b V [V x E1), 

(-■ 
B+ = 

[v X E] 

Vi - d2 
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Furthermore 

D| = «E|; By = /xH || 

{1 - ^v2 

D €(1 - /32)EX 

+ _ ^2/ ^ X ^ 

m(1 - /32)HX 

+ (^ — ^ (v X E) 

variant tensors, or between tensors or tensor 
densities. The most important geometric ob¬ 
jects of this space are vectors of the first kind P; 
(of which the radius vector is a typical example), 
six-vectors (antisymmetric tensors of rank 2, 
also called surface tensors) fik = —/*,•, fa = 0, 
symmetric tensors of the second rank Tik = Tki 
and three-vectors (also called volume tensors) 
A ikm; these are antisymmetric tensors of rank 
3. In all these cases i, k, m = x, y, z, l. 

Dual Tensors. The dual of a given tensor 
will be denoted by an asterisk.* 

1 
P-2 (V X j) 

c2 

p ” vr^T2 

Ohm’s law: 

fyz* — fxl'tfzx* ~~ fylifxy* ~ fzlyfxl* ~ fyz- 

In general 
fik f (ik) 

where (ik) denote the missing indices of ik and 
ik(ik) form an even permutation of the array 
(xyzl). 

The two invariants of a six-vector are 

0 - pv) || = aVl - /32(E + (v X B))n |/|2 = fyz2 + 5 zx + fxy + fx? + fy? + f zl 

(j “ Pv)j. = --2 (E + (v X B))j_ 
1 — p 

and 

//* - fyzfyz* + fzxfzx* + fxyfxy* 

pv is called the convection current and 
j — pv is called the conduction current. 

MINKOWSKI INEQUALITY. A generaliza¬ 
tion of the Schwarz inequality, easily deduced 
from Holder’s inequality, thus, for real num¬ 

bers, 

{|ai + +••• + ! On + bn \'}llp 
< {\a1\p+--- + Wn\p\llp 

+ {\b1\p+--- + \bn\p\llp, 

and for real functions 

MINKOWSKI WORLD. The metric of this 
world is given by the four-dimensional distance 
formula s2 = x2 + y2 + z2 + l2 where l = id. 
The radius vector has the components (x; y; 
z;l). Two vectors (xr; ?/; z'; l') and (x"\ y"; 
z"‘ l”) are perpendicular to each other if 

x’x" + y'y" + z'z" + IT = 0. 

In this quasi-Euclidean space, it is unnecessary 
to distinguish between covariant and contra- 

+ fxlfxl* A- fylfyl* + fzlfzl*. 

The components (or projections) of a six-vector 
fik on a three dimensional subspace are defined 
in the following way: 

on the sub-space (x, y, z) as (fvz,fzx,fxy)- 

or 

on the sub-space (y, z, l) as (fzi,fiy,fyz), etc. 

The components of the four-vector fj, which is 
perpendicular to the j-axis, are defined by 

fj = (fjx ifjy't fjz i fjl) • 

Similarly for 

U*: 

fj* = (fjx*;fjV*;fjz*;fji*). 

The only non-vanishing components of a three- 
vector are 

Ayzly Azlx, Alxy, AXyz- 

Their duals are the component of an ordinary 
four-vector B, i.e., 

AyZl* = ~Bx 

A-zlx* = By 

Alxy* = -Bz 

Axyz* = Bt 
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(the four indices klmn in Akim* — Bn must 
form an even permutation of the array xyzl). 

The product of a 4-vector P and a six-vector 
/ is defined as new 4-vector A, such that 

Aj = Pxfjx + Pyfjy + PJjz + Pifji. 

The product of a six-vector / with itself is 
defined as a symmetric tensor T of second rank: 

(3) We will assume that the letters s', s", n, s 
shall denote 4 directions mutually perpendic¬ 
ular and that they also form an even permuta¬ 
tion of xyzl. Furthermore, we shall assume 
that the 4-vector B is the dual of the three- 
vector A. We then define the curl in the 
following way: 

(Curl B)ns = (Curl B= (Curl A),V' 

Tjh = fj-h 

= fjxfhx T" fjyfhy ~F fjzfhz T fjlfhl• 

Similarly 

Tjh* = ij*‘h* 

= fjX*fhX* +fjy*fhy* + fjz*fhz* +fjl*fhl*. 

4-Dimensional Vector Analysis. The ordi- 
(d d d\ . 

nary nabla operator V = I — > — > — lis gen- 
\dx dy dz/ 

eralized to the Lorentz operator <0, where 

/d d d d' 
0 = I—. —. —i — 

\dx dy dt dl/ 

The 3-dimensional Laplace operator V2 is gen¬ 
eralized to the D’Alembert operator □, where 

/ d2 d2 d2 d2\ 

D ~ V \dx2' dy2' dt2 dl2) 

Four possible operations exist: (a) the scalar 
divergence of a 4-vector, written Div. (b) the 
vector divergence of a G-vector, written S)iv. 
(c) the rotation of a 4 vector, written Curl. 
(d) the gradient of a scalar, written Grad. In 
what follows, (one-dimensional) line elements 
will be denoted by lower-case English letters, 
e.g., ds, dl) two-dimensional surface-elements 
by the use of lower case Greek letters, e.g., da) 
elements of three-dimensional subspace by 
capital English letters, e.g., dS) and elements of 
the four-dimensional world by the use of 
capital Greek letters, e.g., c?S. 

(1) The scalar divergence of a 4-vector P is 
defined as 

Div P = 
dPx dPu 

dx dy 
+ 

dPz 

dz 
+ 

dpi 

dl ' 

(2) The vector divergence of a six vector 
/ is a 4-vector, whose j-component is 

m.. A dfjx dfjy dfjz 

dx dy dz 

dfjl . 

+ lt 0 
y, 2,0- 

= (Curl A)ns* 
dBs 

dn 

dBn 

ds 

(4) The gradient of a scalar V is the four- 
vector 

Grad V = 
/dV dV dV dV 

V dx dy dz dl )• 
The dual of the vector divergence (3>iv /)* is 
defined to be a 4-vector whose s component is: 

(2W)S* 
dfsx* | df.v* | df.* | df8l* 

dx dy dz dl 
e.g., 

(0W/)** 
dfxy* | afXz* | dfxl* 

dy dz dl 

_ dfzl dfly + dfyZ 

dy dz dl 

Differential Identities, (a) If B is a 4-vector, 
then 

2)iv [(Curl B)*] = 0. 

(b) If / is a 6-vector, then 

Div [3>ivf] = 0. 

Integral Theorems. (I) Gauss-Theorem. Let 
P be a 4-vector, 2 a four-dimensional domain, 
S its three-dimensional boundary with the 
outer normal n, then 

Div PdZ. 

(II) The Two Gauss-Stokes Theorems. Let / 
be a 6-vector, S a 3-dimensional volume im¬ 
bedded in the 4-dimensional world. Let s be 
normal to S and a the closed 2-dimensional 
boundary of S. Let s', s" be two directions, 
perpendicular to each other and tangential to 
a and s (perpendicular to S) and dn (within 
S, but perpendicular to a) be two directions 
perpendicular to each other, then 

(a) fsndv — fffW’MS 
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(b) sdS. 

(Ill) Stokes Theorem. Let B be a 4-vector, 
s a closed “world” curve, a a 2-dimensional 
surface bounded by s, and s', s" two directions, 
perpendicular to each other, but tangential to 

da, then 

i Bsds = 

If the surface a is closed, then s vanishes and 

url B)s>S"da = 0. 

MINOR (OF A MATRIX). If a matrix B is 
formed from a matrix A by striking out cer¬ 
tain rows and columns, then B is called a minor 
of A. The matrix C formed by the deleted 
rows and columns is called the complementary 
minor of B in A. If A, B, C are all square, 
then ( —l)fc C is called the algebraic comple¬ 
ment of B, where k is the sum of the indices of 
the rows and columns of C. 

MINUTE. (1) Unit of time, abbreviation m 
or min. One 1440th part of a mean solar day; 
60 seconds. (2) Unit of angle, abbreviation 
One 60th part of a degree. (Cf. time and 
time-keeping.) 

(IV) Green's Formula. If U and V are two 
sufficiently differentiable scalar functions, then 

-ffffiunv - VUU)dL. 

n is the outer normal of S. If 

1 

(x - xa)2 + (y — y„)2 + 0 — Zo)2 + (I — U2 

where (xo,yo,z0,l0) is an interior point of 2, then 

<■> -o. - -i7« 
dU 

dn. 
dS 

where l o — f (^o> 2/o> z0, l0). 
If 7 = 1, then Green’s formula yields the 

identity 

ffflaUdZ 
If 2 is an infinitely large sphere, then from 

(a) we obtain 

'• - -MS 4tt2U0 ri2 + Un 

where Um is the average value of U over the 
infinite 3-dimensional closed boundary S of 2. 

(For further details, see A. Sommerfeld, 
Annalen der Physik, 32, 749, 1910; 33, 649, 

1910.) 

MIRROR NUCLEI. See conjugate nuclei. 

MISES MATERIAL. Synonymous with Saint 
Venant-Mises material. 

MISES YIELD CONDITION. This prin¬ 
ciple states that plastic flow occurs when the 
second invariant of the stress deviator reaches 
the square of the yield stress in shear: 

J2 = 2 sijsji = k2- 

This is equivalent to a prescribed limit on the 
elastic strain energy associated with shear de¬ 
formation, the so-called distortional strain 
energy, or a prescribed limit on the octahedral 
shear stress, the shear stress on a plane equally 
inclined to all three principal directions. 

MIXED CHARACTERISTIC FUNCTION. 
If P(x,y,z) is a point in object space, on a ray, 
and if F' is the foot of a perpendicular through 
the origin onto the ray in image space, then 
the mixed characteristic function W is the 
optical path length along the ray from P to F'. 
If [p'tf/) are the optical direction cosines of 
the ray in image space, then 

TV = W(x,y,z,p',q',r') 

and W is simply related to the point charac¬ 
teristic function (see Hamilton’s characteris¬ 
tic). 

17 = V(x,y,z,x',y',z') - (p'x' + q'y' + r'z'). 

Another characteristic function, also called a 
mixed characteristic function, is obtained by 
interchanging the object and image spaces in 
the above definition, and is denoted by 

W' = W'(p,q,r,x',y',z'). 



Mixed Crystals — Mixing Length 604 

MIXED CRYSTALS. The most common type 
of freezing point diagram is that exhibiting a 
eutectic (see crystallization curve). Another 
type is that corresponding to a binary system 
which forms a continuous series of mixed crys¬ 
tals. The diagram is completely similar to 
that of the condensation of a binary mixture, 
the boiling curves and the condensation curves 
being replaced by the liquidus and solidus 
curves (see figure). 

Freezing point diagram for a binary system forming 
a continuous system of mixed crystals. 

ftllXED CYCLE. High-speed internal com¬ 
bustion engines perform their thermodynamic 
cycles of operation so rapidly that, whether 
originally intended to operate on the Diesel or 
the Otto principle, the actual cycle has a com¬ 
bustion that exhibits both constant volume and 
constant pressure phases. Spark ignition en¬ 
gines must receive the timed spark in advance 
of piston dead center position. Compression 
ignition engines must have the injector timed 
to begin the fuel spray also ahead of dead 
center position. In either case, on account of 
high rotative engine speed the combustion is 
only partially completed before the piston be¬ 
gins the expansion stroke. The remaining fuel 
is burned approximately at constant pressure. 
A conventionalized cycle is shown in the fig- 

p,V diagram of mixed cycle. 

ure. Combustion extends from b to d. The 
air standard efficiency expression is: 

E 
i r zRi - i 

ry~l L(Z - 1 ) + Zy(R - 1)J 

where r is the ratio of compression along ab; 
y is the specific heat ratio—constant pressure 
to constant volume; R is the cutoff ratio 
Vi/Vc\ Z is the combustion pressure ratio 

Pc/P b ■ 

All factors which influence either Otto or 
Diesel cycle efficiency appear here, and in 
addition a factor introducing characteristics 
of the constant volume phase of combustion. 
(See Diesel engine.) 

MIXED DISTRIBUTION. (Also called com¬ 
pound distribution.) A frequency distribution 
which is composed of a mixture of several un¬ 
like populations of data, or populations with 
different parameters. 

MIXED REFLECTION. The simultaneous 
occurrence of regular reflection and of diffuse 
reflection. 

MIXED STRESS TENSOR. See stress tensor. 

MIXED TENSOR (TENSOR FIELD). See 
tensor field. 

MIXED TRANSMISSION. The simultaneous 
occurrence of direct transmission and diffuse 
transmission. 

MIXING LENGTH. (Ger. Mischungsweg.) 
The distance which a parcel of a fluid in turbu¬ 
lent motion is supposed, in the mixing length 
theory, to travel through the surroundings be¬ 
fore becoming mixed into them, (analogous to 
the mean free path of molecules). The parcel 
possesses on the average the mean properties 
of its region of origin so that there is a corre¬ 
lation between its properties (e.g., tempera¬ 
ture, concentration, momentum, etc.) and its 
direction of motion in a region where there is 
a gradient of the property in question. 

If applied to the transfer of z-momentum in 
the z-direction by turbulence when the mean 
motion is u in the z-direction and varies only 
in the z-direction, it is found that the shearing 

stress, or Reynolds stress — pu'w', is 

du du 

dz dz 

or more generally that the transfer across unit 
area of a quantity Q in the z-direction is equal 
to 
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-l2 
du dQ 

dz dz 

for the fluctuations u’, w' of the velocity are 
du 

both assumed to be of magnitude l 
dz 

m 

steady state (locally isotropic.) turbulence, and 

the fluctuation Q' of Q is l — . 
dz 

Alternatively if the level of turbulent velocity 
fluctuations is represented by (w'2)'A and the 
scale, or mixing length, by V, the eddy transfer 
coefficient, which is presumed to depend only 
on these two quantities, must necessarily be of 
the form 

kM = viy/2)*, 

du 
= l2 

dz 

according to the previous definition. The 
mixing length is thus seen to be a characteristic 
length of the turbulent motion which occurs 
in any dimensional analysis of turbulence, and 
its precise value depends upon its definition 
and it does not express an obvious physical 
feature of the turbulence. 

If the mixing length is assumed either to be 
proportional to distance from the boundary 
(Prandtl), or to be determined by the local 
properties of the turbulence (Ivarman) and 

equal to 
du / d2u 

k — 
dz dz 2 > where k is Karman’s 

constant, the velocity profile is logarithmic, 
either assumption being equivalent to supposing 
that the motion is similar at all distances from 
the boundary. 

MIXTURES. See average potential model 
for mixtures. 

MKS UNITS. See electromagnetic units. 

MOBILE BOND ORDER. Whereas in the 
valence bond approximation, the definition of 
a double bond character is immediate (it is 
the total weight in percent of the structures 
in which the particular bond appears as 
double), the definition of the bond order in the 
MO method is slightly more difficult: each 
electron has an orbital which extends over 
many (ft) nuclei. The contribution of the 
electron l to a particular bond 1—2 is the co¬ 
efficient of ^u, i/^i in the development of 

where the wave function tpi of electron l is 
given by: 

'Pi — CltPll -f- C2l\p2l + • • • + Cnl'Pnl- 

If there are it electrons in the molecule, Coul- 
son defines the mobile or double bond order 
of the 1 — 2 bond as the sum of Ci;C2; over all 
the possible orbitals of the m electrons. 

The contribution of one of the orbitals of 
an electron can be negative, if Ci and c2 have 
opposite signs (unfavorable overlap). In the 
case of benzene, one obtains equal mobile bond 
orders, as should be expected, but in this defi¬ 
nition, the sum of the mobile bond orders is 
larger than three. (Mobile bond order is 
0.667 for each bond.) 

MOBILE MONOLAYERS. (See also local¬ 
ized monolayers.) In the model of a mobile 
monolayer some point in the adsorbed mole¬ 
cule (for example its center of mass) is bound 
tightly to the surface in the normal direction, 
with complete freedom of the movement in the 
two directions in the surface. The treatment 
of mobile monolayers is very similar to that 
of usual three-dimensional bulk phases. For 
example, a mobile monolayer of a simple sub¬ 
stance may be gaseous, liquid or solid, accord¬ 
ing to the degree of interaction between the 
adsorbed molecules. (See also spreading pres¬ 
sure.) 

MOBILE OPERATOR. See material differ¬ 
entiation. 

MOBILITY. (1) Random motion of various 
particles, such as sub-atomic particles, atoms, 
ions, molecules and colloidal particles. (2) 
Directed motion of charged particles subject 
to the action of forces and fields of force. 
Hence, the term mobility applies to all proc¬ 
esses of electrical conduction, whether by ions, 
by electrons, by “holes,” etc. The mobility, /*, 
is given by the expression 

(^)oo 

■where a is the conductivity, e is the charge of 
the carriers, n is their number-density and 
(v)av is the average drift velocity, while E is 
the electric field producing the drift. The 
mobility is expressed in cm/sec per volt/cm, 
or in similar units, and it gives the drift velocity 
of the carriers under the influence of a unit 
electric field. In semiconductors the mobility 
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may be directly determined from the Hall 
effect (see galvanometlic and thermometric 
effects), and is related to the mean free time 
r, between collisions by the formula 

M = er/m 

and to the Hall coefficient, Rh, by the formula 

M = Rh<t 

where a is the conductivity. 

MOBILITY CAPACITANCE (MASS). In 
the mechanical rectilineal mobility system 
the mass (mobility capacitance) mj, in grams, 
is analogous to electrical capacitance CE- 

The mechanical rectilineal excitability X/ of 
a mass (mobility capacitance), in mechanical 
mhos, is defined as 

xi =- (1) 
com/ 

where w is 2nf, and / is the frequency, in cycles 
per second. 

Equation 1 shows that the mass (mobility 
capacitance) mj in the mechanical rectilineal 
mobility system is analogous to electrical ca¬ 
pacitance CE in the electrical system. 

Mass (mobility capacitance) m/ in the me¬ 
chanical rectilineal mobility system may also 
be defined as follows: 

dv 
Jm = mi — 

dt 
(2) 

'ts 

ii (3) 

In the electrical system electrical capacitance 
Ce may be defined as follows: 

de 
i = Ce — 

dt 
(4) 

where i is the electrical current, 
Ce is electrical capacitance, in 
electromotive force, in abvolts, 
in seconds. 

in abamperes, 
abfarads, e is 
and t is time, 

e = — f idt 
CE J 

(5) 

where i is the current, in abamperes. 
It will be seen that Equations 2 and 3 in 

the mechanical rectilineal mobility system are 
analogous to Equations 4 and 5 in the electri¬ 
cal system. 

Mobility capacitance (mass) in the me¬ 
chanical rectilineal mobility system is repre¬ 
sented by a mass in the figure. 

mT 

Graphical representation of the element, mobility 
capacitance, mj. 

MOBILITY-DIFFUSION COEFFICIENT 
RELATION. See Einstein relationship be¬ 
tween mobility and diffusion coefficient. 

MOBILITY, HALL (OF AN ELECTRICAL 
CONDUCTOR). The quantity /x in the rela¬ 
tion 

M = Rh<t 

where /x is the Hall mobility, RH is the Hall 
coefficient, and <r is the conductivity. (See 
mobility; Hall effect.) 

MOBILITY INERTIA (COMPLIANCE). 
In the mechanical rectilineal mobility system 
the compliance (mobility inertia) Cj, in centi¬ 
meters per dyne, is analogous to electrical in¬ 
ductance L. 

The mechanical rectilineal excitability Xi of 
a compliance (mobility inertia), in mechanical 
mhos, is defined as 

xi = wC i (1) 

where w is the 2-n-f, and / is the frequency, in 
cycles per second. 

Equation 1 shows that compliance (mobility 
inertia) CIy in centimeters per dyne, is analo¬ 
gous to inductance. 

Compliance (mobility inertia) Cj in the me¬ 
chanical rectilineal mobility system may also 
be defined as 

v = Ci 
dfM 

dt 
(2) 

In the electrical system inductance may be 
defined as 

di 
e = L- (3) 

dt 

where L is the inductance, in abhenries. 
It will be seen that Equation 2 in the me¬ 

chanical rectilineal mobility system is analo¬ 
gous to Equation 3 in the electrical system. 
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Mobility inertia (rectilineal compliance) in 
the mechanical rectilineal mobility system is 
represented by a spring in the figure. 

C, 

Graphical representation of the element, mobility 
inertia, C7. 

MOBILITY OF IONS IN CHAMBER. The 
mobility of ions in a gas is defined by the rela¬ 

tionship: 
_ kE 

V 

where v is the drift velocity, k is the mobility 
at unit pressure, E the electric field, and p the 

pressure. 

MOBILITY OF IONS IN SOLIDS. Conduc¬ 
tion of electricity in ionic crystals is due to 
the motion of lattice defects, either of the 
Schottky or Frenkel type. The mobility is 

given by 
m = (eD0/kT)e-ElkT 

where D0 is a numerical constant, and E is an 
activation energy, which depends on the energy 
required to make a defect and on the height 
of the energy barrier that must be surmounted 
in order that the defect may move. 

MOBILITY RESISTANCE. See responsivity. 

MODAL COLUMN OF A MATRIX. A term 
sometimes applied to an eigenvector. (See 
eigenvalues and eigenvectors.) 

MODE. (1) The modes of a population are 
the values of the variate for which the relative 
frequency attains a local maximum. In most 
populations there is only one such maximum; 
such populations are said to be unimodal. (2) 
A mode of propagation (transmission) is a 
form of propagation of guided waves that is 
characterized by a particular field pattern in 
a plane transverse to the direction of propaga¬ 
tion, which field pattern is independent of posi¬ 
tion along the axis of the waveguide. In the 
case of uniconductor waveguides, the field 
pattern of a particular mode of propagation is 
also independent of frequency. (3) A mode of 
resonance is a form of natural electromagnetic 
oscillation in a resonator, characterized by a 

particular field pattern that is invariant with 
time. 

MODE, DOMINANT. See dominant mode. 

MODE, FUNDAMENTAL. In neutron 
transport theory, the solution to the equation 

(V2 + B2yt> = 0 

that is everywhere positive and vanishes at the 
extrapolated boundary of the system. (See 
first fundamental theorem.) 

MODERATION THEOREM. See Chatelier, 
le-Braun principle. 

MODERATOR TRANSMISSION FACTOR. 
See Dancoff corrections. 

MODIFIED REVERSED RANKINE CY¬ 
CLE. See reversed Rankine cycle. 

MODULATION. The process or result of the 
process whereby some characteristic of one 
wave is varied in accordance with another 
wave. 

MODULUS. See complex number; loga¬ 
rithm; elliptic function. 

MODULUS, BULK. A modulus based on 
hydrostatic stress and dilatational strain. 

MODULUS, COMPLEX. Steady-state oscil¬ 
latory loading of a linear viscoelastic material 
produces steady-state strain response which 
in general will be out of phase with the stress. 
Using complex notation with the stress given 
by: <r0eiut, the ratio of stress to strain is a com¬ 
plex function of frequency called the complex 
modulus: 

m*(u>) = Wi(u) + im2( co). 

MODULUS, EQUILIBRIUM. The limiting 
value of the modulus of a viscoelastic material 
for slow loading or zero frequency. 

MODULUS, GLASS. The limiting value of 
the modulus of a viscoelastic material for in¬ 
stantaneous loading or infinite frequency. 

MODULUS, LOSS. The imaginary part of 
the complex modulus, m2(<o). 

MODULUS OF COMPRESSION. See com¬ 
pression modulus. 

MODULUS OF CONTINUITY. If the func¬ 
tion j{x) is continuous in the closed internal 
[a,b], then, for every 8 > 0, the maximum of 
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the difference j/(x) — f(y) | for | (x — y) | < 8 
is a monotone-decreasing function of 8, call it 
w(8). This function w(B) is called the mod¬ 
ulus of continuity of the function f {x), and is 
important, e.g., in theorems of goodness of 
approximation to functions by simpler func¬ 
tions such as polynomials. 

MODULUS OF ELASTICITY. The ratio of 
the unit stress to the unit deformation of a 
structural elastic material is a constant, as 
long as the unit stress is below the propor¬ 
tional limit, and is called the modulus of elas¬ 
ticity. The shearing modulus of elasticity is 
frequently called the modulus of rigidity. 

MODULUS OF RIGIDITY. See elastic con¬ 
stants; modulus of elasticity. 

MODULUS OF RUPTURE. The modulus of 
rupture in bending of a material is found by 
testing a transversely loaded beam of constant 
cross section to failure and substituting the 
maximum bending moment, moment of inertia 
of the cross section and the distance from the 
neutral axis to the extreme fiber in the flexure 
formula: 

Me 
Modulus of rupture = — • 

The torsional modulus of rupture is obtained 
by testing a shaft of constant, circular cross- 
section to failure and then substituting the 
maximum torque, polar moment of inertia of 
the cross section and the radius in the torsion 
formula: 

Tc 
Torsional modulus of rupture = — • 

(See torsional stress.) 
The bending or torsional modulus of rupture 

may be used to predict the maximum bending 
or torsional moment which a member can re¬ 
sist. 

It should be kept in mind, however, that the 
actual maximum stress existing in the beam or 
shaft is less than the modulus of rupture be¬ 
cause the proportional limit is exceeded prior 
to fracture. 

MODULUS, REDUCED OR DOUBLE. The 
curvature in bending of an elastic beam is 
given by M/EI. When the elastic limit is 
exceeded, the curvature can be taken as M/ErI 
where Er is a reduced or double modulus. Er 

will depend upon both the elastic modulus and 
the tangent modulus. When column buckling 
in the plastic range is treated (incorrectly) as 
an eigenvalue problem, the reduced modulus 
controls the computed buckling load. 

MODULUS, RELAXATION. Subjection of a 
specimen to a step function of strain is known 
as a relaxation test. The resulting ratio of 
stress to strain, m(t) is called the relaxation 
modulus, and is a non-increasing function of 
time after application of the strain. The 
superposition principle enables the stress re¬ 
sponse, <r(t) to a general strain history c(f) to 
be expressed in terms of m(t): 

Cl de(r) 
<r(t) — I (t — t)-dr. 

•'-00 dr 

This represents the constitutive equation of 
linear viscoelasticity in an integral form. 

MODULUS, SECANT. The ratio of stress to 
strain in simple tension, compression or shear 
is called the secant modulus, Es. It lies be¬ 
tween the modulus of elasticity, E and the tan¬ 
gent modulus, Et. 

MODULUS, SHEAR. A modulus based on 
shear stress and strain components. 

MODULUS, STORAGE. The real part of the 
complex modulus, Wi (to). 

MODULUS, TANGENT. The slope of the 
stress-strain curve for increasing stress is 
called the tangent modulus, Et (see also modu¬ 
lus, secant). As a true local physical prop¬ 
erty, the tangent modulus is significant in 
plastic buckling. Replacing Young’s modulus 
in the Euler buckling load by the tangent 
modulus gives useful results for columns, as 
shown by Shanley. 
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MOHR CIRCLE FOR INERTIA. The mo¬ 
ment and product of inertia of an area trans¬ 
form as a second order tensor (see Mohr circle 
for stress). A Mohr circle can be drawn there¬ 

fore with Ix = ^ y2dA replacing ax, Iu = 

J' x2dA replacing <xy and Ixy = J xydA re¬ 

placing Txy with substitution of moment of 
inertia for the normal stress coordinate a and 
product of inertia for r. 

MOHR CIRCLE FOR STRAIN. A Mohr 
circle can be drawn for the components of 
strain in a plane if the tensor components, that 
is, the internal strain components (x, e„, and 
the shear strain components exy — yxv/2, are 
employed. In the circle for stress, and of 
course in the corresponding equations, t re¬ 
places cr and y/2 replaces r. (See Mohr circle 
for stress.) 

MOHR CIRCLE FOR STRESS. The trans¬ 
formations of a second order symmetric tensor 
in two dimensions can be represented by a 
circle in a plot of the diagonal terms against 
the off diagonal term. The situation for plane 
stress components is shown in the accompany- 

(Tx -|— Gy O’X Gy 

<Tn —-1-cos 20 — Txy sin 20 
2 2 

Gx T" Gy Gx Gy 

t =-1-sin 20 + Txy cos 20 
2 2 

the magnitude of the principal stresses 

and their orientation 

2t xy 
tan 2a =-- 

(Jx dy 

Point P is called the pole of the circle. A line 
drawn from P to any point such as F is parallel 
to the trace of plane F in the plane of the 
paper. 

Although the circle constructions are most 
often associated with the name of Mohr they 
are in fact due to Culmann. Mohr general¬ 
ized Culmann’s results to three dimensions. 

MOHR YIELD CONDITION. This law was 
devised both for plastic flow and fracture, and 
stipulates a limiting shear stress as a function 
of the normal stress on the plane of failure. 

ing figure where normal stress <r on any plane 
perpendicular to the paper is plotted against 
shearing stress t on the same plane. Tensile 
normal stress is positive, as is shear, which is 
directed in a clockwise sense around the block 
on which it acts. Angular rotations on the 
circle are twice those in the actual plane. The 
special convention for positive shear makes 
the direction of rotation the same. The trans¬ 
formation equations (coordinates of F) 

MOISTURE-CONTINUITY EQUATION. 
The storage equation as applied to the atmos¬ 
phere. The general form of the equation is 
written 

dS 
— = I + E - 0 - P, 
dt 

where I is the atmospheric moisture inflow, E 
the evapotranspiration from the ground, 0 the 
atmospheric moisture outflow, P precipitation, 
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i / s 
and — the time rate of change of moisture stor- 

dt 

age in the portion of the atmosphere under 
consideration. In practice the equation is more 
commonly applied to a finite interval of time 
and the various terms become mean values in 
this interval. 

MOLALITY. The molality of a solute in a 
mixture is defined as the number of moles of 
the solute dissolved in 1,000 g of solvent. This 
unit is frequently used for electrolytic solu¬ 
tions. 

MOLARITY. The molarity of a solute in a 
mixture is defined as the number of moles of 
solute contained in 1 liter of solution. 

MOLAR PROPERTIES (HEAT CAPACITY, 
VOLUME, POLARIZATION, . . . ETC.). 
The heat capacity, volume, polarization, . . . 
etc., of one mole (gram-molecular weight) of 
a substance. Since a mole contains always the 
same number of molecules, whatever the sub¬ 
stance, molar quantities usually occur in laws 
connecting atomic and macroscopic phenom¬ 
ena in rather simpler ways than do quantities 
expressed “per unit mass,” or “per unit vol¬ 
ume.” 

MOLE (OR MOL). That quantity of sub¬ 
stance whose mass (in any units) is numeri¬ 
cally equal to the molecular weight of the sub¬ 
stance. When the mass is in grams, the unit 
is called the gram-mole, when the mass is in 
kilograms, the unit is the kilomole (kmol), 
and when the mass is pounds, the unit is called 
the pound-mole (lb-mole). 

MOLECULAR CHAOS. For dilute gases, the 
hypothesis is usually made that there is no cor¬ 
relation between the velocities and positions of 
the various molecules; i.e., it is assumed that 
at any time t, the probability /(ri • • • rA-, vl 
• • • v.y, t) that the N molecules of a system 
occupy the positions rx to rK with velocities 
Vi • • • vA- can be factorized into a product 
of independent probabilities /(ri,vi,£) ••• 

/(rA-,v.v,f). 
/i(ri,Vj,0 is the probability of finding a mole¬ 

cule i in a volume element dr{dvx around the 
point rif Vj of phase space, when this molecule 
is alone in the system. 

This hypothesis of molecular chaos is not 
valid in dense gases, in liquids, and a fortiori 
in solids, where correlations are quite impor¬ 

tant: the probability P of finding a second 
molecule at a distance r from a given molecule 
varies markedly with distance, and a complete 
factorization of the distribution function is 
not possible. 

Probability P of finding the center of a molecule B 
in unit volume as a function of the distance r from 
the center of a molecule A, in the case of a dilute 
gas, curve (a), a liquid, curve (b), or a solid, curve (c). 

MOLECULAR DIAGRAMS. The molecular 
diagram technique has been introduced by 
Daudel to represent in a compact and sche¬ 
matic way the results of wave-mechanical cal¬ 
culations on molecules. The carbon skeleton 
of the molecule is drawn. The bond char¬ 
acters are indicated along the bonds. The 
free valence index, and eventually the ionic 
character of the atoms at the summits are 
shown. The reactivity of the molecule can 
then be visualized rapidly. 

MOLECULAR EIGENFUNCTIONS. The 
total eigenfunction 0 of a molecular energy 
level can be expressed, to a first approxima¬ 
tion, as 

P = PePvPr 

where \pe is the electronic eigenfunction, \pv the 
vibrational eigenfunction, and pr the rotational 
eigenfunction. 

I. Electronic Eigenfunctions 
(a) Diatomic and linear polyatomic molecules. 

If the nuclei are considered as fixed on the 
z-axis, and z,-, pf, and 0, are the (cylindrical) 
coordinates for each electron (p,, distance from 
the axis; 0,, azimuth), then neglecting electron 
spin the electronic eigenfunction \pe has the 
form 

pe = xe+,A*‘ or ipe = xe~iu'. 

Here x and x are functions of the electronic 
coordinates z,-, p,, and 0/, where the 0,' = 0,- 
— 0i are the relative azimuths of all but the 
first electron. The function x differs from the 
function x only in that the 0/ are replaced by 
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their negatives. The constant A is a positive 
integer. A is the quantum number of the elec¬ 
tronic angular momentum A about the 0-axis. 
A has the magnitude A(h/2ir). 

As long as the coupling of spin and orbital 
motion of the electrons is small the electronic 
eigenfunction including electron spin \f/es may 
be written as a product of a coordinate function 
<pe, as above, and a spin function /3, that is 

\kes - 'PeP- 

(For the form of the spin function, see E. 
Wigner and E. E. Witmer, Z. Phys. 51, 859 
(1928).) 

(b) Polyatomic molecules. For the general 
case of polyatomic molecules, the above simple 
expressions for the electronic eigenfunctions 
cannot be used. However, it is possible to 
make exact statements about their symmetry 
properties. 

II. Vibrational Eigenfunctions 
(a) Diatomic molecules. As long as the 

anharmonicity of the vibration is small, the 
vibrational eigenfunctions are approximated 
by the harmonic oscillator eigenfunctions. 
These are the Hermite orthogonal functions 

\pv(x) = N ve~'Aax'H v(\/ax) 

where Nv is a normalization factor, Hv(\/ax) 
the Hermite polynomial of the rth degree and 

4:tt2ij.vosc 2tt X^frfc 
a = - = -- 

h h 

Here y. stands for the reduced mass, v08C for the 
(classical) frequency of oscillation, k for the 
force constant, and h for Planck’s constant. 
(For the anharmonic oscillator functions see 
A. S. Coolidge, H. M. James, and R. D. 
Present, J. Chem. Phys. 4, 193 (1936), and 
J. L. Dunham, Phys. Rev. 34, 438 (1929).) 

(b) Polyatomic molecules. The total vi¬ 
brational eigenfunction of a polyatomic mole¬ 
cule is, to a first approximation, the product 
of 3N — 6, or, in the case of a linear molecule, 
3N — 5, harmonic oscillator functions. 

iv = IIfofo) = n NVle-'/>a*'1HVi(V^itl) 

where a,- = 2xv,//i. Here r, is the (classical) 
oscillating frequency of the ith normal vibra¬ 
tion. 

III. Rotational Eigenfunctions 
(a) Diatomic and linear polyatomic mole- 

cxdes. The rotational eigenfunctions of a di¬ 

atomic or linear polyatomic molecule are the 
so-called surface harmonics 

= NrPj M1 (cos &)em* 

where <t> is the azimuth of the line connecting 
the mass point to the origin, taken about the 
z axis; d is the angle between this line and the 
z axis; J is the rotational quantum number 
corresponding to the angular momentum J of 

magnitude (h/2ir) y/J(J + 1) (h/2iv)J {h is 
Planck’s constant). M is a second quantum 
number (the so-called magnetic quantum num¬ 
ber) which takes the values M — J, J — 1, 
J — 2, • • •, — J, and which represents in units 
h/2ir the component of the angular momentum 
J in the direction of the z-axis; P/M\ (cos d) is 
a function of the angle d, the so-called asso¬ 
ciated Legendre function, Nr is a normaliza¬ 
tion constant. 

The probability of finding the system 
oriented in the direction (d, </>) is 

Mr* = Nr2\PjM (COS d)]2 

that is, t]^e probability is independent of <f>. 
(b) Symmetric top (and spherical top mole¬ 

cules. The rotational eigenfunctions of the 
symmetric top are given by 

tr = Ojkm («?) • PKx • 

Here d, 4>, and x are the so-called Eulerian 
angles, d is the angle of the figure axis of the 
top with the fixed z axis, <p is the azimuthal 
angle about the z axis, and x is the azimuthal 
angle measuring the rotation about the figure 
axis; J and M are quantum numbers as defined 
above. K is a quantum number corresponding 
to the component of J in the direction of the 
figure axis; therefore J = K, K -f 1, K -\- 2, 
• • ■. The function dJKM(d) depends in a some¬ 
what complicated way on the angle d; it con¬ 
tains the so-called Jacobi (hypergeometric) 
polynomials. 

(c) Asymmetric top molecules. In this case 
the expressions for the rotational eigenfunc¬ 
tions are very complicated. However, exact 
statements can be made about their symmetry 
properties. 

MOLECULAR EIGENFUNCTIONS, SYM¬ 
METRY PROPERTIES OF. See symmetry 
properties of molecular eigenfunctions. 

MOLECULAR ENERGY LEVELS. The 
energy levels of a molecule correspond to the 
eigenvalues of the Schrodinger equation of the 
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system. To a first approximation, the total 
energy can be treated as the sum of the energies 
of electronic motion, vibration, and rotation of 
the molecule, that is 

E = Ee + Ev + Er. 

The corresponding term values are 

E 
- = T = Te + G + F. 
he 

In the simplest case, that of a diatomic 
molecule, we have 

G = Ue(v + |) - UeXe(v + |)2 

+ ueyc{v + §)3 • • • 
and 

F = BJ(J+ 1) -ZV2(J+ 1)2+---. 

Here ue, uexe, coeye, • • • are vibrational con¬ 
stants, Bv, Dv, • ■ ■ rotational constants, and 
v and J, respectively, the vibrational and 
rotational quantum numbers. 

Vibrational and rotational levels of two electronic 
states A and B of a molecule (schematic). Only 
the first few rotational and vibrational levels are 
drawn in each case. (From G. Herzberg, Molecular 
Spectra and Molecular Structure. I. Spectra of Dia¬ 
tomic Molecules, 1950. D. Van Nostrand Company, 

Inc., Princeton.) 

In general the differences between neighbor¬ 
ing electronic energy levels are much larger 
than those between neighboring vibrational 
energy levels. The latter, in turn, are spaced 
much more widely than the rotational energy 
levels. A schematic diagram giving the vibra¬ 
tional and rotational energy levels of two elec¬ 
tronic states of a diatomic molecule is shown 
in the figure. 

(For more detail see electronic energy levels 
of a molecule, vibrational energy levels of a 
molecule, rotational energy levels of a mole¬ 
cule.) 

MOLECULAR ENERGY LEVELS, STATIS¬ 
TICAL WEIGHT OF. See statistical weight 
of molecular energy levels. 

MOLECULAR FIELD APPROXIMATION. 
A simple and often reasonably accurate 
method for treating problems of ferromag¬ 
netism, antiferromagnetism, etc. Each mag¬ 
netic ion is treated independently as if in a 
field consisting of any external field, H to¬ 
gether with the field H' created by the net 
polarization of its neighbors. H', in its turn, 
gives the ion an average polarization, which 
must be put equal to that assumed for any 
equivalent neighbors. This self-consistency 
condition is sufficient to give the polarization 
as a function of temperature. The assumed 
field H' may not be just a magnetic field, but 
the equivalent effect of other processes, such 
as the exchange interaction between the spins. 

MOLECULAR FREE PATH. The average 
free path or distance traveled by a molecule 
between collisions in a gas or in a solution. 
(See mean free path.) 

MOLECULAR NUMBER. (1) The sum of 
the atomic numbers of the atoms in a mole¬ 
cule. (2) An integral number denoting the 
position occupied by a given molecule in a 
series obtained by arranging molecules in order 
of increasing molecular frequency. 

MOLECULAR ORBITAL. See orbital. 

MOLECULAR ORBITALS METHOD. The 
solution of the Schrodinger equation for a dia¬ 
tomic or polyatomic molecule is very difficult; 
it has been tackled mainly by two techniques: 
the valence bond method and the molecular 
orbital method, also called the Hund-Mulliken- 
Iliickel Method. 

In this latter method, each electron is de- 
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scribed by a wave function if/ which character¬ 
izes its orbit in the molecule and is therefore 
called the molecular orbital. These wave 
functions are defined by quantum numbers 
which characterize their energies and shapes. 

The molecule is built up by introducing the 
electrons one by one in the various lowest- 
lying orbitals, taking into account the Pauli 
exclusion principle. 

In order to compute the molecular orbitals, 
the assumption is usually made, after Mulli- 
ken, that these orbitals can be approximated 
by a linear combination of atomic orbitals 
(i.e., of the orbitals which would be accessible 
to the electrons in the isolated atoms). This 
is called the LCAO approach. Thus if the 
molecule consists of atoms A, B, • • • N, the 
molecular orbitals for an electron will be: 
ip = Cjuf/A -{- CsipB + ''' + c^if/if. The coeffi¬ 
cients Ca. • • • Cat are found by minimizing the 
integral 

\l/*H\pdr/ /'*' 2dr 

(Cf. variation principle.) The choice of the 
valence bond or of the molecular orbital 
method as a starting point for the study of a 
molecule is usually governed by physical argu¬ 
ments: if the electrons in the molecule tend to 
pair up and form fairly localized bonds, 
(H2, CH4 •*•), the valence bond method is 
usually a better starting point; for the H2 + 
molecular bond, where a one-electron bond is 
formed, or in molecules where some electrons 
(like the 77-electrons in conjugated double 
bonds) are spread out over many neighboring 

Potential curves of the two lowest states of H2 + , 
after Teller (theoretical). (From G. Herzberg, Mo¬ 
lecular Spectra and Molecular Structure. 1. Spectra 
oj Diatomic Molecules, 1950. D. Van Nostrand 

Company, Inc., Princeton.) 

atoms, the molecular orbital method is usually 
a better first approximation. 

The only molecule which has been treated 
rigorously by this method is H2 + . Starting 
from large internuclear distance in zero- 
approximation, a resonance degeneracy exists 
for the two possible states of the electron. At 
smaller internuclear distances this degeneracy 
is removed in such a way, that the energy of 
one of the two resulting components becomes 
smaller, that of the other larger with decreas¬ 
ing r, that is, a stable and an unstable state 
result. See the figure. 

It is obvious that, ultimately, both methods 
should, after a sufficient amount of refinement, 
lead to identical wave functions and energies 
for the molecules; and it is highly encouraging 
that they agree qualitatively in most cases, 
even when only the first and still rather rough 
approximation can be made. 

MOLECULAR ORBITALS, NONLOCAL¬ 
IZED. See nonlocalized molecular orbitals. 

MOLECULAR POTENTIAL FUNCTIONS. 
See potential functions of molecules. 

MOLECULAR ROTATION. (1) (See rota¬ 
tional energy levels of a molecule.) (2) The 
power of a non-crystallized substance (gas, 
pure liquid, solution) to rotate the plane of 
polarization of light transmitted through it, by 
interaction between the radiation and the 
single molecules. This type of optical activity 
occurs in all substances whose molecules (in 
general complex organic molecules, e.g., vari¬ 
ous sugars) have neither a center of symmetry 
nor a plane of symmetry. In practical work 
one defines the specific rotations [a] as the ro¬ 
tation produced by a 1 cm column of liquid 
containing 1 gm of active substance per cm-3 
of solution. Therefore 

where 0 is the angle of rotation in degrees, l the 
length of the light path in cm, and d the 
concentration of the active substance in gm 
cm-3. By molecular rotation one understands 
the product of the specific rotation [a] with the 
molecular weight M. 

MOLECULAR SPECIES. See species. 

MOLECULAR SPECTRA. Molecular spec¬ 
tra consist of radiation absorbed or emitted by 
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(free) molecules, corresponding to transitions 
between different molecular energy levels (see 
also combination principle). In general, a 
molecular spectrum can be easily distinguished 
from an atomic spectrum by the presence of 
a great many narrowly spaced lines, usually 
grouped into bands (“band spectrum”). While 
a transition of an atom from one electronic 
state to another gives rise to a single spectral 
line (or line multiplet), a corresponding transi¬ 
tion of a molecule produces a whole band sys¬ 

tem. However the number of band systems 
observable for a particular molecule is in gen¬ 
eral much smaller than the number of lines in 
an atomic spectrum, since molecules have only 
comparatively few stable electronic states (see 
also predissociation). Molecular spectra in¬ 
volving two different electronic states (elec¬ 

tronic spectra of molecules) have been ob¬ 
served at wavelengths from the near infrared 
to the vacuum ultraviolet. Spectra corre¬ 
sponding to transitions between the rotational 
energy levels of two different vibrational levels 
of the same electronic state (rotation-vibration 

spectra of molecules) are found in the infra¬ 
red, while spectra corresponding to transitions 
between the rotational levels of the same elec¬ 
tronic and vibrational state (pure rotation 
spectra, see rotation spectrum of molecules) 

occur in the far infrared and in the centimeter 
and millimeter wavelength region. At these 
long wavelengths are also observed spectra 
arising from transitions between the compo¬ 
nents of a multiplet electronic energy level. 
(See fine structure B II.) 

MOLECULAR STRUCTURE, COUPLING 

IN. See coupling, in atomic and molecular 

structure. 

MOLECULAR TERM SYMBOLS. In molec¬ 

ular term symbols, as in atomic term sym¬ 

bols, the multiplicity 2S + 1 (S is the quan¬ 
tum number of resultant electron spin) is indi¬ 
cated as a left hand superscript. The main 
part of the term symbol, a Greek or roman 
capital letter, is identical with the symbol for 
the symmetry species of the energy level in 
question. (See also symmetry properties of 

molecular normal vibrations and the literature 
quoted with that entry.) For diatomic and 
linear polyatomic molecules the electronic 
term symbols are 2, n, A, • • •, for A = 0, 1, 2, 
• • • (A is the quantum number of resultant 
electronic orbital angular momentum in the 
direction of the figure axis), in close analogy 
to the symbols S,P,D, • • • for L = 0,1, 2, • • • 
of atoms (L is the quantum number of result¬ 
ant electronic orbital angular momentum). 

MOLECULAR VELOCITIES, DISTRIBU¬ 
TION LAW. See distribution of molecular 
velocities, law of. 

MOLECULAR VELOCITY. In general, the 
velocity of a molecule due to random thermal 
motion, i.e., the quantity v appearing in the 
Maxwell distribution law. 

MOLECULAR VELOCITY, MEAN. If a 
system of particles contains a number nx 
moving with velocity ch n2 moving with veloc¬ 

ity c2 • • •, the mean velocity c is defined as 

MOLECULAR SPECTRA, COMBINATION 

DIFFERENCES AND COMBINATION 

SUMS IN. See combination differences and 
combination sums. 

MOLECULAR SPECTRA, FINE STRUC¬ 

TURE OF. See fine structure. 

MOLECULAR SPECTRA, ISOTOPE EF¬ 

FECT IN. See isotope effect in molecular 
spectra. 

t 

MOLECULAR SPECTRA, MICROWAVE. 

Sec microwave spectra of molecules. 

MOLECULAR SPECTRA, PERTURBA¬ 

TIONS IN. Sec perturbations in molecular 
spectra. 

nici -f- n2c2 + • • • 
c -- 

nl + + • • • 

Strictly speaking, the mean molecular velocity 

in a gas in equilibrium is zero. The term is 
often used, however, to indicate the mean 
speed, in which case the values of c are aver¬ 
aged without regard to sign. It may then be 
shown from the Maxwell distribution law that 
the mean molecular velocity is 

MOLECULAR VELOCITY, MEAN- 
SQUARE. If a system of particles con¬ 
tains a number nj moving with velocity C\, 

n2 with ^velocity c2, • • •, etc., the mean square 
velocity c2 is defined as 
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— nxcx2 -f- n<2C<i + • • • 
r -- 

n\ + ^2 H- 

This quantity appears, for example, in the 
expression for the pressure of an ideal gas 
according to the kinetic theory. It can be 
shown from the Maxwell distribution law 
that the mean square velocity is connected 
with the mean velocity (see molecular veloc¬ 
ity, mean) by the relation 

c 2 
3 kT 

m 

MOLECULAR VELOCITY, MOST PROB¬ 
ABLE. If the function given by the Maxwell 
distribution law is plotted against the velocity 
c, a smooth curve is obtained which has a 
maximum at a value of c which may be de¬ 
noted by a, where a is called the most probable 
velocity. It increases with temperature, and 
is connected with the mean velocity (see 
molecular velocity, mean) by the relation 

2a 

MOLECULE. The smallest indivisible par¬ 
ticle of a substance which still exhibits most 
of the properties of the substance. 

MOLECULE, DISSOCIATION ENERGY 
OF. See dissociation energy of a molecule. 

MOLECULE, ROTATIONAL CONSTANTS 
OF. See rotational constants of a molecule. 

MOLECULE, ROTATIONAL ENERGY 
LEVELS IN. See rotational energy levels in 
a molecule. 

MOLECULES, DIATOMIC, NON-CROSS¬ 
ING RULE. See non-crossing rule for the 
potential curves of diatomic molecules. 

MOLECULES, EIGENFUNCTIONS OF. 
See molecular eigenfunctions. 

MOLECULES, ELECTRONIC SPECTRA 
OF. See electronic spectra of molecules. 

MOLECULES, MOMENTS OF INERTIA 
OF. See moments of inertia of molecules. 

MOLECULES, NON-COMBINING MODI¬ 
FICATIONS OF. See non-combining modifi¬ 
cations of. 

MOLECULES, POLYATOMIC. See poly¬ 
atomic molecules, types of. 

MOLECULES, POTENTIAL FUNCTIONS 
OF. See potential functions of molecules. 

MOLECULES, PRINCIPAL AXES OF. See 
moments of inertia of molecules. 

MOLECULES, ROTATION SPECTRA OF. 
See rotation spectra of molecules. 

MOLECULES, SYMMETRY PROPERTIES 
OF NORMAL VIBRATIONS IN. See sym¬ 
metry properties of normal vibrations in mole¬ 
cules. 

MOLECULES, VALENCE FORCES IN 
POLYATOMIC. See valence forces in poly¬ 
atomic molecules. 

MOLECULES, VIBRATIONAL ENERGY 
LEVELS OF A. See vibrational energy levels 
of a molecule. 

MOLECULES, VIBRATIONAL SPECTRA 
OF. See vibrational spectra of molecules. 

MOLE FRACTIONS. The mole fraction of 
the component i is defined by 

i 

where nt- is the number of moles of component 
i. Clearly 

£ = I- (2) 
t=i 

MOLLIER CHART. A thermodynamic dia¬ 
gram for a homogeneous system possessing 
two independent properties, in which enthalpy 
is the ordinate and entropy is the abscissa. 
Mollier charts are used widely in engine cal- 
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culations, particularly those in which the work¬ 
ing fluid is steam. The chart then contains the 
vapor-pressure curve, curves of constant pres¬ 
sure, curves of constant dryness function, 
curves of constant temperature, and sometimes 
curves of constant specific volume. 

The usefulness of the chart is predicated on 
the following properties: 

1. An isentropic process is a straight verti¬ 
cal line. 

2. The work of an isentropic process is the 
length of this straight line. I7isentr. = 
/ii — h2. 

3. The work of an adiabatic (irreversible) 
process between the equilibrium states 
1 and 3 (s3 > Si) is Wad = hi — h3, i.e., 
the vertical distance between 1 and 3. 

4. In a process at constant pressure the heat 
exchanged is Q45 = h5 — that is, 
again, the vertical distance between 4 
and 5. 

5. In an adiabatic throttling (irreversible) 
process between the equilibrium states 6 
and 7, the two end-states must lie on one 
horizontal line. Knowing one value at 7 
for a given state 6, one can determine the 
others with reference to the lines on the 
diagram. 

MOLLIER EQUATION. An empirical (ther¬ 
mal) equation of state for steam: 

T 2 
V = 47.1-rr: V 

V (T/ 100°C)M 

1-9 2 

(T/100°C)14 X 104 V * 

It is sufficiently accurate at lower pressures 
and temperatures, even though it is not dimen¬ 
sionally correct. (See also steam tables.) 

MOMENT. The product of a quantity and a 
distance to some significant point related to 
that quantity. The principal moments are 
moments of forces, moments of lines, moments 
of areas, and moments of masses. Two types 
of moment are static moment and moment of 
inertia, the latter being discussed in the entry 
inertia, moments and products of. For other 
moments see the entries following. 

MOMENT, STATISTICAL. In statistics, the 
nth moment of a distribution function F {x) 
about a point a is defined as the expected 
value of (x — a)n: 

m'» = f(x - a)ndF(x). 

The first moment ii\ is the mean of the distri¬ 
bution. Of particular importance are the mo¬ 
ments about the mean, or central moments, 
denoted by /a„; /t2 is called the variance. Cen¬ 
tral moments can be obtained from moments 
about an arbitrary point by formulae of the 
type 

M2 = M*2 — Mh2 

M3 = Mr3 — 3v'2h'i + 2^i'13 

M4 = M*4 — 4//3//1 + 6mVi2 — 3/Ti4. 

The ratios /?i = ,u32/m23 and (S2 = ^4//*22 are 
used as measures of skewness and kurtosis re¬ 
spectively; for a normal curve, /Si = 0, /S2 = 3. 

The absolute moment of order n about the 
point a is defined as 

The factorial moment of order n of a discrete 
distribution about the point a is defined as 

m'w = 2 (2 - a) W/(2) 

where /(2) is the probability at the point x, 
and (2 — a)[n] = (x — a — h) • • • (2 — a — 
(n — 1 )h), h being the interval between suc¬ 
cessive values of 2. The factorial moments are 
readily calculated by successive summation; 
they are related to the ordinary moments by 
formulae of the type 

m'i = /[i] 

v'2 = m'[2] + 

n'3 = Mr[3] + 3fyu[2] + fcVm 

A^4 = M,[4] + 6/lM,[3] + ~h2n'l 2] + fcV[l]. 

MOMENTA, GENERALIZED. See coordi¬ 
nates and momenta, generalized. 

MOMENTAL ELLIPSOID. See ellipsoid, 
momental. 

MOMENT AREA METHOD. The elastic 
deflections of beams are calculated conven¬ 
iently by the moment-area method. Two the¬ 
orems are employed. The first is the direct 
integration of curvature = M/EI between 
definite limits 2 = a and x = b. In words, the 
change in slope from a to b is the area of the 
M/EI diagram between a and b. The second 
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theorem states that the deflection at b meas¬ 
ured vertically upward (beam horizontal) 
from the tangent to the beam at a is the mo¬ 
ment of the M/El diagram between a and b 
about b. (See conjugate beam.) 

MOMENT, BALANCING. The method of 
moment distribution is a moment balancing 
procedure. 

MOMENT, BENDING. See bending mo¬ 
ment. 

MOMENT DIAGRAM. The moment dia¬ 
gram is a pictorial representation of the varia¬ 
tion in bending moment along the axis of a 
beam or frame. It may be constructed di¬ 
rectly by taking summation of moments to 
one side of each section, or constructed from 
the shear diagram, taking into account what¬ 
ever concentrated moments may be intro¬ 
duced. Shear V is related to moment M by 
V = dM/dx. Therefore the ordinate to the 
shear diagram gives the slope of the moment 
diagram and the change in moment between 
two points is the area of the shear diagram, 
plus any concentrated moments between the 
two points. (See bending moment.) 

MOMENT DISTRIBUTION. A method in¬ 
troduced by Hardy Cross for solving elastic 
frame problems by successive approximations 
or relaxations. The procedure may be visual¬ 
ized as follows: All joints of the structure are 
locked against rotation and translation. The 
loads are applied to the structure and the fixed 
end moments at the joints computed for each 
beam and column. Next one or more joints 
which can rotate are permitted to rotate freely 
so that the moments at these joints balance. 
The distribution of moments at a joint is gov¬ 
erned by distribution factors equal to the stiff¬ 
ness of the member framing into the joint di¬ 
vided by the sum of the stiffness of all mem¬ 
bers framing into the joint. Unlocking of a 
joint not only alters the end moment in a 
member at that joint but also changes the mo¬ 
ment at the opposite end of the member. This 
carryover moment is given by the carryover 
factor multiplied by the distributed moment. 
For a uniform beam or column the carryover 
factor is y2. The method of moment distribu¬ 
tion consists of this repeated locking and un¬ 
locking of joints until the unbalanced moment 
is everywhere small enough to be ignored. 
(See slope-deflection equation.) 

If a joint also is free to translate, as for 
example, in the sidesway of a structure, the 
negative of the restraining forces implied in 
the procedure as described above must be ap¬ 
plied to the structure and the result added to 
the previous solution. If desired, both rota¬ 
tion and translation relaxation can proceed 
together. 

MOMENT, END. The moment at the end A 
of a beam or column AB is written as MAB in 
the slope-deflection equations. The relation 
between end moments and end rotations in 
elastic structures is the basis of such methods 
as moment distribution, angle balancing and 
slope deflection. 

MOMENT, LIMIT OR PLASTIC. When a 
beam of elastic-perfectly plastic material is 
bent more and more, the state of stress ap¬ 
proaches uniform compression equal to the 
yield stress on one side of the neutral axis and 
uniform tensile yield on the other. During the 
bending, the neutral axis remains fixed in posi¬ 
tion for a symmetric beam but moves for an 
unsymmetric one. The final position for equal 
yield stress in tension and compression divides 
the cross-sectional area in half so that the 
axial force is zero. The assymptotic value of 
the moment is called the limit or plastic mo¬ 
ment and is equal to the sum of the yield stress 
cry times the static moment of each half of the 
area or <jybb?/k for a rectangle b X h. 

MOMENT OF A DISTRIBUTION. The n-th 
moment Mn of a distribution f (x) is defined as 

Mn = J'xnf(x)dx. 

MOMENT OF FORCE. The vector quantity 
r X F where r is the position vector from the 
center of moments 0 to any point on the line 
of action of the force F is called the moment 
of F about 0. Its magnitude is the product of 
the magnitude of F and the perpendicular dis¬ 
tance from 0 to the line of action of F. Its 
direction is perpendicular to the plane of 0 and 
the line of action of F. 

MOMENT OF INERTIA. See inertia, mo¬ 
ments and products of. 

MOMENT OF INERTIA, ROUTH RULE. 
See Routh rule of inertia. 

MOMENT OF INERTIA, TRANSFER THE¬ 
OREM FOR. The moment of inertia I about 
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any axis equals the moment of inertia Ic about 
a parallel axis through the center of mass plus 
the total mass M, of the body times the square 
of the distance, d, between the axes. I = 
Ic + Md2. 

MOMENTS OF INERTIA OF MOLE¬ 
CULES. The moment of inertia of a molecule 
(or generally of a rigid body) about an axis 
is defined by 

I = ZrriiPi2 

MOMENT OF MOMENTUM (ANGULAR 
MOMENTUM). For a collection of r par¬ 
ticles and a given origin, the quantity 

ri X 
y=i 

is called the moment of momentum about 
the origin, where r;- is the position vec¬ 
tor from origin to jth particle; nij is the 

mass of jth particle is the time rate of 

change of position vector; X indicates the 
vector cross product operation. (See momen¬ 
tum. ) 

For a rigid body, the total moment of mo¬ 
mentum is designated as the angular momen¬ 
tum and written 

II — i(wr/j-x Mylxy uz^xz) 

T" j( WXIyx Mylyy uzlyz) 

T k( OJjjlzx uylzy T ^zl zz) 

where wx, cow, are components of angular 
velocity; Ixz, Iyy, Izz are moments of inertia; 
and Ixy, Ixz, etc., are products of inertia. (See 
inertia, moments and products of; and angular 
momentum.) 

MOMENT ON AN AIRFOIL. See lift and 
moment on an airfoil, general formulae. 

where pi is the perpendicular distance of a 
nucleus of mass mt from the axis. There are 
three mutually perpendicular axes for which 
the moment of inertia is a maximum or a 
minimum. These are called principal axes and 
the corresponding moments of inertia the prin¬ 
cipal moments of inertia. 

The magnitudes of the principal moments 
of inertia determine the spacing of the rota¬ 
tional energy levels of a molecule. For the 
discussion of their rotational properties one 
distinguishes therefore different types of mole¬ 
cules according to the relative magnitude of 
their principal moments of inertia (see poly¬ 
atomic molecules, types of). 

For a linear molecule the moment of inertia 
about an axis perpendicular to the figure axis 
is given by 

IB = 'Emir2 

where rt- stands for the distance of the fth 
nucleus from the center of mass. The moment 
of inertia about the figure axis 7.4 is very small. 

For the special case of a diatomic molecule 
one has 

1B = pr2 

where 

TOiTO2 

M =-7- mi + m2 

is the reduced mass and r is the internuclear 
distance. 

MOMENTS, CENTER OF. See center of 
moments. 

MOMENTS METHOD. In the analysis of 
the space and energy distribution of neutrons 
slowing down in a large homogeneous system, 
one of the effective methods for treating the 
space dependence. The angular flux is first 
expanded in terms of spherical harmonics, but 
it is not these spherical harmonic moments 
which are studied, but rather their spatial 
moments. One obtains a set of coupled in¬ 
tegral equations for the space angle moments 
<f>ne, and since the equation for <f>ne contains 
only moments of order n and n — 1 no special 
assumption about higher moments need be 
made. 

MOMENT, STATIC. The static moment of 

an area in the xr/-plane about z-axis is 

f yd A. 
Ja 

MOMENTUM. For a single particle of mass 

m whose position vector is r the momentum is 
the vector quantity 

dr dr 
to — or tov, where v = — 

dt dt 

is the velocity. For a system of n particles 
of masses toi • • • mn respectively and position 
vectors n • • • r„ respectively the total momen¬ 
tum is 
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dr,- 
mi -- 

dt 

From the fundamental principles of mechan¬ 
ics, the time rate of change of the total mo¬ 
mentum of a system of particles is equal to 
the vector sum of all the external applied 
forces. For a system subject only to inter¬ 
action forces between the particles, the total 
momentum remains constant. (See conserva¬ 
tion of momentum.) 

MOMENTUM, ANGULAR. See angular mo¬ 
mentum. 

MOMENTUM, CONSERVATION OF. See 
conservation of momentum. 

MOMENTUM DENSITY. See continuous 
systems, Lagrangian and Hamiltonian formal¬ 
ism for. 

E the wall to a point in the boundary layer where 
the pressure is p and the component of turbu¬ 
lent velocity along the x-axis_is u', S is the 

boundary-layer thickness and u'2 denotes the 
mean value of u'2. 

In many cases the difference between Equa¬ 
tions (1) and (2) is small enough to be neglected, 
and Equation (1) is commonly applied to a 
turbulent boundary layer. There are some 
cases, however, particularly near separation, 
where the additional terms in Equation (2) are 

of the same order as 

lected. 

To 

PU2 
and cannot be neg- 

Equations (1) and (2) are obtained by in¬ 
tegration of the usual boundary-layer equations 
with respect to y, from 0 to 5. 

MOMENTUM FLUX VECTOR. See flux 
vector. 

MOMENTUM, DISTRIBUTION IN. See MOMENTUM, KINETIC. See kinetic mo 
distribution in momentum. mentum. 

MOMENTUM EIGENFUNCTION. An ei¬ 
genfunction of the quantum mechanical oper¬ 
ator representing the linear momentum. In 
the Schrodinger representation it is 

^ ^ e»'p rA 

where p is the momentum vector, r is the 
position vector, and h the Dirac H. 

MOMENTUM EQUATION FOR BOUND¬ 
ARY LAYER. For steady flow of an incom¬ 
pressible fluid in a two-dimensional laminar 
boundary layer the momentum equation is 

To 

^U2 

de e 

= ^+(// + 2)u 

d,U 

dx 
(1) 

where t0 is the shear stress at the wall, x is 
distance along the wall, U is the velocity at the 
edge of the boundary layer, 6 is momentum 
thickness and Hd is displacement thickness. 

For a turbulent boundary layer the mo¬ 
mentum equation contains two additional 
terms, as follows: 

To 

PU‘‘' 

dd 6 du 
— + (H + 2)- 
dx U dx 

If8 dr1 u'2 
— ^P-p)iy--^-iiy (2) 

In this equation, P is the pressure at the edge 
of the boundary layer, y is the distance from 

MOMENTUM, MOMENT OF. See moment 
of momentum. 

MOMENTUM OPERATOR. The quantum 
mechanical operator representing the momen¬ 
tum variable. In the Schrodinger representa¬ 
tion, operation by this operator consists of 
partial differentiation with respect to the 
canonically conjugate position variable and 
multiplication by ih. 

MOMENTUM THEORY, FROUDE. See 
Froude momentum theory. 

MOMENTUM THICKNESS OF BOUND¬ 
ARY LAYER. The momentum thickness 6 for 
a boundary layer is defined by 

where u is the velocity at a distance y from the 
wall and U is the velocity outside the bound¬ 
ary layer, i.e., for y > 8. 

The deficiency of momentum flux in the 
boundary layer, compared with a layer of con¬ 
stant velocity U, is PU26 per unit width of the 
layer. (See also momentum equation for 
boundary layer.) 

MOMENTUM-TRANSPORT HYPOTHESIS. 
The hypothesis that momentum is conserved 
in turbulent eddy transfer. This hypothesis, 
together with that of the mixing length, leads 
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to an expression for the variation of the shear¬ 
ing stress r with height 

dr d / du\ 

dz dz \ dzj 

where y is the eddy viscosity and u the mean 
horizontal wind. 

This hypothesis is to be compared with the 
vorticity-transport hypothesis, the respective 
results being identical only if the eddy vis¬ 
cosity is constant. 

MONGE’S FORM FOR EQUATION OF 
SURFACE. An equation of a surface of the 
form 

2 = f(x,y) 

where x,y,z is a rectangular Cartesian co¬ 
ordinate system. 

MONOCHROMATIC RADIATION. Radi¬ 
ation having one frequency or one wavelength. 
Actually, no finite amount of radiation will 
ever be strictly monochromatic. It will, at 
best, contain a narrow band of wavelengths. 

MONOCHROMATIC WAVE. See Helm¬ 
holtz’s formulation of Huygens’ principle. 

MONOCLINIC SYSTEM. One of the seven 
crystal systems. In this system, the three axes 
are of unequal length, and two of them are not 
at right angles to each other. 

MONOGENIC (FUNCTION OF A COM¬ 
PLEX VARIARLE). Synonym of analytic. 

MONOLAYER. See localized monolayer; 
mobile monolayer. 

MONOMOLECULAR REACTIONS. See 
unimolecular reactions. 

MONOTONIC. A sequence ax, a2, ••*, is 
monotonic increasing if a,n ^ a„ when m < n. 
A function f{x) is monotonic increasing if 
/(a) f{b) when a < b. Monotonic decreas¬ 
ing is similarly defined. 

MONOVARIANT SYSTEM. See under phase 
rule. 

MONTE CARLO METHOD. Any method 
for obtaining a statistical estimate of a desired 
quantity by random sampling. In the most 
successful applications the desired quantity 
is in fact a statistical parameter, and the 
sampling is made from an artificial population 

that is in some sense a model of the physical 
system itself: for example, the fraction of neu¬ 
trons, of given initial distribution in direction 
and energy, that can be expected to penetrate 
to a given depth in a medium of known com¬ 
position and geometric form. The term is also 
used, rather loosely, to denote the solution of 
distributional problems by sampling experi¬ 
ments. (For more details see Alston S. House¬ 
holder, Principles of Numerical Analysis, 
McGraw-Hill Book Company, 1953; Alston 
S. Householder, G. E. Forsythe, and H. H. 
Germond (eds.), Monte Carlo Method, NBS 
Appl. Math. Series 12, 1951; H. A. Meyer 
(ed.), Symposium on Monte Carlo Methods, 
John Wiley & Sons, Inc., 1956.) 

MONTGOMERY NOISE TRANSMISSION 
EFFECT. When three successive points are 
taken along a semiconduction filament, the 
noise voltages Vi2, V23, F13 do not combine so 
that the noise power V132 equals the sum of 
Vi22 and F232. This is interpreted as being 
due to the lifetime of a hole being so long that 
most of the holes entering the first segment 
also enter the second, and hence the voltages 
themselves should be added. 

MONTH (SIDEREAL, SYNODIC). Astro¬ 
nomically, the month is the period of revolu¬ 
tion of the moon about the earth. However, 
several kinds of month are in common use de¬ 
pending upon the reference points used. The 
following are the two most commonly used. 

The sidereal month is the period of revolu¬ 
tion of moon from one right ascension back to 
the same right ascension again. This averages 
27d 7hr 43m 11.5s (ca 27% days) but varies by 
as much as seven hours due to perturbations in 
the moon’s orbit. 

The synodic month is the period of revolu¬ 
tion of the moon from new moon to new moon 
again (the interval between successive con¬ 
junctions with the sun) and averages 29d 12hr 
44m 2.8s (ca 29% days) but varies by more 
than half a day. 

MORERA THEOREM. The converse of the 
Cauchy integral theorem. If f{z) is a con¬ 
tinuous function of the complex variable z, 
defined in a finite simply-connected domain 
D, and if 
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for any closed contour in D, then j{z) is an 
analytic function of z in D. 

MORERA STRESS FUNCTIONS. Using 
the indicial notation, the stress components in 
a rectangular Cartesian coordinate system x, 
at a point x, of a body, may be denoted ay. 
Provided the body is in equilibrium and no 
body forces are acting, the stress field must 
satisfy equations of equilibrium which may be 
written, using the summation convention, 

da; 

dxj 
= 0. 

Any stress field, of sufficient regularity, satis¬ 
fying these equations may be expressed in 
terms of three functions of position in the body 
'Pi, P2, P3 (say), called the Morera stress func¬ 
tions, by 

dVi dV2 
an = —2-> 022 — —2-> 

dx2dx3 dx3dxx 

<*33 
dxxdx2 

d / dip 2 dip3\ 
023 = - 1 -1 ) ’ 

dxi \dx2 dx3/ 

d /dip3 dipi\ 
031 = -1-1-) ’ 

dx2 \dx3 dxx/ 

d (dipi d\p2\ 
a 12 = -1-1-) • 

dx3 \dxi dx2‘ 

MORSE CURVE. An empirical representa¬ 
tion of the variation of the interaction energy 
of a chemical bond as a function of inter¬ 
atomic distances. 

The Morse potential energy E(R) for a 
diatomic molecule is given by: 

E(R) = De {exp [-2a(R - Re)] 

— 2 exp [ — a(R — /?*)]} 

where De is the dissociation energy of the 
bond, and Re, the interatomic separation at 
the minimum of the curve (equilibrium inter¬ 
atomic distance). (See also potential func¬ 
tions of molecules; interatomic potential.) 

MORSE FUNCTION. See Morse curve. 

MORSE POTENTIAL. See Morse curve. 

MOSELEY DIAGRAM FOR X-RAY 
LEVELS. The graphical representation of 

the dependence of the x-ray energy levels or 
x-ray absorption limits on the atomic number 
Z. It is usual to plot 

where v( = 1/A) is the wavenumber of the ab¬ 
sorption limit and R is the Rydberg constant, 
against Z. One obtains for the K and L series 
nearly straight lines, while for the M and 
higher series more complicated curves are ob¬ 
tained. (For more detail see H. E. White, In¬ 
troduction to Atomic Spectra, McGraw-Hill 
Book Company, Inc., New York, 1934.) 

MOSELEY LAW. Moseley’s law states that 
for different elements the wavenumbers 

of corresponding spectral lines in the x-ray 
region are approximately proportional to the 
squares of the atomic numbers Z. For the 
lines of the K and L series this law can, to 
a good approximation, be represented by the 
formula 

v = KR{Z - a)2, 

where R is the Rydberg constant, and K and a 
are constants characteristic for the line in 
question (e.g., for Ka, K = % and a = 1; for 
Lp, K = %6 and a = 7.4). 

MOST PROBABLE MOLECULAR VELOC¬ 
ITY. See molecular velocity, most probable. 

MOTION. A change in position with respect 
to a reference system of a material particle 
or aggregate of such particles. 

MOTION, CANONICAL EQUATION OF. 
See canonical equation of motion. 

MOTION, EQUATIONS OF. See equations 
of motion; canonical equations of motion. 

MOTION, EULER EQUATIONS OF. See 
Euler equations of motion. 

MOTION IN REPULSIVE INVERSE 
SQUARE FIELD. The motion is along a 
hyperbola. One of the focal points is the 
center of the repulsive force. A classical 
example is the path described by an a-particle 
as it passes through the vicinity of a positively 
charged nucleus. 
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MOTION, NEWTON LAWS OF. See New¬ 
ton laws of motion. 

MOTION, OSCILLATORY. See oscillatory 

motion. 

MOTION, PARAMETRIC EQUATIONS OF. 
See parametric equations of motion. 

MOTION, RECTILINEAR. See rectilinear 
motion. 

MOTION, RELATIVE. See relative motion. 

MOTION, SIMPLE HARMONIC. See 
simple harmonic motion. 

MOTION, UNIFORM. See uniform motion. 

MOUTIER LAW. The work done in any iso¬ 
thermal reversible cyclic process is zero; as is 
also the algebraic sum of the quantities of heat 
absorbed and emitted in such a process. The 
Moutier law is a direct consequence of the first 
law of thermodynamics. 

MOVING AVERAGE. The moving average 

of a series ut (t = 1,2, • • •) of extent k + 1 and 
weights wj (j = 0, 1, • • •, fc), 2wj = 1, is given 

by 
k 

Vt=Yj WjUt+j, t = 1, 2, • • •. 
;=o 

If all the weights are equal to 1 /(k + 1) the 
average is said to be simple. 

MOVING AXES, EQUATION OF MOTION 
REFERRED TO. Let x0, y0, z0, represent a 
set of axes fixed in an inertial system, and let 
x, y, z be a second set of rigid rectangular 
axes moving relative to x0, y0, z0. p is the 
radius vector 00' and r the position vector of 
a moving point relative to the moving coordi¬ 
nate system. Let f0 be the absolute acceleration 
(i.e., measured in the x0, y0, z0 system) and 
f the relative acceleration (i.e., measured in the 
moving system x, y, z). Let <o be the angular 
velocity of the moving system and a> the 
absolute time rate of change of co and v the 
relative velocity. Then 

f = f0 — P + » X (r X w) + r X w + 2v X to 

the term w X (r X w) is the centrifugal acceler¬ 
ation and the term 2v Xu is the Coriolis 
acceleration. If F = mf0 is the absolute re¬ 
sultant force acting on the mass m, then the 
relative force Frej s mf is 

Frei = F — mp + vm X (r X u) 

+ mr X o> + 2my X co. 

vm X (r X co) is the centrifugal force and 
2mv X co is the Coriolis force. If co is constant 
and if O' coincides permanently with 0, then, 

Fre; = F + nm X (r X co) + 2mv X co. 

(See also Coriolis force.) 

z0 z P 

MOVING CLUSTERS. See star clusters. 

M-THEORY. A theory describing the dy¬ 
namic behavior of a compressible fluid, with 
infinite electrical conductivity, upon the ap¬ 
plication of a constant electric field at its 
boundaries, in the absence of an external mag¬ 
netic field. 

MUELLER-BRESLAU PRINCIPLE. A very 
useful principle which can be proved directly 
by the theorem of virtual work: The ordinates 
of the influence line for a force or moment at 
any section of a structure are given by the 
deflection curve for the structure due to a unit 
deformation introduced at the section in place 
of the force or moment. The unit deformation 

s 

must be chosen so that no other force or mo¬ 
ment at the section does work. As shown in 
the figure the displacement which gives the 
influence line for shear shows no change in 
slope across the break. 

MULTICOLLINEARITY. In multivariate 
analysis, a situation in which linear relations 
exist among the variables. Analysis by re¬ 
gression methods is then impaired and co¬ 
efficients become quite unreliable. 
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MULTIGROUP KERNEL. See kernel, multi¬ 
group. 

MULTIGROUP NEUTRON DIFFUSION 
THEORY. See neutron diffusion theory, 
multigroup. 

MULTINOMIAL SERIES. A polynomial in 
several variables is often called a multinomial. 
When raised to a power, it may he expanded 
by the multinomial theorem of which the bi¬ 
nomial series is a special case. The result is 

(Xi + X2 + X3 + • • • + £»•)" 

where a* is an integer and X ak = n. 
k = 1 

MULTIPLE CORRELATION. See correla¬ 
tion. 

MULTIPLE INTEGRAL. See integral, mul¬ 
tiple. 

MULTIPLE SCATTERING. In contrast to 
primary scattering, any scattering in which 
radiation is scattered more than once before 
reaching the eye, antenna, or other sensing ele¬ 
ment. Secondary scattering is the simplest 
and most commonly cited form of multiple 
scattering. 

MULTIPLET. In an atom, energy levels with 
a given resultant electronic angular momentum 
L and non-zero resultant electron spin S split 
into a number fine structure components with 
quantum numbers 

J = (L + S), (L + S - 1), •••, \L-S\. 

The resulting multiplet has 2<S + 1 components 
for L > S, and 2L + 1 components for L < S. 
(See also multiplicity; alternation of multi¬ 
plicities.) 

Multiplets whose components lie in the 
order of their J values (smallest J value low¬ 
est) are called regular (normal), those whose 
components lie in the opposite order (largest 
J value lowest) inverted multiplets. (See 
Ilund’s rules for atomic multiplets.) 

For atoms with low atomic number Z (Rus- 
sell-Saunders coupling) the multiplets have 
narrow spacing, while for heavier elements the 
spacing may be very wide and the concept of 
multiplets meaningless. According to Landes 

interval rule (holding strictly only for strict 
Russell-Saunders coupling) the intervals be¬ 
tween successive multiplet components (J and 
J + 1) are proportional to J + 1. 

The term “multiplet” is applied also to the 
narrowly spaced groups of lines corresponding 
to transitions between the multiplet compo¬ 
nents of the same or of two different atomic 
energy levels. A line multiplet may have 
more components than either energy state in¬ 
volved (Compound multiplet). 

For more detail and for the analogous case 
of multiplet structure in molecular spectra, see 
fine structure. B. (See also intensity rules 
for multiplets.) 

MULTIPLETS, HUND RULES FOR 
ATOMIC. See Hund rules for atomic mul¬ 
tiplets. 

MULTIPLICATION, EFFECTIVE. Per¬ 
taining to a chain reacting system, this quan¬ 
tity is also known as the criticality factor. It 
is an extensive quantity, and is the ratio of 
the average number of neutrons present in the 
k -(- 1 generation to the average number pres¬ 
ent in the kth generation. It may also be de¬ 
fined as the ratio of the number of neutrons 
produced in the system per unit time to the 
number captured and escaping her unit time, 
in a state free of transients. It is denoted by 
the symbol ke1j. (See multiplication, infinite.) 

MULTIPLICATION, INFINITE. The effec¬ 
tive multiplication (see multiplication, ef¬ 
fective) for a chain-reacting system may be 
expressed as the product of two factors, 
keff = ky,P. The infinite multiplication, kx, 
is the ratio of neutrons produced in the system 
per unit time to neutrons captured in the sys¬ 
tem per unit time, when the system is infinitely 
large. It is an intensive quantity. P is closely 
related to the probability that a typical neu¬ 
tron does not escape from the system during 
its lifetime. 

MULTIPLICATION OF TENSORS. The 
operation of forming the product of (two) 
tensors. 

MULTIPLICITIES, ALTERNATION OF. 
The multiplicity 2S + 1 of an energy level of 
on atom or ion is integral or half integral if 
the number of electrons is even or odd, respec¬ 
tively. Therefore the multiplicity of an elec¬ 
tronic term is odd (singlet, triplet • • •) for an 
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even number of electrons, and even (doublet, 
quartet, • • •) for an odd number of electrons. 
As a consequence even and odd multiplicities 
alternate for successive elements in the peri¬ 
odic system, and, similarly, for the series of 
ions with increasing charge of a given element. 

MULTIPLICITY. The multiplicity of an 
atomic or molecular state has the value 
2S + 1, where S is the quantum number of the 
resultant electron spin. In the vector model 
of the atom, 2S -f 1 is the number of ways in 
which the resultant electron spin S can align 
itself (space quantization) with respect to L, 
the resultant electronic angular momentum. 
(An electronic energy level has only 2L + 1 
components if L < S.) (See also alternation 
of multiplicities; multiplet.) 

MULTIPLICITY, EDGE. See edge multi¬ 
plicity. 

where I and 0 are instantaneous values of in¬ 
flow and outflow respectively, a: is a dimension¬ 
less constant reflecting the relative importance 
of I and 0 in determining storage, and K is a 
storage constant with the dimension of time. 
K and x are characteristics of a particular 
reach and are determined by analysis of past 
floods in the reach. The method assumes that 
storage is a linear function of the weighted 
flow in the reach and is adaptable to a simple 
mathematical solution. 

MU SPACE. Phase space of 2/ dimensions, 
the coordinates being the / generalized coordi¬ 
nates and / generalized momenta of one par¬ 
ticle. It is the phase space of one molecule 
and was called /x-space by Ehrenfest to distin¬ 
guish it from T-space. 

MUTUAL CAPACITANCE. See capaci¬ 
tance. 

MULTIVARIATE INTERPOLATION. In¬ 
terpolation of functions of two or more 
variables. Since 

Ex = 1 + Ax, Ey = 1 + 

one can expand formally 

ExuEyv = (1 + Ax)u(l + A „)* 

and derive equal interval formulas. Likewise 
analogues of the Lagrange formula can be 
derived. To write them explicitly is hardly 
worth while since they amount to operating 
on the two (or more) variables separately. 
(See Kaiser S. Kunz, Numerical Analysis, 
McGraw-Hill Book Company, 1957; E. T. 
Whittaker and G. Robinson, The Calculus of 
Observations, D. Van Nostrand Company, 
Inc., Princeton, 1940.) 

MURAOUR RELATIONSHIP. See burning 
rate, linear. 

MUSKINGUM METHOD. A method of 
streamflow routing in which the channel stor¬ 
age »S is assumed to conform to the equation 

S = K[xl + (1 - x)0], 

MUTUAL DIFFUSION, COEFFICIENT 
OF. A quantity in the kinetic theory of gases 
which measures the tendency of gases to dif¬ 
fuse into one another in non-turbulent flow. 
This diffusion coefficient is a property of the 
gases in question and of the assumed nature 
of the molecular impacts in the diffusion 
process. For rigid, perfectly elastic, spherical 
molecules the coefficient of mutual diffusion 
d12 is 

d\2 
3 

4 n(ai + <r2y 

~2kT(mi + m2) 

Trmim2 
cm2/sec, 

where n is Loschmidt’s number (the number 
of molecules per cm3), o-i, <j2, and mi, m2 are 
the effective molecular diameters and masses 
of the two gases, respectively, T is the tem¬ 
perature in degrees Kelvin, and k is Boltz¬ 
mann’s constant. (For further details, see 
Lettau, Compendium of Meteorology.) 

MUTUAL IMPEDANCE. See impedance. 

MUTUAL INDUCTANCE. See inductance. 

MUTUAL INTENSITY. See partial coher¬ 
ence. 
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NABLA. A name used for V, the vector dif¬ 
ferential operator generally called del. The 
shape of the symbol is thought to be similar to 
that of an Assyrian harp with that name. 

NAPIERIAN LOGARITHMS. See loga¬ 
rithms. 

NARROW RESONANCE MODEL. In the 
theory of resonance capture of neutrons in a 
chain reacting system, the calculational model 
in which it is assumed that a single collision 
with the heavy, absorbing atom is sufficient to 
degrade the neutron to energies below the 
resonance in question. (See infinite absorber 
model.) 

NATURAL AND UNNATURAL PROC¬ 
ESSES. Processes which bring a thermody¬ 
namic system nearer to its equilibrium are 
often called natural processes. An unnatural 
process is then one in a direction away from 
equilibrium. While there is no limitation in 
regard to the scale or the duration of a natural 
process, an unnatural process can only occur 
over a limited range of space and of time. An 
unnatural process may be considered as a 
fluctuation. It has to be considered in the 
statistical treatment, while it may be neglected 
under many circumstances in a purely phe¬ 
nomenological thermodynamical treatment. 

There are, however, cases in which fluctua¬ 
tions may acquire a macroscopical character 
(e.g., fluctuations near the critical point, criti¬ 
cal opalescence). 

Reversible processes are in a sense a lim¬ 
iting case between natural and unnatural 
processes (see reversible and irreversible 
processes) which consist in the passage of a 
system through a continuous series of equi¬ 
librium states. 

NATURAL LINE WIDTH. The irreducible 
finite width of a spectral line which remains 
after all causes of line broadening other than 
radiation damping have been removed. 

According to classical theory the natural line 
width, or (natural) “whole half width,” is 
given by 

where 

natural — ^ 7c! 
2irC 

8ir2e2 1 
7cl = 

3me X2 

is the classical radiation damping constant. 
Therefore 

47re2 
(^natural = -^ = 1.18 X lO^A 

3 me 

independent of wavelength X. 
(For a different usage of the term “natural 

line width” see half width of a spectral line. 
1 his meaning of the term is less common than 
the one used here, but corresponds more closely 
to the quantum mechanical concept (see be¬ 
low). 

In the quantum mechanical treatment of the 
problem yci has to be replaced by 

where Tm and Tn are the mean life times of the 
upper and lower energy levels involved in the 
transition. The natural line width, defined 
this way, is not constant and has a different 
value for each spectral line. For “allowed” 
transitions in the optical region, however, 
(7m + yn) is of the same order of magnitude 
as yci, so that the value for the natural line 
width obtained from classical theory remains 
a good approximation. 

NATURAL LOGARITHMS. See logarithms. 

NATURAL WIDTH OF LEVEL. The width 
of an atomic or nuclear energy level due to its 
spontaneous transition lifetime. 

T = fi/r 

where r is the lifetime of the state. 

NATURAL YIELD LIMIT. See limit, yield. 

NAUTICAL ASTRONOMY. (See also line 
of position.) The fundamental problem in the 
determination of the position of a ship at sea 

625 
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is to find the direction of a line of position on 
which the ship is located and the point on the 
line where the ship is found. The data avail¬ 
able to the navigator are (1) the dead reckon¬ 
ing position {DR <j> and DR Lo), (2) the 
Greenwich mean time, (3) the altitude of a 
celestial object for which the equatorial co¬ 
ordinates are known. 

The Greenwich Mean Time (GMT) is car¬ 
ried by the ship’s chronometer. The chronom¬ 
eter is checked so frequently by radio time 
signals that GMT is known within five sec¬ 
onds. The altitude of the celestial object is 
obtained by measuring the apparent altitude 
with a sextant and correcting the observation 
for instrumental errors, dip of the horizon, 
refraction, etc. The errors inherent in the 
observation itself and the uncertainty of some 
of the corrections are such that the so-called 
observed altitude {h0) has a probable error of 
about 1'. 

In the various methods for computing the 
altitude and azimuth of the celestial object 
for a given dead reckoning position and time, 
slightly different terminology is used from that 
found in astronomical definitions. The term 
bearing, B, is used instead of the astronomical 
horizontal coordinate, azimuth. Bearing is 
measured in the plane of the horizon from the 
north toward the east to the point of intersec¬ 
tion of the vertical circle through the object 
with the horizon. In many cases bearing is 
measured from the north to the east or west 
through 180° in which case the symbol B', 
should be used. Astronomers measure local 
hour angle, LHA, from the south to the west 
along the equator. Navigators frequently use 
360° — LHA. There is no confusion in the 
mind of the navigator for he knows from ob¬ 
servation whether the object that he is using 
is east or west of the meridian. 

In the development of the various forms for 
computing the altitude and bearing of the ob¬ 
served object from the DR position, naviga¬ 
tors use a trigonometric function known as 
the haversine, hav, which is defined as 

1 — cos 9 
hav 9 —- 

2 

Tables of haversines, with arguments in units 
of both time and arc, are published in various 
tables for navigators such as The American 
Practical Navigator, H.O. (U. S. Hydrographic 

Office) Pub. No. 9, a volume that is frequently 
known as “the navigator’s bible.” 

The following notation will be used in writ¬ 
ing the various equations used by navigators 
for transforming coordinates. 

LHA is the local hour angle of the object. 
dec is the declination of the object. (90° — 

dec) is polar distance P. 
4> is the latitude. 
h is the corrected altitude. (90° — h) is ze¬ 

nith distance, Z. 
B is the bearing. 

1. General equations 

cos z = sin dec sin </> 

+ cos dec cos <t> cos LHA 

cos B sin z = sin dec cos <t> 

— cos dec sin 4> cos LHA 

sin B sin z = cos dec sin LHA (check equation). 

2. Astronomer's formulae for logarithmic com¬ 
putation 

M is a parametric angle 

tan M = cotan dec cos LHA 

tan B = sin M tan LHA sec (</> + M) 

tan z = sec B cotan (<f> + M). 

3. The so-called navigator's method 
This has been used for nearly two hundred 

years and is still preferred by some navigators. 

<j> -f- P ~t- h 
let s =--- (P is polar distance) 

hav LHA = cos s sec <j> cosec P sin (s — h) 

hav B = sec h sec 4> sin (s — h) sin (s — <f>). 

It is more convenient to define two other quan¬ 
tities: 

t is the meridian angle measured either east or 
west from the meridian through 180° 

B' is measured from the elevated pole either 
or west through 180°. 

Then 

hav t = cos s sec <t> cosec P sin (s — h) 

hav B' = sec h sec <t> sin (s — h) sin (s — <f>). 
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4. Cosine-haver sine method 
This is most commonly used at the present 

time for the determination of a line of position 
(LOP). 
In this method we define a parametric angle 9: 

hav 9 = cos dec cos <t> hav t 

hav z = hav 9 + hav (<f> — dec) 

sin B' = cos dec sin t cosec z. 

This may lead to some ambiguity in B' and B 
but it is easily cleared up in practice. 

In addition to the computational methods 
for finding the altitude and bearing of a celes¬ 
tial object using DR </> and Lo, Hydrographic 
Office Publication 214 (H.O. 214) solves the 
problem by tables. The publication is in eight 
large volumes and is a bit cumbersome in a 
small chart room or plane, but they solve the 
problem both quickly and accurately. 

Once we have the computed altitude and 
bearing of the observed object the determina¬ 
tion of the line of position (LOP) becomes an 
exercise in geometry. The figure below shows 

earth in the plane containing the observer and 
the observed object. GP represents the point 
where a line from the object to the center of 
the earth would pass through the surface of 
the earth. For all astronomical objects, other 
than the moon, the distances are so great in 
comparison with the radius of the earth that 
we may assume that they are parallel. There¬ 
fore one may assume that DR-0 and P-0 are 
parallel. However the angles h0 and hc are 
not the same. The difference h0 — hc, which 
is known as the intercept, is equal to the dis¬ 
tance in minutes of arc, or nautical miles, be¬ 
tween DR and P. This distance is measured in 
the direction of the object or along a line of 
bearing. The figure in next column is a repre¬ 
sentation of the surface of the earth on a plane 
representing the region in which the navigator 
is working. The computed direction of the 
observed object is represented by the line from 
DR toward GP, which is the computed bearing 

of the object. The intercept (h„ — hc) is 
marked off along the bearing line either to¬ 
ward or away from GP (toward when h0 — hc 

GP 

is positive). Usually the problem is plotted 
on a chart or a small area plotting sheet and 
the coordinates of the most probable position 
(MPP) are taken from the chart or sheet. 
However the coordinates of MPP may be de¬ 
termined by computation or by traverse tables 
treating the intercept as course and distance 
from the DR position. 

NAUTICAL MILE. The unit of distance used 
in navigation. The length of a nautical mile 
is 6076.103 U.S. feet and is equivalent to the 
length of a minute of latitude. 

NAVIER-STOKES EQUATIONS. Equations 
of motion for a fluid in which the viscous stress 
is proportional to the rate of strain, viz. 

Dili dm dui 
-=-|- Mj- 

Dt dt dXj 

1 dp 

P dXi 
+ Fi + 

d2Ui 1 dA 
v-1— v —- 

dxjdxj 3 dXi 

The upper line represents the inertia force of 
unit mass and the terms in the lower line re¬ 
spectively the pressure gradient force, the body 
force per unit mass, the viscous stresses result¬ 
ing from straining or distorting the fluid, and 
the contribution to the gradient of normal 
pressure resulting from a spatial variation of 
the dilation A (or rate of cubical expansion; 

A 
dm 

dXi 
div v) • 

The last term is zero in incompressible fluids 
and is usually neglected except in compressible 
flows with large accelerations, v is the dy¬ 
namic viscosity. 
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In vector notation, the equations are written 

Dv 

Dt 

dv 
■—- -f (v-grad)v 

1 
=-grad p -f F + r(div grad)v 

P 

+ §v grad div v. 

which may be rearranged in the form 

dv 1 
-1— grad v — v X curl v 
dt 2 

1 
=-grad p + 

P 
F + grad div v 

— v curl curl v. 

NAVIER-STOKES EQUATIONS, GENERAL 
TREATMENT FOR MIXTURES. The Na¬ 
vier-Stokes equations are the most important 
of the equations of change (see Enskog-Max- 
well equations of change). They are derived 
from the first approximation to the solution of 
the Boltzmann equation by either the Chap- 
man-Enskog method (See Enskog series) or 
the 13-moments approximation. They are: 

(1) The equations of continuity of the in¬ 
dividual components of a mixture: 

drii (d \ / d \ 

H = * \Tr ' V - Is' "iV7 +(1) 
(2) The equation of continuity for the system 

as a whole: 

or 

(2) 

(3) The equation of motion: 

(4) The equation of energy balance: 

which follows an element of volume of the fluid; 
to,- is the concentration of the molecular species 
i in particles per cubic centimeter; p is the 
density; vt- is the diffusion velocity of com¬ 
ponent i; ri is the rate of production of i by 
chemical reactions; to is the mass average ve¬ 
locity; p is the pressure tensor; X, is the ex¬ 

ternal force acting on a molecule of i, U is the 
energy per unit mass of the system; q is the 
heat flux vector (including internal, and eventu¬ 
ally radiation energy). 

(1) The equation of continuity for the in¬ 
dividual components of a mixture expresses the 
fact that the concentration of component i, as 
measured by an observer moving at the mass 
average velocity of the fluid, can change either 
because of an expansion or contraction of the 
fluid during its movement, or because of chem¬ 
ical reactions producing this species. 

(2) The overall equation of continuity 
shows that the total density measured by the 
same observer can only change if the fluid 
expands or contracts during its movement. 

(3) The equation of motion shows that the 
velocity changes either because of the exist¬ 
ence of a pressure gradient (both normal and 
shearing stresses appear in the pressure tensor, 
p) or because of external forces acting on the 

molecules. 
(4) The equation of energy balance ex¬ 

presses the balance of energy; the variation 
of the energy content of a volume element 
moving at the velocity of the fluid can result 
from the divergence of the heat flux, from the 
pV work and from the work of viscous forces, 
or finally because of the work accomplished by 
the external forces. 

The Navier-Stokes equations are the start¬ 
ing point for the hydrodynamic theory when 
the energy, velocity or density gradients are 
small. (These gradients appear to the first 
order in the right-hand side of Equations (1, 
2, 3, 4), and no second or higher order deriva¬ 

tives appear.) 

i„) 
dt p Vdr / p V dr ) 

+ -X>,(vt-Xt). (4) 
P X 

d/dt = d/dt + vd/3r + (X/n)(d/dv,-) is the 
total derivative as measured by an observer 

NEAREST NEIGHBOR. Any atom whose 
distance from a given atom in a crystal lattice 

is such that no other atom is closer to the 
given atom. The number of nearest neighbors 
is the coordination number of the lattice. 

N£EL TEMPERATURE. See antiferromag¬ 

netism. 
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NEGATIVE ENERGY STATE. See energy 
state, negative. 

NEGATIVE TOTAL CURVATURE, SUR¬ 
FACE OF. See anticlastic surface. 

NEIGHBORHOOD. See topological space. 

NEPER. A dimensionless unit used for ex¬ 
pressing the ratio of two voltages or two cur¬ 
rents, the number of nepers being the natural 
logarithm of such a ratio. When conditions 
are such that the power ratio is proportional 
to the square of the voltage or current ratio, 
the number of nepers is one half of the natural 
logarithm of the power ratio. One neper is 
thus equal to 8.686 decibels. Its use has been 
extended to acoustics and mechanics, where 
quantities similar to current and voltage are 
involved. (See gain ratio.) 

NERNST COEFFICIENT. See galvano- 
metric and thermometric effects. 

NERNST DISTRIBUTION LAW. Consider 
two phases a and 0. The equilibrium condi¬ 
tion for the distribution of component i be¬ 
tween the two phases is (see chemical poten¬ 
tials and activity coefficients). 

NETWORK, ANNULLING. An arrangement 
of impedance elements connected in parallel 
with filters to annul or cancel capacitive or 
inductive reactance at the extremes of a filter 
pass-band. 

NETWORK, BALANCING. An arrangement 
of impedances connected to one branch of a 
hybrid network to match the impedance of a 
line connected to the opposite branch. 

NETWORK, CONNECTED. A network in 
which there exists at least one path, composed 
of branches of the network, between every pair 
of nodes of the network. 

NETWORK, CUT SET. A set of branches 
of a network such that the cutting of all the 
branches of the set increases the number of 
separate parts of the network, but the cutting 
of all the branches except one does not. 

NETWORK, ELECTRIC. See electric net¬ 
work. 

NETWORK ELEMENT. A two-port system 
(electrical, mechanical, or a combination of 
both) whose input-output characteristics may 
be expressed 

Yi 

Xta7ia 

Wf an Ol2 Y f 

= Ki{T,p) (1) 
-X2. .021 022- -T2. 

where x,“, xf are the mole fractions of i in the 
phases a, 0 and y", ytp, the activity coefficients 
of i. The equilibrium constant K{{T,p) is 
called the distribution or partition coefficient 
of the substance i between the phases a and 0. 

This equation expresses the Nernst distribu¬ 

tion law. 

NERNST EFFECT. See galvanometric and 
thermometric effects. 

NERNST HEAT THEOREM. See thermo¬ 
dynamics, third law of. 

NET. A set of intervals such that every point 
of a closed linear interval [a,b] is contained in 
at least one interval of the set, each interval 
being called a mesh of the net. 

NET CALORIFIC VALUE. See combustion. 

NET SECTION. See gross section. 

NETWORK, ACTIVE. A network having 
generators or other energy sources among its 

components. 

The element is a reciprocal element if a12 = o2i, 
and is antireciprocal if a12 = — a21. When 
neither of these conditions exists, the network is 
non-reciprocal. 

NETWORK FUNCTION, STABLE LINEAR. 
A linear network function all of whose poles 
of transmittance lie in the interior of the left- 
half of the complex-frequency plane. 

NETWORK, HYBRID. A bridge-type circuit 
or connecting device that combines the func¬ 
tions of providing impedance matching be¬ 
tween certain circuits and isolation between 
other circuits. A hybrid is often used to con¬ 
nect a four-wire line to a two-wire line so that 
both directions of transmission on the four- 
wire line are isolated from each other, but are 
connected to the two-wire line. 

NETWORK, LINEAR. A system (network) 
for which the superposition of excitation func¬ 
tions results in a response which is the super¬ 
position of the individual response functions, 
and additionally, which exhibits the property 
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of homogeneity, i.e., the magnitude scale factor 
of the excitation is preserved in the response. 

NETWORK, LINEAR PASSIVE. A network 
such that (1) if currents of any waveform are 
fed to the terminals of the network, the total 
energy delivered to the network is non-nega¬ 
tive; (2) no voltages appear between any pair 
of terminals before a current is fed to the net¬ 
work. 

NETWORK MESH. A set of branches form¬ 
ing a closed path in a network, provided that 
if any one branch is omitted from the set, the 
remaining branches of the set do not form a 
closed path. The term loop is sometimes used 
in the sense of mesh. 

NETWORK NODE (JUNCTION POINT), 
(BRANCH POINT), (VERTEX). A terminal 
of any branch of a network or a terminal 
common to twro or more branches of a net¬ 
work. 

NETWORK, NONLINEAR. A network 
(circuit) not specifiable by linear differential 
equations with time as the independent vari¬ 
able. 

NETWORK, PASSIVE. A network whose 
output waves are independent of any sources 
of powTer which is controlled by the actuating 
waves. 

NETWORK, RECIPROCAL. The term re¬ 
ciprocal network is widely used wfith two dif¬ 
ferent meanings. One is the meaning that 
refers to the applicability of the reciprocity 
principle, whereas the other refers to a net¬ 
work whose function is the reciprocal of the 
function of another network. Inasmuch as 
neither term is standardized, it is largely a 
matter of personal preference among authors. 
It can be argued that the networks that obey 
the reciprocity principle are a larger class and 
therefore the term reciprocal is more effec¬ 
tively utilized in that sense. (Cf. discussion 
of the term bilateral.) 

NETWORKS, DUAL. Networks having the 
same type of characterizing equations, except 
that one is expressed in terms of node voltages 
and the other in terms of loop currents. 

NETWORKS, KIRCIIHOFF LAWS OF. See 
Kirchhoff laws of networks. 

NEUBER-PAPKOVICH STRESS FUNC¬ 
TIONS. Any solution for the displacement 
components Ui{i = 1, 2, 3), in a rectangular 
Cartesian coordinate system x, of the Navier 
equations of equilibrium for a body of iso¬ 
tropic, elastic material satisfying the general¬ 
ized Hooke’s law, on which no body forces are 
acting, may, provided it has sufficient regu¬ 
larity, be written in the form 

d<t>j d<p0 
2 pU; = (3 — 4 a)(f>i — Xj —-’ 

dXi dx i 

where <f>0 and </>,- (i = 1,2,3) are four harmonic 
functions of position in space, the Neuber- 
Papkovich stress junctions, or Papkovich stress 
junctions, p and a are the rigidity modulus 
and Poisson’s ratio for the material. Such a 
solution of the Navier equations is called a 
Neuber-Papkovich solution or Papkovich so¬ 
lution. 

NEUMANN FUNCTION. Also called a 
Bessel function of the second kind, it is de¬ 
fined by 

Nn(x) = esc W7r[cos mrJn {x) — J _n{x)] 

where Jn{x) is a Bessel function. The gen¬ 
eral solution of the Bessel differential equation 
can be taken as y = AJn{x) -j- BNn(x), where 
A, B are integration constants. The index n 
may be either non-integral or integral but in 
the latter case Nn(x) contains a logarithmic 
term so that this solution is usually unsuitable 
for a physical problem because of its behavior 
at x = 0. 

NEUMANN’S FUNCTION. A function of the 
form 

N(p,q) =~+ V(p), 
47rr 

where R is a region with a boundary surface 
S, q is an interior point of R, r is the distance 
pq, V(p) is harmonic, V is the potential (hence 
the name potential function), dN/dn is con¬ 

stant on S and jj*NdSp = 0. The solution of 

the Neumann problem is 

<t>(q) = JfKp)N(p,q)dSp. 

NEUMANN’S PROBLEM, See boundary 
value problem. 



631 Neumann’s Principle — Neutron Diffusion Theory, Multi-group 

NEUMANN’S PRINCIPLE. The physical 
properties of a crystal cannot be of lower 
symmetry than the symmetry of the external 
form of the crystal. Thus, for example, all 
the properties of a cubic crystal must have 
cubic symmetry—which means that any tensor 
property such as susceptibility, resistivity, 
thermal expansion, etc., must be isotropic. 

NEUMANN’S SERIES. See Liouville-Neu- 
mann series. 

NEUTRAL AXIS. When a beam undergoes a 
simple flexure, a line initially parallel to the 
length of the beam which does not change its 
length in the deformation is called a neutral 
axis. If all the lines parallel to the length of 
the beam, which lie in a plane, remain un¬ 
changed in length, the plane is called a neutral 
surface or plane. Therefore, the neutral axis 
is the line of intersection of the neutral surface 
of a beam with a cross-sectional plane. Fibers 
to one side of the neutral surface are extended, 
to the other side they are compressed. To 
avoid confusion, the neutral axis and neutral 
surface usually are defined for pure bending 
alone. 

In a straight linearly-elastic beam the neu¬ 
tral axis passes through the centroid of the 
cross section. In a curved elastic beam the 
neutral axis is displaced toward the center of 
curvature (see Winkler-Rach formula). In a 
curved, or straight, perfectly plastic beam the 
neutral axis divides the cross-sectional area 
into two equal parts. 

NEUTRAL EQUILIBRIUM. See equilib¬ 
rium, neutral. 

NEUTRAL SURFACE. See neutral axis. 

NEUTRAL WAVE. Any wave whose ampli¬ 
tude does not change with time. In most 
contexts these waves are referred to as stable 
waves, the term “neutral wave” being used 
when it is important to emphasize that the 
wave is neither damped nor amplified. (See 
permanent wave.) 

NEUTRINO. A particle of zero rest mass and 
spin y2 (in units of h/2w), postulated in order 
to conserve energy and momentum in the 
process of /?-decay. Since its interaction with 
matter takes place only through the extremely 
weak 0-dccay interaction it can pass through 
many kilometers of matter without suffering a 

collision. 

NEUTRINO, TWO-COMPONENT EQUA¬ 
TION. See two-component equation of the 
neutrino. 

NEUTRON. An electrically neutral elemen¬ 
tary particle of mass very nearly equal to that 
of the proton, and a constituent of all nuclei 
other than that of hydrogen. In the free state 
it is unstable with respect to beta-decay, de¬ 
caying to a proton with a half-life of about 12 
min. Being uncharged it interacts with matter 
mainly by direct collisions with nuclei, al¬ 
though to a lesser extent it can also interact 
magnetically through its magnetic moment. 
Compared with an ionizing particle like a pro¬ 
ton it can therefore pass through relatively 
large amounts of matter before being brought 
to rest or captured. Its rest mass is 1.00894 
amu; spin quantum number %; magnetic 
moment —1.9125 nuclear magnetons; Fermi- 
Dirac statistics. 

NEUTRON COLLISION DENSITY. See col¬ 
lision density, neutron. 

NEUTRON CURRENT. See current, neu¬ 
tron. 

NEUTRON DENSITY. See density, neutron. 

NEUTRON DIFFERENTIAL AREA. Sec 
differential area, neutron. 

NEUTRON DIFFUSION COEFFICIENT. 
See diffusion coefficient, neutron. 

NEUTRON DIFFUSION LENGTH. Sec 
diffusion length, neutron. 

NEUTRON DIFFUSION THEORY. A sim¬ 
plified version of neutron transport theory, 
based upon the Fick law and the conservation 
of neutrons. For neutrons of speed v and flux 
<h(r,t) the diffusion equation is: 

-= div (D grad 4>) — 4> + S(r,t). 
v dt 

The formal deduction of diffusion theory 
from transport theory is based upon retention 
of only the lowest order terms obtained in a 
spherical harmonics analysis of the latter. 

NEUTRON DIFFUSION THEORY, BOUND¬ 
ARY CONDITIONS. Sec boundary condi¬ 
tions, diffusion theory. 

NEUTRON DIFFUSION THEORY, MULTI¬ 
GROUP. An approximation to polycncrgctic 
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neutron transport theory in which the spatial 
migration of neutrons is described by the Fick 
law and the energy distribution is replaced 
by the assignment of neutrons to a number 
of energy “groups.” The result is a set of 
coupled differential equations for the group 

fluxes <t>j(r). 

NEUTRON DIFFUSION TIME. See dif¬ 
fusion time, neutron. 

NEUTRON EXCESS. The difference be¬ 
tween the number of neutrons and the number 
of protons in the nucleus; found by subtracting 
the atomic number of that nuclide from the 
neutron number; or by subtracting twice the 
atomic number from the mass number. 

NEUTRON FLUX, ANGULAR. Defined 
under flux, neutron, total. 

NEUTRON FLUX, TOTAL. See flux, neu¬ 
tron, total. 

NEUTRON LIFETIME. See lifetime, neu¬ 
tron. 

NEUTRON MEAN FREE PATH. See mean 
free path. 

NEUTRON MIGRATION AREA. See migra¬ 
tion area for neutrons. 

NEUTRON MIGRATION LENGTH. See 
migration length for neutrons. 

NEUTRONS, DELAYED. Certain nuclei un¬ 
dergo /?-decay to such a highly excited state 
of the product nucleus that a neutron may be 
emitted from the latter. These neutrons there¬ 
fore appear exponentially in time writh the 
half-life of the parent /8-emitter. An example 
is N17 wdiich decays to states in O17 which are 
above the neutron emission threshold. A num¬ 
ber of fission products also have this property, 
so that following fission a certain small frac¬ 
tion of the neutrons produced will appear after 
the fission has taken place. Since the delayed 
neutron is emitted by the parent nucleus with 
imperceptible delay in time, the time interval 
between fission and delayed neutron emission 
depends only upon the radioactive lifetimes of 
the intervening members of the fission chain. 
The identified half-lives of delayed neutrons 
are 55.6, 22.0, 4.51, 1.52, and 0.43 secs. The 
/3-decaying parents of the two longest activi¬ 
ties are known to be Br87 and I137. Delayed 

neutrons amount to about 0.75% of the total 
number of neutrons produced in the thermal 
neutron fission of U235. Although a small frac¬ 
tion, they are instrumental in making it pos¬ 
sible to control easily the power level of a 
nuclear reactor. 

NEUTRON SLOWING-DOWN AREA. See 
slowing-down density. 

NEUTRON SLOWING-DOWN LENGTHS. 
See slowing-down lengths. 

NEUTRON SLOWING-DOWN TIME. See 
slow ing-down time. 

NEUTRON SPECTRUM. See spectrum, neu¬ 
tron. 

NEUTRONS, PROMPT. Neutrons emitted 
simultaneously with the event of nuclear fis¬ 
sion. 

NEUTRONS, RECIPROCITY THEOREM 
FOR. See reciprocity theorem for neutrons. 

NEUTRONS, THERMAL. In the steady- 
state distribution-in-energy of neutrons diffus¬ 
ing through matter, it is often possible to iso¬ 
late a component strongly peaked about the 
energy kT, where k is Boltzmann’s constant 
and T the Kelvin temperature of the modera¬ 
tor. Neutrons in this group, which extends to 
about 0.3 ev, are called thermal neutrons. 

NEUTRONS, THERMALIZATION OF. See 
thermalization of neutrons. 

NEUTRON STREAMING. See streaming, 
neutron. 

NEUTRON TEMPERATURE. See tempera¬ 
ture, neutron. 

NEUTRON TRACK LENGTH. See track 
length, neutron. 

NEUTRON TRANSPORT THEORY. The 
theory describing the migration of neutrons 
through matter. Let N(r,E,&,t)dVdEdQdt be 
the number of neutrons in volume element dV 
at position r during the time interval between t 
and t + dt which have energies lying between 
the E and E + dE and travel in directions ly¬ 
ing within the element of solid angle dtl about 
unit vector Q. N satisfies the transport equa¬ 
tion 
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dN 
-\-vQ-VN + ZNv 
dt 

= f0 dt f0 dE,fd^'2(‘E,^,N(-r’E^'’t~t^ 

Here, v is the neutron velocity, 2(2£) is the total 
macroscopic cross-section for collision with 
atoms composing the material and Cf is the 
average number of secondary neutrons appear¬ 
ing within the energy range E, E -f- dE and 
directions Q, ft + dft with a delay time of f 
after the collision of a neutron with an atom. 
This equation, which is a linear version of the 
Boltzmann transport equation, is sometimes 
referred to as the “Boltzmann Equation” (for 
neutrons). In most applications effects of 
delay time are neglected. 

NEUTRON TRANSPORT THEORY, 
METHOD OF ITERATION. See method 

of iteration. 

NEUTRON TRANSPORT THEORY, ONE- 
VELOCITY FORM. An approximate mathe¬ 
matical theory describing the migration of 
neutrons through matter, in which it is as¬ 
sumed that all neutrons have the same 

speed, v. 

- — -+- ft • VN + 2iV 
v dt 

= C2fdti'f(Q';Q)N(r,a') + S. 

(For notation see neutron transport theory, 
where a more general formulation is pre¬ 

sented.) 

NEVILLE METHOD OF INTERPOLA¬ 
TION. See Aitken method of interpolation. 

NEWTON. A unit of force in MRS system 
which will impart an acceleration of one meter 
per second per second to a mass of one kilo¬ 
gram (equals 10° dynes). 

NEWTON-COTES QUADRATURE FOR¬ 
MULAS. Formulas of the form 

useful of these are the trapezoidal rule, Simp¬ 
son’s rule, and the three-eighths rule. 

NEWTON EQUATION. If the intersection 
of the optical axis with a plane through the 
principal focal point of object space is taken 
as the origin of coordinates for points in the 
object space and a similar origin is taken for 
coordinates in image space, the collineation 
equations of Gaussian optics reduce to 

xx' = ff 

where x, x' are distances from their respective 
origins parallel to the optical axis and /, /' are 
focal distances measured from their respective 
origins. This form of the collineation equa¬ 
tions is called Newton’s equation. 

NEWTON-GAUSS INTERPOLATION FOR¬ 
MULAS. See Gaussian interpolation for¬ 
mulas. 

NEWTONIAN FLUID. A fluid in which the 
stresses resulting from viscosity are linearly 
related to the instantaneous rate of strain and 
are independent of its time variations. The 
Navier-Stokes equations apply to an isotropic 
Newtonian fluid. 

NEWTONIAN MECHANICS. A self con¬ 
sistent mechanics based on the Newton laws of 
motion and assuming the validity of the Gali¬ 
lean transformation. 

NEWTONIAN VISCOSITY. Viscous flow for 
which the rate of shear strain is proportional 
to the shear stress, that is, the coefficient of 
viscosity is constant. 

NEWTON INTERPOLATION FORMULAS. 
See difference operators. 

NEWTON LAW FOR HEAT LOSS (COOL¬ 
ING). The heat loss by convection from one 
body to another is proportional to the tempera¬ 
ture difference between the two bodies. This 
law holds only for small temperature differ¬ 
ences and then only approximately. Never¬ 
theless, in heat transfer by forced or neutral 
convection it is postulated that the rate Q of 
heat transferred per unit time is 

I f{x)dx = Vofo + Vlfl H-Nnfn + E„, 
•'Xo 

where the coefficients ?7i are obtained by inte¬ 
grating the coefficients of the Lagrange inter¬ 
polation formula. The best known and most 

Q = Ah(t - t0) (1) 

where A is the area, h, the coefficient of heat 
transfer, t the temperature of the fluid and t0 
the temperature of the solid wall. The coef¬ 
ficient of heat transfer h is a weak function of 
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temperature. When expressed in dimension¬ 
less form (see dimensionless numbers) as a 
Nusselt number 

hi 
Nu = - (2) 

k 

where l is the characteristic length and k, the 
thermal conductivity. It is a function of the 
Reynolds, Prandtl and Grashof numbers in 
forced and natural convection 

Nu = f(Re, Pr, Gr). (3) 

Hence the Nusselt number depends on tem¬ 
perature only, insofar as the properties of 
the gas, expressed in Reynolds, Prandtl and 
Grashof numbers, depend on temperature. 

Newton’s law of cooling, Equation (1), 
breaks down in the case of compressible flow 
and in cases when the wall temperature t0 is 
not uniform. In compressible flow it can still 
be used if t0 is interpreted as the adiabatic 
temperature given by 

ID2 

where T is the absolute temperature of the 
stream. 

produced by a force is directly proportional 
to the force and inversely proportional to the 
mass of the particle which is being accelerated. 
(3) To every action there is an equal and op¬ 
posite reaction. 

Newton’s laws of motion may be considered 
as the basic postulates of the theory of me¬ 
chanics. They may be extended to systems of 
particles and to continuous bodies by the as¬ 
sumption that these bodies may be treated as 
collections of particles. They are also limited 
to instances in which classical mechanics 
apply, i.e., to cases in which the speeds of 
motion are small compared to the speed of 
light. 

NEWTON METHOD (FOR SOLVING 
EQUATIONS, WHETHER ALGEBRAIC 
OR TRANSCENDENTAL). A particular 
iterative method, and the one most commonly 
used. The method can also be extended to 
simultaneous equations and to matrix inver¬ 
sion. (See also polynomial factorization.) 

NEWTON-STIRLING INTERPOLATION 
FORMULAS. See Stirling interpolation for¬ 
mulas. 

NEWTON LAW OF FLUID RESISTANCE 
(FRICTION). The force on a solid body in 
a steady stream is proportional to the square 
of the velocity. It can be proved by dimen¬ 
sional arguments for large Reynolds numbers 
provided that no large gravity or sound waves 
are produced (i.e., provided that the body 
leaves only a turbulent wake) and that the 
Mach number is small compared with unity. 

NEWTON LAW OF UNIVERSAL GRAVI¬ 
TATION. Every particle in the universe at¬ 
tracts every other particle with a force that 
is directly proportional to the product of their 
masses, and inversely proportional to the 
square of the distance between their centers 
of mass. The constant of proportionality in 
the cgs system of units is 

G = 6.670 X 10~8 
dyne cm2 

(See Newton theory of gravitation.) 

NEWTON LAWS OF MOTION. (1) A par¬ 
ticle remains at rest or in a state of uniform 
motion in a straight line unless acted upon 
by an external force. (2) The acceleration 

NEWTON THEORY OF GRAVITATION. 
Newton’s conception of gravitation was ex¬ 
pressed by his statement to the effect that 
every particle of matter attracts every other 
particle with a force proportional to the prod¬ 
uct of the masses and to the inverse square of 
the distance. We are thus left to picture an 
infinitely complex network of attractions join¬ 
ing every two particles in the universe and 
tending to pull them together. Newton did 
not specify what the “particles” were assumed 
to be, whether atoms or otherwise. 

The Newtonian law may be expressed by 
the equation / = Gmim2/r2, in which mx and 
m2 are the masses of two particles, r the dis¬ 
tance between them, and G the gravitation 
constant. The value of G in the cgs system 
of units is 

„ dyne cm2 
6.670 X 10~8 ——-- 

For practical purposes the “particles” may be 
homogeneous spheres, r being the distance be¬ 
tween their centers. Other bodies of finite size, 
such as cubes or cylinders, would not do, as 
they are not “centrobaric”; that is, there is no 
one point toward which their attraction is di- 
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rected. The planets and stars, being sensibly 
spherical, may be treated approximately as 
particles. It was from the study of the two- 
body problem as applied to such objects that 
Newton deduced the conclusion expressed in 
his law. 

NEYMAN-PEARSON THEORY. A general 
theory of testing statistical hypotheses due to 
J. Neyman and E. S. Pearson. It is based 
upon the fact that errors of two different kinds 
can be made: (1) the rejection of a hypothesis 
when it is true, (2) the acceptance of a hypoth¬ 
esis when it is false. Methods are developed 
for controlling errors of the first kind at fixed 
probabilities and of minimizing the probability 
of the second kind of error. Tests are com¬ 
pared by the power function, which is the 
probability of rejecting the hypothesis under 
examination when some other hypothesis is 
true—the complement of the probability of 
errors of the second kind. 

NIJBOER-ZERNIKE ABERRATION FUNC¬ 
TIONS. Let V be the optical path length from 
an object point through an axially symmetrical 
optical system to its Gaussian image point, 
expressed as a function of the polar coordinates 
r, <f> of the point of intersection with the exit 
pupil. The individual terms of the expression 

V = Xamrrm(cos b)n 

are the classical aberration functions, includ¬ 
ing the third order Seidel and fifth order 
Schwarzschild aberrations. 

Zernike developed the expansion in orthogo¬ 

nal functions 

V = 26m„I?„m(p) cos mb 

where Rnm(p) are the circle polynomials, 
p = r/rmax for rmax the radius of the exit pupil. 
Nijboer has classified the aberration functions 
corresponding to the individual terms of this 
expansion. The resulting theory is called the 
diffraction theory of aberrations. 

NILPOTENT. An operator, generally rep¬ 
resented in matrix form, which satisfies the 

relation 
An = 0 

for some value of n. (See also idempotent.) 

NIT. A unit of luminance, equal to 1 candle/ 

sq m. 

NODAL PLANE. See discussion of nodal 
points. 

NODAL POINT(S). (1) Of all the rays that 
pass through a lens from an off-axis object 
point to its corresponding image point, there 
will always be one for which the direction of 
the ray in the image space is the same as that 
in the object space. The two points at which 

these segments, if projected, intersect the axis 
are called the nodal points, and the transverse 
planes through them axe called the nodal 
planes. Only if n and n", the indices of re¬ 
fraction in the object and image spaces, are 
identical are the nodal planes also the prin¬ 
cipal planes. C is the optical center of the 
lens. (2) For uses of this term in other ap¬ 
plications to mathematics, see node(s). 

NODE. (1) A singular point on a curve hav¬ 
ing the property that two branches of the 
curve, with distinct tangents, pass through the 
point. Also called a crunode. (2) See vertex. 
(3) The points, lines, or surfaces in a standing 
wave system (see wave, standing) where some 
characteristic of the wave field has essentially 
zero amplitude. The appropriate modifier 
should be used with the word “node” to signify 
the type that is intended (pressure node, veloc¬ 
ity node, etc.). 

NODE(S), PARTIAL. The points, lines, or 
surfaces in a standing wave system (see wave, 
standing) where some characteristic of the 
wave field has a minimum amplitude differing 
from zero. The appropriate modifier should 
be used with the words “partial node” to sig¬ 
nify the type that is intended (pressure partial 
node, velocity partial node, etc.). 

NOISE. Any undesired sound. By extension, 
noise is any unwanted disturbance within a 
useful frequency band, such as undesired elec¬ 
tric waves in any transmission channel or 
device. Such disturbances, when produced by 
other services, are called interference. Noise 
is also accidental or random fluctuation in 
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electric circuits clue to motion of the current 
carriers. 

NOISE, BACKGROUND. (1) Noise clue to 
audible disturbances of periodic and/or ran¬ 
dom occurrence. (2) In receivers, the noise 
in absence of signal modulation on the carrier. 
(3) In recording and reproducing, background 
noise is the total system noise independent 
of whether or not a signal is present. The 
signal should not be included as part of the 
noise. 

NOISE FACTOR (NOISE FIGURE). Of a 
linear system at a selected input frequency, 
the ratio of (1) the total noise power per unit 
bandwidth (at a corresponding output fre¬ 
quency) available at the output terminals, to 
(2) the portion thereof engendered at the input 
frequency by the input termination, whose 
noise temperature is standard (290°K) at all 
frequencies. For heterodyne systems there 
will be, in principle, more than one output fre¬ 
quency corresponding to a single input fre¬ 
quency, and vice versa; for each pair of corre¬ 
sponding frequencies a noise factor is defined. 
The phrase, “available at the output termi¬ 
nals,” may be replaced by “delivered by the 
system into an output termination,” without 
changing the sense of the definition. 

NOISE FACTOR (NOISE FIGURE), AVER¬ 
AGE. Of a linear system, the ratio of (1) the 
total noise power delivered by the system into 
its output termination when the noise tem¬ 
perature of its input termination is standard 
(290°K) at all frequencies to (2) the portion 
thereof engendered by the input termination. 
For heterodyne systems, portion (2) includes 
only that noise from the input termination 
which appears in the output via the principal 
frequency transformation of the system, and 
does not include spurious contributions such 
as those from image-frequency transforma¬ 
tions. A quantitative relation between aver¬ 
age noise factor, F, and spot noise factor, 
F(f), is 

f F(f)G(f)df 
— ^0 
F = —-, 

f G(f)df 

where / is the input frequency and G(f) is 
the ratio of (a) the signal power delivered 
by the system into its output termination to 

(b) the corresponding signal power available 
from the input termination at the input fre¬ 
quency. For heterodyne systems, (a) com¬ 
prises only power appearing in the output via 
the principal frequency transformation of the 
system; in other words, power via image-fre¬ 
quency transformations is excluded. 

NOISE INSULATION FACTOR. A factor 
which represents the difference between the 
noise level outside and inside an acoustic en¬ 
closure, and thus gives a rating of the overall 
noise reduction provided by the enclosure. 
When measured in decibels, this factor is given 
by 10 log (a/T), where a is the total absorp¬ 
tion of the enclosure measured in sabins, and 
T the total transmittance, where 

T — 2rnAsn 

and rn is the transmission coefficient of an ele¬ 
ment of area Asn. 

NOISE LEVEL. The value of noise inte¬ 
grated over a specified frequency range with 
a specified frequency weighting and integra¬ 
tion time. It is expressed in decibels relative 
to a specified reference. 

NOISE LEVEL IN A ROOM, TOTAL. The 
total noise level in a room for a specified fre¬ 
quency range may be obtained from the spec¬ 
trum level (see noise, spectrum level of room) 
as follows, 

where 1 is the sound intensity, in watts per 
square centimeter, in the frequency band df, 
df is the frequency band, in cycles per second, 
/o is the reference sound intensity of 10-16 
watts per square centimeter, fx and /2 are fre¬ 
quency limits of the bandwidth under con¬ 
sideration. 

NOISE LEVEL REDUCTION OF BAR¬ 
RIERS. The sound level reduction of barriers 
such as solid walls and fences interposed be¬ 
tween the source of sound or noise and the 
point of observation can be calculated from the 
analogy with the optical case. (See figure.) 

Observer 
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The fundamental equation for the sound re¬ 
duction of a barrier is given by 

SRL = -3 + 10 log [(A - x)2 + (A - 2/)2] 

(1) 

where SLR is sound reduction, in decibels. 

Table of Fresnel Integrals 

V X y V X y 

0.00 0.0000 0.0000 4.50 0.5261 0.4342 
0.10 0.1000 0.0005 4.60 0.5673 0.5162 
0.20 0.1999 0.0042 4.70 0.4914 0.5672 
0.30 0.2994 0.0141 4.80 0.4338 0.4968 
0.40 0.3975 0.0334 4.90 0.5002 0.4350 
0.50 0.4923 0.0647 5.00 0.5637 0.4992 
0.60 0.5811 0.1105 5.05 0.5450 0.5442 
0.70 0.6597 0.1721 5.10 0.4998 0.5624 
0.80 0.7230 0.2493 5.15 0.4553 0.5427 
0.90 0.7648 0.3398 5.20 0.4389 0.4969 
1.00 0.7799 0.4383 5.25 0.4610 0.4536 
1.10 0.7638 0.5365 5.30 0.5078 0.4405 
1.20 0.7154 0.6234 5.35 0.5490 0.4662 
1.30 0.6386 0.6863 5.40 0.5573 0.5140 
1.40 0.5431 0.7135 5.45 0.5269 0.5519 
1.50 0.4453 0.6975 5.50 0.4784 0.5537 
1.60 0.3655 0.6389 5.55 0.4456 0.5181 
1.70 0.3238 0.5492 5.60 0.4517 0.4700 
1.80 0.3336 0.4508 5.65 0.4926 0.4441 
1.90 0.3944 0.3734 5.70 0.5385 0.4595 
2.00 0.4882 0.3434 5.75 0.5551 0.5049 
2.10 0.5815 0.3743 5.80 0.5298 0.5461 
2.20 0.6363 0.4557 5.85 0.4819 0.5513 
2.30 0.6266 0.5531 5.90 0.4486 0.5163 
2.40 0.5550 0.6197 5.95 0.4566 0.4688 

2.50 0.4574 0.6192 6.00 0.4995 0.4470 

2.60 0.3890 0.5500 6.05 0.5424 0.4689 

2.70 0.3925 0.4529 6.10 0.5495 0.5165 

2.80 0.4675 0.3915 6.15 0.5146 0.5496 

2.90 0.5626 0.4101 6.20 0.4676 0.5398 
3.00 0.6058 0.4963 6.25 0.4493 0.4954 

3.10 0.5616 0.5818 6.30 0.4760 0.4555 

3.20 0.4664 0.5933 6.35 0.5240 0.4560 

3.30 0.4058 0.5192 6.40 0.5496 0.4965 

3.40 0.4385 0.4296 6.45 0.5292 0.5398 

3.50 0.5326 0.4152 6.50 0.4816 0.5454 

3.60 0.5880 0.4923 6.55 0.4520 0.5078 

3.70 0.5420 0.5750 6.60 0.4690 0.4631 

3.80 0.4481 0.5656 6.65 0.5161 0.4549 

3.90 0.4223 0.4752 6.70 0.5467 0.4915 

4.00 0.4984 0.4204 6.75 0.5302 0.5362 

4.10 0.5738 0.4758 6.80 0.4831 0.5436 

4.20 0.5418 0.5633 ' 6.85 0.4539 0.5060 

4.30 0.4494 0.5540 6.90 0.4732 0.4624 

4.40 0.4383 0.4622 6.95 0.5207 0.4591 

To obtain x and y as given in the Table of 
Fresnel Integrals, the value of v may be deter¬ 
mined from the following equation. 

2 a 
- (2) 
\b(a + b) 

where X is wavelength, in feet, and a, b, and d, 
in feet, are the dimensions of the figure. 

When v is known, the values of x and y can be 
determined from the Table of Fresnel Integrals. 
The values of x and y can be substituted in 
Equation 1 to obtain the noise reduction of the 
wall. 

NOISE POWER, AVAILABLE. The maxi¬ 
mum noise power that may be drawn from a 
network by a load whose impedance is the 
complex conjugate of the impedance of the 
network itself. 

NOISE RATIO (NR). The ratio of the avail¬ 
able noise power (see noise power, available) 
at the output of a transducer divided by the 
noise power at the input. 

NOISE, SPECTRUM LEVEL OF ROOM. 
The spectrum level of a complex sound is 
given by 

I 
B = 10 log io —— 

WI0 

where B is the spectrum level, in decibels, I is 
the sound intensity, in watts per square centi¬ 
meter, in the frequency bandwidth W, W is the 
bandwidth, in cycles per second, and 70 is the 
reference sound intensity of 10“16 watts per 
square centimeter. 

The spectrum level of an average room for 
the frequency range 100 to 10,000 cycles is 
given by the empirical equation, 

140 

B = ;gin +15 -6 

where B is the spectrum level, in decibels, / is 
the frequency, in cycles per second, and b is a 
constant. (6 = 0 for factories; 6 = — 20 for 
offices; 6 = — 35 for residences.) 

NOISE TEMPERATURE. At a pair of termi¬ 
nals and at a specific frequency, the tempera¬ 
ture of a passive system having an available 
noise power per unit bandwidth equal to that 
of the actual terminals. 
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NOISE, THERMAL (JOHNSON NOISE). 
The noise produced by thermal agitation of 
charges in a conductor. The available thermal 
noise power produced in a resistance is inde¬ 
pendent of the resistance value, and is propor¬ 
tional to the absolute temperature and the 
frequency bandwidth over which the noise is 
measured, as indicated by the formula: 

Nt = 1.37 X 10 -23TAE 

in which Nt is the available thermal noise 
power, T is the temperature of the resistance in 
degrees Kelvin, and A/ is the bandwidth in 
cycles per second. 

NOISE TRANSMISSION EFFECT. See 
Montgomery noise transmission effect. 

NOMOGRAPH OR NOMOGRAM. (Also 
called an alignment chart or isopleth.) Two 
or more scales, drawn and arranged so that 
results of calculation may be found from the 
relation of points on them. For example, sup¬ 
pose the relation f{x,y,z) = 0 is given. Three 
graduated scales or lines are then constructed 
so that, if selected values of two variables are 
located with a straight-edge, the third scale 
will be cut at a value which satisfies the given 
equation. The method is readily extended to 
more than three variables. 

NON-BONDING ORBITALS. See bonding 
orbitals. 

NON-CENTRAL DISTRIBUTIONS. The 
chi-square distribution and the related Stu¬ 
dent’s distribution and Fisher’s distribution 
are based on sums of squares of normal varia¬ 
bles with unit variance and zero mean. If 
these sums relate to variables with non-zero 
mean the distributions are called non-central. 

NON-CENTRAL FORCES. Forces which de¬ 
pend upon the spin directions as well as upon 
the distance separating a pair of particles. 
The most important examples are the vector 
force, or spin-orbit force, the potential of 
which contains a factor S L, where S is the 
resultant spin vector of the particles, and L 
is their relative orbital angular momentum; 
and the tensor force, or dipole force, the po¬ 
tential of which contains a factor 3(si-r) 
(s2-r) - (si*So), where s, and s2 are the spin 
vectors of the two particles, and r is a unit 
vector in the direction of the vector joining 
the two particles. The first may be realized 

through the interaction between the spin mag¬ 
netic moment with the orbital magnetic mo¬ 
ment, the second through the interaction of 
two magnetic dipoles. The spin-orbit force is 
thought to be largely responsible for the 
polarization produced in scattering of neutrons 
or protons by nuclei while the tensor force is 
responsible for the quadrupole moment of the 
deuteron. 

NON-CIRCUIT ELEMENT. See element, 
non-circuit. 

NON-COMBINING MODIFICATIONS OF 
MOLECULES. In a symmetrical molecule, 
groups of rotational energy levels are distin¬ 
guished from each other by the symmetry 
properties of their total eigenfunctions, apart 
from nuclear spin, for instance (s) and (a) in 
diatomic and linear polyatomic molecules, 
A, E, etc. in symmetric top molecules. (See 
symmetry properties of molecular eigenfunc¬ 
tions.) If the identical nuclei have zero spin 
only one group of rotational levels can occur, 
e.g., (s) for diatomic and linear polyatomic 
molecules, A for symmetric top molecules. For 
non-zero spin of the nuclei, all the rotational 
levels occur. However, on account of the 
smallness of the nuclear magnetic moments, 
the different groups of levels do not combine 
with each other to any significant extent, even 
by collision. Such molecules, therefore, exist 
in several different modifications. For pairs 
of identical nuclei with non-zero spin there are 
only two different modifications (e.g., H2, D2, 
N2, H20, H2CO). As a rule, the modification 
with the greater statistical weight is referred 
to as ortho-modification, the one with the 
smaller statistical weight as para-modification. 
(For more detail see G. Herzberg, Molecular 
Spectra and Molecular Structure, I. Spectra of 
Diatomic Molecules, 2d cd., and Infrared and 
Raman Spectra of Polyatomic Molecules, D. 
Van Nostrand Co., Inc., Princeton, 1950 and 
1945, respectively.) 

NON-CROSSING RULE FOR THE POTEN¬ 
TIAL CURVES OF DIATOMIC MOLE¬ 
CULES. For an infinitely slow change of the 
internuclear distance in a diatomic molecule, 
two electronic states of the same species can¬ 
not cross each other .(“avoid” each other). 
In other words, the potential curves of two 
electronic states of the same species cannot 
cross each other. 
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Consider two solutions, \px and \p2 of the 
wave equation of a molecule. V\ and V2 are 
the potential energy curves (see figure), for 
these two wave functions separately. 

If a linear combination of and fa is pos¬ 
sible, the wave functions 

'P'l = Qi’/'i + a2\p2 
and 

^'2 = 031/'! — 04^2 

are more general solutions of the wave equa¬ 
tion. The corresponding potential energy 
curves F'i and V’2 are also plotted in the 
figure. 

The non-crossing rule states that the curves 
F'i(r) and V'2(r) will always lie respectively 
above and below the two curves Fi(r) and 
V2(r); i.e., if a transition between these two 
states is possible, F'i and V'2 can never inter¬ 
sect. 

NON-DETERMINATION, COEFFICIENT 
OF. The square of the coefficient of aliena¬ 

tion. 

NON-DIMENSIONAL EQUATION. An 
equation in which each member has been ren¬ 
dered free of physical dimensions by the 
systematic introduction of a set of reference 
constants. The dynamical equations for two 
dimensional flow, for example, may be made 
non-dimensional by introducing the constants 

where l is a characteristic length in the x-direc- 
tion, 8 a characteristic depth, and U a refer¬ 
ence velocity; £, £, and r are new non-dimen¬ 
sional variables or parameters replacing x, z, 
and t, respectively. (See dimensional anal¬ 

ysis.) 

NON-DISPERSIVE WAVES. Waves whose 
speed of propagation is independent of wave¬ 
length. A medium in which small amplitude 
waves do not redistribute the mass in the di¬ 
rection of propagation is non-dispersive, e.g., 
a stretched membrane in transverse oscilla¬ 
tion, a liquid film maintained by surface ten¬ 
sion in which the two surfaces remain at the 
same distance apart. Waves of small ampli¬ 
tude in which the motion is entirely in the 
direction of propagation (longitudinal waves) 
are also non-dispersive, e.g., compression 
(sound) waves in a gas. 

A disturbance or pulse is propagated with¬ 
out change of shape in a non-dispersive me¬ 
dium. 

NON-EQUILIBRIUM PHENOMENA. See 
fluctuations. 

NON-EQUIVALENT ELECTRONS. Elec¬ 
trons not belonging to the same orbital, i.e., 
differing in the values of either the quantum 
number n or l or both. 

NON-EUCLIDEAN GEOMETRY. See ge¬ 
ometry. 

NON-GENUINE NORMAL VIBRATIONS 
OF POLYATOMIC MOLECULES. The 
equation for the determination of the frequen¬ 
cies of the normal vibrations (see normal vi¬ 
brations and normal coordinates in polyatomic 
molecules) has, in the general case six, for 
linear molecules five solutions which are equal 
to zero. These solutions correspond to the so- 
called non-genuine vibrations of the molecule, 
that is to translations and rotations of the 
molecule. 

NON-HOLONOMIC. A motion is termed 
non-holonomic when the differential equations 
of constraint are not integrable. A sphere 
slipping and rolling on a plane is an example 
of non-holonomic motion. (See also conserva¬ 
tive force.) 

NON-LOCALIZED MOLECULAR ORBI¬ 
TALS. Molecular orbitals for which the 
probability density distribution does not have 
a maximum between two nuclei but is spread 
over a large part of the molecule, as for in¬ 
stance around a benzene ring. 

NON-ORIENTED GRAPH. See graph, non- 
oriented. 
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NON-PARAMETRIC INFERENCE. An 
older and less preferable term for distribution- 
free inference. 

NON-RELATIVISTIC QUANTUM ME¬ 
CHANICS. See quantum mechanics. 

NON-SELECTIVE RADIATOR. See grey 
body. 

NON-SEPARABLE GRAPH. See graph, non- 
separable. 

NON-UNIFORM GAS, DIFFUSION FOR¬ 
MULA. See diffusion, kinetic theory of. 

NON-UNIFORM GAS, KINETIC THEORY 
TREATMENT. See kinetic theory; diffusion, 
kinetic theory of; thermal conduction, kinetic 
theory of; viscosity, kinetic theory of. 

NON-UNIFORM GAS, THERMAL CON¬ 
DUCTION IN. See thermal conduction, ki¬ 
netic theory of. 

NORM. In some literature the norm ||x|| of 
the vector x, and the norm ||Aj| of the matrix 
A refers specifically to what will be called the 
Euclidean norm, defined by the non-negative 
square roots of 

IM|2 = x*x; |!A|j2 = trace (A*A). 

(See trace.) More generally, however, a 
norm ||x|| of a vector x is taken to be any real 
valued function of the elements satisfying the 
conditions 

(1) x 0 =» ||x|| > 0; 

(2) ll«*l| = M||x||; 

(3) ||x + y|| < ||x|| + ||y|i; 

and the associated norm ||A|| of a square ma¬ 
trix A is 

IIA|| = sup |fAxJJ. 
Ili ll = i 

Such a matrix norm possesses properties (1), 
(2), and (3), with matrix arguments, and also, 
for any two matrices A and B, 

(4) l|AB|| < ||A|| ||B||. 

The Euclidean matrix norm possesses these 
properties, but does not satisfy the definition. 
The Euclidean matrix and vector norms are 
further related, as are all associated norms, by 
the property that for any matrix A and vector 

l|Ax|| < ||A|| ||x||. 

But for norms as here defined, for any A there 
exists anx ^ 0 such that an equality holds, and 
this is not true for the Euclidean norms. In 
fact, it is the spectral norm that is associated 
with the Euclidean vector norm. 

Norms are important in studying conver¬ 
gence properties of sequences of vectors and 
matrices, and in obtaining error bounds (see 
matrix inversion). In fact, a sequence of 
vectors x„ has a limit x if and only if the se¬ 
quence of norms ||x„ — x|| vanishes in the 
limit, whatever norm may be used. A suffi¬ 
cient condition for the sequence of matrix 
powers B" to have the limit 0 is that B < 1, 
in any norm. Also for any matrix A and any 
norm, the spectral radius satisfies 

p(A) < ||A||. 

If x satisfies Ax = h, if y = x — s is any ap¬ 
proximation, and if r = h — Ay = As, then 

IWI < IIA-1!! [|r||, 

which gives a measure of the departure of the 
approximate solution y from the true solution 
x. In some cases [, A 111 can be evaluated 
a priori, as when the equations arise from a 
partial differential equation. Otherwise if H = 
I — AC, and ||H|| < 1, then 

IIA-1!! < ||C||/(1 - 11H11). 

As other examples of norms, if \T = (£1; • • •, 
£„) and A = {an), then 

IIx||c = max |&|, 
i 

11*11.' = Z Ui I, 

l|A||. - max £ l««l; 
% j 

l|A||e' = max £ Iaji| - 
* 3 

Again, given any norm, and any nonsingular 
matrix G (for example, a diagonal matrix), 

ll*llo = IlG-'xll; ||A||0 - || G 1 AG|| 

are again norms. 

NORMAL. (1) A perpendicular to a line or 
to a curve at a given point. In a plane, its 
slope equals the negative reciprocal of the 
slope of the given line; in space, if the given 
line has direction cosines L, M, N and its nor¬ 
mal has direction cosines A, /*, v, then AL -f 
fiM + vN = 0. (2) A partial differential 
equation is in normal form when written in 
terms of coordinates defined by its charac¬ 
teristic curves. (3) If At is the matrix ob¬ 
tained from A by exchanging rows and col¬ 
umns and taking the complex conjugate of 
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each element, then A is normal if AA+ = At A. 
Every normal matrix can be transformed by 
a unitary matrix to diagonal form and con¬ 
versely if a matrix can be so transformed it is 
normal. (4) If a quadratic form is reduced to 
a sum of squared terms by proper choice of 
coordinate system, the new coordinates are 
called normal coordinates (see diagonaliza- 
tion of a matrix). (5) A directional derivative 
is called a normal derivative if it is taken in a 
direction normal to a given curve. (6) For a 
normalized function, see orthogonal function. 

NORMAL ACCELERATION. See centrip¬ 
etal acceleration. 

NORMAL CONGRUENCE. (1) The recti¬ 
linear congruence formed by the normals to a 
surface. (2) In optics, the normal congruence 
of light rays to a smooth wave surface. The 
Malus-Du'pin theorem asserts that the surface 
remains smooth under reflection or refraction. 

NORMAL COORDINATES. See normal 

modes. 

NORMAL CURVATURE (AT A POINT OF 
A SURFACE IN THE DIRECTION OF A 
TANGENT LINE). The curvature, at the 
point, of the curve of intersection of the sur¬ 
face with the plane defined by the normal to 
the surface and the tangent line. 

large samples (Central Limit Theorem). To 
physicists and astronomers the distribution is 
more familiar as the Gaussian distribution or 
law of error. The distribution of errors of 
observation is usually assumed to be of this 
form, which may also be written 

h 
fix) = —r=exp (-h2x2) 

v 7r 

where h is now regarded as a measure of pre¬ 
cision in the measurements and it is assumed 
that the mean is zero. 

NORMAL EQUATIONS. The equations 
which arise in estimation by least-squares. 
They are a set of simultaneous equations in 
the unknowns and are often linear, especially 
in applications to the combination of observa¬ 
tions involving errors of measurement. 

NORMAL EQUIVALENT DEVIATE. See 
deviate, deviation. 

NORMAL FORM. See Hesse normal form. 

NORMAL FREQUENCIES. See normal 
modes. 

NORMALIZATION. If f{x) is real and de¬ 
fined for a^x^b, the norm of / is 

NORMAL CURVATURE, EULER THEO¬ 
REM ON. See Euler theorem on normal cur¬ 

vature. 

NORMAL CURVATURE, RADIUS OF (AT 
A POINT OF A SURFACE IN THE DIREC¬ 
TION OF A TANGENT LINE). The recipro¬ 

cal of the normal curvature. 

NORMAL DISTRIBUTION. The normal (or 
Gaussian) distribution is that with frequency 

function 

/(x) = —7= exp [ — (x — m)2/2o-2]. 

The distribution is symmetrical with mean ^ 
and standard deviation <r; its graph is called 
the normal curve. Its central importance in 
statistics stems from three facts: (1) Many 
actual populations approximate closely to nor¬ 
mal form. (2) It forms the limiting distribu¬ 
tion of many widely used statistics. (3) Un¬ 
der general conditions, the mean of any dis¬ 
tribution tends to be normally distributed in 

b 
fdx. 

Then if a new function 

m = m/Vm]) 

is defined, it follows that 

b 
4>2dx = 1 

and / (x) is said to be normalized. The pro¬ 
cedure is readily generalized to include com¬ 
plex functions. (See also orthonormal.) 

Similarly, the normalization of a vector con¬ 
sists of dividing its components (ax, a2 • • •, a„) 
by its norm v (ai2 + a22 + • —b a,2), so as 
to produce a vector of unit norm. 

NORMALIZED INTENSITY OF A DIF¬ 
FRACTION PATTERN. See Strehl defini¬ 
tion. 
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NORMALIZING FACTOR. The reciprocal 
of the norm of a vector or a function. (See 
normalization.) 

NORMAL MAGNIFICATION. In telescopes 
and microscopes the eye is usually placed at 
the exit pupil of the system, and if the full 
brightness of the object is to be represented 
in the image, the exit pupil must be of such 
size as just to fill the pupil of the eye. The 
particular magnification which just meets this 
condition is called normal. 

NORMAL MATRIX. See matrix. 

NORMAL MODES. A mechanical system, 
composed of coupled oscillators, such that each 
oscillator is subject to an elastic restoring force, 
when displaced from its equilibrium configura¬ 
tion, can be described in terms of normal coordi¬ 
nates Qi, Q2, • • • Qn and normal velocities 
Qi, Q2, • ■ ■ Qn (n is the number of degrees of 
freedom of the system). 

The total energy of the system is given by, 

The normal mode X has the angular frequency 

and the normal mode Y has the angular V 
frequency Vi + 

2k 

m 
The total energy is, 

m — o 
E = - (X2 + Y2) + 

4 4 L 
X* + (= + ?) T*. 
~ \4L 2/— 

In the X mode the masses vibrate in phase with 

the same amplitude; in the Y_ mode the masses 
vibrate in opposite phase with the same ampli¬ 
tude. 

NORMAL MODES OF A CRYSTAL. Let r>1 
be the position vector of the jth atom in the 
Ith unit cell of a crystal in equilibrium. Let 
uJ‘ be the displacement of this atom from its 
equilibrium position. Then the displacements 
associated with the normal modes of vibration 
are given by 

E = E axQ2 + PiQi2 
i=1 

the ax and 0; are arbitrary constants, dependent 
on the initial conditions only. 

The normal coordinates are independent of 
each other, i.e., each can be excited while the 
others remain at rest. A vibration in which 
only one normal coordinate is excited, is called 
a normal mode of vibration. The frequency 
associated with a normal mode is called a 
characteristic or eigenfrequency of the system. 

Consider the following example: 

V////////////////////S 

♦WAAAAA^i 
m m 

— ► —I  
X 

Two simple pendulums of mass m and length 
L are connected by a weightless spring whose 
force constant is k. Let x and y be the dis¬ 
placements of the left hand and right hand 
masses from their equilibrium positions. The 
normal modes are 

X = x + y 

u/{k,n) = Re (AMl(q,n) exp [f(q-ij/ - «,*<)]} 

where Re means “real part of,” the index ju goes 
from 1 to 3, the vector q and the index n label 
each normal mode, being the angular fre¬ 
quency for that mode, n takes on 3s values cor¬ 
responding to 3s bands or branches of the vibra¬ 
tional spectrum, where s is the number of atoms 
in the unit cell. 

NORMAL MODES OF A SYSTEM. The 
possible forms of time-function constituting 
the time-behavior of the quantities in a linear 
system which is originally disturbed but then 
deprived of external input. 

If the characteristic equation of the system 
A (s) =0 can be written 

(s — Si)mi- • • (s — Sr)™7- • • = 0 

then the normal modes are 

e*R, te*i‘, • • • d; g«2<, te**1... tn2—etc. 

The number of distinct modes is equal to 
the order of the characteristic equation when 
expressible as a polynomial equation in s. 
Any quantity in the system can, under these 
conditions, be represented by a linear com¬ 
bination of the normal modes, the coefficients 
associated with the various modes depending 
upon the initial conditions. 

Y = x - y. NORMAL MULTIPLET. See multiplet. 
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NORMAL PLANE. See principal planes. 

NORMAL PLANE TO A CURVE. See nor¬ 
mal to a curve at point P. 

NORMAL PRESSURE. In a fluid the normal 
pressure is the normal component of the stress 
across unit area within the fluid. In an in- 
viscid fluid there is no other component. In a 
static fluid the pressure is independent of the 
orientation of the area across which the nor¬ 
mal stress is measured, and this is usually also 
assumed to be the case in isotropic fluids in 
motion. (See static pressure.) 

NORMAL-PRESSURE DRAG. See drag. 

NORMAL, PRINCIPAL (TO A CURVE AT 
A POINT P). The normal to the curve at P 
which lies in the osculating plane (see curva¬ 
ture, plane of.) at P. A unit vector in the 
direction of the principal normal is called the 
unit (principal) normal. It is usually taken 
as directed from P to the concave side of the 
curve. 

NORMAL PRODUCT. The normal product 
of a number of creation and annihilation oper¬ 
ators is defined by 

N(UV ••• W) = (-\)pU'V ■■■ W' (1) 

where U', V', • • • W denote the same set of 
operators as the set U, V, • • • W, but ordered 
so that all the annihilation operators stand to 
the right of all creation operators, and p is equal 
to the number of interchanges of Fermion 
operators required to go from the original order¬ 
ing to the one on the right side of (1). Some 
times the normal product is denoted by 
:UV ■ ■ ■ W:. By definition the distributive law 
is assumed to hold for a normal product 

:{U + V) W • • •: = :UW • • •: + :VW • • 

NORMAL REACTION (I.E., NORMAL TO 
PATH). The reactive thrust with which a 
constraining surface acts on a contacting ob¬ 
ject which in turn is subjected to a force with 
a component perpendicular to the surface. If 
there is no friction between the surface and 
the object, the reactive thrust is perpendicular 
or normal to the surface. An example is an 
object moving on a frictionless inclined plane. 
The normal reaction is perpendicular to the 
plane and has the magnitude W cos 6 where 
W is the weight of the object and 6 is the angle 
of the plane. The presence of friction intro¬ 

duces a component of force parallel to the sur¬ 
face. 

NORMAL RESPONSE. The normal response 
of a system to a specified input is the output 
produced by that specified input when the 
system is quiescent for t < 0. 

NORMAL SPACE. See topological space. 

NORMAL SPECTRUM. See spectrum, nor¬ 
mal. 

NORMAL STATE. In nuclear physics, a 
term sometimes used for ground state. 

NORMAL STRESS. (1) A component of 
stress perpendicular to the plane on which it 
acts. Tension is ordinarily taken as positive 
but in soil mechanics, which deals primarily 
with compressive stress, compression is usually 
called positive. (2) See flux vector. 

NORMAL STRESS EFFECT. In non-linear 
theory, shear strains alone demand the appli¬ 
cation of normal stresses as well as shear 
stresses. These are also called cross effects. 

NORMAL SUBGROUP. See group. 

NORMAL TEMPERATURE AND PRES¬ 
SURE. Abbreviated to NTP. An agreed 
standardized reference state, specified by a 
pressure of 760 millimeters of mercury (one 
atmosphere) and the ice-point temperature 
(0°C = 32°F). Although the use of NTP as a 
reference state is to be encouraged for the sake 
of uniformity, sometimes slightly different ref¬ 
ence states may be encountered, in particular 
the standard temperature and pressure, abbre¬ 
viated to STP and specified by a pressure of 
30 inches of mercury and a temperature of 
60°F. 

NORMAL TO A CURVE AT A POINT P. 
Any line through P perpendicular to the tan¬ 
gent at P. In the case when the curve is a 
plane curve, the line through P perpendicular 
to P and lying in the plane of the curve. The 
normal plane to a curve at P is the plane 
through P perpendicular to the tangent at P. 

NORMAL TO SURFACE. See tangent plane 
to surface. 

NORMAL, UNIT. See unit normal. 

NORMAL VIBRATIONS AND NORMAL 
COORDINATES IN POLYATOMIC MOLE¬ 
CULES The potential and kinetic energies 
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of a system of N particles of masses mt for 
small displacements from the equilibrium posi¬ 
tion are given by 

and 

V = \ Z kijQi9j 
ij 

T = h Z hiMi 
ij 

where the g, may either be 3N Cartesian dis¬ 
placement coordinates or, for nonlinear mole¬ 
cules, 3N — 6, for linear molecules, 3iV — 5 
internal displacement coordinates such as 
changes of internuclear distances. The kjj 
( = kji) are force constants, the b,-3( = fry;) are 
constants depending on the masses and geo¬ 
metrical parameters of the molecule. By the 
linear transformation 

Qi — cil£l + ci2^2 + Ci3^3 + • • • 

new coordinates so-called normal coordi¬ 
nates, can be formed such that both V and T 
are sums of squares. 

1 = + V2&2 + X3£32 + • • •) 

T= ^i2 + |22 + |32+--0 

that is, the motion in the molecule in this ap¬ 
proximation may be considered as a superposi¬ 
tion of 3N or 3N — 6 or 3N — 5 independent 
harmonic oscillators described by the normal 
coordinates £t- such that 

& = £i° cos (2irvit + 4>i). 

In each such normal vibration all nuclei in 
the molecule carry out simple harmonic mo¬ 
tions about their respective equilibrium posi¬ 
tions with one and the same frequency Vi which 
is related to Xt- by 

X, = 47tV-2. 

The X,-, that is, the frequencies of the different 
normal vibrations, are determined by the 
secular equation: 

&11 ~ &llX ki2 — &12X ^13 — b13X • 

A;2i ^21X ^22 ^22X A^23 — &23X • 

^31 — &31^ &32 — &32X £33 — 633X • 
= 0. 

If Cartesian coordinates are used, six or five 
of the Aj are found to be zero depending on 
whether the molecule is nonlinear or linear, 
respectively. These zero roots correspond to 
the nongenuine normal vibrations (null vibra¬ 

tions) : the translations and rotations. When 
two or three Ai are equal, we have doubly or 
triply degenerate normal vibrations. 

The form of a given normal vibration can 
be obtained from the transformation equations 
by putting all other & equal to zero. The co¬ 
efficients Cij are the minors of the above de¬ 
terminant. 

The general relation between the force con¬ 
stants and the frequencies of the normal vibra¬ 
tions is given by the determinantal equation 
above. In the most general case there are 
%n(n -f 1) force constants, (n = 3N — 6 or 
3V — 5) while there are only n normal fre¬ 
quencies. (See also symmetry properties of 
normal vibrations in molecules.) 

NORMAL VIBRATIONS OF POLYATOMIC 
MOLECULES, NON GENUINE. See non¬ 
genuine normal vibrations of polyatomic mole¬ 
cules. 

NORTON THEOREM. The current in any 
terminating impedance ZT connected to any 
network is the same as if ZT were connected to 
a parallel combination of a generator whose 
current is the short-circuit current of the net¬ 
work, and an impedance ZR which is the im¬ 
pedance looking back into the network from 
the terminals of ZT, with all generators re¬ 
placed by impedances, equal to the internal 
impedances of these generators. (See also 
Thevenin theorem.) 

NOVAE OR EXPLOSIVE STARS. The so- 
called new stars, or novae, are designated by 
the constellation and year in which they ap¬ 
pear, or by the constellation name preceded 
by letters. For example: Nova Herculis 1934 
is also known as DQ Herculis. It is highly 
probable that a nova is not a “new star.” In 
a number of cases, after a nova has appeared, 
examination of previously taken photographs 
of the region showed a relatively faint star at 
the position of the “nova.” The light curve 
of a nova is characterized by a spectacular rise 
to maximum, of the order of 12 magnitudes in 
two days, and then a slow decline to approxi¬ 
mately its former brightness in five or six hun¬ 
dred days. Immediately after maximum the 
decline is relatively rapid, of the order of 
about half the rise in about two weeks. From 
this point on the decline is more gradual, ac¬ 
companied by oscillations of a magnitude or 
so with periods of a few days. These oscilla- 



645 Nozzle or Duct, Flow of Gas in — Nuclear Energy Levels 

tions cease to be conspicuous by the end of a 
hundred days. Then comes a slow and some¬ 
what irregular decline to the vicinity of the 
original brightness. 

The changes in brightness of a nova are ac¬ 
companied by equally spectacular changes in 
the spectra. McLaughlin has made a very 
thorough study of these changes and, while 
there are differences among the various novae, 
a general sequence may be outlined. 

In cases where the nova is discovered before 
reaching maximum, the spectrum is compa¬ 
rable to that of a B5 star, but with super¬ 
imposed emission bands of He I, C II, and 
N III. The absorption lines are broad and 
diffuse with a strong displacement toward the 
violet. However, the emission bands of Id and 
the other elements are not displaced. There 
is strong evidence that we have a star from 
which the reversing layer has been tom ex¬ 
posing the hotter layer below. 

After maximum is passed the spectrum 
changes rapidly. Another set of absorption 
lines appear. The lines are displaced to the 
violet. Together with the appearance of the 
post-maximum absorption spectrum, emission 
bands are evident but they are so broad and 
diffuse that identification is difficult. As the 
nova fades in light the emission bands be¬ 
come more prominent. In the next stage a 
new set of absorption lines of H, Ca II, and 
others make their appearance as diffuse lines. 
Changes of this sort continue as the star fades 
in brightness. With this fading of the star the 
emission bands begin to gain in relative in¬ 
tensity. In the final stage we find the emission 
spectra of the bright-line nebulae, such wave¬ 
lengths as 5007A, 4959A, etc., dominating the 
final spectrum of the nova. The existence of 
nebulae in the vicinity of a faded nova has 
been confirmed in a number of cases. 

NOZZLE OR DUCT, FLOW OF GAS IN. It 
is assumed here that the flow in the nozzle or 
duct is steady and can be treated as one-di¬ 
mensional, i.e., that the conditions are uniform 
over any section of the duct. The continuity 
equation is then 

pvA = constant, (1) 

where A is the area of cross section of the duct. 
If there is no heat transfer to or from the 

walls of the duct, the steady-flow energy equa¬ 
tion can be applied. This may be written 

where M is Mach number, T is absolute tem¬ 
perature, a is velocity of sound and suffix o 
refers to “stagnation” conditions (with v = 0). 

If there are no significant effects of viscosity, 
the flow will be isentropic and the additional 
relation 

V 
— = constant (3) 
Py 

may be used. (It should be noted that this 
implies not only that viscous effects at the walls 
are negligible, but also that there are no shock 
waves). 

Combining Equations (2) and (3) gives 

and 

Introduction of Equation (1) leads to the 
area equation 

7+1 

2(7-1) 

1 

(6) 
where As is the area of the duct for M — 1. It 
may be shown also that the area As is the 
minimum value of A. Thus sonic velocity can 
only be reached at the section of minimum 
area, i.e., at the “throat” of a convergent- 
divergent nozzle. With the assumptions al¬ 
ready stated, Equations (1) to (6) can also 
be applied to the flow in any stream tube. 

NTP. Abbreviation for normal temperature 
and pressure. 

NU(v). The average number of neutrons re¬ 
leased in a nuclear fission event. 

NUCLEAR CHARGE. The positive charge 
on the atomic nucleus due to the protons it 
contains. The sum of the charges of the pro¬ 
tons in a nucleus, equal to +Ze. 

NUCLEAR ENERGY LEVELS. The bound 
states of atomic nuclei exhibit a discrete 
energy spectrum. Each of these bound states 

Po 

V 
1 + , niW1’" (4) 

Po 

p 
i-H^vr • (5) 
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is commonly referred to as an energy level. 
The energy of the state is given relative to the 
energy of the ground state as zero. Further 
energy levels appear in the continuum of the 
energy spectrum which, although not strictly 
speaking discrete, nevertheless show up as 
more or less sharp resonances in reaction 
processes. 

NUCLEAR FORCES. In spite of the electro¬ 
static repulsion between protons, nuclei are 
stable. This indicates that there must be 
strong attractive forces between nucleons. 
Considerations of the binding energies of the 
lightest nuclei, followed by analysis of scat¬ 
tering experiments in which protons and neu¬ 
trons are made to collide at high energies, 
shows the forces between pairs of nucleons to 
be of short range, falling rapidly to zero be¬ 
yond a separation distance of about 2 X 10“13 
cm. Furthermore, these forces are known to 
be charge-independent; that is, the forces be¬ 
tween a pair of neutrons, or a pair of protons, 
or a neutron and a proton, are the same (ex¬ 
cluding the electrostatic forces which act be¬ 
tween protons alone) in equivalent states of 
motion. As proposed by Yukawa, such forces 
may qualitatively be understood in terms of 
the exchange of virtual mesons between the 
nucleons in a collision process. According to 
Yukawa’s original proposal this exchange 
would give rise to a potential of the form 

where r js the separation, and 
ix = me/ft, 2irft being Planck’s constant, c the 
velocity of light, and m the mass of the meson. 
Although the details of this mechanism are 
still obscure it is now fairly certain that the 
mesons involved are the 7r-mesons having a 
mass of about 286 times the electron mass. 
However, sufficient experimental information 
is available to show that the forces are more 
complicated than this in reality. They cer¬ 
tainly depend upon the relative spin directions 
of the two particles and upon the direction of 
spin relative to the direction of relative motion 
of the pair. Furthermore, although attractive 
at larger distances, as required t-o give rise 
to nuclear binding, they appear to become 
strongly repulsive at distances less than about 
0.6 X 10“13 cm. Theory would also indicate 
that the force between a pair of particles may 
depend upon the presence of further particles; 
in other words, many-body forces may be pres¬ 

ent in nuclei. Nothing is known of the prop¬ 
erties of these forces at the present time. 

NUCLEAR GYROMAGNETIC RATIO. See 
gyromagnetic ratio, nuclear. 

NUCLEAR MAGNETIC MOMENT. An 
electrically charged quantum mechanical sys¬ 
tem possessing angular momentum will contain 
electric currents which give rise to a magnetic 
dipole moment of order eh/4nmc, where e is 
the charge in esu, h is Planck’s constant, m is 
the mass, and c is the velocity of light. Most 
atomic nuclei, for example, possess magnetic 
dipole moments of this order of magnitude 
(provided that they have non-zero spin). 
Even an electrically neutral particle, however, 
can possess a magnetic moment, owing to its 
interaction with virtual charged fields of par¬ 
ticles. Thus, the neutron possesses a magnetic 
moment of the same order of magnitude as 
a proton owing to its interaction with the 
7r-meson field. The magnetic moments of the 
ground states of nuclei were extremely helpful 
as a clue to the structure of nuclei simply 
because they are structure sensitive and can 
be measured with high accuracy. 

NUCLEAR MAGNETIC RESONANCE. The 
resonance phenomenon met with in energy 
transfer between a radiofrequency alternat¬ 
ing magnetic field and a nucleus placed in a 
constant magnetic field H that is sufficiently 
strong to decouple the nuclear spin from the 
influence of the atomic electrons. Resonance 
is encountered when <o = gh, where w is the 
angular frequency of the alternating field, g 
the nuclear gyromagnetic ratio, and h is the 
Planck constant. Transitions can then be in¬ 
duced between the various possible substates 
corresponding to different quantized orienta¬ 
tions of the nuclear spin relative to the direc¬ 
tion of //. The phenomenon has found appli¬ 
cation in connection with measurements of g 
both by molecular beams and by the use of 
macroscopic samples of solids or liquids. In 
the latter case, w is commonly held constant, 
and II is varied back and forth through the 
resonance value for the sake of convenience in 
producing a display upon an oscilloscope. 

NUCLEAR MAGNETON. The nuclear mag¬ 
neton ix0„ is the unit used to measure the mag¬ 
netic moments of atomic nuclei. It is defined 
as 
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he m 
Mon = -- = —Mo = 1/1836 Ho 

4:irmpc mp 

= 0.505038 X 10-23 erg gauss-1. 

Here h stands for Planck’s constant, e, for the 
charge of the electron, m and mp, respectively, 
for the masses of electron and proton, y0 for 
the Bohr magneton, and c for the velocity of 
light. 

NUCLEAR MATTER. An idealized picture 
of the interior of a nucleus, represented by an 
infinite homogeneous medium of neutrons and 
protons in equal densities in which the electro¬ 
static forces between protons are ignored, and 
surface effects can be neglected. A concept 
much used in the study of nuclear structure, 
particularly in the theory of saturation of nu¬ 
clear forces. 

NUCLEAR NUMBER. The same as mass 
number. 

NUCLEAR POTENTIAL. The potential en¬ 
ergy 7 of a nuclear particle as a function of 
its position in the field of a nucleus or of 
another nuclear particle. A central potential 
is one that is spherically symmetric, so that I7 
is a function only of the distance r of the par¬ 
ticle from the center of force. A non-central 
potential, on the other hand, is one that is not 
spherically symmetrical, or that depends upon 
the relative directions of the angular momenta 
associated with the particle and the center of 
force as well as upon the distance r. A nega¬ 
tive potential corresponds to an attractive 
force, while a positive potential corresponds to 
a repulsive force. 

Although the expression can certainly be 
applied to the problem of nuclear forces, the 
usual meaning of a nuclear potential refers to 
the interaction of a nucleon (neutron or pro¬ 
ton) with a complex nucleus. Although the 
potential energy of a single nucleon inside a 
nucleus is clearly a rapidly varying function 
of position and time (since it represents the 
interaction with a large number of closely 
packed, fast moving particles) one may never¬ 
theless speak of the average potential energy, 
and regard this as a smoothly varying func¬ 
tion. For a neutron, the nuclear potential is 
essentially negative inside the nucleus, rising 
rapidly to zero outside the nuclear radius R. 
For a proton the long-range electrostatic repul¬ 
sion must, of course, be added. Owing to the 

Pauli exclusion principle, and to the exchange 
nature of nuclear forces, however, such a po¬ 
tential cannot in general be regarded simply 
as a function of position, V = V (r); it depends 
in addition upon the momentum of the particle, 
which in quantum mechanics does not com¬ 
mute with the position. Hence, the potential 
must be regarded as a non-diagonal matrix 
operator, 

V = <r|F|r'> 

in configuration space, or a similar operator in 
momentum space. 

Although the concept of a nuclear potential 
in this latter sense cannot be defined in a pre¬ 
cise way, it has nevertheless been extremely 
useful, both qualitatively and quantitatively, 
in the investigations of nuclear structure and 
nuclear reactions. It has been of particular 
usefulness in the optical model of nuclear 
reactions. 

NUCLEAR RADIUS. The density distribu¬ 
tion of matter in the atomic nucleus approxi¬ 
mates to a uniform sphere whose radius is 
given by R = r0Awhere A is the mass num¬ 
ber of the nucleus, and r0 is a constant length 
of about 1.2 X 10“13 cm. Actually the surface 
of the nucleus is somewhat diffuse, and depar¬ 
tures from spherical symmetry can be impor¬ 
tant, so the concept of a nuclear radius is none 
too precise. Further, measurements of the 
nuclear radius by means of scattering experi¬ 
ments, for example, give results depending 
upon the method of measurement. Neverthe¬ 
less, the concept is a useful one for most prac¬ 
tical purposes. 

NUCLEAR REACTOR REACTIVITY. See 
reactivity. 

NUCLEAR SPIN. The intrinsic angular mo¬ 
mentum of the atomic nucleus due to rotation 
about its own axis. It is usually designated I 
and has the magnitude 

Vl(I + l)h/2w « I{h/2tt), 

where I is the nuclear spin quantum number 
which has different (integral or half-integral) 
values (including zero) for different nuclei. 
(For data on the spins of stable nuclei, see 
American Institute of Physics Handbook, 
McGraw-Hill, Inc., 1957, p. 8-6 ff.) 

In spectroscopy the nuclear spin is of im¬ 
portance for the explanation of the hyperfine 
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structure, and of the intensity alternation in 
band spectra. 

NUCLEAR STRUCTURE. The nucleus of an 
atom of atomic number Z and mass number A 
contains Z protons and A-Z neutrons, bound 
together under the influence of short-range 
nuclear forces much as molecules are bound 
together in a drop of liquid. The strength of 
binding may be determined by subtracting the 
actual mass of the atom from the mass of its 
constituent particles considered as free par¬ 
ticles. The binding energy EB is then related 
to this mass defect AM by Einstein’s relation 
Eb = Ail/c2, where c is the velocity of light. 
The precise value of EB depends upon the nu¬ 
cleus concerned, and upon how many neutrons 
and protons it contains, but it is of the order 
of 8 mev per nucleon in most nuclei. 

The binding energy determines whether the 
nucleus is stable or unstable. Amongst the 
lighter nuclei the ones which are stable are 
those in which the number of protons is ap¬ 
proximately equal to the number of neutrons, 
so that A 2Z. In heavier stable nuclei there 
is an excess of neutrons over protons owing to 
the repulsive electrostatic forces between the 
protons. Thus, the most stable oxygen nucleus 
is O16 containing 8 protons and 8 neutrons, 
while the most nearly stable uranium nucleus 
is U238 containing 92 protons and 146 neutrons. 
Nuclei containing a disproportionate number 
of neutrons tend to be unstable and decay 
radioactively by emission of electrons whereby 
neutrons are converted into protons; those con¬ 
taining an excess of protons similarly tend to 
decay by emission of positrons or by capture 
of orbital electrons. 

It has been shown that the nucleus is ap¬ 
proximately spherical in shape and of volume 
proportional approximately to its mass. It 
is, however, capable of executing oscillations 
about the spherical form, and in certain cir¬ 
cumstances may even acquire a permanent de¬ 
formation. The heaviest nuclei are unstable 
under deformation, as a result of which they 
undergo spontaneous fission. These properties 
may be described qualitatively by regarding 
the nucleus as an electrically charged drop of 
liquid possessing volume energy and surface 
tension. 

Although the nucleus is normally found in 
its lowest energy state it may be produced as 
the result of a nuclear reaction, or through 

radioactivity in a number of excited states 
whose detailed properties may differ quite 
markedly from the lowest state. If formed in 
an excited state it will decay, normally by the 
emission of electromagnetic radiation (y-rays) 
to the lowest state, or by the emission of par¬ 
ticles to another nucleus. 

NUCLEOPHILIC REAGENT. See induc¬ 
tive effect. 

NUCLEUS OF AN INTEGRAL EQUATION. 
See kernel. 

NUISANCE PARAMETERS. Parameters of 
a system which bedevil the estimation of 
certain other parameters in virtue of being 
unknown. Either they must be themselves 
estimated, or methods must be found to get 
rid of them from the estimation procedure. 

NULL-GEODESIC. Curve drawn in space- 
time such that the infinitesimal interval be¬ 
tween two neighboring points on the curve 
vanishes. This represents a possible space- 
time path of a light ray. 

The equation of a null-geodesic are 

gikdxldxk = 0 
and 

Dxl 
- = 0 
Du 

u is an arbitrary parameter along the curve; 
the left-hand member of the second equation 
is the covariant derivative with respect to u. 

NULLITY GRAPH. See graph, nullity. 

NULL MATRIX. A matrix having only zero 
elements. 

NULL SEQUENCE. A sequence having zero 
as a limit. 

NULL VECTOR. A vector A^ of zero length 
= 0). In special relativity theory the 

displacement between two events on the path 
of a photon is a null vector. 

NUMBER. The concept of a cardinal number 
is difficult to define, and we should perhaps 
content ourselves with defining what cardinal 
numbers do (relations between them being 
merely a convenient method of expressing re¬ 
lations between sets), leaving the question of 
what they are to philosophers. Thus, we say 
that two sets have the same cardinal number 
if they can be put into one-to-one correspond- 
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ence with each other. The set of natural num¬ 
bers 0, 1, 2, • • •, being given in this way, it is 
convenient to define rational numbers (pairs 
of natural numbers; e.g., a,6; c,d, etc., with 
addition defined by a,(b) -j- (c,d) = (ad + 
be, bd), and so on), so that division (except by 
zero) is always possible, and negative num¬ 
bers, so that subtraction is always possible. 
The next step is to define irrational numbers 
(see Dedekind cut), so as to be able to take 
roots, and complex numbers, so as to have roots 
of negative numbers. For these and other 
types of numbers, see the respective headings. 

NUMBER OPERATOR. See creation and an¬ 
nihilation operators. 

NUMBERS, CONJUGATE. See conjugate 
numbers. 

NUMERICAL ANALYSIS. The theory un¬ 
derlying the development of numerical proc¬ 
esses. In Lanczos’s terms, numerical analysis 
is distinguished from parexic analysis which 
has as its aim the development of approximate 
formulas. In more common usage it would 
include parexic analysis. 

NUMERICAL APERTURE. Abbe named the 
quantity n sin u the numerical aperture (N.A.) 
of a lens system, where u is the angular radius 
of the objective lens as seen from a point on 
the optical axis at the object, and n is the index 
of refraction of the medium between the object 
and the objective lens. The importance of the 
N.A. is that the optical path difference of two 
rays, one to each opposite edge of the objec¬ 
tive, is n-fold greater in an immersion medium 
of index n than it would be in air, making the 
diffraction pattern of the objective aperture 
72-fold narrower. (See Rayleigh criterion of 
resolving power and Abbe sine condition.) 

NUMERICAL CUBATURE. See multivari¬ 
ate interpolation. 

NUMERICAL DIFFERENTIATION. See 
differentiation formulas. 

NUMERICAL FORECASTING. (Also called 
mathematical forecasting, dynamic forecast¬ 
ing, physical forecasting, numerical weather 
prediction.) The forecasting of the behavior 
of atmospheric disturbances by the numerical 
solution of the governing fundamental equa¬ 
tions of hydrodynamics, subject to observed 
initial conditions. When applied to the cy¬ 

clonic-scale atmospheric disturbances in the 
form of a dynamical model, these solutions 
form a method of forecasting the behavior of 
the migratory pressure systems of middle lati¬ 
tude. Numerical forecasting is usually per¬ 
formed with the aid of high-speed computing 
devices. (See barotropic model, thermotropic 
model.) 

NUMERICAL QUADRATURE. See quadra¬ 
ture. 

NUMERICAL SOLUTION OF DIFFEREN- 
IIAL EQUATIONS. See differential equa¬ 
tions. 

NUMERICAL SOLUTION OF EQUA- 
I IONS. See algebraic equations, matrix in¬ 
version, Newton method, iterative methods, 
Bernoulli method, Craeffe method and Ilomer 
method. 

NUMERICAL STABILITY. A problem is 
numerically stable in case small errors in the 
data produce moderate errors at most in the 
required quantities. A method is numerically 
stable if it does not permit the accumulation 
of large generated errors, or if it does not in¬ 
volve a transformation of the original problem 
into another one that may be substantially 
less stable. The term is applied in particular 
to certain methods for solving ordinary and 
partial differential equations for which the ap¬ 
proximating system of difference equations is 
stable. (See condition number.) 

NUMERICAL TENSOR. See tensor, iso¬ 
tropic. 

NUSSELT NUMBER. A non-dimensional 
number, N, relating the heat flux II per unit 
area to conductivity k and temperature gra¬ 
dient AT/h 

N (or Nu) = hH/kAT. 

The Nusselt number can be applied to heat 
transfer by forced turbulent convection as well 
as to ordinary conductivity. 

NUTATION. In the case of a spinning top 
or gyroscope, the inclination of the top’s axis 
to the vertical will vary periodically between 
certain limiting angles. This motion is called 
nutation. In general a spinning top or gyro¬ 
scope experiences both nutation and preces¬ 
sion. 
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NUTATION OF EARTH AND MOON. If 
the sun and the moon apparently moved about 
the earth in fixed circular orbits and in the 
plane of the ecliptic, the changes produced by 
precession would be maintained. However, 
this is far from being the case. The motion 
of the vernal equinox along the ecliptic is not 
quite uniform. In an interval of time, t, the 
displacement of the vernal equinox can be 
expressed by ait + S sin 2L, where ai and S 
are constants, and L is the longitude of the 
sun. The term ait indicates a progressive and 
uniform motion along the ecliptic. Such a 
term is frequently called a secular term, but in 
precessional theory it is known as a preces- 
sional term, and is part of the precessional 
motion. The term S sin 2L is obviously peri¬ 
odic in character, oscillating between +<S and 
— S during the year. Terms of this character 
are called periodic terms. 

The same treatment may be given to terms 
caused by the moon, yielding both secular and 
periodic terms. Moreover, similar treatment 
is accorded other objects for which these effects 
are significant. A general expression for nuta¬ 
tion has the form 

at + b sin N + c sin 2N 

+ P sin 2L -f- m sin 2A + • • • 

in which N is the longitude of the ascending 
node of the moon’s orbit and A is the longitude 

of the moon. In the computations for al¬ 
manacs, many terms are used and the compu¬ 
tational work is so great that it is often shared 
by several nations. 

NUTTING EQUATION. A power law equa¬ 
tion giving creep strain as a product of a power 
of the stress and a power of the time. 

NYQUIST CRITERION FOR A CONTROL 
SYSTEM. See stability (of system). 

NYQUIST FREQUENCY. (Also called turn¬ 
over frequency.) The highest frequency which 
can be determined in a Fourier analysis of a 
discrete sampling of data. If a time series 
is sampled at interval At, this frequency is 
1/2At cps. 

NYQUIST LOCUS. See frequency response 
representation. 

NYQUIST THEOREM. The relation be¬ 
tween the mean square voltage (F2) of an 
equipotential conductor carrying zero current, 
the electrical resistance p(w) as a function of 
frequency « of the currents, and the absolute 
temperature T$, 

<F2> = (4/0) Jp(u)du, 
o 

where 0 = 1/kT, k being Boltzmann’s con¬ 
stant. This is a special case of the fluctuation- 
dissipation theorem. 



o 
OBJECT FOCAL LENGTH. See focal 
length. 

OBJECT POINT. T he real or virtual point 
of intersection of a pencil of rays incident 
upon an optical system. 

OBJECT RAY. See ray. 

OBJECT, REAL. In geometrical optics, an 
object is called “real” if from each [joint of 
it, light diverges towards the optical system. 
(See object, virtual.) 

OBJECT-SIDE PUPIL. See entrance pupil. 

OBJECT, VIRTUAL. An example of a vir¬ 
tual object is given below. The image /1 

which would have been formed by lens L\ 

had not lens been interposed acts as a vir¬ 
tual object for lens L>. 

OBLATE. Flattened or depressed at the poles. 

The ellipsoid 

x y 2 
-, + b; + -, = 1 
a b2 c2 

with a > b > c is a sphere if a = b — c, and 
a spheroid if a = b > c or a > b = c. In the 
case a = b > c (the two equal axes are greater 
than the unequal one) the spheroid is oblate; 
in the case a > b = c, it is prolate. 

OBLATE SPHEROIDAL COORDINATES. 

The coordinate surfaces are: families of oblate 

ellipsoids of revolution around the Z-axis with 
semi-axes a = cy/1 £2, b = c£ (£ = const.); 
hyperboloids of revolution of one sheet with 
a = cy/l — y{2, b = ct} (rj = const.); and 
planes from the Z-axis (<£ = const.). The 
following additional relations hold: 

0 <£<*>; — 1 < v < 1; 0<4><27t 

x = cv/(1 -f £2)(1 — ri2) cos <f> 

y = cV( 1 + £2)(1 - v2) sin <*> 

2 = c£ij. 

Alternative variables often used are 

£ = sinh u; 17 = cos v; 

0 < U < 00; 0 < V < 7T. 

OBSERVABLE. In quantum mechanics, any 
quantity that can be observed. Observables 
are related to linear operators, and the pos¬ 
sible values that the observable can take are 
given by the spectrum of the eigenvalues of 
the operator. 

OCCUPATION NUMBERS. A set of states 
of a system of identical particles can be given 
by enumerating first a complete set of states 
of a single particle, and giving then the oc¬ 
cupation numbers which describe how many 
particles occupy each of these single particle 
states. In a system of fermions there cannot 
be more than one particle in a single particle 
state, and the possible values of the occupation 
number are 0 and 1. For bosons, the possible 
values of the occupation numbers are 0, 1, 2, 3, 
• • •. (See also microstate.) 

OCTAHEDRAL SHEAR STRESS. See Mises 
yield condition. 

OCTAHEDRAL STRESS. See stress, octa¬ 
hedral. 

OCTANE NUMBER. See knocking. 

ODD-EVEN RULE OF NUCLEAR STA¬ 
BILITY. The rule, based on the number of 
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stable nuclides, that nuclides with even num¬ 
bers of both protons and neutrons are most 
stable; those with an even number of protons 
and an odd number of neutrons, or vice versa, 
are somewhat less stable; while those with odd 
numbers of both protons and neutrons are 
least stable. 

ODD FUNCTION. A function which changes 
sign when the sign of the dependent variable 
is changed: j{—x) — — fix) Typical exam¬ 
ples are xs and sin x. (See even function.) 

ODD TERM OF AN ATOM. A term for 
which 2k, summed over all the electrons in an 
atom is odd {l, azimuthal quantum number). 
The eigenfunctions of odd terms are changed 
in sign by reflection of all particles at the 
center. The odd terms are distinguished from 
the even ones by a superscript o (e.g., -P”). 

OFFENSE AGAINST THE SINE CONDI¬ 
TION. Abbreviated to OSC. A quantity in¬ 
troduced into lens design by A. E. Conrady in 
order to have a numerical measure of coma, 
and defined as the ratio of the sagittal coma 
to the distance of the image point from the 
optical axis. (See Abbe sine condition.) 

OHM, MECHANICAL. By analogy with the 
concept of electrical impedance, the complex 
ratio of the force acting in a mechanical sys¬ 
tem to the velocity is often termed the me¬ 
chanical impedance and is measured in me¬ 
chanical ohms. In the egs system, the me¬ 
chanical ohm is equal to 1 dyne per cm/sec, 
and has the dimensions of gm/sec. (See also 
acoustic units.) 

OHM’S LAW. The statement that in a con¬ 
ductive medium the current I is proportional 
to the impressed electromotive force E, when 
this is constant. The constant of proportional¬ 
ity {E/I) is termed the resistance. 

OHM’S LAW IN HYDROMAGNETICS. In 
a conducting fluid, Ohm’s Law takes the form 

E + V X B/c = jn, 

where E is the electric field, V is the fluid 
velocity, B is the magnetic field, j the electric 
current density and q the electrical resistivity. 
This reduces to the usual form of Ohm’s Law 
in the coordinate system moving with the fluid. 

ONE-TO-ONE MAPPING. See representa¬ 
tion. 

ONE-VELOCITY NEUTRON TRANSPORT 
THEORY. See neutron transport theory, one 
velocity form. 

ONSAGER EQUATION FOR THE DIELEC¬ 
TRIC CONSTANT. If the short range inter¬ 
actions in a dielectric can be neglected (see 
internal fields in dielectrics), and if the polar¬ 
izability a of the dipolar molecules is practically 
isotropic, Onsager has shown that the static 
dielectric constant e« of a pure liquid is given 
by 

2 3es ±tthv-N0 /n“ + 2\2 

2es + n2 3kT V 3 / 

where n is the refractive index, /xv is the mag¬ 
nitude of the dipole moment of the molecule 
in vacuum; N0 is the concentration in par¬ 
ticles per cubic centimeter, k is the Boltzmann 
constant, and T the absolute temperature. 
Onsager has obtained similar equations for 
the case of mixtures. (See also Kirkwood 
equation for the dielectric constant.) 

ONSAGER RELATIONS. If Xt(i = 1, 2, 
•••) denote forces acting on a system (such 
as electric field strength, temperature gradient, 
• • •), and ji the fluxes produced by the forces 
(such as electrical current, heat current, • • •), 
one finds phenomenologically relations of the 
type 

ji = ZLijXj. 
i 

The Onsager relations state that 

Lij = Lji. 

An example of the Onsager relations are the 
Kelvin relations for thermoelectric phenomena, 
in which case the Li} are related to the Peltier 
heat and the thermoelectric power. (See also 
reciprocity relations.) 

OPEN EDGE TRAIN. Sec edge train, open. 

OPEN QUADRATURE FORMULA. A quad¬ 
rature formula in terms of ordinates drawn at 
points within the interval of integration, and 
excluding at least one endpoint, e.g., for inte¬ 
grating from x0 to xn, but based upon /„, 
•••, /„_i only and not involving Such a 
formula is useful as a predictor formula in 
the numerical solution of ordinary differential 
equations. 

OPEN SET. The concept of an open set of 
points in a topological space is often taken as 
a fundamental concept in terms of which other 
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concepts are defined. If the notion of neigh¬ 
borhood is already defined, as, e.g., in a metric 
space, an open set S may be defined as a set S 
such that, for every point p in S, the set S in¬ 
cludes an entire neighborhood of p. Thus the 
interior of a circle in the Euclidean plane is 
an open set, the interior plus the circumference 
is a closed set, while the interior plus half the 
circumference is neither open nor closed. 

OPEN SYSTEM. (Alternatively known as a 
control volume.) A thermodynamic system 
whose walls may be crossed by matter and 
energy (heat or work). (Cf. isolated system 
and closed system.) 

OPERATING CHARACTERISTIC. If an in¬ 
spection procedure provides a rule for accept¬ 
ing or rejecting batches on the basis of some 
observed quantity (such as the proportions of 
defective items in a sample from the batch), 
the operating characteristic is a graph of the 
probability of accepting a batch as ordinate 
against the value of the observed quantity as 
abscissa. 

OPERATION. See operator. For Hermitian 
operator, etc., see the respective headings. 

OPERATIONAL DEFINITION. A defini¬ 
tion which can be reduced to the experimental 
steps that must be taken to measure the quan¬ 
tity being defined. 

OPERATIONALISM. The principle that any 
quantity which is to be used in scientific con¬ 
siderations must be given an operational defini¬ 
tion. 

OPERATIONAL METHODS. The treatment 
of differential and other operators as though 
they were algebraic symbols in order to derive 
formal identities. Most often the term applies 
to the use of Fourier, Laplace, or other trans¬ 
forms in the solution of functional equations, 
but see difference operators for the formal 
derivation of formulas for interpolation, quad¬ 
rature, and differentiation. 

OPERATOR. In its widest sense the word 
operator is synonymous with function, trans¬ 
formation, etc., denoting a mapping of one 
set of elements (the domain of the operator) 
onto another (its range). But when the word 
operator is used, it is generally understood that 
both the domain and the range consist of func¬ 
tions (i.e., functions from number to number). 

1 hus, a differential operator transforms a 
function into its derivative, an integral oper¬ 
ator has the form 

g(s) = j K(x,s)f{x)dx, 

and so forth. A linear operator is a common 
case. It obeys the distributive law, thus for the 
operator A, A[f{x) + g(x)] = Af(x) + Ag{x) 
and A ■ef(x) = cAf(x), where c is any constant. 
If the order of applying operators to a function 
is immaterial, the operators are commutative. 
Suppose A = a-j- and B = b-f-, with a, b 

constant, are applied to a function of x, then 
ABf(x) = a + b + f{x) = BAf(x) and A, B 
commute. However, if P = d/dx and Q = x-, 
then P and Q are not commutative for PQf(x) 
= fix) + QPf{x). 

If A and B are non-commutative, their com¬ 
mutator is (A, B) = AB - BA. According to 
quantum theory, if the commutator vanishes 
for two operators that represent dynamical 
variables, then the measurement of one of 
these variables does not interfere with that of 
the other. 

As stated above, a differential operator in¬ 
volves one or more differentiations. Examples 
are D = d/dx, D2 = d2/dx2, Dw = dn/dxn; 
F(u) = f{x)u" + g(x)u' -f- h{x)u. In the more 
general case of an n-th order operator 

n 

L(u) = Z [/i(rc)w(r<)](*«) 
i=0 

the adjoint operator is 

n 

Uv) = Z (-l)r<+g‘[/t(x)M(^](r‘). 
J=0 

If L(u) = L{u), the operators are self-adjoint. 
Any second-order differential operator can be 
made self-adjoint with an integrating factor 

r<o-n, 
exp J -dx. 

(See also difference operators; creation and 
destruction operators.) 

If the elements of the domain of the trans¬ 
formation in question are other than functions, 
then, as stated above, it is customary to refer 
to the transformation by some other word than 
operator; e.g., addition of a number a, or mul¬ 
tiplication by a group element a, etc., are usu¬ 
ally called “operations.” 
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OPERATOR, ADJOINT OF. See operator; 
adjoint of an operator. 

OPERATOR, ANNIHILATION. See crea¬ 
tion and destruction operators. 

OPERATOR, CENTRAL MEAN. See differ¬ 
ence operators. 

OPERATOR, CREATION. See creation and 
destruction operators. 

OPERATOR, DESTRUCTION. See creation 
and destruction operators. 

OPERATOR, DIRAC. See Dirac operator. 

OPERATOR, DISPLACEMENT. See differ¬ 
ence operators. 

OPERATOR, DYADIC. See dyadic operator. 

OPERATOR, EXCHANGE. A quantum- 
mechanical operator, which exchanges the posi¬ 
tions of two particles in a wave function. 

OPERATOR, HERMITIAN. Any operator 
whose matrix representation is a Hermitian 
matrix. 

OPERATOR, PAULI SPIN. See Pauli spin 
operator. 

OPERATOR, POTENTIAL. See potential 
operator. 

OPERATORS, DIFFERENCE. See differ¬ 
ence operators. 

OPERATOR, VECTOR. See vector operator. 

OPTICAL AXIS. Of an anisotropic medium 
(e.g., a crystal), a direction for which double 
refraction does not occur. 

OPTICAL CENTER. In an optical system a 
point so located that every optical path 
through that point will emerge from the sys¬ 
tem parallel to its direction of incidence. 

OPTICAL DENSITY. The logarithm to base 
ten of the reciprocal of the transmission factor. 
(See internal optical density.) 

OPTICAL DENSITY, EXTERNAL. See ex¬ 
ternal optical density. 

OPTICAL DENSITY, INTERNAL. See in¬ 
ternal optical density. 

OPTICAL DEPTH. The optical depth, some¬ 
times referred to as “optical thickness,” of an 

absorbing layer of geometrical thickness is 
defined as 

where kv is the absorption coefficient for fre¬ 
quency v. r„ is a non-dimensional quantity, 
introduced in the solution of problems of radia¬ 
tive transfer in cases where the absorption 
coefficient ny varies along the line of sight. A 
beam of light of intensity IVt0, after passing 
through an absorbing layer of optical depth 
t„, has the intensity 

Iy = Iy,oZ~7v. 

A layer of optical depth r = 1 therefore reduces 
the intensity of transmitted radiation to 1/e 
times its initial value. 

OPTICAL DIFFERENTIAL INVARIANT. 
Let a two-dimensional manifold of rays, with 
parameters u,v, be specified by the position 
vectors a of the object points (origin arbitrary) 
and the normalized direction vector s of a ray, 
where the length of s is the refractive index 
in object space. Let a', s' be the corresponding 
image position vector and normalized direction 
vector of the image ray. The optical differ¬ 
ential invariant is 

L(w,a) aus„ a,.s„ = a us „ a vs w 

w’here the subscripts indicate partial deriva¬ 
tives. This is the Lagrange bracket of the 
calculus of variations. 

OPTICAL DIRECTION COSINES. If (cos 
a, cos /?, cos y) is the unit tangent vector of an 
optical path in a medium with refractive index 
n, then 

p = n cos a, q — n cos /?, r = n cos y 

are referred to as optical direction cosines. 
Since 

p2 + q2 + r2 = n2, 

there are two independent direction cosines 
and so sometimes the pair p,q are called the 
direction cosines of a ray. 

OPTICAL DISTANCE. In the theory of neu¬ 
tron transport, the distance between two 
points, multiplied by the averaged total cross 
section, or averaged inverse mean free path, 
where the averaging is extended along the line- 
segment joining the points. 
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OPTICAL MODE. A type of thermal vibra¬ 
tion of a crystal lattice whose frequency is 
nearly independent of wave number. The 
optical modes may be thought of as internal 
vibrations of the molecules or unit cells of 
the lattice, loosely coupled from cell to cell. 
In ionic crystals, this leads to strong absorp¬ 
tion in the infrared because of the fluctuating 
dipole moment as the ions of opposite sign 
move relative to one another. The optical 
modes contribute to the specific heat with 
Einstein specific heat functions. 

OPTICAL MODEL OF THE NUCLEUS. A 
model which represents the effect of the target 
nucleus on the bombarding particle in a nu¬ 
clear reaction by means of a potential which 
is a complex function of position or shape ap¬ 
proximating to the nuclear density distribution, 
the real part representing the elastic scattering, 
the imaginary part the absorption. This model 
has been quite successful in explaining the 
total cross sections of nuclei for neutrons and 
protons with energies in the 100 Mev region. 
Its most striking success, however, has been in 
predicting the total neutron cross sections for 
neutrons in the region of 1 Mev energy, where 
resonances are present in principle but are 
averaged out, either deliberately, or through 
poor energy resolution of the experiment. 
Whereas the compound nucleus theory gives 
the actual, complicated cross section of a proc¬ 
ess involving an actual, complicated nucleus, 
the optical model gives, surprisingly ac¬ 
curately, the average cross section in terms 
of the average properties of nuclear matter. 

OPTICAL PATH. According to Fermat’s 
principle an optical path C, or ray, in an iso¬ 
tropic medium is an extremal of the optical 
path length 

Ju(x,y,z)ds 
c 

where n{x,y,z) is the index of refraction and s 
is arc length on C. Thus C is an integral 
curve of the differential equations, 

d / dx\ dn d / dy\ dn 

ds V dsj dx ds V ds) dy 

d / dz\ dn 
= — (n — )-= 0 

ds \ ds/ dz 

which are the Euler equations of the varia¬ 
tional problem. But, these are also the dif¬ 

ferential equations of the geodesics of a Rie- 
mannian space with line element [n(x,y,z) ]2 
= [(dx)2 + (dy)2 -f- (dz)2], which is a further 
characterization of an optical path. 

Finally, in an isotropic medium an optical 
path can be characterized as an orthogonal 
trajectory of a one-parameter family of wave 
fronts. In an anisotropic medium the optical 
paths are the lines of energy flow or the curve 
whose tangent vector field is the Poynting 
vector E X H. 

OPTICAL THEOREM. The S-matrix con¬ 
nects the initial and final states, |i> and |/> 
of a quantum-mechanical system by 

l/>-S|*'> (1) 

Conservation of probability requires that 

(/I/) = (i\i) (2) 

so that S is unitary: 

S*S = SS* = 1. (3) 

(A proof of this unitarity depends on the prop¬ 
erties of id = H0 + Hi, the Hamiltonian of the 
system.) If one defines the operator T by 

S = 1 + T (4) 

the unitary condition implies 

T* + T = — T*T. (5) 

The S-matrix has only matrix elements between 
states of equal energy so that if we write 

<a|T|b) = 2tri8(Ea - Eb)(a\T\b) (6) 

then Equation (5) asserts that 

Im (i\T\i) = x Z Wt - E,)\(f\T\i)\2. 

7 (7) 

The right hand side is connected with the total 
cross section, whereas the left hand side is 
connected to the forward elastic scattering 
amplitude in the case of two particle scattering. 
More generally if we write 

<o|T| b) = 2irf5(4)(pa — pb)(a\M\ b> (8) 

where pa = (Ea, pa) is the energy-momentum 
of the initial state, then unitarity asserts that 

21m (i\M\i) = S(4)(p/ - pi)\(f\M\i)\2. 
/ 
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Now the transition probability per unit volume 
per unit time for the process i —»/ is 

\(f\T\i)\2 
w =-- 

lim tv 
V,r— 

= — *“’(«-'■/) I (10) 
(27r)2 

The cross section for the process i —> / is then 
given by <r(i —»/) = w/flux. For a two particle 
collision the flux is given by flux = ti/(27r)6 
where v is the relative velocity between 
particles, whence 

<r(i — /) - — J<4>(pi - »)\<J\M\i)\2. (11) 
v 

Summing over all final states gives the total 
cross section 

= — £ «(,>(Pi - Pi) I (/I M | f> |2 (12) 
” / 

so that comparing (12) and (9) verifies our 
previous assertion. Equation (9) is sometimes 
called the optical theorem. For the two-par¬ 
ticle scattering case it can be reduced to the 
following expression 

k 
Im/(0) = — <T total (13) 

4 IT 

where /(0) is the non-spin flip (coherent) for¬ 
ward scattering amplitude and k is the magni¬ 
tude of the projective particle’s momentum (in 
the laboratory system). 

OPTICS, CANONICAL EQUATIONS OF. 
See canonical equations of optics. 

OPTICS, COLLINEATION EQUATIONS 
OF. See collineation equations of optics. 

OPTIMUM-INTERVAL INTERPOLATION. 
The use of interpolation formulas based upon 
intervals of varying size adjusted so as to 
optimize the result in some way. Usually the 
interval size will be taken as great as possible 
so that the error of an interpolating polynomial 
of fixed degree will not surpass a specified 
limit. (See Alston S. Householder, Principles 
of Numerical Analysis, McGraw-Hill Book 
Company, 1953.) 

OPTIMUM MAGNIFICATION. The maxi¬ 
mum value of the numerical aperture of a dry 

lens is 1.0. Oil-immersion objectives with 
numerical apertures up to 1.65 have been con¬ 
structed. The minimum distance between 
points which are just resolved is thus 2.7 X 
10~5 cm for a dry lens, and 1.6 X 10“5 cm 
for an oil-immersion lens, using oblique illu¬ 
mination and a wavelength of 5500 A. The 
maximum useful magnification is thus about 
S00 for dry objectives, and 1200 for oil-im¬ 
mersion objectives. 

ORBIT. Strictly, the closed trajectory fol¬ 
lowed by a particle under the influence of a 
central force. The noun is often applied to 
trajectories that are not closed, such as the 
parabolic path of a comet or the path of an 
earth satellite that is falling and speeding up 
as a result of dissipative forces. 

ORBITAL. Term introduced by Mulliken for 
the states of single electrons in an atom or 
molecule which are characterized by certain 
values of their quantum numbers apart from 
spin, and certain orbital wave functions. 

In atoms, orbitals with l = 1, 2, ••• are 
designated s, p, d, • • • orbitals, and the elec¬ 
trons in them s, p, d, • • • electrons. Placing 
the value of n in front of the symbol for l, 
one speaks, for example, of a 2p orbital, or 
2p electrons. 

Similarly, in molecules, one distinguishes 
orbitals with certain values of n, l, and mt, 
and speaks for example, of 3da, 3dir, 3dS, • • • 
orbitals or electrons, respectively, for n — 3, 
l = 2, and mt = 0, 1, 2, • • •. In many cases, 
the eigenfunctions of a single electron in a 
molecule can be approximated by a linear 
combination of the orbital eigenfunctions of 
the separated atoms, that is, molecular orbitals 
are linear combinations of atomic orbitals, 
(n, l, and mt are the principal, azimuthal and 
magnetic quantum numbers, respectively.) 
(See also quantum numbers of the individual 
electrons in an atom.) 

ORBITAL, ANTIBONDING. A molecular 
orbital whose energy increases as the two 
atoms are brought together, corresponding to 
a net repulsion. In an antibonding orbital the 
electron density is least in the region between 
the two nuclei. 

ORBITAL, BONDING. A molecular orbital 
coupling two atoms in such a way that the 
energy has a minimum value when the inter¬ 
atomic distance is small, thus favoring a bond 
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between them. In a bonding orbital the elec¬ 
tron density is greatest in the region between 
the two nuclei. 

ORBITAL DIAMAGNETISM OF CONDUC¬ 
TION ELECTRONS. There is a contribution 
to the magnetic susceptibility of a metal which 
results from changes in the orbital wave func¬ 
tions when a magnetic field is applied. 
Landau’s formula for the susceptibility x pro¬ 
duced by the free conduction electrons as a 
result of this is 

4m/us2 /JW2\ ^ 

where N is the number of free electrons per 
unit volume, and fj.B is the Bohr magneton. 
Classical theory would give instead of (1), 
X = 0. The contribution to the susceptibility 
given by Equation (1) must be added to that 
which results from spin paramagnetism of 
conduction electrons. The total value of the 
susceptibility is then twice as great, and of 
the opposite sign to that given by Equation 

(1). 

ORBITAL ELEMENTS. See orbit, astro¬ 
nomical, elements of. 

ORBITAL MOTION OF ELECTRONS IN 
AN ATOM. See electron orbits in an atom 
(Bohr orbits). 

ORBITAL, P. An atomic orbital using a p- 
state eigenfunction (1 unit of orbital angular 
momentum). 

ORBITAL, S. An atomic orital using an s- 
state eigenfunction (zero orbital angular mo¬ 
mentum). 

ORBIT, ASTRONOMICAL, ELEMENTS OF. 
In describing the motions of the planets and 
other members of the solar system about the 
sun, and to locate the position of such an ob¬ 
ject at any past or future time, seven so-called 
elements of the orbit are required. 

The plane of the ecliptic is the fundamental 
plane of reference for the solar system, and the 
direction of the vernal equinox is the fundamen¬ 
tal direction. In the figure is drawn the celes¬ 
tial sphere, showing the plane of the ecliptic 
and the position of the vernal equinox, F, for an 
arbitrary date. The sun is at the center of the 
sphere and the orbit plane of a planet or other 
celestial object is represented by the plane 

NAiPiPQN'. The orbit itself is shown as the 
ellipse APL with perihelion at A. The line of 
intersection of the orbit plane and the ecliptic 
is known as the line of nodes, NN'. The angle 

VN in the plane of the ecliptic is one of the 
elements of the orbit and is known as the longi¬ 
tude of the ascending node. This angle is usually 
symbolized by d. A iNB is another element of 
the orbit known as the inclination, designated 
by i. The third orbital element is the sum of 6, 
in the plane of the ecliptic, and NA! (which is 
designated by w) in the orbit plane. This sum, 
w = 6 + w, is the longitude of perihelion. These 
three elements, 6, i, and d> are three elements of 
the orbit. The longitude of the nodes 9 de¬ 
termines the points N and N' on the celestial 
sphere at which the plane of the orbit inter¬ 
sects the ecliptic. The angle i is the angle at 
which the plane of the orbit is inclined to the 
plane of the ecliptic. The longitude of peri¬ 
helion, w, determines the direction of the 
perihelion point. 

Two other elements define the ellipse itself: 
e is the eccentricity of the orbit, and a is the 
semi-major axis of the ellipse, usually ex¬ 
pressed in astronomical units. Two more ele¬ 
ments are required to determine the position 
of the object in the orbit at a given time. 
They are: P, the complete period of revolution 
about the ellipse, and /i, the mean daily mo¬ 
tion, which is simply 360°/P in days. 

In addition to the seven elements discussed 
above it is desirable to specify some starting 
time for the motion in the ellipse. The quan¬ 
tity used for this purpose is the mean longitude 
of the object as seen from the sun on some 
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particular date called the epoch (E), e.g., 
January 1, 1960. 

T is the precise time at which the planet 
was at perihelion. 

ORBIT, BOIIR. See Bohr orbit. 

ORBIT THEORY, PLANETARY. See plane¬ 
tary orbit theory. 

ORDER (OF SYSTEM). For notational sys¬ 
tem, see indicial notation; or for control sys¬ 
tem, see control system, type number. 

ORDER-DISORDER TRANSFORMATION. 
Many alloys with a characteristic lattice struc¬ 
ture show a specific heat anomaly at a critical 
temperature which corresponds to a change 
from an ordered to a disordered arrangement 
of the constituent atoms of the alloy. This 
occurs without any significant change in lat¬ 
tice type. For a binary alloy AB, which con¬ 
tains an atomic fraction a of constituent A, 
the degree of order s is defined by 

s = (p — a)(l — o) 

where p is the fraction of “A” atoms in their 
correct ordered positions. 

If e is the energy of exchange of a pair of A 
and B atoms, from wrong to right positions, 
e will have a maximum value t0 when there is 
complete order, and will be zero for complete 
disorder. If it is assumed that e = se0, then 
the total energy arising from disorder AE is 
given by 

AE = AE0(1 - s2) 
and 

A E0 = %Na(l — a)e0 

where N is the total number of atoms. (See 
also cooperative phenomena.) 

ORDER OF CHEMICAL REACTIONS. A 
chemical reaction is said to be of the n"‘ order 
if its rate is directly proportional to the prod¬ 
uct of n concentrations. Therefore the de¬ 
composition of A, if described by the equation 

is a first order reaction. Similarly if it is de¬ 
scribed by the equation 

dCA dCA „ 
— = —k CaCb or — = —k CA2 (2) 
dt dt 

The coefficient k which appears in (1) or (2) 
is called the rale constant. Generally the tem¬ 
perature variation of a rate constant may be 
expressed by 

_ JL 
k = Pe kT (3) 

where k is the rate constant and k is the Boltz¬ 
mann constant. This equation is called the 
Arrhenius equation. (See also collision the¬ 
ory; absolute reaction rate theory.) 

ORDER OF CONTRA VARIANCE. See 
tensor field. 

ORDER OF CONTROL SYSTEM. See con¬ 
trol system, type number. 

ORDER OF COVARIANCE. See tensor field. 

ORDER OF DIFFERENTIAL EQUATION. 
See differential equation entries. 

ORDER OF GROUP. The number of ele¬ 
ments in the group. 

ORDER OF POLYNOMIAL. A polynomial 
in x is said to be of order n when n is the 
highest power of x appearing in it. 

ORDER (TOTAL) OF TENSOR. See tensor 
field. 

ORDER PARAMETERS. See cooperative 
phenomena. 

ORDER STATISTICS. Variate values in a 
sample determined according to the order in 
the array of sample-values when arrayed ac¬ 
cording to magnitude; e.g., the smallest value, 
the median (middle value). More generally, 
any function of such statistics, e.g., the range 
(largest less smallest value). 

ORDINARY DIFFERENTIAL EQUATION. 
An equation in which there occur, along with 
each dependent variable, one or more of its 
derivatives with respect to a single independent 
variable. In general there must be as many 
equations as there are dependent variables. 
Also, in general, if any derivatives higher than 
the first occur, it is possible to enlarge the 
system to one containing only first derivatives. 
Thus if the equation is of the form 

Six, y, y', y") = 0, 

where x is the independent variable, one can 
set 

Vi = V, V2 = y', it is a second order reaction. 
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anti the given equation is equivalent to the 
simultaneous equations 

/(^, 2/i, 2/2,2/'2) = 0, 

y'i - V2 = o. 

Finally, it is generally possible to solve for first 
derivatives and write the system in the form 

dyi/dx = rji, 2/2, • * *, 3/n), i = 1, 2, • • •, n. 

The equations are then said to be in normal 
form. In order that the yffx) be uniquely 
defined as functions of x it is necessary to adjoin 
n further conditions relating the values as¬ 
sumed by the ?/,■ at certain discrete points. For 
an initial value problem, all values are specified 
at a single point, for a boundary-value prob¬ 
lem, relations between values at the two 
boundaries are specified. Here it will be as¬ 
sumed that initial values are given. 

A system in normal form can be compactly 
represented by 

y' = fix, y), 

where, if n > 1, y, y', and / represent vectors 
in n-space. Methods for numerical solution 
in the general case are rather obvious generali¬ 
zations of the case n = 1, and attention will be 
confined to this. It will be assumed that the 
initial value 

y(x 0) = ?/o 

is given. In case/(x, y) is analytic in x and in 
y at (x0, 2/0), then it is possible to obtain the 
coefficients of the series expansion 

y = Vo + (z - x0)y'o + %(x - x0)22/"0 H-• 

In fact, 7/o is given, from the equation itself one 
obtains 

y'o = /On, ?/o), 

and by differentiation one obtains 

y"o = fx(xo, 2/o) + y'ofu(x0, ?/o) 

and other derivatives of higher order are simi¬ 
larly found. 

Most numerical methods, however, combine 
interpolation with the Picard method in the 
sense that the quadratures required by this 
method are carried out numerically. This idea 
is capable of almost infinitely many variations, 
but to begin with it is generally assumed that 
by series expansion or otherwise one has first 
obtained suitable values 2/1 = y(xj), y2 = 

2/(x2), • • • where, in general, x„ = x0 + vh, and 
h represents a sufficiently fine subdivision. 
Thereafter one can write 

yv+i = 2/» + I fix, y)dx, 
” Xv 

where yv, 2/„+i, •••, 2/x+i-i have been found. 
At this point one uses first a predictor formula 
which expresses the integral in terms of values 
of / at points already known (see quadrature, 
numerical). This gives an approximate value 
for yv+i, hence permits the calculation of an 
approximate value of and one can then 
apply a corrector formula which utilizes this 
value. Application of the corrector formula 
gives a new approximation for yy+i, and the 
corrector formula should be reapplied until the 
changes are negligible. It is advisable to have 
h small enough so that at most a second applica¬ 
tion of the corrector formula will be sufficient. 
Methods of this type are the Euler method, 
the Adams-Bashford method, and the Milne 

method. (See National Physical Laboratory, 
Modern Computing Methods, Notes on Applied 
Science No. 16, Her Majesty’s Stationery Office, 
1957; George M. Murphy, Ordinary Differential 
Equations and Their Solution, D. Van Nostrand 
Company, 1960.) (For questions of stability 
see F. B. Hildebrand, Introduction to Nu¬ 
merical Analysis, McGraw-Hill Book Com¬ 
pany, 1956; Lothar Collatz, Numerische Be- 
handlung von Differentialgleichungen, 2nd edi¬ 
tion, Springer, 1955.) 

The method of Runge-Kutta is somewhat dif¬ 
ferent in character. 

For the explicit treatment of an equation of 
higher order 

y" = fix, y, 2/0 

without reducing it to normal form in two in¬ 
dependent variables, see Stormer method. 

ORDINARY POINT. An ordinary point of 
a function /(z) of the complex variable z is a 
point z = z0 at which f(z) is analytic. Any 
point which is not an ordinary point is a 
singular point. 

ORDO-SYMBOL. If a function /(x) is such 
that, as x approaches 0 or <x>} the function 
|x*/(x)| is bounded by a positive constant k 
which is independent of x, then /(x) is said to 
be of order x~k. In symbols, /(x) = Q(x-*), 
where the () is called the ordo-symbol. The 
limiting process with 0 or <» as the limit is not 
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always stated explicitly but inferred from the 
context. In the special case where lim \xkf(x)\ 
= 0, one writes f(x) = o(x~k), read as: of 
smaller order than (x~k). 

ORIENTATION EFFECT. See van der 
Waals forces. 

ORIENTATION ENERGY. See Keesom 
energy. 

In n-dimensional space, two vectors A, B with 
components Aiy B, (i = 1,2, • • • ,n) are orthog¬ 
onal if 

n 

£ AiBi = 0. 
»=o 

Analogously, if the vector space involved has 
an infinite number of dimensions two functions 
A(x), II (x) are orthogonal if 

ORIENTED CIRCUIT. See circuit, oriented. 

ORIENTED CUT SET. See cut set, oriented. 

ORIENTED ELEMENT. See element, 
oriented. 

ORIENTED GRAPH. See graph, oriented. 

ORIGIN. A basic reference point being used 
in some consideration. Examples are the ref¬ 
erence point for the measurement of potential 
energy; the point of intersection of the co¬ 
ordinate axes in a coordinate system; the point 
from which distances are measured. 

ORR-SOMMERFELD EQUATION. See sta¬ 
bility of laminar flow. 

ORTIIOCHRONOUS HOMOGENEOUS LO- 
RENTZ TRANSFORMATION. A homoge¬ 
neous Lorentz transformation 

x' — Ax, 

for which A0° >1. A homogeneous Lorentz 
transformation is orthochronous if and only if 
it transforms every positive time-like vector into 
a positive time-like vector. The set of all 
orthochronous homogeneous Lorentz transfor¬ 
mations form a group. 

ORTHOCHRONOUS INHOMOGENEOUS 
LORENTZ TRANSFORMATION. An in¬ 
homogeneous Lorentz transformation 

x' = Ax + a 

for which A0° > 1. 

ORTHOGONAL COORDINATES, CURVI¬ 
LINEAR. See curvilinear orthogonal coordi¬ 
nates. 

ORTHOGONAL FUNCTION. The word 
orthogonal means, in general, perpendicular; 
thus the three axes of a rectangular Cartesian 
coordinate system are mutually orthogonal. 

I A(x) • li(x)dx = 0. 
•'a 

The limits of integration are needed to specify 
the range of x for which the functions are de¬ 
fined. They may be finite or infinite. 

Arbitrary functions may be made orthogonal 
by the Gram-Schmidt process. 

ORTHOGONAL GROUP. A subgroup of the 
unitary group; its elements are all real n-di¬ 
mensional square unitary matrices. The de¬ 
terminant of these matrices is ±1; if +1, they 
are proper orthogonal matrices, if —1, im¬ 
proper orthogonal matrices. The subgroup of 
the orthogonal group containing only proper 
orthogonal matrices is the rotation group of 
order n. If n = 3, the proper orthogonal ma¬ 
trices correspond to rotations about an axis 
passing through the origin, while the improper 
matrices correspond to such rotations, followed 
by reflections in a plane perpendicular to the 
axis of rotation. These conceptions may be 
generalized for n-dimensions and specialized 
for two dimensions. 

ORTHOGONALIZATION. Given an inner 
product operation (<p, ip), defined for any pair 
of functions <p and ip of a specified class, if 
(0,0) =0 then </> and ip are said to be orthog¬ 
onal. Given a sequence of functions of the 
class, 

0o, <P 1, 02, • • • 

one can ask for a sequence 

00, 01, 02, • • • 

such that (0j, 0j) = 0 when i ^ j, and 

00 = 00, 
01 == «1O0O + 01, 

02 = «2O0O + «2101 + 02, 
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where the a,7 are constants. One finds easily 
that 

(to, 0i) = a 10 (to, to), 

(to, <t>2) = &2o(to, to), 

(ti, to) = a2i(ti, ti), 

and all aw and fa can be obtained sequentially 
unless for some i, (fa, fa) = 0. (See also 
Gram-Schmidt process.) 

data taken at these points x(, it is advantageous 
to express the required polynomial in the form 

f(x) = Joto + yitl + 72^2 + • • • 

and to solve for the y’s by least squares. (For 
representative examples, see Lagrange, La- 
guerre, Hermite polynomials.) 

ORTHOGONAL VECTORS. See vector(s), 
orthogonal. 

ORTHOGONAL MATRIX. See matrix. 

ORTHOGONAL POLYNOMIALS. Any set 
of polynomials that are mutually orthogonal 
with respect to an inner product operation. 
Such an operation can be defined quite for¬ 
mally in terms of an abstract moment operator 
ft defined by 

ft(ao “t" aix "h +• • •) 

= + «lMl + 0-2^2 + ' • • 

where the m are arbitrarily assigned constants. 
Most often one defines the result of ft operating 
on a function 0 to be 

ft[<£(2;)] = f 4>(x)tox)dx 
•X a 

where a and b are fixed, finite or infinite, and 
w(x) is a fixed density function. The inner 
product of two polynomials 0 and t is 

(<f>, 0) = ft[0(x)0(x)]. 

The orthogonal polynomials can be obtained 
by applying the process of orthogonalization 
to the powers of x: 

ORTHOHELIUM. Early investigators be¬ 
lieved that the triplet and singlet lines in the 
spectrum of the helium atom belonged to two 
kinds of helium, orthohelium and parhelium, 
respectively. The triplet and singlet terms of 
helium, that is, the energy levels with parallel 
and anti-parallel electron spins, are therefore 
traditionally referred to, respectively, as ortho¬ 
helium terms and parhelium terms. (In an¬ 
alogy the triplet and singlet term systems of 
the alkaline earth atoms are referred to as 
ortho and para systems.) 

ORTHO MODIFICATION. See non-com¬ 
bining modifications of molecules. 

ORTHONORMAL. Suppose a set of func¬ 
tions of the complex variable z is defined over 
the range a 5= z fS 6, so that the members of 
the set, /1 (z), J2(z) ••• are orthogonal 

f fi*(z)fj(z)dz = 0, i 5* j. 
J CL 

Then in general, 

f fi*(z)fi(z)dz = Ci2 5* 0 

l,x, x2,x3, •••. 

Orthogonal polynomials arise in Gaussian 
quadrature in that their zeros are the points 
X{ at which the integrand function must be 
evaluated. They occur as the denominators 
of the entries in a Pade table along a line 
parallel to the diagonal. 

Given a finite set of discrete points x0, xlf 
• • •, if the operator ft is defined by 

ft[0(x)] = 20(x>,- 

where a>j are non-negative weight functions, 
then the corresponding orthogonal polynomials 
are finite in number. Let these be fa,, i/u, fa2, 
■ • •. For least square polynomial fitting to 

is not equal to unity (i.e., the functions fi(z) 
are not normalized). It is frequently con¬ 
venient to redefine the functions so that they 
are normalized by taking ct0,(z) = /t(z) such 
that 

functions fa(z) are then said to form an ortho¬ 
normal set. For an arbitrary set of functions, 
fi(z), conversion to orthonormal functions may 
be effected by the Schmidt process. If z is 
real, obvious simplifications in the equations 
are possible. 

ORTHOPOSITRONIUM. The state of posi- 
tronium in which the spins of electron and 
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positron are parallel. The Is state annihi¬ 
lates into three gamma-rays with a mean life 
of 1.4 X 10~7 sec. 

ORTHORHOMBIC SYSTEM. One of the 
seven fundamental systems of crystallography; 
in this system the axes are of unequal length, 
and intersect at right angles. (See crystal sys¬ 
tems.) 

ORTHOSCOPIC SYSTEM (RECTILINEAR 
SYSTEM). An optical system corrected for 
both distortion and spherical aberration. 

ORTHOTOMIC SYSTEM. An optical sys¬ 
tem that admits only a normal congruence of 
rays. 

OSCILLATING SYSTEM, DEGENERATE. 
See degenerate oscillating system. 

OSCILLATION. One complete period of vi¬ 
bratory or periodic motion, for example, the 
whole succession of states that takes place 
before the motion begins to repeat itself. For 
example, one oscillation of a pendulum bob is 
a complete excursion from where it started 
back to its original position with the same 
velocity (magnitude and direction). The 
time of one oscillation is called one period and 
the number of oscillations per second (the 
reciprocal of the period) is called the fre¬ 
quency. The definition cannot be applied 
strictly to nonperiodic motions (e.g., see os¬ 
cillation, damped harmonic). In such motions 
the period is usually taken as the time between 
successive zeros of the displacement. 

OSCILLATION, CENTER OF. See center 
of oscillation. 

OSCILLATION, DAMPED ELECTRICAL. 
(See also oscillations in electric circuits.) If 
a simple series circuit, consisting of an in¬ 
ductance L, a capacitance C, and a resistance 
R, is temporarily disturbed, by the induction 
of currents or the temporary introduction of 
potentials, the differential equation which ap¬ 
plies is 

dq q 
+ R — + — 

dt C 
0, 

where q is the charge on the condenser at any 
time t. Comparison of this equation with that 
given under oscillation, damped harmonic 

shows that the two are identical if L replaces 
m and 1/C replaces /. Hence the charge on 

GG2 

the condenser (and also the current, equal to 
dq/dt) will oscillate with a natural frequency 

= — Vl/LC - R2/±L2 
2tt 

if 1 /LC > R2/4L2. Under these circumstances, 
the charge or current amplitude will decrease 
exponentially with time, in proportion to 
e~Rt,2L. When 1/LC < R2/4L2, no oscillation 
will take place. However, if energy is supplied 
to the circuit at the natural frequency and in 
the proper phase, steady oscillations may be 
maintained. 

OSCILLATION, DAMPED HARMONIC. 
An oscillation in which there is resistance to 
the motion. This resistance is opposite to the 
direction of motion and to a good approxima¬ 
tion is proportional to the first power of the 
velocity. The presence of the resistance leads 
to a continuous dissipation of the total me¬ 
chanical energy of motion. 

The differential equation of motion for a 
dissipative oscillatory system with one de¬ 
gree of freedom and no external driving force 
is 

d2x dx 
m —- + R-H fx = 0 

dt2 dt 

•where m is the mass of particle, R is the damp¬ 
ing coefficient, / is the stiffness coefficient. The 
solution is of the form 

where A and B are arbitrary constants. 

R2 f 
If —— < —, oscillations of steadily de- 

m 
creasing amplitude take place with frequency 

v = — y/f/m — R2/Am2. 
2ir 

R2 f 
If —- = —, no oscillations take place and 

4 m2 m 
motion is said to be “critically damped.” 

R2 f . ‘ 
If —- > —, no oscillations take place and 

4 nr m 
motion is said to be “overdamped.” 

(See damping, mechanical; logarithmic dec¬ 

rement.) 

OSCILLATION, FORCED. The oscillation 
which results when an external periodic driv- 
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ing force is applied to a system capable of free 
oscillations. In the one-dimensional case for 
a dissipative system the differential equation 
of motion is 

d2x dx 
m + R ~—h fx = Fq cos 2nvt. 

dt2 dt 

F0 is the amplitude of driving force; v is fre¬ 
quency of driving force. 

The solution to this equation has two parts, 
a transient which eventually damps to zero, 
and a steady state which is the dominant part 
when the transient diminishes. The steady 
state solution has the form 

Fq cos (ait — a) 

co2/?2 + (/ — wco2)2 
Ru 

where co = 2irp, a — tan 1-- — phase 
/ — mar 

difference between force and displacement. 
Of special interest in forced oscillations is the 

phenomenon of resonance. Velocity resonance 
is a state of maximum velocity and occurs 
when the frequency of the driving force 

1 If has the value v0 = — / —. v0 is called the 
2 T \ m 

resonance frequency. Amplitude resonance is a 
state of maximum displacement and occurs 
when the frequency of the driving force has the 

value vi — — "s/f/m — R2/Am2. 
2ir 

When the damping coefficient is small, the 
resonance frequency amplitude vi and the free 
oscillation frequency become approximately 
the same. At the resonance frequency v0, the 
force and velocity are exactly in phase while 
the force and displacement are 90° out of 
phase. The word resonance in general usage 
means amplitude resonance. (See harmonic 
motion.) 

OSCILLATION(S), FREE OR NATURAL. 
One of three types of oscillations: 1. Oscilla¬ 
tions that continue in a circuit or system after 
the applied force has been removed, the fre¬ 
quency of the oscillations being determined 
by the parameters in the system or circuit, 
commonly referred to as shock-excited oscilla¬ 
tions. 2. The oscillation of some physical 
quantity of a body or system when the exter¬ 
nally applied forces consist either of those 
which do no work, or of those which are de¬ 

rivable from a potential that is invariant dur¬ 
ing the time under consideration, or both. 
3. That type of oscillatory motion into which 
a suitable system not subject to external driv¬ 
ing forces is capable of being excited by a dis¬ 
placement from an equilibrium position. (See 
oscillations, damped harmonic.) 

OSCILLATION, FREQUENCY OF. The 
number of complete oscillations of a given 
system per unit time, commonly symbolized 
by v or f. The frequency is the reciprocal of 
the period, the time for one complete oscil¬ 
lation. Sometimes the angular frequency, 
symbolized by w, is used for greater conven¬ 
ience in manipulating trigonometric func¬ 
tions. The angular frequency has the unit 
radian per unit time, equal to 2tt X frequency, 
and is sometimes called the pulsatance. 

OSCILLATION, HARMONIC. See oscil¬ 
lator, harmonic. 

OSCILLATION, MODES OF. In the case 
of standing waves the boundary conditions 
restrict the possible frequencies of oscillation 
to a discrete set of values. The whole set 
constitutes the modes of oscillation of the 
system. 

OSCILLATIONS IN ELECTRIC CIRCUITS. 
An ideal electric circuit composed of a capaci¬ 
tance C and a dissipationless self-inductance 
L, is an electrical analog to the mechanical 
harmonic oscillator. (See oscillator, harmonic; 
oscillation, damped harmonic; oscillation, 
damped electrical.) Equating the magnitudes 
of the potential differences across L and C 
gives, Q/C = —Ldl/dt. Another form of the 
equation is Q/C = —Ld2Q/dt2, where use has 
been made of the fact that the current I and 
charge Q are related by I — dQ/dt. This 
second form of the circuit equation is the har¬ 
monic oscillator equation. Its solution may 
be written Q = Q0 cos (wt -j- <t>) where Q0 and 
<p are determined by the initial conditions and 
Q, and I = dQ/dt. The radian frequency of 
oscillation is <u = 1 /yJLC, or the frequency is 

/ = o)/2tt = y^^JLC. The period of the os¬ 
cillations is T = 1 // = 2iry/LC. 

No self-inductance is ideal, since all self¬ 
inductances contain resistance. As a result, 
the energy stored in the circuit, (Q2/2C -f 
LI2/2) is dissipated. In order to maintain 
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the oscillations, power has to be fed into the 
circuit. 

OSCILLATIONS OF SYSTEM WITH SEV¬ 
ERAL DEGREES OF FREEDOM. If a sys¬ 
tem consists of N mass points all of which 
vibrate with very small amplitude and if no 
damping or internal forces are present, then 
the mass points vibrate sinusoidally (or “har¬ 
monically”) about their respective equilibrium 
positions. In this case there exist in general 
3N different “characteristic” frequencies with 
which the particle can oscillate (if the num¬ 
ber of frequencies is smaller, one speaks of 
“degenerate” systems). The state of motion 
in which all particles vibrate with the same 
frequency, is called a normal mode. In eveiy 
mode the radius of the various amplitudes 
bears a definite relation to each other. The 
general state of motion can be described as 
a linear superposition of the different normal 
modes. Each normal mode can be excited 
separately. The analysis of the possible nor¬ 
mal modes depends on the symmetry properties 
of the system and is greatly facilitated by the 
use of group theory. 

OSCILLATION, STEADY-STATE (VIRRA- 
TION). The oscillation of a body or system 
in which the motion at each point is a peri¬ 
odic quantity. This is frequently a special 
case of forced oscillation. 

OSCILLATOR, ANHARMONIC. A me¬ 
chanical system with one degree of freedom 
which, when displaced from equilibrium, is 
subject to a restoring force corresponding to 
a superposition of first and higher powers of 
the displacement. A simple example of an 
anharmonic oscillator has the equation of 
motion 

d2x 
m—- + kix + k2x = 0. 

dt2 

The vibrations of the human ear drum may 
be described by an equation of this form, 
which means physically that the restoring 
force is not symmetrical about the equilib¬ 
rium position of the oscillator. The equa¬ 
tion is mathematically non-linear (because of 
the presence of the square term k2x2) and 
leads to a solution involving harmonics of the 
fundamental oscillation frequency (if the an¬ 
harmonic term k2x2 is always small com¬ 
pared with the harmonic term kj.x). 

OSCILLATOR, HARMONIC. (See also os¬ 
cillation, damped; oscillation, forced; oscilla¬ 
tor, anharmonic.) A particle or mechanical 
system with one degree of freedom which when 
displaced from equilibrium, is subject to a 
restoring force varying directly as the dis¬ 
placement. If the effective mass is m, the 
stiffness is k, and the displacement is x, the 
differential equation of motion of the harmonic 
oscillator is 

d2x 
m —- + kx = 0 

dt2 

leading to solution 

x = Aei(2rvt+B) 

where v = y2iry/k/m is the frequency, A is the 
amplitude and B is the initial phase. This 
system is undamped and performs simple har¬ 
monic motion. It should be noted that x need 
not be a linear displacement but may be an 
angle. Harmonic oscillations in different di¬ 
rections in a plane may be superposed and 
the result is often referred to as a two-dimen¬ 
sional harmonic oscillator. The motion of the 
resultant system is, however, not necessarily 
periodic and the use of the name therefore 
somewhat questionable. 

The wave mechanical solution of the prob¬ 
lem analogous to that of the classical har¬ 
monic oscillator plays an important role in 
atomic and molecular physics. If a particle 
of mass m is constrained to linear motion with 
its potential energy V being proportional to 
the square of the displacement x from some 
equilibrium position, the Schrodinger equa¬ 
tion is 

0 

where h is the Dirac h, k is a constant, and E is 
the energy of the particle. This equation has 
solutions only for discrete eigenvalues (1) of 
E, these being 

En = h\^k/m (n + ^). 

For a two- or three-dimensional isotropic 
harmonic oscillator we have, respectively, En = 
hy/k/m (n + 1), gn = n + 1, En = hy/k/m 
(n + %), 9n = HO* + 1 )/{n + 2), where gn 
is the degree of degeneracy of the level En, 
where n is an integer (0, 1, 2 • • •). The eigen¬ 

functions are 

fn = e~*a*2Hn(x) 
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where H„{x) is a Hermite polynomial and 

a = Vkm/h. As the expression for En shows, 
the wave mechanical harmonic oscillator dif¬ 
fers from the classical in that only discrete, 
equally spaced energy levels are possible and 
that the lowest state has an energy (fi/2) 

y/k/m. This leads to the concept of zero 
point energy. (See also harmonic oscillator, 
partition function of.) 

OSCILLATOR STRENGTH. The oscillator 
strength fnm (also called number of dispersion 
electrons or /-value) represents the ratio of 
the quantum theoretical and classical contribu¬ 
tions of the transition n —» ra to the refractivity 
N — 1 {N = index of refraction), where the 
classical value is calculated on the assumption 
of a single oscillating electron of frequency 
cvnm- The oscillator strength is given by 

_ 8tT2pCvnm 2 

f Tre2 mn 3 he2 ' 

Here h stands for Planck’s constant, c for the 
velocity of light, m and e, respectively, for 
mass and charge of electron, vnm for the wave- 
number, Bmn for the Einstein transition prob¬ 

ability of absorption and Rnm for the matrix 
element of the transition. 

For a single emission electron there is a sum 
rule 

Z/nm = 1. 
n 

For the strongest electronic transitions / may 
therefore be of the order 1. 

OSCILLATORY, MOTION. Persistent mo¬ 
tion which is confined to a finite region of 
space. Such motion is not necessarily pe¬ 
riodic (see, for example, Lissajous figures), 
but when it is, there is precise repetition after 
the elapse of a finite time called the period. 
The motion of a pendulum, of a weight on a 
stretched spring and of a point in a plucked 
string are examples of oscillatory motion. 
(See oscillator.) 

OSCULATING CIRCLE. See curvature. 

OSCULATING DEVELOPABLE. See de¬ 

velopable, osculating. 

OSCULATING PLANE. The plane, if it 
exists, through a point P of a space curve 
which has contact of higher order with the 
curve than any other plane through the point; 
the limiting position of the plane through 

P, P', P" as the points P', P" approach P 
along the curve. 

OSCULATING SPHERE. See sphere of 
curvature. 

OSEEN METHOD. A method of solving the 
equations of motion of a viscous fluid past a 
solid body at low Reynolds number. The 
method ignores the squares of the velocities 
of the disturbance produced by the body, i.e., 
treats the motion as a small perturbation of 
a uniform stream. It is inaccurate near stag¬ 
nation points in particular, but is an improve¬ 
ment on the assumption that the inertia forces 
are negligible (Stoke’s flow). 

OSMOTIC COEFFICIENT. In a solution, 
instead of characterizing deviations from 
ideality of the solvent by its activity coeffi¬ 
cient, one may also use the osmotic coefficient 
4>, due to Bjerrum and Guggenheim. It is 
defined by 

Mi = mi°(T,p) + (f>RT In x 1 (1) 

where mi is the chemical potential of the sol¬ 
vent, mi0 its value for the pure solvent at given 
T and p, and Xi its mole fraction. 

OSMOTIC EQUILIBRIUM. See osmotic 
pressure. 

OSMOTIC PRESSURE. Consider a solution 
(denoted by a) separated from the pure sol¬ 
vent (denoted by /?) by a membrane which is 
permeable only to the solvent. A membrane 
of this kind is called a semi-permeable mem¬ 
brane. The chemical equilibrium eventually 
established between the phases is called 
osmotic equilibrium (see also membrane equi¬ 
librium). 

At osmotic equilibrium, the pressures ap¬ 
plied to the phases are different, and the dif¬ 
ference 

n = pa - p0 (l) 
is called the osmotic pressure. The osmotic 
pressure is given by 

<t>RT In xi 

* = (2> 

<p is the osmotic coefficient (see osmotic co¬ 
efficient) of the solvent, X\ its mole frac¬ 

tion in the solution, Vi° is the molar volume 
of the pure solvent at the average pressure 
ipa-\-pp)/2. For solutions which are both 
dilute and ideal, Equation (2) reduces to the 
Van’t Hoff equation 
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II = RT Z C, (3) 
8= 2 

where C8 is the concentration of the solute s. 
In this limit the osmotic pressure becomes in¬ 
dependent of the nature of the solvent and 
formally identical with the equation of state 
of a perfect gas. 

OSTWALD DILUTION LAW. Consider the 
ionization of a weak electrolyte. As an exam¬ 
ple, consider a 1-1 electrolyte like IIC1, which 
dissociates according to the formula 

AB A+ + B~ 

The degree of dissociation, which one may 
denote by t, is the ratio of the number of mole¬ 
cules dissociated to the total number of mole¬ 
cules whether dissociated or not. 

The law of mass action gives 

K = 
7.45 1 — « 

(D 

where K is the equilibrium constant, y.i« the 
activity coefficient of AB and y± the mean 
activity coefficient of the ions (see mean chem¬ 
ical potential); C0 is the total concentration 
of AB. 

If the solution is sufficiently dilute to be 
treated as ideal, 

y± = 7 ab = 1, 
and there results the Ostwald dilution law 

OSTWALD STATEMENT OF THE SEC¬ 
OND LAW OF THERMODYNAMICS. See 
perpetual motion engine of the second kind. 

OTTO CYCLE. See spark-ignition engine. 

OVERALL EFFICIENCY. See brake ther¬ 
mal efficiency. 

OVERHANGING BEAM. See beam, over¬ 
hanging. 

OVERLAP ENERGY. See intermolecular 
forces; exchange energy; overlap integral. 

OVERLAP INTEGRAL. The integral 

j"\j/'\p"d,T, where dr is a volume element, meas¬ 

ures the extent to which the two different wave 
functions i// and ip'' overlap. It is called the 
“overlap integral.” Such integrals play an 

important role in the quantum mechanical 
calculations of bond energies because the ex¬ 
change integrals, which are responsible for 
the main part of the covalent bond energy, 
can only be important when the overlapping 
of the wave functions is large. 

OVERRELAXATION. For solving the sys¬ 
tem 

x = k + Rx 

(see matrix inversion) by the simple iteration 
scheme one writes 

x„+i = x„ + iy, r„ = k — (I — B)x„. 

In case of slow convergence it is suggested to 
write avr„ in place of r„, where av is a scalar. 
When a„ > 1 this is known as overrelaxa¬ 
tion, when av < 1, underrelaxation. When 
plB) < 1 (which is necessary for convergence) 
and all eigenvalues are real, an optimal choice 
for a„ can be found by the use of Chebyshev 
polynomials. 

OVERTONE, (la) A physical component of 
a complex sound having a frequency higher 
than that of the basic frequency, (lb) A com¬ 
ponent of a complex tone having a pitch higher 
than that of the fundamental pitch, (lc) The 
term “overtone” has frequently been used in 
place of “harmonic,” the nth harmonic being 
called the (n — l)st overtone. There is, how¬ 
ever, ambiguity sometimes in the numbering 
of components of a complex sound when the 
word overtone is employed. Moreover, the 
word “tone” has many different meanings so 
that it is preferable to employ terms which 
do not involve “tone” wherever possible. 

(2) In a mechanical vibrating system with 
a set of normal modes of oscillation (for ex¬ 
ample, a vibrating string or organ pipe) an 
overtone is a mode of frequency higher than 
the fundamental. The first overtone is the 
mode of frequency next higher than the funda¬ 
mental, etc. 

OVERTONE BANDS. The first, second, 
third, • • • overtone bands (or second, third, 
fourth, • • • harmonics) are bands in the in¬ 
frared spectrum of a molecule corresponding 
to transitions in which the quantum number 
V{ of the ith normal vibration changes by two, 
three, four, • • • units. (See also fundamental 
bands.) 

OXYGENIZER. See combustion. 



PACKING FRACTION. The ratio of the 
mass defect to the mass number of a nuclide. 
It is positive for nuclides having mass num¬ 
bers less than 16, and greater than 180, and 
negative for most other nuclides. 

PADfi TABLE. A double-entry table asso¬ 
ciated with a formal power series 

/(z) = so + Siz + s2z2 H-. 

The entry in row p and column q, where p, q > 
0, is the fraction APiq{z)/Bp%q{z), where Ap,q 
and Bp<q are polynomials of degree q and p, re¬ 
spectively, such that the formal expansion of the 
fraction as a power series in z agrees with that 
of / to and including the term in zp+q. The con¬ 
secutive entries taken in a diagonal direction 
are approximants of a continued fraction 
expansion of /(z). Often the continued fraction 
will converge more rapidly than the power 
series, or may even converge where the power 
series diverges, and so provides an effective 
computational device. To form a particular 
entry in the Pad6 table, let 

Bp,q = b0 + -1-f bpzp, 

and observe that in the product f(z)Bp,q(z), 
terms in zq+1, zq+2, • • •, zq+p all drop out. This 
provides p homogeneous equations in the p + 1 
unknowns, bo, • • •, bp. If a solution exists, then 
the polynomial Ap,q can be obtained by direct 
multiplication. (See quotient-difference al¬ 

gorithm, orthogonal polynomials.) The 
Shanks generalizations of the delta-square 

process applied to the sequence ol part ial sums 
of a power series lead to entries in the Pad6 

table. 

PAIR PRODUCTION. The conversion of a 
photon into an electron and a positron, thus 
conserving electric charge and spin angular 
momentum. Of the energy of the photon hv, a 
part equal to 2me2, where m is the rest mass 
of the electron (or positron) and c the velocity 
of light, is accounted for by the rest mass of 
the pair. This energy, 2rac2, is therefore the 
threshold for the process. The remaining en- 
ergy, hv - 2me2, then appears as kinetic en¬ 

ergy of the pair. It is not possible to conserve 
energy and momentum unless this process 
takes place in the presence of a charged par¬ 
ticle capable of taking away momentum (and 
energy). It therefore occurs in the presence of 
an atomic nucleus, and the cross section for 
the process rises steeply with atomic number. 
Pair production is one of three distinct proc¬ 
esses whereby a photon can eject an electron 
from matter, the other two being the photo¬ 
electric effect and the Compton effect. Of 
these, pair production predominates for high 
energies (above a few Mev). 

PANEL POINT. See truss. 

PAN-OUT TURBINE. See extraction turbine. 

PARABOLA. A conic section obtained by a 
cutting plane parallel to an element of a right 
circular conical surface. It is the locus of a 
point which moves so that its distance from 
the directrix equals its distance from the focus, 
thus the eccentricity is unity. 

The standard equation in rectangular Car¬ 
tesian coordinates is y2 — 2px. The coordi¬ 
nates of its focus are x = p/2, y = 0 and its 
directrix is parallel to the F-axis at x — —p/2. 
The straight line through the focus and per¬ 
pendicular to the directrix is the axis of the 
parabola. The point where the parabola 
crosses its axis is the vertex. When the curve is 
placed in its standard position, the axis is the 
X-axis and the vertex is the coordinate origin. 

The latus rectum of the parabola, namely 
the chord through the focus perpendicular to 
the axis, has length 2p. Its center is at in¬ 
finity, hence it is a non-central conic. 

The parabola has no asymptote. Its equa¬ 
tion in polar coordinates is r = 2a/(1 — cos 6) 
= a sec2 6/2. If the tangents at the ex¬ 
tremities of the latus rectum are taken as 
coordinate axes, the parabola is tangent to the 
new coordinate system and its equation is 
xV6 -f- y V4 — aW 

Occasionally the name parabola is given to 
a curve with the equation y2 = axn) thus, if 
n = 3, the curve is a semi-cubical parabola, 
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just as the equation y = axr{ is that of a 
cubical parabola. The evolute of a parabola 
is a semi-cubical parabola. 

PARABOLIC COORDINATES. The coordi¬ 
nate surfaces are: paraboloids of revolution 
extending in the direction of the positive Z- 
axis; paraboloids of revolution extending in 
the direction of the negative Z-axis; planes 
through the Z-axis. That is, they are the sur¬ 
faces f = const., t) = const., and <f> = const., 
where £, y, <£ are related to Cartesian coordi¬ 
nates by the equations 

x = £77 cos <£ 

V = Zv sin <t> 

^ = W - £2). 

PARABOLIC CYLINDRICAL COORDI¬ 
NATES. A curvilinear system similar to para¬ 
bolic coordinates with coordinate surfaces con¬ 
sisting of two families which are parabolic 
cylindrical (£, y = const.) and a family of 
planes (2 = const.). A point in this system 
is given by 

x = £7 

y = W - ?) 

Z = 2. 

PARABOLIC PARTIAL DIFFERENTIAL 
EQUATION. A partial differential equation 
that can be reduced to the form 

d2u/dx2 = du/dt 

when the variables are suitably chosen. (See 
also under partial differential equation; ellip¬ 
tic partial differential equation.) 

PARABOLIC POINT (ON A SURFACE). A 
point at which one of the principal curvatures 
of the surface (see curvature of a surface, cen¬ 
ter of) is zero. 

PARABOLOID. A quadric whose equation 
may be written in the form 

where a and b are real constants at least one 
of which is positive, by a suitable choice of 
the rectangular Cartesian reference system x, 
y, 2. If a and b are both positive, the quadric 
is an elliptic paraboloid. If one of the con¬ 

stants a is positive and the other is negative, 
the quadric is a hyperbolic paraboloid. 

PARABOLOIDAL COORDINATES. A cur¬ 
vilinear coordinate system of confocal parab¬ 
oloids. If A, y., v are the real roots of a cubic 
equation in a parameter describing such sur¬ 
faces, they are elliptic paraboloids (A, y. = 

const.); — co<A<fc>2;a2<i/<oo and hy¬ 
perbolic paraboloids (y. = const.), 62 < y. < a2 

where a > b > c are constants. 
As in the case of ellipsoidal coordinates a 

convention is needed for the sign of the co¬ 
ordinates. They are related to rectangular 
coordinates by the equations 

o (a2 - X) (a2 - y)(a2 - v) 

(b2-a2) 

(b2 _x)(52 _m)(62 _y) 

— - 
(a2 - b2) 

z = |(a2 + b2 — X — y — v). 

PARALLAX. Apparent change of position 
of distant objects, due to the actual change of 
position of the observer. The amount of ap¬ 
parent shift is known as the parallactic shift, 
which is inversely proportional to the distance 
of the object. 

PARALLAX, DYNAMIC. See dynamic paral¬ 
lax (of binary stars). 

PARALLAX, GEOCENTRIC; HORIZON¬ 
TAL; LUNAR; SOLAR. 

1. Geocentric Parallax. The angle between 
the direction of an astronomic object from a 
point on the surface of the earth and the di¬ 
rection of the same object from the center of 
the earth is known as the geocentric parallax 
of the object. Both directions are in the same 
plane. 

In Figure 1, 0 is the position of the ob¬ 
server and Z' represents his geocentric zenith. 
M represents the moon, or any other member 

z 
/z' 
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of the solar system, C is the center of the 
earth. 

Calling the geocentric zenith distances of 
the object at the surface of the earth and at 
the center z' and 2, and denoting by / and r, 
the distances of M from the observer and the 
center of the earth, we have sin p = p/r sin z'. 
The angle p is called the parallax of M. 

2. Horizontal Parallax. If the object is on 
the geocentric horizon of the observer 2' = 90° 
and the parallax is known as the horizontal 
parallax of the object. Calling this p' we have 

sin p' = p/r. 

If the observer is on the equator we have the 
equatorial horizontal parallax P„ = a/r in 
which a is the equatorial radius of the earth 
or 3963.339 miles (Hayford’s Geoid). Owing 
to the elliptical motions of the members of the 
solar system, the geocentric distances will vary. 
The average of these distances, r0. yields a 
quantity known as the Mean Equatorial Hori¬ 
zontal Parallax, P, where sin P = a/r0. 

Finally we have 

sin p = (p/a) [rjr) sin P sin 2'. 

3. Lunar Parallax. The Moon is the closest 
to the earth of all astronomic objects and its 
parallax may be determined by direct observa¬ 
tion. Let us assume that we have two observa¬ 
tories on the same meridian of longitude, one 
in the northern hemisphere in astronomic lati¬ 
tude <t> and the other in the southern hemis¬ 
phere in astronomic latitude fa. Assume fur¬ 
ther that the Moon is on the meridian of both 
observatories. 

to Figure 2 shows that 

P + Pi = S + Si - 4 - fa. 

s and Sj are measured from the astronomic 
zenith and must be referred to the geocentric 
zenith by subtracting the so-called angles of 
the vertical v and Vi from the astronomic values. 
Now 

sin p = p/r sin (s — v) 

sin px = px/ri sin (sj - v{) 

in which p and pi are the radii of the geoid at 
points of observation. 

Finally calling p = pi = 6 we obtain by 
trigonometrical analysis 

p sin 6 sin (s — v) 
tan <(> —-;- 

p cos 6 sin (s — v) + pi sin (sx — v\) 

The mean equatorial horizontal parallax of the 
moon may now be written 

sin p = (p/a){r0/r) (sin P sin (s — v)). 

In the above it is assumed that the observa¬ 
tions made at 0 and 01 were referred to the 
moon’s center. In actual practice the two 
observers would agree to observe the zenith 
distances of some small object on the surface 
of the moon. Furthermore it is very rarely, 
if ever, possible to have two observing sta¬ 
tions on the same meridian and in different 
hemispheres. 

The moon’s parallax may also be determined 
by theoretical considerations combined with 
observations of the moon’s motion. At the 
present time the distance is close to 238,900 
miles, corresponding to a mean equatorial 
horizontal parallax of 342277. 

4. Solar Parallax. Solar parallax is far too 
small to be determined by direct observational 
methods. The method which has yielded the 
best results is a combination of observation 
and of the application of the laws of planetary 
motion. Two of the members of the solar 
system, Mars and Eros (a minor planet or 
asteroid), have been used. The latter is the 
better of the two because it has a starlike 
image. 

If we apply Kepler’s third law of planetary 
motion we have 

4?rV 

in which a is the semi-major axis of the orbit, 
T is the orbital period, m is the mass of the 
planet and M is the mass of the sun. In the 
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case of the earth and Mars or, better still in 
the case of Eros and the earth, we can neglect 
the differences in the planetary masses and 
have 

o3:o13::2t2:7712. 

The value of T and Tt are known with ac¬ 
curacy, and consequently the ratio of distance 
from the sun is known with accuracy. The 
most favorable time for observing is when the 
planet is at perigee and the earth at apogee. 
These combinations occur at infrequent inter¬ 
vals, the last was in 1931 and the next will be 
in 1975. At the time of a close approach to 
the earth the celestial coordinates of right 
ascension and declination are accurately meas¬ 
ured at stations all over the globe. Parallactic 
displacements from the predicted position yield 
the horizontal parallax, and from that distance 
from the earth may be determined. 

PARALLEL ALLEYS. In the Luneburg 
geometry of binocular vision, parallel alleys 
are pairs of geodesics apparently parallel to 
the median and passing through two points on 
opposite sides and equidistant from the me¬ 
dian. (See equidistant alleys.) 

with parallelograms as bases. Sometimes the 
figure is also called a parallelepipedon and, in¬ 
correctly, parallelopiped or parallelopipedon. 

The volume of a parallelepiped is conven¬ 
iently written in vector analysis as the scalar 
triple product [ABC] where A, B, C are three 
vectors describing the edges of the parallele¬ 
piped. 

PARALLELISM WITH RESPECT TO A 
SURFACE S ALONG A CURVE C ON S. 
If surface vectors on the surface S are defined 
at each point of a curve C lying in the surface, 
they are said to constitute a system of parallel 
vectors with respect to S along C if and only if 
there the surface intrinsic derivative of the 
vector with respect to the parameter defining 
position on C (which may be taken as the 
length measured along C) vanishes. 

PARALLEL LINE ASSAY. A method of test¬ 
ing a certain preparation against a standard. 
If the response to a treatment is a linear func¬ 
tion of the dose, the regressions of response on 
dose will often be parallel lines at a distance 
which measures the difference in potency of 
the two treatments. 

PARALLEL AXIS THEOREM. See moment 
of inertia, transfer theorem for. 

PARALLEL CIRCLES. See surface of rev¬ 
olution. 

PARALLEL DISPLACEMENT OF A VEC¬ 
TOR. The infinitesimal parallel displacement 
of a contravariant vector a* is defined by 

8ai = 

and of a covariant vector a* by 

8ak = 

The IV are the Christoffel symbols of the 
second kind. If the space possesses a metric 
Qik, then 

p l _ 1. 
1 ik — 2 9 

d9is d9k, 

L dtk + dp 

dga 

If (j)5al = 0 along any closed curve, the space 

is said to possess distant parallelism. A neces¬ 
sary and sufficient condition for distant paral¬ 
lelism in a metric space is the identical vanish¬ 
ing of the Riemannian curvature tensor. 

PARALLELEPIPED. A polyhedron with 
parallelograms as faces, thus a six-sided prism 

PARALLELOGRAM. A quadrilateral with 
opposite sides parallel and equal in length. 
Its consecutive angles are complementary. If 
a, b are the lengths of its sides and C is the 
acute angle between them, the area of a paral¬ 
lelogram is A = ab sin C = bh, where h is the 
distance between the bases, b. Its area is also 
given by 2A — dxd2 sin D, where dlt d2 are 
the lengths of the two diagonals and D is the 
acute included angle. 

PARALLELOGRAM OF FORCES. See 
forces, parallelogram of. 

PARALLELS. See surface of revolution. 

PARALLELS (TERRESTRIAL AND CE¬ 
LESTIAL). 1. Terrestrial. Parallels of lati¬ 
tude are small circles on the surface of the 
earth produced by planes passing through the 
earth parallel to the plane of the equator. 

2. Celestial. Parallels of declination are 
small circles on the celestial sphere produced 
by planes passing through the celestial sphere 
parallel to the equator. 

Parallels of altitude are small circles on the 
celestial sphere produced by planes passing 
through the celestial sphere parallel to the 
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horizon. Almucantor is an obsolete name for 
a parallel of altitude. 

Parallels of celestial latitude are small 
circles produced on the celestial sphere by 
planes passing through the earth parallel to 
the ecliptic. 

PARALLEL SURFACES. The surface S' is 
said to be parallel to the surface <S if the dis¬ 
tance measured from S to S' along the normal 
to S at a point P is independent of the position 
of P on S. If P' is the point at which the nor¬ 
mal to S at P intersects S', then the normals 
to S and S' at P and P' respectively, have the 
same directions. If S' is parallel to S, then S 
is parallel to S'. 

PARAMAGNETIC RESONANCE. See reso¬ 
nance, paramagnetic. 

PARAMAGNETIC SUSCEPTIBILITY, 
LANGEVIN THEORY. The average mag¬ 
netic moment of an assembly of magnetic 
dipoles in the magnetic field is calculated from 
the Langevin function, that is, as if each were 
a magnet capable of any orientation in the 
field but subject to averaging over a Boltz¬ 
mann distribution. The result is 

X = Ny2/3kT 

where ^ is the moment of each atom, N is the 
number of atoms per unit volume, and k is 
the Boltzmann constant. The relation does 
not hold except at very low temperatures. 

PARAMAGNETISM. The property of ma¬ 
terials having a positive magnetic suscepti¬ 
bility. 

PARAMAGNETISM OF CONDUCTION 
ELECTRONS, SPIN. See spin paramagnet¬ 
ism of conduction electrons. 

PARAMAGNETISM, QUANTUM THEORY 
OF. Certain atoms, ions and molecules con¬ 
tain electrons with unpaired spins. Such elec¬ 
trons may also be in states whose orbital 
angular momenta are not compensated. In a 
magnetic field H the energy levels correspond¬ 
ing to the two directions of spin will be split 
by the amount 

A E = guBH 

where is the Bohr magneton and g is the 
Lande factor for the particular state con¬ 
cerned. If there are, as there may well be, J 

levels, all equally spaced, the magnetization 
is then given by 

M = NgJuBBj(x) -> NJ(J + l)g2yB2H/3kT 

where x = gJ^nH/kT, and Bj is the Brillouin 
function, whence the susceptibility can be cal¬ 
culated. The theory for the rare earth ions, 
and other complicated atoms is very complex, 
and requires a detailed consideration of the 
spin-orbit coupling, crystal field, and all the 
apparatus of the theory of spectral terms. 

PARAMETER. An arbitrary constant, as dis¬ 
tinguished from a fixed or absolute constant. 
Any desired numerical value, subject in some 
cases to certain restrictions. Thus, in the set 
of equations (x — a)2 -f- (y — b)2 = r2 for 
circles in the plane, there are 3 parameters, 
two describing the position of the center and 
one giving the radius, and for each choice of a, 
b, and r, a corresponding circle is obtained. 
Similarly, the equations of a curve x = <p[t), 
y = i//(t), are said to be in parametric form, 
and each choice for the parameter t produces 
a corresponding point on the curve. (See con¬ 
stant.) 

PARAMETERIZATION. The representation, 
in a dynamic model, of physical effects in 
terms of admittedly oversimplified param¬ 
eters, rather than realistically requiring such 
effects to be consequences of the dynamics of 
the system. 

PARAMETER OF STATE. See thermody¬ 
namic property. 

PARAMETRIC CURVES ON A SURFACE. 
See surface. 

PARAMETRIC EQUATIONS OF SURFACE. 
See surface. 

PARAMETRIC LINES ON A SURFACE. 
See surface. 

PARA MODIFICATION. See non-combim 
ing modifications of molecules. 

PARAPOSITRONIUM. The state of posi- 
tronium in which the spins of electron and 
positron are antiparallel. The Is state an¬ 
nihilates into two gamma-rays with a mean 
life of 1.25 X 10-10 sec. If one of these 
gamma rays is polarized in a particular plane, 
the other is polarized in a perpendicular plane. 
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PARAXIAL. A ray, or optical path, in Gaus¬ 
sian optics. 

PARAXIAL RAY TRACING EQUATIONS. 
In an axially symmetrical optical system, let 
kv be the curvature at the vertex of the vth sur¬ 
face Sy, nv the index of refraction of the medium 
between Sv and and tv is the distance be¬ 
tween the vertices of Sv and $„+i. If Tv is the 
tangent plane of Sv at the vertex then the pro¬ 
jected position vectors A„, A'„ of a ray are vec¬ 
tors from the vertex to, respectively, the inter¬ 
section with Tv of the ray before and after re¬ 
fraction (or reflection) at Sv, and the projected 
direction vectors S„, S'„ are the projections on 
Tv of direction vectors in the ray before and 
after, respectively, its intersection with Sv. 

At each surface, define (3V = tv/nv and yv = 
(n„_! — nv)kv or y„ = accordingly as 
refraction or reflection occurs at Sv. Then for 
an optical system of N surfaces with object sur¬ 
face S0 and image surface *Sjv+i the paraxial ray 
tracing equations of Gaussian optics are 

A',v+i = flA o + bS0 

S jv-f-i ^Ao “b dS<> 

where the coefficients are given by the Gaussian 
brackets 

a = [PnInPn—i • • • /307o] 

b = [/3w7iv * • • &>] 

c = [inPn-1 • • • ft/Yo] 

d = [-ynPn—i • • • /80]. 

PARAXIAL SINGLE-SURFACE EQUA- 
TION. For a spherical optical surface sepa¬ 
rating two media 

n n' m! — n 

Here n and nr are the indices of refraction, 
s and s' the object and image distance from 
the vertex of the surface, and r is the radius 
of curvature of the surface. In terms of the 
focal length of the surface, the above equation 
becomes 

n n' n n' 

s + s / /' 

If distances of object and image are meas¬ 
ured from their focal points, the equation 
takes the Newtonian form xxf = //'. 

PARCEL METHOD. A test for atmospheric 
instability in which a displacement is made 
from a steady state under the assumption that 
only the parcel or parcels displaced are 
affected, the environment remaining un¬ 
changed. Although this method has been ap¬ 
plied to various problems (e.g., inertial in¬ 
stability), its most familiar context is with 
vertical displacements from hydrostatic equi¬ 
librium, in which the parcel displaced is as¬ 
sumed to undergo adiabatic temperature 
changes, and the buoyant force resulting from 
its contrast with the unchanged environment 
leads to the criterion for stability, y < r, where 
y is the lapse rate of virtual temperature with 
height, and r is the dry- or saturation-adi¬ 
abatic lapse rate, according to the condition 
of the parcel. (Cf. slice method.) 

PARENT OF A STATE. If a quantum me¬ 
chanical system consists of N tightly bound 
particles plus one loosely bound particle, the 
wave function for the N tightly bound par¬ 
ticles, the “core of the configuration,” is called 
the parent of the state of the entire system. 

PAREXIC ANALYSIS. A term coined by 
Cornelius Lanczos to designate the branch of 
analysis concerned with the derivation of 
“nearby” (i.e., approximating) but numeri¬ 
cally manageable relations. It is distinguished, 
on the one hand, from “pure” analysis, which 
is concerned with limiting processes and exact 
relations. On the other hand it is distinguished 
from numerical analysis which is concerned 
with the translation into numerical processes 
of the approximations provided by parexic 
analysis. The aim of parexic analysis is to 
reduce truncation errors; that of numerical 
analysis to reduce generated error and the 
number of operations required. 

PARFOCAL. A set of optical systems ar¬ 
rayed so that their focal points are all in the 
same plane is parfocal. The term describes 
a circumstance frequently met by the inter¬ 
changeable objective lenses of a camera, or 
sets of eyepieces so mounted that they may 
be interchanged without varying the focus of 
the instrument with which they are used. 

PARHELIUM. See orthohelium. 

PARITY. A non-classical symmetry property 
of a quantum mechanical system related to 
its wave function, and expressing the equiva- 
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lence between left and right. The parity is 
even if the wave function is unchanged by an 
inversion (i.e., reflexion in the origin) of the 
coordinate system, and odd if it changes only 
in sign. Until recently all non-degenerate sta¬ 
tionary states were believed to have a definite 
parity, as a result of which parity conservation 
was regarded as a fundamental principle of 
physics. Experiments have indeed shown that 
the parity of a nuclear state is a very well- 
defined concept, the state containing less than 
10-8 of the “wrong” parity. However, recent 
experiments have shown that parity conserva¬ 
tion is violated completely in the very wreak 
interactions of which /3-decay is the typical 
example. The reason for this breakdown in 
weak interactions is not yet understood. 

PARITY OPERATOR. If the quantum me¬ 
chanical laws of a system are assumed invariant 
under the transformation x,- —> — x;, x0 —* x'0, 
i.e., under the transformation from a right- 
handed to a left-handed coordinate system, 
there then exists a connection between the 
operators representing the physical observables 
in the two coordinate systems which is such 
that the commutation rules and equations of 
motion have the same form in the two systems. 
This connection is a unitary one (see invari¬ 

ance and quantum mechanics) and is de¬ 
noted by P. If |^) denotes the state of the 
system in the right-handed system P\\f) is the 
mirror image state and is again a possible state 
of the system due to the assumed symmetry 
between right and left. Clearly, one therefore 
has P2 = 1, since two inversions must lead back 
to the original state. 

In a field theoretic treatment the connection 
between the operators describing various kinds 
of particles in the two coordinate systems are 
listed below. 

Scalar, Spin 0 

P~x<t>{x)P = <f)(—X,X0) 

Pseudoscalar, Spin 0 

P~l<t>(x)P = — </>(—x, x0) 

Spin \ 

P~l<t>(x)P = €7olK-x, x0) |e| = 1 

Spin 1 (electromagnetic field) 

P l£>j(x)P = &j( x, xa) 

P-10C,(x)P = 3Cj( — x, xa) 

P is unitary and satisfies P2 = 1, hence P* = P 
so that P is also Hermitian, hence observable. 
For systems whose laws of motion are invariant 
under reflections, PHP~l = H, where H is the 
Hamiltonian, whence [P, H] = 0 and P is a con¬ 
stant of the motion (law of parity conservation). 

It has been experimentally established that 
the weak interactions are not P invariant. A 
theory is invariant under space reflection if no 
experiment enables one to distinguish between 
left and right. 

PARSEC. See astronomical distance units. 

PARSEVAL EQUATION. See Bessel in¬ 
equality. 

PARTIAL COHERENCE. If light from an 
extensive primary source L reaches two points 
Pi, P2, either directly or through an optical 
system, then let an element ALm of the source 
give rise to the complex displacements umi, um2 
at Pi*,, P2m, respectively. Suppose that ALm 
is small enough so that ttml, um2 are coherent, 
but not necessarily in phase. Let Ja& — 
YL Umatimp where a, /3 = 1, 2 and Uma is the 

m 

complex conjugate of uma. Then J12 is called 
the mutual intensity of Pi and P2 due to L, and 
J11, J22 are the ordinary intensities at Pi, P2. 
The phase coherence factor between Pi and P2 is 

J12 

y/JllJ 12 

wrhere the modulus | yi21 is the degree of coher¬ 
ence and arg y12 is the effective phase retardation 
of P2 with respect to Pi. 

If L is a self-luminous source with flux den¬ 
sity l(Q) at point Q and if the optical paths 
QP\, QP2 are nearly normal to L then 

J ap -£kmq£5w 

where wa(Q) is the displacement caused at 
Pa, a = 1, 2 by a point source of unit flux at 
Q CL. 

If through further imagery a point P is 
reached by light from both Px and P2 and if fa 
is the displacement produced at P by displace¬ 
ments of unit amplitude and zero phase at Pa 
then the intensity at P is given by the bilinear 
law 

7 (P) = J\ 1 |/i |2 + 2 R(J 12/1/2) + ^221/212- 

PARTIAL CORRELATION. See correlation. 
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PARTIAL DERIVATIVE. See derivative. 

PARTIAL DIFFERENTIAL EQUATION. 
A differential equation containing two or more 
independent variables, hence containing par¬ 
tial derivatives. The order of the equation 
is that of a derivative of highest order. It is 
linear if linear in the dependent variable(s) 
and all derivatives; quasilinear if linear in the 
partial derivatives of highest order. Second- 
order linear differential equations 

O'^XX "l- CUyy “1“ * 0 

in two independent variables are classified as 

elliptic, ac — b2 > 0, 

parabolic, ac — b2 = 0, 

hyperbolic, ac — b2 <0. 

The coefficients a, b, and c are functions of x 
and y, and the inequalities must hold through¬ 
out the region under consideration. Methods 
of solution differ slightly for the three types. 
Most often, however, for any type and any 
order, a method of differences is used by which 
the differential operators are replaced by ap¬ 
proximating expressions in terms of difference 
operators. This requires dividing the space 
of the independent variables, in the case of 
two independent variables, by equally spaced 
lines parallel to each axis; for three inde¬ 
pendent variables by equally spaced planes 
parallel to each coordinate plane; and sim¬ 
ilarly in higher dimensions. 

The method is best described by an example. 
Consider the simple parabolic equation 

V'xx = My) 

or, in operator form, 

(Dx2 — Dy)u = 0. 

The natural, and simplest, difference repre¬ 
sentation of D2 is by central differences 

D2 = h~2b2, 

where h represents the constant difference along 
the x-axis. There are two equally natural 
representations of Dy: 

Dy = ATX Dy = k~lVy. 

If applied to utJ = u(x„ yj), these lead to some¬ 
what different difference equations which can 
be written: 

+ (1 — 2y )Uitj + i j — Uij+i — 0, 

7 = k/h2, 

in the first case, and, in the second case 

7ui+i,j ~ (1 + 2'y)M(,j + 7ui—i j + Ui.j—i = 0. 

The coefficients in the two approximations can 
be represented schematically by the following 
stars: 

-1 

7 1 — 27 7 7 —(1 + 27) 7. 

1 

These schemes show the relative locations of 
the points to which the coefficients are applied. 
The first scheme is simplest to apply, since 
one has only to solve for u at the upper point 
in terms of its values at the points below. It 
turns out, however, that to insure adequate 
numerical stability it is necessary that y — 1. 
This is an example of an explicit (or march¬ 
ing) scheme. To apply the other method no 
restriction is needed on y, but to obtain the 
value of u along any horizontal line it is neces¬ 
sary to solve a system of linear equations, al¬ 
though the matrix is tridiagonal, and hence 
readily inverted. This is an example of an 
implicit (or jury) scheme. 

To start the solution it is necessary that 
suitable initial and boundary conditions be 
given. If these involve derivatives, then the 
derivatives in the boundary conditions must 
also be represented by approximating differ¬ 
ences. (See special partial differential equa¬ 
tions under individual names.) 

PARTIAL DIFFERENTIAL EQUATIONS, 
CAUCHY PROBLEM FOR. See Cauchy 
problem for partial differential equations. 

PARTIAL FRACTION EXPANSION. A 
widely used method of inverse Laplace trans¬ 
formation. If F(s) is a Laplace transform 
whose inverse /(t) is required, then provided 
F(s) can be written in the form 

m / n 

F(s) = Z drST / Z Mr 

where m < n, and provided the linear factors 
of the denominator polynomial are known, 
F(s) can be directly expanded in partial frac¬ 
tions by the following rules: 
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In the most general case of repeated factors 
in the denominator, if 

n 

Z Mr = B(s - 01 )n‘(s - /32)"1- • • 
o 

where therefore + n2 H— • = n, then 

TO-Zt-^ + Z 
^2 ,r 

i (s ~ £i)r i (s — /32) 
.+ 

an expansion in the form of n partial fractions, 
in which 

fllini«lim(F(«).(s-fc)"M 

and generally 

An important example is the partial molar 
volume 

It is the limit for dn{- —> 0 of the ratio of the 
increase in volume 3F to the number of moles 
drii which added to the system at constant T 
and p, produce this increase in volume. 

It sometimes happens that drii is negative. 
Thus, for example, when a little magnesium 
sulfate is added to an aqueous solution of this 
salt the volume decreases; whence dnMgSOi < 0. 

PARTIAL MOLAR VOLUME. See partial 
molar quantities. 

1 / d\n'~r 
Bx.r = --- lim - {F(s)(s - 0x)-«} 

(»i — r)! \ds/ 

with similar expressions for B2,r, #3,r, etc. 
Since moreover, when r is integral and positive 

1 tr~l 
0-1___ =  _ 

(s - 07 (r — 1)1 

the inverse Laplace transform of F(s) may at 
once be written down as the sum of n functions 
of t of this form. 

If in the first place m > n, the denominator 
must be divided into the numerator until the 
numerator is of lower order than the denomina¬ 
tor. The result of this diversion will be to give 
additional terms forming a polynomial in s of 
order (m — n), the inverse Laplace transform 
of each term of which is found from the fact 
that, when r > 0 

£ sr = (0, 

unit impulse function of order (r + 1) at 
t = 0. 

PARTIAL MOLAR QUANTITIES. To an 
extensive variable Y correspond intensive vari¬ 

ables i/i defined by 

The yi are the partial molar quantities asso¬ 

ciated with Y. 
The Euler theorem for homogeneous func- 

tions gives 
Y = Yjn<yu (2) 

l 

End—) =0 and £», 
1 \5W|7 jT*P I (-) -»• 

(3) 

PARTIAL PRESSURE. In a mixture of per¬ 
fect or real gases, the partial pressure p{ of 
component i is defined as the product of the 
total pressure p and the mole fraction xt 

Therefore 
Pi = X{p. 

V = Z Pi- 
i 

In a mixture of perfect gases 

Pi = 

n,iRT 

V 

(1) 

(2) 

(3) 

The partial pressure of i is then the same as if 
component i occupies the same volume at the 
same temperature in the absence of the other 
gases. This is the Dalton law, which is treated 
more fully under that heading. (See also 
Duhem-Margules equation.) 

PARTICLE IN CENTRAL FORCE FIELD 
VARYING INVERSELY AS R2, MOTION OF. 
The motion of a particle is in a plane and 
must be a conic section, with the center of 
force at one of the focal points. The particle 
radius vector describes equal angles in equal 
times (law of constant areal velocities). 

PARTICLE INTERPRETATION. A particle 
interpretation of a quantum mechanical system 
is a complete description of the system in 
terms of particle observables. This requires 
the existence of operators E(-m,n,'")(S) and 

«,...)(J-) giving the probability of finding 

at any time m particles of the first kind, n of 
the second kind, etc, with properties succinctly 
indicated by S or T. S stands for any region 
of (3m + 3n + • • •)-dimensional position con¬ 
figuration space, together with a certain dis- 
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tribution of particle spin. T stands for a region 
of (3m + 3n +• • •)■-dimensional momentum 
configuration space, together with an arrange¬ 
ment of components of particle spins. 

One calls a particle interpretation simple if 
(a) the no-particle state has definite mass, 
zero; (b) the one-particle states have definite 
mass and the appropriate spin; (c) in a state 
with more than one particle, the energy is the 
sum of all free particle energies when the parti¬ 
cles are far apart. 

PARTICLE, MATERIAL. A concept which 
is introduced when developing the fundamental 
principles of mechanics. A material particle 
is characterized by the properties of mass and 
an observable position in space and time. It 
does not possess the property of geometrical 
extension, forces acting on a particle are neces¬ 
sarily concurrent. From the standpoint of 
mechanics, matter is considered to be made up 
of an aggregate of particles. 

PARTICULAR. A particular solution (or 
particular integral) of a differential equation 
is a solution which can be obtained from the 
general solution by assigning particular values 
to the constants of integration. 

PARTITION. Consider a permutation. 

/flj, fl2j ' > fln\ 

\bi, b2, • • •, bn) 

of n objects, where the notation indicates that 
a,- is replaced by 5,-. This permutation can also 
be expressed by cycles (ab c • • • d)(ef) ■ • ■, 
etc., indicating that a is to be replaced by b, b by 
c, ■ • •, d by a, e by /, / by e, and so forth. Sup¬ 
pose now that there are a cycles of degree 
(i.e., length) 1, 0 cycles of degree 2, etc. Then 
we can conveniently denote this property of 
the original permutation by the symbol 
(1“ 2^ 3T • • •), which is called a partition of the 
permutation. This concept is useful in group 
theory, since every finite group can be repre¬ 
sented as a group of permutations. 

PARTITION COEFFICIENT. See Nernst 
distribution law. 

PARTITION FUNCTION. Defined by the 
equation 

t 

where 0 = 1/kT (k is Boltzmann’s constant, T 
is absolute temperature) and where and gr,- 

are the energy levels of the system and their 
degree of degeneracy. If the energy levels can 
be split into several independent parts, 

«t = ea + (b + «c, 

while 

Si = SaQbQc) 

the partition function can be written as a 
product, 

Z — ZaZbZc, 

where Za, Zb, and Zc refer to the independent 
degrees of freedom. These independent parts 
are usually the translational, vibrational, rota¬ 
tional, electronic, and spin parts. 

Z is called the partition function since each 
term in the sum is proportional to the number 
of particles in that particular state. It can be 
shown that the Helmholtz free energy (work 
function) A is related to the partition function, 

A = —kT In Z. 

PARTITION FUNCTION FOR ATOMS. 
(See partition function.) As the distance of 
the first excited level ci of an atom from the 
ground state level e0 ( = 0) is usually large 
compared to kT (k is Boltzmann’s constant, T 
is absolute temperature), the partition func¬ 
tion Z can often be approximated by 

Z = g0 + gie ^ei, 

where g0 and gx are the degrees of degeneracy 
of the ground state and first excited state, and 
0 = 1/kT. 

PARTITION FUNCTION FOR DIATOMIC 
MOLECULES. See diatomic molecules, par¬ 
tition function for. 

PARTITION FUNCTION OF HARMONIC 
OSCILLATOR. See harmonic oscillator, par¬ 
tition function of. 

PASCAL DISTRIBUTION. Another name 
for the negative binomial distribution, though 
why Pascal should be credited with it is a 
mystery. 

PASCAL TRIANGLE. If the coefficients of 
[x + y)k in the binomial series are arranged 
as shown, successive coefficients can be ob¬ 
tained as a sum of two numbers in the preced¬ 
ing line. The second figure in each line is the 
value of k. 
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1 
1 1 
1 2 1 
13 3 1 
1 4 6 4 1 
1 5 10 10 5 1 
1 6 15 20 15 6 1 

Other forms of the triangle are often shown, 
especially that in the shape of an isosceles 
triangle, with unity at the apex and unities 
along the sides. 

The triangle can easily be extended by simple 
additions, hence the coefficient in a binomial 
expansion can be determined to any order with 
a minimum of effort. 

The triangle can be used to find the number 
of combinations when selecting k objects from 
n objects, since this also is equal to the binomial 

coefficient, 

PASCHEN-BACK EFFECT. In a strong 
magnetic field where the magnetic splitting 
becomes greater than the multiplet splitting 
a transition of the anomalous Zeeman effect 
to the pattern of one closely resembling that 
of the normal Zeeman effect takes place. The 
latter, called Paschen-Back effect, can be 
treated, to a first approximation, by assuming 
independent space quantization of the result¬ 
ant electronic orbital angular momentum L 
and the resultant electron spin S (“uncoupling 
of L and S in a strong magnetic field”)- Each 
level with a given L therefore is split into 
2L -f- 1 components characterized by the mag¬ 
netic quantum numbers 

Ml = L, L — 1, L — 2, • • •, — L, 

and each level with a given Ml into 25 + 1 
components, characterized by the magnetic 
quantum numbers 

Ms = 5,5 - 1,5 - 2, •••, -5. 

The energy of the component levels is given, 
to a first approximation, by 

W = W0 + hoML + 2 hoMs. 

Here Wa is the energy without field, h is 
Planck’s constant, o is the Larmor frequency 

1 ell 
o =-, 

2tt 2 me 

where e and m are, respectively, the electronic 
charge and mass, c is the velocity of light, and 
H is the magnetic field strength. 

The selection rules are 

AMl — 0, zfc 1 j A Ms = 0. 

The resulting splitting pattern is very similar 
to that of the normal Zeeman effect (see the 
figure). Lines corresponding to transitions 

Ms 

2S 

1 
2 

□mti 
V 

Paschen-Back effect for a 2P->2S transition. 

with AMl = 0 are plane polarized with the 
electric vector parallel to the field direction 
(^-components), those with AML = ±1 are 
plane polarized with the electric vector perpen¬ 
dicular to the field direction (<r-components). 
(For more detail see H. E. White, Introduction 
to Atomic Spectra, McGraw-Hill, Inc., New 
York, 1934, p. 223 ff.) 

PASCHEN SERIES. Series of lines in the 
spectra of the hydrogen atom and the hydro¬ 
gen-like ions He+, Li++, • • - , also called Ritz- 

Paschen series. The wavenumbers vn = 

are given by the formula 

Vn (n = 4, 5, •), 

where R stands for the Rydberg constant and 
Z for the atomic number. 

PASSIVE NETWORK, LINEAR. See net¬ 
work, linear passive. 
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PATH. An edge train in which each internal 
vertex (see vertex, internal) is of degree two 
and each terminal vertex (see vertex, terminal) 

is of degree one. 

PATH, DIRECTED. A path of a directed 
graph. (See digraph.) 

PATTERSON MAP. In the Patterson-Harker 
method of determining crystal structure, a 
map can be constructed (or, at least, a pro¬ 
jection of a three-dimensional diagram), in 
which the distances between the origin and 
any peak represents the vector between two 
atoms in the crystal. The interpretation of 
this diagram is not always easy, unless, as in 
the heavy atom method, some of the peaks 
can be readily identified. 

PAULI EXCLUSION PRINCIPLE. See 
Pauli principle. 

PAULI g-PERMANENCE RULE. See g- 
permanence rule. 

PAULI g-SUM RULE. See g-sum rule. 

PAULI PRINCIPLE (EXCLUSION PRIN¬ 
CIPLE). The principle, originally introduced 
by W. Pauli, that in an atomic system only 
those energy states can occur in 'which the 
eigenfunctions are antisymmetric with respect 
to an exchange of any two electrons. This 
means that in one and the same atom no two 
electrons can have the same set of values for 
the four quantum numbers n, l, mh and m„. 
See the table for the various possible states 
(with n — 1, 2, 3, 4) of an electron in an atom. 
(States with ms = y2 and ms = — % are indi¬ 
cated by arrows pointing in opposite direc¬ 
tions.) The restrictions imposed by the Pauli 
principle on the possible atomic electron con¬ 

figurations explains the observed periodicity 
of the chemical and spectroscopic properties of 
the elements. 

PAULI SPIN MATRICES. Pauli spin oper¬ 
ators. 

PAULI SPIN OPERATORS. The anticom¬ 
muting operators <tx, <tv, <tz satisfying ax<rv = 
iaz and equations obtained from this by cy¬ 
clic change. They may be represented by the 
matrices 

First used to represent the spin of the electron 
in quantum theory, they are closely connected 
to the Hamilton quaternions; and to the 
Cayley-Klein parameters, used in classical 
physics. 

PAULI SPIN SUSCEPTIBILITY. See spin 
paramagnetism of conduction electrons. 

PAULI TERM. Extra term added to the 
Lagrangian describing the interaction be¬ 
tween a fermion and an electromagnetic field, 
to take account, in a phenomenological way, 
of the anomalous magnetic moment of the 
particle (especially for a proton or neutron). 

PAULI-WEISSKOPF EQUATION. The sec¬ 
ond quantized form of the Klein-Gordon 
equation. 

PAY-OFF MATRIX. See games theory. 

PEARSON SYSTEM OF PROBABILITY 
FUNCTIONS. Karl Pearson developed his 

Table of possible states of an election in an atom. (From G. Herzberg, Molecular Spectra and Molecu¬ 
lar Structure. /. Spectra of Diatomic Molecules, 2nd ed. D. Van Nostrand Company, Inc., Princeton, 1950.) 
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system of probability and frequency functions 
from 1895 to 1916. We follow C. C. Craig’s 
simplified exposition. The Pearson system is 
useful in fitting an actual frequency distribu¬ 
tion by means of the sample moments. The 
sample moments in conjunction with the cri¬ 
terion, 8, tell which Pearson type will explain 
the sample results. This Pearson type is then 
considered as a hypothesis which is tested 
against the actual frequencies by the chi- 
square test of goodness of fit. 

The second use of the system is to approxi¬ 
mate a theoretical probability function by 
means of the first 4 moments of the theoretical 
probability function. This use is regarded as 
empirical and a convenience until more exact 
results are obtained. 

In fitting an actual frequency distribution 
either the method of moments or the method 
of maximum likelihood is available. While 
the method of maximum likelihood is prefer¬ 
able on theoretical grounds, it is somewhat 
arduous in practice. We shall explain the 
method of moments. . 

The Pearson system is based on the differen¬ 

tial equation, 

a — t dy_ 

ydt bo + bit + b2t~ 

where t = 
- X 

standard units. 

This differential equation may be derived 
from the hypergeometric distribution and con¬ 
sequently the Pearson system may be con¬ 
sidered as having a basis in probability. I he 
system consists of 3 main types, 9 transitional 
types, and the normal curve. The types cover 
a very wide range of bell-shaped, J-shaped, 
and U-shaped functions. These will be briefly 
explained in terms of the criterion, 

5 = 
2«4 — 3a3 ~ 6 

«4 + 3 

If 5 is negative, we have main Type I; if 5 is 
positive and the roots of bo + bit + b2t are 
complex, we have main Type 71 ; if 5 is positive 
and the roots of bo + bit -f b2t~ are real, we 
have main Type VI. The types occurring most 
frequently are 7, III, IV, and VII. The values 

of a, b0, bi, and b2 are 
—a3 

a = 
2(1 + 25) 

bo = 

bi = 

b2 — 

2 + 5 

2(1 + 25)' 

<*3 

2(1 + 25) 

5 

2(1 + 25) 

We assume hereafter that a3 2: 0. If a3 < 0, 
we can make it positive by changing the signs 
of all variates. 

TYPE I, 5 < 0, y = C{t — r,)wi(r2 - 0”‘2, 
ri< l < r2 

—c*3 -f- y/D — «3 — y/l) 
n =-> r2 =-» 

25 25 

D = a32 — 45(5 + 2), 

1 —|— 5 a3 1 -(- 25 
mi — 

m2 = — 

C = 

5 VD 5 

1 T 5 a3 1 -|- 25 

5 VD 5 

r(wi -f m2 + 2) 

r(mi + l)r(m2 -f l)(r2 — ri)™i+»«2+i 

The Type I function may be J-shaped, U- 
shaped, or bell-shaped. 

TYPE IY, a3 ^ 0, 5 > 0, a32 < 45(5 + 2). 

,l+L vir 

T 2 I 02i— m„—u tan 1 s y = Ce 2 [(t + ry + s2] me 

v 1 + 5 a3 
— oo < t < oo - =-7=’ 

2 5 V—D 

1 + 25 
m = 

5 

V^D 

«3 
r = —> 

25 

s = , 7) = a32 — 45(5 -p 2). 

25 

„2m—1 

C = 
G(2m — 2, v) 

G(2m — 2, v) = r sin2m-VetVr7</5. 
•Jo 

The Type IV function is always bell-shaped. 
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TYPE VI, <*3 > 0, 5 > 0. 

y = Czm\z - a)mi, a < Z < °o, t — r2 = z, 

t — r2 = z, ri — r2 = a, 

-a3 + \fb 
r j =-■ 

25 

— a3 — '\/~£) 
r2 =-> D = a3~ — 45(5 + 2), 

25 

1 -f 5 03 1 -f- 25 
rri\ --7=-’ 

5 VD 5 

TYPE VII, «3 = 0, 5 > 0. 

y = C(t2 + s2)-™, — oo > t > oo. 

S=V1+F 

1 s2m-T(m) 
wi = 2 -j—> (7 = —. --< 

5 V 7rr(m — 

Type VII is always bell-shaped. 

TYPE V, a3 + 0, 5 > 0, «32 = 45(5 + 2). 

y = C(t + r)~2me <_rr , —r<t< oo, 

m2 = 
1 + 5 «3 1 + 25 

5 5 

1 
m = 2 -)—» r 

5 

“3 

25’ 

__r(-w2)_ 

a”l‘+m2+1r(?ni + l)r( —mi — m2 — 1) 

The Type VI function may be J-shaped or bell¬ 
shaped. 

_ [2r(m - l)]2"-1 

r(2m - 1) 

Type F is always bell-shaped. 
The remaining special types VIII, IX, X, 

XI, and XII, occur quite infrequently. In 
fact, the terminology can be said to have sur¬ 
vived in the Type I or beta distribution, the 
Type III or gamma distribution, the Type IV 
distribution and, to a smaller extent, the Type 
VI distribution. The distributions are de¬ 
termined by their first four moments, a fact 
used in fitting them to observed data. The 
normal distribution is also a member of the 
family. 

The Type III function may be J-shaped or bell¬ 
shaped. It is an excellent approximation to the 
binomial distribution. 

TYPE II, a3 = 0, -1 < 5 < 0. 

y = C(S2 - t2)M, —S < t < S, 

PELL EQUATION. The diophantine equa¬ 
tion x~ — Dy2 = 1, where D is a positive 
integer which is not a perfect square. 

PENDULUM. An oscillatory device whose 
configuration is specified by one or more 
angular positions is called a pendulum. (See 
pendulum, ballistic.) 

S = V-(l + 2/5), 

M=-(2 + l). 

T(2M + 2) 

° = (2S)2M+1[r(M + 1)]2‘ 

Type II may be bell-shaped or U-shaped. 

PENDULUM, BALLISTIC. An instrument 
for measuring the high speed of a projectile 
moving horizontally. It consists of a pendu¬ 
lum mass which is heavy compared with the 
projectile and is supported by relatively long 
strings or a rod. Momentum is conserved as 
the projectile embeds itself in the mass and 
energy is conserved as the pendulum swings. 
The speed of the projectile is given by the 
height of rise of the pendulum mass, which is 
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measured accurately by the horizontal excur¬ 
sion. 

PENDULUM, COMPOUND. A rigid body 
free to oscillate about a fixed axis under the 
action of a restoring moment (usually produced 
by gravity) is called a compound or 'physical 
pendulum. The plane through the center of 

gravity, C, and perpendicular to the axis of ro¬ 
tation may be termed the plane of motion 
and the intersection of the axis of rotation with 
this plane is called the point of support, C. 

The period of small oscillations is 2x\/10/mgh 
where I0 is the moment of inertia about 0, m is 
the total mass, and h is the distance OC. The 
length of a simple pendulum of the same period 
of oscillation is L = I0/mh = r02/h where r0 is 
the radius of gyration for 0. L is called the 
equivalent length of the compound pendu¬ 
lum. Replacing r 2 by r2 + K2 where rc is the 
radius of gyration for C, L = h + r2/h. The 
point on the extension of OC at a distance L 
from 0 is called the center of oscillation. 
As L is given by rc and h, the period of 
oscillation will be the same for all support 
points on a circle of radius h with center at C. 
Except for the minimum period condition 
h = rc, L — 2rc, there are two values of h, hi 
and h2, which give the same L. Two points on 
a line through C, one at hx and the other at h2 
from C are called conjugate points. Their 
distance apart hx + h2 = L. 

PENDULUM, CONICAL. A mass m sus¬ 
pended from a fixed point 0 by a string of 
fixed length l, rotating along a circle of radius 
R with uniform angular velocity w. The 
value of the angular speed is given by the 
equation 

while the period is 2-irVh/g, where h is the per¬ 
pendicular distance from 0 to the circle of mo¬ 

tion. 

The conical pendulum is a special case of 
the spherical pendulum. (See pendulum, 
spherical.) 

PENDULUM DAY. The time required for 
the plane of a freely suspended (Foucault) 
pendulum to complete an apparent rotation 
about the local vertical. This period t is 
given by the formula 

27T sidereal day 

ft sin (f> sin 4> 

where ft is the angular speed of the earth and 
<f> the latitude. (See inertial flow.) 

PENDULUM, EQUIVALENT LENGTH OF. 
The length of a simple pendulum having the 
same period of oscillation as a compound 
pendulum. (See pendulum, compound.) 

PENDULUM, FOUCAULT. Any pendulum 
suspended in such a way that its (vertical) 
plane of oscillation is free to rotate. Because 
of the rotation of the earth, there is an appar¬ 
ent rotation of this plane, as observed by a 
terrestrial observer. The rotation is clock¬ 
wise in the northern hemisphere and counter¬ 
clockwise in the southern hemisphere. Its 
angular speed is w sin <£ where ft = angular 
speed of earth due to its daily rotation, 0 = 
latitude (0° at the equator). 

PENDULUM, HUYGENS. See tantochrone. 

PENDULUM, RATER. Rater devised a 
number of rigid pendulums for comparing the 
accelerations of gravity at different places on 
the earth. Any pendulum of fixed length, 
carried from place to place, will swing in 
periods inversely proportional to the square 
root of the value of this acceleration, g, at the 
respective stations. Therefore if the pendu¬ 
lum has been timed at a station at which the 
value of g is accurately known, its period at 
any field station gives at once the value of g 
at that station. Rater’s best known pendulum 
is reversible. (See pendulum, reversible.) 

PENDULUM, PHYSICAL. See pendulum, 
compound. 

PENDULUM, REVERSIBLE. A pendulum 
which is used for accurate determinations of 
the acceleration of gravity. By measuring the 
period corresponding to two different suspen¬ 
sion lengths, there is no need for a measure- 
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ment of the moment of inertia. The accelera¬ 
tion of gravity is given by 

_ 4tt2[Ia2 - lB2] 

9 ~ IaPa2 ~ IbPb2 

where Ia, Ib are two different lengths of sus¬ 
pension to center of mass; Pa, Pb are periods 
corresponding to the above lengths. 

PENDULUM, SIMPLE. A simple pendulum 
consists of a point-mass, suspended from a 
horizontal axis by a light rod or inextensible 
string of length L. For small oscillations the 
period T is 

PENDULUM, SPHERICAL. A particle con¬ 
strained to slide frictionless on the surface of a 
sphere under the sole influence of gravity repre¬ 
sents a spherical pendulum. The motion oscil¬ 
lates between the two levels Z\ and z2- The 
arithmetic mean of Z\ and z2 lies below the 
center 0 of the sphere. The motion is given 

Spherical pendulum. 

by z = Zi + (z2 — Zi)srr(w£). (It is assumed 
that at the time 0 the particle is at the lower 
level.) z has the period T, where a = radius of 

sphere; T = ~ ; « = ^/g(~32~2—• sn(x) is 

the Jacobian elliptic function. 

J0 

dx 

\/(l — x2)(l — k2y2) 

PENDULUM, TORSION. The torsion pen¬ 
dulum consists of a body suspended by a fine 
wire or elastic fiber in such a manner that it 
will execute rotational oscillations as the sus¬ 
pension twists and untwists. If 7 is the mo¬ 
ment of inertia of the body with respect to the 
axis of oscillation, and if K is the torsion co¬ 
efficient of the fiber (torque required to twist 
is through an angle of one radian), the period 
of oscillation is given by the simple formula 

Both I and K may have to be determined by 
experiment in actual laboratory practice. 
This is easily done by measuring the period T 
and then adding to the suspended body an¬ 
other of known moment of inertia I', giving a 
new period of oscillation T', which is also 
measured. From (1), 

r = 2tt 
i + r 

K 
(2) 

and the solution of the two equations now gives 
K = 47t2/'/{T'2 - T2), I = T2P/{T'2 - T2). 

PENETRATION DEPTH. (1) The distance 
from the surface of a superconductor in a 
magnetic field at which the intensity of the 
field has fallen to 1/e of its value outside. 
(2) The distance to which an external mag¬ 
netic field penetrates into a superconductor 
from whose bulk it is excluded by the Meiss¬ 
ner effect. The London equations predict a 
depth (Ac2/4ir) Vfe^io-s cm in a static field, 
a result confirmed by observations on small 
particles. At high frequencies the effect goes 
over into the eddy-current skin-depth appro¬ 
priate to the density and mobility of the 
“normal” electrons. (3) In induction heating 
usage, the thickness of a layer extending in¬ 
ward from the surface of a conductor, which 
has the same resistance to direct current as 
the conductor as a whole has to alternating 
current of a given frequency. 

PENETRATION FACTOR. See skin depth. 

PENETRATION PROBABILITY (PENE¬ 
TRABILITY). The probability of passage of 
a particle through a potential barrier, defined 
as a region of finite extent in which the poten¬ 
tial energy of the particle exceeds its total en¬ 
ergy. An example of barrier penetration is 
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the passage of a-particles through the Cou¬ 
lomb barrier at the nuclear surface. Penetra¬ 
tion of this type is a quantum mechanical 
phenomenon which cannot be explained in 
terms of classical physics. In general, the 
penetration probability increases as the en¬ 
ergy of the particle approaches the height of 
the barrier and as the thickness of the barrier 
decreases. Interference effects, however, play 
an important role when the thickness of the 
barrier is a multple of one-quarter of the wave¬ 
length of the de Broglie wavelength associated 
with the particle. The half-width y of any 
nuclear process involving a barrier is the 
product of the intrinsic probability that the 
particles will appear at the surface of the 
barrier times the penetrability of the barrier. 

ture of the gas and the conditions. For a 
given temperature and composition the perfect 
gas condition is approached when the density 
tends to zero. From a molecular point of view 
the perfect gas laws correspond to the be¬ 
havior of a system of molecules whose inter¬ 
actions may be neglected in expressing the 
thermodynamic equilibrium properties. How¬ 
ever, even at a low density the transport prop¬ 
erties depend essentially on the interactions. 
(See Boltzmann transport equation, kinetic 
theory of gases.) 

The thermodynamic properties of a perfect 
gas are, of course, especially simple. For ex¬ 
ample, the difference between the molar heat 
capacities at constant pressure and constant 
volume is equal to the gas constant R 

PERCUSSION, CENTER OF. A rigid lamina 
subject to no constraints is given a blow at 
point A by the force F. The lamina will start 
to rotate about point 0. This point is called 
the center of percussion. Let C be the center 
of mass and kc the radius of gyration about C. 

Then, as shown in the figure, 

kc2 

No shock will be felt at 0 when a blow is 

struck at A. 

PERFECT GAS. A perfect gas may be de¬ 
fined by the following two laws: rhc Joule 
law: the energy per mole, U, depends only on 
the temperature. The Boyle law: at constant 
temperature, the volume V occupied by a given 
number of moles of gas varies in inverse pro¬ 

portion to the pressure. 
By combination of these two laws we ob¬ 

tain the equation of state for perfect gas 

pV = nRT (1) 

where R is the gas constant, T, the absolute 
temperature. (It is also called the perfect gas 

law-) . . ... 
The perfect gas is an abstraction to which 

any real gas approximates according to the na- 

Cp - Cv = R. (2) 

The value of R is 0.08205 liter-atm. de¬ 
gree-1 mole-1, which in cgs units is equal to 
8.314 X 107 g cm2 sec-2 degree-1 mole-1. 
This relationship, Formula (2), applies only 
approximately to real gases. 

However, the way in which either Cp or Cv 
depend on the temperature can only be calcu¬ 
lated from statistical mechanics. 

PERFECT GAS MIXTURES. A mixture of 
gases in volume V at temperature T is called 
a perfect gas mixture if the Helmholtz free 
energy A (see thermodynamics, characteristic 
functions of) is equal to the sum of the free 
energies which the separate constituents would 
have if each were confined alone in the same 
volume at the same temperature. 

The equation of state of a perfect gas mix¬ 
ture is 

with 
pV = nRT 

n = Y ni. 

(1) 

(2) 

The chemical potential is of the form (see 
also ideal systems) 

»< = ^(T,p) + RT In (3) 

where m° is the chemical potential for the pure 
gas i at the same T and p; Hi0 is of the form 

^ = ^(T) + RT In p (4) 

it depends in a logarithmic way on the pres¬ 
sure. 

The temperature dependence of m^(T) can 
only be fixed by considerations of statistical 
mechanics. 
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PERFECTLY ELASTIC MATERIAL. A 
material for which the excess of the work done 
by the applied forces in a deformation over 
the kinetic energy generated in the deforma¬ 
tion is a single-valued function of the initial 
and final states of deformation. 

PERFECTLY PLASTIC MATERIAL. A 
material which flows indefinitely at constant 
yield stress. 

PERFECT MIXTURES. See ideal systems. 

PERFECT OPTICAL SYSTEMS. An optical 
system is perfect if the mapping of object 
points into image points by the system is a 
non-singular collineation. A system is plane- 
perfect if the mapping from one object plane 
to its image plane is non-singular and linear. 
(See the Abbe-Maxwell theorem, Maxwell’s 
fisheye, the Luneberg lens.) 

PERFECT SOLUTIONS. A liquid or solid 
mixture which remains ideal at all concentra¬ 
tions (see ideal systems). This situation is 
realized when the intermolecular forces be¬ 
tween the different molecules are identical. 
Moreover if quantum effects have to be taken 
account, the masses of the molecules and their 
statistics (see quantum statistics) have to be 
the same. 

Perfect solutions have specially simple prop¬ 
erties. (See vapor pressure in perfect solu¬ 
tions; osmotic pressure; excess functions.) 

PERIHELION OF MERCURY, ADVANCE 
OF. See relativity, general. 

PERIOD. (1) If, for a non-constant func¬ 
tion f (x), there exists a constant a such that 
f{x + a) = f{x) for all x, then a is said to be 
a period of the function f(x); if a is a period, 
then any multiple of a is clearly also a period, 
a period which is not a multiply of any other 
period being called a primitive or fundamental 
period. A function of a real variable can have 
at most one primitive period, but a function 
of a complex variable may have two. 

(2) An interval, especially one established 
by repeated or regular recurrence, or the en¬ 
tities contained within such an interval. 

PERIODIC, MULTIPLY. A function of sev¬ 
eral variables 0{, 02, • • •, Of, each of which de¬ 
pends linearly upon the time, 0,- = Vft, is said 
to be multiply periodic with period b in the 
variables 01, 02, • • •, 0/ if 

F{0\ + nib, 02 + n26, • • •, 0/ + n/b) 

= F(elfe2, - .-,0/), 

where n1; n2, • • •, nj are integers. If the vari¬ 
ous Vi are not all equal and are not commensur¬ 
able, it is clear that F will not be periodic in 
time. A system for which this is true is fre¬ 
quently called conditionally periodic. 

PERIODIC STAR. See variable stars. 

PERIOD, NATURAL. The period of a free 
oscillation of a body or system. 

PERIOD OF DEFORMATION. Time from 
initial impact until bodies cease to approach. 
(See period of restitution; impact.) 

PERIOD OF RESTITUTION. Time from 
maximum compression until bodies are ulti¬ 
mately separated and moving with final ve¬ 
locities. (See impact.) 

PERIOD OF VARIATION. See variable 
stars. 

PERIODOGRAM. A form of diagram used 
in the analysis of oscillatory time-series. The 
values of the series are correlated with a 
trigonometric term sin (At -f e) for varying 
values of A. The correlation (or some linear 
function of it) is plotted as ordinate against A 
as abscissa and if the resultant has a sharp 
peak at Ai, A2, • • *, etc., the series is analyzed 
into the sum of terms of period 2ir/Ai, 2tt/A2, 
•••, plus a residual. Modern practice is in 
favor of graphing the correlation (or some 
similar measure) against the frequency 2tt/A, 
in which case we have the spectral function. 

Other forms of periodogram are sometimes 
used. 

PERIOD, REACTOR. In the theory of neu¬ 
tron chain reactors, the reactor period T is re¬ 
lated by wT = 2ir to any of the “natural” fre¬ 
quencies, w, characteristic of a particular sys¬ 
tem. (See inhour equation.) The period cor¬ 
responding to the algebraically greatest fre¬ 
quency is called the steady or stable period. 
The dependent variable in these considerations 
is, of course, the neutron flux. 

PERMANENT WAVE. A wave (in a fluid) 
moving with no change in streamline pattern, 
and which, therefore, is a stationary wave rela¬ 
tive to a coordinate system moving wdth the 
wave. 
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PERMEABILITY, /x. (1) Absolute perme¬ 
ability is the ratio of the magnitude of mag¬ 

netic induction to the magnetic field in¬ 

tensity. Thus B = /xll; for an isotropic ma¬ 
terial n is a scalar, but for an anisotropic ma¬ 
terial n is a tensor. It is related to the magnetic 
susceptibility Xm by the equation /x = 1 + Xm 
(in rationalized units). In unrationalized units, 
the relation is y = 1 + 47rx,„. 

(2) Specific or relative permeability is the 
ratio (m/mo) of the absolute permeability to the 
permeability (y0) of free space. In MKS units 
fj.0 = 47t X 10—7 henry/meter. Also known as 
magnetic constant. 

PERMITTIVITY. The constant e appearing 
in Coulomb’s law. The ratio e/e0 is the relative 
permittivity or dielectric constant, where t0 is 
the permittivity of free space. 

PERMUTATION. Given n distinguishable 
objects or elements, each different arrangement 
of the elements is a permutation. The number 
of permutations is n(n — l)(n — 2) ••• 3-2-1 
= n! Several different symbols, such as nP„, 
Pn n or P(n, n) are used to indicate this result. 
If the n things are taken r at a time (r < n), 
nPr = n(n - 1 )(n - 2) • • • (w — r + 1) = 

n! 
--— When rq of the elements are all alike 
(n — r)! 
of the first kind, n2 of the second kind, etc., so 
that ni + n2 d-nm = n, the number of per- 

n! 
mutations is -- This result also 

ni\n2\ • • ■ nm\ 
applies if the elements are separated into m 
parts with to,- elements in the fth part. If the 
number of elements in each of the m parts is not 
specified but each part must contain at least 
one element, the number of permutations is 

n!(n — 1)! . . , 
-—-This number is increased 
(to — m) \{m — 1)! 

(m + to — 1)! , ... , 
to-if empty parts are permitted. 

(m — 1)! 
A combination is an arrangement of objects 

or elements, where the order of arrangement is 
not distinguished. Thus given the three letters 
a, b, c the possible permutations are (abc), (acb), 
etc., six in number but there is only one com¬ 
bination. With symbols as before, 

^ n(n — l)(n — 2 )•••(» — r + 1) 
«Gr ~ 

r! 
n! 

r!(n — r)! 

This number is identical with the ( J - the co¬ 

efficient in the binomial series. Moreover, 
nPn—r> nPr = r\nCr. 

The number of combinations of n different 
elements into m specified parts, with empty parts 
allowed is mn; of n identical elements into m dif- 

(n + m — 1)! 
erent parts with empty parts is- 

n\(m — 1)! 
but when at least one element is in each part, 

(n - 1)! 

the number is-Finally, the 
{m — 1) \{n — m)! 

total number of combinations of n things taken 
n 

1, 2, 3, • • -, n at a time is ^2 nCi = 2n — 1. 
i=l 

(See also permutation group.) 

PERMUTATION, CYCLIC. See permuta¬ 
tion group. 

PERMUTATION, EVEN OR ODD. A per¬ 
mutation may always be written as a product 
of transpositions, either even or odd in num¬ 
ber. The permutation is then said to be even 
or odd. 

PERMUTATION GROUP. Its elements, n\ 
in number, are the various permutations or re¬ 
arrangements of a standard arrangement of n 
symbols or objects. A typical element is 

s-(“ 82 s") 

meaning that the operation S replaces 1 by Si, 
2 by s2, etc. If another element is indicated 
by T, then ST, the rearrangement designated 
by T followed by S, the resulting permutation 
is also in the group. 

A permutation sending Si into s2, s2 into s3, 
etc., and finally s„ into Si is called a cycle on n 
letters. It is usually written as (si, s2, • • •, s„). 
The degree of a cycle equals the number of 
symbols permuted. A cyclic permutation of 
degree two is a transposition. Any permuta¬ 
tion may always be written as a product of 
transpositions, either even or odd in number. 
The permutation is then said to be even or odd. 

The group of all permutations of n letters or 
objects, of order n!, is called the symmetric 
group. The even permutations of n objects 
form a subgroup of the symmetric group. Its 
order is n!/2 and it is called the alternating 
group. 
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Every group is isomorphic to some permu¬ 
tation group. It is easy to find a representa¬ 
tion of a permutation group by using a permu¬ 
tation matrix. Each row and column of such 
a matrix has but one non-zero element and 
that is unity. The row and column thus desig¬ 
nate the initial and final locations of the ob¬ 
ject permuted. 

PERMUTATION SYMBOL. A symbol carry¬ 
ing indices, taking the values (e.g.) 1, 2, • • •, 
n, the value of which is 1, —1 or 0 depending 
on the values assigned to the indices, e.g., gen¬ 
eralized Kronecker delta, alternating tensor. 
(See tensor, alternating.) 

PERPENDICULAR AXIS THEOREM. The 
moment of inertia of a plane figure about a 
perpendicular or polar axis is the sum of the 
moments of inertia about two axes at right 
angles in the plane passing through the polar 
axis. 

PERPETUAL MOTION ENGINE. A hypo¬ 
thetical engine which could produce work con¬ 
tinuously without expense. It is necessary to 
discern two types of perpetual motion engines, 
as defined in the two entries following. 

PERPETUAL MOTION ENGINE OF THE 
FIRST KIND. A hypothetical engine which 
would operate continuously (i.e., perform 
cycles) and which would produce mechanical 
work without consuming energy in any form, 
particularly heat. The first law of thermo¬ 
dynamics asserts that a perpetual motion en¬ 
gine of the first kind is impossible. 

PERPETUAL MOTION ENGINE OF THE 
SECOND KIND. A hypothetical engine 
which operates periodically (i.e., performs 
cycles) and continuously, and produces work 
from heat drawn from a single source at fixed 
temperature. The second law of thermody¬ 
namics asserts that a perpetual motion engine 
of the second kind is impossible. In fact W. 
Ostwald used the preceding statement as an 
independent formulation of the second law. 
(For a comparison with other statements, see 
second law of thermodynamics.) 

PERTURBATION. (1) A small contribution 
to a physical quantity, such that the problem 
into which the quantity enters can be solved 
exactly or in a far simpler manner than other¬ 
wise if the perturbation is neglected. (See 
perturbation theory.) The form in which a 

perturbation is most frequently used in both 
classical and quantum mechanics is a small 
additional energy, called the perturbation en¬ 
ergy. (2) Any departure introduced into an 
assumed steady state of a system. The magni¬ 
tude of the departure is often assumed to be 
small so that product terms in the dependent 
variables may be neglected; the term “per¬ 
turbation” is therefore sometimes used as syn¬ 
onymous with small perturbation. The per¬ 
turbation may be concentrated at a point or in 
a finite volume of space; or it may be a wave 
(sine or cosine function); or, in the case of a 
rotating system, it may be symmetric about 
the axis of rotation. 

PERTURBATION EQUATION. Any equa¬ 
tion governing the behavior of a perturbation. 
This may or may not be a linearized differen¬ 
tial equation 

PERTURBATION FORMULA, RAYLEIGH- 
SCHRODINGER. See Rayleigh-Schrodinger 
perturbation formula. 

PERTURBATION HAMILTONIAN. That 
part of the Hamiltonian of a system which 
represents the perturbation energy of the sys¬ 
tem. 

PERTURBATION MOTION. The motion of 
a disturbance (usually but not necessarily as¬ 
sumed infinitesimal), as opposed to the mo¬ 
tion of the steady state of the system on which 
the perturbation is superimposed. 

PERTURBATION QUANTITY. Any param¬ 
eter of a system, e.g., velocity components or 
temperature, which may or may not have been 
assumed to be small perturbations from a mean 
or steady-state value. 

PERTURBATIONS IN MOLECULAR SPEC¬ 
TRA. The displacement of a band from its 
regular position in the band system (vibra¬ 
tional perturbation) or the displacement 
(and/or weakening) of corresponding lines in 
the different branches of a band (rotational 
perturbation). A perturbation observed in 
the spectrum is indicative of the presence of 
a perturbation (shift) of one of the energy 
levels involved due to interaction with an¬ 
other level of the same, or nearly the same, 
energy. 

One distinguishes homegeneous and hetero¬ 
geneous perturbations, corresponding to inter¬ 
action between energy levels of the same or 
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different species, respectively. Homogeneous 
perturbations arise from interaction between 
states with the same quantum number A 

(AA = 0) in diatomic and linear polyatomic 
molecules, or from Fermi-interaction (see 
Fermi-resonance) in polyatomic molecules. 
Heterogeneous perturbations correspond to 
interaction between states differing by A A = 

±1 in diatomic and linear polyatomic mole¬ 
cules, or to Coriolis interaction in polyatomic 
molecules. 

The selection rules for perturbation arc in 
all cases 

AS = 0; AJ = 0; + *-\~* —; s <—|—> a. 

(J and S are quantum numbers of the total 
angular momentum and of the electron spin.) 

PERTURBATION THEORY. Any problem 
in which the effects can be divided into large 
contributions and (small) corrections can be 
dealt with by means of perturbation methods. 
The problem is first solved for the unperturbed 
system for which the smaller corrections are 
neglected, and these corrections are taken into 
account only in the next approximations. 
Such perturbation methods have been used, 
for instance, in astronomy to calculate small 
deviations in the orbits of planets due to the 
effect of other planets. A much more frequent 
use is made of perturbation methods in quan¬ 

tum mechanics. 

PERTURBATION THEORY, QUANTUM 
MECHANICAL. The mathematical complex¬ 
ity of many quantum mechanical problems is 
such that one cannot hope to obtain exact 
solutions. However, good predictions can 
sometimes be obtained by means of perturba¬ 
tion theory, if one can assume that the actual 
system differs only slightly from a simpler sys¬ 
tem for which the problem can be solved, and 
the neglected difference can be dealt with as a 
perturbation of this simpler unperturbed sys¬ 
tem. The effect of a weak electromagnetic field 
on an atom, for instance, can be dealt with as a 
perturbation, and the transition probabilities 
between the energy states of the unperturbed 
atom can be calculated by means of perturba¬ 
tion theory. A weak interaction between two 
particles can be dealt with as a perturbation 
in the collision process of the two particles. 
The perturbation methods can be time-inde¬ 
pendent or time-dependent, according to 
whether the unperturbed states are described 

by time-independent wave functions or time- 
dependent ones. If the strength of a weak 
interaction between two systems is propor¬ 
tional to a constant parameter, the wave func¬ 
tions and energy values of the wave equation 
can be expanded in powers of this constant. 
The zero-order approximation is given by the 
unperturbed wave functions and energy values 
which are independent of this parameter. 
These determine the first-order approximations 
together with that part of the wave equation 
which is linear in the coupling parameter. By 
successive approximations one obtains expres¬ 
sions for second, third and higher order per¬ 
turbations in the wave function and the en¬ 
ergy. If an unperturbed energy state is de¬ 
generate, that is, if two or more states have the 
same unperturbed energy, the effect of the 
perturbation has to be taken into account first 
between these degenerate states. 

PERTURBATION VELOCITY POTENTIAL. 
See slender-body theory. 

PERVEANCE. The quotient of the space- 
charge-limited cathode current by the %- 
power of the anode voltage in a diode. Per- 
veance is the constant G appearing in the 
Child-Langmuir-Schottky equation. 

4 = Ge 

When the term perveance is applied to a triode 
or multi-grid tube, the anode voltage eb is 
replaced by the composite controlling voltage 
e' of the equivalent diode. 

PETIT ENSEMBLE. See ensemble. 

PETZVAL’S CONDITION. If a lens system 
is free of astigmatism, then P = 0, where P is 
the Petzval sum of the system, is a sufficient 
condition for the system to image plane objects 
as planes. This is Petzval’s condition. To 
ensure P = 0 is to eliminate the aberration 
of curvature of field. 

PETZVAL SUM. If l/r{ is the curvature of 
the ith spherical surface of an axially sym¬ 
metric lens system and n-4 is the index of refrac¬ 
tion of the medium following the ith surface, 
then the Petzval sum of the system is 

For a system of thin lenses, if <4 is the power of 
the ilh lens then 
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P = 2Z 4>i/n< 
X 

(See Petzval’s condition and Petzval surface.) 

PETZVAL SURFACE. The mean image in 
the third order theory of a rotationally sym¬ 
metrical lens system lies on a sphere of radius 
P, where P is the Petzval sum of the system. 
The sphere, with center on the axes and 
tangent to the paraxial focal plane, is the 
Petzval surface of the system. 

PFAFF PROBLEM. A differential expression 
n 

dW = £ Xidxi 
i=\ 

where the Xt are functions of the independent 
variables is called a Pfaff expression or a 
Pjaffian. In general the value of IF depends 
upon the path of integration, whereupon the 
expression is an inexact differential. If the 
value of IF is independent of the path of in¬ 
tegration, the expression is an exact or perfect 
differential. In this case, the equation is said 
to be integrable. The non-integrable case was 
once thought to be meaningless since it did not 
seem to be obtainable from a single primitive. 
However, if it contains 2n or (2n — 1) vari¬ 
ables it is equivalent to not more than n alge¬ 
braic equations the finding of which is called 
Pfaff’s problem. Thus, if there are three vari¬ 
ables, the general solution is an arbitrarily 
chosen relation f(x, y, z) = 0 and a second 
relation containing an arbitrary constant g(x, 
y, c) = 0. Pfaff’s problem may be interpreted 
geometrically and is of some interest in ad¬ 
vanced theories of mechanics and thermo¬ 
dynamics. 

PFUND SERIES. Line series in the spectra 
of hydrogen and the hydrogen-like ions He+, 

Li++, • • •. The wavenumbers vn = — are 
An 

given by the formula 

Pn = RZ*--~, (n = 6,7, •••), 
O 71 

where R stands for the Rydberg constant and 
Z for the atomic number. For hydrogen the 
Pfund series lies in the infrared region of the 
spectrum. 

PHASE. A region of space in a thermody¬ 
namic system which is separated from the 
remainder by a clearly definable surface and 

within which the thermodynamic properties 
differ from the remainder when the whole sys¬ 
tem is in thermal equilibrium, i.e., when, in 
particular, the pressure and temperature are 
uniform throughout the system. Examples: 
(a) the liquid and vapor regions of a system 
consisting of both in thermal equilibrium, 
constitute two distinct phases; (b) two allo- 
tropic forms of a solid which exist side by 
side at a given pressure and temperature con¬ 
stitute two distinct phases, (c) in a solution, 
the pure components, and the regions differing 
in concentration, all constitute separate phases 
of the system. 

Since all gases can be mixed in any propor¬ 
tion, a given system can possess only one 
gaseous phase; it can, however, possess several 
liquid and solid phases. (See also phase of 
a periodic quantity.) 

PHASE ANGLE. A conventional representa¬ 
tion of simple harmonic motion is 

/2trt \ 
y = A sin (cot + a) = A sin I-b a ) 

in which A is the amplitude, cot -f- a or + a 

is the phase angle, and a is the epoch angle, t is 
the time variable, T is the period and w is the 
angular velocity. 

Two coherent harmonic motions, described 
by 

yi = A sin (wt + a) 
and 

?/2 = A sin (ut + /3) 

are said to have a phase difference of (0 — a). 

PHASE ANGLE, ACOUSTIC. The angle 
whose tangent is the ratio of the acoustic re¬ 
actance to the acoustic resistance. (See re¬ 
actance, acoustic and resistance, acoustic.) 

PHASE COHERENCE FACTOR. See par¬ 
tial coherence. 

PHASE CONSTANT. See propagation con¬ 
stant. 

PHASE DIFFERENCE VS. PATH DIFFER¬ 
ENCE. The difference in phase between two 
coherent wave disturbances that have trav¬ 
eled over different optical paths, from some 
point at which they had the same phase, is 
2ir/\ times the path difference, where A is the 
wavelength. 
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PHASE, DISTRIBUTION IN. See distribu¬ 
tion in phase. 

PHASE FUNCTIONS, MINIMUM. See min¬ 
imum phase functions. 

PHASE INTEGRAL. If a coordinate q is a 
periodic function of time with the period T 
and if p is its conjugate momentum, then the 
integral 

pdq, 

taken over one period, is called a phase in¬ 
tegral. A fundamental postulate of the older 
quantum theory was that such an integral 
must be an integral multiple of Planck’s con¬ 
stant. (See partition function. I 

PHASE MARGIN. A partial indication of the 
degree of stability of a feed-back loop defined 
by: 

Phase margin = phase of the loop frequency- 
function at that frequency 
for which the loop gain ra¬ 
tio is unity (i.e., the loop 
gain in logarithmic units is 
zero). 

To avoid confusion it should be noted that 
if T(s) is the output/error transfer function 
in an error-monitored control system, the loop 
transfer function is — Y(s). Thus the phase 
of the loop frequency-function differs by 180° 
from the phase of Y (w). 

PHASE MIXING OR FINE SCALE MIXING. 
A general phenomenon first pointed out by 
Gibbs in demonstrating that coarse graining 
of the n-particle distribution function in phase 
space leads to a decrease in the //-function for 
the system. Landau damping of electron 
plasma oscillations can be looked upon as a 
phenomenon of this kind. It may also be 
interpreted as a mixing and cancellation of the 
phases of the normal modes of the system. 

PHASE OF A PERIODIC QUANTITY. The 
phase of a periodic quantity, for a particular 
value of the independent variable, is the frac¬ 
tional part of a period through which the in¬ 
dependent variable has advanced, measured 
from an arbitrary origin. In the case of a 
simple sinusoidal quantity, the origin is usu¬ 
ally taken as the last previous passage through 
zero from the negative to positive direction. 

The origin is generally so chosen that the frac¬ 
tion is less than unity. The phase is expressed 
in radians, rather than in periods, in which 
use its numerical value is increased by a fac¬ 
tor of 2-tt. 

PHASE RETARDATION. See partial co¬ 
herence. 

PHASE RULE. The phase rule, due to Gibbs, 
gives the number <o of intensive variables which 
can be fixed arbitrary in a system in equilib¬ 
rium. This number is also called the variance 
or the number of degrees of freedom of the 
system. It is given by 

««2 + (c-rO-0 (1) 
where c is the number of components, / the 
number of independent chemical reactions, 
other than transfers of molecules from one 
phase to another, and <j>, the number of phases. 

In terms of independent components, c', 
Equation (1) may also be written 

w = 2 + c'- + (2)* 

If a) = 0 the system is invariant. We cannot 
fix either temperature or pressure arbitrarily. 
Equilibrium can only be established at iso¬ 
lated points. An example is the triple point 
at which pure solid, liquid and vapor are in 
equilibrium (<0 = 2 + 1 — 3 = 0). 

If <o = 1 the system is monovariant. We 
can, for example, fix the temperature, but the 
equilibrium pressure is then fixed. This is 
the situation for a system containing one com¬ 
ponent and two phases. 

If <o = 2 the system is bivariant. Within 
certain limits both pressure and temperature 
can be given arbitrarily. This is the situation 
for c = 1 and <f> = 1, or c = 2 and <j> = 2. 

* By many authorities, Equation (2) is written in 
the notation, / = 2 + c — p, using / for the number of 
independent variables, and p for the number of phases. 

PHASE SEPARATION OF SUBSTITU¬ 
TIONAL ALLOYS, STATISTICAL TREAT¬ 
MENT. See cooperative phenomena. 

PHASE SLOWNESS. Consider a harmonic 
wave 

V = A(x, y,2)e#I"‘-*(*-w-*)1. 

The phase slowness is the vector 

1 
S = - V<t>. 

CO 
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The reciprocals of the components of S are the 
speeds of propagation of constant phase along 
the corresponding axes. Since these speeds are 
not the components of a velocity vector, phase 
velocity is not conveniently generalized from 
one dimension to three. 

PHASE SPACE. A multidimensional space, 
each point of which determines completely the 
phase of the system, that is, the values of all 
the generalized coordinates and generalized 
momenta. (See mu-space and gamma-space.) 

If a system contains N degrees of freedom, 
i.e., needs N generalized coordinates q to de¬ 
scribe it, then its phase space is a Cartesian 
space with 2N dimensions, viz., the coordinates 
f/i, •••, qn and the corresponding momenta 
Pi, ••*, Pat. The state of the system at any 
instant is represented by a representative point 
in phase space with the coordinates <71, • • •, qN 
p 1, • • •, pN. As time goes on, this representa¬ 
tive point describes a curve in the phase space. 
(See Liouville’s theorem.) 

PHASE VELOCITY (WAVE VELOCITY). 
The velocity of propagation of an equiphase 
surface along the direction normal to that 
surface (see also waves, group velocity of). 
Thus the phase velocity is the velocity of 
propagation of wave crests, nodes, or troughs. 
In a dispersive medium this differs from the 
velocity of propagation of a disturbance of 
finite extent as a whole. 

PHASE, WAVE. See wave phase. 

PHENOMENOLOGICAL COEFFICIENTS 
IN THERMODYNAMICS OF IRREVERSI¬ 
BLE PROCESSES. See the following entry. 

PHENOMENOLOGICAL RELATIONS IN 
THERMODYNAMICS OF IRREVERSIBLE 
PROCESSES. The entropy production can 
be written as the sum of the products of gen¬ 
eralized forces or affinities and the correspond¬ 
ing rates (or generalized fluxes) of the ir¬ 
reversible processes (see entropy production; 
thermodynamics, second law of) 

diS _ 
— ~T,JkX„>o. (i) 
at k 

At thermodynamic equilibrium one has simul¬ 
taneously for all irreversible processes 

Jk = 0 and Xk = 0. (2) 

One can assume that near equilibrium one has 
linear relations between the forces and the 
rates. Such a scheme automatically includes 
empirical laws as the Fourier law for heat 
flow or the Fick law for diffusion. Linear 
laws of this kind are called the phenomeno¬ 
logical relations. Indeed the existence of such 
relations is an extrathermodynamic hypoth¬ 
esis. 

In the case of two simultaneous irreversible 
processes, the phenomenological relations are 

•J1 — £11 Aj + 12 A 2 

•/2 = L21A1 -f- Ij22-V2. 

(3) 

The coefficients in L are the phenomenological 
coefficients. The coefficients may stand for 
the heat conductivity, the electrical conduc¬ 
tivity, the chemical drag coefficient, while the 
coefficients Lik (with i ^ k) describe the inter¬ 
ference of the two irreversible processes i and 
k. For example, if the two irreversible proc¬ 
esses represent thermal conductivity and dif¬ 
fusion, the coefficient Lik is connected with 
thermodiffusion. Such coefficients may be 
called the “interference coefficients,” or “cou¬ 
pling coefficients,” since they couple a mass 
transfer with an energy gradient or a heat flux 
with a density gradient, for example. 

Replacing the fluxes by their value (2) in 
(1) we obtain the quadratic form 

+ (L12 + L2i)XiX2 + ^22A2~ > 0. (4) 

This quadratic form has to be positive for all 
positive or negative values of X\X2y except 
when Xi = X2 = 0, which corresponds to 
equilibrium. Therefore 

I'll > 0, L22 > 9, (L\2 + £21)" < 4/vj 1 Ij22- 

(5) 

Hence the “proper” phenomenological coeffi¬ 
cients (Ln, L>>) are positive. On the other 
hand, the interference coefficients (Li2, L21) 
may be positive or negative, their magnitude 
being limited only by (5). This is in agree¬ 
ment with the observation that coefficients, like 
thermal conductivity or electrical conductivity, 
are always positive, while for example, the 
thermodiffusion coefficient has no definite sign. 

The domain of validity of the linear phe¬ 
nomenological relations can of course only be 
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discussed when a statistical or kinetic theory 
is available. This is the case of dilute gases 
(see Boltzmann’s equation; kinetic theory of 

gases). It can be shown that for transport 
processes the linear laws are valid when the 
variation of the properties of the gas are 
small over a mean free path. 

On the other hand for chemical reactions the 
linear laws are valid when the chemical 

affinity is small in respect to the thermal 
energy RT. 

PHON. The unit of loudness level of a sound, 
defined as numerically equal to the sound 

pressure level in decibels, relative to 0.0002 
microbar, of a simple tone of frequency 1000 
cycles per second which is judged by the lis¬ 
teners to be equivalent in loudness. 

PHONON. (1) A sound quantum. (2) A 
quantum of the lattice vibrations of a crystal. 
The theory of lattice vibrations is in many 
respects similar to that of the electromagnetic 
field, and it is convenient to introduce “par¬ 
ticles,” defined oy wave-packets, moving 
through the medium with the group velocity, 

and capable of being annihilated, created, scat¬ 
tered, etc., by interaction with electrons and 
lattice imperfections. Like a photon, a phonon 
is quantized to have the energy hv, where v is 
its vibrational frequency, and h is Planck’s 
constant. The concept of phonons allows a 
great formal simplification in theories of ther¬ 
mal and electrical conduction in solids. (See 
also phonon, longitudinal, or transverse, and 

subsequent entries.) 

PHONON GAS, STATISTICAL TREAT¬ 

MENT. The phonons as quantized harmonic 
oscillator vibrations obey Bose-Einstein sta¬ 
tistics, and can be treated by standard meth¬ 
ods. The treatment is similar to that of a 
photon gas, the only difference being that 
while all photons move with the same velocity 
and are always transverse, phonons can be 
either longitudinal or transverse and their 
velocity depends both on their polarization 
and on their wavelength. 

PHONON, LONGITUDINAL, OR TRANS¬ 

VERSE. The acoustic modes of crystals fall 
into three distinct branches, which may be 
identified with the three types of polarization 

of the vibration, i.e., parallel to the wave 

vector (longitudinal), or in one of the two 
perpendicular directions normal to the wave 

vector (transverse). The actual polarizations 
are never exactly thus, except along certain 
symmetry directions in the crystal, but usu¬ 
ally this assumption is a reasonable approxi¬ 
mation. The distinction between the different 
types is not negligible in phonon-phonon and 
phonon-electron interactions. 

PHONON MEAN FREE PATH. A quantity 
A defined from the thermal conductivity K of 
a dielectric solid, from its volume heat capac¬ 
ity C, and from the average velocity of sound 
v in the solid, by the formula 

K = \Cv A. 

A does indeed represent roughly the mean 
free path of a phonon as it carries thermal 
energy through the crystal, but it is not easy 
to assign to it an exact microscopic signifi¬ 
cance in terms of the various processes by 
which a phonon is scattered. However, in 
glasses, A has about the dimensions of the 
unit of structure (e.g., the Si02 tetrahedron), 
while in good crystals it varies as e~e/2T at 
low temperatures, according to the theory of 
Uinklapp processes. In the region of boundary 
scattering, A is about the diameter of the 
specimen. 

PHONON-PHONON INTERACTION. The 
thermal vibrations of a crystal lattice are only 
independent of one another at first approxima¬ 
tion. When the anharmonic terms are taken 
into account, it is found that there are proc¬ 
esses by which the modes interact, for exam¬ 
ple, by the mutual interference of two phonons 
to make a third. These “collisions,” especially 
the Uinklapp processes, are responsible for the 
thermal resistance of a dielectric solid at high 
temperatures. 

PHONON SPECTRUM. Sec spectrum, pho¬ 

non. 

PHOTOCURRENT COEFFICIENT. The 

change in photocurrent generated by a pho¬ 
totube per unit change in radiant flux pro¬ 
ducing it. 

PHOTOELASTICITY. The study of the dis¬ 
tribution of stress in an elastic body by means 
of the birefringence induced in a model of 
optically sensitive material. Two and three 
dimensional problems can be treated in a com¬ 
plete manner not possible by any other tech¬ 
nique. 
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PHOTOELECTRIC CONSTANT. A quan¬ 
tity equal to h/e where h is the Planck con¬ 
stant, and e, the electronic charge, and which 
multiplied by the frequency of any radiation 
exciting photoemission gives the potential dif¬ 
ference corresponding to the quantum energy 
absorbed by the escaping photoelectron. 

h/e = 4.1349 X 10-7 erg-sec-emu-1 

= 1.3793 X 10-17 erg-sec-esu-1. 

PHOTOELECTRIC EFFECT. In its earlier 
use, this term covered broadly all changes in 
the electrical characteristics of substances due 
to radiation, generally in the form of light. 
Nowadays, however, the term refers almost 
exclusively to the emission of bound electrons 
following absorption of photons. Their kinetic 
energy is given by the Einstein photoelectric 
equation, E — hv — «. The cross section for 
this process rises extremely rapidly, as a func¬ 
tion of hv, from the threshold hv0 = « to a 
peak; after which it falls gradually until the 
threshold corresponding to another bound state 
appears. It is the mechanism mainly re¬ 
sponsible for the absorption of X-rays and 
low energy y-rays. 

quency of the radiation and h is Planck’s con¬ 
stant, and momentum /ik/27r, where k is the 
propagation vector (or wave vector). For 
many purposes, the photon may be regarded 
as a particle of spin 1 (in units of h/2ir), al¬ 
though it can exhibit only two states of polari¬ 
zation. It has zero rest mass. 

PHOTON GAS, STATISTICAL TREAT¬ 
MENT. See Planck’s radiation law and Bose- 
Einstein statistics applied to photons. 

PHYSICAL COMPONENTS OF STRAIN 
(IN AN ORTHOGONAL, CURVILINEAR 
COORDINATE SYSTEM). The components 
of strain in a local rectangular Cartesian co¬ 
ordinate system, the axes of which are tan¬ 
gential to the coordinate lines of the curvilinear 
coordinate system at the point considered. 
The normal and tangential components of 
strain in the curvilinear coordinate system are 
the normal and tangential components respec¬ 
tively in the local rectangular Cartesian co¬ 
ordinate system. Also referred to, more 
loosely, as components of strain, or strain com¬ 
ponents, or strain in the orthogonal, curvilinear 
coordinate system. 

PHOTOELECTRIC EQUATION, EIN¬ 
STEIN. See Einstein photoelectric equation. 

PHOTOELECTRIC SENSITIVITY. The 
ratio of photoelectric emission current to the 
radiant flux density which caused the emis¬ 
sion. 

PHOTOELECTRIC THRESHOLD. The 
quantum of energy E0 — hv0, which is just 
enough to release an electron from a given 
system in the photoelectric effect. If the 
incident photon has greater energy, the excess 
will appear as kinetic energy of the ejected 
electron. The frequency v0 is known as the 
threshold frequency, and the corresponding 
wavelength Ao, as the threshold wavelength. 
Thus, E0 = hvo = hc/X0. 

PHOTOELECTRIC WORK FUNCTION. 
The energy required to secure the release of 
electrons from a given surface by photoelec¬ 
tric emission. 

PHOTOELECTRIC YIELD. See photoelec¬ 
tric sensitivity. 

PHYSICAL COMPONENTS OF STRESS 
(IN AN ORTHOGONAL, CURVILINEAR 
COORDINATE SYSTEM). The components 
of stress in a local rectangular Cartesian co¬ 
ordinate system the axes of which are tan¬ 
gential to the coordinate lines of the curvi¬ 
linear coordinate system at the point con¬ 
sidered. The normal and tangential components 
of stress in the curvilinear coordinate system 
are the normal and tangential components re¬ 
spectively in the local rectangular Cartesian 
coordinate system. Also referred to, more 
loosely, as components of stress, or stress com¬ 
ponents or stress, in the orthogonal, curvilinear 
coordinate system. 

PHYSICAL INTERACTIONS. See chemical 
interactions. 

PI. Consider the differential equation 

d2x 

with initial conditions 

PHOTON. The quantum of electromagnetic 
radiation, of energy hv, where v is the fre- 

x(0) = 1, 
dx 

dt 
= 0, 
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which describes a simple oscillating system in 
one of its extreme positions. The time taken 
for it to reach its opposite extreme position 
(that is, the smallest positive value of t for 

dx 
which — = 0) is denoted by the Greek letter 

ir, called pi and approximately equal to 3.14159. 
It is easy to show' that -k is also equal to the 
ratio of the circumference of a circle to its di¬ 
ameter. 

PICARD METHOD. A numerical method of 
successive approximation or iteration for solv¬ 
ing differential equations. If the given equa¬ 
tion is y' = f (x,y) subject to the condition that 
y = y0 when x = x0, the solution may be writ¬ 
ten in the form of an integral equation 

V = Vo + I f(x,y)dx. 
Jxo 

An approximate solution is 

Vi = Vo + I Kx,yo)dx, 
Jxo 

and a sequence of approximations can be 
formed: 

/» x 

2/2 = 2/o -h / f(x,yi)dx; 
*U<> 

Vn = y 0 + ,yn_i)dx. 

Under quite general circumstances this se¬ 
quence can be shown to converge to the solu¬ 
tion. Unless / is a polynomial it is not gen¬ 
erally feasible to effect the quadratures an¬ 
alytically, but most methods of numerical 
solution of differential equations take their 
departure from this and integrate numerically. 
Moreover, y and / can be interpreted as vectors 
and the methods apply equally to systems of 
differential equations. 

PICO-. Prefix meaning 10“12. 

PIEZOELECTRIC CONSTANTS. Let ph u{ 
(i = 1 to 6) be, respectively, the stress and 
strain components. Let Ea, Pa (a = 1 to 3) 
be the components of electric field and electric 
polarization respectively. The piezoelectric 
constants or stress coefficients eaj and the 
piezoelectric moduli or strain coefficients dai 
are then defined by 

(d£a\ _ ( dPi\ 

Cai ~ WAT \dEa)u 

- (—) - (^) 
\dpi /e \dEa/p 

If Cij and Sij are the elastic constants and 
moduli respectively for E = 0, then 

6 

dcci S-a€, ji^aj 

and 
i=i 

6aj ^ j Cijdai. 

»=1 

PIEZOELECTRIC DRIVING SYSTEM. See 
driving system, piezoelectric. 

PIEZOELECTRIC EFFECT. The interac¬ 
tion between electrical and mechanical stress- 
strain variables in a system. (See piezoelec¬ 
tric constants.) 

PIEZOELECTRIC GENERATING SYSTEM. 
See generating system, piezoelectric. 

PIEZOTROPY. The property of a fluid in 
which processes are characterized by a func¬ 
tional dependence of the thermodynamic func¬ 
tions of state: 

dp dp 

dt dt 

where p is the density, p the pressure, and b 
a function of the thermodynamic variables, 
called the coefficient of piezotropy. With the 
equation of state and the first law of thermo¬ 
dynamics this relation determines a path for 
each parcel on a thermodynamic diagram, 
given the initial state. 

The simplest forms of piezotropy are those 
in which all changes in the fluid are incom¬ 
pressible (b = 0); adiabatic (b = 1/C2 = 
cv/cvRT), where C is the local speed of sound, 
c„ and cp the specific heats at constant volume 
and pressure, respectively, R the gas constant, 
and T the Kelvin temperature; or isothermal 
(6 = 1/RT). These processes are also poly¬ 
tropic. 

In dynamic work, except in some studies 
devoted to diabatic phenomena, it has usually 
been assumed that the atmosphere is piezo¬ 
tropic, with adiabatic processes. 

(Cf. barotropy, autobaratropy.) 
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PINCUSHION DISTORTION. See geomet¬ 
ric distortion. 

PIPE, ENERGY LENGTH OF. See energy 
length for pipe or channel. 

PIPE, LAMINAR FLOW IN. For laminar 
flow in a straight pipe of uniform circular sec¬ 
tion, at a large distance from the entry, the 
velocity distribution across the pipe is given 

by 

u = — (a2 — r2) (1) 
4m 

where u is the velocity at a radius r, p' is the 
longitudinal pressure gradient, m is the viscosity 
and a is the internal radius of the pipe. The 
volume flowing per unit time is 

Q = 
7ra4p' 

(2) 

and the mean velocity is half the velocity 

at the center. 
If t0 is the shear stress at the wall, the skin 

friction coefficient is 

Cf = 
16 

R ’ 
(3) 

where V is the mean velocity and R is the 
Reynolds number based on this velocity and 
the internal diameter of the pipe. This type 
of flow is often known as Poiseuille flow. 

PIPE, ROUGHNESS HEIGHT OF. See 
roughness, effect on skin friction. 

PIPE, TRANSITION TO TURBULENT 
FLOW IN. See transition to turbulent flow 
in a pipe or channel. 

PIPE, TURBULENT FLOW IN. Most of the 
essential features of turbulent flow in a pipe 
are the same as for a turbulent boundary layer. 
An important difference is that the flow is 
turbulent right across the pipe (except near 
the entry) so that there is no wavy “edge” to 
the turbulent region and there can be no fixed 
points at which turbulence only occurs inter¬ 
mittently. A consequence of this is that the 
logarithmic velocity profile applies almost en¬ 
tirely across a pipe, although it does not apply 
in the outer part of a boundary layer. 

For fully developed flow in a pipe of con¬ 
stant section there is a simple relation between 

the shear stress at the wall and the longi¬ 
tudinal pressure gradient. For a pipe of cir¬ 
cular section this relation is 

dp T0 
— = 4—. 
dx d 

where d is the diameter of the pipe and rG is the 
shear stress at the wall. 

PITCH. (1) That attribute of auditory sen¬ 
sation in terms of which sounds may be 
ordered on a scale extending from low to 
high, such as a musical scale. Pitch depends 
primarily upon the frequency of the sound 
stimulus, but it also depends upon the sound 
pressure and wave form of the stimulus. The 
pitch of a sound may be described by the 
frequency of that simple tone, having a speci¬ 
fied sound pressure or loudness level, which 
seems to the average normal ear to produce 
the same pitch. (2) See pitch of screw. (3) 
In a turbine or turbocompressor stage, or more 
generally in a cascade of blades, the distances 
between identical points on two adjoining 
blades, measured on an agreed diameter (pitch 
diameter), usually the mean diameter. The 
distance c in the figure is known as the chord, 
and the pitch chord ratio s/c constitutes an 
important similarity parameter of the cascade. 
(See figure.) 

Diagram showing pitch and chord of a cascade of 
blades. 

PITCH CHORD RATIO. See pitch. 

PITCH DIFFERENCE, MINIMUM PER¬ 
CEPTIBLE. The smallest difference in pitch 
that can be discerned by the average single 
ear. 

PITCHING MOMENT COEFFICIENT. For 
a complete aircraft, the pitching moment M 
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is the moment, due to all the aerodynamic 
forces, about an axis passing through the 
center of gravity and normal to the plane of 
symmetry. (The plane of symmetry is verti¬ 
cal in normal straight flight.) The pitching 
moment is positive when it tends to increase 
the angle of incidence. For steady flight the 
elevator must be adjusted to make the pitch¬ 
ing moment zero. 

The pitching moment coefficient is 

Cm = 
M 

\pV2Sc 

where S is the gross wing area and c is a mean 
wing chord, usually the aerodynamic mean 
chord. 

For an isolated wing, the pitching moment 
coefficient is defined in the same way, except 
that the position of the axis must be specified. 
The axis is still normal to the plane of sym¬ 
metry, i.e., the plane containing the velocity 
and lift vectors, and is often chosen to pass 
through the mean quarter-chord point of the 
wing. 

For a two-dimensional airfoil, if M' is the 
pitching moment per unit span (usually about 
an axis through the quarter-chord point), the 
pitching moment coefficient is 

Cm = 

M' 

bV2c2’ 

where c is the chord. 

PITCH LEVEL. The pitch level P of a sound 
is given by 

P = A log2 /, 

where P is in octaves, / in kilocycles and A 
is a constant. 

PLACZEK FUNCTION. In the theory of the 
slowing-down of neutrons in large, homoge¬ 
neous systems, let <t>(E,Es) be the neutron flux 
at E due to a monoenergetic source of unit 
energy at E„. Then, the Placzek function, PA, 
which depends upon the atomic mass of the 
scattering material is defined through 

«*•*> - 

PLANAR GRAPH. See graph, planar. 

PLANAR POINT (ON A SURFACE). A 
point at which the principal curvatures (see 
curvature of surface, center of) of the surface 
are both zero. 

PLANCK CONSTANT. A universal con¬ 
stant, h, that has the value, by least squares 
adjusted output values, of 6.62377 ± 0.00018 
X 10-27 erg second. It is the factor of pro¬ 
portionality relating the energy of a photon 
to its frequency, i.e., E = hv. (See Planck 
law.) 

PLANCK FORMULATION OF THE SEC¬ 
OND LAW OF THERMODYNAMICS. See 
Planck-Kelvin formulation of the second law 
of thermodynamics. 

PLANCK FUNCTION. See thermodynamics, 
characteristic functions of. 

PLANCKIAN COLOR. The color or wave¬ 
length-intensity distribution of the light 
emitted by a black body at a given tempera¬ 
ture. 

PLANCKIAN LOCUS. The locus of chro- 
maticities of Planckian (black body) radia¬ 
tors having various temperatures. (See fig¬ 
ure in definition of chromaticity diagram.) 

PITCH OF SCREW. Axial distance between 
adjacent turns of a single thread on a screw. 

PI-THEOREM. A principal theorem in di¬ 
mensional analysis that may be stated as fol¬ 
lows: Suppose we have a dimensionally homo¬ 
geneous relation G (a, fi, y, • • •) = 0 in n di¬ 
mensional variables, a, fi, y, •••, valid for a 
certain system of m fundamental units. 1 he 
equation may then be put in the form /' 
(ttj, 7ro, • • •) =0, where the 7r’s are the n — m 
independent products of the variables a, fi, y, 
• ••, which are dimensionless in the funda¬ 

mental units. 

PLANCK-KELVIN FORMULATION OF 
THE SECOND LAW OF THERMODY¬ 
NAMICS. M. Planck and W. Thomson de¬ 
rived the full contents of the second law of 
thermodynamics from two slightly different 
formulations which can be unified into the 
following statement of experimental fact. It 
is impossible to construct an engine that would 
extract heat from a given source and trans¬ 
form it into mechanical energy, without bring¬ 
ing about some additional changes in the 
bodies involved. (For a comparison with 
other statements, sec thermodynamics, second 
law of.) 
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PLANCK LAW. The fundamental law of 
the quantum theory, expressing the essential 
concept that energy transfers associated with 
radiations such as light or x-rays are made up 
of definite quanta or increments of energy 
proportional to the frequency of the corre¬ 
sponding radiation. This proportionality is 
usually expresssed by the quantum formula 
E = hv, in which E is the value of the quan¬ 
tum in units of energy and v is the frequency 
of the radiation. 

h, the constant of proportionality, is known 
as the elementary quantum of action or more 
commonly, the Planck constant. Since E is 
energy and v is frequency, h has the dimen¬ 
sions of energy X time, or action. 

PLANCK RADIATION FORMULA. A rela¬ 
tionship given by the equation 

p{y)dv = 
87rhv3dv 

cVA” - 1) ’ 

where p(v)dv is the energy of the radiation field 
per unit volume in the frequency range v, v -f- 
dv, h is Planck’s constant, c the velocity of light, 
(3 = 1/kT with k, Boltzmann’s constant and T, 
the absolute temperature. This formula de¬ 
scribes the spectral distribution of the radia¬ 
tion from a complete radiator or “black body.” 

PLANE MOTION. If every element of a 
rigid body moves parallel to a fixed plane the 
body is said to have plane motion. For a gen¬ 
eral system of particles, the motion of all par¬ 
ticles must be parallel to the plane of motion 
and all particles on lines perpendicular to the 
plane of motion must have the same displace¬ 
ment. 

PLANE OF CURVATURE. See curvature, 
plane of. 

PLANE, OSCULATING. See curvature, 

plane of; principle planes. 

PLANE-PERFECT OPTICAL SYSTEMS. 

See perfect optical systems. 

PLANE POLARIZATION. If the vector field 

representing the vibrations in a beam of radi¬ 
ation is linearly dependent then the radiation 
is plane polarized. The polarization cycle is 
then a line segment. 

PLANE SOUND WAVES. See sound waves, 
plane. 

PLANES, PRINCIPAL. See principal planes. 

PLANE STRAIN. Consider a right cylinder, 
the cross section of which may or may not be 
circular, with its generators parallel to the z- 
axis of a rectangular Cartesian coordinate sys¬ 
tem x,y,z. The cylinder undergoes a deforma¬ 
tion in which the displacement components 
u,v,w, parallel to the axes x,y,z, respectively, 
of a generic point, initially at x,y,z, are of the 
form 

u = u(x,y), v = v(x,y), w = constant. 

Such a deformation is called a plane strain. 
Within the framework of classical elasticity 

theory, it can be shown that the two normal 
components of stress axx and ayv in the x and y 
directions, respectively, and the shearing com¬ 
ponent axv are expressible in terms of a bi¬ 
harmonic function of x and y, <f>{x,y), which is 
called the Airy stress function, by the formulae 

d2<t> 
axx = —X ' <7yy 

dy 

d2<j> 

dxdy 

PLANE STRESS. A body is in a state of 
plane stress parallel to the rry-plane of a rec¬ 
tangular Cartesian coordinate system x,y,z 
when the stress vector on planes normal to the 
2-axis vanishes. 

PLANE STRESS, GENERALIZED. See 
generalized plane stress. 

PLANETARY BOUNDARY LAYER. (Also 
called friction layer, atmospheric boundary 
layer.) That layer of the atmosphere from 
the earth’s surface to the geostrophic wind 

level including, therefore, the surface bound¬ 

ary layer and the Ekman layer. Above this 
layer lies the free atmosphere. 

PLANETARY MOTION. Motion in a plane 
under the action of a central force. (See 
force, central.) 

PLANETARY MOTIONS. (For terms, see 

orbit, astronomical elements of.) In 1609 

Kepler published the first two of his now 
famous laws of planetary motion, and the 
third followed in 1618. They may be ex¬ 
pressed as follows: 

(1) The orbit of every member of the solar 
system is a conic section with the sun at one 
focus. 

(2) The radius vector, i.e., the line from the 
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sun to the object, sweeps out equal areas in 
equal times. 

(3) The squares of the periods of any two 
objects revolving about the sun are in the same 
ratio as the cubes of their mean distances. 

In 1687 Newton published the Principia in 
which he enunciated his famous laws of mo¬ 
tion and, in particular for our purposes, the 
fundamental law of gravitation: Every par¬ 
ticle in the universe attracts every other with 
a force that is proportional to the product of 
their masses, and inversely proportional to the 
square of the distance between them. 

First Law of Kepler. The figure shows an 
ellipse with foci at 5 (the sun) and F. The 

D 

direction of the vernal equinox is SV. P and Q 
represent two positions of an object moving 
on the ellipse. When the object is at A it is 
said to be at perihelion and at B it is at aphel¬ 
ion. CA is the semi-major axis of the ellipse, 
а, and CD is the semi-minor axis, b. Calling 
the eccentricity of the ellipse, e, then 

b2 = o2(l — e2). (1) 

The perihelion distance SA = a(l — e), and 
the aphelion distance SB = a(l + e). P is 
any position of the planet in its orbit and SP 
is the radius vector, r, sometimes referred to 
as the heliocentric distance. Assuming that 
SV is in the orbit plane, the position of the 
object in the orbit is defined by r and the angle 
б, measured from the direction of the vernal 
equinox to the radius vector in the direction of 
motion of the object in the orbit. Now let w be 
the value of 6 when the planet is at perihelion, 
i.e., at A. Then the angle ASP = 0 — w. The 
equation of the ellipse is known to be 

1 — e cos (6 — co) 

where 

p = b2/a = a(l — e2). (3) 

The time required for the planet to complete a 
circuit of its orbit is known as the period, 
usually designated by T. For example, for the 
earth T = 365.24. days. 

Second Law of Kepler. Differentiating the 
polar equation of the ellipse there results 

dd h 
r — = - 

dt 2 

in which r and 9 have already been defined and 
h is a constant. Now the whole area of the 
ellipse is irab and the total time is T, the com¬ 
plete period from perihelion back to perihelion. 
Using (1) above, 

2irab 2-rra2y/1 — e2 

~T~ ~ ~ T 

In the time T, the radius vector sweeps out 360° 

or 2x, hence the average rate would be n = — < 

where n is the mean angular motion of the 
planet. Finally there results 

na2y>/1 — e2 = h. (4) 

Third Law of Kepler. This law may be ex¬ 
pressed as 

a3 ox3 
— = — or n a = nx a, . 

Using this expression for the third law, 

ai /Ti\* 

a \t) 

and if a and T refer to the earth’s orbit about 
the sun, then eq = (T)H astronomical units. 

Newton Law of Gravitation. (C.f. gravita¬ 

tional constant.) Newton’s law is 

mm i 

Its application to the motions of the planets 
about the sun leads to the three laws of Kepler. 
Let M and m represent the masses of the sun 
and a planet and let n be defined by n = 
G(M + to) where G is the gravitational con¬ 
stant. It can be shown that the constant, h, 
defined above, is given by h2 = up = ga(l — e2). 
We also have from above the relation h2 = 
n2a4(l — e2). From these two, there results 

n2a3 = n = G(M + to). 
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E — e sin E = M = n(t — r) 

r — a(l — e cos E) 
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For another planet of mass mu we have 

Since 

Then 

Mi = G(M -f- mi) 

n2a3 M + m 

n2a3 M + mi 
2lV 

n = — 
T 

a3 _ M + m T2 

Oi3 M T mi T 

In the case of the planets, m and mi are so small 
in comparison with M, the mass of the sun, that 
M -f- m . 
^ m is very close to unity and Kepler’s 

third law results. 
However, the mass of a planet may be deter¬ 

mined in terms of the mass of the sun provided 
the planet has one or more satellites. If m, a, 
and T refer to the earth, we have G(M -f- m) = 

2 ai3 
4t =T2- The motion of a satellite about a 

l i 
planet will follow the same general principles 
of orbital motion as those of a planet about the 
sun, and we have 

mi + m' _ M\3/ T\2 

M + mx \ a ) \Ti) 

in which mi is the mass of the planet and m' is 
the mass of the satellite. The mass m' of the 
satellite is small in comparison with mi, the 
mass of the planet, and mx, in turn, is small in 
comparison with the mass of the sun, M. Hence 
we have 

3-©'©' 
In the above we have assumed that, in each 
case, there were only the few objects involved 
in the universe. As a matter of fact there are 
gravitational attractions from all members of 
the universe. Some of these forces, while much 
smaller than those we have considered, do pro¬ 
duce appreciable effects known as perturba¬ 
tions. 

Collecting the principal formulae for elliptic 
motion, 

a(l — e2) 
r =- 

1 + e cos v 

nra* = m = G(M + m) 

/r = — e2) 

v 
tan - = 

2 

f(l + e) 

(1 -e) 
tan 

E 

2 

In the above a, e and r are the so-called ele¬ 
ments of the elliptic orbit, r being the time of 
passing perihelion. 

PLANIMETER. An instrument for measur¬ 
ing the area enclosed by a curved boundary, 
hence an analog computer for the purpose of 
performing quadratures. 

PLASMA. (1) An assembly of ions, electrons, 
neutral atoms and molecules in which the mo¬ 
tion of the particles is dominated by electro¬ 
magnetic interactions. This condition occurs 
when the macroscopic electrostatic shielding 
distance (Debye length) is small compared to 
the dimensions of the plasma. Because of the 
large electrostatic potentials which would re¬ 
sult from an inhomogeneous distribution of 
unlike charges, a plasma is effectively neutral. 
Thus there are equal numbers of positive and 
negative charges in every macroscopic volume 
of a plasma. Also, because a plasma is a con¬ 
ductor, it interacts with electromagnetic fields. 
The study of these interactions is called hydro- 
magnetics or magnetohydrodynamics. (2) A 
collection of electrons and ions, usually at a 
high enough temperature so that the ioniza¬ 
tion level is above 5% and at densities such 
that the Debye shielding distance is much 
smaller than the macroscopic dimensions of 
the system. 

PLASTIC ANALYSIS. An analysis based 
upon plastic stress-strain relations. The term 
is often used to denote the computation of 
the load-carrying capacity of a given struc¬ 
ture under the idealization of perfectly plastic 
behavior. (See mechanism method of analysis 

of frames; limit theorems.) 

PLASTIC BENDING. See moment, limit or 

plastic. 

PLASTIC DESIGN. A design based upon 
plastic stress-strain relations. Most often 
the term implies the assumption of perfect 
plasticity. (See limit theorems; minimum 

weight design.) 
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PLASTIC FLOW. A term of many different 
meanings but which, in all cases, denotes an 
irreversible deformation process. In the 
mathematical theory of plasticity, plastic flow 
or plastic deformation is time-independent. 
The term also is used to describe the creep or 
time-dependent deformation of viscous ma¬ 
terials and of concrete or clay masses under 
constant load. 

PLASTIC HYSTERESIS. See hysteresis, 
plastic. 

PLASTICITY. Irreversible deformation of a 
material subjected to a yield stress which is 
essentially independent of the rate of strain. 
(See ductility; limit analysis.) 

PLASTICITY, ALTERNATING. The succes¬ 
sive plastic deformation of opposite sign pro¬ 
duced by a repeated load cycle of sufficient 
range (see shakedown). Low cycle fatigue 
is associated with alternating plasticity. 

PLASTICITY, DEFORMATION THEORY 
OF. See deformation theory of plasticity. 

PLASTICITY, FLOW THEORY OF. See 
flow theory of plasticity. 

PLASTICITY, INCREMENTAL THEORY 
OF. See incremental theory of plasticity. 

PLASTICITY, LIMIT THEOREMS OF. See 
limit theorems. 

PLASTICITY, UPPER BOUND THEOREM 
OF. See limit theorems. 

PLASTIC LIMIT ANALYSIS AND DESIGN. 
See limit analysis and design, plastic. 

PLASTIC LIMIT LOAD. See limit load. 

PLASTIC MODULUS. A ratio of stress to 
strain or increase of stress to increase of strain 
in the plastic range (see modulus, secant and 
modulus, tangent). Also a pseudo modulus 
for bending based upon the formulas for elas¬ 
tic bending (see modulus, reduced). 

PLASTIC MOMENT. See moment, limit or 

plastic. 

PLASTIC POTENTIAL. See flow rule. 

PLASTIC-RIGID MATERIAL. A material 
which is considered to be rigid for stresses be¬ 
low the yield limit, and flows plastically when 
subjected to the yield limit stress. 

PLASTIC WAVES. See waves, plastic. 

PLATE. (1) A body bounded by a right 
cylindrical (or prismatic) surface and by two 
parallel planes which are normal to the gen¬ 
erators of the cylindrical surface, the distance 
between these parallel planes being generally 
small compared with the characteristic dimen¬ 
sions of the body parallel to these planes. 

(2) A transverse load-carrying structure or 
element whose middle surface is plane and 
whose thickness h is small compared with its 
overall dimensions in the plane of the middle 
surface (see sheet). Thin-plate theory, just 
as ordinary beam theory, considers curvatures 
due to moments and ignores transverse shear 
deformation. Strains are linear with distance 
from the middle surface. The differential 
equation governing small elastic deflections w 
is 

d4w d4w d4w q 

dx4 dx2dy2 dy4 D 

where q is the transverse pressure and D = 
Eh3 

12(1 - v2)' 
E is Young’s modulus and v is 

Poisson’s ratio. 
Moderately thick-plate theory developed by 

Reissner includes a first order correction for 
shear deformation and permits independent 
satisfaction of the boundary conditions on 
shear force and twisting moment. Vibrations 
of thin and thick plates have been studied ex¬ 
tensively by Mindlin and co-workers. 

Deflections of the order of the thickness of 
the plate may induce very large membrane 
stresses in the elastic or plastic range. 

PLATES, CIRCULAR. Circular plates, sym¬ 
metrically loaded, provide simple examples of 
plate bending of practical importance. Small 
elastic deflections w are governed by the ordi¬ 
nary differential equation 

1 d \ d rid 

r dr { dr Lr dr D 

which may be integrated directly given the 
variation of the load intensity q and the flex¬ 
ural rigidity D with the distance r from the 
center of the plate. 

For uniform load and constant D 

w 
Q 

64 D 
(a2 — r2)2 for a clamped plate 



Plates, Rectangular — Point Source 700 

and 

w = —— (a2 — r2) 
G4D 

5 + v 

.1 + * 

for a simply supported plate 

where a is the radius of the plate and v is 
Poisson's ratio. 

The moment at the center of the plate is 

(1 + *0 
- qdr for the clamped plate and 

3 -T v 
qa* 

16 * * ‘ 16 
for the simply supported plate. The clamping 

qa1 
moment for the clamped plate is 

Based on the Tresca yield criterion, the 
limit load q for a uniformly loaded clamped 
circular plate is 11.3M0/a2, and for a simply 
supported plate is 6M0/a2, where M0 = <r0/i2/4, 
a0 is the yield stress in simple tension or com¬ 
pression. 

PLATES, RECTANGULAR. The great prac¬ 
tical importance of rectangular plates in ships 
and buildings as well as other structures has 
led to solutions of a wide variety of problems. 
Large and small deflections in both the elastic 
and plastic range have been investigated ana¬ 
lytically and experimentally. (See rupture 

line theory.) 

PLUG FLOW. When a Bingham material 

flows down a tube, shear may occur only in an 
annulus with a central core remaining rigid, 
because the stress in the core is below the yield 
limit. This situation is known as plug flow. 

PLUME. The region occupied by effluent, e.g., 
the region made visible by smoke from a chim¬ 
ney. Sometimes used to refer to buoyant 
effluents as distinct from a jet of effluent hav¬ 
ing the same density as the environment. 

Px APPROXIMATION. In the spherical 

harmonics method of neutron transport theory, 

the system of coupled equations describing 
neutron migration is often made finite by ne¬ 
glecting moments of order greater than N. 
The approximate solution so obtained is re¬ 
ferred to as the “PN approximation” to the cor¬ 
rect solution. 

POHLHAUSEN METHOD. See laminar 

boundary layer equations, solution of. 

POINCARE INVARIANT. In geometric op¬ 
tics, the integral 

7 = I n(pdx qdy + rdz) 
Jc 

is an invariant for all closed curves C around 
a given tube of rays where n is the index of 
refraction and p, q, r the direction cosines of 
the tube ray through (x, y, z). In particular 
if the tube is contained in a normal congru¬ 

ence of rays, then 7 = 0. 

POINSOT ELLIPSOID. See ellipsoid, mo- 

mental. 

POINT. See vertex. 

POINT BISERIAL COEFFICIENT. See bi¬ 

serial correlation. 

POINT BRILLANCE. A quantity involved 
in the visual observation of a source of light 
when viewed directly from such a distance 
that the apparent diameter is very small. The 
point brillance is measured by the illumina¬ 
tion produced by the source on a plane at the 
observer’s eye normal to the incident light. 

POINT CENTERS OF REPULSION. The 
potential function 

<t>(r) = dr~5 (1) 

corresponds to a repulsion between molecules, 
where 8 is called the index of repulsion and has 
for most molecules a value between 9 and 15. 

When 8 = 4 the molecules are known as 
Maxwellian molecules. This potential gives a 
good representation of the repulsive forces, 
but does not take account of the attractive 
part of the intermolecular forces. (See also 
intermolecular forces; Born repulsion.) 

POINT CHARACTERISTIC FUNCTION. 
See Hamilton’s characteristic. 

POINT GROUP. One of the 32 different 
symmetry classes to which a crystal may be¬ 
long, in virtue of the occurrence of different 
elements of symmetry passing through a single 
point, together with the necessity of obeying 
the Hauy law of rational indices. 

POINT KERNEL. See kernel, point. 

POINT SOURCE. (1) A single point emitting 
radiation. No finite source of radiation is a 
true point, but any source viewed from a dis¬ 
tance sufficiently great compared to the linear 
size of the source may be considered as a point 
source. In the distance range in which meas- 
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urements of the radiation from a source show 
that it obeys the inverse square law (no ab¬ 
sorption) , then to the accuracy of the measure¬ 
ments, the source may be considered as a point 
source. (See uniform source.) (2) A single 
point emitting particles. The analogous con¬ 
cepts of line source and plane source are some¬ 
times useful. (3) A single point in a mass 
flow emitting mass, i.e., a point at which the 
equation of continuity fails. 

POISE. Unit of viscosity in the cgs system 
of units, named after J. Poiseuille. 1 poise = 
1 g/cm sec. 

POISEUILLE FLOW. See pipe, laminar 
flow in. 

POISEUILLE FLOW, PLANE. See channel, 
two-dimensional, laminar flow in. 

POISEUILLE-HAGEN LAW. The relation 
between velocity and pressure gradient in Poi¬ 
seuille flow. 

POISSON- BRACKET. If u and v are two 
functions of the generalized coordinates q and 
momenta p, the expression 

A, du dv dv du 
\Uj v]g,p / . “ 

i=i dqk dpk dqk dpk 

is called the Poisson bracket of the two func¬ 
tions. N is an invariant under a canonical 
transformation. 

If {u, v\q,p is the Lagrange bracket of the 
functions u and v, then 

{U, I)} q,p'[U, l)\q,p — 1. 

POISSON CONSTANT. The ratio * of the 
gas constant R to the specific heat at constant 
pressure cv. 

For dry air this is 

k = 0.28G. 

For moist air this must be multiplied by 
(1 — 0.29g), where q is the specific humidity. 
The Poisson constant enters into meteorology 
in the so-called Poisson equation for a dry- 
adiabatic process: 

— = UY. 
To Vpo/ 

where T is temperature, p, pressure, and 
(To, Po) the initial state. 

POISSON DISTRIBUTION. The Poisson 
distribution is a discrete distribution with one 
parameter whose frequency function is given 
by /(r) = e“V/r!(r = 0, 1, 2, • • • oo). The 
mean and variance are both equal to y, and are 
best estimated from the sample mean. For 
large y, the distribution approaches normality. 
The binomial distribution (q -f- p)n ap¬ 
proaches the Poisson distribution as a limiting 
form when n -» oo and p —> 0 in such a way 
that np = y remains constant. If events oc¬ 
cur in such a way that the probability of an 
occurrence in a small interval of space or time 
dt is Adt -f- 0 (dt2), independently of other in¬ 
tervals, the numbers of events in equal finite 
intervals follow the Poisson distribution. For 
this reason such a series of events is known as 
a Poisson process. 

POISSON EQUATION. The partial differen¬ 
tial equation 

d2<b d2cf> d2<t> 

dx2 dy2 dz2 
= fix, y, z). 

It occurs in (1) electrostatics, where </> is po¬ 
tential due to a charge distribution of volume 
density p and / = —4irp] (2) thermal conduc¬ 
tivity, where </> is the temperature in a homo¬ 
geneous medium of thermal conductivity k and 
in which A (x, y, z) calories of heat are gener¬ 
ated per unit of volume and time, so that 
f{x,y,z) = —A/k. When no heat is gener¬ 
ated in the medium, A — 0 or when there is no 
charge, p = 0, hence Laplace’s equation re¬ 
sults in each special case. (See Laplace 
equation.) 

POISSON INTEGRAL. The solution of the 
Laplace equation taking assigned continuous 
values /(<£) on the circumference of the unit- 
circle in the x,y plane is given by the Poisson 
integral 

1 r* 1 — r2 
u(r,4>) = — I f(6)-----* dd. 

2ir J_r 1 — 2r cos (6 — <f>) + r2 

POISSON RATIO. The ratio of lateral strain 
to longitudinal strain in simple tension or 
compression. Often denoted v (or <r) and, for 
an isotropic elastic material which obeys the 
generalized Hooke’s law, may be defined in 
terms of the Lame constants by 

A 

2(X + m) 
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Poisson’s ratio is sometimes denoted also by 
n, or 771 or 1/m. In the plastic range the vol¬ 
ume change tends toward zero and Poisson’s 
ratio tends toward 0.5 for an isotropic ma¬ 
terial. (See also Cauchy relations.) 

POLAR COORDINATES. If r is the dis¬ 
tance from the origin of a rectangular Car¬ 
tesian coordinate system to a point [x,y,z) 
and if the direction angles of a line drawn 
from the origin to the point are a,/?,y then 
the polar coordinates of the point are given by 

x = r cos a; y = r cos /3; z — r cos 7; 

r2 = x2 + y2 + z2. 

This system is generally called spherical polar 

coordinates. 

If the point lies in a plane determined by a 
pair of the coordinates, the AT-plane for in¬ 
stance, then z — 0, and with the usual sym¬ 
bols, a = /? = {ir — 6) 

x = r cos 0; y = r sin 0, 0 = tan-1 y/x. 

The coordinate origin is called the pole; the 
X-axis is the polar axis; the angle 0 is the 
polar or vectorial angle (sometimes the 
azimuth of the point); r is the radius vector. 

Complex numbers are often plotted in this 
way, the vectorial angle then being called the 
a7nplitude, argu)7ient or phase and the radius 
vector is the modulus. 

POLAR COORDINATES, GEODESIC. See 
geodesic polar coordinates for a surface. 

POLAR DEVELOPABLE. See developable, 
polar. 

POLAR DISTANCE (ASTRONOMIC) (PD). 

The polar distance of a celestial object is the 
angle measured from the nearest pole of rota¬ 
tion of the celestial sphere along the hour 
circle through the object to the object. The 
pole from which the polar distance is expressed 
should be carefully noted, e.g., S 48°. The 
sum of polar distance and declination is 90°. 

POLARITY. (1) A line segment is said to 
exhibit polarity when its two ends are dis¬ 
tinguishable. (2) By analogy with (1), a 
physical system has polarity when two points 
in the system have different characteristics. 
For example, an electric cell has polarity, 
usually indicated by the plus and minus mark¬ 
ings of its terminals. A coil has no polarity 
but a transformer docs, since one of the two 

secondary terminals is positive at those times 
when a particular one of the two primary 
terminals is positive, and vice versa. 

POLARIZABILITY. The polarizability a is 
defined as the electric dipole moment |P| in¬ 
duced in an atom, molecule, crystal, or amor¬ 
phous solid by the unit electric field strength 
F, therefore 

|P| = a|F|. 

In a molecule or crystal the magnitude of the 
induced dipole moment depends on the orien¬ 
tation of the system to the field, and in gen¬ 
eral the direction of P does not coincide with 
the direction of F, that is 

PF - aj?|F| 

(polarizability tensor). However for reasons 
of symmetry these two directions coincide if 
F has the direction of one of the axes of sym¬ 
metry of the system. Choosing these axes as 
coordinate axes we have 

1 I ^XJtFj, P y — Oty^Fy, Pz = azzFz. 

If 1/V«f is plotted in the various directions 
from the origin, a surface is obtained which 
has the form of an ellipsoid (polarizability 
ellipsoid). (For more detail see J. P. Mathieu, 
Spectres de Vibration et Symetrie des Mole¬ 
cules et des Cristaux, Hermann, Paris, 1945.) 

The polarizability changes with internu- 
clear distance. Therefore a change in polar¬ 
izability, that is, a change in the amplitude of 
the induced dipole moment, is associated with 
both the vibration and the rotation of a mole¬ 
cule (or crystal, as far as applicable). For 
vibration, to a good first approximation one 
can put 

Oi 7X0v ~f” Oil v Sill 2TTUoBct 

where aov is the polarizability in the equilib¬ 
rium position, ai„ is the amplitude of the change 
in polarizability during the vibration (alt)« 
<*<,„), and t is the time. Correspondingly, for 
rotation, 

a = aor + «ir sin 2ir2vrottf 

where a0r is the average polarizability and 
«ir is the amplitude of the change in polariza¬ 
bility for rotation about the rotational axis 
considered. The frequency with which the 
polarizability changes during the rotation is 
twice the rotational frequency, since the polar- 
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izability is the same for opposite directions of 
the applied field. The polarizability can be 
determined from the index of refraction by 
means of the Lorentz-Lorenz law, and, in the 
case of non-polar substances, from the Claus- 

ius-Mosotti equation. (See under these head¬ 
ings.) 

POLARIZABILITY CATASTROPHE. Ac¬ 
cording to the standard theory of the dielec¬ 

tric constant of an assembly of dipoles, using 
the Lorentz field concept, at a certain tem¬ 
perature the dielectric constant would become 
infinite. It has been proposed that at this 
temperature saturation effects enter, and the 
substance should become spontaneously polar¬ 
ized, or ferroelectric. This “4tt/3 catastro¬ 
phe,” as it is sometimes called, is avoided by 
Onsager’s theory, but the problem has not 
been completely settled. There is reason to 
believe that an assembly of dipoles might be¬ 
come antiferroelectric under their mutual in¬ 
teractions, although this has never been ob¬ 
served in practice. 

POLARIZABILITY, ELECTRONIC. That 
part of the polarizability of an atom which 
arises from the displacement of the electrons 
relative to the nucleus. It is given by 

e2 ^ fa 
« = —2^-2-i 

771 j CO {j CO 

where and <oy are the oscillator strength 

and frequency for the transition from the 
ground state i to the excited state j and <o is 
the frequency of the external measuring field. 

POLARIZABILITY ELLIPSOID. A repre¬ 
sentation of the electromagnetic theory in 
anisotropic dielectric media may be given by 
the ellipsoid described by the equation: 

in which x, y, z are coordinate axes and kx, 
kv and kz are the principal dielectric constants. 
If va represents the velocity of waves traveling 
perpendicular to the x-axis with their electric 
displacements parallel to the x-axis, then va = 
c/Vkx (c = velocity of light in a vacuum) on 
the assumption that the magnetic permeability 
of the medium is that of empty space. 

POLARIZABILITY, IONIC. That part of 
the polarizability in ionic crystals due to the 

relative displacement of ions of opposite sign 
when an electric field is applied, and giving 
rise to infrared absorption. 

POLARIZATION. (1) The state induced by 
the separation of positive and negative electric 
charges by an external electric field. 

(2) A vector quantity P representing the 
electric dipole moment per unit volume in¬ 
duced within a dielectric material. The ratio 
P 
— defines the electric susceptibility xe■ The 

unit of polarization is coulomb/sq. meter. 
(3) The state in which the disturbances of 

the magnetic or electric field vector is confined 
to one plane. (See polarization cycle.) 

When a dielectric material is placed between 
the plates of a loaded condenser, the electrical 
charges within the dielectric are displaced 
from their equilibrium position. Since these 
charges cannot move freely, as in a conductor, 
they cannot move into the condenser plates, 
but there appears a net charge of surface 
density -f-P and — P on the dielectric sur¬ 
faces facing the condenser plates. These 
charges tend to cancel the effect of the con¬ 
denser charges. The polarization can be cal¬ 
culated from the charge density on the con¬ 
denser plates, <7, and from the dielectric con¬ 
stant e by the equation 

€ - 1 
P = cr- 

€ 

(4) The formation of localized regions near 
the electrodes of an electric cell during elec¬ 
trolysis of products which modify the current 
through the cell. 

POLARIZATION CURVE. The current- 
voltage relationship of an electrolytic system 
as plotted graphically, especially as it shows 
the progressive effect of the growth of a coun¬ 
terelectromotive force due to polarization phe¬ 
nomena. 

POLARIZATION CYCLE. If the vector field 

representing the vibrations in a beam of radia¬ 
tion is contracted into a field of bound vectors 
having a common origin then the locus of 
terminal points of the bound vector field is the 
polarization cycle of the radiation. The radia¬ 
tion is plane polarized, if the cycle is a line 
segement, elliptieally polarized if the cycle is 
an ellipse, etc. (See Stokes polarization 

theorem.) 
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POLARIZATION, INDUCED. See induced 
polarization. 

POLARIZATION, NUCLEAR. (1) Alignment 
of the spin of a nucleus along a specified di¬ 
rection (or more generally, a non-isotropic 
distribution of nuclear spins) as a result of a 
nuclear reaction. (2) Alignment of the mag¬ 
netic moments of many nuclei in the same di¬ 
rection, giving a net macroscopic magnetic 
moment. 

POLARIZATION OF PARTICLES. Orienta¬ 
tion of particles so that one component of spin 
angular momentum is positive, that is 

J 

POLARIZATION, PHI (*). The state of an 
electromagnetic wave in which the E-vector 
is tangential to the lines of latitude of refer¬ 
ence. The usual frame of reference has the 
polar axis vertical, and the origin at or near 
the antenna. Under these conditions, a 
vertical dipole will radiate only theta (6) po¬ 
larization (see polarization, theta) and a hori¬ 
zontal loop will radiate only phi (<)>) polariza¬ 
tion. 

POLARIZATION PLANE. For a linearly- 
polarized wave, the direction of the electric 
vector. This usage is common in radio and 
microwave discussions. The classical usage 
in optics is that the plane of polarization (see 
plane of vibration) is in the direction of the 
magnetic vector, and so is perpendicular to 
the electric vector. Because of these contra¬ 
dictory usages, confusion is best avoided if the 
direction of polarization is specifically stated 
in terms of the direction of the electric or of 
the magnetic vector. 

POLARIZATION, PROPORTION OF. See 
proportion of polarization. 

POLARIZATION, THETA (©). The state 
of an electromagnetic wave in which the E- 
vector is tangential to the meridian lines of 
some given spherical frame of reference. The 
usual frame of reference has the polar axis 
vertical, and the origin at or near the antenna. 
Under these conditions, a vertical dipole will 
radiate only theta (6) polarization, and the 
horizontal loop will radiate only phi (<)>) po¬ 
larization. (See polarization, phi.) 

POLARIZATION UNIT VECTOR (FOR A 
FIELD VECTOR). At a point, a complex 
field vector divided by its magnitude. For a 
field vector of one frequency at a point, the 
polarization unit vector completely describes 
the state of polarization, that is, the axial 
ratio and orientation of the polarization ellipse 
and the sense of rotation on the ellipse. A 
complex vector is one each of whose compo¬ 
nents is a complex number. The magnitude is 
the positive square root of the scalar product 
of the vector and its complex conjugate. 

POLARIZING ANGLE. See Brewster’s angle. 

POLAR LINE (FOR A POINT OF A 
CURVE). The generator of the polar de¬ 
velopable (see developable, polar) formed as 
the intersection of successive normal planes 
(see normal to a curve at point P) at the point. 
The straight line normal to the osculating 
plane and passing through the center of curva¬ 
ture (see curvature, center of) of the curve 
at the point. 

POLAR MOMENT OF INERTIA. See mo¬ 
ment of inertia. 

POLAR VECTOR. See vector, polar. 

POLE. (1) An arbitrarily chosen point in the 
plane of the polygon of forces. Lines joining 
the pole to the head and to the tail of each 
force vector are called rays. The strings of 
the funicular polygon are drawn parallel to 
the rays. The moment of a force about a 
point is equal to the pole distance times the 
intercept on the funicular diagram. Pole dis¬ 
tance is the perpendicular distance from the 
pole to the line of action of the force. (2) See 
magnetic pole. (3) The interaction of an axis 
of rotation or of symmetry with a surface, 
often spherical. (4) One electrode of an elec¬ 
tric cell. 

POLE OF AN ANALYTIC FUNCTION. The 
point z0 of the complex plane is a pole of order 
k of the function f(z) if z0 is an isolated singu¬ 
lar point of f(z) such that the Laurent expan¬ 
sion of f(z) in an annulus about z0 has only 
a finite number k of non-vanishing terms 
a„{z — z0)n with negative n. (Roughly ex¬ 
pressed, f(z) increases like (z — z0)~k as z 
approaches z0.) But if for infinitely many 
negative n the coefficient a„ does not vanish, 
then z0 is an essential singularity of f(z). 
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E.g., sin 1/z has an essential singularity at 
the origin. 

POLE OF MOHR CIRCLE. See Mohr circle 
for stress. 

POLHODE. For a rotating rigid body sub¬ 
ject to no external resultant torque, the line 
of intersection of the cone traced out by the 
angular velocity vector with the momental 
ellipsoid. (See ellipsoid, momental.) (See 
also herpolhode.) 

POLYATOMIC MOLECULES, NORMAL 
VIBRATIONS AND COORDINATES IN. 
See normal vibrations and normal coordinates 
in polyatomic molecules. 

POLYATOMIC MOLECULES, PARTITION 
FUNCTION OF. Values of these functions 
can often be approximated, since many of the 
sums can be replaced by integrals, and since 
the vibrational part is often practically equal 
to unity. Each case has to be considered 
separately. 

POLYATOMIC MOLECULES, TYPES OF. 
For the discussion of their rotational properties 
one distinguishes different types of polyatomic 
molecules, according to the relative values of 
the principal moments of inertia IA, IB, and Ic, 
or according to the symmetry of the momental 
ellipsoid, with axes A, B, and C. 

The asymmetric top molecule is defined as 
one in which all three principal moments of 
inertia are different from each other. 

I a Ib j6- Ic, {Ia < Ib < Ic)- 

A symmetric top molecule is characterized by 
the fact that two of its principal moments of 
inertia are the same (Ib), and that the third 
(Ia) is of the same order of magnitude. The 
axis of the third moment of inertia is called the 
figure axis of the molecule. If I a < Ib, we 
speak of a prolate symmetric top; if IA > Ib, 

of an oblate symmetric top. In this case the 
momental ellipsoid is a rotational ellipsoid. 

A spherical top molecule is defined as a rotating 
body in which all three principal moments of 
inertia are equal, that is, 

I a = Is = Ic = I- 

The momental ellipsoid of the spherical top is 
a sphere. 

In addition there is the special case of the 
symmetrical top molecule of which one of the 

principal moments of inertia (IA) is equal to 
zero, or extremely small, while the two others 
(Ib) are equal, that is, the momental ellipsoid 
is a circular cylinder. This is the case for 
linear polyatomic (and for diatomic) mole¬ 
cules. (See also moments of inertia of mole¬ 
cules.) 

POLYATOMIC MOLECULES, VALANCE 
FORCES IN. See valance forces in poly¬ 
atomic molecules. 

POLYGON. A plane figure with n vertices 
and n sides, also called an n-gon. Depending 
on the value of n, the following names are 
used: 3, triangle; 4, quadrilateral; 5, penta¬ 
gon; 6, hexagon; 7, heptagon; 8, octagon; 9, 
nonagon; 10, decagon, etc. 

POLYGON OF FORCES. See force polygon. 

POLYHEDRON. A solid with faces formed 
from plane polygons. The intersections of 
faces are edges and the points where three or 
more edges meet are vertices. If the faces are 
congruent regular polygons and the polyhedral 
angles are congruent, the polyhedron is reg¬ 
ular. There are only five regular polyhedra, 
which are called the Platonic solids. Their 
names and the nature of their faces are: tetra¬ 
hedron, 4 equilateral triangles; hexahedron or 
cube, 6 squares; octahedron, 8 equilateral tri¬ 
angles; dodecahedron, 12 pentagons; icosa¬ 
hedron, 20 equilateral triangles. 

An important equation for polyhedra, dis¬ 
covered by Descartes and Euler, is V — E + 
F = 2, where V is the number of vertices, E 
the number of edges, and F the number of 
faces. With this equation it is easy to see 
that there are only five regular polyhedra. 

POLYMER. A material with large chain-like 
molecules which commonly lead to viscoelastic 
behavior. 

POLYMER MIXTURES. The most charac¬ 
teristic effect observed in the thermodynamical 
properties of polymer mixtures is the existence 
of large deviations from the laws of perfect 
solutions, due mainly to the difference in size 
between the particles of solute and the solvent. 
(See perfect solutions; athermal solutions.) 
If one uses a lattice model, the main problem 
is to calculate the combinatorial factor corre¬ 
sponding to the number of ways of arranging 
the molecules on the lattice. For open chain 
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polymers satisfactory approximations exist 
(Flory, Huggins, Guggenheim). 

For large coordination numbers, the entropy 
of mixing (see thermodynamic functions of 

mixing I is given by 

SM 
r-rrT——t~s = -*a In <f>A - xB In <j>B (1) 
k(NA + Nb) 

where NA, NB are the number of monomers and 
of polymers, xA, xB the mole fractions, 4>a, 4>b 

the volume fractions, k, the Boltzman constant. 
To (1), there corresponds always a negative 

excess entropy (see excess functions). This 
explains, for example, why polymer mixtures 
have a smaller vapor tension than that pre¬ 
dicted by the laws of perfect solutions. 

POLYNOMIAL. A rational integral function, 

sometimes also called a multinomial, in n 
variables of the form 

C1XlalX2bl • • • Xnl + C2Xla2X2b2 ■ ■ • X„r2 H- 

+ CkXiakX2bk ■ ■ -xnr*. 

For any term in this expression Ci is the coeffi¬ 
cient, a, is the degree with respect to xh b, with 
respect to x2, etc., and the total degree of that 
term is at -(- bi + • • • -f- rt. The highest degree 
in Xi of any term whose coefficient is not zero 
is the degree of the polynomial in xi( and the 
highest total degree of any term with non¬ 
vanishing coefficient is the degree of the poly¬ 
nomial. The coefficients, c*, which are con¬ 
stants, may be real or complex. 

If the terms of a polynomial all have the 
same degree, the polynomial is homogeneous. 
The expressions quantic and form are also 
used for a homogeneous polynomial. 

The commonest case is the nth degree poly¬ 
nomial in one variable, which may be written 
as 

a0xn + oqxn 1 d-b an_ix + an. 

For such a polynomial, the fundamental 
theorem of algebra implies that the polynomial 
may be factored into linear factors 

a0(x - Xi)(x - x2)(x - x3) • • • (x - xn) = 0, 

where the xx, x2, • • •, xn, called the roots of the 
polynomial, may be real or complex and need 
not all be distinct. If k < n roots are equal to 
each other, the root is said to be A:-fold or k- 
tuple. The following relations hold for the 
roots 

X\ + x2 +••>-(- xn = — ai/ao] 

xix2 + x2x3 H-b xn_!Xn = a2/o0; 

XlX2X3 -\-b Xn—2Xn_jX„ = —03/00; • • •; 

Xix2x3 • • • xn = ( —1 )nan/a0. 

(For many important special polynomials, 
Hermite, Laguerre, etc., see the respective 
names.) 

POLYNOMIAL APPROXIMATIONS, 
METHOD OF. See method of polynomial 
approximations. 

POLYNOMIAL FACTORIZATION. The 
characteristic equation of all lumped-param¬ 
eter systems being of polynomial form, it is 
often required to find the roots of such an 
equation (i.e., the zeros of the polynomial) 
even when the equation is of degree >4. A 
number of methods, usually iterative in nature 
and necessarily laborious in execution, exist 
for the solution of this problem, of which two 
are here outlined. 

In all cases the equation will be taken as 

A(s) = ansn + a„_isn 1 -b ■ • • + cqs + a0 = 0. 

(a) Newton’s Method. This is based 011 the 
argument that if s = s0 is an approximate root 
of the equation A(s) = 0, then s = s0 -f h, 
where 

h = - A(s) 
>dA (s) 

ds 8=80 

is a better approximation; if (s„ -f h) were a 
root, by Taylor’s theorem. 

A (s0 + h) = A (s0) + h 
dA(s) 

ds 8=S0 

h2 rd2A(s) 
+ — 

2! ds2 
+ ■ = 0. 

Provided h is small enough therefore, i.e. pro¬ 
vided the approximate root s0 is near enough to 
the true root, a good approximation to h is ob¬ 
tained by writing 

A (s0) + h = 0 

which gives the value of h given above. Itera¬ 
tion of the process gives (provided the series 
of approximations converges to a limiting 
value) the required root to any accuracy de- 
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sired. If the series of approximations does not 
converge, a closer initial approximation s0 
must be made by trial and error. 

The method may be extended to complex 
roots, the Taylor expansion being still valid 
for complex s and h since A(s) is analytic. 

A variant on the method is to use the first 
three terms of the Taylor expansion, using 
the numerically smaller of the two resulting 
solutions for h. In either case, provided s0 
is initially close enough, the convergence is 
normally fairly rapid. (See also Newton’s 
method.) 

(b) Lin’s Method. If n is even, take as the 
first approximation to a cjuadratic factor of 
A(s) the function 

0 fli S CLq 

Q(s) = s2 + — + 
0,2 a2 

and divide A(s) by Q(s) until a quadratic re¬ 
mainder is left, 

Qi(s) = ^2S + h\S -f- b0 —• Q(s) T" h\S + k0. 

If kis + k0 is not considered a close enough ap¬ 
proximation to zero, repeat the process sub¬ 
stituting 

Qi(s) o b\S b0 
-= s2 H-1- 

62 ^2 

for Q(s). The process may be continued to give 
any desired degree of accuracy; quadratic 
factors are thus removed from A (s) one at a 
time until only one is left. 

If n is odd, at least one root is real. Take as 
an approximation to the corresponding factor 
of A(s) the linear factor 

L(s) = (s + ; 

divide A(s) by L(s) until a linear remainder 
Li(s) = 6jS + ba - biL(s) + k0 is left. If k0 

is not near enough to zero, repeat the process, 
using Li(s)/bi instead of L(s). The process 
ultimately gives one real root to any accuracy 
required, leaving a polynomial of even degree 
which may then be factorized into quadratic 
factors as above. 

POLYTROPIC ATMOSPHERE. A model 
atmosphere in hydrostatic equilibrium with a 
constant nonzero lapse rate. The vertical dis¬ 
tribution of pressure and temperature is given 

by 

p /T yIRy 

Po 

where p is the pressure, T the Kelvin tempera¬ 
ture, g the acceleration of gravity, R the gas 
constant for air, and y the environmental lapse 
rate, the subscript zeros denoting values at 
the earth’s surface. 

POLYTROPIC PROCESS. A thermodynamic 
process in which changes of pressure p and 
density p are related according to the formula 

PP~X = PoPo_X, 

where X is a constant and subscript zeros denote 
initial values of the variables. Therefore pres¬ 
sure and temperature are similarly related: 

- - (-V- 
Po \T0/ 

where k is the coefficient of polytropy. For iso- 
baric processes, k = 0; for isosteric processes, 
k = 1; for adiabatic processes k = cp/R, where 
cp is the specific heat at constant pressure and 
R is the gas constant. 

In meteorology this formula is applied to 
individual air parcels, and should be distin¬ 
guished from that for a polytropic atmosphere, 

which describes a distribution of pressure and 
temperature in space. 

PONDEROMOTIVE EQUATION. (Lorentz 
force on a particle as a Euler-Lagrange equa¬ 
tion.) The classical law (the Lorentz force) 
acting on a particle of mass m0 and charge e 
in an electromagnetic field is given by 

dv 
m0 — = e 

dt 
E + 

v X H 

c 
(A) 

The relativistic expression takes the mass- 
variability into account: 

d / m0 

dt\\/1 — v2/c2 
E + 

v X H 

c 
(A') 

where mQ is the rest mass of the particle. 
Equation (AO can be derived from a La- 

grangian principle 

(B) 

where the Lagrange function L is expressed in 
terms of the electromagnetic potentials A, </>, 
viz., 
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L = - me 
I v2 e 
1-- — e<t> + -v-A (B') 

c c 

systems in an ensemble which are in each of 
the quantum-mechanically allowed energy 
levels for such a system. 

Equation (A') represents the Euler-Lagrange 
equations of (B). Equation (A') can also be 
written as the Hamiltonian equations of the 
Hamiltonian function 3C, where 

JC = 

m0c 

(p_fA).(p_!A) 

1 d-- 
m02c2 

+ e<f>. 

The generalized momentum vector p is defined 

by 
m0\ e 

+ -A. 
^ y/1 — v2/c2 1 c 

The Hamilton equations are 

dxi” d3C 

dt 1 dpi 

1 

m0 

(p_fA).(p_fA) 

1 H-2~2- 
m0 c 

<*- t) 
dpi 

dt 

dJC 

dXi 

e 

m0 L 

(p-!A).(p_fA) 

1 d-- 
m2c2 

d 

dt 

/ 'M'cVs 

\Vl - v2/c2 

d<p 
— e — 

dX{ 

e (dA{ dAA 
+ ~(“ Vk + ~Z~) = 2> c \dxk dt / 

3) 

(the summation convention for repeated in¬ 
dices is assumed; aq = x; x2 = y; x3 = z). 

(For explanation of electromagnetic poten¬ 
tials see field of moving charge in space.) 
(See also relativity, general.! 

POPULATION OF LEVELS. A term used 
to describe the specification of the number of 

PORT. (1) A place of access to a network 
(system) where energy may be supplied or 
withdrawn or where network variables may be 
observed or measured. A designated pair of 
terminals is an example of a port. (2) An 
opening for the inlet or outlet of fluid, espe¬ 
cially in a valve face or engine cylinder sur¬ 
face. 

PORTAL FRAME. A continuous line frame 
consisting of two columns and a pitched roof 
or horizontal beam. (See rigid frame.) 

PORTER-THOMAS DISTRIBUTION. In 
the theory of neutron resonance reactions a 
proposed distribution function for the reduced 
neutron width, y„, to be found with a given 
compound-nucleus resonance. It is 

P(yn) = (2ir(yn2)av)~H exp (--7n - 
\ 2 (yn)a 

yn is related to the neutron width, Tn by 

PORT-PAIR. Any two ports of a network 
(system). A two-terminal-pair is an exam¬ 
ple of a port-pair. 

POSITIONAL NOTATION. One of the 
schemes for representing real numbers, char¬ 
acterized by the arrangement in sequence of 
digits (symbols for integers) with the under¬ 
standing that the successive digits are to be 
interpreted as the coefficients of successive 
integral powers of a number called the radix 
or base of the notation. The representation 
of a real number by the notation 

AnAn_i • • • A2A1A0.A_\A_2 • • • A_m, 

which is an abbreviation for the sum 

n 

t=—m 

where the . is called the radix point, the At- are 
integers (0 ^ | A, | ^ r) called digits, and r is an 
integer greater than one called the radix (or 
base). The signs of all of the A, are the same as 
the sign of the number represented. In the 
decimal number system, the radix is ten and 
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the radix point is called the decimal point. In 
the binary number system, the radix is two and 
the radix point is called the binary point. 

POSITION ANGLE. The term position angle 
is used in astronomy to denote the angle be¬ 
tween the great circle joining any two celestial 
objects, and the hour circle through one of 
the objects. In measuring double stars the 
position angle is the angle between the great 
circle joining the two stars and the hour circle 
through the brighter of the pair, the angle 
being measured from the north to the east 
through 360°. (Cf. binary stars.) 

POSITION, DEAD RECKONING. See 
dead reckoning. 

POSITION, ESTIMATED. See dead reckon¬ 
ing. 

POSITION FACTOR. See Coddington shape 
and position factors. 

POSITION OPERATOR. The quantum me¬ 
chanical operator representing the position 
variable. In the Schrbdingcr representation, 
operation by this operator amounts to simple 
multiplication by the position variable. 

POSITION VECTOR. See vector, position. 

POSITIVE (SEMI ) DEFINITE MATRIX. A 
matrix that is Hermitian with all eigenvalues 
positive (non-negative). 

POSITRON EMISSION, CONDITIONS 
FOR. If M(A) is the isotopic (atomic) 
weight of the parent element A and M(B) 
that of the product B, the condition that 
positron emission be energetically possible is 
that 

M(A) - M(B) > 2m„ (2m» = 1.02 Mev) 

where m0 is the rest mass of an electron. 

POSITRONIUM. The system of one electron 
and one positron in a bound state. In the Is 
state it may exist as parapositronium with a 
mean life of 1.25 X 10~10 sec or as ortho- 
positronium with a mean life of 1.4 X 10~7 
sec. 

POSTERIOR PROBABILITY. Let the un¬ 
conditional probability of q on data h be 
P(q/h), and let p be some other event. Then 
P(q/h) is called the prior probability of q, 
and P(q,p/h) = P(q/h) P(p/q,h) is the pos¬ 

terior probability, i.e., the probability of q 
given that p is known. P(p/q,h) is the likeli¬ 
hood of p. Put loosely, the distinction is that 
prior probability is the probability of q before 
it is known whether p holds or not, the pos¬ 
terior probability is that of q after it is known 
that p holds. The knowledge concerning p is 
usually given by experiment and the transition 
from prior to posterior may be interpreted as 
the extent to which an attitude towards a 
hypothesis q is altered by an experimental 
result. 

POST-TENSIONING. See prestressed con¬ 
crete. 

POSTULATE. It is difficult to make any 
clear-cut distinction between postulate and 
axiom. 

POTENTIAL BARRIER. A region of space 
in which the potential energy of a particle 
exceeds the total energy, so that classically the 
particle would be unable to enter the region. 
For example, in «-decay, an a-particle is pre¬ 
vented from leaving the nucleus by the poten¬ 
tial barrier representing the electrostatic 
forces. Quantum-mechanically the barrier can 
be penetrated, but the wave function is ex¬ 
ponentially damped through the region. 

POTENTIAL, CONNECTIVE. See connec¬ 
tive potential. 

POTENTIAL CORE. The region near the 
orifice in the center of a turbulent jet which 
is not turbulent. It is approximately conical, 
the apex being 21/4-3 orifice diameters from 
the orifice, for a circular orifice. 

POTENTIAL, CRITICAL. See critical po¬ 
tential. 

POTENTIAL CURVE DIAGRAM. See po¬ 
tential functions of molecules. 

POTENTIAL DENSITY. The density of par¬ 
cel of air would attain if compressed adiabat- 
ically by descent to the standard pressure of 
1000 mb. The potential density p is most 
easily defined in relation to the potential tem¬ 
perature 6 as 

p' = p/RO, 

where p is a pressure of 1000 mb and R the 
gas constant, in appropriate units. 
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POTENTIAL DIFFERENCE. See potential, 
electric. 

POTENTIAL, ELECTRIC. The work which 
has to be done against the forces in an elec¬ 
tric field in bringing a positive unit charge 
from infinity to some fixed point, is called the 
potential at that point. The potential differ¬ 
ence between two points is the difference be¬ 
tween the potentials at the two points. 

POTENTIAL ENERGY. See energy, poten¬ 
tial. 

POTENTIAL ENERGY OF DEFORMA¬ 
TION, OR POTENTIAL ENERGY (OF AN 
ELASTIC BODY). Consider a body of elastic 
material in equilibrium under the action of 
surface tractions with components T{ {i = 1, 
2, 3) in a rectangular Cartesian coordinate 
system x, per unit area of surface measured 
in the undeformed state, and body forces with 
components in the system x, per unit vol¬ 
ume measured in the undeformed state. Let Ui 
be the components of a displacement field. 
Using the summation convention, the poten¬ 
tial energy of deformation is defined as 

U = f T,-uid's — j FiUidV, 
dv J y 

where U is the strain-energy associated with 
the deformation defined by the displacement 
field Ui and the first and second integrals are 
evaluated over the surface and volume of the 
body, respectively, in the undeformed state. 
If the body forces are specified throughout the 
body and the surface tractions over part (or 
the whole) of the surface, the displacement 
components being specified over the remainder 
of the surface, then the theorem of minimum 
potential energy applies. 

POTENTIAL ENERGY, THEOREM OF 
MINIMUM. The theorem of minimum po¬ 
tential energy, or principle of potential energy, 
states that of all the displacement fields which 
satisfy the prescribed boundary conditions, 
those which satisfy the equations of equilib¬ 
rium provide stationary values for the poten¬ 
tial energy of deformation. For elastic ma¬ 
terials to which classical elasticity theory is 
applicable, there is only one such displacement 
field and it is that which gives the absolute 
minimum value for the potential energy. In 
a linear or non-linear elastic body, of all the 
compatible or kinematically admissible states 

of strain and displacement u* satisfying 
boundary conditions on displacement iq, the 
actual state minimizes the potential energy or 

U - f TiUidA - f FimdV 
JAt ^V 

< U* f T{Ui*dA - f FiUi*dV 
J A t J V 

where AT is the region of the boundary where 
surface traction is specified, U is the strain 
energy, and F{ is the body force per unit of 
volume. (See complementary energy.) 

POTENTIAL FLOW. Alternatively called 
irrotational, flow in which the velocity v is 
given by v = grad </>. A necessary and suffi¬ 
cient condition for this to be so is that 
curl v = 0, i.e., the vorticity is everywhere 
zero. 

POTENTIAL FUNCTIONS OF MOLE¬ 
CULES. In a molecule, the potential energy 
V under whose influence the nuclei carry out 
their vibrations is the sum of the electronic 
energy and the Coulomb potential of the 
nuclei. For a molecular state to be stable, it 
is necessary that the potential energy in its 
dependence on the internuclear distance (or 
distances) have a minimum. 

The potential energy V of a molecule can 
be represented by a power series 

2^ = X) kijQiQj + 23 Y! 'HfijkQiQjqk 
i j i j k 

+ ZIZZ gijkiqiqjdkqi H- 
i j k l 

corresponding to a hypersurface in a (N + 1) 
dimensional space where N is the number of 
vibrational degrees of freedom of the molecule 
considered. 

In the case of a diatomic molecule the power 
series reduces to 

V = \kx2{l -j- cqx + a2x2 + • • •) 

and the hypersurface to a curve in a two-di¬ 
mensional coordinate system. 

In the above equation k is the force constant 
(see vibrational energy levels of a molecule) 

and x = r — re is the displacement from the 
equilibrium position of the nuclei (re). If 
large internuclear distances are considered the 
potential energy may be represented by a 
Morse function 
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V(r - re) = De[l - e-0<r—r«>]2. 

Here De is the dissociation energy referred to 
the minimum of the potential energy of the 
electronic state considered, and 

0 - 1.2177 X 107we 

In this expression coe = — is, apart from the 
c 

factor c, the vibrational frequency for infini¬ 
tesimal amplitude, m is the reduced mass 

in atomic weight units (O16 = 10) and I)e is 
in cm-1. 

POTENTIAL, GRAVITATIONAL. See grav¬ 
itational potential. 

POTENTIAL IN INVERSE SQUARE 
FIELD. The potential in an inverse square 

k 
field is of the form - where r is the distance from 

r 
the center of force. If the force is attractive, k 
is negative and if the force is repulsive, k is posi¬ 

tive. The force is given by F = — V 

POTENTIAL, INTERATOMIC. See inter¬ 
atomic potential. 

POTENTIAL OPERATOR. Let u(x2y2z2) 

be a finite, continuous and single-valued func¬ 
tion of the coordinates x2,y2,z2 of a point P2 

(see figure) and let r 12 be the distance 

V(x2 - Xi)2 + (y2 - 2/1)2 + (22 - Zi)2 

of P2 from another point Pi with the coordi¬ 
nates Xi,yi,Z\. Describe two spheres about Pi 
as center, one a very small sphere of radius r 

and the other a very large sphere of radius R. 
The potential of u, designated by Pot u, is de¬ 
fined as the limit of the integral 

r “(*2,2/2,22) , 
I -dr2 

Jr r12 

where dr2 = dx2dy2dz2 taken over the volume 
between the two spheres, as r —> 0 and R —» 00. 
In terms of the potential operator the vector 
B can be written 

1 1 
B = — Pot V X V X B — — Pot VV • B. 

4tt 4tt 

The first term is solenoidal and the second 
term is irrotational. (See also vector resolu¬ 
tion.) 

POTENTIAL PLASTIC. See flow rule. 

POTENTIAL SCATTERING. In the com¬ 
pound nucleus theory of nuclear reactions, the 
non-resonant part of the elastic scattering. 
It can interfere with the resonant scattering, 
making the resonance in the cross section look 
somewhat distorted. The cross section for 
potential scattering is approximately equal to 
the cross section between resonances, provided 
they are not too close together. 

POTENTIAL, STANDARD. The potential 
of an electrode composed of a substance in its 
standard state, in equilibrium with its ions, 
which are all in their standard states. (See 
hydrogen scale.) 

POTENTIAL, STOPPING. That potential 
difference between two electrodes which is just 
sufficient to prevent any electrons emitted from 
the positive electrode from reaching the nega¬ 
tive one, thus a measure of the initial velocity 
or the energy of the electron. The magnitude 
of this quantity when the electrons are emitted 
from a surface by the photoelectric effect of 
light, is equal to (hv — hv0) /e where h is the 
Planck constant, v is the frequency, and e is 
the charge of an electron (in consistent units). 

POTENTIAL TEMPERATURE. The tem¬ 
perature, denoted by 6, acquired by air brought 
adiabatically to a standard pressure, usually 
taken as 1000 millibars. If p is the actual 
pressure, p0 the standard, y the ratio of the 
specific heats, and T the temperature 

7—1 R 

R being the gas constant and cp the specific 
heat at constant pressure. 
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The air is statically stable or unstable ac¬ 
cording as the potential temperature increases 
or decreases upwards. (See adiabatic lapse 
rate.) 

POTENTIAL, VECTOR. See vector poten¬ 
tial. 

POUND. See mechanical units. 

POUND-MOLE. The quantity of substance 
whose mass expressed in pounds (lbm) is nu¬ 
merically equal to the molecular weight of the 
substance. (See mole.) 

POWER. (1) See cardinal. (2) The time 
rate of doing work. The defining equation for 
power is P = dW/dt, where W is the work 
done and t is the time. 

It may be expressed in units of work per 
unit time (e.g., foot-pounds per minute or ergs 
per second) or more arbitrarily, as in horse¬ 
power or watts. One horsepower is 33,000 
foot-lbs per minute. One watt is 107 ergs (or 
1 joule) per second. (See mechanical units; 
electromagnetic units.) 

POWER DENSITY SPECTRUM. (Some¬ 
times called power spectrum.) A measure of the 
contribution to the total variance from a given 
frequency band in the generalized Fourier 
representation of a random function. If f(t) is 

a random function, the total energy 

is infinite, so the Fourier integral representation 
is inadequate. If a transform is defined over a 
finite interval 

i rT 
*r(«) = — f(t)e~lwtdt, 

2ir J 

under suitably restrictive conditions the power 
density spectrum may be defined as 

lim ^\Ft{co) I2. 
r-»« T 

The theorem, proved by N. Wiener, estab¬ 
lishing the analogy between the analysis of 
random functions and ordinary Fourier analy¬ 
sis, is that the power density spectrum is the 
Fourier transform of the autocorrelation func¬ 
tion, which is defined for random functions as 

1 rT 
lim — I f(t)f(t + r)dt. 

2 T 

POWER FACTOR. In alternating current 
networks, the (mean) power is El cos 6, where 
6 is the phase difference between E and I. 
The multiplying factor, cos 6, is the power 
factor. (See also alternating current circuits.) 

POWER FLOW, COMPLEX. The complex 
power flow through a surface is the integral 
of the normal component of the complex 
Poynting vector (see Poynting vector, com¬ 
plex) over that surface. 

POWER, LENS. See lens power. 

POWER OF A SURFACE. The optical power 
of a surface separating two media with relative 
index of refraction n is {n — 1) times the mean 
curvature of the surfaces or )4(n — 1) 
(&! + k2) where kx, k2 are the principal curva¬ 
tures of the surface. For a surface given ex¬ 
plicitly, z = z(x,y), the power is approximately 
)^(n — 1 )V2z if the surface is approximately 
flat in the sense that the squares of the first 
partial derivatives of z are negligible. 

POWER SERIES. An infinite series of the 
form 

00 

anxn =a0 + aix + a2x2 -b anxn -)-, 
n=0 

where a0, aj, • • •, an, • • • are constants and x 
is a variable, is called a power series. 

For every power series Zanxn there exists a 
constant l (which may be zero or infinity) such 
that the series is absolutely convergent for all 
values of x with |z| < l, and is divergent for 
all values of x with | x | > l. This number l is 
called the limit of convergence of the power 
series, and the interval ( — l, 1) is called the in¬ 
terval of convergence. The series may con¬ 
verge or diverge at the ends of this interval, 
for x — l and x = — l. 

&n 
If lim 

n—♦« n-f-1 

exists, it is the limit of con¬ 

vergence. 
If lim exists, it is the reciprocal of 

n—♦« 

the limit of convergence. 
A power series is uniformly convergent 

within the interval ( — l', V), where l' < l and l 
is the limit of convergence of the given power 
series. 

The function defined as the sum of a power 
series 2anxn is a continuous function of x at all 
points within the interval of convergence. 
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For the operations with power series, we 
have the following theorems: 

Two power series may be added together for 
all values of x for which both series are con¬ 
vergent, i.e., for the smaller of the two inter¬ 
vals of convergence. 

Two power series may be multiplied to¬ 
gether for all values of x for which both series 
are absolutely convergent, i.e., for the smaller 
of the two intervals of convergence. 

A power series may be differentiated term 
by term for all values of x within its interval 
of convergence. 

A power series may be integrated term by 
term between any limits lying within the in¬ 
terval of convergence. 

Power series are very useful in the analyti¬ 
cal representation of functions by the expan¬ 
sion of functions in series, and thereby for cal¬ 
culation of their values. 

POWER SPECTRUM. See spectral function. 

POYNTING THEOREM. Manipulation of 
the Maxwell equations yields a relation known 
as the Poynting theorem: 

X H) • nda + E J dV 

f dD dB] 
E-+ H- 

{ dt dt J 
dV, 

where n is the unit vector normal to the sur¬ 
face S that bounds the volume V. The cus¬ 
tomary interpretation of this result is that the 
right-hand side represents the rate of loss of 
electric and magnetic energy stored in the 
volume V, that the second term on the left 
represents the rate of dissipation of electrical 
energy as Joule heat in V, and that the first 
term represents the balancing flow of electro¬ 
magnetic energy through the surface S bound¬ 
ing the volume. It is often convenient to 
assume that the Poynting vector 

P = E X H 

represents the power flow per unit area in the 
direction P. This resolution of the total out¬ 
ward power flow is not unique, and is not ac¬ 
ceptable when applied to an electrically- 
charged permanent magnet, but is notably 
successful in treating electromagnetic radia¬ 
tion problems. (See continuity equation; en¬ 
ergy-momentum tensor.) 

POYNTING VECTOR. See Poynting theo¬ 
rem. 

POYNTING VECTOR, COMPLEX. When 
for steady harmonic fields the electromagnetic 
field vectors are represented by complex quan¬ 
tities E and II, the Poynting vector is given 
the form 

P = iE X II*, 

and the real part of P is the average power 
flow per unit area. 

PRACTICAL WIDTH. In the theory of reso¬ 
nance capture of neutrons in a chain reacting 
system, the practical width of a cross-section 
resonance is the energy range for which the 
“resonance” part of the total, Doppler-broad¬ 
ened, Breit-Wigner cross section is larger than 
the sum of the background “hard-sphere” 
scattering cross sections of all elements in the 
system, including the fuel. 

PRANDTL-GLAUERT RULE. This rule is 
obtained from the linear equation of subsonic 
flow and applies to a two-dimensional body in 
a uniform stream, with small perturbation ve¬ 
locities. The rule does not apply for Mach 
numbers near 1, because the usual subsonic 
linear equation is then not valid. 

If Cp is the pressure coefficient at a given 
point on a two-dimensional body in a stream 
of Mach number M (less than 1), while CVo 
is the pressure coefficient at the same point in 
incompressible flow (M = 0), then 

— = (1 - M2)-*. 
CP0 

It follows from this that the coefficients of 
lift and pitching moment Cl and Cm, on a 
two-dimensional airfoil at a Mach number M, 
are related to the coefficients Cl0 and Cmo in 
incompressible flow by the equation 

_ (1 - M2)-*- 
Cu C„, 

The Prandtl-Glauert rule is not applicable 
for stream Mach numbers above the critical 
Mach number, because the flow then contains 
regions which are supersonic. (See also 
Gothert rule; subsonic and supersonic flow, 
linear equations of.) 

PRANDTL-MEYER EXPANSION. A two- 
dimensional supersonic flow in which an ini- 
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tially uniform flow is expanded around a sharp 
convex corner (see figure). The Mach lines 
are straight, as shown in the diagram, and 

conditions are uniform along any one Mach 
line. The angle of deflection is 

6 = v(M2) — v(Mi) radians, 

where v(M) is the Prandtl-Meyer function given 

by 

v(M) = u-h X-1 tan-1 (X cot n), 
2 

7 + 1 

and u is the Mach angle (=sin_1s) 

The maximum possible value of v(M), cor¬ 
responding to M = oo and zero pressure, is 

Vmax. = - (A-1 — 1) 
z 

and for y = 1.4, this is about 130°. For this 
value of 7, this is the maximum possible angle 
of deflection, for a stream initially at a Mach 
number of 1. 

PRANDTL-MEYER FUNCTION. See 
Prandtl-Meyer expansion. 

PRANDTL NUMBER. The ratio er of dy¬ 
namic viscosity to thermometric conductivity: 
o- = v/k, is non-dimensional. For a gas, a is 
always less than unity. 

PRANDTL-REUSS MATERIAL. An elastic 
perfectly plastic material with elastic strain 
components given by standard linear isotropic 
theory, yield point stress according to the 
Mises condition, and plastic strain increment 
components according to the associated flow 
rule. Thus, for plastic flow the relation be¬ 
tween stress and strain deviators is 

2 (jC\j Xs,y 

J2 ~ 2&ijSji ~ k j J2 — 0, X > 0. 

Plastic flow does not modify the dilatation. 

PRANDTL STRESS FUNCTION. The func¬ 
tion \l> (say) defined in terms of the conjugate 
torsion function \p (x,y) by 

* = $ {x,y) - i(x2 + y2). 

PRECESSION. An effect manifested by a 
rotating rigid body when a torque is applied 
to it in such a direction that the orientation of 
the axis of rotation would change in the ab¬ 
sence of angular momentum. If the speed 
of rotation and the magnitude of the applied 
torque are constant, the axis, in general, slowly 
describes a cone, its motion at any instant 
being at right angles to the direction of the 
torque. 

A familiar example of precession is an ordi¬ 
nary symmetrical spinning top. If the axis 
of spin is not exactly vertical, the force of 
gravity exerts a torque tending to overturn 
the top; but instead of tipping over, it “wob¬ 
bles” with a precessional motion about the 
vertical through the pivotpoint. The gyro¬ 
scope exhibits similiar behavior. The period 
of precession is given by 

in which Is is the moment of inertia about the 
axis of spin, Q is the torque due to gravity, 
and Ts the period of the spin. (See also Lar- 
mor precession.) 

PRECESSION (ASTRONOMIC). The plane 
of rotation of the earth, the equatorial plane, 
is inclined to the plane of the ecliptic by about 
23?5. Since the sun is in the plane of the 
ecliptic and the moon always close to it, their 
gravitational pull on the rotating geoid pro¬ 
duces a precessional motion. The pole of the 
equator describes a small circle on the celes¬ 
tial sphere with the pole of the ecliptic as 
center. The radius of this small circle is about 
23?5, and the period of revolution is about 
26,000 years. The average combined effect of 
the attractions of the sun and moon result in 
a retrograde motion of the vernal equinox 
along the ecliptic of about 50" per year. 

This so-called luni-solar precession produces 
changes in the coordinates of the stars. The 
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latitude of a star is not changed but the longi¬ 
tude increases at the rate of about 50" per 
year. The equatorial angle of right ascension, 
a, and declination, 8, are changed at the follow¬ 
ing rates per year 

Aa = 50" (cos e + sin e sin a tan 5) 

AS = 50" sin e cos a 

in which e is the obliquity of the ecliptic. (See 
also nutation.) 

PRECESSION, LARMOR. See Larmor pre¬ 
cession. 

PRECESSION, RELATIVITY. See relativity 
precession. 

PRECESSION, THOMAS. See relativity pre¬ 
cession. 

PRECISION. See accuracy. 

PREDICTOR. A quadrature formula used in 
the numerical solution of ordinary differential 
equations in which the integral is expressed in 
terms of equally spaced ordinates to the left of 
but not including the endpoint. This provides 
an initial approximation to the new ordinate. 
Thereafter the approximation is used in a 
corrector to improve or check the approxima¬ 
tion. A predictor formula is open, a corrector 
formula closed. (See Adams-Bashford 
method for an example.) 

PREDISSOCIATION. The radiationless 
transition of a molecule from a stable (dis¬ 
crete) state to an unstable (continuous) state 
of the same energy, with consequent broaden¬ 
ing of the absorption lines, or breaking-off of 
the emission lines. Corresponding to the three 
forms of energy of the molecule (electronic, 
vibrational, or rotational), three kinds of over¬ 
lapping of discrete by continuous states, that 
is three cases of predissociation, are possible: 

I. Overlapping of a certain electronic state 
(that is, of its vibrational or rotational levels) 
by the dissociation continuum belonging to an¬ 
other electronic state—radiationless transition 
into this other dissociated electronic state. 

II. Overlapping of the higher vibrational 
levels of an electronic state of a polyatomic 
molecule by a dissociation continuum joining 
onto a lower dissociation limit of the same 
electronic state—radiationless splitting off of 
the particular atom or group of atoms (predis¬ 

sociation by vibration). 

III. Overlapping of the higher rotational 
levels of a given vibrational level of a di¬ 
atomic molecule by the dissociation continuum 
belonging to the same electronic state—radia¬ 
tionless decomposition of the molecule with no 
change of electronic state (predissociation by 
rotation). 

The place in the energy level diagram of a 
molecule at which the predissociation begins 
(predissociation limit) gives at least an upper 
limiting value for the corresponding dissocia¬ 
tion limit. (For more detail see G. Herzberg, 
Molecular Spectra and Molecular Structure, I. 
Spectra of Diatomic Molecules, 2d ed., D. Van 
Nostrand Company, Inc., Princeton, 1950.) 

PRE-IONIZATION. See Auger effect. 

PRESSURE. A type of stress, characterized 
by its uniformity in all directions (as distin¬ 
guished from compressive stress in one direc¬ 
tion). Pressure may be defined analytically 
as that part of the stress tensor that does not 
depend directly on the rate of strain and 
which arises from the molecular movements 
appropriate to the local density and tempera¬ 
ture, i.e., the pressure satisfying the equation 
of state. (See static pressure; flux vector.) 

PRESSURE, ABSOLUTE. The term applied 
to the true pressure of a substance or system, 
commonly to distinguish it from partial pres¬ 
sure, gauge pressure, etc. 

PRESSURE, ATMOSPHERIC. The normal 
atmospheric pressure, or pressure of one at¬ 
mosphere, is 1.013 X 106 dynes per square 
centimeter or about 14.7 pounds per square 
inch. This will support a column of mercury 
(in a barometer) 76 centimeters high at 0°C. 

PRESSURE, CENTER OF. See center of 
pressure. 

PRESSURE COEFFICIENT. For a body in 
a uniform stream of fluid, the pressure coeffi¬ 
cient at a point where the pressure is p is de¬ 
fined as 

where p, V and p\ are the density, velocity and 
static pressure in the undisturbed stream. 
For incompressible flow, Cp = 1 at a stagnation 
point. 
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PRESSURE COEFFICIENT OF CHEMI¬ 
CAL EQUILIBRIUM. See Chatelier, le, 
theorem. 

PRESSURE FORCE. (Or pressure-gradient 

force.) The force due to differences of pressure 
within a fluid mass. The (vector) force per 
unit volume is equal to the pressure gradient 
— Yp, and the force per unit mass (specific 
force) is equal to the product of the volume 
force and the specific volume — aVp. 

In the atmosphere, the vertical component 
of this force is of the order of 104 times the 
horizontal components; in meteorological litera¬ 
ture the term “pressure force” usually refers 
only to the latter horizontal pressure force. 

PRESSURE, GAUGE. Pressure measured 
relative to atmospheric pressure taken as zero. 

PRESSURE, IMPACT. Pressure exerted by 
a moving fluid on a plane perpendicular to its 
direction of flow. In other words, it is meas¬ 
ured in the direction of flow. 

PRESSURE LINE. A line of thrust or funic¬ 
ular polygon in an arch. When the arch is 
statically determinate (3-hinged arch) the 
pressure line is unique. In a two-hinged arch 
it passes through the hinges but its rise de¬ 
creases with the horizontal thrust. In a fixed 
arch the position of the supports also is not 
determined by statics alone. A Voussoir or 
unreinforced arch is considered safe if a pres¬ 
sure line can be drawn lying within the middle 
third or kern of the arch. 

PRESSURE, MEAN EFFECTIVE. See 
mean effective pressure. 

PRESSURE, PARTIAL. The pressure that is 
exerted by a single gaseous component of a 
mixture of gases. 

PRESSURE, STATIC. See static pressure. 

PRESSURE TENSOR. See flux vector. 

PRESSURE, TOTAL. See total pressure. 

PRESSURE, VELOCITY. The component of 
the pressure of the moving fluid that is due to 
its velocity and is commonly equal to the dif¬ 
ference between the impact pressure and the 
static pressure. (See pressure impact, and 
pressure, static (1).) 

PRESTRESSED CONCRETE. Prestressed 
concrete resulted from the desire to overcome 

the disadvantage of the low tensile strength of 
concrete. By means of high strength steel 
wires, cables, or rods—particularly the first 
two—a concrete member is pre-compressed. 
Then, when the structure receives its load, the 
compression is relieved on that portion which 
would normally be in tension. Thus, a beam 
is prestresssed so that under load the concrete 
on the side normally in tension has no tensile 
forces acting on it. The ultimate strength, 
however, of a prestressed beam is but little if 
any higher than that of an ordinary reinforced 
concrete beam with the same steel reinforce¬ 
ment and concrete strength. Prestressing im¬ 
proves behavior at and below working loads. 

PRE-TENSIONING. See prestressed con¬ 
crete. 

PRIGOGINE THEOREM OF MINIMUM 
ENTROPY PRODUCTION. See time varia¬ 
tion of the entropy production. 

PRIMARY SPECTRUM. See spectrum, pri¬ 
mary. 

PRIME MOVER. An engine capable of pro¬ 
ducing power continuously, usually at the ex¬ 
pense of heat supplied to it from a source (by 
combustion, or from a nuclear reactor). Ex¬ 
amples: internal combustion engine, steam or 
gas turbine, steam engine. No agreed single 
term exists to describe engines whose function 
it is to produce a desired change of state at the 
expense of a continuous supply of work (such 
as a compressor). 

PRIMITIVE. Given a function of one or 
more arbitrary constants or functions, the 
constants may be eliminated by direct differ¬ 
entiation one or more times, or the constants 
and functions may be eliminated by differen¬ 
tiation and algebraic operations. The result 
in either case is a differential equation and 
the given function is its primitive or general 
solution. A primitive nth root of unity is an 
nVl root of unity which is not also a root of 

lower order. Thus i = V — 1 is a primitive 
fourth root of unity and —1 is an imprimitive 
fourth root. (For primitive period, see 
period.) 

PRIMITIVE EQUATIONS OF FLUIDS. 
The Eulerian equations of fluid motion in 
which the primary dependent variables are 
the fluid’s velocity components. These equa¬ 
tions govern a wide variety of fluid motions 
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and form the basis of most hydrodynamical 
analysis. 

PRIMITIVE TRANSLATION. A space lat¬ 
tice has the property of exactly repeating 
itself if it is carried through any one of a 
number of different translations in space. 
These translations may all be constructed by 
the repeated application of three primitive 
translations, which thus constitute the sides 
of the unit cell of the lattice. 

PRINCIPAL AXES OF A QUADRIC. See 
central quadric. 

PRINCIPAL AXIS. See axis, principal. 

PRINCIPAL AZIMUTH, ANGLE OF. See 
angle of principal azimuth. 

PRINCIPAL COMPONENTS (STATISTI¬ 
CAL). See component analysis. 

PRINCIPAL CURVATURE. See curvature. 

PRINCIPAL CURVATURE OF SURFACE. 
See curvature of surface, center of. 

PRINCIPAL DIRECTIONS OF CURVA¬ 
TURE AT A POINT OF A SURFACE. Two 
directions on the surface, at the point, at right 
angles to each other, such that the normal to 
the surface at a consecutive point in either 
of these directions intersects the normal at P. 
They are the directions of greatest and least 
normal curvature at the point. 

PRINCIPAL DIRECTIONS OF SYMMET¬ 
RIC SECOND-ORDER TENSOR. The di¬ 
rections of the axes of a rectangular Cartesian 
coordinate system chosen in such a way that 
the components of the tensor (see tensor field) 
with unequal indices are zero. 

PRINCIPAL E PLANE. In electromagnetics, 
a plane containing the direction of maximum 
radiation, and in which the electric vector 
everywhere lies in the plane. 

PRINCIPAL EXTENSION RATIOS. The 
displacement field in an infinitesimal element 
of volume at a point of a body which under¬ 
goes a deformation may be considered as the 
resultant of three displacement fields in the 
element arising from a translation, rigid rota¬ 
tion and pure, homogeneous deformation. The 
principal extension ratios at the point of the 
body considered are the principal extension 
ratios for this pure, homogeneous deformation. 

PRINCIPAL EXTENSIONS (FOR INFINI¬ 
TESIMAL DEFORMATIONS). At any point 
of a body which is subjected to an infinitesimal 
deformation, a rectangular Cartesian coordi¬ 
nate system can be chosen in which the tan¬ 
gential components of strain at that point 
vanish. The normal components of strain in 
this system are the principal extensions, or 
principal components of strain, at the point. 
They are the eigenvalues of the infinitesimal 
strain tensor at the point. The directions of 
the axes of this rectangular Cartesian coordi¬ 
nate system are the principal directions of 
strain, or principal axes of strain at the point. 
(See also principal extension ratios.) 

PRINCIPAL H PLANE. In electromagnet¬ 
ics, a plane containing the direction of maxi¬ 
mum radiation, and in which the electric vec¬ 
tor is everywhere normal to the plane, while 
the magnetic vector lies in the plane. 

PRINCIPAL INCIDENCE, ANGLE OF. See 
angle of principal incidence. 

PRINCIPAL NORMAL. That normal at a 
point P of a space curve which lies in the 
osculating plane of the curve. The tangent, 
the principal normal and the binormal are 
mutually perpendicular and form the moving 
trihedral of the curve. 

PRINCIPAL PLANES. (1) At a point of a 
twisted curve, the three planes defined by the 
tangent, principal normal and binormal at the 
point taken two together. The plane defined 
by the tangent and principal normal is the 
osculating plane, or plane of curvature; that 
defined by the principal normal and binormal 
is the normal plane, and that defined by the 
tangent and binormal is the rectifying plane. 

(2) In mechanics, a principal plane of stress 
at a point is a plane in a body at that point 
on which the shearing stress is zero and the 
normal stress has a stationary value. There 
are three mutually perpendicular principal 
planes at each point. (See stress, principal.) 

(3) In Gaussian optics the principal planes, 
or unit planes are the pair of conjugate planes 
where the lateral magnification is unity. 
There is a one-to-one correspondence between 
the points of the first principal plane in object 
space and the second principal plane in image 
space so that the object and image are of the 
same size and on the same side of the optical 
axis. If object distances are measured from 
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the first principal plane and image distance 
from the second principal plane, then the thin 
lens formulae will hold. (See figure.) 

Principal plane of lens. Hi and H2 are the principal 
points; MH\ and NH2 the principal planes of a thick 
lens. In locating images by a graphical method, prin¬ 
cipal rays may be used as for thin lenses if the inci¬ 
dent light falls on an imaginary thin lens coincident 
with the first principal plane, the lens being shifted 
to coincide with the second principal plane for the 
emergent light. (Introduction to Optics, Geometrical 
and Physical by Robertson, 4th ed., D. Van Nostrand 

Company, Inc., 1954.) 

(4) For a ray of light traversing a double- 
refracting crystal, the principal plane is de¬ 
termined by the direction of the ray and the 
axial direction of the crystal. 

PRINCIPAL POINTS (GAUSS POINTS). 
In Gaussian optics, axial conjugate points for 
which the lateral magnification is unity. 

PRINCIPAL QUANTUM NUMBER. See 
quantum numbers of the individual electrons 
in an atom. 

PRINCIPAL QUANTUM NUMBER, EF¬ 
FECTIVE. See effective principal quantum 
number. 

PRINCIPAL RADIUS OF CURVATURE OF 
SURFACE. See curvature of surface, center 
of. 

PRINCIPAL RAY. The ray through a speci¬ 
fied object point P and the center of the en¬ 
trance pupil of an optical system, is the prin¬ 
cipal ray, or the chief ray through P. 

PRINCIPAL ROOT. The principal root of 
a complex number is that nth root which has 
smallest non-negative amplitude. 

PRINCIPAL SECTION OF A CRYSTAL. A 
plane through a crystal which contains the 
optic axis of the crystal and the ray of light 
under consideration. 

PRINCIPAL SERIES. Series of lines in the 
spectra of the simpler atoms, the alkalis, alka¬ 
line earths, helium, etc., corresponding to 
transitions from a series of upper P states to 
a lower S state (frequently the ground state). 

PRINCIPAL STRESS OR STRAIN. See 
stress, principal; strain, principal. 

PRINCIPAL VALENCE FORCES. See sub¬ 
sidiary valence forces. 

PRINCIPAL VALUE OF TENSOR. See 
eigenvalue equation. 

PRINCIPAL VECTOR-OF A MATRIX A. 
Any non-null vector x such that for some 
scalar A and integer v, 

(XI - A)”x = 0. 

In case v = 1, x is an eigenvector (proper 
vector), and in any event A is an eigenvalue 
(proper) value. 

PRINCIPAL OF CORRESPONDENCE. A 
statement by Bohr of the assumption that 
in the limit, for very low frequencies of radia¬ 
tion, the results obtained by quantum theory 
must be in quantitative agreement with those 
obtained on the basis of classical theory. Ac¬ 
cording to this principle, the predictions of 
quantum theory must coincide with those of 
classical theory for sufficiently high quantum 
numbers. 

PRINCIPLE OF ENTROPY INCREASE. 
See entropy increase, principle of. 

PRINCIPLE OF MICROSCOPIC REVERSI¬ 
BILITY. See microscopic reversibility, prin¬ 
ciple of. 

PRINCIPLE OF SUPERPOSITION. See su¬ 
perposition, principle of. 

PRINCIPLE OF THE UNATTAINABILITY 
OF THE ABSOLUTE ZERO. See thermo¬ 
dynamics, third law of. 

PRIOR PROBABILITY. Defined under pos¬ 
terior probability. 

PRISM. (1) A polyhedron with two congru¬ 
ent and parallel faces, the bases. Its other 
faces, called lateral, are produced by drawing 
lines from the corresponding vertices of the 
bases and they are therefore parallelograms. 
The prism is named triangular, quadrangular, 
etc., descriptive of its base. (2) Glass and 
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other transparent materials are cut into many 
different forms of prism for various optical 
purposes. 

PRISM, RESOLVING POWER OF. The re¬ 
solving power of a prism (to resolve near-by 
spectral lines) is given by 

R = (Base of Prism)(dn/d\)\ 

where (dn/d\)\ is the rate of change of refrac¬ 
tive index with wavelength, in the wavelength- 
region under consideration. 

PRISM, TOTAL DEVIATION OF. If the 
light is incident at angle i on the first prism 
face, and if the prism angle is a and the refrac¬ 
tive index is n, the total deviation after pas¬ 
sage through the prism in a plane at right 
angles to the prism edge is given by 

A = i — a + sin n sin 

PRIVILEGED DIRECTIONS. When a 
plane-polarized beam falls on a thin plate of 
an anisotropic material which is not optically 
active, there are in general two and only two 
mutually-perpendicular directions for the 
plane of polarization (privileged directions) 
such that the emergent beam is also plane- 
polarized. With other orientations of the po¬ 
larization of the entrant beam, the emergent 
beam is circularly or elliptically polarized. 

PROBABILITY. Suppose that a trial may 
have one of two mutually exclusive outcomes 
—say “success” and “failure”—and that we 
associate with it a number p, 0 — p — 1, called 
the probability of a success. The calculus of 
probability is concerned with the manipulation 
of such numbers, and is largely based on the 
following results: 

(A) If two trials with probabilities pi, p2 
are independent, in that the outcome of either 
has no effect on that of the other, the probabil¬ 
ity that both will result in successes is p\p2. 

(B) If the probabilities of a set of mutually 
exclusive events are p\, p2, P3 ''' > the prob¬ 
ability that at least one will occur is p\ 4- p2 

+ P» H-• 
The application of statistical techniques 

usually results in a statement couched in 
terms of probabilities, but the application of 
probability theory to the real world encounters 
formidable logical difficulties. I wo main 
schools of thought may be distinguished. 

(1) In the frequency theory, the trial is 
supposed capable of indefinite repetition, either 
real or hypothetical, and the probability is 
identified with the limiting frequency of suc¬ 
cesses in this infinite sequence. However, the 
existence of a limiting value is difficult to 
establish theoretically, and impossible to 
establish empirically because of the infinite 
length of the sequence. 

(2) The other school identifies probability 
with the strength of belief that a success will 
occur. The main difficulty here is the subjec¬ 
tive nature of the definition. (See also sta¬ 
tistical probability.) 

PROBABILITY CURRENT. See current, 
probability. 

PROBABILITY DENSITY. The quantity 

<h<t>*dr = | 12dr = 14>*\2dr 

where <t> is the Schroedinger wave function and 
4>* is its complex conjugate. As was postu¬ 
lated by Born, the quantity set out above gives 
the probability that the particle under con¬ 
sideration will be found in the volume element 
dr at the position given by the coordinates. 

PROBABILITY DENSITY FUNCTION. An 
alternative name for the frequency function 
(see distribution). If F(x) is the distribution 
function of a continuous variate x, the prob¬ 
ability density function is defined as p{x) = 
dF{x)/dx, where this exists. Roughly speak¬ 
ing, p{x) gives the probability of obtaining a 
value “near” x. 

PROBABILITY DISTRIBUTION. If a quan¬ 
tity may take any one of a set of values with 
different probabilities, it is said to possess a 
probability distribution. (See distribution.) 

PROBABILITY FUNCTION. See distribu¬ 
tion. 

PROBABILITY, INDEX OF. Gibb’s name 
for the natural logarithm of the coefficient of 
probability. 

PROBABILITY, LAW OF COMPOUND. If 

the events aq, x2 • • • xn are independent with 
probabilities P\,p2---pn respectively, then 
the probability that all of these events should 
happen at the same time when all are in ques- 

n 

tion is the product of the probabilities p,. 
i-l 
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PROBABILITY MATRIX. See matrix, sto¬ 
chastic. 

PROBABILITY SAMPLING. A form of sam¬ 
pling such that the probability of any indi¬ 
vidual being selected is determined beforehand, 
as distinct from methods of selection depend¬ 
ing on judgment or choice of a more or less 
arbitrary kind. 

PROBABILITY SET, FUNDAMENTAL. See 
fundamental probability set. 

PROBABLE ERROR. An obsolescent meas¬ 
ure of variability equal to 0.6745 times the 
standard error, which has replaced it. The 
reason for the numerical factor is that in the 
normal distribution one half of the frequency 
lies in a range 0.6745o- on either side of the 
mean, a being the standard deviation. 

PROBIT. The normal equivalent deviate in¬ 
creased by 5 so as to avoid negative values. 

PROBLEM OF BOUSSINESQ AND CER¬ 
RUTI. (Also called problem of Boussinesq, 
or problem of the half-space.) The general 
problem of the solution of the boundary value 
problem for an isotropic elastic material obey¬ 
ing the generalized Hooke’s law occupying 
the half-space bounded by an infinite plane. 

PROCA EQUATIONS. One of the four in¬ 
equivalent sets of equations to describe par¬ 
ticles of spin unity, developed by analogy 
with the Maxwell equations for free space. 

dA, dA„ dF„„ 
kF^v =-kAv = — 

dXp dxv dXp 

k being proportional to the mass of the particle. 

PROCESS LAPSE RATE. The rate of de¬ 
crease of the temperature of an air parcel as it 
is lifted, —dT/dz, or occasionally dT/dp, 
where p is pressure. The concept may be 
applied to other atmospheric variables, e.g., 
the process lapse rate of density. The process 
lapse rate is determined by the character of 
the fluid processes and should be carefully dis¬ 
tinguished from the environmental lapse rate, 
which is determined by the distribution of 
temperature in space. In the atmosphere the 
process lapse rate is usually assumed to be 
either the dry-adiabatic lapse rate or the sat¬ 
uration-adiabatic lapse rate. 

PRODUCT. The result obtained when two 
or more quantities, such as numbers, func¬ 
tions, or equations are combined by multiplica¬ 
tion. In vector and tensor analysis, the con¬ 
cept of a product must be generalized for there 
are several kinds of products and multiplica¬ 
tion does not always obey the commutative 
law. 

In matrix algebra, if A is a rectangular ma¬ 
trix of order (m X h) and B of order (h X n), 
the product C = AB is of order (m X n) and 
its elements are Cy = 2AikBkj. Another ma¬ 
trix combination is the direct product. If A 
and B are square, of order m and n, respec¬ 
tively, the direct product is of order (m X n) 
and defined by the relation 

A X B = [AijBrs\. 

The index pairs (i, r) and (j, s) refer to row and 
column, respectively. They are customarily 
arranged in dictionary order so that (j, s) pre¬ 
cedes (js') if j < j', s < s' or if j — j', s 
< s', etc. 

In group theory, multiplication means any 
defined combination law and the result is a 
product. For example multiplication might 
be defined as addition and then the product is 
that result commonly known in algebra as a 
sum. 

The product of two infinite series is called a 
Cauchy product. 

An expansion of the form 
00 

Uxu2u3 •••«„••• = II Uk 
k=1 

is an infinite product. The partial products 
form a sequence {p„} such that p i = tq; p2 

n 

= UiU2; p3 = uiu2u3; • • •, pn = uk. The 
4-1 

convergence of infinite products is studied by 
methods similar to those used for infinite 
series. An infinite product of the form (1 + u{) 
(1 + u2) • • • may be converted into an infinite 
series 1 + xx + x2 + x3 -\— •; where un = 
x„/(l + xi -f x2 H-b x„_i). The product 
converges only if the positive infinite series, 
U\ + u2 + u3 + • • • converges. 

PRODUCT-MOMENT. If xu x2, •••,*. are 
random variables, the product-moment of 
order (iq, r2, • • •, rn) is the expected value of 

aqri x2 2 • • • xnTn. 

For one variable this reduces to the definition 
of moment. For two variables measured 
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about their means, the first product-moment, 
E (xiX2), is the covariance. 

PRODUCT-MOMENT CORRELATION. See 
correlation. 

PRODUCT OF INERTIA. See inertia, mo¬ 
ments and products of. 

PRODUCT OF TENSORS. If 

and 

are the components of two tensors (tensor 
fields) of orders M + N and R + S respec¬ 
tively in a generic n-dimensional coordinate 
system, then the quantities 6*^2 

are the components in the coordinate system of 
a tensor (tensor field) of order M + N R -+- S, 
which is called the 'product (or outer product) of 
the two tensor (tensor fields). (See also tensors, 
inner product of.) 

PROFILE DRAG OF A WING. The differ¬ 
ence between the total drag of a wing and the 
trailing-vortex drag. The term is normally 
used only for speeds of flow so low that there 
are no regions of supersonic flow and hence 
no shock waves. 

PROGRAM. A plan or design of a computa¬ 
tional routine to be performed by a stored- 
program computer. Sometimes this term is 
loosely used interchangeably with code. 

PROGRESSION. A simple type of sequence 
or series, the most common ones being known 
as arithmetic, geometric, and harmonic. 

(1) Arithmetic progression. The form is 
a, a + d, a + 2d, a + 3d, • • • where a is the 
first term and d is the constant difference be¬ 
tween two successive terms. If there are n 
terms in the series, its sum Sn = n(a + l)/2 = 
n[a + (n — l)d]/2 where l is the last term. 

(2) Geometric progression. Its form is a, ar, 
ar2, ar3, • • • and its last term is l = arn~x. If 
written as a(l + r + r2 + r3 -f- • • •) its sum 
to n terms is a(l — rn)/(l — r). When r < 1, 
the infinite series converges and its sum is 
a/(l — r). The series diverges for other values 
of r. The nth root of the product of n positive 
quantities xt- is the geometric mean, G = 
(xix2x3 • • • xnyln. 

(3) Harmonic progression. The sequence 
a, b, c, • • • is a harmonic progression if the re¬ 
ciprocals 1/a, 1/6, 1/c, • • • form an arithmetic 
progression. The harmonic mean between two 
numbers is the middle term of a harmonic pro¬ 

gression whose first and last terms are the 
given numbers. The harmonic mean between 
a and 6 is given by H = 2ab/(a + 6). If A, G, 
and H are respectively the arithmetic, geome¬ 
tric, and harmonic mean of two numbers then 
G2 = AH. If the series is 

00 

23 l/wr, with r real, 
71 = 1 

it converges for r > 1, but diverges for r < 1. 
This is often called the hyperharmonic series. 

PROGRESSION OF BANDS. See band sys¬ 
tem. 

PROJECTION ANGLE. The angle sub¬ 
tended at an axial image point by a radius of 
the exit pupil of an axially symmetric optical 
system. (Cf. aperture angle.) 

PROJECTION, STEREOGRAPHIC OF A 
SPHERE. See stereographic projection of a 
sphere. 

PROMPT NEUTRONS. See neutrons, 
prompt. 

PROOF TEST. A test which subjects a struc¬ 
ture or part to a load above the design load 
but below failure or distress so that the struc¬ 
ture remains usable. 

PROPAGATION CONSTANT. A complex 
quantity associated with harmonic plane 
waves, whose real part is the attenuation con¬ 
stant, and whose imaginary part is the phase 
constant. The attenuation constant is the 
logarithmic derivative of the amplitude of a 
field component in the direction of propaga¬ 
tion. The phase constant is the derivative of 
the phase angle of a field component in the 
direction of propagation. 

PROPELLER. See airscrew. 

PROPER. In special relativity theory, the 
adjective proper is used to denote that a prop¬ 
erty or quantity is measured by an observer 
in a Lorentz frame in which the body being 
measured and/or the measuring devices are 
at rest. Examples are proper length, proper 
time, proper mass, proper density. 

PROPER FRACTION. A fraction whose 
numerator is less in absolute value than its 
denominator. 
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PROPER LORENTZ TRANSFORMATION. 
Any Lorentz transformation 

x' = Ax + a 

for which det A = +1. The set of all Lorentz 
transformations whose determinant is +1 form 
a group, the proper Lorentz group. 

PROPER MOTION. See stellar motions. 

PROPER SUBGRAPH. See subgraph, proper. 

PROPERTY. See thermodynamic property. 

PROPER VALUE. See eigenvalues and 
eigenvectors. 

PROPER VECTOR OF A MATRIX. See 
principal vector of a matrix and eigenvalues 
and eigenvectors. 

PROPORTIONAL CONTROL. See control 
proportional, derivative and integral. 

PROPORTIONAL LIMIT. See limit, pro¬ 
portional. 

PROPORTIONAL LOADING. All loads on a 
body are kept in constant ratio with each 
other; P{ = KPi° where Pjrt is a fixed system 
of loads and K varies with time. (See also 
radial loading.) 

PROPORTION OF POLARIZATION. Light 
is only partially polarized when it is passed 
through a pile of plates. The proportion of 
polarization is given by: 

Ip + Is 

where Iv is the intensity of the light vibrating 
parallel to the plane of incidence and Is is the 
intensity of the light vibrating perpendicular 
to the plane of incidence. For a single surface 
the proportion of polarization is only about 
8.1%. For m plates (2m surfaces) of refractive 
index n, 

PROTON. The nucleus of the hydrogen atom, 
and a constituent of all other nuclei. It is a 
positively charged elementary particle whose 
charge is equal in magnitude to the electronic 
charge. The number of protons in the nucleus 
of each atom of an element is equal to the 

atomic number Z of the element. It has a rest 
mass of 1.67 X 10-24 gm, or 1.0075 amu; 
magnetic moment, 2.79245 nuclear magnetons, 
or 1.52 X 10“3 dyne cm gauss-1; spin quan¬ 
tum number and Fermi-Dirac statistics. 

PSEUDO-ADIABATIC EXPANSION. A 
saturation-adiabatic process in which the con¬ 
densed water substance is removed from the 
system, and therefore best treated by the 
thermodynamics of open systems. Meteoro¬ 
logically, this process corresponds to rising air 
from which the moisture is precipitating. De¬ 
scent of air so lifted becomes by definition a 
dry-adiabatic process. 

PSEUDOSCALAR. A scalar quantity which 
changes its sign when the coordinate system, 
to which the quantity is referred, is changed 
from a right-handed to a left-handed one, or 
vice versa. An example is the scalar product 
of a polar vector and a pseudovector. A typ¬ 
ical pseudoscalar in 3-dimensional space is the 
triple scalar product of three polar vectors 
A, B, C, i.e., A- (B X C). 

PSEUDOSCALAR COUPLING. Type of 
interaction energy postulated between a 
TT-meson and a nucleon which consists of the 
product of the pseudoscalar field of the 
7r-meson and a bilinear pseudoscalar func¬ 
tion of the nucleon wave-functions. 

PSEUDOVECTOR. The vector product of 
two vectors does not completely satisfy the 
formal requirements of a vector for it does not 
change sign if the coordinate system is 
changed from a right-handed to a left-handed 
one, or vice versa. It is a typical example of 
a pseudovector (also called an axial vector). 
Thus the vector for an element of area, repre¬ 
sented by the vector product dS = dx X dy is 
not determined with respect to direction unless 
an arbitrary convention is established for the 
positive side of the surface element. The three 
components of a pseudovector are actually the 
components of a three-dimensional antisym¬ 
metric tensor of second rank. Physical quan¬ 
tities which are pseudovectors include angular 
momentum (vector product of momentum and 
radius vector); moment of a force (vector 
product of force and distance). 

The multiplication relations of pseudovec¬ 
tors and (true) vectors are as follows (Various 
products of (true) vectors which are discussed 
at length in the article on vector multiplica- 
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tion are repeated here, to contrast them with 
the pseudovector products): 

The product of a true scalar and a true vector 
is a true vector. 

The product of a true scalar and a pseudo¬ 
vector is a pseudovector. 

The product of a pseudoscalar and a true 
vector is a pseudovector. 

The scalar product of two true vectors is 
a true scalar. 

The scalar product of a true vector and a 
pseudovector is a pseudoscalar. 

The vector product of two true vectors is 
a pseudovector. 

The vector product of two pseudovectors is 
a pseudovector. 

The vector product of a true vector and a 
pseudovector is a true vector. 

The gradient of a true scalar is a true vector. 
The gradient of a pseudoscalar is a pseudo¬ 

vector. 

The curl of a (true) vector is a pseudovector. 
The curl of a pseudovector is a (true) vector. 

PSEUDOVECTOR COUPLING. Type of 
interaction energy postulated between a nu¬ 
cleon and other particles in which a bilinear 
pseudovector function of the nucleon wave- 
functions appears. 

PSYCHROMETRIC FORMULA. The semi- 
empirical relation giving the vapor pressure 

in terms of the barometer and psychrometer 
readings. For Fahrenheit temperatures, this 
formula is 

e = e — 
. t' - 32\ 

3.67 X 10~4 ( 1 H- 
V 1571 / 

p(t - t')y 

PULSATANCE. Product of 2n and the fre¬ 
quency in cycles per second. It is expressed 
in radians per second. (See oscillation, fre¬ 
quency of.) 

PULSATING STARS. See variable stars. 

PULSE. (1) A variation of a quantity whose 
value is normally constant; this variation is 
characterized by a rise and decay, and has a 
finite duration. (2) A waveform whose dura¬ 
tion is short compared to the time-scale of 
interest, and whose initial and final values are 
the same. The word “pulse” normally refers 
to a variation in time; when the variation is 
in some other dimension, it should be so speci¬ 
fied, such as “space pulse.” This definition 
is broad so that it covers almost any transient 
phenomenon. The only features common to 
all pulses are rise, finite duration, and decay. 
It is necessary that the rise, duration, and 
decay be of a quantity that is constant (not 
necessarily zero) for some time before the 
pulse and has the same constant value for 
some time afterwards. The quantity has a 
normally constant value and is perturbed dur¬ 
ing the pulse. No relative time scale can be 
assigned. 

PULSE AMPLITUDE. A general term in¬ 
dicating the magnitude of a pulse. For spe¬ 
cific designation, adjectives such as average, 
instantaneous, peak, rms (effective), etc., 
should be used to indicate the particular 
meaning intended. Pulse amplitude is meas¬ 
ured with respect to the normally constant 
value, unless otherwise stated. 

PULSE AMPLITUDE, AVERAGE. The 
average of the instantaneous amplitude taken 
over the pulse duration. 

where t is the dry-bulb temperature, t’ the wet- 
bulb temperature, e' the saturation vapor pres¬ 
sure at t', p the barometric pressure, and e the 
vapor pressure; all pressure units being the 
same. 

(For details and tables see: List, R. J., Ed., 
Smithsonian Meteorological Tables, 6th rev. 
ed., 1951.) 

PSYCHROMETRIC TABLES. Tables pre¬ 
pared from the psychrometric formula and 
used to obtain vapor pressure, relative humid¬ 

ity, and dew point from values of wet-bulb 
and dry-bulb temperature. 

PULSE AMPLITUDE, AVERAGE ABSO¬ 
LUTE. The average of the absolute value of 
the instantaneous amplitude taken over the 
pulse duration. 

PULSE AMPLITUDE, PEAK. The maxi¬ 
mum absolute peak value of the pulse, exclud¬ 
ing those portions considered to be unwanted, 
such as spikes. Where such exclusions are 
made, it is desirable that the amplitude chosen 
be illustrated pictorially. 

PULSE AMPLITUDE, RMS (EFFECTIVE). 
The square root of the average of the square 
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of the instantaneous amplitude, taken over 
the pulse duration. 

PULSE BANDWIDTH. The smallest con¬ 
tinuous frequency interval outside of which 
the amplitude of the spectrum does not ex¬ 
ceed a prescribed fraction of the amplitude 
at a specified frequency. Caution—This defi¬ 
nition permits the spectrum amplitude to be 
less than the prescribed amplitude within the 
interval. Unless otherwise stated, the speci¬ 
fied frequency is that at which the spectrum 
has its maximum amplitude. This term 
should be “Pulse Spectrum Bandwidth” be¬ 
cause it is the spectrum and not the pulse 
itself that has a bandwidth. However, usage 
has caused the contraction. 

PULSE CARRIER, CREST FACTOR OF. 
The ratio of the peak pulse amplitude (see 
pulse amplitude, peak) to the root-mean- 
square amplitude. (See pulse amplitude, 
rms.) 

PULSE DECAY TIME. The interval be¬ 
tween the instants at which the instantaneous 
amplitude last reaches specified upper and 
lower limits, namely, 90 per cent and 10 per 
cent of the peak-pulse amplitude (see pulse 
amplitude, peak) unless otherwise stated. 

PULSE DURATION. (1) The time interval 
between the first and last instants at which 
the instantaneous amplitude reaches a stated 
fraction of the peak pulse amplitude. (See 
pulse amplitude, peak.) (2) The duration 
of a rectangular pulse whose energy and peak 
power equal those of the pulse in question. 
When determining the peak power, any 
transients of relatively short duration are fre¬ 
quently ignored. 

PULSE DUTY FACTOR. The ratio of the 
average pulse duration to the average pulse 
spacing. This is equivalent to the product of 
the average pulse duration and the pulse 
repetition rate. 

PULSE INTERVAL. See pulse spacing. 

PULSE MODE. (1) A finite sequence of 
pulses in a prearranged pattern, used for 
selecting and isolating a communication chan¬ 
nel. (2) The prearranged pattern. 

PULSE REPETITION FREQUENCY. The 
pulse repetition rate of a periodic pulse train. 

PULSE REPETITION PERIOD. The recip¬ 
rocal of the pulse repetition frequency 

PULSE REPETITION RATE. The average 
number of pulses per unit of time. 

PULSE RISE TIME. The interval between 
the instants at which the instantaneous am¬ 
plitude first reaches specified lower and upper 
limits, 10 per cent and 90 per cent of the peak- 
pulse amplitude (see pulse amplitude, peak) 
unless otherwise stated. 

PULSE SEPARATION. The interval be¬ 
tween the trailing-edge pulse-time of one 
pulse and the leading-edge pulse-time of the 
succeeding pulse. 

PULSE SPACING. The interval between the 
corresponding pulse times of two consecutive 
pulses, sometimes called the pulse interval. 

PULSE TIME, LEADING-EDGE. The time 
at which the instantaneous amplitude first 
reaches a stated fraction of the peak pulse 
amplitude. (See pulse amplitude, peak.) 

PULSE TIME, MEAN. The arithmetic mean 
of the leading edge pulse time and the trail¬ 
ing edge pulse time. For some purposes the 
importance of a pulse is that it exists (or is 
large enough) at a particular instant of time. 
For such applications the important quantity 
is the mean pulse time. The leading edge 
pulse time and trailing edge pulse time are 
significant primarily in that they may allow a 
certain tolerance in timing. 

PULSE TIME, TRAILING-EDGE. The time 
at which the instantaneous amplitude last 
reaches a stated fraction of the peak pulse 
amplitude. (See pulse-amplitude, peak.) 

PURE HOMOGENEOUS DEFORMATION. 
A homogeneous deformation in which a par¬ 
ticle initially at in a rectangular Cartesian 
reference system x moves to in the same 
system, where 

ttijXj I b j, ajj djij 

bi and ay are constants and the indicial nota¬ 

tion and summation convention are used. 
By a suitable choice x, say, of the rectangular 
Cartesian reference system, the deformation 
may be described by 

xi = XiA'i, x2 = X2Ar2 and x3 = X3X3, 



725 Pure Purples — Pythagorean Theorem 

where a,- and x,- are the coordinates in the sys¬ 
tem x corresponding to X,- and xt respectively 
in the system x. Then, \it X2, and X3 are the 
solutions for X of the determinantal equation. 

| aq X 5 ij | = 0 

in which 5,-y denotes the Kronecker delta, 
Xi, X2 and X3 are called the 'principal extension 
ratios for the pure homogeneous deformation. 
Sometimes the absolute values of X1; X2 and X3, 
rather than their actual values are called the 
principal extension ratios. The directions of 
the axes of the system x are called the principal 
directions of the pure homogeneous deforma¬ 
tion. 

PURE PURPLES. Color stimuli represented 
on the chromaticity diagram by the straight 
line joining the ends of the spectrum locus. 

PURE ROTATION SPECTRUM. See rota¬ 

tion spectrum of molecules. 

PURITY, COLORIMETRIC. See colorime¬ 

tric purity. 

PURITY, EXCITATION. See excitation 

purity. 

p, v, T RELATION. See equation of state. 

P WAVE. Seismological name for a dilata- 
tional elastic wave. (See wave(s), dilata- 

tional.) 

PYTHAGOREAN SCALE. See scale, Pythag¬ 

orean. 

PYTHAGOREAN THEOREM. See Bessel 

inequality. 



o 
Q. (1) A figure of merit of an energy-storing 
system equal to 

average energy stored 

energy dissipated per half cycle 

somewhat more sophisticated and more general 
approach is to seek an approximation of the 
form 

I f(x)w(x)dx = X) Mi/Cti), 
o 

which is equal to wL/R for an inductor, where 
R is the equivalent series resistance. For a 
capacitor, Q is 1 /wCR, again the ratio of re¬ 
actance to effective resistance. For a medium, 
Q is the ratio of displacement current density 

to conduction current density. (2) See q 

factor. 

Q FACTOR. A measure of the sharpness of 
resonance of a resonant system (see resonance, 

sharpness of), often referred to simply as the 
“Q” of the system. 

Qu. In the theory of the slowing down of 
neutrons through collisions with matter, the 
maximum lethargy loss possible for a neu¬ 
tron colliding with a stationary, free atom of 

mass, M. 

QUADRATIC DIFFERENTIAL FORM. 

Differential form of degree two. 

QUADRATURE, NUMERICAL. A method 
for the (approximate) evaluation of a definite 
integral of a function of a single variable, the 
term cubature being used for two variables. 
The most obvious procedure is to obtain some 
sufficiently close approximation to the inte¬ 
grand f(x), whether by interpolation, by least 

squares, or otherwise, but in terms that lend 
themselves readily to analytic integration, and 
to integrate the result. Any formulas deriv¬ 
able by equal-interval interpolation can be 
derived also by the application of difference 

operators. To do this, let F{x) be the indefi¬ 
nite integral, whence 

b 
f{x)dx = F(b) - F(a) 

and apply the operator exp 9 to F(x). A 
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where the m are constant coefficients, inde¬ 
pendent of the function /, and where the ex¬ 
pression on the right is to equal the integral on 
the left exactly whenever f(x) is a polynomial 
of some maximal degree. When the xt are 
specified in advance, this degree can be no 
greater than n; if they are left free it can be 
of degree 2n + 1, and the result is a Gaussian 
quadrature formula. More general formulas, 
not based upon polynomial representations, 
are also possible. (See Alston S. Householder, 
Principles of Numerical Analysis, McGraw- 
Hill, 1953. For special formulas see quadra¬ 
ture formulas under the names Chebyshev; 
Euler-Maclaurin; Gaussian; three-eighths rule; 
Simpson rule; trapezoidal rule; Weddle rule; 
see also remainder formulas.) 

For solving ordinary differential equations 
the integrand is of the form f(x, y), where 
y = y(x) is the dependent variable to be de¬ 
termined, and considered as a function of x, 

f[x, y(x)] = f(x), 

it is to be integrated over a range beyond that 
for which its values are known. Most often 
it is necessary to express 

nxy+n 

I f(x)dx 

in terms of values of / at points Xj, for j < v 
+ n, in order to obtain an approximate value 
of yv+n. Such a formula is called a predictor, 
or an open quadrature formula. To simplify 
the formulas let v = 0. Given an approxima¬ 
tion to yv+n, one applies a corrector, which is 
a quadrature formula expressed also in terms 
of fv-|-n. 

There is no restriction in taking v = 0. To 
obtain a predictor formula, one applies to 
F(xB_i) the operator 
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E - £-(*-» = e9 - e_(n_1)9 

= nd — [(n — l)2 — l]02/2! + • • *, 

and hence to/(z„_i) the operator 

nh[ 1 - (n - 2)0/2! 

+ (n2 -3n + 3)02/3!-], 

thereafter substituting 

0 = - In (1 - V) 

and retaining as many powers of V in the 
expansion as may be required. This is the 
basis for the Adams-Bashford method. To 
obtain the corrector one applies to F(xn) the 
operator 1 — E~n. 

QUADRIC, CENTRAL. See central quadric. 

QUADRIC SURFACE. Any of the surfaces 
represented in Cartesian coordinates by an 
algebraic equation of the second degree in 
three variables 

Ax2 + By2 + Cz2 + 2 Fyz + 2 Gxz + 2 Hxy 

+ 2 Px + 2 Qy + 2Rz + D = 0. 

Every plane section of a quadric surface is a 
conic section. 

When squared terms only appear in the 
equation, so that its form is Ax2 + By2 + 
Cz2 = 1, one speaks of a central quadric. 
Thus the surface is symmetric about the co¬ 
ordinate origin and can be an ellipsoid or a 
hyperboloid. The other quadric surfaces: a 
paraboloid and the degenerate quadrics are 
non-central quadrics. 

QUADRUPLE POINT. The temperature at 
which four phases are in equilibrium. An 
example is the case in which an anhydrous salt, 
a hydrate of the salt, its saturated solution, 
and its water vapor are in equilibrium in a 
salt-water system. 

QUADRUPLE PRODUCT OF VECTORS. 
If A, B, C, D are any four vectors, two types 
of products are possible: 

(1) (AXB)-(CXD) 

= (A-C)(B-D) - (A-D)(B-C); 

(2) (A X B) X (C X D) 

= (A C X D)B - (B C X D)A. 

The latter equation is also conveniently written 
in the equivalent form 

[ACD]B - [BCD]A = [ABD]C - [ABCJD, 

where the bracket signifies the scalar triple 
product. (See also vector system, reciprocal.) 

QUADRUPOLE. I ^et a collection of electric 
or magnetic charges be distributed around a 
point; for example, the center of mass of a 
system of atoms, molecules, or nuclei. The 
potential at a distance r from this point may 
be represented by an infinite series of terms 
in inverse powers of r. The term in the in¬ 
verse first power is the Coulomb potential, the 
inverse second power term is the dipole po¬ 
tential, the inverse third power term is the 
quadrupole potential, etc. A typical example 
is an array of four charges of equal magnitude 
so spaced that they coincide with the vertices 
of a parallelogram. Charges located on op¬ 
posite vertices are of the same sign; the dis¬ 
tance of separation between charges is taken 
to be of the order of molecular or infinitesimal 
dimensions. 

QUADRUPOLE MOMENT. When the ra¬ 
diation field due to a set of moving electric 
or magnetic charges is expanded in a series 
of powers of the product of the charges times 
space coordinates, the sum of the quadratic 
terms is the quadrupole moment. 

QUADRUPOLE MOMENT (NUCLEAR). 
A measure of the deviation of the electric 
charge distribution of a nucleus from a spheri¬ 
cal distribution. If M is the ^-component of 
the total angular momentum J of the nucleus, 
the quadrupole moment is defined as the ex¬ 
pectation value of 2P(3z2 — rv2) in the sub¬ 
state having M = J, where the summation is 
over all the protons. It is commonly expressed 
in barns. Being a structure sensitive quantity, 
the nuclear quadrupole moment has been a 
valuable clue in the development of the theory 
of nuclear structure. The large quadrupole 
moments of many rare earth nuclei, in par¬ 
ticular, have shown that nuclei are capable 
of acquiring large permanent deformations, 
leading to rotational spectra. 

QUADRUPOLE RADIATION. Radiation 
emitted by a quadrupole. Since the selection 
rules were deduced by analogy between the 
behavior of a classical electric dipole and the 
emission of radiation by quantum transitions, 
then there are arrangements of two dipoles 
(e.g., a linear arrangement) in which the posi- 
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tive charges coincide and are located at the 
center of two negative charges separated by 
a distance 2x (x = distance from center), so 

= 0) when the quadrupole moment 
(Set-Zi2) not zero but varies as 1/r3, and 
therefore acts as a source of radiation. 

QUANTIC. A homogeneous algebraic func¬ 
tion of two or more variables, in general con¬ 
taining only positive integral powers of the 
variables, and usually a polynomial in several 
variables. Quantics are classified into quad¬ 
ratic, cubic, quartic, quintic, etc., according to 
degree, and into binary, ternary, quaternary, 
etc., according to the number of variables in¬ 
volved. (See also multinomial series.) 

QUANTILE. If a set of N observations form¬ 
ing a frequency distribution are arranged in 
order of magnitude and every (iV/p)th ob¬ 
servation is marked off, these observations are 
called quantiles. Special cases are (1) p = 2, 
the central observation, called the median; 
(2) p = 4, 5, 6, 10 giving the quartiles, quin¬ 
tiles, sextiles, deciles; (3) p = 100, giving the 
centiles or percentiles. 

QUANTIZATION. Transition from a classi¬ 
cal theory or a classical quantity to a quantum 
theory or the corresponding quantity in quan¬ 
tum mechanics. 

QUANTIZATION OF ELECTROMAG¬ 
NETIC FIELD. In order to describe in a 
consistent manner the interaction between 
matter and radiation, it is necessary to quan¬ 
tize not only the motion of the material par¬ 
ticles but also the electromagnetic field. (By 
“quantizing” is meant the consistent applica¬ 
tion of certain rules which lead from classical 
to quantum mechanics.) The reason for the 
necessity of quantizing the electromagnetic 
field lies in the fact that if the mechanical 
parameter (co-ordinates, momenta) of par¬ 
ticles are to be quantized, then the fields cou¬ 
pled to them must also be quantized. This is 
because the Heisenberg uncertainty principle 
cannot possibly be valid for part of nature. 
For if the uncertainty principle did not apply 
to the field, then it has been shown by Bohr 
and Rosenfeld that it would be possible to set 
up a (gedanken) experiment which, in prin¬ 
ciple, would permit an accurate simultaneous 
determination of the position and momentum 
of a particle by observing and measuring the 
fields generated by the particle. Hence the 

quantization of the electromagnetic field is an 
inescapable consequence of the quantization 
of particle dynamics. 

The electromagnetic field is described by the 
electric and magnetic field intensity, E(x,£) 
and H(x,f) respectively. In the absence of 
charges their dynamic behavior is governed by 
Maxwell’s equation 

1 <911 
V X E H-= 0 VE = 0 

C dt 

1 dE 
V X H-= 0 V-H = 0. 

C dt 

By a Fourier analysis of the fields, the latter 
can be thought of as a superposition of mono¬ 
chromatic waves. The dynamic properties of 
such a monochromatic wave can be translated 
into that of a harmonic oscillator. Thus the 
dynamic behavior of the electromagnetic field 
can be transcribed into that of a doubly (due 
to the polarization) infinite set of harmonic 
oscillators. In the absence of charges and cur¬ 
rents all these modes are uncoupled and the 
total field energy 

E = hfd3 X (E2 + H2) 

is the sum of the energy of all these oscil¬ 
lators. The application of the quantum rules 
(replacement of the Poisson brackets of the 
canonical variables describing the system by 
commutation rules) to the electromagnetic 
field, i.e., the quantization of the electromag¬ 
netic field, is equivalent to the quantization 

of a set of harmonic oscillators. Hence, the 
energy in one monochromatic wave can only 
change by multiple of hu, where w is the 
frequency of the wave. Electromagnetic energy 
of a frequency co must always appear in 
“quanta” of the size hu. This is the light 

quantum hypothesis. Another important 
consequence of the quantization is the zero 

point fluctuation(s). As a result of the un¬ 
certainty principle a harmonic oscillator even 
in its lowest energy state still has a finite ampli¬ 
tude of vibration. This fact when transcribed 
to the electromagnetic field implies that even 
in its lowest energy state, i.e., in the state in 
which there are no photons (light quanta) 
present, the electromagnetic field fluctuates 
about the mean value zero, but the mean square 
values of the field strengths are different from 
zero and do not vanish. The strength of the 



729 Quantization of Signals — Quantum Electrodynamics 

field fluctuation in the vacuum, averaged over 
a volume V of linear dimensions a, is approxi¬ 
mately given by 

E~/iuct = H~fiuct ~ hc/a . 

These fluctuating fields will affect the motion 
of charged particles. A major part of the Lamb 
shift in a hydrogen atom can be understood 
as the contribution to the energy from the 
interaction of the electron with these zero- 
point oscillations. 

QUANTIZATION OF SIGNALS. A process 
in which the range of values of a wave is 
divided into a finite number of smaller sub¬ 
ranges, each of which is represented by an 
assigned or “quantized” value within the sub¬ 
range. “Quantized” may be used as an adjec¬ 
tive modifying various forms of modulation, 
for example, quantized pulse-amplitude mod¬ 
ulation. 

QUANTIZATION, SECOND. This is a 
method to describe the behavior of a quan¬ 
tum mechanical system of identical particles. 
Physical quantities correspond in the descrip¬ 
tion to linear operators of a space the elements 
of which describe states of systems with dif¬ 
ferent numbers of particles. Advantages of 
the method come from the fact that the states 
considered are in this way not restricted to a 
definite number of particles, but states of simi¬ 
lar systems of different size are dealt with to¬ 
gether. The elementary operations of the 
method are the creation and annihilation oper¬ 
ators which change the number of particles by 
one unit. The creation and annihilation oper¬ 
ators satisfy simple commutation relations in 
the case of a system of bosons, and simple 
anticommutation relations in the case of 
fermions. There is a simple correspondence 
between the description in terms of the second 
quantization method and the configuration 
space method in which the state of the sys¬ 
tem is described by a wave function depending 
on the coordinates of a definite number of 
particles. 

QUANTIZATION, SPACE. See space quan¬ 
tization. 

QUANTIZE. To restrict the possible values 
of a variable to a discrete number of possible 
values. 

QUANTIZED FIELD THEORY. See field 
theory, quantized; quantization of electromag¬ 
netic field. 

QUANTUM. An observable quantity is said 
to be quantized when its magnitude is, in some 
or all of its range, restricted to a discrete set 
of values. If the magnitude of the quantity is 
always a multiple of a definite unit, then that 
unit is called the quantum (of the quantity). 
For example, the quantum or unit of orbital 
angular momentum is h (Dirac K), and the 
quantum of energy of electromagnetic radiation 
of frequency v is hv where h is the Planck 
constant. In field theories, a field (or the 
field equations) is quantized by application of 
a proper quantum-mechanical procedure and 
this results in the existence of a fundamental 
field particle, which may be called the field 
quantum. Thus the photon is a quantum of 
the electromagnetic field and in nuclear field 
theories, the meson is considered to be the 
quantum of the nuclear field. 

QUANTUM EFFICIENCY. A measure of 
the efficiency of conversion or utilization of 
light or other energy, being in general the 
ratio of the number of distinct events pro¬ 
duced in a radiation sensitized process to the 
number of quanta absorbed (the intensity- 
distribution of the radiation in frequency or 
wavelength should be specified). In the pho¬ 
toelectric and photoconductive effects, the 
quantum efficiency is the number of electronic 
charges released for each photon absorbed. 
For a phototube, the quantum efficiency is de¬ 
fined as the average number of electrons pho¬ 
tometrically emitted from the photocathode 
per incident photon of a given wavelength. 
In a photochemical reaction, the quantum ef¬ 
ficiency is the ratio of the number of mole¬ 
cules transformed to the number of quanta of 
radiation absorbed. 

QUANTUM ELECTRODYNAMICS. In 
classical physics the laws of an electromag¬ 
netic field are expressed by Maxwell’s equa¬ 
tions which determine the change of the field 
in space and time in the presence of a given 
charge and current distribution. The motion 
of a charged particle in a given electromag¬ 
netic field is described by the Lorentz equa¬ 
tion. In quantum physics this description is 
to be modified to take into account the exist¬ 
ence of quanta. Quantum electrodynamics is 
the subject which describes the interaction of 
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charged particles with the electromagnetic field 
according to the rules of quantum mechanics. 

In the absence of charges the classical Max¬ 
well equations in vacuum remain valid in the 
quantized theory. The field quantities, the 
electromagnetic potential AM(:r,y,z,0 and the 
field strength FMV(:r,y,z,0, n, v = 0, 1, 2, 3, 
F^y = — Fv/l of the classical equations become, 
however, operators in the quantum theory. 
The Maxwell equations are valid between 
these operators which satisfy simple commu¬ 

tation relations. One obtains in this way a 
quantum theory of radiation, in which the 
energy of the radiation field has eigenvalues 

23 mkhvk. 
k 

The numbers mk are integers and represent the 
number of quanta hvk of frequency vk present, 
h is Planck’s constant. 

The motion of an electron moving in a given 
electromagnetic field can be described in a 
relativistic way by the Dirac equation. By 
replacing the wave function by an operator 
ij/{x,y,z,t) in this equation, one can describe 
a system of electrons and positrons moving 
independently in the given external field. The 
electron field operators ip(x,y,z,t) and their 
adjoints satisfy simple anticommutation rela¬ 
tions which express the exclusion principle for 
the electrons. The current due to the electrons 
and positrons is given by an operator expressed 
by ip{x,y,z,t) and its adjoint and is the source 
of an electromagnetic field. If one inserts this 
current operator into the Maxwell equations, 
and consider A^ and ip both as operators, the 
Dirac equation and Maxwell equations form a 
coupled set of operator equations, and are the 
basic equations of quantum electrodynamics. 

This (system of equations) is non-linear in 
the operator fields A^ and \p and can be ap¬ 
proached only by approximation methods. As 
the coupling between the radiation field and 
the electrons is weak, perturbation methods 

lead to good theoretical predictions. One can 
describe the emission and absorption of elec¬ 
tromagnetic radiation, different scattering 
processes, the creation and annihilation of 
electron-positron pairs and many other phe¬ 
nomena. 

In the course of calculations with the field 
operators, mathematical complications are met 
which are related to the appearance of diver¬ 
gent integrals. For a long time this stood in 
the way of calculating any higher order cor¬ 

rections to electromagnetic processes. In re¬ 
cent years, quantum electrodynamics has un¬ 
dergone a considerable development. Many 
new technics and concepts have been in¬ 
troduced, through the work of Feynman, 

Schwinger, Dyson and others. One of the 
results of this development is that one can 
give unambiguous prescriptions for obtaining 
finite predictions concerning electromagnetic 
corrections. The two most important examples 
are perhaps the correction to the energy levels 
of the hydrogen atom due to the interaction of 
the electron with the radiation field, which is 
called the Lamb shift, and the change in the 
magnetic moment of the electron due to radia¬ 
tion corrections. In both cases there is an 
excellent agreement between theory and ex¬ 
periment to a very high accuracy. 

QUANTUM FIELD THEORY AND S-MA- 

TRIX THEORY. See S-matrix theory and 

quantum field theory. 

QUANTUM FIELD THEORY, RELATIVIS¬ 

TIC. See relativistic quantum field theory. 

QUANTUM - MECHANICAL PERTURBA¬ 

TION THEORY. See perturbation theory, 

quantum-mechanical. 

QUANTUM-MECHANICAL RESONANCE. 

See resonance, quantum-mechanical. 

QUANTUM-MECHANICAL SYSTEM. Any 
physical system or model for which the appli¬ 
cation of classical mechanics yields non-valid 
results and which can be treated by the ap¬ 
plication of quantum mechanics. 

QUANTUM MECHANICS. It is one of the 
great discoveries of the twentieth century that 
the various atomic phenomena are governed 
by the laws of a mechanics which is different 
from Newton’s classical mechanics, and incor¬ 
porates into a consistent mathematical scheme 
both the laws of the old classical mechanics 
and the existence of quanta. In engineering 
problems, and whenever the effect of the exist¬ 
ence of quanta is negligible, Newton’s me¬ 
chanics remains valid. However, in most 
atomic phenomena the role of Planck’s con¬ 
stant h becomes important, and the description 
needs the new mechanics, quantum mechanics. 
The development of the new mechanics is 
linked with the names of Schrodinger, Heisen¬ 
berg, Dirac, and many others. The new disci- 
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pline was discovered in the years 1925-28, and 
has been developing since, finding an ever- 
increasing field of application. 

Historically, the development came from 
two rather different directions. Schrodinger 
discovered his wave equation which is based 
on Louis de Broglie’s idea that the motion of 
atomic particles is related to matter waves. 
The state of an atomic system is described 
by a wave function which satisfies the wave 
equation. These wave functions play a domi¬ 
nant role in the theory, and the new mechanics 
acquired the name wave mechanics. Classical 
mechanics is a limiting case of wave mechanics 
in an analogous way to that in which geo¬ 
metrical optics is a limiting case of classical 
wave optics. Heisenberg arrived at a correct 
description of quantum phenomena by intro¬ 
ducing matrices, or linear operators, to de¬ 
scribe dynamical quantities. The eigenvalues 
of these matrices represent the possible values 
of the physical quantities. 

One obtains in this way a simple representa¬ 
tion of quantities which can have only definite 
quantized values, like the energy of an atom. 
This form of the new mechanics acquired the 
name matrix mechanics or quantum mechan¬ 
ics. The two approaches, Schrodinger’s wave 
mechanics and Heisenberg’s quantum mechan¬ 
ics, turned out, however, to represent different 
aspects of the same theory. The wave func¬ 
tions of wave mechanics can be considered as 
elements of a function space the linear opera¬ 
tors of which have the properties postulated 
in Heisenberg’s matrix mechanics. Quantum 
mechanics and wave mechanics are used to¬ 
day as synonymous expressions. 

The Hamiltonian function of classical me¬ 
chanics corresponds in quantum mechanics to 
an operator H, the eigenvalues of which give 
the possible energy values E of the system, 
Hif/ = E\f/. In the wave mechanical form, this 
Hamiltonian operator H is obtained from the 
classical Hamiltonian function H = H (x,p) 
by replacing the momenta p by differential 
operators 

h d 

^ 27ri dx 

with respect to the canonically conjugate co¬ 
ordinates x. In the simplest case of a single 
particle of mass m moving in a given external 
potential V{x,y,z), the classical Hamiltonian 
function is 

H = — (Px2 + Py2 + Pz2) + V(x,y,z). 
2m 

The corresponding wave mechanical eigenvalue 
equation, H\p = E\p, is the wave equation 

+ V{x,y,z) J +{x,y,z) = Ef(x,y,z). 

This is, for instance, the wave equation of an 
electron with coordinates x,y,z, moving in the 
Coulomb field of a proton, as in the hydrogen 
atom. The state of the electron is described 
by the wave function tp{x;y,z) and the eigen¬ 
values E of the equation give the energy levels 
of the hydrogen atom. The wave functions 
corresponding to a definite energy value, E, 
represent standing waves. The quantization 
of the energy, the existence of discrete energy 
levels in the atom, results from the wave equa¬ 
tion in an analogous way to the definite value 
of sound frequencies on a violin string. 

The wave function \f/{x,y,z) replaces the con¬ 
cept of the classical orbit of the electron in the 
description; in the case of the hydrogen atom 
the elliptical orbits of the Bohr model. It 
does not make any sense to inquire about the 
exact position of an electron at a given time in 
a state of definite energy. One can only give 
the probability of finding the electron in a 
volume element dCl near the point x,y,z. In 
the state given by the wave function ip(x,y,z), 
this probability is |if/{x,y,z) |2dfi. The integral 
of this expression over the whole space, the 
probability of finding the electron somewhere 
in space, has to be equal to one. This gives 
a normalization condition on the wave func¬ 
tion \j/(x,y,z). 

h d 
The momentum operator p = —; — and the 

2m dx 

coordinate x satisfy the commutation relation 
xp — px — ih/2ir. Expressing any dynamical 
quantity in classical mechanics as a function of 
coordinates and momenta, and replacing x and 
p in a suitably symmetrized form of the ex¬ 
pression, by operators satisfying the commu¬ 
tation relation xp — px = ih/2ir, one obtains 
the corresponding quantum mechanical oper¬ 
ators. In general, eigenvalues of two operators 
A and B correspond to the same state only if 
A and B commute, AB — BA = 0. These 
eigenvalues correspond to the possible values 
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of the related physical quantities, and two 
physical quantities are simultaneously measur¬ 
able only if their operators commute. In the 
previous example of the hydrogen atom, the 
Hamiltonian operators representing the energy 
and the coordinates of an electron are non¬ 
commuting quantities. 

With the help of quantum mechanics one can 
obtain a large number of quantitative predic¬ 
tions about phenomena in atoms, molecules, 
solids; in nuclear physics; and many other 
branches of physics. In many cases it helps 
to form qualitative ideas about a physical 
problem, in other cases the complexity of the 
mathematical problem involved needs new 
techniques in order to make further advance. 

QUANTUM MECHANICS (NON-RELATI- 
VISTIC). That form of quantum mechanics 
which does not take into account relativistic 
effects. It is valid whenever all velocities are 
small in comparison with the velocity of light. 
It is a subject the principles of which are 
much more reliably established than these of 
relativistic quantum mechanics. In the entry 
quantum mechanics the non-relativistic form 
of quantum mechanics is assumed. 

QUANTUM MECHANICS (RELATIVIS¬ 
TIC). Quantum mechanics in which the re¬ 
quirements of the special theory of relativity 
are taken into account. Its equations are in¬ 
variant with respect to Lorentz transforma¬ 
tions. Particles of spin % can be described 
in a relativistic way by the Dirac equation, 
particles of 0 spin by the Klein-Gordon equa¬ 
tion. The application of the Dirac equation 
to the problem of the hydrogen atom gives 
relativistic corrections to the energy levels and 
describes their fine structure. The relativistic 
description of a particle in quantum mechanics 
is closely related to the possibility of creation 
and annihilation of pairs of particles and of 
other changes in the number of particles, and 
an adequate interpretation requires the de¬ 
scription in terms of systems of particles. 
Quantum electrodynamics and quantum field 
theory deal writh this problem, among others. 

QUANTUM MECHANICS AND RELATI¬ 
VISTIC INVARIANCE. See relativistic in¬ 
variance and quantum mechanics. 

QUANTUM MECHANICS AND REPRE¬ 
SENTATION OF GROUPS. See representa¬ 
tion of groups and quantum mechanics. 

QUANTUM MECHANICS AND SYM¬ 
METRY. See symmetry and quantum me¬ 
chanics. 

QUANTUM NUMBER. A number assigned 
to each of the various values of a quantized 
quantity in its discrete range. The quantum 
numbers arise from the mathematics of the 
eigenvalue problem and may be related to the 
number of nodes in the eigenfunction. A state 
may be described by giving a sufficient set of 
compatible quantum numbers. In the custo¬ 
mary formulations, each quantum number is 
either an integer (which may be positive, nega¬ 
tive or zero) or an odd half-integer. (See en¬ 
tries following.) 

QUANTUM NUMBER, EFFECTIVE PRIN¬ 
CIPAL. See effective principal quantum 
number. 

QUANTUM NUMBER, ISOTOPIC SPIN. A 
nuclear quantum number based upon the con¬ 
cept that the proton and the neutron are dif¬ 
ferent states of the same elementary particle, 
the nucleon. The nucleon is assigned an iso- 
baric spin quantum number of and its two 
possible orientations, rz = +% and — are 
assigned to the neutron and proton, respec¬ 
tively. The isobaric spin vectors of all nu¬ 
cleons in a given nucleus combine as do angular 
momentum vectors, to give a total isobaric spin 
vector T, which is equal to 5r; and it has an 
orientation Tz, which is equal to 5tz. The 
symbolic space in which these orientations oc¬ 
cur is called isobaric space; its Z-axis corre¬ 
sponds to the direction of observable (nega¬ 
tive) charge. Nuclei with a common value of 
Tz have the same neutron excess, equal to 
2TZ, by the relationship: 

Tz = i(N - Z) 

where N is the number of neutrons in the 
nucleus and Z is its number of protons. Both 
T and Tz are integral for even values of A, 
and half-integral for odd values. 

QUANTUM NUMBERS OF THE INDIVID¬ 
UAL ELECTRONS IN AN ATOM. To a 
first approximation each electron in an atom 
can be considered as moving independently of 
the other electrons, in a centrally symmetric 
but, in general, non-Coulomb field, resulting 
from the overlapping of the Coulomb field of 
the nucleus and the mean field of the other 
electrons. To this approximation each elec- 
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tron is characterized by four quantum num¬ 
bers, as follows: 

Principal quantum number n. Approximate 
measure of the region in which the electron 
preferably remains. Different values of n (1, 
2, 3, • • •) correspond to widely different energy 
values. 

Azimuthal quantum number l. Correspond¬ 
ing to the angular momentum of the electron 
in its orbit. Can take on all integral values 
l = 0, 1, • • •, n — 1 for a given value of n. 
In general, the energy difference between elec¬ 
trons with different values of l but the same 
value of n is smaller than the difference be¬ 
tween electrons with different values of n. 

Magnetic quantum number mt. Corre¬ 
sponding to the component of the electronic 
orbital angular momentum in the direction of 
an external magnetic field. Can take on the 
values = l, l — 1, l — 2, • • ■, — l for a given 
value of l. 

Magnetic quantum number mt. Corre¬ 
sponding to the component of the electron spin 
in the direction of an external magnetic field. 
Can take on the values +% and — %• 

In some cases it is more suitable to use in¬ 
stead of the magnetic quantum numbers mt 
and m, the following two quantum numbers: 

j, corresponding to the total angular momen¬ 
tum of the electron (spin plus orbital motion). 
Can take on the values l -f- % and l — %. 

mj, corresponding to the component of the 
total angular momentum of the electron in the 
direction of an external magnetic field. Can 
take on the values ms = j, j — 1, —, —j. 

QUANTUM STATISTICS. The diffractive 
quantum effects which lead to energy levels 
are taken into account by using, for instance, 
in partition functions, sums over energy levels 
rather than integrals over phase space. The 
symmetry effects are taken into account by 
using Bose-Einstein or Fermi-Dirac statistics 
rather than Boltzmann statistics. 

In the case of independent particles the 
Boltzmann distribution is replaced by either 
the B@se-Einstein distribution, 

/(e) e~>+ri _ i' 

or by the Fermi-Dirac distribution 

1 

/« = v+0t +1 
(1) 

where f(e)p(e)de is the number of particles 
with energies between e and e + de, p(e) the 
density of energy levels, /3 = 1/kT (k: Boltz¬ 
mann’s constant, T: absolute temperature), and 
v = f3g (g: partial thermal potential). 

Of some interest is the case of a degenerate 
gas which occurs in the Bose-Einstein case 
when v —» 0. In that case the so-called 
Einstein condensation occurs. In the Fermi- 
Dirac case degeneracy occurs when e~v —> ». 
This happens at sufficiently low temperatures. 
In fact, the “gas” of the conduction electrons 
in a metal is practically completely degenerate 
well above room temperature. In a degenerate 
gas, the distribution (1) is such that /(e) = 1 
for all e up to the Fermi level e0, and/(e) = 0 
for all energies above the Fermi-level. 

In the case of interacting particles one uses 
ensemble theory where now the density 
matrix replaces the classical ensemble 
density. 

(See also Bose-Einstein statistics and 
Fermi-Dirac statistics.) 

QUANTUM THEORETICAL ADDITION 
OF ANGULAR MOMENTUM VECTORS. 
See angular momentum vectors, quantum 
theoretical addition of. 

QUANTUM THEORY OF DISPERSION. 
The dispersion of light in a dielectric medium 
can be described in quantum theory by means 
of perturbation methods. The electromagnetic 
field of the light wave polarizes the atoms of 
the medium, and the refractive index of light 
waves of a given frequency can be calculated 
from the polarizability of the atoms. Histori¬ 
cally, this problem played an important part, 
as the derivation of the dispersion formula of 
Kramers and Heisenberg was one of the first 
steps in the development of quantum mechan¬ 
ics. The electric field of a light wave of fre¬ 
quency o> induces a dipole moment per atom 
proportional to the field. The constant of pro¬ 
portionality gives the polarizability of the 
atom. This is given by the Kramers-Heisen- 
berg dispersion formula as 

with 

a 
fke2/m 

u2 ~ «2 

4irm 
fk = ^-o>k\Mko\2, 

e*h 

where hu>k are the energy levels of the atom 
which is assumed to be in the state k = 0 in the 
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absence of the field, Mho is the matrix element 
of the electric moment between states k and o, 
m is the mass, e, the charge of an electron. A 
classical oscillator of a single frequency w0 gives 
a polarizability 

e2/m 
a ~ 2 2 I „• 

U)0 — CO "T~ 1C0(J 

and the quantum formula is a linear combina¬ 
tion of such terms. The imaginary term iug 
determines the absorption of light waves. A 
similar term appears in the more exact quantum 
mechanical formula in which g is related to 
the width of the energy levels. 

QUANTUM THEORY OF HEAT CAPAC¬ 
ITY. A theory which explains on the basis of 
energy quantization the decrease of specific 
heats at low temperatures to values below their 
classical values. For the case of regular solids, 
the Debye theory of specific heat forms a good 
approximation. 

QUANTUM THEORY OF MAGNETISM. 
See magnetism, quantum theory of. 

QUANTUM THEORY OF PARAMAGNET¬ 
ISM. See paramagnetism, quantum theory of. 

QUANTUM THEORY OF RADIATION. 
See quantum electrodynamics. 

QUANTUM THEORY OF SPECTRA. The 
present theory of spectra, which is based on 
an idea that there exist in each atom or mole¬ 
cule certain permitted energy levels. An atom 
or molecule absorbs or radiates energy as it 
moves from one energy level to another. The 
frequency (v) of the radiation associated with 
such change of energy level is given by 

Ei - E2 = hv 

Ei,E-> are the energy levels and h is the Planck 
constant. 

QUANTUM, VIRTUAL. See virtual quan¬ 
tum. 

QUANTUM YIELD. The number of photon- 
induced reactions of a specified type per pho¬ 
ton absorbed. In the photoelectric effect, the 
quantum yield is more commonly called the 
photoelectric efficiency. In photochemistry it 
is the ratio of the number of reactions induced 
both directly and indirectly by light to the 
number of photons absorbed; a quantum yield 
greater than unity indicates a chain reaction. 

In plant physiology it is the ratio of the num¬ 
ber of reactions of the primary photochemical 
step of photosynthesis (as yet undetermined) 
to the number of photons absorbed. 

QUARTER-CHORD POINT. At a section of 
an airfoil of chord c, the point on the chord 
line at a distance c/4 from the leading edge is 
known as the quarter-chord point. According 
to two-dimensional thin airfoil theory this is 
the position of the aerodynamic center (in 
subsonic flow). (See also aerodynamic mean 

chord.) 

QUARTILE. One of a set of numbers (a 

quantile) on the random-variable axis which 
divide a probability distribution into four 
equal areas. The three quartile points which 
lie between the extremes of the distribution 
are designated as Qi, Q2, Qs and are defined 
in terms of the distribution function F(x) as 

follows: 

F(Qi) = .25; F(Q2) = .50; F(Q3) = .75. 

Thus Q2 coincides with the median. In em¬ 
pirical relative frequency tables, the quartiles 
are estimated by interpolation. 

The interquartile range 2Q is the distance 
from Qi to Q3; half of this distance Q is called 
the semi-interquartile range (or quartile de¬ 
viation) and is sometimes used as a crude 
measure of variability or spread. 

QUASI - CHEMICAL APPROXIMATION. 

Statistical method of treating cooperative 

phenomena in substitutional alloys where the 
pairs of nearest neighbors in the lattice are 

considered as independent units. 

QUASI-ERGODIC HYPOTHESIS. See ergo- 

dic and quasi-ergodic hypotheses. 

QUASI FERMI LEVEL. See Fermi level, 

quasi. 

QUASI-GEOSTROPHIC APPROXIMATION. 

(Also called geostrophic approximation, pseu- 
dogeostrophic approximation.) The use of the 
assumption of geostrophic equilibrium in cer¬ 
tain contexts of the equations of motion, but 
not in others. This compromise arose from 

the fact that the horizontal divergence of the 
geostrophic wind grossly fails to estimate the 
real divergence, which is better represented 
by the field of vertical motion. When the 
divergence has been thus eliminated from the 



735 Quasi-hydrostatic Approximation — Quota Sampling 

vorticity equation, the assumption that all 
(remaining) horizontal wind velocities arc 
geostrophic has greatly increased validity. 
The dynamical effect of this approximation 
is to eliminate or filter out the higher fre¬ 
quencies, such as those of all sound and gravity 
waves, from the system of equations, while 
retaining the frequencies associated with cy¬ 
clonic-scale motions. 

QUASI-HYDROSTATIC APPROXIMATION. 

(Or quasi-hydrostatic assumption; also called 
hydrostatic approximation.) The use of the 
hydrostatic equation as the vertical equation 

of motion, thus implying that the vertical ac¬ 
celerations are small without constraining 
them to be zero. This compromise takes ad¬ 
vantage of the smallness of organized vertical 
accelerations in cyclonic-scale motions while 
allowing theoretically for a realistic distribu¬ 
tion of vertical velocities, which may be com¬ 
puted from the other equations of a closed 
system. Dynamically, the effect of the quasi- 
hydrostatic approximation is to eliminate or 
filter out the higher frequencies, corresponding 
to sound waves and certain (but not all) grav¬ 

ity waves, from the fundamental equations, 
while retaining the frequencies corresponding 
to cyclonic-scale motions. 

QUASI-LAGRANGIAN COORDINATES. A 
system of mixed Eulerian and Lagrangian co¬ 
ordinates. At least one coordinate of each 
fluid parcel must therefore be unvarying with 
time. Such a system takes advantage of the 
fact that in many atmospheric models there is 
one property (but not three properties) con¬ 
served in the motion. The most frequently 
used system of this type is the (x, y, 6) -system 
under adiabatic motions, where x and y are 
Cartesian coordinates, and 6 the potential 

temperature. If water vapor in all phases is 
admitted to the system, wet-bulb potential 

temperature or a similar conservative tem¬ 
perature may be used. 

QUATERNION. A generalization of the com¬ 

plex number is called a hypercomplex number. 
It has the form Q0 -f- Q,-e<, where Q0 and Qt are 
real and et is related to V —1- If 1 = 1, 2, 3 
so that the hypercomplex number has four 
components, it is a special kind of four-dimen¬ 
sional dyadic and called a quaternion. In that 

case, 

e? = 1; e&j = eijkek, i ^ j, 

where eq-* is a set of 27 quantities, which can 
take only the values 0, ±1. A given 
vanishes if two of its indices are identical; it 
equals +1, if the subscripts are obtained by an 
even permutation of (123) and —1, if by an 
odd permutation. 

Quaternions add like ordinary complex num¬ 
bers but their multiplication is not, in general, 
commutative. Thus, 

PQ = (Po + Pi^i)(Qo + QjVj) 

— (PoQo ~ PiQi + PoQiti + QoP\ei 

d~ f ijkPiQj^k) i 

which does not equal QP unless P(- = kQ;, 
where k is a real number. 

It is often useful to write a quaternion in the 
form Q = Q0 + Q, where Q0 is a scalar and Q 

is a vector with components Qi, Q2, Q3. More 
generally let u be a unit vector, then Q = Q0 

+ qu, showing the analogy between a qua¬ 
ternion and a complex number, for Q0 is the 
real part of Q and q the imaginary part. 

Consider in classical mechanics a rigid body 
rotated through an angle 6 about a line through 
the origin of a rectangular coordinate system 
with direction angles a, b, c. The coordinates 
of a point before and after the rotation are 
conveniently given in terms of the Euler- 
Rodrigues parameters. They are Qo — cos 6/2, 
Qi = sin 6/2 cos a, Q2 = sin 6/2 cos b, Q3 = sin 
6/2 cos c. They form the components of a 
quaternion and Q02 + Qi2 + Q22 + Qs2 — 1. 
These parameters are also related to the Euler 

angles, the Pauli spin matrices of quantum 
mechanics, and the rotation group in group 
theory. 

QUEUEING THEORY. See queues, theory 

of. 

QUEUES, THEORY OF. That part of the 
theory of stochastic processes which deals with 
individuals lining up for service. Many indus¬ 
trial problems can be expressed in terms of 
queues, e.g., bottlenecks in production lines, 
congestion problems in traffic, servicing of cus¬ 
tomers at counters or stations, storage and 
stocking in warehouses, etc. 

QUOTA SAMPLING. A method of drawing 
a sample which purports to make it more rep¬ 
resentative in the qualities under inquiry by 
forcing it to be representative in certain other 
respects. For example, a quota sample of 
human beings might be sought such that (a) 
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one half were male, (b) the proportions in 
income-groups were the same as those in the 
population, and so on. 

QUOTIENT-DIFFERENCE ALGORITHM. 

An algorithm due to Rutishauser and having 
numerous applications. Let 

f(z) = So/2 + Si/z2 + S2/23 

represent a formal power series, and form the 
table 

V” 
9i<°> 

(i) 
d/°> d(0> S2<°> 

s,(2) 
9i 

_ (2) 
cIf" d(1) S2(1) 

d<3> 
91 

9i(3) 

d/2> S2(2) 

92 

92 

<0) 

a) 
rf2(0) 62(« S3(o> 

d20) e2(D S30) 

by the following rules: 

*iw = s„ 

n (p) _ q (v-hl) /o (v) 
Ho 

d " = - w 

« _ j w = d0w + e, <r—1 

„ M _ „ (y+l) . (*) 

>+D e0(,° = 0 

If the entries of a column of q’s approaches 
a limit, this limit is a pole of/(2) (see Bernoulli 
method). Among other properties of the 
table, only the following will be mentioned 
here, that 

f(z) = sjz - q,m/1 

is a particular continued fraction expansion 
of f(z), and others are readily obtainable. (See 
National Bureau of Standards, Further contri¬ 
butions to the solution of simultaneous linear 
equations and the determination of eigenvalues, 
XBS Appl. Math. Series 49, 1958.) 

QUOTIENT GROUP. See factor group. 

QUOTIENT LAW FOR TENSORS. Systems 

a'j\?2:: >'v are «‘ven in each coordinate system. 
If, using the summation convention, 

are components of a tensor, 
contravariant of order M and covariant of 
order N — 1, where v*1 are the components of 
an arbitrary contravariant vector, then hj}}2 
are the components of a tensor, contravariant 
of order M and covariant of order N. If 

are the components of a tensor, 
contravariant of order M — 1 and covariant 
of order N, where are the components of an 
arbitrary covariant vector, then &J}}2are 
the components of a tensor, contravariant of 
order M and covariant of order N. Also used 
for particular cases of this law and for more 
general laws of a similar type. 

Q-VALUE. A synonym for reaction energy, 

nuclear. 



RACAH COEFFICIENT. A coefficient which 
occurs in the quantum mechanical theory of 
angular momentum, concerned with the vari¬ 
ous equivalent modes of coupling of three com¬ 
muting angular momenta, and expressible as 
a sum over four Wigner coefficients. The co¬ 
efficient is of particular importance in the 
theory of spectroscopy and of angular correla¬ 
tions in nuclear reactions. 

RAD. A unit of absorbed dose, recommended 
by the International Commission on Radio¬ 
logical Units (July, 1953). It is 100 ergs per 
gram. 

RADIAL DISTRIBUTION FUNCTION. The 
radial distribution function for a liquid is de¬ 
fined as the function p{r), where iirr2p{r)dr is 
the average number of molecule centers at dis¬ 
tances between r and r + dr from some selected 
molecule. If the liquid is isotropic, it is the 
average number density at distance r from 
the selected molecule. The radial distribution 
function may be computed from measurements 
of X-ray diffraction patterns, and it is of cen¬ 
tral importance in the kinetic theory of liquids. 

RADIAL LOADING. When all loads on a 
body are increased from zero in constant ratio 
with each other, the loading path in a load 
space will be a radial line from the origin, 
Pi = KPi°. The term proportional loading 

also is used. 

RADIAL MAGNIFICATION. The linear 

magnification normal to the optical axis of an 
axially symmetric system is the radial or lat¬ 
eral magnification dr'/dr, where dr is in the 
radial direction in object space and dr' is the 
conjugate element in image space. 

RADIAL SYMMETRY. The symmetry of a 
configuration whose properties are functions 
only of radial distance from an origin, and thus 
independent of the azimuthal coordinate in two 
dimensions and of azimuthal and latitudinal 
coordinates in three dimensions. 

Radial symmetry in two dimensions is often 

called circular symmetry; in three dimensions, 
spherical symmetry. 

RADIAL VELOCITY. See stellar motions. 

RADIANCE. Radiance or the radiant in¬ 
tensity per unit area (at a point on a surface 
and in a given direction) is the quotient of the 
radiant intensity in the given direction of an 
infinitesimal element of the surface contain¬ 
ing the point under consideration, by the 
area of the orthogonal projection of this ele¬ 
ment on a plane perpendicular to the given 
direction. 

RADIANT EFFICIENCY. The ratio of the 
radiant flux emitted to the power consumed. 

RADIANT EMITTANCE (AT A POINT OF 

A SURFACE). The quotient of the radiant 
power emitted by an infinitesimal element of 
surface containing the point under considera¬ 
tion, by the area of that element. 

RADIANT INTENSITY. Radiant intensity 
(of a source in a given direction) is the quo¬ 
tient of the radiant power emitted by a source, 
or by an element of source, in an infinitesimal 
cone containing the given direction, by the 
solid angle of that cone. For a source which 
is not a point source: the quotient of the 
radiant flux received at an elementary surface 
by the solid angle which this surface subtends 
at any point of the source, when this quotient 
is taken to the limit as the distance between 
the surface and the source is increased. 

RADIATION. (1) The emission and propa¬ 
gation of energy through space or through a 
material medium in the form of waves; for 
instance, the emission and propagation of 
electromagnetic waves, or of sound and elastic 
waves. (2) The energy propagated through 
space or through a material medium as waves; 
for example, energy in the form of electromag¬ 
netic waves or of elastic waves. The term 
radiation, or radiant energy, when unqualified, 
usually refers to electromagnetic radiation; 
such radiation commonly is classified, accord- 
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ing to frequency, as Hertzian, infra-red, visible 
(light), ultraviolet, x-rays, and y-rays. (3) 
Corpuscular emissions, such as «- and /3-radia¬ 
tion, or rays of mixed or unknown type, as 
cosmic radiation. 

RADIATION, ACOUSTIC. The sound en¬ 
ergy set up in a medium by a vibrating source 
depends not only on the physical character¬ 
istics of the medium and of the oscillating 
volume displacement set up by the vibrating 
source, but also on the size and shape of the 
generator. The acoustic power P generated by 
a vibrating source can be expressed as 

P = u2Ra X 10-7 watts 

where u is the rate of volume displacement of 
the fluid in cm3 per sec., and Ra is the acoustic 
radiation resistance of the source in acoustic 
ohms. 

RADIATION, COMPLEX. See complex 
radiation. 

RADIATION CONDITION. The assumption 
in a great many boundary-value problems that 
at great distances from a source of energy the 
field has the form of a diverging wave. It is 
necessary to introduce such a condition before 
any uniqueness theorem can be proved. 

RADIATION DAMPING. (1) The damping 
due to the loss of energy through radiation. 
Such damping creates an apparent frictional 
force and is often expressed in terms of a 
radiation resistance. (2) In quantum electro¬ 
dynamics the virtual interaction of particles 
with the zero point field leads to damping 
terms which effect such quantities as natural 
level widths and scattering cross sections. 

RADIATION DENSITY CONSTANT. The 
constant used in the Stefan-Boltzmann law to 
express the total energy density of black-body 
radiation as a function of the temperature. 

a = 8ir°A;4/15c3/i3 

= 7.569 X 10-15 erg cm-3 deg-4. 

RADIATION, ELECTROMAGNETIC. See 
electromagnetic radiation. 

RADIATION FIELD. See field, radiation. 

RADIATION LAWS. See Kirchhoff law, 
Planck law, Stefan-Boltzmann law, Wien law 
and quantum electrodynamics. 

RADIATION LENGTH. The mean path 
length required for the reduction, by the factor 
1/e, of the energy of relativistic charged par¬ 
ticles as they pass through matter. Such 
particles lose their energy mainly by radiating 
(see bremsstrahlung). The radiation length 
for relativistic electrons in air is 330 m; in lead 
it is 0.5 cm. 

RADIATIONLESS TRANSITION. A transi¬ 
tion taking place between two energy states 
of a system in which the necessary energy is 
taken from it or given up to it by direct inter¬ 
action with another system or particle, rather 
than by absorption or emission of electromag¬ 
netic radiation. Several examples of radia¬ 
tionless transitions might be mentioned. In 
internal conversion, a nucleus makes a transi¬ 
tion to a lower energy state by giving up the 
excess energy E0 directly to a planetary elec¬ 
tron which leaves the atom with a kinetic 
energy which is E„ minus the binding energy 
of the atomic electron. In the Auger effect, 
the energy released when an atomic electron 
makes a transition to a lower energy state is 
given directly to one or more electrons which 
are weakly enough bound to be separated from 
the atom by this energy. Another example is 
the excitation or de-excitation of an atom or 
molecule by a collision of the first kind or of 
the second kind with another atom or molecule. 

RADIATION PATTERN. The graphical 
representation of the radiation field at large 
distances from an antenna as a function of 
direction. 

RADIATION POTENTIAL. The potential 
difference in volts corresponding to the energy 
in electron-volts required to excite an atom or 
a molecule to emit one of its characteristic 
radiation-frequencies. 

RADIATION PRESSURE. (1) For pressure 
of electromagnetic radiation, see Stefan-Boltz¬ 
mann law; adiabatic changes of radiation 
pressure. (2) In acoustics, radiation pressure 
is the unidirectional pressure force exerted at 
an interface between two media due to the 
passage of a sound wave. 

RADIATION, QUANTUM THEORY OF. 
See quantum electrodynamics. 

RADIATION RESISTANCE. (1) The radia¬ 
tion resistance of an antenna is the value of 
an ohmic resistance which dissipates energy 
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at the same rate as the antenna radiates it. 
(2) The (acoustic) radiation resistance of a 
medium is the acoustic impedance (see im¬ 
pedance, acoustic) of a plane wave, equal to 
poc/S where p0 is the mean density of the 
medium in gm/cm3, c is the velocity of sound 
in cm/sec, and S is the area of the wave front 
under consideration in cm2. 

RADIATIVE CORRECTION. Difference be¬ 
tween the theoretical values of some property 
of a dynamical system as computed from the 
quantized field theory (see field theory, quan¬ 
tized) of the system and from the correspond¬ 
ing unquantized field theory. Applied par¬ 
ticularly to the theory of electrons, positrons 
and the electromagnetic field. (See Lamb 
shift, anomalous magnetic moment (elec¬ 
tron), vacuum polarization, self-energy, re¬ 
normalization.) 

RADIOACTIVE DISPLACEMENT LAW. A 
law originally stated by Soddy and Fajans. 
In its more modern and inclusive form it may 
be stated as follows: When a nucleus emits 
an a-particle the new nucleus formed has an 
atomic number two less than the parent and 
a mass number of four less. When a nucleus 
emits a negative ^-particle the atomic num¬ 
ber of the new nucleus formed is one greater 
than the parent and the mass number remains 
the same. The emission of a positron or the 
capture of an orbital electron decreases the 
atomic number by one without changing the 
mass number. Isomeric transition and y-emis- 
sion lead to no change in atomic number or 

mass number. 

RADIOACTIVE EQUILIBRIUM. A condi¬ 
tion which may obtain in the course of the 
decay of a radioactive parent having shorter- 
lived descendants, in which the ratio of the 
activity of the parent to that of a descendant 
is independent of time. This condition can 
exist only when no activity longer-lived than 
that of the parent is interposed in the decay 
chain. If the half-life of the parent is long 
compared to the time of the experiment than 
the state is called secular equilibrium. When 
secular equilibrium exists among members A, 
B, C, • • • etc., of a decay series, then NA\A = 
NB\B = (VcAC = ••• where NA, NB, Nc, 
are the numbers of atoms of A, B, C, • • •, re¬ 
spectively, and A,4, \B, Ac, * * * are the corre¬ 
sponding disintegration constants. If the half- 

life of the parent is short and a decline in 
parent activity is observable, the state is 
called transient equilibrium. When transient 
equilibrium exists between a parent, A, and 
daughter, B, then NA\A = NB(XB — AA) where 
Na and Nb are the number of atoms and XA 
and Aa the respective decay constants. 

RADIOACTIVITY. Radioactivity denotes 
the spontaneous disintegration of the atomic 
nucleus with the emission of corpuscular or 
electromagnetic radiation. There are essen¬ 
tially two different kinds of radioactivity, de¬ 
pending upon the type of particle emitted. In 
the simplest, the “parent” nucleus of mass 
number A and atomic number Z emits an alpha 
particle, thereby transforming into a “daugh¬ 
ter” nucleus of mass number A-4 and atomic 
number Z-2. This process is called alpha-de¬ 
cay. The energy of the alpha particle depends 
upon the parent nucleus which may often emit 
a number of distinct energy groups correspond¬ 
ing to transitions to various excited states of 
the daughter nucleus. The second kind of 
radioactivity is characterized by the emission 
of electrons or positrons from the nucleus, and 
is called beta-decay. In the simplest case the 
beta particle is an ordinary negative electron 
and the parent nucleus of atomic number Z 
transforms into one of atomic number Z -j- 1, 
to balance electric charge, and of the same 
mass number A. In this case the spectrum of 
electrons is continuous in energy, in spite of 
the fact that the transformation takes place 
between two nuclear states of well defined en¬ 
ergy (i.e., rest mass), and in order to conserve 
energy, momentum, and also angular momen¬ 
tum, it is necessary to postulate that a further 
particle, the neutrino, is emitted simultane¬ 
ously. In each type of radioactive decay the 
daughter nucleus may be left in an excited 
state from which it will usually emit electro¬ 
magnetic radiation (y-rays). One further 
variant of beta-decay is found in which, in¬ 
stead of the emission of a positron, the ab¬ 
sorption of an electron takes place. The elec¬ 
tron is found in the tightly bound inner shells 
surrounding the nucleus, and the process is 
therefore known as orbital electron capture. 

RADIUS, EFFECTIVE, OF CONTROL 
ROD. In the theory of control rods and their 
effects on neutron chain reactors, the boundary 
condition to be satisfied by the thermal flux at 
the surface of such a rod is most accurately 
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given by a relation between logarithmic de¬ 
rivative of flux and extrapolation distance, d. 
If, however, the extrapolation distance is small 
compared with the rod radius, a, the boundary 
condition may be replaced by the simpler re¬ 
quirement that the thermal flux vanish at the 
effective radius, aefj = a — d. 

RADIUS OF CURVATURE OF A CURVE. 
The reciprocal of the curvature. (See curva¬ 
ture; normal curvature of a surface; total 
curvature.) 

RADIUS OF CURVATURE OF SURFACE. 
See normal curvature of a surface. 

RADIUS OF GYRATION. The radius of gy¬ 
ration of a mass with respect to a particular 
axis is the square root of the quotient of the 
moment of inertia divided by the mass. It 
is the distance at which the entire mass must 
be assumed to be concentrated in order that 
the product of the mass and the square of this 
distance will equal the moment of inertia of 
the actual mass about the given axis. The 
numerical value of the radius of gyration, k, 

is given by the following formula in which I 
is the moment of inertia and M, the mass. 

The radius of gyration of a geometrical figure 
is similar except that the moment of inertia of 
the geometrical figure is involved. (See in¬ 
ertia, products and moments of.) 

RADIUS OF INVERSION. See inverse sur¬ 
faces. 

RADIUS OF NORMAL CURVATURE. See 
normal curvature, radius of. 

RADIUS OF SPHERICAL CURVATURE. 
See spherical curvature, radius of. 

RADIUS OF TORSION. See torsion, radius 
of. 

RADIUS, VECTOR. See vector radius. 

RADIX. An integer used in a system of nu¬ 
meration whereby all numbers are expressed 
as sums of powers of it. Thus in the radix r, 
a number would be written in the form of a 
sequence of integers 

aya^_! • • • a1a0.a_ia_2o:-3 ' • • 

with the understanding that 0 < a, < r — I 
for every i, and the interpretation 

<W + • • • + «ir + «o 

+ a_ir-1 + a_2r~2 -\-. 

The radix point stands between a0 and a_i. 
In the ordinary decimal system the radix is 10; 
in the binary system it is 2. A digital com¬ 
puter using the radix 3 is said to be under con¬ 
struction in the U.S.S.R. (See bit; binary; 
decimal.) 

RADIX POINT. See radix. 

RAISING AND LOWERING INDICES ON 
A TENSOR (TENSOR FIELD). The opera¬ 
tion of inner multiplication of the tensor 
(tensor field), contra variant of order M and 
covariant of order N, by the contravariant 
metric tensor to obtain an associated tensor 
(tensor field), contravariant of order M + 1 
and covariant of order N — 1, is called raising 
the index on which the inner multiplication is 
applied. The operation of inner multiplica¬ 
tion by the covariant metric tensor to obtain 
an associated tensor (tensor field), contra¬ 
variant of order M — 1 and covariant of order 
N + 1, is called lowering the index on which 
the inner multiplication is applied. 

RAMAN EFFECT. An effect occurring in 
the scattering of light by molecules and crys¬ 
tals, resulting in wavelength displacements be¬ 
tween part of the scattered radiation and the 
incident light. 

If the energy of the light quantum incident 
on the system is equal to hv' (h is Planck’s con¬ 
stant, v' is frequency of incident radiation), the 
energy of the scattered light quantum will be 
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Quantum theory of the Raman effect. The heavy 
arrows give the transition actually taking place in 
the system considered. (From G. Herzberg, Molecu¬ 
lar Spectra and Molecular Structure. I. Spectra of 
Diatomic Molecules. D. Van Nostrand Company, 

Inc., Princeton, 1950.) 
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v' ± AE, where AE = E' — E" is the difference 
in energy between two stable states of the sys¬ 
tem. If frequencies and energy differences are 
measured in wave number units, the Raman 
shifts give directly the energy differences of the 
system in cm-1. Raman lines displaced 
toward longer wavelengths are sometimes 
referred to as Stokes lines, those displaced to 
shorter wavelengths as anti-Stokes lines. (See 
figure.) 

For the mathematical formulation of the 
wave mechanical theory of the Raman effect 
it is necessary to consider the matrix element 
of the scattering moment 

[.P}nm = J*»*P*wdr 

where F„ and are the wave functions of two 
states of the system considered, and where P, 
the induced electrical dipole moment is given 

by 
|P| = a |F| 

where a stands for the polarizability of the 
system and 

F = F0 sin 2irv't 

Rayleigh scattering and no Raman effect ap¬ 
pears. A transition from one state to another 
and therefore a Raman shift can occur only if 
the polarizability changes during the process 
under consideration. 

(For more detail see the entries rotation 
spectra of molecules, rotation-vibration spec¬ 
tra of molecules, vibrational spectra of mole¬ 
cules and G. Herzberg, Molecular Spectra and 
Molecular Structure, I. Spectra of Diatomic 
Molecules, 2d ed., and II. Infrared and Raman 
Spectra of Polyatomic Molecules, D. Van 
Nostrand Company, Inc., Princeton, 1950 and 
1945, respectively.) 

RAMAN SPECTRUM. See Raman effect. 

RAMRERG-OSGOOD PARAMETERS. The 
stress-strain curve in simple tension for many 
structural materials can be represented reason¬ 
ably well by the equation 

e = <x/E + K(a/E)n 

where the parameters K and n are adjusted to 
fit the data. E is Young’s modulus, a is stress, 
and e is strain. 

for the electric field strength (t is time). Since 
Fn*, and P have the time factors e2ri(~En^)tj 
e-2 an(j respectively, [P]nm 
varies with the frequency v' + (En — Em)h. 
For the amplitude one obtains 

[P° ]nm = | F | J' \pn*ax[/mdr. 

If for two states En and Em this integral is 
different from zero a transition from n to m can 
take place under the influence of the incident 
light and at the same time the scattered 
light quantum will have the frequency v’ + 
(En - Em)/h, that is Raman lines displaced 
by the amount (En - Em)/h appear. The 
square of the integral is proportional to the 
transition probability which determines the 
intensity of the particular Raman lines. (For 
n = m the undisplaced frequency v’ is obtained. 
In this case the above integral determines the 
intensity of the Rayleigh scattering.) 

If the polarizability of the system (oscillator 
or rotator) is constant (independent of rotation 
or vibration) the constant a can be put in front 
of the integral sign in the above expression. 
Owing to the orthogonality of the eigenfunc¬ 
tions, the integrals are then all equal to zero, 
except for m = n; that is if a. is constant only 

RAMJET. A form of propulsive device for 
high-speed flight, having no moving parts (ex¬ 
cept for fuel pumps). Air entering at the 
intake has its velocity reduced in a diffuser, 
with consequent rise of pressure. The com¬ 
pressed air is then heated by combustion of 
fuel and expanded through a nozzle to produce 
a high velocity jet. The principle is similar 
to that of a turbo-jet, except that all the com¬ 
pression of the air before combustion takes 
place in the intake and diffuser, so that there 
is no need for a mechanical compressor or for 
a turbine. At zero forward speed, a ram-jet 
cannot operate. A supersonic ram-jet devel¬ 
ops thrust according to the equation 

Ft PqVqSo 

+ Se(Pe - P0). 

Where Ft is the gross thrust, p0 is the entering 
air density, F0 is the inlet velocity, S0 is the 
inlet area, F — FV + Fp is the thrust due to 
mass flow and pressure differential, A is the 
internal area upon which the thrust works, Ve 
is the exit velocity, Se is the exit cross section, 
Pe is the exhaust pressure, and P0 is the free 
stream pressure. 
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Drag of a supersonic ram-jet is given by: 

D = f[(P — P0)x + <rx]ds 
J s 

where ax is the skin friction stress parallel to 
the free stream direction. Net thrust is Fn = 
Ft — D. 

An S-T diagram showing the ideal thermo¬ 
dynamic cycle of a ram-jet appears in the 
figure. 

4 

RAMP FUNCTION. If /(f) is a ramp func¬ 
tion of t, 

f(t) = kt, l > 0 
= 0, t < 0. 

The ramp function is therefore the integral 
of a step function of amplitude k. The Laplace 
transform of unit ramp function (k = 1) is 
l 
H' 

RANDOM ERROR. The inherent imprecision 
of a given process of measurement; the unpre¬ 
dictable component of repeated independent 
measurements on the same object under sen¬ 
sibly uniform conditions. It is found experi¬ 
mentally that given sufficient refinement of 
reading, a series of independent measurements 
Xi, x-2t • • •, xn will vary one from another even 
when conditions are most stringently con¬ 
trolled. Hence, any such measurement xt may 
be regarded as composed of two terms: 

Xi = m + 
where m (ordinarily the true value) is a numeri¬ 
cal constant common to all members of the 
series and v,-, the random error, is an unpredict¬ 
able deviation from m- 

RANDOMIZED BLOCKS. The commonest 
type of experimental design is that known as 
randomized blocks. Suppose that there are t 

treatments and that the experimental units can 
be divided into blocks of f units each in such a 
way that units within a block are relatively 
homogeneous. Then we may allocate the 
treatments to the units at random, subject to 
the restriction that each treatment occurs just 
once in each block. All treatment comparisons 
can now be made within blocks and any differ¬ 
ences between blocks can be eliminated from 
the estimate of experimental error. 

RANDOMNESS. The concept of randomness 
is sometimes taken as an undefinable, but is 
more usually defined in terms of probability. 
A method of selection is random if it gives to 
each of the members at choice a predetermi¬ 
nate probability of being chosen. (See also 
random variable.) 

RANDOM VARIABLE. A quantity which 
may take one of a specified set of values with 
a probability varying, in general, from value 
to value. A particular value which the random 
variable may take is called a variate-value, 
and often the expression “variate” is used to 
denote the random variable itself, e.g., in terms 
such as multivariate analysis. 

RANDOM WALK PROCESS. See additive 
process. 

RANGE. (1) In mathematics, the set of values 
which may be taken by a variable, a function 
or a transformation. Thus, the range of a 
transformation is the set which includes every 
point which results from that transformation. 
(2) In statistics, the most general measure of 
dispersion; the interval or the difference be¬ 
tween the greatest and the least of a set of 
values. It is a type of order-statistic. (3) In 
physics, the distance that a charged particle 
will penetrate a given substance before its 
kinetic energy is reduced to a value below 
which it can no longer produce ionization. For 
a heavy ion, such as a proton or an a-particle, 
the range usually refers to the component of 
displacement in the initial direction; it is only 
slightly shorter than the path length, or dis¬ 
tance measured along the track of the particle. 
For a meson, whose track shows moderate 
deflections near the end, the range usually 
refers to the path length. For an electron, 
whose track may be quite tortuous because of 
frequent deflections, the range usually refers 
to the greatest distance of penetration in a 
specified direction; this distance may be con- 
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siderably shorter than the path length. The 
residual range is the distance over which the 
particle can still produce ionization after hav¬ 
ing already lost some of its energy in passing 
through matter. Because of the phenomenon 
of straggling, particles of a given kind and of 
the same initial energy do not all have the 
same range. For heavy ions, the ranges are 
distributed, in a manner similar to the Gaus¬ 
sian distribution, about the mean range, or 
range that is exceeded by half of the particles. 

RANGE-ENERGY RELATION. A relation 
between the distance a particle will travel 
through matter (its range) before giving up 
all of its energy, and its initial energy. The 
term is used with regard to charged particles. 
Since the energy loss per unit path length is 
a rather complicated function of the energy, 
the range-energy relation is not linear. For 
a-particles and similar heavy ions, the range 
involved is usually the mean range, most com¬ 
monly in dry air at 15°C and 1 atm. For elec¬ 
trons, it is usually the maximum range, most 
commonly in aluminum. For ^-particles the 
energy involved is the maximum kinetic energy 
of the ^-particle spectrum. 

RANK. (1) See rank of a matrix. (2) A sys¬ 
tem of homogeneous linear equations is of rank 
n if the matrix of its coefficients has that rank. 
(See also tensor; graph rank.) 

RANK CORRELATION. Suppose we have 
a sample of n pairs of ranked observations, (Xi, yt), i = 1, 2, •••, n. Two measures of 
correlation between the samples are in current 

use. 
(1) Spearman’s p is the ordinary correlation 

between the ranks regarded as variate values. 
It may readily be calculated as 

62 fa - yj)2 

n(n2 — 1) 

(2) Kendall’s r may be defined as 1 — 
4s/n(n — 1), where s is the smallest number of 
interchanges needed to transform one reaching 
into the other. Both p and r take values in the 

range —1 to +L 
p is somewhat easier to calculate than r, but 

r has some practical and many theoretical ad¬ 
vantages. 

RANKINE CYCLE. (Also known as the 
Clausius-Rankine cycle.) An ideal cycle used 

Fig. 1. T-S Diagram of ideal Rankine cycle. 

as a standard of comparison in steam plants. 
The sequence of operations (see Figure 1), all 
assumed to be reversible, is as follows: 

C-D. Isentropic expansion of vapor. 
D-A. Liquefaction of vapor at constant 

pressure in a condenser. 
A-A'. Isentropic compression of liquid; the 

distance A-A' is usually very small and cannot 
be distinguished on a diagram drawn to scale, 
because the points A and A' nearly coincide. 

A'-B. Heating of liquid in boiler. 
B-C. Evaporation in boiler; the end point 

can be dry saturated, point C; wet, point C"; 
or (in the majority of cases) superheated, 
point C". 

The thermal efficiency of the cycle is 

where 

he ~ hp 
■q —-» 

he — hw 

hw = h& « hA>. 

Figure 2 shows the cycle in H, S coordinates 
(Mollier diagram), which is used more often 
in engineering practice than the temperature- 
entropy diagram. 

Fig. 2. H-S Diagram of ideal Rankine cycle. 

The Rankine cycle is of great practical im¬ 
portance because it represents the maximum 
amount of work IF which can be obtained at 
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the expense of the heat Q = hc — hw under 
given circumstances. 

The variation of the Rankine efficiency 77 

for steam with admission pressure and back¬ 
pressure is shown in Figure 3. (See also 
reversed Rankine cycle.) 

circulation is constant. The velocity is at 
right angles to the radius and equal to «>r for 
r < a (solid rotation) and to u>a2/r for r > a. 

The depression z of the free surface is given 

by 
z — a2u>2/2gr2 r > a 

Fig. 2* Graphs showing relation of Rankine cycle effi¬ 
ciency to admission pressure at various back pressures 

(initial superheat constant). 

RANKINE EFFICIENCY. See Rankine 
cycle. 

RANKINE-HUGONIOT RELATION. In su¬ 
personic aerothermodynamics, a mathemat¬ 
ical relationship between pressure and density 
through (i.e., before and after) a normal shock 
wave. Four forms of this relation appear 
below: 

Pi _ (y + 1)pi - (7 - 1)po 

Po (7 + 1)po ~ (7 - 1)pi 

(7 + l)Eo — (7 — l)Fi 

= (7 + im - (7 - i)F0 

V0 _ Pi _ (7 + l)Pi + (7 ~ l)Po 

Ei po (7 + l)Po + (7 - l)Pi 

Pi - Po 
Pl 1 - 

2y (pi — po) 

Po Po (7 + 1)po - (7 - 1)pi 

Pi — Po 
P1 1 - 

2(Pi - Po) 

Po Po (7 + l)po + (7 - l)Pi 

rhere p is pressure, y is the ratio of specific 
heats, p is density and V is volume. 

RANKINE TEMPERATURE SCALE. See 
temperature. 

RANKINE VORTEX. (1) A particular kind 
of vortex having a vertical axis and circular 
motion. The vorticity is uniformly distributed 
within a cylinder of radius a outside which the 

= a2o>2(l — r2/2a2)/g r < a, 

the depression at the center being a2w2/g. 
(2) See V-R vortex. 

RANK OF A GRAPH. See graph rank. 

RANK OF A MATRIX. The number of 
column (or row) vectors in the smallest set 
that can be selected from among the columns 
(or rows) of the matrix that are such that all 
other columns (or rows) are expressible as 
linear combinations of them. The number is 
the same, whether one counts rows or columns. 
Also it is the order of the largest nonnull de¬ 
terminant that can be formed from the rows 
and columns of the matrix. 

RAOULT LAW. See vapor pressure in per¬ 
fect solutions. 

RAREFIED GAS DYNAMICS. When the 
density of a gas is so low that the mean free 
path A is not negligible in comparison with a 
length l characterise of the flow field, the usual 
continuum theory of gas dynamics is no longer 
applicable. The ratio k/l = K is called the 
Knudsen number, and the gas may only be 
treated as a continuum for values of K less 
than about 0.01. 

From the usual relations of the kinetic theory 
M 

of gases it may be shown that K « — , where 
R 

M is the Mach number of the flow and R is 
the Reynolds number based on the length l. 
When the Reynolds number is not too small, 
the thickness 8 of the boundary layer is a more 
appropriate length to use in defining Knudsen 
number than a characteristic dimension of the 
body. In this case, if L is a characteristic di¬ 
mension of the body and Rl is the Reynolds 
number based on this length, 8/L « Rl~112, 
so that K = X/S « M/Rl112. For very low 
Reynolds numbers the boundary-layer concept 
is not applicable and the Knudsen number is 
K = \/L « M/Rl. 

The range 0.01 < K < 1 is often known as 
the slip-flow regime, because in this range of K 
the most important noncontinuum effect is the 
existence of a velocity of slip at a solid bound- 
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ary. The velocity of slip is of order X times the 
velocity gradient at the boundary, so that if 
X/S is very small the velocity of slip is negligible 
in comparison with the velocity outside the 
boundary layer. 

For values of K greater than about 1 other 
non-continuum effects become important and 
the regime for K > 10 is known as jree-rnole- 
cule flow. In this type of flow collisions be¬ 
tween molecules have a negligible effect in 
comparison with direct impact of molecules on 
the body. 

RATE CONSTANT. See order of chemical 
reactions; frequency factor. 

RATE OF DECAY OF SOUND. The time 
rate at which the sound pressure level (or 
velocity level, or sound-energy density level) 
is decreasing at a given point and at a given 
time. The practical unit is the decibel per 
second. 

RATES OF IRREVERSIBLE PROCESSES. 
(See also chemical reaction rates.) The ther¬ 
modynamic forces of irreversible processes give 
rise to irreversible changes, as for example, 
heat flow, electrical current and chemical 
change. These are called the “rates” (or 
“fluxes,” “flows” or “currents”) of the irre¬ 
versible processes. They are generally de¬ 

noted by Ji. 

RATIO. The quotient of two numbers, fre¬ 
quently written as a\b, a/b, or a -=- b. 

RATIONAL NUMBER. Consider all ordered 
pairs a,b of integers with b 0, the first and 
second members of the pair being called its 
numerator and denominator respectively. If 
we define addition of two pairs (a,b) and 
(c,d) by (a,b) + (c,d) = (ad + bc,bd) and 
multiplication by (a,b) X (c,d) = (ac,bd), 
then each pair is called a fraction and is 
usually written a/b, or similarly. If we now 
define a binary relation R for fractions by 
saying that a/b is in the relation R to c/d if 
ad = be, then this relation is easily proved to 
be an equivalence (i.e., to be reflexive, sym¬ 
metric and transitive: see relation), so that 
the set of all fractions falls into mutually 
exclusive equivalence classes, each of which is 
called a rational number. 

RATIO TEST. See D’Alembert test. 

RAY. (1) A normal to a wavefront. In geo¬ 
metrical optics a ray or light ray is defined 
as: A directed optical path from an object 
point 0 to an image point 7. (2) In case the 
index of refraction is sectionally constant over 
the medium so that the optical path is polygo¬ 
nal, then a directed half-line (or sometimes a 
directed line) that coincides in part with a seg¬ 
ment of the path is also called a ray. According 
to the second meaning, there are image rays or 
object rays if the half-line (line) contains the 
image or object point, respectively. (3) In 
acoustics, a term defined under the following 
entry, ray acoustics. (4) A direction in 
Hilbert space. A ray of unit length is an 
equivalence class of vectors of unit length, two 
vectors being equivalent if they differ only by a 
multiplicative constant of modulus one. In 
the mathematical formulation of quantum 
mechanics, the state function (from which all 
the physically relevant information about a 
physical system can be derived) is represented 
by a ray in a complex Hilbert space: If \\p) is a 
vector in Hilbert space which corresponds to a 
physically realizable state, then |^) and a 
constant multiple of \\fl) both represent this 
state. It is therefore, customary to choose an 
(arbitrary) representative vector of the ray 
which is normalized to one to describe the 
state. If the states are normalized, only a con¬ 
stant factor of modulus one is left undeter¬ 
mined and two vectors which differ by such a 
phase factor represent the same state. Rays 
representing states which can be prepared are 
called physically realizable. 

RAY ACOUSTICS. The analysis of acousti¬ 
cal problems under the assumption that sound 
travels along straight lines or rays in passing 
through homogeneous material. Diffraction 
effects are neglected. The methods of ray 
acoustics are applicable only if the state of 
the medium and the boundaries of the medium 
change only slightly over a distance equal to 
the sound wavelength. 

RAY, FIELD. See field ray. 

RAYL. The magnitude of a specific acoustic 
resistance, reactance or impedance for which a 
sound pressure of one microbar produces a 
linear particle velocity of one cm. per second. 
Its dimensions are ML~2T~1, and it is equal 
to 1 dyne-second per (centimeter)3. 

RAYLEIGH CRITERION FOR RESOLU¬ 
TION. Rayleigh assumed that two primary 
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point sources are at. the limit of resolution of 
an optical system if the diffraction patterns 
of their images are located so that the central 
maximum of one lies over the first minimum 
of the other. Thus, this limit is specified by 
the radius of the Airy disk, rx = 0.61 A/p„ 
where A is the wavelength, p„ = n sin 0 is the 
exit aperture. 

RAYLEIGH DISK. Rayleigh observed that 
when a disk was suspended by a light fiber it 
would tend to turn at right angles to the im¬ 
pinging sound wave. Koenig developed the 
formula for the turning moment of the disk as 

M = %pa3u2 sin 29 (1) 

where M is the turning moment acting upon 
the disk, in dyne centimeters, p is the density of 
air, in grams per cubic centimeter, a is the 
radius of the disk, in centimeters, 9 is the angle 
between the normal to the disk and the direc¬ 
tion of propagation of the sound wave, in de¬ 
grees, and u is the particle velocity of the 
sound wave, root-mean-square, in centimeters, 
per second. 

When a sound wave falls upon the disk the 
angular deflection will be 

M 
0 - — (2) 

where S is the moment of torsion of the suspen¬ 
sion, in dyne centimeters. 

The moment of torsion of the suspension is 
given by 

s = ~ [4»2 + (log. T)2] (3) 

where T is the periodic time of the suspended 
disk, in seconds, I is the moment of inertia of 
the disk, I = ma2/A, m is the mass of the disk, 
in grams, a is the radius of the disk, in centi¬ 
meters, and 7 is the damping factor, the ratio 
of two successive swings. 

From equations 1, 2, and 3 it is possible to 
determine the particle velocity u in the sound 
wave. 

(References: Rayleigh, Phil. Mag., Vol. 14, 
p. 18G, 1882. Koenig, Ann. d. Physik, Vol. 43, 
p. 43, 1891.) 

RAYLEIGH FORMULA. An expression of 
the drag coefficient as a power of the Reynolds 
number Re 

Co = k{Re)n, 

where A: is a constant. 

RAYLEIGH-JEANS EQUATION. From the 
standpoint of statistical mechanics, using the 
theorem of the equipartition of energy, Ray¬ 
leigh and Jeans obtained 

dE\ = 2irckT\~Ad\ 

for the spectral distribution of the radiation 
from a black body. This formula agrees with 
experiment only at long wavelengths, and 
fails completely at short wavelengths. (See 
Planck’s radiation formula; black body radia¬ 
tion for the true spectral distribution.) 

RAYLEIGH LAW. See Rayleigh scattering. 

RAYLEIGH LIMIT FOR SPHERICAL 
ABERRATION. An optical system is suffi¬ 
ciently corrected for spherical aberration ac¬ 
cording to the Rayleigh criterion if the mixed 
characteristic function W (p) satisfies 

| W(p) - W(0) | < A/4, for 0 < p < Po, 

where A is the wavelength and p0 = n sin 9 is 
the exit aperture. (See the discussion under 
Airy disk.) 

RAYLEIGH NUMBER. The non-dimen¬ 
sional number determining the nature of the 
flow produced by buoyancy forces in a viscous, 
heat conducting fluid subjected to uneven 
heating. The buoyancy forces are reduced 
by the heat conduction and by the motion 
and increased by increasing the temperature 
gradients or gravity. The viscous forces are 
proportional to the viscosity. Velocity does 
not enter into the number because it is taken 
to be so small that the inertia forces are neg¬ 
ligible. Accordingly the Rayleigh number is 

g(Ap/p)h3/ KV 

in which h is a representative linear dimension 
(usually the depth over which the density dif¬ 
ferences Ap are maintained), p is a mean den¬ 
sity, k is the thermometric conductivity (the 
thermal conductivity divided by the specific 
heat) and v the dynamic viscosity. In a gas 
A p/p may be replaced by AT/T because the 
density differences are produced by tempera¬ 
ture differences, and the coefficient of expansion 
is 1 /T. (See also Benard cells.) 

RAYLEIGH-RITZ METHOD. See Ritz 
method. 

RAYLEIGH SCATTERING. Any scattering 
process produced by spherical particles whose 
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radii are smaller than about one-tenth the 
wavelength of the scattered radiation. 

In Rayleigh scattering, the scattering co¬ 
efficient varies inversely with the fourth power 
of the wavelength, a relation known as Ray¬ 
leigh’s law. The angular intensity polariza¬ 
tion relationships for Rayleigh scattering are 
conveniently simple. For particles not larger 
than the Rayleigh limit, there is complete sym¬ 
metry of scattering about a plane normal to 
the direction of the incident radiation, so that 
the forward scatter equals the backward scat¬ 
ter. The Rayleigh scattering coefficient k8 is 

ks 
2 5 7r n 

to2 — 1\2 d6 

.to2 + 2/ X4 ’ 

where n is the number of scatterers of diameter 
d, to the index of refraction, and X the wave¬ 
length of the radiation. (Cf. Rayleigh-Jeans 
equation.) 

Unfortunately, in the real atmosphere fre¬ 
quent occurrence of scattering particles with 
radii in excess of the Rayleigh limit restricts 
the applicability of this theory. The theory 
does, however, prove quite useful in describing 
scattering of radar energy by raindrops, al¬ 
though here, too, significant practical cases 
arise in which the Rayleigh condition on wave- 
length-to-radius ratio is not satisfied. In all 
such cases, recourse must be made to the 
complete and highly complex Mie theory of 
scattering. 

RAYLEIGH-SCHRODINGER PERTURBA 
TION FORMULA. In a quantum mechanical 
system the energy operator of which can be de¬ 
composed as H = H0 + Hi and in which Hx 
can be treated as a small perturbation, the 
Rayleigh-Schrodinger perturbation theory ex¬ 
presses the corrections to the energy and wave 
functions in terms of the eigenvalues W,}0) and 
eigenfunctions of the unperturbed energy 
operator //„. The expression of the energy cor¬ 
rections to \VnM up to the second-order is 

AWn (n | Hx j n) -f 
(n| II\ ||n) 

w (°) — w (o) 
tr n ffm 

where (n\Hx\m) is the matrix element of Hx 
between the states ^„(o) and ypm{o) and the sum¬ 
mation is extended over all states \km<“) with the 
exception of to = n. 

RAYLEIGH TAYLOR INSTABILITY. The 
instability of the surface of separation be¬ 

tween two fluids of different densities when the 
lighter fluid is accelerated toward the heavier 
fluid. 

RAY TRACING. The determination (either 
analytically, numerically, or geometrically) of 
a ray, or optical path, from a given object ray 
and data (radii, thickness, distances, and re¬ 
fractive indices) of an optical system. There 
are paraxial ray traces in Gaussian optics, 
third order ray traces where the approxima¬ 
tion sin 0 = 0—%03 is used in Snell’s law, 
and exact ray traces. 

REACTANCE. The imaginary part of im¬ 
pedance. 

REACTANCE, ACOUSTIC. The imaginary 
component of the acoustic impedance (see im¬ 
pedance, acoustic). The commonly used unit 
is the acoustic ohm. 

REACTANCE, SPECIFIC ACOUSTIC. The 
imaginary component of the specific acoustic 
impedance. (See impedance, specific acous¬ 
tic.) 

REACTION. (1) In general, a response such 
as the equal and opposite force which, accord¬ 
ing to the third of the Newton laws of motion, 
results when a force is applied to a material 
system. Specifically, the force exerted by the 
supports or bearings on a loaded mechanical 
system. (2) A term sometimes used for cir¬ 
cuit regeneration. (3) A chemical change. 
Specifically, a change by which one or more 
substances are transformed into one or more 
entirely new substances, the process being ac¬ 
companied by a noticeable change in energy, 
but not, in most cases, by a change in the 
total mass of the system. Radioactive re¬ 
actions, however, both natural and artificial, 
do involve a change of the mass of the system, 
which is accompanied by a release of energy, 
opposite in sign to the change in mass, and 
equal to its magnitude multiplied by the square 
of the velocity of light. 

REACTION CHANNEL. In a nuclear re¬ 
action, that portion of configuration space in 
which the compound nucleus can be considered 
to have divided into two or more parts, each 
defined by a definite spin direction, and with a 
definite value of the relative orbital angular 
momentum. To each such reaction channel 
there corresponds a phase angle to which the 
partial cross section for the process relates. 
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REACTION COORDINATE. See absolute 
reaction rate theory. 

REACTION ENERGY, NUCLEAR. (1) The 
disintegration energy of a nuclear reaction; 
symbol Q. It is equal to the sum of the kinetic 
or radiant energies of the reactants minus the 
sum of the kinetic or radiant energies of the 
products. (If any product of a specified re¬ 
action is in an excited nuclear state, the 
energy of subsequently emitted y-radiation is 
not included in the sum.) (2) Often, implic¬ 
itly, the ground-state nuclear reaction energy, 
which is the reaction energy when all reactant 
and product nuclei are in their ground states; 
symbol Q0. 

REACTION FIELD IN A DIELECTRIC. 
Let a small sphere of volume V be polarized 
uniformly, leading to a dipole moment PE 
(where P is the polarization vector). The 
sphere is included in a dielectric of constant e; 
one assumes that there is no macroscopic field. 
The sphere interacts with the surroundings 
which, in turn, affect the electric field inside 
the sphere. The modification of this electric 
field inside the sphere is called the reaction 
field R. Its value is 

2 e - 1 
R =-4ttP. 

3 2« + 1 

P is the polarization inside the sphere. 
In the presence of a macroscopic field in 

the dielectric, the total internal field can be 
decomposed into the sum of this reaction field 
and of the cavity field. (See also internal 
field.) 

REACTION, NORMAL. See normal reac¬ 
tion. 

REACTION RATE, CHEMICAL. See chem¬ 
ical reaction rate. 

REACTION RATE THEORY, ABSOLUTE. 
See absolute reaction rate theory. 

REACTIONS, INDEPENDENT. See inde¬ 
pendent reactions. 

REACTION STRESSES. Those stresses pro¬ 
duced during fabrication and erection which 
extend over an appreciable region of an exter¬ 
nally unloaded structure are distinguished 
from local residual stresses by the name re¬ 
action stresses. 

REACTIVITY. In the theory of chain react¬ 
ing systems the reactivity, p, is a measure of 
the effective multiplication (keff) in excess of 
unity and is defined by 

keff 1 

keff 

REACTIVITY OF ORGANIC MOLECULES. 
See under inductive effect; resonance effect; 
molecular diagrams. 

REACTIVITY, TEMPERATURE COEFFI¬ 
CIENT OF. In the theory of neutron chain 
reactors, change in temperature of the con¬ 
stituent materials cause a change in the 
steady-state distribution of neutrons in energy 
and hence a change in reaction rates. We are 
thus led to an overall temperature coefficient 
of reactivity, defined as 

dkgjf dp 
—— or —• 
dT dT 

REACTOR. (1) A nuclear reactor is an ap¬ 
paratus in which nuclear fission is sustained 
in a self-supported chain reaction. (2) An 
element or device used to introduce reactance 
into a circuit or system. 

REACTOR FUNDAMENTAL THEOREM. 
See first fundamental theorem and second 
fundamental theorem. 

REACTOR KINETICS. See kinetics, reactor. 

REACTOR PERIOD. See period, reactor. 

REACTOR THEORY, ASYMPTOTIC. See 
asymptotic reactor theory. 

REACTOR TRANSFER FUNCTION. In the 
theory of neutron chain reactors, a measure 
of the response of the neutron density to a 
sinusoidal time variation in reactivity. More 
quantitatively, it expresses the ratio of the 
Laplace transform of the change in neutron 
density to that of the change in reactivity. 

REAL GASES. The pressure of a gas can be 
represented by a series in powers of 1/Vm 
where Vm is the molar volume 

in which B,C • • • are functions of temperature 
only. 
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For Vm —» oo we come back to the equation 
of state of a perfect gas. This series converges 
rapidly (except in the critical region, or if 
long range forces are present; see plasma. 
The coefficients B, C • • • are called the second, 
third • • • virial coefficients. 

The second virial coefficient has been studied 
very extensively. It is negative at low tem¬ 
peratures but increases and becomes positive 
at higher temperatures. The transition tem¬ 
perature at which B = 0 is called the Boyle 
temperature. 

Alternatively we may also write 

KT 
vm = —(l + B'p + C’p2+■■■). (2) 

V 

Aside from their practical interest, the virial 
expansions (1) or (2) are important because 
each coefficient has a well defined meaning 
in terms of intermolecular forces (see Mayer 
cluster theory). 

Many empirical equations of state have 
been suggested in the past. One of the best 
known is the van der Waals equation of state 

RT a 

V-b ~ V* 
(3) 

where a and b are constants called respectively 
the cohesion and the covolume of the gas. 

Another well known equation of state is that 
of Dieterici 

p{V — 6) = flTexp^-^y (4) 

The distinction between liquid and gas and the 
existence of a critical point can be discussed 
qualitatively in terms of such simple equations 
of state. (See critical point; corresponding 
states theorem.) These equations can also be 
extended for mixtures considering a and b as 
functions of the composition. 

When the equation of state is known (as 
well as the thermodynamic properties in the 
low density limit) the general formalism of 
thermodynamics permits one to calculate com¬ 
pletely the thermodynamic functions of a real 
gas. (See equation of state for this discussion, 
and for listing of other equations of state of 
real gases given in this book.) 

REALIZATION. A stochastic process may be 
regarded as defined by a distribution of in¬ 
finitely many random variables. A sample 
from it is called a realization of the process. 

It consists of a sequence of observations which 
may be infinite or finite in extent, e.g., an 
observed time-series considered as one of the 
ways in which a given stochastic system could 
have developed. 

REAL LINEAR GROUP. See Lie group. 

REAL ORTHOGONAL GROUP. See Lie 
group. 

REAL UNIMODULAR GROUP. See Lie 
group. 

REATTACHMENT OF BOUNDARY LAYER 
AFTER SEPARATION. When a laminar 
boundary layer separates it is sometimes found 
that the separated layer becomes turbulent 
soon after separation and then becomes re¬ 
attached to the surface. This does not occur 
if the Reynolds number is low, because then 
the laminar shear layer is relatively stable, 
and does not become turbulent for a consider¬ 
able distance after separation. However, if 
the Reynolds number of the boundary layer at 
separation, based on the displacement thick¬ 
ness and the velocity at the edge of the layer, 
is greater than about 500, transition to turbu¬ 
lent flow usually occurs very quickly. Re¬ 
attachment may then occur, if the shape of the 
boundary is favorable to the process. 

The region enclosed by the boundary and 
the separated shear layer, between the point 
of separation and reattachment, is known as a 
separation bubble. The turbulent shear layer 
extracts fluid from the bubble by entrainment, 
and an equivalent quantity of fluid must be 
diverted from the shear layer near the re¬ 
attachment point and point and flow back near 
the boundary into the bubble. This back-flow 
can only be maintained if the pressure within 
the bubble is less than that near the reattach¬ 
ment point, i.e., there must be a rise of pres¬ 
sure as the separated shear layer approaches 
reattachment. 

RECIPROCAL BASE VECTORS. See base 
vectors, reciprocal. 

RECIPROCAL DIFFERENCES. Differences 
of a function f{x) whose values are given at 
points x0, Xi, x2, • • •, not necessarily uniformly 
spaced, are utilized for interpolation by means 
of rational fractions instead of polynomials. 
This is appropriate in regions near a singular¬ 
ity. The reciprocal differences 
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p(/|xo, •••,*»!) = p{xo, • • •, *n) 

are formed by means of a table: 

Xo p(x0) . 
p(x0, X\) 

Xi p(xi) p(xo,Xi,x2) 

. x p(XU x2) , . p(*0> *1, *2, X3) 
3:2 p(x2) . . p(Xi, x2, x3) 

, x p(x2,X3) PfXi, x2, X3, X4) 
x3 p{x3) , . p(x2, X3, X4) 

p{x3, X4) 
X4 p(# 4/ 

where 

pOo x>) = (a-,- - Xj)/[p(xi) - p(xy)], 

p(xi> Xj, xk) = p(x;) + (x,- - x*)/[p(*,-, x,-) 

- p(Xj, x*)], 

the latter formula being typical. Then the 
interpolation is made by taking /(x) to be an 
approximant of the continued fraction. 

/(x) = p(x0) + (x - So)/p(x0, XX) 

+ (x - X\)/p(x0, xx, x2) - p(x0) H-. 

If the approximant is 

Fn ~ An/Bn> 

then A2p, A2p+x, B2p+1, B2p+2 are of degree p 
in x. It is not required that the xt- be distinct, 
and in the extreme case all may coincide. In 
that event the reciprocal differences are ex¬ 
pressed in terms of derivatives, the treatment 
being analogous to the confluent case of 
divided differences, and the resulting con¬ 
tinued fraction is then analogous to a Taylor 
series. 

RECIPROCAL LATTICE. Let a, b, c, be the 
primitive translations of a given crystal lattice. 
Let 

b X c c X a 
a* =-- b* =-. 

a • (b X c) a • (b X c) 

a X b 
c* -- 

a ■ (b X c) 

Then a0, b*, c0, define the unit cell of the re¬ 
ciprocal lattice. This has the properties (i) 
the vector r* (hkl) = ha* + kb* + Ic* of the 
reciprocal lattice is normal to the {hkl) plane 
of the crystal lattice, (ii) the length of the 
vector r* {hkl) is equal to the reciprocal of the 
spacing of the {hkl) planes. 

RECIPROCAL NETWORK. See network, 
reciprocal. 

RECIPROCAL STRAIN ELLIPSOID. See 
strain ellipsoid. 

RECIPROCAL THEOREM IN CLASSICAL 
ELASTICITY THEOREM. See reciprocity 
theorem of Maxwell and Betti. 

RECIPROCAL THEOREMS. See reciprocity 
theorems. 

RECIPROCAL VECTOR SYSTEM. From 
the properties of the quadruple product of 
vectors, the following relation is found to hold 
for any four vectors r, a, b, c: 

r[abc] = [rbeja + [rca]b [rab]c 

which may also be written in the equivalent 
form 

r = r a'a + r b'b + r c'c. 

The system of three vectors 

' = k X c , , _ c X a _ , _ a X b 

[a be] ’ [a be] [a be] 

is reciprocal to the three non-coplanar vectors 
a, b, c. The unit vectors i, j, k form a system 
which is its own reciprocal. Conversely, a 
system which is its own reciprocal is a set of 
mutually perpendicular unit vectors, forming 
either a right-handed or left-handed Cartesian 
coordinate system. The two systems satisfy 
the identity [abc][a'bV] = 1. 

RECIPROCAL VELOCITY REGION. The 
energy region (generally from 0 to several ev) 
in which the capture cross section (see cross 
section, capture) for neutrons by a given ele¬ 
ment is inversely proportional to the neutron 
velocity. 

RECIPROCITY LAW (PHOTOGRAPHIC). 
The optical density of an exposed emulsion, 
with standard development, is a function of 
only the irradiance and time of exposure. This 
law may be applied only in certain situations. 

RECIPROCITY PRINCIPLE, ELECTRIC 
NETWORK. See reciprocity theorem, elec¬ 
tric network. 

RECIPROCITY RELATIONS. The Onsager 
reciprocity relations state that, provided a 
proper choice is made of the rates J{ (see rates 
of irreversible processes) and forces Xt (see 
forces in thermodynamics of irreversible proc¬ 
esses) the matrix of phenomenological coeffi- 
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cients Lik is symmetric (see phenomenological 

relations), i.e., 

D'ifc L/d. (1) 

The proper choice means that the rates J, and 
the forces X,- are such that the entropy produc¬ 
tion per unit time due to the irreversible proc¬ 
esses is 

diS _ 
— =ZJiXi> o. (2) 
dt i 

(See thermodynamics, second law of; time 

variation of the entropy production.) 

The reciprocity relations are based on the 
classical fluctuation theory (see also Einstein 

relation) supplemented by the property of 
“microscopic reversibility,” i.e., the symmetry 
of all equations of motion of individual par¬ 
ticles with respect to time. In other words 
“microscopic reversibility” expresses the in¬ 
variance of classical or quantum equations 
of motion in respect to the transformation 

The reciprocity relations (1) express the 
fact that, when the flux corresponding to the 
irreversible process i is influenced by the force 
Xk of the irreversible process k, then the flux 
k is also influenced by the force Xt through 
the same phenomenological coefficient Lik (see, 
for example, thermomolecular pressure dif¬ 

ference). 

When an external magnetic field B is ap¬ 
plied to the system the Onsager relations 
(1) have to be modified to read 

Lik( B) = Lk(-B) (3) 

This means that the coefficient Lik is the same 
function of B as Lki of — B. The origin of (3) 
lies in the Lorentz force. This force being the 
vector product of the particle velocity and the 
magnetic field, one has to inverse not only the 
velocities but also the magnetic field to insure 
that all particles retrace their former paths. 

The rates J, may generally be expressed as 
time derivatives of state parameters a,- (which 
may be local temperatures, pressures, chemical 
degrees of advancement, etc.). In most appli¬ 
cations these parameters are even functions of 
the particle velocities. The reciprocity rela¬ 
tions have to be modified if some of the a, are 
“odd variables” which change their sign with a 
reversal of the velocities. Let us suppose that 
the rates J\ ■ ■ ■ Jm correspond to time deriva¬ 
tives of even variables, while Jm+i • • • Jn 

correspond to odd variables. We then have 
instead of (3) 

Lik{ B) = LK(-B) (4) 

LU B) = — L„,-(—B) (5) 

Lx„(B) = L„x( — B) (6) 

with i, k = 1 • • • m; v, X = m + 1, • • • n. 

RECIPROCITY THEOREM, ACOUSTICAL. 
In an acoustical system comprising a medium 
of uniform density and propagating irrota- 
tional vibrations of small amplitude, if a pres¬ 
sure p' produces a particle velocity v' and a 
pressure p" produces a particle velocity v", 
then 

JJWv' ~ v'p")nds = 0 (1) 

where the surface integral is taken over the 
boundaries of the volume. 

In the simple case in which there are only 
two pressures, as illustrated in the free field 
acoustical system of Figure 1, Equation 1 be¬ 
comes 

p'v" = p'V (2) 

where p', p" and v', v ' are the pressures and 
particle velocities depicted in the free field 
acoustical system of Figure 1. 

P'v" p"v' 

Fig. 1. 

The above theorem is applicable to all acous¬ 
tical problems. However, the above theorem 
can be restricted to lumped constants as fol¬ 
lows: In an acoustical system composed of in- 
ertance, acoustical capacitance and acoustical 
resistance let a set of pressures p\, p'2, p'3 
p'n all harmonic of the same frequency acting 
in n points in the system,_ produce a volume 
current distribution Xu X2, X3 ■ ■ ■ Xn, and 
let a second set of pressures p"lf p"2) p"3 • • • 
p"n of the same frequency as the first, produce 
a second volume current distribution X"i, 
X"2, X"3 ■ • • X"n. Then 

E = t ■ (3) 
J'-l j—l 

This theorem is valid provided the acoustical 
system is invariable, contains no internal source 
of energy or unilateral device, linearity in the 
relations between pressures and volume cur¬ 
rents and complete reversibility in the elements, 
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and provided the applied pressures plt p2, 
Pz ■ • • pn are all of the same frequency. 

In the simple case in which there are only 
two pressures, as illustrated in the acoustical 

P‘ X" ZM X' fu3 

ezzzzarrrrzizzzzzz* rzzzzzi 
^A2 

Fig. 2. 

system of lumped constants in Figure 2, Equa¬ 
tion 3 becomes 

p'X" = p"X' (4) 

where p', p" and X', X" are the pressures and 
volume currents depicted in the acoustical 
system of lumped constants in Figure 2. 

RECIPROCITY THEOREM, ELECTRIC¬ 
AL)-MECHANICAL. In an interconnected 
electrical-mechanical system let a set of electro¬ 
motive forces e'i • • • e'n act in the electrical 
system, and a set of forces /'mi • • • S'mu act in 
the mechanical system with the resultant cur¬ 
rents i'i ■ ■ ■ i'n in the electrical system and 
with the resultant velocities x\ • • • x’n in the 
mechanical system; let also, e", i", /"m and 
x" represent a second set of electromotive 
forces, currents, forces and velocities. Then 

n n 

ZW + W'y) = Z(«"/i + /V/). 
i=l j=1 

(1) 

In the simple case in which there is only one 
electromotive force in the electrical system and 
one force in the mechanical system 

e'i" = /"mx' (2) 

Equation 2 states that if a unit electromotive 
force e' in the electrical system produces a cer¬ 
tain velocity x' in the mechanical system, then 
a unit force J"m in the mechanical system will 

produce a current i" in the electrical system 
which is numerically the same as the velocity 
previously produced in the mechanical system. 

The electrical-mechanical reciprocity theo¬ 
rem is illustrated in the figure. 

RECIPROCITY THEOREM, ELECTRIC- 
(AL)-MECHANICAL-ACOUSTICAL. Since 
reciprocity relations hold in electrical-mechan¬ 
ical and mechanical-acoustical systems, they 
will also hold for three systems interconnected 
in the order electrical, mechanical, acoustical. 
This type of system embraces practically all 
reversible electroacoustic transducers. 

For the simple case of a pressure p' in a sound 
field producing a current i’ in the electrical 
system and a voltage e" in the electrical system 
producing a volume current X" in the sound 
field the reciprocity relation may be written 

(p'X")ds = e"i’. 

This equation states that if, in the electrical 
system of a loud speaker, a generator of elec¬ 
tromotive force e" produces, at a point in a 
sound field, a volume current X", than a nu¬ 

merically equal pressure in the sound field at 
that point will produce a current i' in the elec¬ 
trical system equal to the previously produced 
volume current X" in the sound field. 

The electrical-mechanical-acoustical reci¬ 
procity theorem is illustrated in the figure. 

RECIPROCITY THEOREM, ELECTRIC¬ 
AL) NETWORK. In an electrical system 
composed of the electrical elements of induc¬ 
tance, electrical capacitance and electrical re¬ 
sistance, let a set of electromotive forces e\, 
e'2, e'z ■ ■ ■ e'n all harmonic of the same fre¬ 
quency acting in n points in the invariable 
network, produce a current distribution i\, 
i'2, i’3 • • • i'n, and let a second set of electro¬ 
motive forces e"i, e"2, e"3 • • • e"n of the same 
frequency as the first produce a second current 
distribution i'\, i"2, i”z • • • i"n- Then 

n n 

£ e’/'j = £ e"ji'j. (1) 
i=i i=l 

This theorem is valid provided the electrical 
system is invariable, contains no internal 
source of energy or unilateral device, linearity 
in the relations between electromotive forces 
and currents and complete reversibility in the 
elements, and provided the electromotive 
forces e1; e2, e3 • • • en are all of the same fre¬ 
quency. 
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In the simple case in which there are only 
two electromotive forces, as illustrated in the 

• II .f 

1_ 7 __r7 1 ■ “£1 T~ 
1 

~| 
e1 

1 

Ze2 e 

electrical system of the figure, Equation 1 be¬ 
comes 

e'i" = e"i' (2) 

the transducer to the point at which the sound 
pressure established by the transducer when 
emitting is evaluated. 

RECIPROCITY THEOREM (ELECTRO¬ 
MAGNETIC). Given a harmonic source at 
a point Pi which is associated with field vec¬ 
tors Ei and Hi, and another source at P> which 
is associated with field vectors E2 and H2, then 
whenever these vectors are continuous and 
finite, they satisfy the equation 

where e', e" and i', i" are the electromotive 
forces and currents depicted in the electrical 
system of the figure. 

RECIPROCITY THEOREM, ELECTRO- 
ACOUSTICAL. For an electroacoustic trans¬ 
ducer satisfying the reciprocity principle, the 
quotient of the magnitude of the ratio of the 
open-circuit voltage at the output terminals 
(or the short-circuit output current) of the 
transducer, when used as a sound receiver, to 
the free-held sound pressure referred to an 
arbitrarily selected reference point on or near 
the transducer, divided by the magnitude of 
the ratio of the sound pressure apparent at a 
distance, d, from the reference point to the 
current flowing at the transducer input ter¬ 
minals (or the voltage applied at the input 
terminals), when used as a sound emitter, is 
a constant called the “reciprocity constant” 
independent of the type or constructional de¬ 
tails of the transducer. The reciprocity con¬ 
stant is given by 

M o Ma 

So $8 

where M0 is the free-held voltage response 
as a sound receiver, in open-circuit volts per 
microbar, referred to the arbitrary reference 
point on or near the transducer; Ms is the 
free-held current response in short-circuit am¬ 
peres per microbar, referred to the arbitrary 
reference point on or near the transducer; s0 
is the sound pressure produced at a distance d 
centimeters from the arbitrary reference point 
in microbars per ampere of input current; sg is 
the sound pressure produced at a distance d 
centimeters from the arbitrary reference point 
in microbars per volt applied at the input ter¬ 
minals; / is the frequency in cycles per second; 
p is the density of the medium in grams per 
centimeter5; d is the distance in centimeters 
from the arbitrary reference point on or near 

V(E! X H2 - E2 X Hi) = 0. 

There are a number of other reciprocity theo¬ 
rems which may be obtained from this one. 

RECIPROCITY THEOREM FOR NEU 
TRONS. Consider the transport of monoener- 
getic neutrons in a scattering and absorbing 
medium. The theorem states that if \p(r, G; 

r0, Q0) is the angular hux of neutrons in direc¬ 
tion Q at r due to a source of unit strength in 
direction G0 at r0 then 

^(r, G; r0, G0) = i(r, — G; r0, — G0). 

RECIPROCITY THEOREM, MECHANI¬ 
CAL-ACOUSTICAL. In an interconnected 
mechanical-acoustical system let a set of forces 
J'mi • • • f'Mn act in the mechanical system, and 
a set of pressures p\ ■ ■ ■ p'n act in the acousti¬ 
cal system with the resultant velocities x\ 
x'n in the mechanical system and with the re¬ 
sultant volume currents X\ ■ ■ ■ X'n in the 
acoustical system; let also, f", x", p" and X" 
represent a second set of such forces, velocities, 
pressures and volume currents. Then 

S (f JO*"/ + v'iX"j) 
i-i 

n 

= Z (f'MjX’j + p'^X'j). (1) 
1=1 

In the simple case in which there is only one 
force in the mechanical system and one pressure 
in the acoustical system 

f’Mx" = p"Xr. (2) 

Equation 2 states that if a unit force /V in 
the mechanical system produces a certain 
volume current X' in the acoustical system, 
then a unit pressure p" acting in the acoustical 
system will produce a velocity x" in the me¬ 
chanical system which is numerically the same 
as the volume current previously produced in 
the acoustical system. 
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The mechanical-acoustical reciprocity theo¬ 
rem is illustrated in the figure. 

RECIPROCITY THEOREM, MECHANI 
CAL RECTILINEAL. In a mechanical recti¬ 
lineal system composed of mechanical elements 
of mass, compliance and mechanical resistance, 
let a set of forces f'M 1, A/2, A/3 • • • A/n all 
harmonic of the same frequency acting in n 
points in the system produce a velocity dis¬ 
tribution x'i, x'2, A ■ • • x'n, and let a second 
set of forces /"mi, /"m2, /"a/3 • • * /"«» of the 
same frequency as the first produce a second 
velocity distribution x'\, x"2, x"a ■ ■ ■ x"n. 
Then 

n n 

Zf'M,*"j = Zr'Mjx'j. (i) 
3=1 3=1 

This theorem is valid provided the mechani¬ 
cal system is invariable, contains no internal 
source of energy or unilateral device, linearity 
in the relations between forces and velocities 
and complete reversibility in the elements, and 
provided the applied forces Ai, A2, /a/3 • • • 
An are all of the same frequency. 

r' 1 M -1 7 
Ml 

>1- 777/, 7777. 
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In the simple case in which there are only 
two forces, as illustrated in the mechanical 
rectilineal system of the figure, Equation 1 
becomes 

A/*" = f"Mx' (2) 

where A/, /A and x!, x" are the forces and 
velocities depicted in the mechanical rectilineal 
system of the figure. 

RECIPROCITY THEOREM, MECHANI¬ 
CAL ROTATIONAL. In a mechanical rota¬ 
tional system composed of mechanical rota¬ 
tional elements of moment of inertia, rotational 
compliance and mechanical rotational resist¬ 
ance, let a set of torques A,, f'R2, f'R3 ■ ■ ■ f'Rn 

all harmonic of the same frequency acting in n 
points in the system, produce a rotational 
velocity distribution A, A, A • • • A, and 
let a second set of torques /"/ei, /"r2, /'A • • • 
f"Rn of the same frequency as the first produce 
a second rotational velocity distribution Ai, 
A2, Aa • ■ • An. Then ‘ 

n n 

T.Wi - Efmi'i (l) 
3=1 3=1 

This theorem is valid provided the mechani¬ 
cal rotational system is invariable, contains no 
internal source of energy or unilateral device, 
linearity in the relations between torques and 
rotational velocities, and provided the applied 
torques/«!, fR2, /r3 • • • fRn are all of the same 
frequency. 

In the simple case in which there are only two 
torques, as illustrated in the mechanical rota¬ 
tional system of the figure, Equation 1 becomes 

A A =/"*<*>' (2) 

where A, f"R and A A are the torques and 
angular velocities depicted in the mechanical 
rotational system of the figure. 

RECIPROCITY THEOREM OF MAXWELL 
AND BETTI. The reciprocal theorem in 
classical elasticity theory applies to com¬ 
pletely linear systems only. The stress-strain 
relation for the material must be linearly elas¬ 
tic and all geometrical changes which take 
place must have negligible effect on the condi¬ 
tions of equilibrium. The theorem then states 
that for a given body subjected independently 
to two systems of loads (which may include 
effects of inertial forces) the work done by the 
first load system on the displacements of the 
second equals the work of the second on the 
displacements of the first. An alternate form 
for a constrained body is that the displacement 
in the a-direction at A due to a force P in the 
/^-direction at B equals the displacement in the 
^-direction at B when P is applied at A in the 
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a-direction. Also called theorem of reci¬ 
procity. 

RECIRCULATION. Reversed flow in a tur¬ 
bulent jet confined in a tube. When the fluid 
of a confined jet mixes with ambient fluid hav¬ 
ing a different velocity, the mass flow is con¬ 
served but the momentum flux is decreased so 
that there is a pressure rise in the direction of 
flow which may cause the slower moving fluid 
near the wall to be reversed and re-entrained, 
i.e., recirculated. 

Recirculation occurs when the flux of am¬ 
bient fluid in the direction of the jet is less 
than what would be entrained into a similar 
free jet. Recirculation does not usually occur 
in confined flames because the expansion 
caused by the generation of heat produces an 
acceleration with a corresponding increase of 
momentum flux. 

Recirculation often occurs in confined 
sprays near the nozzle where the droplets are 
decelerated relative to the surrounding gas. 

RECOMBINATION, COEFFICIENT OF. 
A coefficient A that appears in the law ex¬ 
pressing the rate of recombination of ions in 
a gas. If n+ and n~ are the respective num¬ 
bers per unit volume of the ions of the two 
signs, then 

dn+ dn~ 
-=- = An+n . 

dt dt 

The constant depends both on the nature of 
the gas and on the pressure. 

RECOMBINATION RATE, SURFACE. The 
time rate at which free electrons and holes 
recombine at the surface of a semiconductor. 

RECOMBINATION RATE, VOLUME. The 
time rate at which free electrons and holes 
recombine within the volume of a semicon¬ 
ductor. 

RECOMBINATION VELOCITY (ON A 
SEMICONDUCTOR SURFACE). The quo¬ 
tient of the normal component of the electron 
(hole) current density at the surface by the 
excess electron (hole) charge density at the 
surface. 

RECOVERY'. See after effect, elastic. 

RECTANGULAR APERTURE. If light of 
wavelength \ illuminates a rectangular area of 
width a and height b and if is the angle of 

incidence, then the intensity of the Fraunhofer 
diffraction pattern in a plane parallel to the 
plane of the aperture is 

sin /3 sin y\2 

0 7 / 

where X/3 = 7ra sin d with 6 measured in a plane 
perpendicular to the side of length b and Ay = 
irb sin u with « measured in a plane perpendicu¬ 
lar to the side of length a. 

For the case b » a, see slit. 

RECTANGULAR COORDINATES. Carte¬ 
sian coordinates with three mutually perpen¬ 
dicular axes, used for locating the position of 
a point in space. A convention must be es¬ 
tablished for the relative arrangement of the 
three axes. The usual case, which is called a 
right-handed system, may be described as fol¬ 
lows. Calling the axes OX, OY, OZ, choose 
the X F-plane to lie in the plane of the paper 
with the positive OX-axis pointing to the 
reader’s right and the positive OF-axis point¬ 
ing toward the top of the page. The positive 
OZ-axis is then pointing upward from the page 
toward the reader. If a pair of axes is ex¬ 
changed, the system becomes left-handed. 

From the analytic point of view, what is 
important is not whether a given system of co¬ 
ordinates has right-handed orientation, but 
only whether two given systems have the 
same or opposite orientation. This is decided 
as follows. Let (011,021,031)) (012,022,032), 

(013,023,033) be the coordinates in the second 
system of the points whose coordinates in the 
first system are (1,0,0), (0,1,0), (0,0,1). Then 
the two systems have the same or opposite 
orientation according as the (necessarily non¬ 
vanishing) determinant, 

an Oi2 °13 

021 022 023 

a31 <*32 033 

is positive or negative. 

RECTANGULAR DISTRIBUTION. A fre¬ 
quency distribution of the form 

1 
f(x) = --. a < x < b. 

b — a 

RECTIFIABLE CURVE. See curve. 

RECTIFYING DEVELOPABLE. Sec devel¬ 
opable, rectifying. 
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RECTIFYING LINE (AT A POINT OF A 
TWISTED CURVE). The generator of the 
rectifying developable (see developable, recti¬ 
fying) of the curve which passes through the 
point. 

RECTIFYING PLANE. See principal planes. 

RECTILINEAL COMPLIANCE. Mechani¬ 
cal rectilineal potential energy is associated 
with the compression of a spring or compliant 
element. Mechanical energy increases as the 
spring is compressed. It decreases as the 
spring is allowed to expand. It is a constant, 
and is stored, when the spring remains immov¬ 
ably compressed. Rectilineal compliance is 
the mechanical element which opposes a 
change in the applied force. Rectilineal com¬ 
pliance CM (termed compliance) in centimeters 
per dyne, is defined as 

where x is the displacement, in centimeters, and 
/m is the applied force, in dynes. 

Equation 1 states that the linear displace¬ 
ment of a compliance is proportional to the 
compliance and the applied force. 

Stiffness is the reciprocal of compliance. 
Compliance in the mechanical rectilineal 

system is represented by a spring in the figure. 

Cm 

Graphical representation of the element rectilineal 
compliance, Cu. 

RECTILINEAL RESISTANCE, MECHANI¬ 
CAL. See mechanical rectilineal resistance. 

RECTILINEAR CONGRUENCE. A family 
of straight lines whose equation involves two 
independent parameters. Also called congru¬ 
ence, or congruence oj straight lines. Each of 
the straight lines is a ray. The rectilinear con¬ 
gruence formed by the normals to a surface is 
called a normal congruence. 

RECTILINEAR CONGRUENCE, SPHERI¬ 
CAL REPRESENTATION OF. See spheri¬ 

cal representation of a rectilinear congru¬ 

ence. 

RECTILINEAR MOTION. Motion in a 
straight line. 

RECTILINEAR OPTICAL SYSTEM. See 
orthoscopic system. 

RECURRENCE PARADOX. Any mechani¬ 
cal system will, after a sufficiently long period, 
return to any non-equilibrium state it may 
once have occupied. This is in apparent con¬ 
tradiction to the second law of thermodynam¬ 
ics but this recurrence paradox can be resolved 
by using the statistical approach to the second 
law. 

RECURSION FORMULA. Relations be¬ 
tween successive coefficients in a series, fre¬ 
quently the series solution of a differential 
equation, making it possible to calculate the 
(n -f \)tn member of the series if the ntn, (n — 
l)*ft, etc., members are known. They usually 
involve only two coefficients but in some more 
complicated cases involve three. Examples 
are given under the heading of various poly¬ 
nomials, e.g., Lagrange, etc. 

REDUCED EQUATION OF STATE. See 
principle of corresponding states. 

REDUCED FOCAL LENGTH. The first 
focal length of a spherical-refracting surface, 
or of a lens, divided by the index of refraction 

of the medium in which the light is incident; 
or the second focal length divided by the re¬ 
fractive index of the medium into which the 
rays emerge. 

REDUCED MASS. In a two-body system 
consisting of the masses mi and m2, the so- 
called reduced mass is given by 

m1m2 

m, + m2 

REDUCED MODULUS. See modulus, re¬ 

duced or double. 

REDUCED PRESSURE. See corresponding 
states, law of. 

REDUCED TEMPERATURE. See corre¬ 
sponding states, law of. 

REDUCED VOLUME. See corresponding 
states, law of. 

REDUCIBLE. See representation. 

REDUCTION IN AREA. The ductility of 
metals is often measured in a tension test by 
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the reduction of cross-sectional area of frac¬ 
ture. When appreciable necking occurs, the 
so-called true strain is the natural logarithm 
of the ratio of the original cross-sectional area 
to the minimum area in the necked region. 

REDUNDANCY. A statically indeterminate 

structure is a redundant structure. The de¬ 
gree of redundancy is the excess of the number 
of force and moment unknowns over the total 
available independent equations of static equi¬ 
librium. 

REDUNDANT CONSTRAINT. When a 
body or structure forms a self-contained unit, 
stable attachment to a support requires six 
independent constraints in space, three in a 
plane. The excess of the number of con¬ 
straints over those needed for stability gives 
the number of redundant constraints. The 
choice of the constraints to be labelled as re¬ 
dundant is arbitrary to a considerable extent, 
and depends upon the procedure adopted for 
obtaining a solution to the problem. 

REFERENCE COUPLING. See DBX. 

REFERENCE STIMULI. Color stimuli, not 
collinear but otherwise unrestricted, whose ad¬ 
ditive mixture can be used to evaluate all other 
color stimuli. These reference stimuli are 
necessary and sufficient for this purpose. 

REFERENCE SYSTEMS—ACTIVITY AND 
ACTIVITY COEFFICIENTS. Consider an 
arbitrary thermodynamic system for which 
the chemical potentials of the various com¬ 
ponents are given by 

Mi = m(T, p, aq • • • xc) (1) 

where x, is the mole fraction of component i. 
Let us then consider a system of the same com¬ 
ponents but under certain (hypothetical) con¬ 
ditions such that it behaves like an ideal sys¬ 
tem. The chemical potentials are then of the 

form 
y* = ni{T,p) + RT In x;. (2) 

This latter system is called the corresponding 
ideal system or the ideal reference system. (Note 
that the R-exponent on the left side of the equa¬ 
tion is not the gas constant, which appears on 

the right.) 
Let us write 

RT In a, = - Mi(?» (3) 
or 

m = m(T,p) + RT In a,-. (4) 

We define a,- as the activity of the component i 
in the non-ideal system, with respect to the 
particular reference system considered. 

The activity coefficient y,- is defined by 

H = a-i/xi- (5) 

Finally one calls often 

mid = m(T,p) + RT In x,- (6) 

the “ideal chemical potential.” Then 

yi = yiid + RT lnyf. (7) 

By introducing the activity and activity co¬ 
efficients, it is possible to extend in a formal 
manner the laws valid for ideal systems to 
arbitrary real systems. These concepts were 
introduced by G. N. Lewis. 

REFERENCE VALUE. The reference value 
of any parameter in a circuit is defined by 
Bode as that value of the parameter which 
produces zero steady-state output when all 
other parameters have their normal values and 
the input is at a specified frequency. 

It is in general a function of frequency. 

REFLECTANCE. See spectral reflectance; 
direct reflectance; diffuse reflectance. 

REFLECTING POWER. See absorptive 
power. 

REFLECTION. A deviation of the direction 
of radiant flux taking place entirely within or 
at the surface of a single optical medium. In 
some cases the term is restricted by the re¬ 
quirement that the wavelength of the mono¬ 
chromatic components of the radiation be in¬ 
variant under reflection. (See mixed reflec¬ 
tion; reflex reflection; spectral reflection; 
uniform diffuse reflection.) 

REFLECTION, ANGLE OF. See angle of 
reflection. 

REFLECTION COEFFICIENT. See scat¬ 
tering coefficient. 

REFLECTION DENSITY. See external op¬ 
tical density. 

REFLECTION, DIFFUSE. See diffuse re¬ 
flection. 

REFLECTION, LAWS OF. The laws of re¬ 
flection in the case of specular reflection at 
a smooth surface may be stated as: 

The incident and reflected rays are: (1) in 
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a normal plane to the surface, (2) on the same 
side of the surface, and (3) at equal angles 
with the normal. 

If the surface is not smooth the reflection is 
diffuse. 

REFLECTION PLANE. A symmetry ele¬ 
ment possessed by certain crystals, whereby 
one-half of the crystal is the reflection of the 
other half in a plane drawn through the center 
of the crystal. 

REFLECTION, REFLEX. See reflex reflec¬ 
tion. 

REFLECTIVITY. The total reflection factor 
of a layer of material of such a thickness that 
there is no change of reflection factor with in¬ 
crease in thickness. (See also absorptive 

power.) 

REFLECTOR SAVINGS. The reflector sav¬ 
ings is the decrease in value of the parameter 
describing the size of a just-critical chain re¬ 
acting assembly, when the assembly is changed 
by surrounding it with a scattering material 
(reflector). 

REFLEX REFLECTION (RETRO-REFLEC¬ 
TION). Reflection in which the path of the 
returning light lies close to the direction in 
which the light is incident, whatever the angle 

of incidence at the reflecting surface. 

REFRACTION. The change in the direction 
of propagation of radiation determined by 
change in the velocity of propagation in pass¬ 
ing through a non-homogeneous medium, or 
in passing from one medium to another. (See 
specific refraction; molar refraction; atomic 

refraction; standard refraction. ) 

REFRACTION, CONICAL. See conical re¬ 

fraction. 

REFRACTION, LAWS OF. Both Snell and 
Descartes must be given credit for discovering 
the laws of refraction (for specular refraction) 
which may be stated as: 

The incident and refracted rays (1) are in 
the same plane with the normal to the surface, 
(2) they lie on opposite sides of the surface, 
and (3) the sines of their inclinations to the 
normal bear a constant ratio to one another, 
the ratio depending only on the two media 
involved, not on the angles. Condition (3) 
is usually referred to as Snell’s Law. (See 
specular reflection or refraction.) 

REFRACTION, MOLAR. See molar refrac¬ 
tion. 

REFRACTION OF SOUND. The change in 
direction of propagation of sound, produced 
by a change in the nature of the medium which 
affects the velocity, is termed refraction. 
Sound is refracted when the density varies 
over the wave front. For example the velocity 
of sound is given by 

- 2= a) 
P 

where c is the velocity of sound, in centimeters 
per second, y is the ratio of specific heat at 
constant pressure to that at constant volume, 
1.4 for air, p is the density of the medium in 
grams per cubic centimeter, and p0 is the static 
pressure, in dynes per square centimeter. 

Thus it will be seen that a sound wave may 
be bent either downward or upward depending 
upon the relative temperatures (densities) of 
the air, Figure 1. The distance over which 

Cool Air - Low Velocity 

Warm Air - High Velocity 

Fig. 1. The refraction of a sound wave in air. 

sound may be heard is greater when the wave 
is bent downward than when it is bent upward. 
The first condition usually obtains during the 
early morning hours while the latter condition 
prevails during the day. 

Structures may be built which refract sound 
waves. Acoustic lenses and prisms employing 
these structures may be used for various 
acoustical applications, as for example, loud¬ 
speakers and microphones. 

Practical systems have been developed 
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based upon obstacle arrays and path length 
devices. 

Obstacle arrays increase the effective den¬ 
sity of the medium and thus produce a re¬ 
duced propagation velocity of sound waves 
passing through the array. Three different 
obstacle arrays are shown in Figure 2. 

Path length devices increase the time of 
travel of the waves through the path over that 
in free space. Three different path length de¬ 
vices are shown in Figure 2. 

The index of refraction n, of parallel plates 
as shown in Figure 2, is unity. 

The index of refraction n, of the serpentine 
plates as shown in Figure 2, is given by 

l 
n = 7 (5) 

Spheres 
Parallel Plates 

Fig. 2. Obstacle and path length structure for refract¬ 
ing sound waves. 

The index of refraction n, of a spherical ob¬ 
stacle array as shown in Figure 2, is given by 

n2 = 1 + %ira3N (2) 

where a is the radius of the sphere, and N is the 
number of spheres per unit volume. 

The index of refraction n, of a disk obstacle 
array as shown in Figure 2 is given by 

n2 = 1 + fc3iV (3) 

where c is the radius of the disk, and N is the 
number of disks per unit volume. 

The index of refraction n, of a series of strips 
as shown in Figure 2, is given by 

n2 = 1 + x b2N (4) 

where b is the half breadth of the strip normal 
to the direction of propagation of the wave and 
N is the number of strips per unit area viewed 

endwise. 

where l is the path length through the plates, 
and Iq is the path in the absence of the plates. 

The index of refraction n, of slant plates as 
shown in Figure 2, is given by 

n 
l 

I 
i 

cos 9 
(6) 

where 6 is the angle between the direction of 
propagation of the wave and the plane of the 
plates. 

An acoustic lens which converges the im¬ 
pinging sound wave is shown in Figure 3A. 
The sheet metal is arranged so that the path 
length through the lens is the greatest at the 
center of the lens. The action of the lens is 

Incident Sound 

Fig. 3. Acoustic lenses. A, Converging lens. B, Di¬ 
verging lens. 
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depicted by the ray and wavefront diagram of 
Figure 3A. The path lengths of all the pencils 
of the incident sound wave are all the same at 
focus. An acoustic lens which diverges the 
incident sound wave is shown in Figure 3B. 
The action of the lens is depicted by the ray 
diagram and wavefront diagram of Figure 3B. 

An acoustic prism is shown in Figure 4. The 
acoustic prism changes the direction of the 
impinging sound wave. The action of the 
prism is depicted by the ray and wavefront 
diagrams of Figure 4. 

Fig. 4. Acoustic prism. 

REFRACTIVE DISPERSIVITY. The de¬ 
rivative of the refractive index with respect to 
wavelength or frequency. 

REFRACTIVE INDEX. See entries under 
index of refraction. 

REFRACTIVE INDEX, CAUCHY FOR¬ 
MULA. See Cauchy formula for refractive 
index. 

REFRACTIVE POWER, SPECIFIC. See 
Lorenz-Lorentz law. 

REFRACTIVITY. (1) In general, the prop¬ 
erty of refraction, or a quantitative relation¬ 
ship by which it is expressed, which is com¬ 
monly some function of the index of refrac¬ 
tion. (2) The quantity (n — 1) which enters 
many optical formulas is sometimes called re- 
fractivity. Here n is the index of refraction. 

REFRIGERATING EFFECT. See cycle and 
reversed Rankine cycle. 

REFRIGERATION CYCLE. A cycle that 
takes heat at a lower temperature and rejects 
it at a higher. Such a cycle must receive a 
power input from an external source, and the 
amount of heat rejected exceeds that taken in 
by the amount of work required to effect the 

cycle. Theoretically, any power cycle which 
is reversible could be reversed to create a 
refrigeration cycle. Actually, practical con¬ 
siderations have caused modification of the 
reversed power cycle for refrigeration use. 
Nevertheless, the ordinary vapor compression 
refrigerating cycle resembles the Rankine 
power cycle to a close degree. (See Carust 
cycle, reversed Rankine cycle.) 

REFRIGERATOR, ABSORPTION. See ab¬ 
sorption refrigerator. 

REFRIGERATOR, CASCADE. See cascade 
refrigerator. 

REGENERATIVE CYCLE. See carnotiza- 
tion. 

REGENERATIVE STEAM CYCLE. See 
carnotization. 

REGRESSION. Suppose a variate y is dis¬ 
tributed in some form at each of several values 
of a variable x. If the means, e.g., yx, of the 
^/-distributions are related to the corresponding 
x-values by a functional relation yx = /(x), 
this is said to be the regression equation of y on 
x. In the simplest case, the y distributions are 
normal with constant variance <r2, and f(x) is 
linear, being most conveniently taken to be yx 
= a + /3 (x — x) where x is the mean of the 
x’s. In this case, estimates of a and /3 (the re¬ 
gression coefficients) are obtained from a 
sample of n pairs of observations (x, y) by the 
method of least squares as 

a - 2y/n, b = 2(x — x)(y — y)/Z(x - x)2 

while <t2 is estimated by 

s2 = [Z(i/ - y)2 - b2(x - x)(y - y)]/(n - 2) 

with (n — 2) degrees of freedom. The vari¬ 
ances of a and b are <r2/n and a2/2(x — x)2, 
and to apply tests of significance or to calculate 
fiducial or confidence limits, wre may replace 
<r2 by s2 and use the t-distribution with 
{n — 2) d.f. 

In multiple regression, there are several dif¬ 
ferent x’s and the regression equation takes the 
form y = faxi + fi2x2 H-F 0pxp. With 
similar assumptions, the method of least 
squares provides efficient estimates of the /3’s. 
No assumptions need be made about the inter¬ 
relationships of the x’s; in particular, they may 
be successive powders of a variable t, then 
providing a method of fitting a polynomial 
relationship y = /30 + &\t + /S2<2 • • •. (See 
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orthogonal polynomials, analysis of vari¬ 
ance.) 

REGRESSION, EDGE OF. See edge of re¬ 
gression. 

REGULA FALSI. A method of solving an 
equation f(x) = 0, for a real root, in which if 
f(x0)f(x1) < 0, and the interval from x0 to xx 
is known to contain only one real root, one 
passes the chord from the point [x0,/(zo)] to 
[xx,f{xx)], taking x2, the intersection of the 
chord with the real axis, as the next approxi¬ 
mation. This is 

x2 = Oo/i ~ xifo)/(fi — fo) 

where /< = / (a:,). Repeat, using either x0 or 
Xi with x2. This is an iterative method which 
converges more slowly than Newton’s, but 
from the opposite direction, hence if the two 
are used simultaneously the error is rigorously 
bounded. 

REGULAR FUNCTION (OF A COMPLEX 
VARIABLE). A function f(z) is regular at 
a point a if it has a derivative at every point 
in some neighborhood of a. 

REGULARIZATION. Formal device intro¬ 
duced into quantized field theory (see field 
theory, quantized) in order to remove am¬ 
biguities arising in the evaluation of certain 
integrals. It corresponds to adding extra fields 
with different masses which then are allowed 
to tend to infinity. 

REGULAR MULTIPLET. See multiplet. 

REGULAR REFLECTION OR REFRAC¬ 
TION. See specular reflection or refraction. 

REGULAR SINGULARITY (OF A DIFFER¬ 
ENTIAL EQUATION). Consider the homo¬ 
geneous linear ordinary differential equation, 

y(n) + ax?/(n_1) H-b an—iy' + any = 0, 

where the a4 = a;(x) are functions of x. The 
point x = c is called a regular singularity of 
the equation if, although some of the a;(x) may 
have poles at c, still the functions (z — c)la,(x) 
are all analytic there. Any pole of a,-(x) which 
is of higher than the ith order is called an ir¬ 
regular singularity of the equation. For the 
importance of this classification see indicial 
equation. 

REGULAR SOLUTIONS. A class of non¬ 
ideal solutions considered by Hildebrand for 
which the excess entropy (see excess func¬ 

tions) is negligible. Therefore the excess 
Gibbs free energy is equal to the excess en¬ 
thalpy (or heat of mixing) 

GE £* HE. 

REGULAR SPACE. See topological space. 

REHEAT FACTOR. In a gas or steam tur¬ 
bine cycle, the ratio R of the sum of the isen- 

Fig. 1. Enthalpy-entropy relations for stages of 
turbine. 

tropic enthalpy drops for all stages, to the 
isentropic enthalpy drop for the whole turbine. 
Hence in Figure 1, 

2 AC 
R =--. 

AiD 

The reheat factor R > 1 in real turbines. 
There exists no single term for the analogous 

quantity in a turbocompressor, but it is some¬ 
times called the reverse heat factor, C. Hence 
in Figure 2. (See page 762.) 

2 AC 

It should be noted that here the ratio is in¬ 
verted, and again C > 1. 

RELATION. Let S be a given set of elements. 
A binary relation for S is a set R of ordered 
pairs of elements of S (or more generally, of 
pairs constructed in some way from the sub¬ 
sets of S). To express the fact that the pair 
a,6 is in R, we write aRb, to be read as “a is 
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s 
Fig. 2. Enthalpy-entropy relations for stages of 

turbocompressor. (See reheat factor.) 

in the relation R to b,” for example, if the set 
*S is the human race, then the relation of father¬ 
hood is the set of all pairs of human beings in 
which the first is the father of the second. 
A binary relation is reflexive if aRa for all a 
is in S, symmetric if aRb implies bRa, and 
transitive if aRb and bRc imply aRc. Thus, 
fatherhood is none of the three, ancestorhood 
is transitive, etc. A relation may be, e.g., 
partly non-symmetric, e.g., brother, or com¬ 
pletely non-symmetric, e.g., father, in which 
case it is often called antisymmetric. Or, if <S 
is the set of fractions, then “greater than” is 
transitive, while “reducing to same fraction” 
is all three. A binary relation which is reflex¬ 
ive, symmetric and transitive is called an 
equivalence. If R is an equivalence, then the 
set S can be divided into mutually exclusive 
subsets of equivalent elements, each of which 
can then be regarded as a new mathematical 
entity. For example, a set of equivalent frac¬ 
tions is called a rational number. In fact, it is 
in this way that the majority of mathematical 
definitions are made; e.g., of quotient group. 

RELATIVE ADSORPTION. See Gibbs divi¬ 
sion surface. 

RELATIVE COORDINATE SYSTEM. Any 
coordinate system which is moving with re¬ 
spect to an inertial coordinate system. 

RELATIVE CURVATURE OF CURVE C 
WITH RESPECT TO CURVE C' AT A 
POINT AT WHICH THEY TOUCH. The 

difference between the vector curvatures of C 
and C' at the point of contact. 

RELATIVE EFFICIENCY. See efficiency 
ratio. 

RELATIVE ERROR. The ratio of the error 
in an approximation to the true value of the 
quantity approximated. 

RELATIVE FREQUENCY. If the frequency 
in a class is /,, and the total frequency in the 
distribution is 2/,-, then the relative frequency 

in the fth class is defined as y,. Similarly the 
J i /p 

relative frequency of an event is defined as - 
s 

where x is the number of successes and s is the 
number of trials. 

RELATIVE INVARIANT. See invariant. 

RELATIVE LUMINOUS EFFICIENCY. 
(1) Relative luminous efficiency (of a mono¬ 
chromatic radiation of wavelength A) is the 
ratio of the radiant flux at wavelength A„, to 
that at wavelength A which produces equally 
intense luminous sensations under specified 
photometric conditions, A,„ being chosen so that 
the maximum value of this ratio is unity. Un¬ 
less otherwise indicated, the values used for 
the relative luminous efficiency relate to pho- 
topic vision by the normal eye having the 
characteristics laid down by the C.I.E. The 
values of were provisionally agreed inter¬ 
nationally by the C.I.E. in 1924 and adopted 
in 1933 by the International Committee of 
Weights and Measures. (2) Relative lumi¬ 
nous efficiency (of a monochromatic radiation, 
for scotopic vision, for the photometric stand¬ 
ard observer) is the ratio of the radiant flux 
at wavelength Am to that at wavelength A which 
produces equally intense luminous sensations 
under specified photometric conditions, A„ 
being chosen so that the maximum value of 
this ratio is unity; the values used for the 
relative luminous efficiency relate to scotopic 
vision by the normal eye having the charac¬ 
teristics laid down by the C.I.E. 

RELATIVE MOTION. Motion with respect 
to a frame of reference which in turn may be 
moving with respect to an inertial frame is 
called relative motion. 

RELATIVE SCATTER INTENSITY. For 
scattering of radiation under any given set of 
physical conditions: the ratio of the radiant 
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intensity scattered in any given direction to the 
radiant intensity scattered in the direction of 
the incident beam. 

The value of this ratio is a function of the 
angle between the direction in question and 
the direction of the incident beam. Thus it 
may be symbolized as f(<f>), the relative scat¬ 
tering function. (See scatter angle.) 

RELATIVE SENSITIVITY. See sensitivity. 

RELATIVE SPECTRAL ENERGY DISTRI¬ 
BUTION. The relative spectral energy dis¬ 
tribution is the description of the spectral 
character of a radiation (description of a light) 
by the way in which the relative spectral con¬ 
centration of some radiant quantity (e.g., 
radiance) varies throughout the spectrum. 

RELATIVISTIC DYNAMICS OF A FREE 
MASS POINT. See dynamics of a free mass 
point. 

RELATIVISTIC HYDRODYNAMICS. The 
fundamental laws of motion for an ideal fluid 
of pressure p and rest density pa, moving with 
the velocity w (components denoted by u, v, 
w) are 

div jy2w (p“ + ?)l 

/ p\ Du dp u dp 

2 / p\Dv dp v dp 

7 V° + ?)m + 7 + ?7 ~ 

7 + £ 
dy 

dp p\ Dw dp w dp 

) Dt dz c2 dt 

Fx 

Fy 

Fz 

1 

Fx, Fv, Fz are the components of the external 
volume forces (i.e., forces per unit volume). 
From the transformation laws for forces it can 
be shown that p = p0, i.e., the pressure is the 
same in the moving system as in the system at 
rest. The first equation is the generalized con¬ 
tinuity equation and the remaining equations 
are the laws of motion. 

(See W. H. McCrea, Relativity Physics, 
Methuen Co., Ltd., London, fourth reviewed 
edition, reprinted 1957.) 

RELATIVISTIC INVARIANCE AND QUAN¬ 
TUM MECHANICS. A quantum theory is 
said to be relativistically invariant if there 
exists for every ray § which describes a pos¬ 
sible state of a physical system and every in¬ 
homogeneous Lorentz transformation (a, A}, 
a translated ray §'(a, A). This ray corre¬ 
spondence must satisfy the requirement that 
transition probabilities between rays and their 
translations are the same: 

|($,¥)|2 =|(*'(a, A),¥'(a, A))|2. (a) 

(See symmetry principle and quantum 
mechanics.) If the Hilbert space of physical 
states is a direct sum of subspaces 3C, such that 
every ray in 3C* corresponds to a physically 
observable state and every physically observa¬ 
ble state is represented by a ray lying in one of 
the 3Ct- (see superselection rules), one can 
prove that by choosing a suitable representa¬ 
tive vector <f> and <t>{a, A} from the rays 
$'(a, A), one can define an operator U(a, A) 
such that 

<f>(a, A) = [7 (a, A)$ (b) 

where U is either unitary or anti-unitary 
and is uniquely determined up to a multiplica¬ 
tive factor in each subspace 3CBy the multi¬ 
plicative law for Lorentz transformation the 
vector <t>(ai, Ai)(a2, A2) and ^(oq + A^, AXA2) 
are identical, from which follows that 

U(ai, Ai) C/(o2, A2) 

= w(aiAi, a2A2)f7(cq + Aja2, AjA2) (c) 

where w is a factor of modulus one (which 
could be different on different subspaces). Since 
the square of an anti-unitary operator is uni¬ 
tary, U(a, A) is unitary when (a, A) belongs 
to the restricted group since every such group 
element can be written as a product of elements 
which are squares. Since every element of the 
other pieces of the group can be written as the 
product of an element of the restricted group 
and a space inversion is, or a time inversion it 
or space time inversion q„ = i,it it suffices to 
examine [7(0, i8) and [7(0, if). It turns out on 
physical grounds that U (0, it) must be unitary 
and [7(0, it), anti-unitary. 

Thus, for each relativistically invariant quan¬ 
tum theory there exists by virtue of (c) a (con¬ 
tinuous) representation up to a factor of the 
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inhomogeneous Lorentz group. To distinguish 
the different possible behaviors of a relativistic 
quantum theory under proper inhomogeneous 
Lorentz transformation one needs only classify 
the continuous representations (up to a factor) 
of the inhomogeneous Lorentz group. 

RELATIVISTIC INVARIANCE OF A PHYS¬ 
ICAL THEORY. The requirement that the 
predictions of the theory with regard to the 
result of any possible observation shall be in 
accordance with requirements of the principle 
of special relativity. (See also symmetry 
principles and quantum mechanics.) In prac¬ 
tice by relativistic invariance is meant the re¬ 
quirement that the mathematical formalism 
of the theory shall be covariant for all trans¬ 
formations of the restricted inhomogeneous 
Lorentz group. 

RELATIVISTIC INVARIANTS IN THE 
SPECIAL THEORY OF RELATIVITY. 

(1) Speed of light in empty space, c. 
(2) Length of a world line element, 

ds = ± V"dx2 + dy2 + dz2 — c2dt2. 
(3) Phase of an electromagnetic wave. 
(4) Rest mass of a particle. 
(5) Electric charge. 

(6) Action integral I Ldt. f 
(7) Planck’s constant, h. 
(8) Entropy S = S0 (S = entropy of mov¬ 

ing system; £0 = entropy of system at 
rest). 

(9) Boltzmann’s constant, k. 

(10) Rest temperature = T0 

(11) Heat, Q0 = • 
V 1 - d 

T 

V l - /32 

All that is needed is an explicit realization of 
the irreducibile representations in terms of a 
convenient set of vectors (wave functions of 
the elementary system) and the verification 
that within the manifold so defined a Lorentz 
invariant inner product can be constructed. 

One finds that basis vectors of a representa¬ 
tion space may be expressed as functions Up, 0 
of the momentum vector p (the eigenvalue of 
PM, the generator for translations), the mo¬ 
menta varying over the set p2 = m2 > 0 and 
of auxiliary spin variables £ which may assume 
a finite or infinite set of values. The represen¬ 
tation of the inhomogeneous Lorentz trans¬ 
formation {a, A} within the manifold spanned 
by the i(p, £) is given by 

U(a, A)ip(p, £) = e~lpaQ(p, A)i(A_1p, £) 

where Q is an operator which operates only on 
the variables £. 

When p^pp = m2, m > 0, and j, the spin 
label of the irreducible representation, is equal 
to 0, the wave functions are defined on the 
positive shell of the hyperboloid pMpM = m2, 

i.e., p0 = vp2 + m2. The invariant scalar 
product is /d?p 

—- <?(p)<Kp) 
Vo 

(a) 

and the wave equation reduces to (pMpM — m2)4> 
= 0. 

For particles of higher spin j = ]/q,N (N — 
1, 2, • • •) the wave functions are again defined 
on the positive hyperboloid p2 — p2 + p22 + 
p32 + m2. In addition they depend on the 2j 
spin variables £1( £2, • • • £2; where each of £ is 
four-valued, i.e., £i = (1, 2, 3, 4). The wave 
functions which describe the possible states of 
the system are required to be symmetric func¬ 
tions of the £’s and satisfy the 2j equations 

RELATIVISTICALLY INVARIANT WAVE 
EQUATIONS. From the mathematical the¬ 
ory of the irreducible representations of the 
inhomogeneous Lorentz group it is known that 
these representations can be labelled by the 
mass, spin and sign of energy when one ex¬ 
cludes cases of space-like or null momentum. 
The physical interpretation that their repre¬ 
sentation space constitutes the manifold of 
states of an elementary system of the given 
mass and spin implies that invariance argu¬ 
ments suffice to obtain an enumeration of the 
relativistic equations for elementary systems. 

3 

X) = mi a = 1, 2, • • • 2j (b) 
u=o 

t t (p, Si, £2, • • • £2j) 

where the Y(«)’s operate on the £’s and satisfy 
the relation 

Tw'rw' + 7(a)v7(a)'1 = 2 gr (c) 

where gpv is the metric tensor, which ensures 
that i also satisfies (p^pp — m2)i — 0 and 
thus describes a particle of definite mass. The 
scalar product is defined as 
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G/s 4>) = I Po 2s 1 2 W3? 
J { 

= f Po-23-1 2 tip, & • • • fai) 
" ii-€* • ’ i«=l 

0(P, $i • • • &j)d3p. (d) 

It can be shown that there exists a set of 2 j -f- 1 
wave functions for a given p which satisfy 
(b), (c) and which are linearly independent and 
that this set is invariant under rotations. The 
wave function \p thus describes a particle of 
mass m, and spin j which can take on 2j + 1 

different total angular momentum substates. 
The case j = Yl corresponds to the Dirac 
equation. 

The representations for the case m2 = 0 can 
be treated as above except that integrations in 
the scalar product are only over the light cone. 
For the higher spin case the essentially new 
feature is that now the wave equation (b) is 
invariant under any one of the operators y5(a) = 
n(a)1T(a)2T(a)37(a)°, 75(a)2 = 1 SO that, the 
previous manifold is restricted by the condition 

75(a)'/' = ±'/'. 

The manifold 75(a)'/' = Jr'P correspond to right 
polarization, that for 75(a)'/' = — 'A, to left 
polarization; each of these manifolds being one 
dimensional for a given momentum p. A mass 
zero particle has only two states of polariza¬ 
tion. The case j = H corresponds to the 
neutrino equation, the case j = 1 to the photon 
equation. 

RELATIVISTIC QUANTUM FIELD THE¬ 
ORY. Almost simultaneously with the formu¬ 
lation of non-relativistic quantum mechanics 
the period from 1925 to 1935 saw the formu¬ 
lation and development of relativistic quantum 
mechanics, i.e., the incorporation of the physi¬ 
cal requirements of the theory of special rela¬ 
tivity into the structure of quantum mechanics. 
Thus, in 1926, a relativistic wave equation for 
a spin 0 particle was proposed by Schrodinger, 
Klein, Gordon and others (see Klein-Gordon 
equation) and in 1928, that for a spin V2 par¬ 
ticle by Dirac (see Dirac equation). It was 
soon recognized, however, that a consistent 
relativistic theory of interacting particles is by 
necessity a many-particle theory and that the 
incorporation of the phenomenon of particle 
creation and annihilation is an integral and 
irreducible aspect of relativistic quantum the¬ 

ory. This, incidentally, corresponds to what 
is observed experimentally: light (photons) 
can be emitted and absorbed by charged sys¬ 
tems, electron-positron pairs can be created 
and annihilated, mesons can be created in 
nucleon-nucleon collisions, etc. A way to de¬ 
scribe an assembly of relativistic non-inter¬ 
acting particles is illustrated in the following 
for the case of spin 0 particles. It is known 
that a single isolated spin 0 particle is de¬ 
scribed by a positive energy solution, fa, of 
the Klein-Gordon equation: 

(□ + M2)/a(x) = 0. 

The index a labels a complete set of normaliza¬ 
ble “wave-packet” positive energy solutions, so 
that 

(fa, h) i \d^(x)fa(x)dMx) 

2/«(*)/« (O = —-3 f „ i(2itY Jk, 

d3k 

(27r) «/*„>0 k0 

= &aP 

—ik{x—x') 

= i'A(+)(x — y). 

A11 n-particle state can be characterized by a 
set of occupation number n\, n2 • • • with 
2 ni = n, which specify the number of parti- 

f 
cles having quantum numbers a', a". Thus 

I ni,n2, ■ • • np, • • •), 2 ni = n, is an n-particle 
i 

state with the n\ particle in the state a', n2 in 
the state a", etc. The state 10, • • • 0 * * •) with 
all rii = 0, also abbreviated as 10), is called the 
no-particle state. Creation and annihilation 
operators ap and ap* which increase or decrease 
the number of particles in the state /3 by one 
can be defined by the equations 

ap| • • • np ■ ■ ■) = y/np \ • ■ •, np — 1 ••■) 

ap 10) = 0 (for all /3) 

ap*| • • • np • • •) 

= y/np + 11 • • • , np + 1 • • • ) 

and thus satisfy the commutation rules 

[aa, np ] 8ap 

[da, Op] = [a**, ap*] = 0. 

The operator ap*ap is the number operator for 
the state /3, i.e., operating on the vector 
|ni, n2 • • • np ■ ■ •) it yields np\n\ • • • np • • •). 
The operator 2a0*a/S thus the total number 

p 
of particle operator. 
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One can next introduce the operators 

4>(+)0c) = Z/«(zK 
a 

</>(-)(x) = J2f*(x)aa* = (<f>,+)(x))* 
a 

which no longer depend on the one-particle 
basis {fa} originally chosen to define occupa¬ 
tion number space and which satisfies the fol¬ 
lowing commutation rules: 

[0(±>(x),4>(±V)] = 0 

[0(+)(z), = fA(+)(x - y). 

The operator 

<Kx) = <t>(+)(x) + 4>(_) (x) 

= 4>*(x) 

satisfies the Klein-Gordon equation 

(□ + g2)<f>(z) = 0 

and satisfies the commutation rules 

[*(*), 4>(y)] = iA(x - y) 

= ^'(A(+)(x - y) - A{+\y - x)). 

If one choses for the set of commuting observa¬ 
bles a, the energy and linear momentum and 
denotes the creation (annihilation) operator 
for a spin zero particle of momentum k, energy 
-\/k2 + m2 by ak*(ak), then <£(x) expressed in 
terms of these operators becomes 

It will be noted that the total number operator 
can now be written as 

where 
d<f> d(f) 1 

Tmv(x) = : —— + - gnp(y‘ <S>~ — $\<t> ): 
dx* dx 2 

and " denotes that the normal product of 
the operator is to be taken. The similarity of 
these operator expressions with those obtained 
from the Lagrangian formalism of a classical 
field system which is then quantized is to be 
noted. For the case at hand the identification 
of 7r(x) with d0<t>(x) results in a complete equiv¬ 
alence of the two formalisms. 

One can thus say that the quantized field 
described by the operator <j>(x) which satisfies 
the Klein-Gordon equation corresponds to a 
system of free non-interacting particles. The 
particle aspect corresponds to a particular 
choice of the complete set of observables to 
describe the system, namely that in which the 
operators N and PM (g = 0, 1, 2, 3) are diago¬ 
nal. 

The above is easily generalized to the case 
of complex fields which then describe charged 
particles. The introduction of interaction be¬ 
tween particles is achieved by coupling the 
equations of motion satisfied by the field opera¬ 
tors corresponding to the different particles. 
Thus, in the usual description of the interaction 
between electrons, positrons and the electro¬ 
magnetic field, the field operators satisfy the 
following equations of motion: 

— w)^(x) = 8m\J/(x) + ey M„(x)^(x) 

[HTm(x) — jp(x) = — [$'{x)yll, ^(x)]. 
A 

These equations of motion are derivable from 
the Lagrangian 

N -/ 
d3k 

k0 
ak*ak 

dcf)1 )(x) 
4>(+) (x) - 4>( }(x) 

d<f> (+) 

l dx*.dx* 

and the energy momentum operator as 

r dAk 
P/4 I ~ k^Cl^ dk 

•/ kQ 

=Jda'T^x) 

kfj, = (k0 = Vk" -f- 7n~ , k) 

0*0 — _ 
1 dA^x) dA*(x) 

2 dxu dxv 

1 
- 7 IKX), + ra)^(x)] 

4 

i 
— - [id^ix)y* + m\J/(x), \p(x)] 

£ 

~ ~ {'J/('x)yli, Hx)]Am(x) + 8m$(x)\k(x). 
£d 

The above operator equations of motion are 
supplemented by the quantum conditions ex¬ 
pressed by the commution rules: 
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W-O), £(*')]+ = — iS(as - x') 

[Tm(j), A„(x')] = ihcg^Dix - x') 

[fix), M*')]+ = [£(*), £«)]+ = o 

[*(*), ^4m(x)] = [£(x), i4„(*)l = 0 

for (x — x')2 < 0 i.e., x', x' spacelike. 

The operators carry the entire time dependence 

of the system and we are thus in the Heisen¬ 

berg picture. The state vector |'k) of the sys¬ 

tem is time-independent with d(|'I/)= 0. The 

Lagrangian enables one to construct an energy- 

momentum tensor from which the total 

energy four-momentum of the field, PM can be 

defined; the time component, Pu is the Hamil¬ 

tonian of the system. The energy-momentum 

operators satisfy the following commutation 

rules 

[P», Pv\ = o 

and they correspond to the space-time displace¬ 

ment operators in the sense that for an arbi¬ 

trary Heisenberg operator F(x) 

- [P„ F{x)} 
n 

dF(x) 

dxM 

Since all the operators PM commute with one 
another, one can choose a representation in 

which all the components of the four-vector 

operator PM are diagonal. It is usually assumed 

that 
(a) the eigenvalues of PM are time-like or null 

vectors, i.e., that the total mass of the system 

be positive or zero. 
(b) there exists a state |0) with eigenvalue 0 

of i.e., a state with zero energy and momen¬ 

tum and that this state is the state of lowest 

energy. It is called the vacuum state. 
Similar sets of coupled equations describe 

the interaction of other kinds of particles. For 

example, the interaction of nucleons (mass M, 
spin Y% isotopic spin H, field operator ^(x)) 

with mesons (mass g, spin 0, isotopic spin 1, 

field operator </>,-(x)) is described by the opera¬ 

tor equations 

(iy^d,„ - AQiKx) = 5AfiA(x) - Gy5rV(x)^(x) 

(□ + g2)^) = 5gV(x) - \G\$(x)y5Tl, <£(x)] 

and the non-vanishing commutators (or anti¬ 

commutators) are 

[«?(x), ip(x’)]+ = 7o^(x — x'), (x0 - x'0) 

d<f>l(x) 

dt 
= 5 ,;5(x — x'), (x'0 — x0) 

It should not be surprising that the basic 

equations of these theories are inconsistent, 

since they are patterned after classical theories 

whose equations are inconsistent, involving as 

they do the self-interaction of point particles 

(see classical electron theory). Inconsist¬ 

encies are indeed present on the above quan¬ 

tized theories and reveal themselves in the 

occurrences of the so-called divergences: the 

equations of the theory predict ill-defined and 

infinite results for physical quantities which 

should be finite. For example, if one com¬ 

putes the S-matrix elements for a particular 

process, it turns out that although the lowest 

order term in the coupling constant in which 

the process is possible is finite, all higher order 

terms (radiative corrections) are actually 

infinite. Until 1947 the procedure was to 

ignore these divergences and to consider only 

the lowest order non-vanishing term (which is 

usually finite). In quantum electrodynamics 

where the expansion parameter is e2/fic = 

1/137« 1, this procedure gives reasonable 

agreement with experiment. 

One of the most important advances in 
quantum field theory occurred in the post-war 

decade and consisted in the discovery by Feyn¬ 

man, Kramers and Schwinger that there ex¬ 

isted a natural procedure for extracting finite 

parts of the infinite coefficients in the higher 

powers of the coupling constant. The method 

is referred to as renormalization because all the 
infinities appearing in the S-matrix elements 

are traced to a certain finite number of basic 

ones in the parameter of the theory (Dyson), 

e.g., in electrodynamics the infinite corrections 

to the mass and charge of the particles. One 

has only to replace these infinite corrected 

parameters everywhere in the theory by their 

physical values as observed in nature, and all 

the coefficients of the power series expansion 

of the S-matrix elements become finite. The 

renormalization calculations for processes like 

the Lamb shift and the anomalous mag¬ 

netic moment of the electron yield very good 
agreement with experiment. 

In its original form the renormalization 

procedure was a considerable advance, but it 

lies entirely outside the confines of conven¬ 

tional mathematics since it deals with meaning¬ 

less (inconsistent) equations and manipulates 

them according to a certain prescription to ob¬ 

tain finite results. Moreover, in its original 

form it is applicable only to the power series 

expansion of the theory. This restriction is 
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particularly constricting in meson theory, 
where the coupling constant G2/hc » 10, so 
that power series expansions cannot be expected 
to be a useful representation of the predictions 
of the theory. 

Although generalizations of the renormaliza¬ 
tion method which free it from the restriction 
to power series, and which eliminate many of 
of the manipulations with infinities, have been 
given by Kallen and by Valatin, these generali¬ 
zations lead to equations which are of highly 
implicit character and for which it is not possi¬ 
ble to assert that they are mathematically well 
defined. The central question of quantum 
field theory: Do the renormalized equations of 
quantized field theory (e.g., quantum electro¬ 
dynamics or meson theory) have any solutions?, 
remains unanswered at present. 

When one passes from the simplest theories, 
such as quantum electrodynamics, to more 
ambitious theories which attempt to explain 
the existence and relations of all the elementary 
particles in terms of fields, the above features 
of the equations of motions become almost in¬ 
surmountable handicaps. It has led to the 
natural question: is there something funda¬ 
mentally wrong with local relativistic field 
theory? Although there have been many 
attempts to answer this question there is no 
precise evidence that there is something wrong 
with field theory. In fact, the qualitative 
predictions of field theory have been amply 
verified whenever put to the experimental test. 

The difficulties mentioned above have re¬ 
cently motivated investigations of the general 
structure of local field theory where one avoids 
any dynamical assumptions and attempts to 
determine the physical consequences of very 
general axioms like that of relativistic invari¬ 
ance and the commutativity of fields at space- 
like separations. They discuss field theories in 
general, rather than a specific theory such as 
quantum electrodynamics. They do not use 
formal tools such as the Hamiltonian and 
Lagrangian formalism, nor do they use pertur¬ 
bation theoretic methods. They also attempt 
a higher standard of mathematical rigor than 
is usual in the bulk of field theoretic investiga¬ 
tions. An axiomatic treatment of local rela¬ 
tivistic quantum field theory has been given 
by Carding and Wightman whose version we 
follow for the case of a scalar field. They note 
first of all that what can be expected to be a 
well-defined linear operator is not the field 
itself <t>(x), but the field operator integrated 
with a test function/(x) 

4>(J) = fd4xf(x)dx. 

The test functions are complex-valued func¬ 
tions vanishing outside some compact set of 
space-time points and are infinitely differentia¬ 
ble. The notion of a scalar field is then defined 
as follows: 

Let 3C be the Hilbert space and {a, A} —> 
U(a, A) continuous representation of the in¬ 
homogeneous Lorentz group in 3C. It is sup¬ 
posed that no negative energy states exist in 3C 
and that a unique vector (the vacuum state) 
exists which is described by a vector satisfying 
U(a, A)T0 = To. A scalar field is then a linear 
operator valued functional defined for all test 
functions / vanishing outside some compact set 
and satisfying the following axioms: 

(I) The operators T(f) and T(f)* possess a 
common dense domain, 3, which is a manifold in 
3C satisfying T0 £ 3, 

U(a, A)3 C= 3, T(/)3 (= 3, T(f)*3 C= 3. 

(Ib) T(f) is weakly continuous in/: if <f> and 
T are 3 then (<h, T(/)T) is a distribution in the 
sense of Schwartz. (It is usually further as¬ 
sumed that (T, T(/)T) is a tempered distribu¬ 
tion.) 

(II) Under Lorentz transformations 

U(a, K)T{f)U~\a, A) - T(fla,A)) 

where/(a, A) (x) = /(A_1(x — a)). (This is the 
rigorous statement of the operator transforma¬ 
tion law U(a, A)</>(x)t/(a, A)-1 = <£(Ax + a) 
which defines <f> as a scalar field. 

(III) Local commutativity. Let / and g be 
two test functions with the property f(x)g(y) = 
0 for all x and y such that (x — y)2 > 0, then 

[im to] = o 
where [ , ] denotes the commutator. If 
one were to consider an odd-half integer spin 
field the commutator would have to be re¬ 
placed by the anticommutator (see connection 
of spin with statistics). 

Axioms I, II and III define the notion of a 
local scalar field in relativistic quantum theory. 
The axioms can easily be generalized to other 
types of fields. A set of fields Tj constitutes a 
complete description of a quantum mechanical 
system if it is locally commuting and if the set 
of states {.P(7’_,-)T} where P runs over all poly¬ 
nomials in Tj and T*j, is dense in the set of all 
physical states. A set of fields is locally com¬ 
muting if [Ti(g), Tff)] = 0 for all i and j and 
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for all test functions with the property f(x)g(y) 
— 0 for all x and y such that (x — y)2 > 0. 

When a relativistic quantum theory of a 
physical system possesses a complete descrip¬ 
tion in terms of fields satisfying axioms I, II 
and III one may call it a field theory, but if it is 
to describe natural phenonena at all it must 
contain in addition to fields also some particle 
observables. As a minimum it must contain 
those prediction of collision experiments which 
in the usual formulation are collected in the 
S-matrix. The standard way to do this is to 
impose the asymptotic condition on a set of 
fields of the theory. 

(IV) A scalar field 4>(x) satisfies the asymp¬ 
totic condition if (a) for every pair of vectors 
d> and T in 3 the limit 

lim ($, <*>(/, <o)*) = (*, 4>°u'(/)*) 
*0-*+=° 

lim (<t>, </>(/, <0)^) = (*L *"*(/)*) 
to-*-* 

where 

<*>(/, t0) = i f da^SW^ix) 
Jto 

when / a normalizable solution of the Ivlein- 
Gordon equation with mass m, exists and (b) 
the operators <j>in(f) and <t>oulU) defined by this 
equation are free neutral scalar fields of mass m, 
i.e., the fields <t>in(x) and cj>out(x) satisfy the 
differential equations and commutation rela¬ 
tions of the free field theory. If the set 4>in and 
<pout are irreducible, then there exist a unitary 
operator S such that 

4>°ut = s-yns. 
This matrix of S is the S-matrix. Using the 
set of operators <*>in and <t>out one can obtain 
explicit formulae for the stationary states de¬ 
scribing the collisions of beams of particle as¬ 
sociated with the field. For example, the 
stationary state in which two beams of spin 
zero mesons with four-momenta a and fi collide 
and give rise to their collision products is given 

by 
<t>in(fa)<t>in(flS^O- 

In spite of their very general character these 
axioms are extremely restrictive and already 
imply the TPC theorem, the connection be¬ 
tween spin and statistics and Haag s theorem. 

RELATIVITY, COMPOSITION LAW OF 
ACCELERATION IN. See acceleration, com¬ 

position law of. 

RELATIVITY, NEWTONIAN. The assump¬ 
tion that clocks and rigid measuring rods are 
unaffected by their motion relative to an ob¬ 
server, which leads to the Galilean transforma¬ 
tion equations. (Cf. relativity theory, special; 
relativity theory, general; Lorentz transforma¬ 
tions.) 

RELATIVITY PRECESSION. (Also called 
Thomas Precession.) A set of space axes that 
is both moving and accelerated has, as ob¬ 
served from an inertial reference system, an 
angular velocity of precession, 

[a X v] J 

v is the instantaneous velocity and a the in¬ 
stantaneous acceleration of the moving coordi¬ 
nate system. 

For small velocities, 

v X v 

RELATIVITY THEORY, GENERAL. (1) 
Ponderomotive law: 

m. 
/d2xl . dxT dxk\ 

U+IV^H‘ 

where F% is the impressed, non-gravitational 
force. (See also ponderomotive equation.) 

(2) Field equations 

Ruv 2 dff.vR ^9fn/ xRfiv (A) 

X is the cosmological constant, 

X = 
8-irG 

where G is Newton’s gravitational constant, 
RM„ is the contracted Riemann-Christoffel 
curvature tensor, R is the curvature scalar, 
Pis the matter tensor (also called stress- 
energy tensor). In the mass-point representa¬ 
tion of matter, X = 0 and the field equations 
are 

Rfj, - hfLvR = o (A') 

outside the mass points. However, the field 
equations are not satisfied at the locations of 
the mass points. The field equations (A) can 
be represented as the Euler-Lagrange equa¬ 
tions of a Hamiltonian principle: 
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= JJJJ' R^ ~Q dxldx2dx3dx4 

51 = 0 

(g is the determinant of the gM„). 
The variations of the gM„ and their first 

derivatives are assumed to vanish on the 
boundary of the four-dimensional domain D. 

In the presence of an electromagnetic field, 
the variational principle is 

I = yR ~ <l>n<r<t>lsa'SJ ^—9 dxldx2dx3dxi 

51 = 0 

where the covariant vector = (A; — c,<t>) 
(A = vector potential; cf> = scalar potential) 
and 

fypa 
dcfip d<t>a 

dxa 

In this variational principle, the <f>M and their 
first derivatives are also assumed to vanish on 
the surface of D. The resulting field equations 
are 

x 
Rfw ‘iSW-h* —2 2 9inv,t>po4>l> ) 

cr 

Rigorous solutions of the field equations, (a) 
Schwarzschild solution of a charged mass point 
at rest (m0 = mass; e = electric charge). 

ds2 = 8ij - 1 

1 

2 Gm0 Ge2 
1 --+ — 

+ 1 - 
2 Gm„ Ge2 
-1-7T 

r r 

„1\2 I fJ2\2 

dxldxJ 

dt2 i,j = 1, 2, 3 

i = + (*2)2 + (x3)2; & = — 
r 

(b) The field of an incompressible liquid 
sphere. 

(b-1) Interior of sphere (0 < y < ya) 

3 

ds2 = —— (dy2 + sin27c?02 + sin2> sin20d<f>2) 
X<rp 

- o2 (3c°syc0S7) ^ 

y = ya = surface of sphere 

= o 

(semicolon signifies covariant derivative). 
The ponderomotive equations for a charged 

particle are 

dx» 

ds 
-l r m 

i L pa 

dx* dxa 

ds ds 

e 

m0c3 

dxx 
rpg„x ~ = o 

(e = charge of particle). 
Conservation laws. There exist 4 conserva¬ 

tion laws which correspond to the conservation 
of momentum and energy in classical me¬ 
chanics: 

with 

where 

and 

t " 1 ( 911 x 

^ W\, " 

H = VPgg^iW - i;;rMp). 
If is the pseudo-stress energy tensor, caused 
by the gravitational field only. 

p = density 

8trG 

ds 

(b-2) Exterior of sphere ( 7a < 7 < 0 

h dR2 + R2(de2 + sin20d<t>2) 2 _ 
R — a 

2GM 

R — a 
o2-dt2 

R 

a = 

= “gravitational radius of the total M” 

where 

2/A ** < / sin 2y 
4 COS Ya l 7 

- 7a + 

sin 27a 
+ £ sin'! Ya — 

sin' 7] 

2 / 2 r 

The volume of the sphere is 

—m-^> 



771 • Relativity Theory, General 

The pressure in the interior of the sphere is 

cos y — cos 7a 
V = -- 

3 COS 7a — COS 7 

The Three Einstein Effects, (a) The advance 
of the perihelion of Mercury. One considers 
the motion of a small body (= “planet”) in the 
field of Schwarzschild mass (= “sun”) which 
is produced by a much larger mass. The parti¬ 
cle moves along a geodesic. The motion takes 
place in a plane. If polar coordinates r and 
<p are used, the resulting differential equations 
are 

(b) Deflection of light in a Schwarzschild field. 
The differential equation for the path of a light 
ray is 

3Gmu2 

If the right hand term is considered a perturba¬ 
tion, the zeroth order solution is 

cos 4> 
u =- 

R 

where R is a constant of integration; i.e., a 
straight line whose shortest distance from the 
Schwarzschild center is R. The first order 
approximation to the solution is 

or 

cos <f> Gm 
u =-+ -^ (! + sin2 4) 

R c R 

Gmr 
R = r cos 0 -|—-— (1 + sin <f>) 

c2R 

where m = Schwarzschild mass; c = velocity 
of light in flat space; h,k = constants of in¬ 
tegration; G — Newton’s constant of gravita¬ 

tion; u = - ; ds = four-dimensional, space-like 
r 

line-element. 
Equation (1) is the generalized law of the 

constancy of the areal velocity and equation 
(2) represents the conservation law of energy. 
Equation (3) differs from the Newtonian ex¬ 
pression by the small perturbation term 

. qqie approximate solution of Equa- 
cr 

tion (3) is found to be 

u = — [1 + € cos (1 - 8)<f>] (4) 
hr 

3 G2m2 
where t = eccentricity; 5 = - , y 2~ ‘ 

From Equation (4) it is seen that $ must 
increase by -1- 5) in order that u shall 
resume its original value, i.e., the perihelion 
advances by 

2tt8 
24ttV 

c2T2( 1 - e2) 

where a = semi-major axis of orbit; and T = 
period of revolution. 

For mercury it is about 43” per 100 years. 

or in Cartesian coordinates 

(Gm\ (*2 + 2 y2) 

\c2r) V^+V2 

the curve resembles a hyperbola. The deflec¬ 
tion 5 is 

4 Gm 

If R is the radius of the sun, and m its mass, 
5 = 1.75”. 
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(c) Red shift. An atomic clock defines an 
invariant four-dimensional time-like interval. 

la2 — gikdxldxk. 

If the clock is at rest, i.e., dx1 = dx2 = dx3 — 
0, then 

lo2 = ga (dx4)2. 

If two identical clocks, not subject to any non¬ 
mass-proportional forces, are located at two 
different space-time points, then 

dx(1)'l:<i.r(2)* = 
014 

(2) 

Since the periods of vibration are in the inverse 
ratio of the frequencies, one can also write 

"12>22 = ( 044(1>) • ( 044 (2>) • 

For weak gravitational fields 

4> 
~044 = 1 + 

C2 

where 0 is the gravitational potential at the 
location of the atomic clock. Therefore 

2 2 
V2 ~ V\ <t>2 ~ <t> 1 

If the frequencies v2 and vi differ very little 
from each other and if vx = vQ and <pi = 0, then 
approximately 

V2 ~ v0 

Vo 

<t>2 

Since <t>2 is always negative, the frequency shift 
from v2 — vQ is negative, hence a spectral line 
of an atom, located on the sun, is shifted to the 
red compared to the same line, if emitted by 
the same atom, if it is located on the earth. 

On the surface of the sun </>2 = — and 

Gm 

Gm 
*2 — K = + —— X0 

Re 

where m — mass of sun, and R = radius of sun. 

RELATIVITY THEORY, SPECIAL. Theory 
developed by Einstein based on the hypothesis 
that the velocity of light is the same as meas¬ 

ured by any one of a set of observers moving 
with constant relative velocity. According to 
Newtonian theory and the Galilean transfor¬ 
mation, the mechanical motion of an object 
with respect to an inertial system could be 
predicted from a knowledge of the forces act¬ 
ing on it and the initial conditions, inde¬ 
pendently of any knowledge of the motion of 
the inertial system itself. Einstein extended 
this to optical phenomena, postulating that 
these also could be described without knowing 
the velocity of the laboratory with respect to 
the rest of the universe. The null result of the 
Michelson-Morley experiment and of other at¬ 
tempts to measure the velocity of the labora¬ 
tory relative to the ether was then interpreted 
as an immediate consequence of a fundamental 
principle of relativity, that the equations of 
electrodynamics have the same form in all sys¬ 
tems in which the equations of mechanics are 
valid. From this principle, and the constancy 
of the velocity of light, it is possible to deduce 
the Lorentz transformation (appropriately 
modified in its interpretation so as to ignore 
the ether and to relate the observations of two 
observers moving with constant relative ve¬ 
locity). Since the Maxwell equations are co¬ 
variant under this transformation, but the 
equations of Newtonian mechanics are not, one 
is led to a modified description of the mechan¬ 
ics of particles which is in accord with the 
relativity principle. This description is indis¬ 
tinguishable from the Newtonian theory for 
systems in which all relative velocities are 
small compared with that of light, except 
that in this limit it also predicts that when a 
mass m0 is annihilated an amount of energy 
E = m0c2 is released. In the more general case 
the mass of a particle is given by m = ym0 
where m0 is its rest-mass and y = (1 — /?2) 
with (3 = v/c, v being the velocity of the par¬ 
ticle relative to the observer, and the expan¬ 
sion of E = me2 in powers of /? then yields 
E = m0c2 + y2m0v2 + • • • the second term 
being the kinetic energy of the particle in 
Newtonian mechanics. The momentum of a 
particle then appears as mv, and the rate of 
change of this expression with respect to the 
time is equal to the force acting on the par¬ 
ticle. The relation between the energy E and 
momentum p of a free particle then becomes 
E2 = p2c2 + m02c\ 

In addition to leading to such well-verified 
conclusions, special relativity theory was able 
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to yield also the few valid consequences of the 
ether hypothesis. It provided the first verifi¬ 
cation of the Mach principle by its insistence 
on the role of the observer in the description of 
phenomena which the observer measures (cf. 
quantum mechanics) and pointed out that 
even the simultaneity of two events at differ¬ 
ent positions is not an intrinsic property of 
those events, but depends also on the motion 
of the observer who is recording them. This 
result emerges from Einstein’s re-interpreta¬ 
tion of the Lorentz transformation, referred to 
above, and is related to the consequent re¬ 
interpretation of the Fitzgerald factor and to 
the relativistic slowing of clocks. 

The formal identification of a Lorentz trans¬ 
formation with a rotation in Minkowski space 
provides a basis for representing the equations 
of relativistic mechanics as relations between 
four-vectors analogous to representation of the 
non-relativistic equations as relations between 
vectors. In the same way that the latter rep¬ 
resentation ensures that the form of the equa¬ 
tions shall be independent of the particular 
directions in which the chosen set of orthogonal 
axes happens to point, so the Minkowski repre¬ 
sentation ensures that the equations of relati¬ 
vistic mechanics shall be independent of those 
in which Lorentz observer is involved. All 
observers moving with constant relative veloc¬ 
ity thus use equations of the same form to de¬ 
scribe the optical and mechanical phenomena 
which they measure. 

The theory has been generalized to include 
relatively accelerated observers (see relativity 
theory, general) and to include quantum phe¬ 
nomena (see quantum mechanics, relativistic). 

RELAXATION. (1) A method of successive 
approximations for solving a system of equa¬ 

tions 

(frii.Xl, %2, ’ ’ %n) = 0) ^ " ' ') ^ 

Given any approximate solution one 
evaluates the residuals <f>i(xjM) = RiM and 
selects the largest. If this is Ri>, one solves 
</>,-, = 0 for x,-»(|,+1) in terms of the other x(v), 
recomputes the residuals, and repeats. For 
machine computation, however, it is generally 
uneconomical to make the search and the steps 
are carried out in a preassigned cyclic order. 
Hence the term is sometimes extended to in¬ 
clude this method. The term was introduced 
by Southwell, but the method was used by 
Gauss for solving the normal equations. 

Some writers use the term for any iterative 
method. (See also matrix inversion.) 

(2) A term applied to the process by which 
a physical system reaches equilibrium or a 
steady state after a sudden change in condi¬ 
tions. For example, suppose that a plate of 
metal is in the presence of a magnetic field H, 
directed perpendicular to the plate. If the 
source of the field is suddenly removed, the 
flux inside the metal does not go to zero in¬ 
stantaneously. As it starts to decrease, eddy 
currents are induced in the metal, in such a 
direction as to oppose the change in flux. As 
a result, the flux decays exponentially with 
time. (See relaxation time.) 

The term relaxation is generally limited to 
processes or phenomena in which dissipative 
agents are present to such an extent that the 
system does not overshoot and then oscillate 
about the equilibrium state. 

Systems having a relaxation time r can, in 
general, respond readily to periodic changes 
that have a frequency much less than %ttt; 
they show very little response if the fre¬ 
quency is much greater than %ttt. The be¬ 
havior in the intermediate range of frequen¬ 
cies, 2irf 1/r, depends on the parameters of 
the system. 

(3) The term relaxation or relaxation func¬ 
tion denotes the stress variation due to load¬ 
ing by a step function of strain. For a linear 
viscoelastic material this is equal to the re¬ 
laxation modulus multiplied by the strain. 

RELAXATION FREQUENCY. In general 
terms, the inverse of the relaxation time. 
Sometimes, the inverse of 2?rr, where r is the 
relaxation time. 

RELAXATION FUNCTION. Sec relaxation 
(3). 

RELAXATION LENGTH. In the transport 
of neutrons and/or radiation, the overall mean 
free path for absorption is sometimes called 
the relaxation length. 

RELAXATION MODULUS. See modulus, 
relaxation. 

RELAXATION PHENOMENA. Any phe¬ 
nomenon in which a system requires an ob¬ 
servable length of time in order to reach 
equilibrium after sudden changes in condi¬ 
tions, forces, or effects which are applied to 
the system. 
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RELAXATION SPECTRUM. See relaxation 
time. 

RELAXATION TIME. In many material 
phenomena, the response to an abrupt change 
is often a time-measurable approach to equi¬ 
librium, frequently exponential. Examples 
are: (1) An abrupt change of magnetizing 
force usually does not produce an instantane¬ 
ous, corresponding change in magnetic induc¬ 
tion, but the new value is approached over a 
period of time. The time constant involved 
in such a phenomenon is often called relaxa¬ 
tion time; if equilibrium is approached expo¬ 
nentially it is the time for the variable quan¬ 
tity to change by the fraction (1 — 1/e) of the 
original departure from the equilibrium value. 
(2) A case closely related to the foregoing is 
that of a crystal in which all the spins are 
aligned by a magnetic field, which is then 
removed. The magnetic moment will then 
decay to zero; if this decay is exponential with 
time, of the form e~t/T, then r is the relaxation 
time. (3) The time for which an electron may 
travel in a metal before it is scattered, and 
loses its momentum. (4) The response of a 
Maxwell material to a step function of strain, 
of amplitude e0, is a stress a which varies with 
time according to: 

a = t0me~t/T. 

m is a modulus, and r is a constant known as the 
relaxation time. When a more general ma¬ 
terial is represented by a sequence of Maxwell 
elements in parallel, the associated sequence of 
relaxation times, r,-, gives the discrete relaxation 
spectrum. For such a material, step function 
straining gives the response: 

= t0 Yh nne~llT<. 
i 

General linear viscoelastic behavior corresponds 
to the continuous generalization of this: 

<x = e0f H(T)e~tlTdT. 
Jo 

H{t) is then the relaxation spectrum, some¬ 
times expressed in terms of the variable In r 
instead of t. 

RELIABILITY. If a measured quantity y can 
be written in the form 

y = a + b + c 

where a is constant, b varies from one individual 
to another with variance a2, and c (represent¬ 
ing errors of measurement, etc.) varies from 
one measurement to another on the same indi¬ 
vidual with variance a2, the coefficient of reli¬ 
ability is defined by 

that is to say, it is the proportion of the total 
variance accounted for by the component b. 
The quantity “reliability” is sometimes meas¬ 
ured by a2. 

RELUCTANCE. In a magnetic circuit, the 
ratio of the magnetomotive force to the flux. 
(See Bosanquet law.) 

REMAINDER. The difference obtained when 
an approximation is subtracted from the quan¬ 
tity being approximated; hence a correction. 
(See remainder formulas.) 

REMAINDER FORMULAS. This term will 
be applied here to any formula expressing the 
remainder in approximating a function, or an 
integral or a derivative of it. A quite general 
one is the following: Let 

m = p(x) + R(X) 

where P(x) is the polynomial of degree n that 
interpolates /(x) at the points x0, xj, • • •, xn, 
and let 

w(x) = (x - x0)(x — xO • • • (x — x„). 

Then 

R(x) = w(x) 

/(n+1)[x + <o(x0 - x) + t\ (Xj - X0) 

“h ‘ ' ‘ ~f- l)]dfo ‘ * ’ dfn* 

It is not required that the X; be distinct, and, 
in fact, if x0 = Xi = • • • = x„ one has a form of 
the remainder for Taylor series. 

A somewhat simpler form is 

R{x) = <o(x)jf(n+1 >(£)/(» + 1)!, 

where, however, of £ one knows only that it lies 
on the interval containing all n + 2 abscissae: 
x, x0, xi, • • - , x„. 

These same formulas provide remainders for 
numerical differentiation formulas provided 
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the derivative is to he evaluated at one of the 
points .r„ since 

«'(*<) = «'(s,-)/(n+1)(*)/(n + 1)!. 

For remainders in the quadrature formulas, 
refer to these hy name. 

REMAINDER THEOREM. Sec algebraic 
equations. 

REMANANCE. The residual magnetic in¬ 
duction when the magnetizing field is reduced 
to zero from a value sufficient to saturate the 
material. (See magnetization curve.) 

REMOVABLE DISCONTINUITY. See dis¬ 
continuity. 

RENEWAL THEORY. A piece of physical 
equipment may comprise several components, 
each with a “life” of service. “Death,” that is 
to say, failure of a component, involves re¬ 
newal, and the theory of such complexes is 
called renewal theory. Where failure follows 
a probability law the theory may be regarded 
as part of the theory of stochastic processes. 

RENORMALIZATION. See divergences, re¬ 
moval of; self-charge; mass renormalization; 
mass and charge renormalization. 

REPEATABILITY. A measure of deviation 
of test results from their mean value, all deter¬ 
minations being carried out by one operator 
without change of apparatus in those cases 
where the manner of handling apparatus can 
alter results. 

REPOSE, ANGLE OF. The maximum angle 
with the horizontal at which an object on an 
inclined plane will retain its position without 
tending to slide. The tangent of the angle of 
repose equals the coefficient of static lriction. 
(Cf. friction, coefficient of.) 

REPRESENTATION (SINGLE-VALUED 
OF A SURFACE S ON A SURFACE S'). 
If to each point of a surface S there corre¬ 
sponds one and only one point of a surface 
S', the surface S' is a single-valued representa¬ 
tion or single-valued mapping of S. If, in ad¬ 
dition, to each point of S' there corresponds 
one and only one point of <S, the surface »S is 
said to be a one-to-one representation or one- 
to-one mapping of S. If S' is a one-to-one 
representation of S and the angle between any 
two linear elements on S at a generic point P 

of S is equal to the angle between the corre¬ 
sponding linear elements of S', then S' is a 
conformal representation or conformal map¬ 
ping of S. The ratio between the length of a 
linear element at a point of S' and the length 
of the element of S to which it corresponds is 
called the linear magnification of the con¬ 
formal representation at that point. If the 
linear magnification is unity for all points, the 
representation is an isometric conformal repre¬ 
sentation. The surfaces S and S' are then ap¬ 
plicable surfaces. 

REPRESENTATION, IRREDUCIBLE. An 
irreducible matrix which is a representation 
of an operator. (See representation theory, 
quantum mechanical.) 

REPRESENTATION OF GROUPS. A rep¬ 
resentation of a group G is a mapping (corre¬ 
spondence) which associates to every element 
g of G a linear operator Tg in a certain vector 
space V, such that group multiplication is pre¬ 
served and the identity e of G is mapped into 
the identity I in V. That is, if e, g\, g2 • • • are 
the elements of G and if to these elements are 
associated the linear operations Te, Tg , Te , 

• • • etc., in V, the correspondence g —*Tq is 
said to form a representation of the group if 

Te = / (a) 

Tg]Tg2 = Tglg2. (b) 

If Tg is represented by a matrix, one speaks of 
a matrix representation. A subspace V\ of V 
is said to be invariant under the representation 
g —► Tg, if all the vectors v m. V\ are trans¬ 
formed by Tg into vectors a'again in Kj and 
this for all Tg. If the only subspaces of V wdiich 
are invariant under the representation g —> Tg 
consist of the entire space and the subspace 
consisting of the null vector alone, one calls 
the representation irreducible. 

For compact groups, it is always possible to 
define a scalar product in V such that their 
representations in V are unitary, i.e., such 
that the operators Tg are all unitary: Tg* = 
Tg-1 = Tg-i. Furthermore, the study of the 
unitary representations of compact groups can 
be reduced to the study of irreducible represen¬ 
tations. For if there exists a subspace V\ of 
V invariant under Tg, then the orthogonal 
complement of V\, Fix, i.e., the set of all 
vectors orthogonal to V\ is also invariant under 
Tg. Thus V has been split onto two invariant 
subspaces. This process can be continued 
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until one deals with only irreducible represen¬ 
tation. For compact groups it is known (Peter- 
Weyl theorem) that this inductive process of 
decomposing invariant subspaces into invariant 
subspaces terminates: the irreducible represen¬ 
tations are all finite dimensional and every rep¬ 
resentation is a direct sum of irreducible finite 
dimensional representations. Finally, it should 
be noted that in general one is interested only 
in inequivalent irreducible representations. 
It is also usual to only consider continuous 
representations, i.e., representations g —> Tg 
such that (v, Tgw) is a continuous function of 
g for every pair of vectors v and w in V. 

REPRESENTATION OF GROUPS AND 
QUANTUM MECHANICS. For quantum 
mechanical applications one is actually only in¬ 
terested in ray representations of G on V, i.e., 
in the correspondence g —> Tg between elements 
g of G and operator rays Tg; Tg maps onto it¬ 
self the linear set 9TI of rays corresponding to 
physically realizable states and preserves transi¬ 
tion probabilities (see symmetry principles 
and quantum mechanics). It can be shown 
that for each ray correspondence Tg one can 
determine an essentially unique vector cor¬ 
respondence T'g which is arbitrary only up to 
a complex multiplicative factor of modulus 1. 
The T'g then satisfies 

T'gT' g2 = u}(g1g2)T'gm (a) 

where co(<7i<72) is a complex number of modulus 
one depending on g\ and g2. A correspondence 
g —> T'g satisfying (a) is known as a representa¬ 
tion up to a factor of G. It has been shown 
that by a suitable restriction of the arbitra¬ 
riness of T’g (T'g and eiagT'g represent the 
same correspondence) that for the three- 
dimensional rotation group and the re¬ 
stricted Lorentz group w can be taken as 
equal to ±1 and that for the Galilean group 
w can be expressed by a fairly simple expression. 

The importance for quantum mechanical 
applications of determining all unitary repre¬ 
sentations of a relativity group G, comes from 
the fact that the knowledge of such a unitary 
representation can in effect, replace the wave 
equations for the system under consideration. 
For example, if one used a description of the 
system in the Heisenberg picture in which 
the Heisenberg state \^h) coincides with 

I'f/s(to))> the Schrodinger picture state at 
time t = 0 in a given Lorentz frame, then the 
Schrodinger state vector at time tQ can be ob¬ 

tained by transforming to a frame 0' for which 
t’ = t — t0, while all other coordinates remain 
unchanged. If L is this transformation then 

I Ut0))s = U(L)\M0)). 

Thus a determination of all the unitary repre¬ 
sentations of the inhomogeneous Lorentz 
group, for example, is equivalent to a de¬ 
termination of all possible relativistic wave 
equation equations. 

REPRESENTATIONS OF THE INHOMO¬ 
GENEOUS LORENTZ GROUP. The repre¬ 
sentation on a Hilbert space 3C of the group 
of inhomogeneous Lorentz transformations by 
linear operators U(a, A) which satisfies 

U(ah Ai)U(a2, A2) 

= w(ai, Ai; a2A2)U(cii + Aia2; AjA2) 

where |w| = 1. It can be shown that for the 
restricted group a> can be chosen to be =tl. 
For the pure translations 

U(a, 1) = e**#*" 

where pM, g = 0, 1,2, 3 are self adjoint operators 
which have the physical interpretation of being 
the observables of energy (g = 0) and momen¬ 
tum (g = 1, 2, 3). From the multiplication 
law of the group it follows that the spectrum 
of p is invariant under restricted Lorentz 
transformations. The physical requirement 
that there be a lower bound on the energy to¬ 
gether with the group multiplication law then 
requires that U(is), the representation for the 
space inversion is\ = (x°, — x), be unitary and 
that {7(0, it), the representation for the opera¬ 
tion of time inversion, be anti-unitary. It can 
be shown that every (continuous) representa¬ 
tion is a direct integral of irreducible represen¬ 
tations. 

The irreducible representation of the inhomo¬ 
geneous Lorentz group can be classified accord¬ 
ing to whether PM is a space-like, time-like or 
null vector, or PM is equal to the zero vector. 
For this last case pM = 0, the complete system 
of unitary transformations coincides with the 
complete system of infinite dimensional uni¬ 
tary representations of the homogeneous group. 
The representations of principal interest for 
physical applications are those for which P^P" 
= to2 = positive constant or pMpJll = 0. 

Each of these irreducible representations of 
the restricted group has a definite value of 
PMPM = m2, where the non-negative real num- 
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her m is the mass of the system. For m 9^ 0 
the distinct irreducible representations are 
labeled by the spin j which takes on the value 
0, 11 % ■ ■' • For m = 0 there are two 
classes of representations; one of these classes 
can be labeled by a spin ztj with j = 0, x/i, 1, 
• • • and which satisfies u>M = , W = 
= 0 where wK = P\M^\ Mm„ being the 
infinitesimal generator for Lorentz transforma¬ 
tions in the nv plane. The second class are 
those which W = 9^ 0. 

For the group including inversions, mass and 
spin still continue to label distinct irreducible 
representations, but for m 0, there are four 
irreducible representations for each mass and 
spin corresponding to the four possibilities 
U(it)2 = ±1, U(0, Mi)2 = ±1. 

The representations for the case p2 < 0 have 
been classified but they do not appear to be of 
physical interest, as they would correspond to 
systems with space-like moments which could 
have arbitrarily high negative energies. 

REPRESENTATION, SPHERICAL. See 
spherical representation of a surface. 

REPRESENTATIVE ENSEMBLE. An en¬ 
semble chosen so as to represent as well as 
possible a physical system about which our 
knowledge is incomplete. 

REPULSIVE POTENTIAL CURVES IN A 
MOLECULE. A potential curve (see poten¬ 
tial functions of a molecule) without a mini¬ 
mum. Repulsive potential curves are char¬ 
acteristic of unstable electronic states of the 
molecule. 

RESIDUE. If f(z), a function of the complex 
variable z, has a pole at z = z0 so that it may 
be expanded in a Laurent series 2a„(z — Zo)n, 
then the coefficient a~y is the residue of the 
function at the point Zo. Determination of 
the residues of a function, makes it possible to 
evaluate an integral in the complex plane by 
the Cauchy theorem. 

The concept of the residue is relevant to 
the theory of functions of a complex variable 
and in particular to the evaluation of contour 
integrals and, in the feedback field, of the 
Laplace inversion integral (see Laplace trans¬ 
form ). 

If, in the neighborhood of a point s = su in 
the complex plane of s, a function F(s) is 
capable of expansion in the form 

00 n 

F(s) = ar(s - soy + br(s - s0)~r 
o 1 

where bn 9^ 0, then F(s) is said to have a pole 
of order n at s = s0 and by is the residue of 
F(s) at that pole. 

Alternative expressions for the residue by are: 

(i) by = — f F(s)ds around an infinites- 
2 irJ 

imal circle with center s = s„ 

(ii) 1 /d\n—1 
b i=~-—-limf—) {F(s)(s — s0)n\. 

(n — 1)! 8-*80\ds/ 

For a first order pole this reduces to 

by = lim {(s - s0)F(s)} 

RESIDUAL RESISTANCE. That part of the 
electrical resistance of a metal which is inde¬ 
pendent of the temperature, and hence remains 
when the resistance due to scattering of the 
electrons by lattice vibrations is made small 
at low temperatures (see conductivity, elec¬ 
trical). Residual resistance is caused by im¬ 
purities and imperfections in the crystal, and 
lienee may be reduced by purification, anneal¬ 

ing, etc. 

RESIDUAL STRESSES. Stresses remaining 
in a body free of surface traction or other load 
and at uniform temperature. Residual stress 
may be produced by fabrication processes such 
as rolling, welding, riveting, or heat treatment, 
by local plastic deformation, by autofrettage, 
etc. (See reaction stresses.) 

If the order of the pole is unknown the 
above formula may be used with suc¬ 
cessively increasing values of n. The 
first value of n yielding a finite result 
(whether zero or not) is the order of the 
pole and the finite result is the value of 
the residue. 

(iii) by = coefficient of (s — s0)~1 in the 
partial fraction expansion of F(s), 
assuming that this can be carried out. 

RESIDUE THEOREM. If F(s) is analytic 
on a contour and is analytic within the contour 
except at a finite number of poles or essential 
singularities then the integral of F(s) around 
the contour (anticlockwise) is equal to 2wi 

times the sum of the residues of F(s) at those 
of its poles within the contour. 
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RESILIENCE. The resilience of a body- 
measures the extent to which energy may be 
stored in it by elastic deformation. The im¬ 
plication of the word “stored” in the above 
definition is that this energy may be released 
in the form of mechanical work when the force 
causing the elastic deformation is removed, 
and that resilience is a property of a material 
within its elastic limit. The “modulus of re¬ 
silience” is the maximum energy storage in a 
unit volume of the material. In practical units 
it is the inch pounds of energy stored in a cu. 
in. of the material stressed to the elastic limit. 
The modulus of resilience is directly propor¬ 
tional to the square of the stress, and inversely 
proportional to the modulus of elasticity. It 
is equal to the area under the stress-strain 
diagram up to the elastic limit, or 

1«T2 

2 E 

in which E is the modulus of elasticity and a 
is the elastic limit. 

RESISTANCE, ACOUSTIC. Real component 
of acoustic impedance (see impedance, acous- 

rA 

uzzzzzzzzzn 
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Graphic representation of the element, acoustical re¬ 
sistance, Ta. 

tic); the unit generally used is the acoustic 
ohm. 

RESISTANCE, ACOUSTIC FLOW (DC 
ACOUSTIC RESISTANCE). The quotient 
of the pressure difference between the two 
surfaces of a sound absorbing material, in 
dynes/cm2, by the volume current through the 
material in cm3/sec. The unit is the acoustic 
ohm. 

RESISTANCE, ELECTRIC. Electrical re¬ 
sistance is the factor by which the square of 
the instantaneous conduction current must be 
multiplied to give the power lost by dissipation 
as heat or other permanent radiation of energy 
away from the electric circuit. The unit of 
electric resistance is the ohm. (See also 
Ohm’s law; resistance (specific).) 

RESISTANCE, FLUID. See viscosity; fluid 
friction. 

RESISTANCE, MECHANICAL RECTILIN¬ 
EAL. See mechanical rectilineal resistance. 

RESISTANCE, MECHANICAL ROTA¬ 
TIONAL. See mechanical rotational resist¬ 
ance. 

RESISTANCES IN A-C CIRCUITS. The re¬ 
sistance of a conductor is not, in general, in¬ 
dependent of the frequency of the current flow¬ 
ing in it, because of the effects of distributed 
inductance and capacitance and of skin ef¬ 
fects. To a reasonable approximation, a re¬ 
sistor may be considered equivalent to a pure 
resistance R in series with an inductance L 
and with a capacitance C in parallel with the 
combination. The impedance of such a com¬ 
bination is 

Z-(R + iuL)/( 1 - w2LC + iwCR) 

where i is y/ — 1 and w is the 27r times the fre¬ 
quency. At very low frequencies the real part 
of Z, or the effective resistance, is found to be 
approximately equal to R, but the resistor also 
has a reactance w(L — CR2). The quantity 
in parentheses is called the effective inductance; 
its ratio to R is the time constant of the resistor. 
Only when the time constant is small compared 
with the inverse of the frequency will a resistor 
behave like a pure resistance. At very high 
frequencies, the effective resistance is i?(l — 
«2C2R2); the resistor acts as a pure reactor 
when w = 1 /CR. However, at such frequencies 
the skin effect may increase the value of R so 
greatly that the approximation involved in 
assuming this quantity to be constant is a very 
bad one. The problem must then be considered 
in greater detail. 

RESISTANCE, SPECIFIC (RESISTIVITY). 
A proportionality factor characteristic of dif¬ 
ferent substances equal to the resistance that 
a centimeter cube of the substance offers to 
the passage of electricity, the current being 
perpendicular to two parallel faces. It is de¬ 
fined by the expression: 

where R is the resistance of a uniform conductor, 
l is its length, A is its cross-sectional area, and 
p is its resistivity. Resistivity is usually ex¬ 
pressed in ohm-centimeters. 

RESISTANCE, SPECIFIC ACOUSTIC. The 
real component of the specific acoustic im¬ 
pedance. (See impedance, specific acoustic.) 
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RESOLUTION. A term used in a number of 
specific cases in science to denote the process 
of separating closely-related forms or entities 
or the degree to which they can be discrimi¬ 
nated. The term is most frequently used in 
optics to denote the smallest extension which 
a magnifying instrument is able to separate 
or the smallest change in wavelength which 
a spectrometer can differentiate. In this last 
sense, it is defined as the ratio of the average 
wavelength (wave number or frequency) of 
two spectral lines, which can just be detected 
as a doublet, to the difference in their wave¬ 
lengths (wave numbers or frequencies). The 
term resolution is also applied to such varied 
processes as the separation of a racemic mix¬ 
ture into its optically-active components or as 
the breaking up of a vectorial quantity into 
components. 

RESOLUTION OF FORCES. See forces, 
resolution of. 

RESOLUTION SENSITIVITY. The mini¬ 
mum change in the measured variable which 
produces an effective response of the instru¬ 
ment or automatic controller. 

RESOLUTION, VECTOR. See vector reso¬ 
lution into solenoidal and irrotational vectors. 

RESOLVENT OF AN INTEGRAL EQUA¬ 
TION. See Liouville-Neumann series. 

RESOLVING POWER. (1) The ability of 
an optical system to resolve, i.e., separate, two 
entities, such as the ability of a telescope to 
separate the images of the two stars of a dou¬ 
ble star, the ability of a microscope to sepa¬ 
rate the images of two points which are close 
together, and the ability of a spectroscope to 
separate two spectral lines. Most studies of 
resolving power are based on the Rayleigh 
criterion of resolving power, (la) The re¬ 
solving power of a microscope for two self- 
luminous points is given by the relation d = 
1.220A (2 N.A.) where d is the linear sepa¬ 
ration of the two points, A is the wavelength 
used, and N.A. is the numerical aperture of 
the object lens, (lb) Most telescopes have 
large objective lenses in order to have laige 
light-gathering power, and to have high reso¬ 
lution. This high resolution may produce re¬ 
solved images too close together to be resolved 
by the human eye. Hence an eye-lens or ocu¬ 
lar is included in the system for the purpose of 

magnifying the initial image so that the eye 
can see it as resolved. Note that no amount 
of magnification of the initial image can in¬ 
crease the resolving power of the telescope over 
the resolving power of the objective lens. The 
angular resolving power of a telescope is 1.220 
A/2r radians where r is the radius of the ob¬ 
jective lens, (lc) The chromatic resolving 
power of a prism, or prisms, is A/AA = tdn/dk 
where t is the total length of the base. (2) By 
extension, the term applies to instruments sep¬ 
arating particles. The resolving power of a 
mass spectroscope is the highest value of the 
ratio m/Am for the complete separation of the 
mass spectrum lines differing by Am in mass. 
(3) In a unidirectional antenna, the resolving 
power is the reciprocal of its beam width, 
measured in degrees. The resolution of a di¬ 
rectional radio system can be different from 
the resolving power of its antenna, since the 
resolution is affected by other factors. 

RESONANCE. (1) Every physical system, 
in general, has one or more natural vibration 
frequencies characteristic of the system itself 
and determined by constants pertaining to the 
system. Thus a flexible string of length l and 
mass S per unit length, and subjected to a ten¬ 
sion f, will, if struck or plucked and left to 
itself, vibrate with frequencies equal to 

- f- 21 \ 5 

and to various integral multiples thereof (over¬ 
tones). If such a system is given impulses 
with some arbitrary frequency, it will neces¬ 
sarily vibrate with that frequency even though 
it is not one of those natural to it. These 
“forced vibrations” may be very feeble; but 
if the impressed frequency is varied, the re¬ 
sponse becomes rapidly more vigorous when¬ 
ever any one of the natural frequencies is ap¬ 
proached, its amplitude often increasing many 
fold as exact synchronism is reached. This 
effect is known as resonance. The many uses 
of this conception in present-day science stem 
from this initial use in mechanics or acoustics 
to denote a prolongation or reinforcement of 
sound by induced vibration. Such acoustical 
(and mechanical) resonance can often be rep¬ 
resented by a differential equation of the form 

d2x dx 
M —- +72-\- Sx — A cos wt 

dt2 dt 
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Table of Properties of Resonant Systems 

d2x dx 
M —- + ft — + Sx = A cos ut 

dts dt 

At Velocity Resonance At Displacement Resonance 

Frequency 1 ^ 
2tt \ M b 

IS ft2 
V M 2 AP 

Amplitude of displacement 
A A 

ftA 
IS ft2 

Jm 4 M2 

At t he Natural Frequency 

JL Is R i 
4M2 

A 

Amplitude of velocity 
ft 

TT 

2 

Bj 1 + 
4 MS - 2ft2 

A 

*vi + 

ft2 

16 MS - 4 ft2 

4 
, j\6M,S 

tan 
Phase of displacement with 

reference to applied force 

For values of ft, small compared to s/sM, there is little difference between the three cases discussed above. 

which permits a mathematical statement of 
velocity resonance and displacement reso¬ 
nance. In the former, a small change in the 
frequency of the applied force causes a de¬ 
crease in velocity at the driving point; while 
in the former it causes a decrease in the am¬ 
plitude of displacement. 

Resonance phenomena are exhibited by all 
systems in motion, including atomic, molecu¬ 
lar, and electronic systems, which are treated 
by quantum-mechanical methods. (See reso¬ 
nance, quantum-mechanical; magnetic reso¬ 
nance; resonance, electrical; resonance effect.) 

RESONANCE EFFECT (R. EFFECT). For 
many substitution reactions on aromatic nu¬ 
clei in solutions, the reagent is a positive ion 
(Br+, N02+). Those electrophilic groups re¬ 
act preferentially with the more electronega¬ 
tive sites on the aromatic nucleus. Consider 
the example of bromobenzene; one can write 
the resonance formulas 

Br 

X 

Br+ 

II 
A_ 

V 
The resonance (R) effect enhances the elec¬ 

tronegativity of the para and ortho sites, and 
leads to a preferential ortho-para electrophilic 
substitution. (See induction effect; molecular 
diagrams.) 

RESONANCE, ELECTRICAL. There are 
two types of electrical resonance, series reso¬ 
nance and parallel resonance, as explained in 
the following discussion. In an a-c circuit con¬ 
taining inductance and capacitance in series 
(see Figure la) the impedance is given by 

Z = R+j 
1 

wC_ 

where R is the resistance, w is 2n times the 
frequency, L is the inductance, and C, the 
capacitance. It can readily be seen that at 
some frequency the terms in the bracket will 
cancel each other, and the impedance will 
equal the resistance alone. This condition, 
which gives a minimum impedance (and thus 
a maximum current for a fixed impressed volt¬ 
age) and unity power factor is known as series 
resonance. Where the resistance is small the 
current may become quite large. As the volt¬ 
age drop across the condenser or coil is the 
product of the current and the impedance of 
that particular unit, it may also become very 
large. The condition of resonance may even 
give rise to a voltage across one of these units 
which is many times the voltage across the 
whole circuit, being, in fact, Q times the ap¬ 
plied voltage for the condenser and nearly the 
same for the coil. This is possible since the 
drops across the coil and condenser are nearly 
180° out of phase and thus almost cancel one 
another, leaving a relatively small voltage 
across the circuit as shown in Figure 16. For a 
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circuit composed of an inductance unit in 
parallel with a capacitance the opposite effects 
of these two types of reactance will counteract 
one another at some frequency and produce 

added binding energy of a molecule due to 
quantum mechanical resonance. (See reso¬ 
nance, quantum mechanical; valence bond 
method.) 

/ / 

Series Parallel 

(&) Vector Relations 

Fig. 1. Diagrams (a) and phase relations (b) of 
resonant circuits. 

unity power factor for the circuit. This is 
parallel resonance or antiresonance as it is 
sometimes called. In such a circuit the cur¬ 
rents in the individual branches may be many 
times that in the line since they are out of 
phase and combine vectorially to give the line 
current. The impedance of a parallel reso¬ 
nant circuit is very high, its behavior being 
almost identical with that of the current in a 
series circuit if the Q of the parallel circuit is 
above 10. 

RESONANCE ENERGY IN THEORY OF 
MOLECULAR STRUCTURE. See resonance, 
quantum mechanical. 

RESONANCE ESCAPE PROBABILITY. In 
a system of infinite extent, the probability, de¬ 
noted p, that a neutron will slow down from 
an initial energy below the relevant fast-fission 
thresholds to final thermal energies without 
being captured. In finite systems, p is de¬ 
pendent upon the effects of neutron leakage, 
and is an extensive rather than an intensive 
quantity. 

RESONANCE, FERMI. See Fermi reso¬ 
nance. 

RESONANCE, FERROMAGNETIC. See 
ferromagnetic resonance. 

RESONANCE INTEGRAL. (1) In the mole¬ 
cular orbital method, the wave function of an 
electron in a double bond, or in a set of conju¬ 
gated double bonds, is usually assumed, in a 
first approximation, to be given by a linear 
combination of “atomic orbitals” (LCAO 
method): 

'P = 12 Ck<Pk 
k 

Ck is a measure of the probability of finding 
the electron in the vicinity of nucleus k. 

When one calculates the energy of the mole¬ 
cule, there appear various integrals of which the 
resonance integral is of the form 

RESONANCE ENERGY. (1) The kinetic 
energy, measured with reference to the labora¬ 
tory system, of a particle that will be cap¬ 
tured or scattered preferentially because of 
the presence of an appropriate resonance level 
in the compound nucleus (incident particle 
plus target nucleus). The relation of the reso¬ 
nance energy Ere8 to the energy of excitation 
Eexc of the resonance level above the ground 
state of the compound nucleus is given by the 
expression 

Ere. = {E. -Eb) 
mass of compound nucleus 

mass of target nucleus 

where EB is the binding energy of the incident 
particle in the compound nucleus. (2) The 

fiik = 

where H is the Hamiltonian function. 
The contribution of the resonance integral 

to the bond energy is positive or negative 
depending on the sign of the product CjCfc. The 
resonance integral may become very large when 
the energies of the two orbitals are almost 
equal. 

(2) In the study of neutron-absorption nu¬ 

clear reactions, the quantity Ir f dE (F\ 
t 

evaluated for a particular nuclide, is known as 
the resonance integral. In the formula, ua(E) 
is the absorption cross section expressed as a 
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function of neutron energy, E, and the range 
of integration extends from “cadmium cut-off” 
energy (~0.4 ev) to a characteristic energy 
of fission. In the case of neutron modera¬ 
tion by an extremely dilute mixture of fuel 
and moderator, the resonance escape proba¬ 
bility is simply related to lr. Indeed, p = 

N0 1 . 
exp ~W7~Ir 

to the moderator. 

where subscript (1) refers 

RESONANCE INTEGRAL, EFFECTIVE. 

In the theory of the slowing down of fast 
neutrons through interaction with matter, the 
effective resonance integral is defined in terms 
of the resonance escape probability, p, through 
the expression: 

p = exp 
N0V0 1 

N1V1 b. 
(Ir)cff ■ 

Here, V0, Vj are the volumes occupied by fuel 
and moderator, respectively (F0 = V\ in a 
homogeneous mixture), N0 and N\ are the 
number densities of fuel and moderator atoms, 

bs = X) ■ for an n-component moderator, 
; = 1 _ 

and (Ir)eff is the effective resonance integral. 
For a dilute, homogeneous system, the effective JdE 

— oa{E). (See 

resonance integral.) 

RESONANCE, MAGNETIC. Particles with 
intrinsic magnetic moments have quantized 
energy levels when placed in a magnetic field of 
flux density B (see energy states, magnetic). 

The possible energy states are given (in MIvSA 
units) by E = mguB.NB, where m is the mag¬ 
netic quantum number, g the gf-factor and 
hb.n is either ub, the Bohr magneton for elec¬ 
trons, or gAr the nuclear magneton for protons 
or nuclei. A small oscillatory magnetic field 
Bx = B' sin a>t, at right angles to the much 
stronger constant field B, can induce transi¬ 
tions between these levels if the Bohr fre¬ 
quency condition w0 = E/h = guB.NB/h is 
satisfied. 

RESONANCE MODEL, NEUTRON. See 

neutron resonance model. 

RESONANCE, PARAMAGNETIC. Mag¬ 
netic resonance involving electron magnetic 
moments and their associated spins (see res¬ 

onance, magnetic). A free electron placed in 
a magnetic field of flux density B can orient its 

spin and magnetic moment either parallel or 
antiparallel to the field. The energies associated 
with these two states are E = ± Yidv-nB where 
the gf-factor is 2 for a free electron, and ub is the 
Bohr magneton. A small alternating magnetic 
field at right angles to B can induce transitions 
between these two states if its radian frequency 
is u) = guBB/fi, where fi is the Planck constant 
divided by 2tv. For magnetic fields of a few 
kilogauss («0.1 Wb/M2), the resonance fre¬ 
quency lies in the centimeter region of micro- 
waves, and measurements are made by micro- 
wave absorption methods. 

RESONANCE, QUANTUM MECHANICAL. 

In the theory of valence bonds it is often pos¬ 
sible to envisage two or more alternative ar¬ 
rangements of the bonds between the atoms in 
a molecule, both arrangements being of the 
same energy because of the symmetry of the 
geometrical configuration. In the method in¬ 
troduced by L. Pauling, the wave function ob¬ 
tained for the actual molecule is a linear com¬ 
bination of the wave functions corresponding 
to the separate structures. Thus, for example, 
in the benzene ring, there are two obvious 
ways of putting in the three double bonds. 
But such degenerate states, in quantum the¬ 
ory, may always be combined, in any propor¬ 
tions. In fact, there will usually be further 
interaction terms, such as the Coulomb energy 

between the bonding electrons, which will tend 
to stabilize a mixture of the two or more states, 
at a lower energy than either separately. One 
then says that the energy of the system is low¬ 
ered by “resonance” between the two alterna¬ 
tive arrangements of the bonds; or, equiva¬ 
lently, that the molecular binding energy is 
increased thereby, with consequent stabiliza¬ 
tion of the molecule. The amount of the 
change is called resonance energy, and the 
structures, resonating structures. (See also 

exchange energy.) 

RESONANCE, SHARPNESS OF. If a stress 
which varies sinusoidally with time is applied 
to a mechanical system, and the frequency of 
the stress is close to one of the frequencies of 
free vibration of the mechanical system, the 
amplitudes of the displacement and of the par¬ 
ticle velocity produced in the system are found 
to be large. This is the phenomenon of reso¬ 
nance. The frequency at which the maximum 
amplitude occurs is called the resonant fre¬ 
quency. The rapidity with which the value 
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of the displacement amplitude or the particle 
velocity amplitude falls off, as the frequency 
of the applied stress departs from the resonant 
frequency, is a measure of the damping in the 
system. The sharpness of resonance is gen¬ 
erally defined as N/(NX — N2), where N is 
the resonant frequency and Nx and No are fre¬ 
quencies on either side of the resonant fre¬ 
quency at which the amplitude has 1/V2 
times its maximum value (so that the power 
at Ari and AT2 have half the value at N). The 
quantity N/(Ni - N2) is often denoted by Q, 
the “Q” of a system being considered as a fig¬ 
ure of merit with regard to absence of damp¬ 
ing. Conversely, the reciprocal of the sharp¬ 
ness of resonance is used as a measure of 
damping and is sometimes called the half 
width of the resonance peak. When used in 
this form, N, and No are often taken as the 
values at half amplitude rather than at half 
power. AN is then used to denote (iVi — No), 
and aN/N is a measure of the damping, which 
can be related to other methods of defining 
internal friction (see friction, internal). 

In treating mechanical resonance, it should 
be noted that in the presence of damping the 
resonant frequency for maximum particle ve¬ 
locity is not the same as the resonant fre¬ 
quency for maximum displacement, and where 
confusion can arise, displacement resonance or 
particle velocity resonance should be specified. 
(See oscillation, forced.) 

RESONANCE SPECTRUM. Sec spectrum, 
resonance. 

RESONANCE THEORY OF ATMOSPHE¬ 
RIC OSCILLATIONS. A theory, originally 
put forward by Kelvin, to explain the large 
amplitude of the semi-diurnal wave of baro¬ 
metric pressure. This wave is of much larger 
amplitude than either the solar or lunar (di¬ 
urnal or semi-diurnal) equilibrium tides, and 
this can only be explained by assuming either 
that 12 hours is a natural period of free oscil¬ 
lation of the atmosphere so that resonance 
amplifies waves of that period, or that the 
force producing it is different, e.g., that the 
wave is produced thermally and not primarily 
by gravitational forces. 

Both explanations are probably correct, and 
Holmberg has suggested that they are linked: 
that the earth’s rotation is kept at its present 
speed by the wave through friction at the 
ground, and the wave is produced by diurnal 

temperature oscillations and amplified by reso¬ 
nance. 

RESONANT FREQUENCY. (1) A frequency 
at which resonance exists. The commonly 
used unit is the cycle per second. In cases 
where there is a possibility of confusion, it is 
necessary to specify the type of resonant fre¬ 
quency, e.g., displacement resonant frequency 
or velocity resonant frequency. (2) The fre¬ 
quency of a mode of elastic vibration of a crys¬ 
tal such as quartz, which is coupled through 
the piezoelectric effect to an electrical system. 
(See resonance, sharpness of.) 

RESPONSE. Of a device or system, a quan¬ 
titative expression of the output as a func¬ 
tion of the input under conditions which must 
be explicitly stated. The response character¬ 
istic, often presented graphically, gives the 
response as a function of some independent 
variable, such as frequency or direction. 
Modifying phrases must be prefixed to the 
term “response” to indicate explicitly what 
measure of the output or of the input is being 
utilized. 

RESPONSE, FREQUENCY. See frequency 
response. 

RESPONSE, NORMAL. See normal re¬ 
sponse. 

RESPONSE TIME. The time interval re¬ 
quired for the output of a control system to 
approximate to a pre-determined extent to its 
ultimate (or so called “steady-state”) value. 
The phrase “to a pre-determined extent” may 
be defined in a number of ways. 

For instance, the response time may be de¬ 
fined as the time interval required for the am¬ 
plitude of every normal mode of the system to 
fall to a given fraction (or less) of its original 
value. In this case the response-time is a di¬ 
rect measure of the degree of attenuation of 
the least damped mode of the system and is 
independent of the input used. 

Alternatively, and more frequently, the re¬ 
sponse time is defined as the time (after the 
application of the input) after which the out¬ 
put remains within a specified “deviation 
limit” of its ultimate value. This form of 
definition must be associated with a specified 
input, usually, but not necessarily, a step func¬ 
tion. 
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RESPONSE REPRESENTATION, FRE¬ 
QUENCY. See frequency response repre¬ 
sentation. 

RESPONSIVITY (MOBILITY RESIST¬ 
ANCE). In the mechanical rectilineal mobil¬ 
ity system, mechanical rectilineal responsivity 
(mobility resistance) rIf in mechanical mhos, 
is defined as 

v 1 

Sm rM 

where v is the velocity, in centimeters per sec¬ 
ond, /m is the force, in dynes, and rM is the 
mechanical impedance, in mechanical ohms. 

Responsivity mobility resistance in the 
mechanical rectilineal mobility system is repre¬ 
sented in the figure by sliding friction which 
causes dissipation of energy. 

rt 

///////777?7777/////// 

Graphic representation of the element responsivity ri. 

RESPONSIVENESS, ACOUSTIC. The re¬ 
ciprocal of the acoustic resistance. (See re¬ 
sistance, acoustic.) 

RESTITUTION, COEFFICIENT OF (COL¬ 
LISION COEFFICIENT). In a two-body 
collision involving particles 1 and 2, moving 
in the same straight line, the coefficient of 
restitution is defined by 

v2 - Vi 
e -- 

Ui — u2 

where «i > u2 are the velocities with respect 
to a primary inertial system before collision 
and v2 > t>i are the corresponding velocities 
after collision. For a completely elastic col¬ 
lision e = 1. For an inelastic collision e < 1. 
(See impact.) 

REST MASS. The mass, in grams, of an 

elementary particle or nuclide at rest. It 

is equal to the atomic mass divided by 

Avogadro’s constant (N = 6.0248 X 1023 (g 

mol)-1). Examples (E. R. Cohen and W. M. 

DuMond (1955), Encycl. Phys., Springer- 

Verlag, Berlin): 

Electron rest mass: 

m = (9.1083 ± 0.0003) X 10“28 g 

Proton rest mass: 

wrip = Mp/N = 1.67239 ± 0.00004) X 10-24 g 

Neutron rest mass: 

mn = MJN = 1.67479 ± 0.00004) X 10~24 g 

RESTRAINT COEFFICIENT. Columns and 
beams whose ends are restrained against rota¬ 
tion by elastic members framing into the joint 
are not fully fixed nor free to rotate. A re¬ 
straint coefficient of unity indicates a hinged 
end, a coefficient of 2, a fixed end. 

RESULTANT. The resultant of a system of 
forces is a simpler system of forces which has 
the same component of force in any direction 
and the same moment about any axis or point. 
The dynamic effect of the resultant acting on 
a rigid body will be the same as the effect of 
the given system of forces. If all forces are 
concurrent, the simplest form of the resultant 
is a single force. If all forces are parallel or 
coplanar they may be reduced to a single force 
or to a single couple. In the general three- 
dimensional case both a force and couple may 
be needed. (See wrench.) 

RETARDATION SPECTRUM. Sec delay 
time. 

RETARDED ELASTICITY. See elasticity, 
retarded. 

RETARDED POTENTIALS. See field of a 
moving change in space. 

RETROGRADE CONDENSATION AND 
VAPORIZATION. See critical phenomena in 
the vaporization of mixtures. 

RETRO-REFLECTION. See reflex reflection. 

RETURN DIFFERENCE AND RETURN 
RATIO. A term used in feedback theory to 
assess the quantitative effects of the various 
feedback loops at a particular point of or in 
relation to a particular physical element of the 
system. (The return difference is also called 
the feedback, notably by Bode, but the latter 
term is better reserved for the purely qualita¬ 
tive concept of two quantities each affecting 
the other through different channels.) 

The basic idea of return difference is most 
easily illustrated in the case of a single feed¬ 
back loop. If such a loop in signal flow dia¬ 
gram form is imagined broken as it leaves some 
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quantity Q(s) on it and if some external input 
0(s) be injected into the loop at the break 
point (see figure) the resulting value of Q{s) is 

L(s) L(s) 

clearly 6(s) •L(s) where L(s) is the loop trans¬ 
fer function. The difference between the input 
i'Hs) and the “output” 0(s)L(s) expressed as a 
fraction of the input, is the return difference. 
Hence in this simple case, 

0(s) — L(s)e(s) 
Return difference = 

e(s) 

= 1 - L(s). 

Similarly, the actual loop “output” expressed 
as a fraction of the input, is known as the re¬ 
turn ratio. In this case 

This may be simply interpreted in terms of 
the system determinant as follows. Let the 
original system equations in the absence of in¬ 
puts and initial conditions be 

OlmQl T" 0.2mQ2 + • • • + a.nmQn = 0, 

(m = 1,2, • • • n) 

and let them be rewritten, in order to erect the 
signal flow diagram, 

Qm ~ almQl + ‘ - ’ 

+ (a mm + 1 )Qm+---+anmQn = 0. 

By supposition X only occurs in ajk and the 
above break in the dependence will therefore 
only affect the kth equation. Qk will receive a 
contribution \d due to the external input in¬ 
stead of the previous contribution \Qj (part of 
(ijkQj). Thus the equation for Qk becomes 

Qk = O-lkQl + O2A-Q2 + • - • + OljkQj + • • • 

+ (1 + okk)Qk + • • • + ankQn + \9 
or 

Return Ratio = L(s) 

and always 

Return Ratio + Return Difference = 1. 

RETURN DIFFERENCE WITH RESPECT 
TO CIRCUIT PARAMETER. Let the quan¬ 
tities comprising the system be so selected that 
the parameter X under consideration is a com¬ 
ponent of only a single dependence relating 
two and only two of these quantities. (This is 
always possible except in the case of mutual 
inductance, which, by its very nature, will 
always be part of two dependence relations and 
is excluded from the concept.) Denote the two 
quantities in a signal flow diagram by Qj(s), 
Qk(s) and let the link dependence ajk (from 
Qj to Qk) be equal to (ajk -j- X). The com¬ 
ponent dependence X (see figure) is imagined 

broken as it leaves Qj, an external input 0(s) 
injected at the break and the resulting value 
of Qj(s) obtained. Then return ratio with ref- 

resulting value of Qj(s) 
erence to X = 

6(s) 

0\kQ\ + 02kQi + • • • + OljkQj + • • • 

+ OkkQk + • • • + ankQn = —\9 

the other equations, in their original form, 
being still valid. Solving these equations for 
Qj determinantally gives 

where Ajk is the co-factor of ajk in the system 
determinant A and A0 is the value of A with 
ajk replacing a,jk, that is, with X equated to 
zero. Hence 

and 

Return Ratio = 
X A jk 

A0 

Return Difference = 1 — Return Ratio 

A0 + XA jk 

A0 

A 

" Aa 

Thus the return difference of a circuit param¬ 
eter is the ratio of the normal value of the sys¬ 
tem determinant to its value when the param¬ 
eter vanishes, provided always the system 
determinant is linear in the parameter. 

Although this result has been obtained on 
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the basis of setting up the system equations in 
a restricted manner (so as to ensure that X only 
occurs in the single element ay*,) it is still valid 
however the system equations are written down 
with the only proviso that the system deter¬ 
minant is linear in the parameter considered. 

RETURN DIFFERENCE FOR A GENERAL 
REFERENCE. The concept may be further 
extended by estimating the return ratio around 
the loop or loops of which not X but (X — Xi), 
the departure of X from some arbitrary refer¬ 
ence value Xi, forms a link. The parameter 
value X is here considered as Xj + (X — Xi). 
In the flow diagram, the component link Xi is 
retained as part of ajk and only (X — Xi) is 
broken and fed with the external input 6. A 
similar analysis to the above then gives the 
result 

A 
Return difference of X for a reference Xj = —- 

where A\j is the value of A when X assumes its 
reference value Xi. 

to allow for the fact that the liquid refrigerant 
can be cooled along BA only to a temperature 
corresponding to an intermediate state, say A' 

T 

in Figure 2. The cycle is closed by throttling 
the refrigerant from state A' to state /3, Figure 
2. It would be possible to expand the refrig¬ 
erant reversibly and adiabatically in an ex¬ 
pansion engine along A'a and to heat it along 

RETURN PERIOD. The interval of time ex¬ 
pected before a time-series returns to some 
specified value, such as zero, or some extreme 
value. The term may, rather more generally, 
also mean the expected time before the series 
attains or exceeds a certain limit, e.g., in regard 
to the flooding of a river. 

RETURN RATIO. See return difference and 
return ratio. 

REVERSAL SPECTRUM. See spectrum, re¬ 
versal. 

REVERSED CARNOT CYCLE. See Carnot 
cycle. 

REVERSED CYCLE. See cycle. 

REVERSED RANKINE CYCLE. A modified 
form of the reversed Rankine cycle forms the 
basis of the operation of refrigerators. The 
direct reversed Rankine cycle, as shown in the 
diagram of Figure 1, could not be used for the 
purpose. In the reversed cycle, the working 
fluid (“refrigerant”) must be cooled at con¬ 
stant pressure from state C" to state A. This 
implies that a cooling source is available whose 
temperature is equal to, or lower than, that 
corresponding to A. If this were the case, no 
refrigerator to produce temperature T0 = TA 
would be necessary. It is, therefore, necessary 

T 

«D instead of /?D, as would be the case with a 
throttling valve, and so to increase the effi¬ 
ciency of the operation. 

Both cycles, the one with an expansion en¬ 
gine DC'CBA'aD, and the one with a throttling 
valve DC'CBA'jiD, are known as modified re¬ 
versed Rankine cycles. The more efficient 
cycle is used only if it is necessary to ensure a 
high refrigerating effect, that is, if the tem¬ 
perature difference TA■ — T0 is large (Ta = 
Tp = T„). Otherwise, the cycle with the 
cheaper expansion valve (which effects the 
throttling process A'fi) is used. 

The coefficient of performance of a modified 
Rankine cycle with expansion value is given 

by 
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Qo 

' ~ Wo 

where the refrigerating effect Q0 = /i/> — hp is 
represented by the area under the line and the 
work W0 = he — /)© is represented by the area 
DC'CBAD. The work of the expansion engine 
W' = hA> — ha = hp — ha (hA> = hp — throt¬ 
tling) is lost, and the refrigerating effect is 
smaller by Q'0 = W' = hp — ha compared with 
the cycle with an expansion engine. (Since 
hA> = hp, we also have: area A'A a = area un¬ 
der the line a/3. The increased performance of 
the cycle with expansion engine is given by 

, Qo + Q'o 

‘ ~ W0- Q~0' 

A refrigerator based on the reversed Rankine 
cycle using an expansion engine was first de¬ 
signed by Claude (Claude refrigerator). 

REVERSIBLE AND IRREVERSIBLE 
PROCESSES. Consider a system which un¬ 
dergoes the transformation ABC (see figure). 

Reversible and irreversible processes. 

The change is said to be reversible if there 
exists a change CBA such that: 

(a) The variables characterizing the state 
of the system return through the same values, 
but in the inverse order; 

(b) Exchanges of heat, matter and work 
with the surroundings are of the reverse sign 
and takes place in the reverse order. Thus, 
for example, if in the trajectory ABC the sys¬ 
tem receives a quantity of heat Q, it must give 
up the same quantity in the inverse trajectory 
CBA. 

All changes which do not satisfy those 
two conditions are termed irreversibles. No 
changes which take place in nature are re¬ 
versible. All are irreversible. But in many 
cases real processes can be derived approach¬ 
ing as nearly as we wish to reversible processes. 

Thus let us consider a wide U-tube contain¬ 
ing water in which initially the water level is 

higher in one arm than in the other. The level 
in this arm falls, passes through the equilib¬ 
rium position, and rises again. If we could re¬ 
duce friction and viscosity to zero, we should 
obtain on the limit a reversible change. 

A reversible change may always be consid¬ 
ered as a succession of equilibrium states. 
However, there are processes in nature which 
cannot be considered as reversible without sup¬ 
pressing them completely. For example, the 
equalization of temperatures, chemical reac¬ 
tions, and diffusion are processes of this kind. 
(See also natural and unnatural processes.) 

REVERSIBLE SEPARATION OF GASES. 
Since the mixing of gasses (diffusion) is an 
irreversible process, the reverse process of 
separation involves the expenditure of work. 

''////X Gas 2 

_Membrane 1 
Impervious to Gas 2 

_t__ Membrane 2 
Impervious to Gas 1 

Reversible separation of gases. 

The amount of work required will be a mini¬ 
mum when the process occurs reversibly. In 
actual practice reversible separation cannot be 
achieved, even approximately, but the process 
can be imagined if semi-permeable membranes 
are used. In the arrangement, work Wi and 
Wj is done by pistons assumed to act from 
each side of the chamber, and the mixture can 
be separated reversibly. 

The minimum work of separation is 

1 
W = mRTZxi In - 

Xi 

1 
= pVhXi In — 

Xi 

= T'SmiRi In p/p,- 

(where x is the molar fraction; the subscript i 
refers to individual components; the terms 
without subscript refer to the mixture; and the 
summation extends over the n components i). 
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REVERSIBILITY PARADOX. All mechani¬ 
cal laws are invariant under a time reversal. 
This is an apparent contradiction to the second 
law of thermodynamics, but this reversibility 
paradox can be resolved by using the statistical 
approach to the second law. 

REVERSION OF SERIES. A given power 
series 

y = a0 + axx + a2x2 -\- 

may be reverted to give an explicit representa¬ 
tion of x as a function of y. The result is 

x = z + C\Z2 + c2z3 -\— • 

where z = (y — a0)/ai; Ci = — a2/ax; c2 = 
— a3/ax + 2(a2/ai)2;c3 = -ajax + ba2a3/a2 
- 5(a2/ai)3; 

The method of undetermined coefficients can 
be used to obtain further coefficients in the 
series but the labor becomes great. 

REVOLUTION, SURFACE OF. See surface 
of revolution. 

REYNOLDS ANALOGY. If the coefficients 
of turbulent transfer of momentum and of 
material or heat are the same in turbulent flow 
with a steady mean state, Reynolds analogy 
between the processes of transfer of momen¬ 
tum and matter or heat holds, and in such a 
case the way in which a given turbulent motion 
transfers matter or heat can be deduced from 
measurements of the velocity profile. It is 
impossible to deduce the velocity profile in 
turbulent motion when the turbulence is pro¬ 
duced by the motion in an unknown manner; 
but in cases in which the presence of tempera¬ 
ture gradients, or gradients of fluid-borne 
matter, do not affect the motion, Reynolds 
analogy gives a useful indication of the trans¬ 
fer of heat or material. In practice, however, 
the analogy is known not to hold strictly and 
the velocity and temperature or concentration 
profiles of jets and plumes are not identical. 
When buoyancy forces are important there are 
theoretical reasons why the analogy should not 
hold. 

REYNOLDS EQUATION. A form of the 
Navier-Stokes equation for the mean motion 
of an incompressible turbulent fluid in which 
the shearing stresses due to the turbulence ap¬ 
pear as terms analogous to those representing 
molecular viscosity, viz. for the mean velocity 
u in the z-direction 

du d - — — 
P — = — (Pxx - PUZ - pu'Z) 

dt dx 

H-(Pxy ~ PUV - pttV) 
dy 

H-(Vxz - ,XW - pu'w') 
dz 

(«', v', w') being the fluctuation around the 
mean velocity (u, v, w). 

In non-turbulent flow pxx, pxy, pxz represent 
the normal and shearing stresses, and the equa¬ 
tion is written 

du d 
P — = — (Pxx - puu) 

dt dx 

d d 
+ — (Pxy - PUV) -\-(Pxz — puw). 

dy dz 

The Reynolds stresses pu'u', pu'v', and pu'w' 
thus appear as terms which must be added to 
the equation for the mean motion. 

REYNOLDS NUMBER. The terms in the 
equations for the motion of a viscous fluid all 
have the same dimensions; when there are no 
body forces or when the density is uniform the 
equation can therefore be written in the form 

Dt* dxi* R dxj*dxj* 

in which 

ui* = Ui/U; t* = lU/d; 

p* = p'/pU2; Xi* = Xi/d. 

p' is the departure of the pressure from the 
hydrostatic value. The starred quantities are 
dimensionless. U, p, and d are a sample veloc¬ 
ity, density, and length, chosen appropriately 
from the problem under study. 

The ratio of the first and last terms is R, 
which is the Reynolds number, and equal to 
Ud/v. It is the ratio of the inertia forces, rep¬ 
resented by pU2 (twice the kinetic energy of 
unit volume) to the viscous forces, represented 
by pXJ/d (coefficient of viscosity multiplied by 
a velocity gradient). It is a special case of 
the Froude number which is the ratio of the 
inertia forces to the mechanical forces. 

In any flow pattern the Reynolds number is 
not unique because U and d can be chosen in 
many ways. For flow past a body U is nor- 
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mally taken as the speed at a great distance 
from the body, and d as the diameter of the 
body. 

REYNOLDS NUMBER, CRITICAL. See 
bluff body, flow past. 

REYNOLDS NUMBER, ROUGHNESS. See 
roughness, effect on transition of laminar 
boundary layer. 

REYNOLDS STRESSES. The momentum 
transferred across unit area by the velocity 
fluctuations in turbulent motion. In Reynolds 
equation the stresses appear as terms addi¬ 
tional to the stresses due to molecular vis¬ 
cosity. If u' and v' are the velocity fluctua¬ 
tions in the x- and y-directions the Reynolds 
stress in the x-direction across unit area per¬ 
pendicular to the y-direction is 

Txy C 

this being the rate at which x-momentum, pu', 
is being transported in the y-direction by the 
velocity fluctuations v'. 

The work done in the mean motion against 
the Reynolds stresses is presumed to increase 
the energy of the turbulence. _ 

There is also a normal Reynolds stress pu'u' 
which modifies the normal pressure. 

The Reynolds stresses may be evaluated by 
direct measurement of the velocity fluctuations. 
They are sometimes represented by an eddy 
viscosity. 

RHEOLOGY. Study of the deformation and 
flow of materials in response to stress. 

RHEONOMIC. See conservative force. 

RHOMBOHEDRAL SYSTEM. One of the 
seven crystal systems. In this system, three 
equal axes are equally inclined to each other, 
but not at right angles. 

RHUMB LINE. Any line on the surface of 
the earth that crosses successive meridians at 
constant angle is called a rhumb line, a loxo- 
droinic spiral, or a loxodrome. 

Because of the convergence of the meridians 
on the poles of the earth, a ship following a 
rhumb line (i.e., maintaining constant course) 
travels around the earth on a spiral that ap¬ 
proaches one of the poles as a limit, unless 
the angle with successive meridians is 0° or 
90°. If the angle is 0° the rhumb line is a 

meridian. If the angle is 90° the ship follows 
the equator or a small circle parallel to the 
equator. 

RICCATI EQUATION. An ordinary differ¬ 
ential equation of first order 

y' = d0(x) + Ax(x)y + A2(x)y2. 

It is the most general form of the first-order 
differential equation y' = / (x,y), where /(x,y) 
is rational in y and with a general solution con¬ 
taining no singularities except poles. Every 
second-order linear differential equation may 
be transformed into a Riccati equation. The 
general Riccati equation cannot be solved by 
quadrature and it defines a set of transcen¬ 
dental functions more complicated than the 
elementary transcendentals, such as In x and 
its inverse, ex. 

RICCI CALCULUS. See absolute differential 
calculus. 

RICCI IDENTITY. t%:ikr and Bjki are the 
components of an arbitrary tensor of weight 
W and the curvature tensor, respectively, in 
a generic coordinate system. Sa is defined by 

Sij = Rij Rjit 

where Rij are the components of the Ricci ten¬ 
sor. The identity 

M • • mk _ lij • • 'k _ jaj • • -k Tit 
lpq'*‘rt8,t Ipq- • t,£,s ^pq‘»-r^ast 

\fia-- knj .   |_ M - a nk 
1 lpq • • t ^ast I I Lpq-‘-r ast 

r>a   ,ij • •-k r>a 
iaq.. .r fJpst ^pa • • *r Dqst 

- t^::ka Barst - wt%::kr sst 
holds and is known as the Ricci identity. 

RICCI LEMMA. See Ricci theorem. 

RICCI TENSOR. The second-order co¬ 

variant tensor B™mj formed by the indicated 

contraction of the curvature tensor Ruv ; often 
denoted Rij. 

RICCI THEOREM. The covariant deriva¬ 
tive of either of the fundamental tensors is 
zero. Also called Ricci lemma. 

RICHARDSON - DUSHMAN EQUATION. 
The basic equation of thermionic emission. 
Richardson first developed the equation from 
the thermodynamic theory of gases, while a 
later derivation by Dushman based on quan- 
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turn mechanics gives identical results. This 
equation gives the thermionic current density, 
j, resulting from the emission of electrons from 
a metallic surface at the temperature T. 

j = AT2e-4,!kT 

where A is a constant depending on the state 
of the surface, and </> is the thermionic work 
function for the emitter. 

RICHARDSON EQUATION. See Richard- 
son-Dushman equation. 

RICHARDSON NUMBER. A non-dimen¬ 
sional number, Ri, representing the ratio of 
the energy available from shearing motion to 
the potential energy of a stratified fluid. Thus 

Ri = g/3/(dU/dz)2 

in which the shear is represented by the thermal 
wind, provides a criterion for the stability of 
geostrophic airstreams. 

RICHARDSON PLOT. By plotting the loga¬ 
rithm of the thermionic current per squared 
Kelvin degree, i.e., log I/T2, against the recip¬ 
rocal of the absolute temperature, a straight 
line is obtained whose slope is a measure of 
the activation energy involved (see Richard- 
son-Dushman equation). A similar plot is 
useful in any process involving thermal activa¬ 
tion with a Boltzmann factor. 

where /3 is the static stability, U the horizontal 
velocity, and z is measured vertically. 

In turbulent motion the energy extracted 
from the mean flow by the Reynolds stresses 
is KiuidU/dz)2 and the gain in potential energy 
is KHgP, where KM is the coefficient of eddy 
transfer of momentum, the eddy stress then 
being KMdU/dz, and KH is the coefficient of 
eddy transfer of heat, or buoyancy. If 
Km{^U/dz)2 — Kugfi > 0, the excess of energy 
made available is assumed to take the form of 
turbulent motion, and so the turbulence will 
grow. Richardson’s criterion of “just no tur¬ 
bulence” is therefore that 

Ri < km/kh. 

The criterion has been widely misapplied to 
the case of turbulent motion as a means of 
differentiating growing from dying turbulence. 
The ratio Kh/Km is not known, and probably 
depends on the Richardson number. A more 
useful number for some considerations is the 
Flux Richardson Number 

where p , u', w' are the fluctuations of density, 
horizontal, and vertical velocity. 

Alternatively R/ may be defined as Kh/Km 
where these coefficients are defined as if the 
momentum and buoyancy transferred by the 
eddies were being conducted (with coefficients 
Kh and Km) in a medium in steady flow. 

In baroclinic flow in the atmosphere the 
Richardson number 

RIDGE (OF HIGH PRESSURE). A form 
seen on a chart of isobars or chart of contours 
of an isobaric surface. Ridges have rounded 
contours. A ridge in the thickness pattern is 
a ridge of warm air, and usually denotes warm 
air in the upper air contour pattern. 

RIEKE DIAGRAM. A polar-coordinate load 
diagram for microwave oscillators, particu¬ 
larly klystrons and magnetrons. Constant- 
power and constant-frequency contours are 
plotted against the polar plot of load admit¬ 
tance, commonly called the Smith chart. 

RIEMANN-CRISTOFFEL TENSOR. The 
tensor with components Rum in a generic co¬ 
ordinate system x, defined by 

Rijkl gim Rjkl, 

where gr,m is the covariant metric tensor and 

BJh is the curvature tensor. Expressed in 
terms of the Cristoffel symbols by 

Rijkl — 

jk 

dxl dxk 
+ rlJfcara;j7 - iyra jk- 

Also called covariant curvature tensor, or 
Riemann-Cristojfel tensor of the first kind. (See 
also curvature tensor.) 

RIEMANN FUNCTION. See Riemann 
method. 

RIEMANN INTEGRAL. Let f(x) be a 
bounded function, defined for the closed linear 
interval [a,b], where b > a; so that there exist 
an upper bound U, and a lower bound L, of 
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the values of f(x) in the closed interval. A 
set of intervals such that every point of [a,6] 
is contained in at least one interval of the set is 
called a net, each interval being called a mesh 
of the net. Let a system of nets, with closed 
meshes, be applied to the interval [a,6], and 
let «i(n), 52tn), ••• 5„in(n) denote the breadths 
of the mn meshes of the net D„, of the system. 
Let Af(5r(n)) denote any number so chosen as 
to be not greater than the upper bound of the 
function /(.r) in the closed mesh 5r(re) and not 
less than the lower bound of f(x) in the same 
mesh, and consider the sum 

Sn = 51(n)M(51(n)) + 62(n)M(52(n)) 

+ •••+ 5mn(n)M(Smn(">). 

If the sequence S\, <S2, • • • Sn, • • • be con¬ 
vergent, and have the same number S for its 
limit, whatever system of nets, applied to 
[a,6], be employed, and however the numbers 
M(5r(n)) be chosen, subject only to their 
limitation in relation to the upper and lower 
bound of f(x) in the meshes Sr<n), then the 
function f(x) is said to have a Riemann in¬ 
tegral in the interval [a,b], and the number S 
defines the value of its integral. The integral, 

rh when the limit S exists, is denoted by I f{x)dx. 
J a 

hyperbolic), Riemann’s method leads to the 
solution (see the figure) 

2 <t>{X,Y) = 0p<r)T + 0fa) s 

■ffj 

\pydxdy. (2) 

This equation gives the value of <£ at P{X,Y) 
when values of 0 are prescribed along the arc 
ST of the curve C; SP and TP are charac¬ 
teristics of (1). This solution shows that the 
angular region (°o SPT <x>) is the domain of 
influence of data at P, it is also the domain of 
dependence of the solution at P. In (2), ip = 
\J/(x,y;X,Y) is the Riemann function, defined 
as the solution of the adjoint equation 

L\p = 0 

with the boundary conditions 

d\J/ d<r\l/ 
— + — = B, on PT 
ds ds 

d\p d(T\J/ 
— +-= -B, on PS 
ds ds 

RIEMANN MAPPING THEOREM. Every 
simply connected domain in the complex 
plane, whose boundary contains more than one 
point, can be mapped conformally onto the 
interior of the unit circle. 

RIEMANN METHOD. (For notation, sec 
Green’s identity.) A method of solution of the 
Cauchy problem for hyperbolic partial differ¬ 
ential equations. It is based on the applica¬ 
tion of Green’s identity (see Equation (2) 
under that heading) for a suitable region R 
and auxiliary function ip. For the equation 

L<t> = a(f>xx d- 2 b<pxy d- C(j)yy 

+ 2 d<t>x + 2 c<pu + f<P — g (1) 

where a, b, c, d, e, f, g are functions of x and y 
such that ac — b2 < 0 (i.e., the equation is 

o\j/ = 1, at P. 

For an example, see wave equation. 

RIEMANN - PAPPERITZ EQUATION. A 
second-order linear differential equation, as 
studied in the Fuchs theorem, with three 
regular singular points in the finite plane at 
x = a, b, c. It may be symbolized by the 
Riemann P-function 

a b c 

y = P c' ; x 

La" b" c" J 

where a', a", b', b", c', c" are the exponents at 
the singularities, y is the dependent variable 
and x, the independent variable. 

The Riemann problem in the theory of 
linear differential equations consisted of the 
search for a function to satisfy a given P- 
function. It is shown that the transforma¬ 

tion of variable 
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will shift the exponents of the differential 
equation to a' + k, a" + k, b' — k — l, b" — 
k — l, c' + l, c" + l, without affecting the 
singular points. On the other hand, the general 
linear transformation 

x = (Az + B)/(Cz + D); (AD - BC) ^ 0 

will shift the singular points to three new 
positions, say oq, fcq, Ci, as determined by the 
transformation but the exponents will not be 
altered. Combination of these two transfor¬ 
mations will thus result in a standard form of 
the linear differential equation of Fuchsian 
type. The standard form is usually taken as 
the Gauss hypergeometric equation. The so¬ 
lution of any given linear differential equation 
of second order with three or fewer singular 
points will therefore be a special case of solu¬ 
tions to the Gauss equation, for the given dif¬ 
ferential equation can always be converted 
into the latter by suitable transformation of 
variables as described. 

RIEMANN SPHERE. A sphere with the 
complex plane mapped onto it by stereo¬ 
graphic projection. The sphere is so placed 
that its south pole rests on the plane; then to 
each point on the sphere (except the north 
pole) is assigned the complex number where 
the ray from the north pole through the point 
cuts the plane. To the north pole itself is 
assigned the point-at-infinity, an ideal point 
whose usefulness is determined by the fact that 
its neighborhoods may be thought of as the 
exteriors of circles about the origin. 

RIEMANN-STIELTJES INTEGRAL. If 
(a,xi,x2,- • be a net, fitted on to (a,6), 
and in which the breadth of the greatest mesh 
is d, let us consider the sum 

Sd = /(£i) |<Hxi) — </>(«)} +/fe) {0(^2) 

— <t>(xi)} 4-F /(£m)\<P(b) — <t>(xm-i)}, 

where f(x), (t>(x) are the bounded functions, 
defined in the interval (a,6), and £2, • • • 
are points, assigned in any manner, which are 
in the closed meshes 

(o,Xi), (xi,x2) ■ • • (xm_i,b) respectively. 

We may denote x0 by a, and xm by b. 
If the functions f(x), <j>(x) be such that Sd 

converges to a definite number, as the number 
m of the meshes is increased indefinitely, sub 
ject to the condition that d converges to zero, 
and if this limit is independent of the mode of 

successive sub-division of the interval by the 
nets, and of the mode in which the sets of 
points £1, £2, • • • £m are assigned in the nets, 
f(x) is said to have a Stieltjes integral with 
respect to </>(x). Such integral is defined to be 
the limit of Sd, as d —» 0, is denoted by 

f f(x)d<t>(x), 
d a 

and is called a Riemann-Stieltjes integral. 

RIEMANN SURFACE. A surface used in 
representing multivalued functions of the com¬ 
plex variable. One sheet is assigned to each 
branch of the function, each sheet is cut at 
the branch line, and all are joined together so 
that a closed contour may be traced by passing 
continuously along the sheets of the surface. 

RIEMANN ZETA FUNCTION. The general¬ 
ized zeta junction is defined for Re s > 0 by 
the equation 

X 

t(s, v) = Y, + »)“*, v 5* 0, 1, 2- • •. 
n = 1 

Riemann’s zeta function is obtained by put¬ 
ting v = 0 in the definition of the generalized 
zeta function 

X 

f(«) = Zd/n)s, Re s > 1. 
n = 1 

(See also Weierstrass’ function.) 

RIGHT ASCENSION (R.A.). The right as¬ 
cension of a celestial object is measured from 
the vernal equinox along the celestial equator 
toward the east (counterclockwise) to the 
point of intersection of the hour circle through 
the object with the equator. Right ascension 
may be expressed in units of time or in angular 
units. 

Star catalogues give the right ascension of 
the object for some particular epoch. Due to 
precession and nutation, these coordinates are 
slowly changing. Constants to reduce the po¬ 
sitions given in the catalogue to those of any 
other date are published for each star in the 
catalogue. 

Right ascension + sidereal hour angle 

= 24 hr (or 3G0°). 

RIGID BODY. An aggregate of material par¬ 

ticles in which the distance between any two 
particles remains constant with time. 
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RIGID BODY, GENERAL EQUATION OF 
MOTION. The motion of a rigid body can 
be described by the translational motion of 
the center of mass and the rotational motion 
about the center of mass. The equation for 
translational motion has the general form 

F is the vector sum of all the forces acting on 
the rigid body, M is the total mass, and r is the 
position vector of the center of mass. The 
equation for rotational motion has the general 
form 

dll 
L -- 

dt 

L is the resultant torque and H the vector 
angular momentum about the center of mass 
as an origin. 

RIGID BODY, GENERAL EQUATION OF 
ROTATIONAL MOTION ABOUT A POINT. 
The fundamental equation of motion for ro¬ 
tational motion of a rigid body about a fixed 
point is 

dH 
— = L 
dt 

dH 
where — is the time derivative of total vector 

dt 
angular momentum about the point, L is the 
resultant torque about the point. 

If the moments of inertia are referred to the 
principal axes, with origin at fixed point and 
axes fixed in the body, this equation becomes 

L IfGxWx T" (Gx I yy)(j)yU *] 

~b j[7j/yWy -f- (IXX 722)0)2(1)2] 

”b d” {Iyy 722)0)2(1);/]. 

(This is also known as the Euler equation 
for a rigid body.) (See also rigid body, gen¬ 
eral equation of motion.) 

RIGID DIATOMIC ROTATOR, ENERGY 
LEVELS OF. Values given by the equations 

h2 
= j(j + 1) gs = 2j + 1, 

where j is the rotational quantum number, h 
is Planck’s constant, I the moment of inertia 
of the rotator, and gj the degree of degeneracy 
of tj. 

RIGID DIATOMIC ROTATOR, ENTROPY 
OF. The value is given by the equation 

S = fc[ln (8ir2IkT/h2s) + 1], 

where k is Boltzmann’s constant, T is the ab¬ 
solute temperature, S is the entropy, h is 
Planck’s constant, I is the moment of inertia 
of the rotator, and s is the symmetry factor 
which is 2 for a diatomic molecule consisting 
of two identical atoms, and 1 otherwise. 

RIGID FRAME. A rigid frame, also known 
as a continuous frame, is an indeterminate 
structure in which continuity of action be¬ 
tween the intersecting or adjacent members is 
obtained by means of moment-resisting joints 
(joints capable of resisting bending moment). 

Rigid frames are usually constructed of 

-s/-s s 

\/ \/ 

Vierendeel Girder 

Rigid frames. 
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structural steel or reinforced concrete, al¬ 
though some frames have been built of wood 
and, particularly in the last few years, of 
prestressed concrete. In the steel structures 
the joints are either riveted or welded whereas 
in the concrete structures continuity is ob¬ 
tained by running the main reinforcing rods 
through the joint. 

Rigid frames are used as bridges, and as 
bents in mill and multiple-story buildings. 
The Vierendeel girder bridge is a rigid frame 
which is similar in outline to the usual bridge 
truss. However, the diagonals are omitted 
since the chords are designed for flexure. This 
truss is very useful for special cases of building 
framing. Rigid frame action is also utilized 
in the design of reinforced concrete culverts 
and sewers. 

RIGIDITY, FLEXURAL. The ratio of mo¬ 
ment to curvature of an elastic beam is the 
flexural rigidity El, where E is Young’s modu¬ 
lus of elasticity and I is the moment of inertia 
about the axis of bending. 

RIGIDITY MODULUS. See Hooke’s law, 
generalized. 

RIGID SPHERE GAS (OR MODEL). A 
system consisting of particles which interact 
without distortion (i.e., like rigid spheres). If 
the particles are bosons, this model is a reason¬ 
able representation of helium gas. It is de¬ 
scribed by the potential function 

<p(r) = oOj where r < a (1) 

4>(r) = 0, where r > a (2) 

which corresponds to the interaction between 
rigid impenetrable spheres of diameter a (see 
figure). 

Rigid spheres. 

RING. A mathematical system for which two 
binary operations are defined, call them addi¬ 
tion and multiplication, such that both opera¬ 
tions are commutative and associative (these 
conditions are sometimes relaxed for multipli¬ 
cation) and multiplication is distributive over 
addition; also subtraction is always possible 
(cf. field). For example, the even integers 
• • • —4, —2, 0, 2, 4, • • • form a ring. 

RIPPLES. See capillary waves. 

RITTER METHOD. The determination of 
the force in a member of a truss by cutting a 
section and taking moments about the point of 
concurrence of the remaining unknown forces. 

RITZ FORMULA. Expansion of the Rydberg 
formula (see Rydberg equation) when given 
in the form 

vn = R 

by setting 
Lp- 

bi Cj di 
P = n\ + a\ 4-- H-- H-- + 

Tli ill nl 

&2 ^2 di 
q = n2 + a-2 H-~2 H-- H-g + 

n2 n2 n2° 

Using only the first two terms of the expansion 
for p and q, one obtains the general Rydberg 
equation. 

RITZ METHOD. A method for solving a 
boundary value problem which applies when 
the problem can be replaced by an equivalent 
minimizing problem. The method is to ap¬ 
proximate the required function by a member 
of a family depending upon certain param¬ 
eters. The problem is then reduced to that of 
minimizing a certain function of these param¬ 
eters. The method is closely related to that of 
Galerkin. When applied to buckling prob¬ 
lems, an upper bound is found for the critical 
load when a finite number of terms is chosen. 
(See Lothar Collatz, Numerische Behand- 
lung von Difjerentialgleichungen, 2nd edition, 
Springer, 1955.) 

This model which is often used in statistical- 
mechanical calculations because of its sim¬ 
plicity gives a crude representation of the 
strong, short-range repulsive forces between 
molecules. 

ROBIN FUNCTION. A function of the form 

Rg +(p,q) —-b V(p), r being the distance 

pq, V(p) being harmonic, and the derivative 
continuous over the boundary. The solution 
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<p(r/) of the Robin problem (see boundary 
value problem) can be expressed as 

4>(q) = ff f(p)Rg.+(p,q)dSp. 

ROCKET. In a rocket motor, gas is produced 
at high temperature and pressure by chemical 
reaction of solid or liquid propellants. The 
gas is expanded through a nozzle to produce a 
high-velocity jet. If it can be assumed that 
the velocity is uniform across the jet the thrust 
is T = mv, where m is the rate of mass flow 
through the propelling nozzle and v is the jet 
velocity relative to the rocket. 

The specific impulse of a rocket motor is 
defined as the ratio of the thrust to the weight 
of propellant consumed per unit time. Thus 
the specific impulse is measured in units of 
time and is equal to 

T v 

mg g 

ROLLING RESISTANCE (OR FRICTION). 
In the rolling of a wheel on a plane surface 
there is some distortion of the two surfaces in 
contact due to the normal force between the 
surfaces. Such distortion smears out the ideal 
line contact and effectively introduces a force 
with a component in opposition to the motion. 
This component of force is called the rolling 
resistance or friction Fr and is proportional to 
the normal force N. A coefficient of rolling- 
resistance or friction ur can be defined by 

= Fr/N, where Fr can be determined experi¬ 
mentally by observing the deceleration on a 
horizontal surface. 

ROOM CONSTANT. A quantity defined by 
the expression 

1 — a 

where a is the average value of the sound 
absorption coefficient, and S is the total area 
of the boundaries of the room. 

ROCKET MOTOR EFFICIENCY. See ef¬ 
ficiency of rocket motor. 

ROCKET MOTOR, EFFICIENCY OF. See 
efficiency of rocket motor. 

RODRIGUES FORMULA. (1) A formula 
which expresses the nth function of a class of 
special functions as the nth derivative of some 
polynomial. E.g., the Rodrigues formula for 
the Legendre polynomials is 

Pn(x) = 

1 dn 

2 nn\dxn 
(,x2 - l)n. 

See special functions and the various par¬ 
ticular cases listed there. 

(2) Let P be a point on a surface whose vector 
position is r. Let Q be a neighboring point to 
P on a line of curvature at P for which the 
principal curvature at P is k. If r + dr de¬ 
notes the vector position of Q and n and n + 

dn denote the unit normals to the surface at 
P and Q respectively, then 

dn -f- k dr ~ 0. 

ROLLE THEOREM. Let / (x) be a function 
which vanishes at x — a and at x = b, and 
which has a finite derivative f'(x) at all points 
in the interval (a,b). Then f'{x) vanishes at 
some point x0 between a and b. 

ROOT LOCUS ANALYSIS. A method of 
analysis normally, but not necessarily, con¬ 
fined to control systems, of which the main 
purpose is to display graphically the effect of 
varying a specified parameter on the location 
of the roots of the characteristic equation and 
thus on the damping of the modes of the sys¬ 
tem and on its stability. The loci followed by 
the various roots as the parameter varies are 
in fact the root loci from which the analysis 
derives its title. 

The basic principles of the analysis are as 
follows. If the output to error transfer func¬ 
tion of the system is G(s) then the character¬ 
istic equation is 1 + G(s) = 0. Provided the 
specified parameter A occurs linearly in this 
equation, the equation can be rewritten in the 
form 

A = F(s), a real function of s, 

where A is assumed positive and, being a pa¬ 
rameter of a real system, real. Assuming 
further that F(s) is a rational function of s, 
the factors of its numerator and denominator 
being known, we may write 

TJP (s - «i)(« — a2) • • • (s - am) 
A = K- 

(s - bi)(s - b2)---(s - bn) 

which has m (or n) roots in s according as 
m n and will therefore give rise to m (or n) 
separate root loci. Hence 



Root-mean-square Error — Roots Blower 79G 

m n 

ph \ = phK+Z ph(s - ar) - 22 Ph(s - br) 
1 i 

and 
m n 

X = | K\ nis - ar I n Is - &r| _i. 
1 1 

Since X is real and positive and K real, the 
phase equation, which is the basis of the loci 
themselves, (the modulus equation being 
merely used to scale the loci in terms of X) 
gives 

m n 

22 ph(s — aT) - J2 ph(s - K) 
i i 

= 2Nir if K > 0 

= (2N + 1)tt if K < 0. 

If the position of the zeros, ar, and poles, bT, 
is known the problem is therefore to find the 
permissible paths followed by a moving point 
s in the plane such that the phase angles of the 
various phasors (s — ar), (s — br) joining the 
zeros and poles to the moving point satisfy the 
above relation. 

The distances of the moving point s from 
the various zeros and poles (namely |s — ar\ 
and | s — bT \) then give the corresponding value 
of X from the modulus equation. 

It may be noted that: 
(i) As X —* 0, s —» oq, a2, • • •, i.e., the loci 

start from the zeros of F(s). 
(ii) As X —> oo, s —> bi, f>2, • • •, i.e., the loci 

terminate at the poles of F(s). 
(iii) If n > m then as | s| —» oo, X —■* 0. The 

direction in which |s|—> °o is specified in this 
K . , ph A 2Nir 

case by X i.e., ph s = 
n — m n — m 

(2 N —f— 1) 7T 
according as K ^ 0. These or 

n — m 
relations therefore specify asymptotic direc¬ 
tions for (n — m) of the loci as X —» 0 (the 
other m terminating at the m finite zeros of 
F(s)). Similarly if m > n there are (m — n) 

asymptotic directions given by ph s = ^ 
vi — n 

as X —»oo. The asymptotes themselves in both 
cases pass through the “centroid” of the pole- 
zero assembly in the finite plane, counting a 
zero say as mass +1 and a pole as mass — 1. 

(iv) If any of the poles or zeros of F(s) lie 
on the real axis of s, certain regions of this 
axis are barred to the loci. For if the moving 
point s crosses one of these zeros or poles, the 
phase of the corresponding factor changes by 

7r, the others remaining unchanged in phase, so 
that the phase equation cannot be obeyed on 
both sides of such a pole or zero. Since, when 
s is on the real axis, the phase contributions of 
the factors corresponding to conjugate com¬ 
plex zeros or poles is zero, as is the contribution 
of the factors corresponding to any real zeros 
or poles to the left of s, whereas that due to any 
factor corresponding to a real zero or pole to 
the right of s may be taken as ±ir, it is at 
once deducible that s can only lie in those 
parts of the real axis where the difference be¬ 
tween the numbers of real poles and real 
zeros to the right of s is even or odd according 
as K < 0. 

(v) The loci may leave the real axis at those 
points, called break points, where an incre¬ 
mental displacement at right angles to the 
axis causes no change in the sum of the phase 
contributions. 

ROOT-MEAN-SQUARE ERROR. If a ran¬ 
dom variable has frequency function f{x) the 
mean-square error around a point a is 

J* (x — a)2f(x)dx. 

This is the second moment /T2- Its square 
root is the root-mean-square error. If a is 
the mean of the distribution, the mean-square 
error is the variance and its square root is 
the standard deviation, or, in relation to a 
sampling distribution, the standard error. The 
mean-square error is a minimum when a is the 
mean. 

ROOT-MEAN-SQUARE VELOCITY. See 
molecular velocity, mean square. 

ROOT OF A BLADE. See blade. 

ROOT OF A CONGRUENCE. Assume a 
congruence of numbers (or quantities) of the 
form f(x) =0 (modulus r). Then the root is 
a number whose substitution into f(x), makes 
it divisible by r. 

ROOT OF AN EQUATION. A number whose 
substitution for the unknown in the equation 
yields an identity. 

ROOTS BLOWER. A rotary compressor in 
which compression is achieved by positive dis¬ 
placement. Its essential parts are two rotors, 
each having two or more lobes with profiles 
formed by epi- and hypocycloids. At all an¬ 
gular positions the high-pressure space (re- 
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ceiver) is sealed from the low-pressure intake. 
A volume of air is trapped between one lobe 
and the casing. When the lobe travels to a 

point where a connection is made with the high 
pressure receiver, the air is compressed and 
displaced into the receiver. 

ROOT-SQUARING METHODS. Methods of 
obtaining an equation whose roots are the 
squares of those of a given one. Graeffe’s 
method is the one in common use, although 
previously Lobacevskii, and still earlier Dan- 
delin, had described other methods and had 
applied them in the numerical solution of 
algebraic equations. 

ROSETTE. A gauge which measures exten- 
sional strain at a point or small region of a 
surface in three or more directions is called a 
rosette. It provides sufficient information to 
calculate the principal strains and their 
orientation. The two common types are 45° 
and 60° gauges. 

ROSSBY DIAGRAM. A thermodynamic dia¬ 
gram, named after its designer, with mixing 
ratio as abscissa and potential temperature as 
ordinate. Lines of constant equivalent poten¬ 
tial temperature are added. 

This chart has been much used in air-mass 
analysis. 

ROSSBY FORMULA. See Rossby wave. 

ROSSBY NUMBER. A non-dimensional 
number representing the ratio of the inertia 
forces due to velocity relative to the earth, 

represented by U2/a where a is the earth’s 
radius or the dimension of a wind system, to 
the deviating force, represented by Uf. Thus 
R0 = U/af. For flow with Rossby number in 
the neighborhood of unity the earth’s rotation 
is an important influence in determining its 
nature. This is the case with the large scale 
wind systems in the earth’s atmosphere and 
with ocean currents. 

ROSSBY WAVES. Standing waves which can 
occur in a barotropic airstream subjected to a 
deviating force which varies across the direc¬ 
tion of the stream. If /3 = df/dy, where / is 
twice the vertical component of the earth’s 
rotation, and y is measured northwards; an 
airstream of speed U along lines of latitude 
would execute standing waves of length 
2tt (U/0)'a. 

ROSSI-FOREL SCALE. See earthquake 
scales. 

ROTATING COORDINATE SYSTEM. If i, 
j, k are the basis of a right-handed coordinate 
system 2 and if 2 has the instantaneous angu¬ 
lar velocity « with respect to a fixed coordinate 
system 2° and if 2 and 2° have a common 
origin, then 

di 
— = a) X i 
dt 

dl 
dt 

dk 

dt 

= <o X j 

= CO X k. 

If A is any time dependent vector, the absolute 
d\ 

rate of change of A, i.e., — and the relative 
dt 

change of rate of A ^denoted by ) , i.e., the 

change as judged by a rotating observer, are 
related by the equation 

dA DA 
— = ——(- <o X A. 
dt Dt 

The absolute velocity v0 and the relative ve¬ 
locity v of a moving point are related by the 
equation 

v0 = v + co X r 

(r is the position vector of the moving point). 
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Newton’s law of motion with respect to the 
moving observer reads (provided <x> is constant): 

D2 r 
m—- = F0 + m[<* X (r X ©)] — 2m[<a X v]. 

Dt1 

F0 is the absolute force as seen by a stationary 
observer in 2°. The second term is the centrif¬ 
ugal force. The last term is the Coriolis 

force. 

ROTATING CYLINDER, FLOW PAST. 
When a cylinder is held with its axis normal 
to a stream of fluid, and rotated about its axis, 
a circulation is developed around the cylinder 
and hence a transverse force is generated, 
normal to the stream and to the axis of the 
cylinder. This is known as the Magnus ef¬ 
fect. 

Considering a cylinder with its axis hori¬ 
zontal, rotating clockwise in a stream flowing 
horizontally from left to right, separation oc¬ 
curs more readily below the cylinder than 
above it. Thus when the stream is started 
from rest the vorticity shed into the stream 
from below the cylinder exceeds that of op¬ 
posite sign from above. The result is that a 
“starting vortex” passes downstream with the 
fluid, and a circulation is developed around the 
cylinder of the same sign as the rotation. Thus 
the transverse force or “lift” acts vertically 
upwards. 

In experiments it is found that the flow is 
not even approximately two-dimensional un¬ 
less disks are fitted to the ends of the cylinder. 
The maximum lift coefficient obtainable, with 
disks fitted, is about 9, and this occurs when 
the ratio of the peripheral velocity to the 
stream velocity is about 4. There is then only 
one stagnation point on the surface of the cyl¬ 
inder and the flow near the surface is every¬ 
where in the same direction as the motion of 
the surface. Thus there is no mechanism by 
which a further increase of rotational speed 
can lead to any further increase of circulation 
and lift. 

ROTATING REYNOLDS NUMBER. (Or 
rotation Reynolds number.) A non-dimen¬ 
sional number arising in problems of a rotating 
viscous fluid. It may appear either as Slh2/V, 
in which case it equals one-half the square root 
of the Taylor number, or as Ur2/v. r is a suit¬ 
able radius, h a representative depth, n the 

absolute angular speed, and v the kinematic 
viscosity. 

ROTATION. Motion of a rigid body in which 
one or two points of the rigid body are kept 
fixed. 

ROTATIONAL COMPLIANCE. Mechani¬ 
cal rotational potential energy is associated 
with the twisting of a spring or compliant ele¬ 
ment. Mechanical energy increases as the 
spring is twisted. It decreases as the spring 
is allowed to unwind. It is constant, and is 
stored when the spring remains immovably 
twisted. Rotational compliance is the me¬ 
chanical element which opposes a change in 
the applied torque. Rotational compliance CRt 
in radians per centimeter per dyne, is defined 
as 

where <f> is the angular displacement in radians, 
and fR is the applied torque, in dyne centi¬ 
meters. 

This equation states that the rotational dis¬ 
placement of the rotational compliance is pro¬ 
portional to the rotational compliance and the 
applied force. 

Rotational compliance in the mechanical 
rotational system is represented as a spring 
in the figure. 

C* 

Graphical representation of the element, rotational 
compliance, C«. 

ROTATIONAL CONSTANTS OF A MOLE¬ 
CULE. The constants occurring in the expres¬ 
sions for the rotational energy of a molecule. 
For the rigid non-vibrating molecule the rota¬ 
tional constants are 

h h h 
^4 _ _. jj __. _ _____ 

8 tt2cIa 8ir2clfi Sir2 cl c 

where h stands for Planck’s constant, c for the 
velocity of light, and IA, IB, and Ic are the 
principal moments of inertia of the molecule. 

In the vibrating and rotating molecule the 
rotational constants vary with the vibrational 
quantum numbers according to 
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^[»] = Ae — 2at-4 
. «*• 

Vi -|— 
L 2j 

B[v] = Br — 2a,B r , 
Vi + — 

L 2J 

clv] =Ce- 2a,c 
- dil 

Vi + — 
2 J 

where D is a rotational constant representing 
the influence of the centrifugal forces. In the 
case of a diatomic molecule of vibrational fre¬ 
quency w (in cm-1), the constant D, in a first 
approximation, is given by 

4 A3 

Here Ae, Be, and Ce are the rotational con¬ 
stants for the (hypothetical) vibrationless state 
of the molecule, Vi the quantum numbers of the 
different normal vibrations, d, the degree of 
degeneracy, and a,-4, a®, and a,c small con¬ 
stants. 

In the non-rigid molecule the influence of 
centrifugal stretching is taken into account by 
the rotational constant D « B. For a di¬ 
atomic molecule, to a first approximation, 

4 B3 

In a polyatomic molecule, D depends in general 
on all the vibrational frequencies of the mole¬ 
cule. 

The rotational energy levels of a rigid sym¬ 
metric top molecule are given by the expression 

-- = F(J,K) = BJ(J + 1) + (.4 - B)K2. 
he 

Here Er is the rotational energy (in ergs), 
F{J,K) the rotational term value (in cm-1); A 
and B are rotational constants given by 

where u is the vibrational frequency. In a 
polyatomic molecule, D depends in general on 
all the vibrational frequencies of the molecule. 

ROTATIONAL EIGENFUNCTIONS. See 
molecular eigenfunctions. 

ROTATIONAL ENERGY LEVELS OF A 
MOLECULE. (a) Pure rotation (non-vi¬ 
brating molecule). The rotational energy 
levels of the rigid diatomic or linear poly¬ 
atomic molecule are given by the expression 

E 
— = F(J) = BJ(J + 1) 
he 

where Er is the rotational energy (in ergs) and 
F(J) is the rotational term value (in cm-1). 
The rotational constant B is given by 

h 27.9830 X 10-40 
B = 2 =--- 

8tt2cIs Ib 

where Ib is the moment of inertia of the mole¬ 
cule. J is the rotational quantum number 
corresponding to the angular momentum J 
whose magnitude is 

— Vd(j + 1) 
2ir 2ir 

For the nonrigid diatomic or linear poly¬ 
atomic molecule we have 

h h 
B = —x-- A = —- 

87t clb 8ir2clji 

where I a and Ib are the principal moments of 
inertia of the molecule and J and K are rota¬ 
tional quantum numbers. Here J corresponds 
to the total angular momentum J, and K 
corresponds to the component of J in the 
direction of the figure axis; therefore J = K, 
K + 1, K + 2, • • •. All rotational levels with 
A' > 0 are doubly degenerate. 

For the nonrigid symmetric top molecule, 
the energy formula is 

Er 
— = F(J,K) 
he 

= BJ{J + 1) + (A - B)K2 

- DjJ2(J + l)2 - DjkJ(J + 1)A2 

— DkK4 + • • • 

where Dj, Djk, and DK are rotational con¬ 
stants corresponding to D in the linear mole¬ 
cule. 

The energy levels of a spherical top mole¬ 
cule are given by 

E 
— = F(J) = BJ (J + 1), 
he 

h 

8tt2cI 

~ = F(J) = BJ(J + 1) - DJ2(J + l)2 + • • • 
he 

where I is the moment of inertia of the mole 
cule. 
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The energy levels of the rigid asymmetric top 
are represented by the formula 

F(Jr.) = + C)J(J + 1) 

+ [A - UB + C)]Wr. 
Here 

A = h/8ir2cIA, B = h/8ir2cIBf C = h/8w2clc 

where I a, Ib, and Ic are the three principal 
moments of inertia of the molecule. The sym¬ 
bol r numbers the 2J + 1 levels of a given J in 
the order of their energy, i.e., 

r = — J, —J + 1, • • •, -\-J 

and WT are the roots of algebraic equations 
containing A, B, and C. For the lowest values 
of J one has 

J = 0: 
WQ = 0 

.7 = 1: 
WT = 0 

W2 - 2 WT + (1 - b2) = 0 

J = 2: 
WT - 1 + 3b = 0 
WT — 1 — 36 = 0 
WT - 4 = 0 
lfT2 - 4 Wr - 12b2 = 0 

J = 3: 
WT- 4 = 0 
W2 - 4TTt - 60b2 = 0 

W2 - (10 - 6b) WT + (9 - 54b - 15b2) = 0 
W2 - (10 + 6b) WT + (9 + 54b - 15b2) = 0 

J = 4: 
WT2 - 10(1 - b)Wr + (9 - 90b - 63b2) = 0 
WT2 - 10(1 + b)WT + (9 + 90b - 63b2) = 0 
WT2 - 20Wt + (64 - 28b2) = 0 
WT3 - 20 W2 + (64 - 208b2)WT + 2880b2 

= 0. 

Here b stands for 
C — B 

~ 2[A - \{B + C)]' 

The average of the levels with a certain J 
follows accurately (neglecting centrifugal 
stretching) the formula for the simple rotator 
with an average rotational constant, that is, 

~~ - l(A + B + C)J(J + 1). 

When two of the three principal moments of 
inertia are nearly equal, the formulas for the 

symmetric top can be applied if the average of 
the two corresponding rotational constants (B 
and C or A and B) is used in place of B. 

(For the effect of external fields on the rota¬ 
tional energy levels, see Zeeman effect, 

Stark effect; for the influence of the nuclear 
spin, see hyperfine structure. 

(b) Interaction of rotation and vibration 
(vibrating and rotating molecule). The inter¬ 
action of rotation and vibration causes the 
rotational energy of a vibrating molecule to be 
somewhat different from that of a nonvibrating 
molecule. One has for the term values of the 
rotating vibrator 

T = G(v) + FV(J) 

where G(v) is the vibrational term value (see 
vibrational energy levels of a molecule. 

For a vibrating diatomic molecule 

FV(J) = B J(J + 1) - DJ2(J + l)2 + • • -. 

Here 

Bv = Be — ae(v + 5) + • • • 
and 

Dv = De + /3e(v + 2) + • • • • 

The constants Be and De refer to the equili¬ 
brium position and are defined by formulas 
entirely similar to those previously given for 
B and D. The constants ae and /3e are small 
compared to Be and De, respectively, and are 
determined by the form of the potential func¬ 
tion. 

The rotational term values of a vibrating 
linear polyatomic molecule are given by the 
same formula as those of diatomic molecules 
except that Bv depends now on the vibrational 
quantum numbers of all the vibrations. We 
have 

where the at- are small constants similar to ae 
for diatomic molecules and where d,- is the 
degeneracy of the vibration i. The rotational 
constant Rooo • • •, obtainable from the pure 
rotation spectrum, for the lowest vibrational 
level is given by 

R[o] — 7?ooo‘ • • — Be 

Vibrational levels with l = 1, 2, • • •, (IT, 
A, • • • vibrational levels) are doubly degenerate. 
With increasing rotation a splitting of this 
degeneracy arises (/-type doubling). As a 
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result there are two rotational term series with 
slightly different rotational constants, Bvc and 
Bvd. The splitting is given by 

Av = qiJ(J + 1) - (Bvc - Bd)J{J + 1). 

The splitting constant g,- for a given perpen¬ 
dicular vibration v{ is of the same order as a,. 
The two levels of a given J have opposite 
parity (+, -). 

As for linear molecules, the term values of a 
vibrating symmetric top molecule can be repre¬ 
sented as the sum of vibrational and rotational 
term values 

T = G(v i,v2,v3,---) + F[V](J,K). 

In the case of a nondegenerate vibrational 
level and neglecting the effect of centrifugal 
forces, the rotational term values are given by 

Flv](J,K) = B[V]J{J + 1) + (A[v] - B[V])K2 

where 

The ai8 and a,A are constants similar to ae of 
diatomic molecules and Ae and Be are the 
rotational constants corresponding to the 
equilibrium position. 

In a degenerate vibrational level the Coriolis 
interaction of the degenerate components 
causes an additional term 

—2A [„] 22 (±{ili)K 
i 

which has to be added to the previous expres¬ 
sion for F[V](J,K). Here ft is a constant, 0 < 
ft- < 1, measuring the magnitude of the vibra¬ 
tional angular momentum of the degenerate 
vibration in units h/2ir and U = V{, Vi — 2, 
• • •, 1 or 0 is the azimuthal quantum number of 
the degenerate vibration. For a state in which 
only one degenerate vibration is singly excited 
Hi = 1) the additional term is 

=F2A[v]{iK 

leading to an increasing splitting of the degen¬ 
eracy with increasing K. 

The individual ft are complicated functions 
of the potential constants and other param¬ 
eters of the molecule. But the sums of the ft 
of all vibrations of a given species are indepen¬ 

dent of the potential constants. For example, 
for axial XY3 molecules (pyramidal or planar) 

ft + ft 
2Ib 2 A 

for axial XYZ3 molecules 

ft + ft + ft = 
27 B 

B 

2 A 

for axial WXYZ3 molecules 

Ia B 
ft + ft + ft + ft = rr~ +1 = —7 + 1. 

2IB 2 A 

For X2F6 molecules of point group D3h or D3d 

ft + ft *F ft = 0, and 

fto + fti + fl2 
Ia = B_ 

21 b 2 A 

The energy of a vibrating spherical top is the 
sum of the vibrational energy G(vi,v2,v3 • • •) and 
the rotational energy 

F [q (J) — B[V]J (</+!)+••• 

where 

B[v] + ••• 

For a molecule that is a spherical top on 
account of its symmetry (e.g., CH4) doubly and 
triply degenerate vibrational levels occur. In 
the case of the latter (but not of the former) the 
Coriolis interaction produces a splitting into 
three sets of levels given by 

F[V]+(J) — B[V]J(J + 1) + 2 B[„]ft(J + 1) 

Flv]°(J) - Blv]J(J + 1) 

F\v] (J) — B[V]J(J + 1) — 27?[„]ft«7 

where ft is a constant giving the vibrational 
angular momentum in units h/2ir. 

To a good approximation the rotational 
energy levels of a vibrating asymmetric top 
molecule are obtained from those of the non¬ 
vibrating asymmetric top molecule by sub¬ 
stituting effective values of the various rota¬ 
tional constants corresponding to the vibra¬ 
tional level considered, that is 

F[V](Jt) = + C[V])J(J + 1) 

+ — + Cw)]IPTw 
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where 

■4[«] — Ae — ZaiA(Vi + \) 

B[v) = Be — '2alB('Vi + \) 

Clv] = Ce - 2aiC(Vi + I) 

and where the quantities Wj are given by 
equations similar to those given above, except 
that the constants A, B, C are to be replaced 
by A[v], B[v], and C[v]. 

(c) Internal rotation. Free rotation. When 
one part of a symmetric top molecule can 
rotate freely relative to the other about the 
figure axis, the following term has to be added 
to the ordinary rotational energy F(J,K) 

Here A\ and A2 are the rotational constants 
corresponding to the partial moments of inertia 
Ia(1) and Ia(2) ; k( = ±A) is the quantum num¬ 
ber of the component of the total angular 
momentum J about the top axis; k\ is the 
quantum number of the angular momentum of 
part 1 [moment of inertia Ia A)\ of the molecule 
and assumes the values 

k\ = 0, rbl, i2, • • •. 

A 1 
For molecules with I a, = / 4, or —- = - the 

2 A j 2 
term Ft simplifies to 

Ft(klfk) = A(2ki - k)2 

= A(k, - k2)2 =■ AK? 

where Tvj = |k\ — k2\ is the quantum number 
of internal rotation. 

Internal rotation. Hindered rotation. The 
limiting case of hindered rotation is that of tor¬ 
sional oscillation in a periodic potential field 
with n potential minima 

F(x) = v(x±~y 

If a cosine form is assumed for the hindering 
potential 

V = hV0{\ - cos n\) 

the energy levels in the neighborhood of the 
minima for large V0 are those of a harmonic 
oscillator: 

G(vt) = ut(vt + |) 

where the torsional frequency is given by 

VqA \A2 

A 

or, for a molecule with two equal parts 

<V( — 2n y/VoA- 

For small values of V0 the vibrational motion 
of the molecule becomes a hindered rotation. 
The energy levels corresponding to this inter¬ 
mediate case can be found qualitatively by 
interpolation between those of the two limiting 
cases, free rotation and torsional oscillation. 

(d) Interaction of rotation and electronic mo¬ 
tion. (See fine structure BI (Multiplet 
splitting in molecular spectra) and A-type 
doubling.) 

ROTATIONAL LEVEL. See rotational en¬ 
ergy levels of a molecule. 

ROTATIONAL PARTITION FUNCTION. 
The contribution to the total partition func¬ 
tion of molecules which is associated with their 
rotational energy. 

ROTATIONAL RESISTANCE, MECHANI¬ 
CAL. See mechanical rotational resistance. 

ROTATIONAL SPECTRA IN NUCLEI. The 
motion of individual nucleons in the atomic 
nucleus are such as to exert a centrifugal pres¬ 
sure upon the surface of the nucleus as a whole. 
Under certain circumstances, particularly in 
regions of nuclei far removed from closed 
shells, this can give rise to a permanent dis¬ 
tortion of the nucleus into an approximate 
ellipsoidal form. It is then found that the 
nucleus exhibits a series of energy levels re¬ 
sembling the rotational bands well known in 
molecular spectroscopy. That is, the energy 
levels can be approximated by the formula 

Ejk — Ek + (fi2/2dK)I(I + 1). 

Here K is the component of angular momentum 
I along the symmetry axis of the nucleus, 2rrh 
is Planck’s constant, and % is an effective 
moment of inertia which, in general, depends 
upon the quantum number K which labels the 
whole band. For given K and parity, I = K, 

K + 1, K + 2, • • •, except when K = 0. In 
the latter case, I = 0, 2, 4, • • • if the parity is 
even, or 7 = 1, 3, 5, • • • if the parity is odd. 
The value of $k is approximately one-half the 
rigid moment of inertia of the nucleus as a 
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whole, showing that only a portion of the 
nucleus takes part in the rotational motion. 
The energies Ek, usually large compared to 
the spacings within a given band, may be 
regarded as the energy levels corresponding to 
excitation of the distorted nucleus*in the ab¬ 
sence of the rotational motion. 

ROTATIONAL SUM RULES, (a) The aver¬ 
age of all rotational levels with a certain rota¬ 
tional quantum number J of an asymmetric 
top molecule with rotational constants A, B, 
and C, follows the formula for the simple ro¬ 
tator with rotational constant 1/3 (.4 -f- B + 
C), i.e., 

2 TF(Jr) 
—~7 = 1/3 (A + B + C)J (J + 1). 

Other similar sum rules hold for certain sub- 
levels of a given J. (For more details see 
G. Herzberg, Molecular Spectra and Molecular 
Structure, II. Infrared and Raman Spectra 
of Polyatomic Molecules, D. Van Nostrand 
Co., Inc., Princeton, 1945, p. 49 ff.) 

(b) For a given electronic transition in a 
molecule the sums of the line strengths of all 
the transitions from or to a given rotational 
level with rotational quantum number J are 
proportional to the statistical weight ('2J + 1) 
of that level. 

ROTATIONAL WAVE. See wave (s), shear. 

ROTATION AXIS. A symmetry element pos¬ 
sessed by certain crystals, whereby the crystal 
can be brought into a physically equivalent 
position by rotation about an axis which can 
be one-fold, two-fold, three-fold, four-fold or 
six-fold, according to whether the crystal can 
be brought into self-coincidence by the opera¬ 
tions of rotation through 360°, 180°, 120°, 90°, 
or 60° about the rotation axis. 

ROTATION CAPACITY. The ability of a 
continuous beam or frame to reach its plastic 
limit load may be restricted if the members do 
not have sufficient capacity to rotate and main¬ 
tain the limit moment when it is reached. At¬ 
tention to design details such as stiffness and 
lateral supports obviates this difficulty. 

ROTATION GROUP. The group of all real 
unitary matrices with determinant equal to 
+ 1. (See Lie group.) 

ROTATION, HINDERED. See hindered ro¬ 
tation. 

ROTATION-INVERSION AXIS. A sym¬ 
metry element possessed by certain crystals 
by which the crystal is brought into self-coin¬ 
cidence by a combined rotation about the axis 
and inversion. 

ROTATION, MOLECULAR. See molecular 
rotation. 

ROTATION-REFLECTION AXIS. A sym¬ 
metry element possessed by certain crystals, 
whereby the crystal is brought into self-co¬ 
incidence by combined rotation and reflection 
in a plane perpendicular to the axis of rota¬ 
tion. Rotation-reflection axes may be one¬ 
fold, two-fold, three-fold, four-fold, or six-fold, 
according to whether the rotation which, with 
the reflection, brings the crystal into self-coin¬ 
cidence, is through an angle of 360°, 180°, 
120°, 90° or 60°. 

ROTATION, SPECIFIC. The angular rota¬ 
tion of the plane of polarization as it passes 
through an optically-active material, divided 
by the length of the path and the density of 
the material. (See molecular rotation.) 

ROTATION SPECTRA OF MOLECULES. 
The pure rotation spectrum of a molecule cor¬ 
responds to transitions between rotational 
levels belonging to the same electronic and 
vibrational state of the molecule. Such transi¬ 
tions can give rise to a spectrum in the infra¬ 
red or microwave region only in molecules with 
a permanent dipole moment, that is, only in 
molecules without a center of symmetry. 
They can give rise to a Raman spectrum only 
if the polarizability of the molecule changes 
during the transition, independent of whether 
or not there is a center of symmetry. 

(a) Diatomic and linear polyatomic mole- 
cides. For the infrared spectrum the selection 
rules are 

+ <-+-,+ H- +, - <-+-> - 
that is, positive levels combine only with nega¬ 
tive levels, and 

AJ = J' — J" = 1 

where J' and J" are the rotational quantum 
numbers of the upper and lower states, re¬ 
spectively. Accordingly, the wave-numbers of 
the pure rotation spectrum are given by the 
formula 

» = 2B{J + 1) - 4D(J + l)3 + • • • 

where D « B and J stands for J". 
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For the Raman spectrum the selection rules 
referring to the symmetry of the rotational 
states are 

+ <-> +, — *-* _\~* ~ 

and 

s <-> s, a <-» a, s <—|—» a 

that is, positive levels combine only with posi¬ 
tive, negative only with negative, symmetric 
only with symmetric, and antisymmetric only 
with antisymmetric levels. The selection rule 
for the rotational quantum number is 

AJ = 0, ±2 

that is, besides the undisplaced line (AJ = 0) 
one observes two lines both with A J = J' — 
J" = +2, one with the lower state as the 
initial state (Stokes line) and one with the 
upper state as the initial state (anti-Stokes 
line). 

The wave number shifts are given by the 
formula 

| A,| = (45 - 65)(J + f) - 85(J + §)3 

or, since always D « B, to a very good ap¬ 
proximation 

|A,| = 45(J+ f) 

where J, as always, stands for J", the rotational 
quantum number of the lower state involved. 

For molecules with a center of symmetry, 
corresponding to the alternation of statistical 
weights for the symmetric and antisymmetric 
rotational levels, an alternation of intensities 
will occur. If the spins of all nuclei with the 
possible exception of the one at the center are 
zero, alternate lines will be missing. 

(b) Symmetric top molecules. A pure rotation 
spectrum in the far infrared and microwave 
region can occur only if the molecule has a 
permanent dipole moment. For the accidental 
symmetric top the selection rules are 

AK = 0, ±1; AJ = 0, ±1; 

+ *—* —, + <—\—>> +, — <—|—>• —. 

For a molecule which is a symmetric top be¬ 
cause of its symmetry the same selection rules 
hold, but AK = ±1 is excluded. In addition, 
only states having the same species of the rota¬ 
tional eigenfunction combine with one another 
(e.g., A <-> A, E <-> E, A *—|—* E for mole¬ 
cules with a threefold axis of symmetry). 

The wave-numbers of the pure rotation lines 

when the molecule has an axis of symmetry are 
given in a first approximation by the formula 

v = 2 B(J + 1) 

or, if centrifugal streching is taken into account, 

r = 2B(J 1) - 2DkjK\J + 1) 

- 4Dj(J + l)3. 

(For definition of the constants B, Drj, and 
Dj, see rotational energy levels of a mole¬ 
cule.) 

For the rotational Raman spectrum, in the 
case of the accidental symmetric top the selec¬ 
tion rules are 

AJ = 0, ±1, ±2; AK = 0, ±1, ±2 

and 

+ <—* +, - «■—> + «-[-* —• 
If the molecule is a symmetric top because of 

its symmetry, the same selection rules apply 
except that transitions with AK ±1, ±2 are 
no longer possible and, those with AJ = ±1 
occur only for K 0. In this case the Raman 
lines form two branches on either side of the 
undisplaced line with the displacements 

| Av\= F(J + 2,K) - F(J,K) = 65 + 4BJ, 

J = 0, 1, • • • (S-branches) 
and 

| Av\ = F(J+ 1 ,K) - F(J,K) = 2B + 2BJ, 

J = 1, 2, • • • (5-branches) 

neglecting centrifugal stretching terms. 
(c) Spherical top molecules. Molecules whicl 

are spherical tops on account of their symmetry 
have no pure rotation spectrum in the infrared 
because they have no permanent dipole 
moment. Accidental spherical top molecules 
may have a permanent dipole moment and, 
consequently, a pure rotation spectrum. The 
selection rule is 

AJ = 0, ±1 

leading to the same wave-number formula as 
for linear molecules. 

Molecules which are spherical tops on ac¬ 
count of their symmetry have no pure rotational 
Raman spectrum, since the polarizability does 
not change during the rotation. In accidental 
spherical top molecules a rotational Raman 
spectrum may occur. The selection rule is 

A J = 0, ±1, ±2. 



805 Rotation-Vibration Spectra of Molecules 

The Raman displacements are the same as 
those of a symmetric top molecule. 

(d) Asymmetric top molecules. Asymmetric 
top molecules in general have a permanent di¬ 
pole moment, and therefore have a pure rota¬ 
tion spectrum in the far infrared or microwave 
region. The selection rule for J is 

A«7 — 0, ± 1. 

If the molecule has no symmetry the only 
further restriction is that levels of the same 
species do not combine with each other 

+ + \—■* ++, d— |-♦ d—, 

If the molecule has an axis of symmetry, only 
those rotational levels can combine with one 
another whose eigenfunctions have the same 
behavior with respect to a rotation by 180° 
about this axis, and opposite behavior with 
respect to similar rotations about the other 
two axes. Thus if the dipole moment lies in 
the axis of least moment of inertia (a axis) 
only the transitions 

+ + <-► —b and -1— <-*- 

can take place. If the dipole moment lies in 
the axis of intermediate moment of inertia (b 
axis) only the transitions 

+ + <-*-and H— «-» —b 

can take place. If the dipole moment Lies in 
the axis of largest moment of inertia (c axis), 
only the transitions 

+ -b *-* d— and —b *-*- 

can take place. 
The polarizability of an asymmetric top 

molecule in general changes during the rotation, 
and therefore as a rule a rotational Raman 
spectrum will occur. The selection rule for J is 

AJ = 0, it 1, rt2. 

If the molecule has no symmetry, transitions 
between levels of any of the symmetry types 
(-J—b, H—,—1", ) can occur. If the mole¬ 
cule has at least one twofold axis of symmetry, 
only levels of the same species can combine with 
each other, that is 

+ + *-* ++, d— < * d , 

—b *—* —K-* * • 

(e) Molecules with internal rotation. For 
symmetrical molecules there is no pure rota¬ 

tion spectrum corresponding to free internal 
rotation. In slightly asymmetric molecules 
the internal rotation is infrared active. For 
the pure internal rotation spectrum the selec¬ 
tion rules are 

A J = 0, dbl, AA = ±1, 

AAj — ± 1, AA.2 = 0 

where Kx =|fc1|, and K2 = | /c21. Therefore 
the Q “lines” of the free internal rotation 
spectrum form the double series 

v = Ai - B =F 2BK ± 2AXKX 

where the upper signs hold for positive AK and 
AKi, the lower signs for negative AK and AAV 

ROTATION - VIBRATION SPECTRA OF 
MOLECULES. Rotation-vibration spectra 
correspond to transitions between the rota¬ 
tional levels of two different vibrational states 
belonging to the same electronic energy level 
of a molecule. 

(a) Diatomic molecules. The same selec¬ 
tion rules apply as for the pure rotation 
and the pure vibration spectrum separately. 
Therefore the vibrational quantum number 
can change by 

Av = dbl, ±2, • • • 

with Ay = ±1 giving by far the strongest 
transitions. The selection rules for the rota¬ 
tional quantum number, assuming that there 
is no electronic angular momentum about the 
internuclear axis, are, in the case of infrared 
transitions 

A J = J' — J" = ±1 

and in the case of Raman transitions 

A J = J' - J" = 0, ±2. 

Hence in the infrared a rotation-vibration band 
consists of two branches, an R branch (AJ = 
d-1) and a P branch (AJ = —1) which are 
given by (neglecting small terms in D' and D") 

vR = vo + 2B\ -b (3B'v - B"V)J 

-b (B'v — B"V)J2 (J = 0, 1,...) 

vp — vo — (B'v -b B"V)J 

-b (B'v — B"V)J2 (J = 1,2,--.). 

Here v0) is the vibrational energy difference be¬ 
tween the two states (band origin); J is the 
rotational quantum number J" of the lower 
state. 
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In the Raman effect a rotation-vibration 
band consists of three branches, an S branch 
(AJ = +2), and 0 branch (AJ = —2), and a 
Q branch (AJ = 0). (Formulas for these 
branches may be found in G. Herzberg, Mo¬ 
lecular Spectra and Molecular Structure, I. 
Spectra of Diatomic Molecules, 2d Edition, D. 
Van Nostrand Co., Inc., Princeton, 1950.) 

(b) Linear polyatomic molecules. The selec¬ 
tion rules for rotation-vibration spectra of 
linear polyatomic molecules are the same as 
for diatomic molecules if the quantum number 
l of the vibrational angular momentum is zero 
in both the upper and lower states, i.e., if l' = 
l" = 0. In this case the same two branches 
occur. 

If l' or l" or both are different from zero, in 
addition to the transitions occurring for di¬ 
atomic molecules (see above) in the infrared, 
transitions with AJ = 0 occur; in the Raman 
effect, transitions with AJ = X1 occur. That 
is, the selection rules are 

AJ = 0, ±1 (infrared) 

A J = 0, ±1, ±2 (Raman effect). 

At the same time the symmetry selection rules 

+ <-* —, s |—» a (infrared) 

+ <-> +, — <-> s <—|—> a 

(Raman effect). 
must be obeyed. 

The additional possibility AJ = 0 in the in¬ 
frared gives rise to a Q branch whose formula is 

= ro + (B' - B")J + (B' - B")J2. 

In the Raman spectrum in such cases P and 
R branches in addition to the S, 0, and Q 
branches can occur. 

According to the preceding selection rules, 
when U is different from zero a transition be¬ 
tween the two components of an Atype doublet 
can occur. Such transitions occur in the micro- 
wave region and are represented by the formula 

v — QiJ(J + 1)- 

(c) Symmetric top molecules. The selection 
rules for the vibrational quantum numbers for 
the rotation-vibration spectrum are the same 
as for the pure vibration spectrum. If the 
molecule is a symmetric top on account of its 
symmetry, the (vibrational) transition moment 
can only be either parallel or perpendicular to 
the figure axis. For an accidental symmetric 

top any orientation with regard to the figure 
axis is possible. 

If the transition is parallel to the figure axis 
(|| band), the selection rules for the rotational 
quantum numbers are 

A K = 0, 

AJ = 0, Xl (AJ = 0 forbidden for K = 0) 

and if the transition moment is perpendicular 
to the figure axis (_L band) 

AK = ±1, AJ = 0, ±1. 

If the transition moment has a general direc¬ 
tion with respect to the figure axis, changes of 
the rotational quantum numbers allowed by 
either set of selection rules may occur, i.e., the 
resulting band has both a |j and a _L component 
(hybrid band). 

Both || and _L bands consist of a number of 
subbands corresponding to the different values 
of K. Each subband consists of a P, a Q and 
an R branch corresponding to AJ = —1, 0, 
and +1, respectively, similar to the bands of 
linear molecules. 

The zero lines of the subbands of a || band 
or of the || component of a hybrid band are 
given by 

j/0stlb = r0 + [(A'[„] — A'%]) 

- (B'lv] - B"[v])}K2 

those of a ± band or of the X component of a 
hybrid band are given by 

Vub = + (A'lv] - B\v]) X 2(A'W 

— B\V])K + \{A\Vj — R'[»j) 

- (A"w - B"lv]))K2. 

Here it is assumed that both states involved 
are nondegenerate or, if degenerate, of such a 
nature that the effect of Coriolis forces can be 
neglected. If this is not the case the term 
— 2A[v]h(db{ili)K has to be added to the energy 
formula, and the subband formulas are cor¬ 
respondingly changed. For example, if the 
upper state is degenerate with f,- ^ 0, l, = 1, 
and the lower state nondegenerate, the sub¬ 
bands of the resulting X band are given by 

r09ub = r0 + [A'lv]( 1 - 2JV) - R'H] 

X 2[A,W(1 - G) - B'lv])K 

+ [(A'lv] - B'lv]) - (A"v - B"V)]K2 

where the upper sign holds for AA' = +1 and 
the lower for A A = —1. Neglecting the 
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dependence of A and B on the y,-, the spacing 
of the subhands is 2[A(\ — f,-) — B] instead 
of 2(A — B) for a nondegenerate upper state. 

The intensities of the lines in absorption are 
given by the expression 

I(J,K) = CAKJvgKJe-F(K-J)hclkT 

where the Qkj are statistical weight factors and 
the Akj intensity factors given by 

A J = +1: *4 kj 

(J -f l)2 - A2 

(J -T 1)(2J -f- 1) 

AJ = 0: Akj 
K~ 

J(J + 1) 

A.J = — 1: Akj 

AJ — +1: Akj 

A J = 0: Akj 

AJ = — 1: Akj 

J2 - A2 
(A A = 0) 

J(2J + 1) 

(J + 2 ± A)(J -(- 1 ± A) 

(J+ 1)(2J + 1) 

(J + 1 =fc A)(J =F A) 

J(J + 1) 

(J - 1 =F A)(J =F A) 

J(2J +TT- 

(AA = ±1). 

Here A and J refer to the rotational quantum 
numbers of the lower state. Foi A = 0, 
AA = +1 the values given by the formulas 
have to be multiplied by 2. 

The vibrational selection rules for the Raman 
effect are also the same as for the pure vibration 
spectrum. In the most general case of an 
accidental symmetric top with arbitrary orien¬ 
tation of the polarizability ellipsoid with re¬ 
spect to the momental ellipsoid the selection 
rules for the rotational quantum numbers are 

AA = 0, ±1, ±2; 

AJ = 0, ±1,±2 (J' + J"> 2). 

If the molecule has symmetry and if there¬ 
fore the figure axis coincides with one of the 
symmetry axes, only certain components of the 
matrix elements of the polarizability a are 
different from zero and only certain of the 
above transitions can occur. 

The inversion doubling which occurs for all 
nonplanar molecules is usually negligibly small. 
But for molecules like NH3 for which the two 
configurations obtained by inversion are 
separated by only a comparatively small po¬ 

tential barrier, an appreciable doubling arises. 
The rotational constants in the two component 
levels are slightly different, that is, one has 

Fl0]\J,K) = B[v]°J(J + 1) 

+ (A[v]* - 5w«)A2+... 

Flv]a(J,K) = B[v]aJ (J + 1) 

+ (A[v]a-B[v]a)K2+... 

where the superscripts s and a refer to the 
levels whose vibrational eigenfunctions are 
symmetric and antisymmetric with respect to 
the inversion. Transitions from one set of 
levels to the other occur in the microwave 
region, the selection rules being 

AJ = 0, AA = 0, A ^ 0. 

The resulting lines are therefore given by the 
formula 

v — vo + (A[„]s — B[U]a)J(J + 1) 

+ [(Alv]° - Alv]a) - (R[u]* - B[v]a)]K2 +.. • 

where vq is the inversion splitting for zero rota¬ 
tion. Slight deviations of the observed micro- 
wave spectra from this formula can be ac¬ 
counted for by adding higher (quartic) terms 
to it. 

(d) Spherical top molecules. For the acciden¬ 
tal spherical top the selection rules for J are 
the same as for the symmetric top, both in the 
infrared and the Raman effect. For a molecule 
that is a spherical top on account of its sym¬ 
metry, additional rules apply. 

In the infrared the most common vibrational 
transitions are F2 — A j. Of the three com¬ 
ponents of the upper state the F+ levels com¬ 
bine with the lower state only with A J = — 1, 
the F0 levels only with AJ = 0 and the F~ 
levels only with A J = +1. Therefore F2 — Ax 
bands have only three branches represented by 
the formulas 

(RJ) = po + 2 R'[U] — 2R'[„]fj- + (3R'[q 

- B"[v] - 2B'[v]ti)J 

+ (B'lv] - R"[„i)J2 

Q(J) = ,0 + (B'lv] - B"lv])J 

+ (B'lv] - B"lv])J2 

P(J) = vo- (B'[v] + B'\v] - 2B'wMJ 

+ (B'lv] - B"[V])J2. 

In the Raman effect, for Ai — Ai vibrational 
transitions only AJ = 0 occurs, that is, only a 
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Q branch. But in F2 — A i vibrational transi¬ 
tions all five AJ values are possible for each of 
the three sublevels of the F2 state; the resulting 
bands therefore consist of fifteen branches. 

(e) Asymmetric top molecules. The selection 
rules for the rotation-vibration spectra of asym¬ 
metric top molecules are the same as those for 
the vibration and the rotation spectra sepa¬ 
rately, except that it is now the direction of 
the change of dipole moment and change of 
polarizability that determines the infrared and 
Raman transitions respectively. The fine 
structure of the bands is always very com¬ 
plicated and cannot be represented by simple 
formulas, except if the molecule approaches 
the limiting case of a symmetric top (A ~ R 
or C ~ B). (For more details see G. Herzberg, 
l.c.) 

(f) Molecules with internal rotation. For sym¬ 
metrical molecules the selection rules for the 
quantum number A, of the internal rotation 
are AA, = 0 for A A = 0 and A A, = ±1 for 
A A = ±1. As a consequence the j| bands of a 
symmetric top molecule are not affected by the 
presence of internal rotation, while in the _L 
bands each of the line-like Q branches is split 
into a number of nearly equidistant “lines” of 
spacing 2B. For the rotation-vibration spec¬ 
trum of asymmetrical molecules we have in the 
case of || bands (AA = 0) the selection rule 

AAj - 0, AK2 — 0 

and in the case of T bands (AA = ±1) 

AKi = ±1, AA2 = 0 or 

AK\ = 0, AA2 = i 1 

depending on whether the dipole moment of the 
vibrational transition is in part 1 or part 2 of 
the molecule. The structure of the || bands is 
therefore not affected by the presence of in¬ 
ternal rotation, while in the ± bands each 
subband corresponding to a given A and AA 
is resolved into a number of sub-subbands cor¬ 
responding to the different Kx values and AAX 
= ±1 or to the different K2 values and AA2 = 
±1, depending on whether the oscillating dipole 
moment is in part 1 or part 2. For A Ax = 
±1 the spacing of the sub-subbands is2Ax, for 
AA2 = ±1 it is 2A 2. 

ROTATOR, PARTITION FUNCTION OF. 

A function given by the equation. 

Z = £ (2j + i)«-0«W+i> 
j 

where Z is the partition function, /3 = 1/kT 
(k is Boltzmann’s constant and T the absolute 
temperature), and 0 is the so-called “rotational 
temperature” (in energy units), given by the 
relation 

kh2 

vrith h being Planck’s constant, and I being 
the moment of inertia of the rotator. 

ROTATORY DISPERSION. An optical dis¬ 
persion, due to the polarization plane of po¬ 
larized light of different wavelengths being 
rotated at different rates by optically active 
substances. 

ROTATORY POWER. The angle of rotation 
produced in a beam of polarized light by an 
optically active medium per unit distance 
traversed. 

ROTOR. A region in a fluid stream (usually 
in two-dimensional steady motion) in part of 
which the flow is in the opposite direction to 
the main stream. Rotors are characteristic of 
large amplitude disturbances in horizontal 
streams of stably stratified fluid such as in an 
airstream flowing over steep mountains. If 
clouds are present they may appear to rotate. 
Rotors most commonly occur in lee waves. 

If f is the displacement at a point of the 
streamline from its level in the undisturbed 
horizontal flow, the condition that a rotor shall 
occur is that d£/dz > 1, where z is height. 
This condition is most easily satisfied in air- 
streams with large static stability. 

ROUGHNESS, EFFECT ON SKIN FRIC¬ 
TION. With a laminar boundary layer, 
roughness of the surface has no effect on the 
skin friction provided it is not large enough to 
cause transition to turbulent flow. 

With a turbulent boundary layer roughness 
has no effect on the skin friction provided the 
roughness height c satisfies approximately the 
condition 

v 

where v is the kinematic viscosity and pr*2 is 
the shear stress at the wall. If Equation (1) is 
satisfied the protrusions are all inside the 
laminar sub-layer and the surface is then said 
to be hydraulically smooth. 

When Equation (1) is not satisfied the skin 
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friction is increased by the roughness. The 
type of roughness that has been most fully 
investigated is that formed by closely spaced 
grains of sand of uniform size. With this type of 
roughness a single length «, defining the size 
of the sand grains, is sufficient to specify the 
roughness completely. 

With sand roughness two regimes may be 
distinguished, apart from that given by Equa¬ 

tion (1). For 5 < — < 70, the skin friction 
v 

coefficient depends not only on the Reynolds 
number (as for a smooth surface) but also on 
the relative roughness e/6, where 6 is the 
boundary-layer thickness. This state is known 
as the transition regime, because it is inter¬ 
mediate between the hydraulically smooth sur¬ 
face already mentioned and the completely 
rough regime considered below. 

The completely rough regime occurs for — 
v 

> 70, and in this condition the skin-friction 
coefficient is independent of Reynolds number 
and depends only on e/5. 

With increasing distance downstream along 
the surface of a body, the boundary-layer 
thickness 6 increases, so that if the roughness 
of the surface is uniform the relative roughness 
e/6 decreases. At the same time r* decreases 
with increasing distance downstream, so that 
the surface may be in the completely rough 
condition near the upstream end and then 
change to the transition regime further down¬ 
stream. Eventually, if the body is sufficiently 
long, the surface may even become hy¬ 
draulically smooth. 

Attempts have been made to define, for other 
forms of rough surface, an equivalent sand 
roughness which would have the same skin 
friction as the given surface at any Reynolds 
number. This procedure is useful in some 
cases, but it is not always satisfactory because 
some forms of rough surface do not behave 
even qualitatively in the same way as sand 
roughness. In particular, with some forms of 
rough surface it is apparently not possible to 
obtain “completely rough” conditions in which 
the skin friction coefficient depends only on 
e/6. 

For flow in a pipe the effects of roughness are 
the same as for a boundary layer. The di¬ 
mensionless roughness height is e/r, where r is 
the radius of the pipe, and of course with uni¬ 
form roughness this does not change with 
distance downstream. 

ROUGHNESS, EFFECT ON TRANSITION 
OF LAMINAR BOUNDARY LAYER. Tran¬ 
sition from laminar to turbulent flow in a 
boundary layer may occur further upstream if 
the solid boundary is roughened. Although the 
detailed mechanism of the effect of roughness 
on transition is not yet fully understood, it is 
clear that roughness on the surface introduces 
disturbances into the boundary layer, and 
under certain conditions these may be ampli¬ 
fied and cause the flow to become turbulent. 
For a roughness element of height e, a rough¬ 
ness Reynolds number may be defined as 

Rt = *UJv, 

where Ut is the velocity in the undisturbed 
boundary layer at y = e. For values of R( less 
than some critical value RtCrit., the roughness 
has no effect at all on the position of transition. 
The value of RtCrit. depends on the shape and 
arrangement of the roughness elements, but 
for most forms of roughness it lies in the range 
100 to 300. 

For values of R( greater than the critical 
value the roughness causes transition to occur 
further upstream than on a smooth surface. 
For sufficiently large values of R(, usually about 
2 or 3 times R(Crit., transition to turbulent flow 
occurs almost immediately after the roughness. 

ROUGHNESS HEIGHT OF PIPE. See 
roughness, effect on skin friction. 

ROUGH REGIME. See roughness, effect on 
skin friction. 

ROUNDING. The process of dropping the 
less significant digits in the representation of 
a number, generally with the rule that a unit 
should be added in the last place whenever the 
first discarded digit is 5 or greater in decimal 
representation, 1 in binary. When this rule is 
not adopted the process is called truncation. 

ROUNDING ERROR (ROUNDOFF). The 
error which results from rounding. 

ROUSSEAU DIAGRAM. A graphical con¬ 
struction by means of which the luminous flux 
and the mean spherical luminous intensity of 
a (point-) source with an axis of symmetry 
may be calculated from a knowledge of the 
luminous intensity in a certain number of di¬ 
rections in a meridian plane of the source. 
The coordinates in one direction are propor¬ 
tional to luminous intensities, in the other 
direction to solid angles. 
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KOUTII CRITERION. See Routh rule of 
inertia. 

ROUTH RULE OF INERTIA. The moment 
of inertia about an axis of symmetry is given 

by 

n 

where M is the total mass, a and b are the two 
semi-axes perpendicular to each other and to 
the symmetry axis and n is 3 for a rectangular 
parallelepiped, 4 for an elliptic cylinder, and 
5 for an ellipsoid. 

This rule is applied as a criterion of the 
stability (of a system). 

ROUTINE. A sequence of operations carried 
out by a stored-program computer as specified 
by a code for the purpose of performing a 
mathematical or logical computation. (Cf. 
program.) 

RUBBERY STATE. A state of polymers in 
the range of temperature and time at which 
viscoelastic deformation is dominant. 

RULED SURFACE. A surface which can be 
generated by the motion of a straight line. 
The straight lines lying in the surface are the 
generators of the surface. The point into which 
the common perpendicular to two neighboring 
generators degenerates as these are brought 
into coincidence is the central point of the gen¬ 
erator. The locus of the central points of all 
the generators of the surface is the line of 
striction of the surface. It is, of course, per¬ 
pendicular to every generator of the surface. 

RULED SURFACE, DIRECTRIX OF. See 
directrix. 

RULE, FLOW. See flow rule. 

RUNGE-KUTTA METHOD. A method for 
the numerical solution of an ordinary differ¬ 
ential equation 

y' = /(*, y), 

requiring the sequential computation of the 
following quantities: 

fv fi-^yj yv) > 

h = hfy, k2 = hf(x, + h/2, yv + k1/2), 

k3 = hf(xy + h/2, y, + k2/2), 

k4 = hf(Xy+1, yy + k3), 

Vy+1 = y^ + (ki + 2 k2 + 2 k3 + A:4)/6. 

The formulas have an obvious interpretation 
when y and / are vectors, hence for a system 
of equations. The method has the advantage 
of not requiring special measures at the outset 
as do the methods of Adams, Milne, and others 
based upon straight interpolation. It has the 
disadvantage of being slightly more compli¬ 
cated. Analogous simpler schemes, some of 
lower and some of higher accuracy, are avail¬ 
able. (See Lothar Collatz, Numerische Be- 
handlung von DifJerentialgleichungen, 2nd edi¬ 
tion, Springer, 1955.) (In this class, see the 
Euler method.) 

RUNS. In a sequence of observations of an 
attribute, the successive occurrence of mem¬ 
bers of the same type is called a run. If the 
observations are values of a continuous vari¬ 
able the expression “run” is often applied to a 
set which are monotonic. 

RUPTURE LINE THEORY (JOHANSEN 
THEORY). An upper bound technique for 
determining the plastic limit load for plates 
and shells. The kinematically admissible dis¬ 
placement pattern is chosen as a pattern of 
yield line hinges separating rigid body sections 
of plate or shell, and is analogous to the yield 
or plastic hinge mechanism method for frames. 
Although the minimum upper bound which is 
obtained is normally a very good answer, it is 
not always so. A continuous distribution of 
plastic deformation may have to be considered. 

RUPTURE, MODULUS OF. See modulus of 
rupture. 

RUSSELL ANGLES. A series of angles which 
define the center lines of zones of equal area 
on a sphere, so that the determination of total 
luminous flux from a curve of intensity dis¬ 
tribution is reduced to the calculation of the 
arithmetic mean of values at these angles. 

RUSSELL-SAUNDERS COUPLING. (Also 
called (L,S) coupling or spin-orbit coupling.) 
Theoretical limiting case for the coupling of 
the spins Sj and the orbital angular momenta 
b of the individual electrons in an atom (or 
molecule): strong coupling between the indi¬ 
vidual sf, adding up (in various possible ways, 
see angular momentum vectors, quantum the¬ 
oretical addition of) to a resultant spin S of 
magnitude S(h/2n); strong coupling between 
the individual b, adding up to a resultant elec¬ 
tronic orbital angular momentum L of magni¬ 
tude L{h/2ir); weak coupling between the re- 
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sultant angular momenta S and L, adding up RYDBERG EQUATION. The individual 
to a total electronic angular momentum J of series in the spectra of most atoms can be 
magnitude J(h/2n). Written symbolically: represented by the Rydberg equation 

(si> s2, • • OUi, ^2, • • •) — (S, L) = J. 

Characteristic for Russell-Saunders coupling is 
the occurrence of narrowly spaced groups of 
energy levels with the same values of S and L, 
but different values of J (multiplets). Multi- 
plets with the same value of L but different 
values of 8 (different multiplicity) have con¬ 
siderably different energy. (Actually the ob¬ 
served energy difference between correspond¬ 
ing terms of different multiplicity is not due 
to strong magnetic interaction of the respective 
electron spins Si, but to Coulomb interaction 
of the electrons and to the Heisenberg reso¬ 
nance phenomenon. For atoms of not too high 
atomic number, Russell-Saunders coupling 
constitutes a good approximation to the actual 
coupling conditions. 

RUTHERFORD. (1) A unit of radioactivity, 
symbol rd, equal to 106 disintegrations per 
sec. (2) A quantity of a nuclide having an 
activity of 1 rutherford. 

RYDBERG CONSTANT. The Rydberg con¬ 
stant for an atom of nuclear mass M is given 
by 

2ir2peA 

Here h stands for Planck’s constant, e, for the 
electronic charge, c, for the velocity of light and 

vn = J'oo 

R 

(n + m)2 

where vn is the wave number of a line in the 
series, vx the wave number of the series limit, 
R is the Rydberg constant, n is an integer, and 
M < 1 a constant, the so-called Rydberg correc¬ 
tion. 

In its more general form the Rydberg equa¬ 
tion is given by 

R R 

(n 2 + M2)2 (^l + Ml)2 

(see also combination principle). 

For hydrogen the Rydberg corrections are 
equal to zero, so that the Rydberg equation in 
its general form is reduced to 

n 2 Ui J 

R R 1 
"n = —-2 = R ~~2 

n2 nx n2 

or, for an individual series, e.g., the Balmer 
series 

' 1 1 
vn ~ R 

In the form 
ni2J 

vn = RZ2 
1 

Ln2 

1 

Z~2 n i J 

with Z standing for the atomic number, the 
above formula applies to hydrogen as well as 
the hydrogen-like ions He+, Li++, 

Mm. 

M -f- m 
RYDBERG FORMULA. See Rydberg equa¬ 
tion. 

for the reduced mass of the electron, with M 
and rn the nuclear and electronic masses re¬ 
spectively. 

The Rydberg constant for an atom of in¬ 
finite nuclear mass is given by 

2w2me4 

Therefore 
M 

RYDBERG CORRECTION. See Rydberg 
equation. 

RYDBERG-RITZ COMBINATION PRINC1- 
PLE. See combination principle. 

RYDBERG SERIES. A series of energy levels 
in an atom or molecule in which one electron 
is excited to orbitals of increasing principal 
quantum number n. The term values of a 
Rydberg series are given by 

R 
Te = A-- 

(n - V? 

where A is the ionization potential, R, the 
Rydberg constant, and p, the Rydberg correc¬ 
tion. 
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SABIN. A measure of the sound absorption 
of a surface. It is the equivalent of 1 square 
foot of a perfectly absorptive surface. 

SABINE LAW. An empirical formula for 
the reverberation time in a room. It has the 
same form as the Franklin equation. 

SACKUR-TETRODE EQUATION. An equa¬ 
tion giving the translational entropy of an 
ideal gas. With certain simplifying approxi¬ 
mations, it becomes: 

Str = R 
(2irmkT) ” 5' 

In --— V + - 
h3N 2 

in which Str is the tranlational entropy of one 
mole of gas, R is the gas constant, m is the 
molecular mass, k is the Boltzmann constant, 
T is the absolute temperature, h is the Planck 
constant, N is the Avogadro constant, and V is 
the molar volume. 

working load is called the load factor. The 
factor of safety against yielding of structural 
steel is in the neighborhood of 1.65. 

A statistical point of view is helpful in as¬ 
sessing the significance of safety factors as 
both the applied loads and the strength of the 
material will show great scatter. The problem 
is basically one of extreme values and not well 
explored as yet. 

SAGITTA. In the Gaussian optics of spheri¬ 

cal surfaces an approximate value for the 
sagitta to an arc of a circle is frequently useful. 
When x <$C y the exact equation, r2 = (r — x)2 
+ y2 reduces to x ^ y2/2r, where r is the radius, 
2y is the chord and x is the sagitta. 

SAGITTAL FOCAL LINES. See focal lines. 

SAGITTAL FOCUS (SECONDARY FOCUS). 
The first order focus of a bundle in the sagittal 
plane of a meridional ray. 

SADDLE POINT METHOD. A method for 
obtaining an asymptotic approximation to a 
function expressible in the form 

f e^dr 
Jc 

where /(r) —» — oo at either end of the curve 
C. If f(z) =u + iv, the method involves 
choosing the path C of integration to pass 
through a saddle point of u, a point that will 
be among the roots of f'(r) = 0, and to pass 
through it in the direction v = const. Points 
of C in the vicinity of the saddle point then 
contribute most to the value of the integral, 
and for large positive z only these points are 
significant. The method is sometimes called 
the method of steepest descent since the direc¬ 
tion a = const is that which descends most 
steeply from the saddle point. 

SAFETY FACTOR. Although nominally the 
ratio of the value of a quantity measuring 
failure to the value at working conditions, the 
safety factor is most often simply the ratio of 
yield or ultimate strength to working stress. 
The more realistic ratio of plastic limit load to 

SAGITTAL PLANE. A plane containing a 
meridional ray of an optical system but per¬ 
pendicular to the tangential or meridional 
plane of that ray. 

SAHA EQUILIBRIUM FORMULA. Equa¬ 
tion for the relative concentrations C<, Cei, 
Cat of singly-ionized ions, electrons, and neu¬ 
tral atoms, 

CiCel /2irm\*2gi 

Cat \0h2) gj 

where m is the electron mass, /3 = 1/kT (k: 
Boltzmann constant, T: absolute temperature), 
h, Planck’s constant, x, the ionization potential, 
and gt and gat the statistical weights of the 
ground states of the ion and the atom, or for 
the relative concentrations Ca, Cb, and Cab of 
atoms A and B and the diatomic molecule AB, 

CaCb 

Cab 

gAgB /2trgX^/g/t2 

gAB \0h2) 87r2/ 

(1 - e-0h,)e-{}Df 

where <7.4, Oh, gAB, are the ground state sta¬ 
tistical weights, n is the reduced mass 
mab, I is the moment of inertia of the molecule, 
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hv its vibrational energy, and D its dissociation 
energy. 

(THE) SAILINGS (NAVIGATION). The 
various methods for advancing the position of 
a ship to obtain the dead reckoning position 
are referred to as the sailings. While this ad¬ 
vancement of position may be accomplished 
by graphical methods, nevertheless many care¬ 
ful navigators prefer to solve this problem by 
computational methods. 

Mz DLo 

The following standard notation is used 
throughout this discussion, and is illustrated in 
the figure. 

Latitude: The latitude of the point of departure 
is <tn. 

The latitude of the point of arrival 
is 02. 

01 T- 02 
The mid-latitude-= 0m • 

2 
Difference of latitude is D<t> 
Meridional part of deparature is Mi and that 

of arrival is M2 
Meridional distance (Mi — M2) is m 
Longitude: The longitude of departure is Lo\ 

The longitude of arrival is Lo2 
Longitude difference is DLo 

Departure is p 
Course or course angle is C or C„ 
Distance is expressed in nautical miles or 

minutes of arc on the sphere. 

1. Plane Sailing. This is the simplest of all 
of the sailings but should not be used for dis¬ 
tances of more than a hundred miles. The 
earth is considered as a plane surface. The 
triangle to be solved is that in the figure 
bounded by the sides d<f>, p, and D. From the 
figure it is evident that 

p = D sin C, D<t> = D cos C, D = D</> sec C. 

These relations are so frequently used by navi¬ 
gators that they are published in tabular form 
and known as the Traverse Tables. These 
tables are published by the U.S. Hydrographic 
Office and various other publishers. The 
format of one table may differ from that of 
others, but they are all designed to serve the 
same purposes. In the most common form of 
Traverse Tables we have D<f> and p tabulated 
for every degree of course angle and for dis¬ 
tances up to 1000 miles. 

2. Traverse Sailing. If a ship is frequently 
altering course or speed or both, as might be 
the case on tactical maneuvers, or operating in 
a group of islands, the ship is said to be run¬ 
ning a traverse. For each leg of the traverse 
the departures and changes of latitude are 
computed or taken from a traverse table. The 
individual changes of latitude are added to¬ 
gether algebraically to find the cumulative p. 
The cumulative D<j> and p are treated as a 
problem in plane sailing or, more commonly, 
by methods discussed below. 

3. Parallel Sailing. Parallel sailing is an¬ 
other name for the conversion of departure, p, 
in miles to DLo expresed in angular measure. 
The assumption is made that a ship sails along 
a parallel of latitude <j> for a certain number of 
miles, p. Then 

DLo = p sec 0 or p = DLo cos 0. 

4. Middle Latitude Sailing. Popularly re¬ 
ferred to as mid-latitude sailing, this method 
combines plane and parallel sailing, or traverse 
and parallel sailing, when considerable dis¬ 
tance, particularly in the north-south compo¬ 
nent, is involved. This method may be used in 
safety between the 60° parallels, either north 
or south, for distances of three hundred miles 
or more. The traverse is completed, providing 
a total departure, p, and a total latitude dis¬ 
tance D<f>. However the difference in longi¬ 
tude, computed using <f>i will differ appreciably 
from that obtained using <f>2. A good approxi¬ 
mation is obtained by using the average of the 
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two latitudes If the traverse crosses the 
equator, the sections in the northern and south¬ 
ern hemispheres should be computed sepa¬ 
rately and the results combined to obtain DLo. 

5. Mercator Sailing (see Mercator Chart). 
When a traverse is to be solved on a Mercator 
chart, either by graphical or computational 
methods, two right triangles, with identical 
angles are employed. The first is the triangle 
used in plane sailing (Z)<£, p, D). Using this 
triangle we determine Z)</> from the equation 
/)<£ = D cos C and 4> 1 + D<}> = <j>>. We now 
refer to a table of Mercator meridional parts 
and find M\ and M2 corresponding to </>i and 
fa. Now the larger triangle (m, DLo, y) is 
used. The side m is the difference of the 
meridional parts corresponding to the latitudes 
M2 — Mi = m and the angle C is the course. 
Now we have: 

To find Mercator Course and distance be¬ 
tween two points 

DLo 
tan C =-> D = D<t> sec C. 

m 

To find D<f> and DLo when Mercator course 
and distance are given 

D<t> = D cos C, DLo = m tan C. 

It should be noted that in Mercator sailing we 
use longitude difference directly and not de¬ 
parture. 

6. Great Circle Sailing and 7. Composite 
Sailing are discussed under great circle; and 
under Lambert chart, respectively. 

SAINT VENANT-MISES MATERIAL. A 
rigid perfectly plastic material equivalent to 
the Prandtl-Reuss material with negligible 
elastic strain components. 

SAINT VENANT PRINCIPLE. A principle 
which states that the strains produced in a 
body by application to a small part of its sur¬ 
face or throughout a small part of its volume, 
of a system of forces which is statically equiv¬ 
alent to zero force and zero couple are of 
negligible magnitude at distances from the 
region over which the forces are applied large 
compared with the linear dimensions of this 
region. 

SAMPLE. A sample is a collection of individ¬ 
uals drawn from a population. Ordinarily 
inferences are to be made from the sample to 

the population, and the one must be in some 
way representative of the other. 

When sampling from an actual population, 
the simplest method is to draw a random 
sample. The members of the population are 
numbered off, and the sample selected with the 
aid of a table of random numbers or some simi¬ 
lar device. To ensure more even coverage, 
stratified sampling may be adopted. The pop¬ 
ulation is divided into a number of homo¬ 
geneous groups (the strata) and a random 
sample is selected from each. If only a ran¬ 
dom selection of the strata are sampled, we 
have a two-stage sample; three or more stage 
samples are similarly constructed. In two- 
phase sampling one type of observation is 
taken only on a small calibrating sample, while 
another (which may be easier or cheaper to 
obtain) is taken on a larger sample. 

The introduction of a random element can 
ensure the absence of bias from an estimate 
based on a sample, and also makes possible a 
valid estimate of the error to which such an 
estimate is subject. (See also quota sample.) 

SAMPLE POINT. The point on a chroma- 
ticity diagram that represents the chromaticity 
of the sample. 

SAMPLING DISTRIBUTION. If a sampling 
procedure be applied repeatedly to a popu¬ 
lation there is generated a collection of 
samples, and the distribution of statistics 
calculated from these samples is called a 
sampling distribution. 

SAND HEAP ANALOGY. An analogy for 
torsion of perfectly plastic bars equivalent to 
the membrane analogy for torsion of elastic 
bars. The slope of a sand heap is constant as 
the yield stress in shear is constant; the con¬ 
tours give the direction of shear stress; and the 
volume of the sand heap is proportional to the 
twisting moment. A combination of mem¬ 
brane and sand heap “roof” serves for the 
elastic-plastic problem. 

SANDWICH CONSTRUCTION, AIR¬ 
CRAFT. A sandwich consisting of a light 
thick core faced with thin sheet metal has con¬ 
siderably more strength and stability than if 
the thin metal sheets were used alone. Used 
extensively for aircraft where light smooth 
structure with great bending rigidity is re¬ 
quired. Core material may be metal or resin- 
impregnated paper or fabric honeycomb mate- 
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rial, light porous foam “rubber” or similar 
materials. The core carries the shear, the fac¬ 
ings the bending moment. 

SARGENT CURVES. Graphs obtained by 
plotting the logarithms of the radioactive dis¬ 
integration constants of /^-emitting radioele¬ 
ments, against the corresponding logarithms 
of their maximum /?-particle energies. Most 
of the points corresponding to the natural 
radioelements were found to fall on two 
straight lines. 

An interpretation of this result was pro¬ 
vided by the Fermi theory of /8-decay based 
upon the neutrino concept, which yielded the 
relationship between the disintegration con¬ 
stant and the maximum /8-particle energy, 
which in its logarithmic form is 

log X = log k + 5 log Emax. 

SAROS. The fact that eclipses occur in pe¬ 
riodic intervals was known to the ancient 
Chaldeans, and probably even in prehistoric 
times. This period of 18 years, IIV3 days 
(10% days if there happen to be 5 leap years 
in the interval) is known as the Saros. If an 
eclipse should occur on January 1st, 1967, at 
noon, another similar eclipse would occur on 
January 12th, 1985, at eight o’clock in the 
evening. The eclipse would not occur at the 
same point on the earth but would be about 
8 hours farther west in longitude. 

During the course of a Saros there are about 
29 lunar and 41 solar eclipses, each repeated 
during the next Saros, but not at the same 
portion of the earth. 

SATURATED CHARACTER OF THE CO¬ 
VALENT BOND. See directed valency. 

SATURATION ADIABAT. (Or moist adia- 
bat, wet adiabat.) On a thermodynamic dia¬ 
gram, a line of constant wet-bulb potential 
temperature. In practice, approximate com¬ 
putations are usually employed, and the re¬ 
sulting lines represent, ambiguously, saturation 
adiabats and pseudo-adiabats. (Compare dry 
adiabat.) 

SATURATION-ADIABATIC LAPSE RATE. 
(Or moist-adiabatic lapse rate.) A special 
case of process lapse rate, defined as the rate 
of decrease of temperature with height of an 
air parcel lifted in a saturation-adiabatic proc¬ 
ess through an atmosphere in hydrostatic equi¬ 
librium. Owing to the release of latent heat, 

this lapse rate is less than the dry-abiabatic 
lapse rate, and the differential equation repre¬ 
senting the process must be integrated nu¬ 
merically. Wet-bulb potential temperature 
is constant with height in an atmosphere with 
this lapse rate. 

SATURATION-ADIABATIC PROCESS. An 
adiabatic process in which the air is main¬ 
tained at saturation by the evaporation or con¬ 
densation of water substance, the latent heat 
being supplied by or to the air, respectively. 
The ascent of cloudy air, for example, is often 
assumed to be such a process. 

SATURATION CURVE. The boundary curve 
in a thermodynamic diagram involving at least 
one extensive property (such as p, V; T, S; or 
H, S) which is the locus of all states of equi¬ 
librium between two phases of a pure sub¬ 
stance. The saturation curves for the liquid- 
vapor equilibrium of H20 are shown in the 
figures. 

The critical point K which separates the 

The saturation curves for the liquid vapor equilibrium 
of H20. 
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locus for the saturated liquid from the locus 
for saturated vapor also lies on the saturation 
curve. The saturation curve encloses the re¬ 
gion of two-phase equilibrium. 

(See also binodals and spinodal curve.) 

SATURATION MAGNETIZATION. See 
magnetization, saturation. 

SATURATION OF NUCLEAR FORCES. 
The property of nuclear forces whereby the 
binding energy of a nucleus is approximately 
proportional to the mass number, i.e., the bind¬ 
ing energy per particle is constant. 

SAUREL THEOREM. Call the variance 
of a system (see phase rule). It can be shown 
that for co — 2 there are u> — 1 conditions which 
have to be satisfied for a state to be an in¬ 
different state. These («o — 1) relations be¬ 
tween the co variables leave only one inde¬ 
pendent variable. Therefore the indifferent 
states of the system fall in a line called the 
indifferent line. In this general form this 
theorem is due to Saurel. 

SAVINGS, REFLECTOR. See reflector sav¬ 
ing. 

SCALAR. In each n-dimensional curvilinear 
coordinate system we define a function of 
position. Let/ and/ denote the functions de¬ 
fined in the coordinate systems x and x re¬ 
spectively and let 

J = \dx/dx\"'f, 

for all choices of the coordinate systems, where 
|d.r/dx| denotes the Jacobian determinant 
d(xl, x2, • • •, xn)/d(xl, x2, • • •, xn), and IF is an 
integer (positive or negative). The aggregate 
of functions so defined is called an n-dimen- 
sional scalar. IF is the weight of the scalar. By 
comparing this definition with that of a tensor 
field, it is seen that a scalar may be regarded as 
a tensor field of order zero. / is called the 
component of the scalar in the system x;/, the 
component in the system x. 

SCALAR. ABSOLUTE. Scalar of zero weight. 
Often called scalar when no confusion is pos¬ 
sible. 

SCALAR, COMPONENT OF. See scalar. 

SCALAR CURVATURE. The scalar defined 
by g^Rij, where giJ denotes the contravariant 
metric tensor and Rtj the Ricci tensor. 

SCALAR DENSITY. Scalar of weight unity. 

SCALAR FIELD. Consider the space reflec¬ 
tion x'—>x; x'= —x, .r'(> = .r". Define the 
transformation of a spinless field operator 
under space reflection such that 

fix') = P<f>(x)P~l 

= Vp<f>(x') 

where y,, is a complex constant and P the un¬ 
itary operator which induces the transforma¬ 
tion. If the operator of space reflection is 
performed twice, we must revert to the original 
field so that ??,,■ = 1 or rj,, — ±1. A field which 
transforms with rj,, = +1 is called a scalar 
field, while one that transforms with rj,, = — 1 
is called a pseudoscalur field. The particles 
described by scalar (pseudosealar) fields have 
an intrinsic parity +1 (—1). 

SCALAR INVARIANT. See invariant. 

SCALAR POTENTIAL. A single-valued 
function of position and time: 

where r is the position vector, r0 is a vector 
locating an arbitrary reference point, t is the 
time, ds is an infinitesimal vector displace¬ 
ment, and F(r,f) is any vector field. The re¬ 
quirement that (/> be single valued insures that 
curl F(r,f) = 0 everywhere, and vice versa; 
this condition on the curl is equivalent to the 
requirement of single valuedness. (See in¬ 
tegral, line; Stokes theorem.) 

If the field is independent of time, F(r) = 
— grad (f>(r). Two special cases of time-inde¬ 
pendent fields are: (1) the electrostatic field, 
in which <£(r) is the electric potential at r, rela¬ 
tive to r0; and (2) the force field, in which 
<£(r) is the potential energy at r, relative to r„. 

An example of the time-dependent case oc¬ 
curs in the general electromagnetic field, in 
which <t>(r,t) is the electromagnetic scalar po¬ 
tential that is used in combination with the 
magnetic vector potential, to determine the 
field. 

The magnetic field cannot be described com¬ 
pletely in terms of a scalar potential, because 
the curl of the magnetic field vector II is not 
zero over all space. However, in limited re¬ 
gions of space in which one can draw no closed 
contour containing or enclosing a current, it 
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is possible to introduce the scalar magnetic 
potential, since curl II is zero in such a region. 

SCALAR PRODUCT. A product of two geo¬ 
metric vectors, x and y, is |x| |y| cos (9, where 
the bars signify the geometric length, and the 
angle 0 is that between the vectors. If these 
vectors arc referred to an orthonormal coordi¬ 
nate system, and if x and y are the column 
vectors whose elements are the coordinates of 
x and y in this system, then 

xTy — yTjc- = I x | | y ] cos 6. 

In any event, the scalar product is often 
written xy and hence referred to as the dot 
product. (See Euclidean space; Hillbert 
space.) 

SCALAR PRODUCT, IIERMITIAN. See 
vector space. 

SCALAR PRODUCT OF VECTORS. See 
scalar product; vector multiplication. 

SCALAR, RELATIVE. Scalar of non-zero 
weight. 

SCALAR TRIPLE PRODUCT. See triple 
product of vectors. 

SCALE, EQUALLY TEMPERED. A series 
of notes selected from a division of the octave 
(usually) into 12 equal intervals. 

Equally Tempered Intervals 

Frequency 

Name of Interval Ratio Cents 

Unison 1:1 0 

Minor second or semitone 1.050463:1 100 

Major second or whole tone 1.122462:1 200 

Minor third 1.180207:1 300 

Major third 1.250021:1 400 

Perfect fourth 1.331840:1 500 

Augmented fourth 1 

Diminished fifth [ 
1.414214:1 600 

Perfect fifth 1.408307:1 700 

Minor sixth 1.587401:1 800 

Major sixth 1.681793:1 000 

Minor seventh 1.781707:1 1000 

Major seventh 1.887740:1 1100 

Octave 2:1 1200 

SCALE, JUST. A musical scale which is 
formed by the combination of three consecu¬ 
tive triads each having the ratio 4:5:6, or 
10:12:15. By consecutive triads is meant 

triads such that the highest note of one is 
the lowest note of the other. 

Some Just Intervals 

Frequency 
Name of Interval Ratio Cents 

Unison 1 1 
Semitone 16 15 111.731 
Minor tone or lesser whole tone 10 !) 182.404 
Major tone or greater whole tone 9 8 203.910 
Minor third 6 5 316.641 
Major third 5 4 386.314 
Perfect fourth 4 3 498.045 
Augmented fourth 45 32 590.224 
Diminished fifth 64 45 609.777 
Perfect fifth 3 2 701.955 
Minor sixth 8 5 813.687 
Major sixth 5 3 884.389 
Harmonic minor seventh 7 4 968.826 
Crave minor seventh 16 9 996.091 
Minor seventh 9 5 1017.597 
Major seventh 15 8 1088.269 
Octave 2 1 1200.000 

SCALENE. A triangle is 
of its sides are equal. 

scalene i f no two 

SCALE OF TURBULENCE. (1) A measure 
of the average size of eddies in turbu lent flow, 
defined by 

where It(y) is the normalized correlation be¬ 
tween the same simultaneous component of the 
eddy velocity at points separated by a distance 
y. (See microscale of turbulence.) (2) The 
length of the period used to obtain the mean 
velocities of the flow. If the period is approxi¬ 
mately one hour, the scale is called large; a 
few minutes, intermediate; and a few seconds, 
small. 

SCARE, PYTHAGOREAN. A musical scale 
such that the frequency intervals are repre¬ 
sented by the ratios of integral powers of the 
numbers 2 and 3. 

SCATTER DIAGRAM. A method of repre¬ 
senting the joint relationship of two variables 
in statistics. If the variables are x,y the 
graph of y against x for each observed pair 
generates a constellation of points. The varia¬ 
tion being statistical, these points do not. in 
general, lie on a smooth curve, but their 
clustering properties represent the degree of 
relationship between x and y. 
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SCATTERING. In its general sense, this 
term means causing the random distribution 
of a group of entities, or bringing about a 
less orderly arrangement, either in position 
or direction. More specifically, the term de¬ 
notes the change in direction of particles or 
photons owing to collision with other particles 
or systems; it may also be regarded as the 
diffusion of a beam of sound or light (or 
other electromagnetic radiation) due to the 
anistropy of the transmitting medium. For 
the various kinds of scattering, and the vari¬ 
ous entities scattered, see the entries which 
follow. 

SCATTERING AMPLITUDE. A quantity 
closely related to the intensity of scattering 
of a wave by a center of force such as an 
atomic nucleus or an atom. In the simplest 
case, that of elastic scattering, if eu'~ describes 
an incident plane wave of wave number k, 
then the scattered wave at large distances 
from the scattering center can be written 

eikT/r, where a (6^) is the scattering 
amplitude as a function of scattering angle. 
The differential scattering cross section is then 
given by da/dQ, = \a\2, where dCl is an ele¬ 
ment of solid angle about the direction 6,(f>. 
In the event that the scattering is isotropic 
(which it will always be for sufficiently small 
k) a is independent of angle and the scattering 
cross section becomes simply a- = 47r|a|2. 

SCATTERING ANGLE. The angle between 
the initial and final lines of motion of a scat¬ 
tered particle or ray. It may be specified as 
applying either to the laboratory or center-of- 
mass system. 

SCATTERING AREA COEFFICIENT. (Or 
scattering area ratio.) The dimensionless 
ratio of the scattering cross section to the 
geometric cross section of a scattering particle. 

SCATTERING COEFFICIENTS. For plane 
waves which are incident at a material or 
geometrical discontinuity, the ratio of the 
amplitude of the reflected wave to that of the 
incident wave determines a reflection coeffi¬ 
cient. The ratio of the amplitude of the trans¬ 
mitted wave to that of the incident wave is 
the transmission coefficient. 

SCATTERING, COMPTON. Elastic scat¬ 
tering of photons by electrons. Because the 
total energy and total momentum are con¬ 

served in the collisions, the wavelength of the 
scattered radiation undergoes a change that 
depends in amount on the scattering angle. 
If the scattering electron is assumed to be at 
rest initially, the Compton shift is given by the 
following equation: 

X' — X = X0(l — cos 0) = (h/mcc)(1 — cos 0), 

where X' is the wavelength associated with the 
scattered phtons, A is the wavelength of the 
incident photons, Ao is the (Compton) wave¬ 
length of the electron and 0 is the angle be¬ 
tween the paths of incident and scattered 
photons. 

SCATTERING CROSS SECTION. (Also 
called extinction cross section, effective area.) 
The hypothetical area normal to the incident 
radiation that would geometrically intercept 
the total amount of radiation actually scat¬ 
tered by a scattering particle. It is also de¬ 
fined, equivalently, as the cross-sectional area 
of an isotropic scatterer (a sphere) which 
would scatter the same amount of radiation as 
the actual amount. 

SCATTERING CURVE, EXPERIMENTAL. 
For wavelengths much shorter than the radius 
of the particles causing the scattering, the 
scattered energy is nearly independent of the 

wavelength. For wavelengths much longer 
than the radius of the particles, the scattered 
energy falls off as the inverse fourth power of 
the wavelength (Rayleigh scatter). 

For the case where the particles and the 
wavelengths are nearly the same, the scattered 
energy is a maximum. Practical calculations 
on transmission in this last case are very com¬ 
plicated. 

SCATTERING FACTOR, ATOMIC. See 
atomic scattering factor. 

SCATTERING FUNCTION. The intensity 
of scattered radiation in a given direction per 
lumen of flux incident upon the scattering ma¬ 
terial. Suppose a collection of scattering par¬ 
ticles have a combined cross-sectional area .4 
to receive radiation of illuminance E. Then, 
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if the intensity of radiation observed to be 
scattered in a direction at the angle <f> with the 
direction of the incident beam is /(<#>), the 
scattering function S{<f>) of this collection of 
particles is such that 

S(<t>) = 
EA ' 

When the collection of scattering particles 
is taken to be those in one unit volume, the 
associated scattering function is known as the 
volume scattering function. The relative scat¬ 
ter intensity is obtained by simply normalizing 
either of the preceding functions to the scatter¬ 
ing intensity observed in the direction of the 
incident beam. 

SCATTERING KERNEL. See kernel, scat¬ 
tering. 

SCATTERING LOSS. In acoustics, that part 
of the transmission loss which is due to scat¬ 
tering within the medium or due to roughness 
of the reflecting surface. In electromagnetic 
waves, the loss in power at the receiving point, 
due to scattering. 

SCATTERING MATRIX. See matrix, scat¬ 
tering. 

SCATTERING PHASE SHIFT. If a particle 
is scattered by a center of force of short range, 
the wave function of the scattered particle at 
large distances from the scatterer can be ex¬ 
pressed in terms of the incident wave at large 
distances by means of certain phase angles 
which represent the effect of the scatterer. 
Consider the scattering of a spinless particle, 
represented by an incident plane wave along 
the z axis, \p„ = eikz = eikrcm9 of wave number 
k. We may expand xf/,, into partial waves of 
orbital angular momentum l about the scatter¬ 
ing center, 

00 

xp0 « 53 (2/ + l)ilji(kr)Pi(cos 9) 
1=0 

where ji is a spherical Ressel function, and l 
an integer, and Pi is a Legendre polynomial. 
The scattered wave can then be shown to be¬ 
have asymptotically as 

itcT oo 

~ — 53 (21 + - l)^l(cos 9) 
2ikr i—Q 

where 5/ is a constant phase angle, depending 
upon k but not upon 9, for the Ith partial wave, 

called the Ith phase shift. The differential 
scattering cross section is then given by da/dil 

= |/(0) |2, where the scattering amplitude is 
given by 

1 * 
f(9) = - 53 (2J + l)el5i sin 8iPt(cos 9), 

k i=o 

while the total scattering cross section is given 
by 

4tt 30 4"7r 
Vsc = 77 53 (2Z + 1) sin2 Slik) = — Im/(0). 

k i=o k 

Although there are an infinite number of phase 
shifts 5/ appearing in these formulae, only a few 
will usually be of importance for low energies. 
If a is the effective range of the scattering force 
then 5/ will differ appreciably from zero only 
for / < ka. A resonance is produced should 
any one of these phases pass through ir/2, 
when sin2 8/ becomes unity. Corresponding to 
the partial wave expansion in \f/0 one speaks of 
the Ith partial wave (s-wave, p-wave, etc., for 
1 = 0, 1, - --). 

SCATTERING POWER, ATOMIC. See 
atomic scattering power. 

SCATTERING, SOUND. When a plane wave 
of sound encounters an obstacle, part of the 
wave continues undeflected, and part is scat¬ 
tered. Where the scattering object is a rigid 
cylinder of radius a, and a plane wave of fre¬ 
quency (<o/27r) is incident normal to the axis 
of the cylinder, then, for wavelengths long 
compared with a, the ratio of the intensity 
(80) of the wave scattered at angle <£, to the 
intensity of the incident wave S0 is given by 
the approximate relation 

S^/So ~ (1 — 2 cos 4>)2(7rco,5a4/8c3r) 

where r is the distance from the axis of the 
cylinder and c is the velocity of sound in the 
medium. 

The total power P scattered per unit length 
of cylinder is given by 

P ~ .3 ir2co3 a4(S„/4c3. 

'Fhe corresponding approximate expressions 
for scattering by a spherical obstacle of radius 
a for wavelengths very much greater than a are 

St/So ^ (w4a0/9c4r2)(l — 3 cos <t>)2 

and 
P ~ (167rw4a6/9c4).S0. 
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SCHLXFLI FORMULA. An integral repre¬ 
sentation of the Legendre polynomial 

1 r (t2 - l)n 

2Vi J 2n(t - z)n+1 
dt 

where the contour encircles the point z in the 
counterclockwise direction in the complex 
plane. 

SCHLAPP FORMULA. See fine structure. 

SCHMIDT-HILBERT METHOD. A method 
of solving integral equations with symmetric 
kernels. It consists essentially of expanding 
the right side of the equation in a (generalized 
Fourier) series of eigenfunctions of the kernel. 

SCHMIDT MODEL OF NUCLEI. A model 
of atomic nuclei of odd mass number A in 
which the w’hole dynamics of the nucleus is 
supposed to be invested in the odd particle, 
neutron for even atomic number Z, or proton 
for odd Z. This particle is supposed to move 
in the central field of force representing its 
average interaction with the rest of the nu¬ 
cleus. Used in conjunction with the Pauli 
exclusion principle, this model gives a re¬ 
markably accurate qualitative picture of the 
spins and magnetic moments of the ground 
states of nuclei. It breaks down if more de¬ 
tailed properties are required of it. However, 
it formed the empirical basis of the highly 
successful shell model which followed it. 

SCHMIDT PROCESS. See Gram-Schmidt 
process. 

SCHONFLIES CRYSTAL SYMBOLS. A no¬ 
tation for the description of the symmetry 
classes of crystals. 

SCHOTTKY DEFECT. A lattice vacancy 
created by removing an ion from its site and 
placing it on the surface of the crystal. For 
electric neutrality, the number of cation 
Schottky defects must equal the number of 
anion Schottky defects. The number, n, of 
Schottky defects is given by 

—-= C, exp (- e/kT) 
N — n 

where there are N lattice points, and e is the 
energy required to remove an ion from a 
lattice point, and then add it to the surface. 
C„ is a numerical factor of the order of 103-104. 
(Cf. with entry following.) 

SCHOTTKY EFFECT. (1) The effect caused 
by the ability of atoms or molecules in a crys¬ 
tal to occupy two different energy states. If 
the individual atoms are mutually independ¬ 
ent, then the ratio of the number of atoms in 
the higher energy state to that in the lower is 

= g exp ( — t/kT) 
N \ 

where £ is the difference in energy of the two 
states, g is the ratio of the statistical weights, 
k is the Boltzmann constant, and T is the 
absolute temperature. 

The Schottky effect results in deviations 
from the Debye T3 law for some substances. 
It produces an additional term for specific heat 
per mol.: 

C\ = 
Ng^JkT2) 

(1 + ge-*lkT)2 
«IkT 

where N is Avogadro’s number. 
(2) In thermionic emission, the term 

Schottky effect describes the reduction of the 
work function of a thermionic emitter by the 
application of an accelerating field at the 
emitter’s surface. This results in larger ther¬ 
mionic currents than are predicted by the 
Richardson-Dushman equation, and the ex¬ 
pression for saturation current becomes 

h exp 
eV(Ee) 

. kT . 

where I0 is zero field thermionic current, E is 
the field intensity at the cathode, and e is the 
electronic charge. 

SCHRODER-VAN LAAR EQUATION. See 
crystallization curve. 

SCHRODINGER EQUATION. The basic 
equation of wave mechanics. It is developed 
by using the de Broglie wavelength in the de¬ 
scription of a particle and then associating 
with the energy E or the x-component of mo¬ 
mentum px of the particle a differential op¬ 
erator 

d d 
E = ifi — or px — —ih—• 

dt dx 

where ft is the Dirac h. Writing these dif¬ 
ferential operators in the Hamiltonian function 
one obtains: 
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fl~ d\f/ 
-V20 + F(r)0 = ih — = £0, 

2m dt 

tion value in any given state will in general he 
time dependent. Call |'!'*(£)) = ^s(t) and 

where V2 is the Laplacian, m the mass of the 
particle, E, its total energy, and F(r) its po¬ 
tential energy (usually a function of position). 
This is the time dependent Schrodinger equa¬ 
tion for 0. 

In many instances, we are interested in the 
allowed values of E in stationary states of the 
system. Using the Planck law we may set 
E = hv = 2irfiv and write 

0 = 0(r)e2"v< = 4>(r)e'El/fl 

where 0(r) is a function of position only. We 
then obtain the time independent equation: 

(Fs) = (^s(<), F,Va(t)) (c) 

then using (a) one finds that 

ihy(Fs) = (d) 
at 

In the Schrodinger picture, by definition one 
calls Fs that operator for which 

(F,) = dt(F(e) 

(See Heisenberg picture, interaction pic¬ 

ture.) 

o 2m 
V2 + — {£-F(r){ 

hr 
0=0. 

It is often found that solutions of the equation 
exist only for specific eigenvalues of E. To 
each eigenvalue En there corresponds an eigen¬ 
function of the coordinates 0n. The probability 
of finding the particle in a region of volume dV 
is 

J \<t>\2dV = J00W, 

assuming that 0 has been normalized so that 
the integral over all space is unity. (See also 
quantum mechanics, non-relativistic; 

quantum mechanics, relativistic; Schro- 

dinger picture; simple harmonic oscil¬ 

lator.) 

SCHRODINGER PICTURE. The state of a 
physical system at a given time t can be de¬ 
fined by the results of all possible (compatible) 
experiments on the system at that time. In 
quantum mechanics, this information is con¬ 
tained in the state vector | 'k(f)). In the Schro¬ 
dinger picture the evolution of the system in 
time is described by the time dependence of the 
state vector. This time dependence is gov¬ 
erned by the Schrodinger equation, 

Ht\*s(t)) = ihdt\*a(t)) (a) 

where Hs is the Hamiltonian operator of the 
system. Furthermore, the operators cor¬ 
responding to physical observables, Fs, are 
time independent 

dtF, = 0 (b) 

and are the same for all time. Although the 
operators are time independent, their expecta- 

SCHUR LEMMA. If D{R) and D'{R) are 
two unitary, irreducible, rotation transforma¬ 
tion matrices of dimensions n and n', and there 
exists a matrix M with n columns and n' rows 
such that MD(R) = D'(R)M for every rota¬ 
tion R, then either M = 0 or n = n' and the 
determinant of M 0. If n' — n, D and D' 
are equivalent. This was proved by Schur in 
1905. 

SCHWARZ-CHRISTOFFEL TRANSFOR¬ 
MATION. A conformal transformation 
w = f(z) which transforms the interior of a 
polygon in the w-plane into the upper half of 
the 2-plane. (The name is also given to a 
transformation sending a polygon in 2-plane 
into the upper half of the w-plane.) If the 
interior angles of the polygon in the u>-plane 
are at, a2, • • •, a„, then the derivative dw/dz 
has the form 

dw . , 
— = k(z - XxY'iz - x2)&i-• -(2 - xn)\ 
dz 

where & = ((*1/71-) — 1, so that the desired w is 
obtained by integration. The vertices of the 
polygon are transformed into points X\, x2, 
• • •, xn on the real axis, a certain number of 
which may be chosen at will. One or more of 
the vertices of the polygon may be at infinity, 
as for example, in determining the electric 
potential around a parallel-plate condenser. 

SCHWARZ INEQUALITY. For a linear 
space with a scaler (inner) product (see, e.g., 
Euclidean space), the inequality is | (a,6) |2 
< | a t * | b i. For complex numbers this takes 
the form \aibi + a2b2 +•••+ anbn|2 < 
cqdi + a2a2 +•••+ anan | • | bib 1 + b2b2 + 
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+ bnbn\. For two real functions /(x) 

< 
and distortion E = Z Ei 

and g(x), it becomes f f(x)g(x)dx 
I /*& j /»6 | Ja 

I f2(x)dx ■ I g2(x)dx, while, if x and y where the contributions of each surface are 
I Cl I «J CL 

are two vectors (real or complex), then 

l**y|2 = |y*x|2 < (***)(y*y) 

where the asterisk designates the conjugate 
transpose. The inequality is also variously 
called the Cauchy, Cauchy-Schwarz, Bunia- 
kovski inequality. (For generalizations, see 
Minkowski inequality and Holder inequality.) 

SCHWARZSCHILD - KOHLSCHUTTER 
FORMULAS. Formulas often used to com¬ 
pute the Seidel aberrations of an axially 
symmetrical optical system of spherical sur¬ 
faces. Let 1 /Ri be the curvature, st- the object 
distance, s't- the image distance, and U the 
object-side distance of the stop from the ith 
surface, i = 1, • ■ ■, N. Let nt- be the index of 
refraction of the medium following the ith sur¬ 
face and di the distance from vertex i to vertex 
i + 1. Compute then for i = 1, • • •, N 

Ki = rii. 

n'+l — — s'i + di 

Sj_L X 

hi+i =-y- hi hi = 
Sl 

si - h 

ki+i — ki + 

(/cc){ ki + 

dj 

j—l njhjhj -j_i 

1 

hjKi 

ki = —, 
hi 

1 1 1 

fi = 7i + Ri~7; 

The Seidel aberration functions are: 

N 

spherical aberration B = ^ B,, 
i=i 

N 

coma 

astigmatism 

F - Z Fu 
1=1 

N 

c = Z Ci, 
2=1 

p = i 
i=i 

Bi = \hiAKifi f- + W 
\St- Si/ 

Fi = (kc)iBi, 

Ci = (kc)iFi, 

Ri \rii_i n j 

Ei = (kc)i(Ci + \Pi). 

SCLERONOMIC. See conservative force. 

SCREENING CONSTANT. (1) A quantity 
occuri’ing in the relationship between the fre¬ 
quency of a line in a particular x-ray series, 
and the atomic number of the element emit¬ 
ting the rays, of the form: 

y/v = a(Z — a) 

in which v is the frequency of the line, a is a 
constant, Z is the atomic number of the ele¬ 
ment, and <t is the screening constant, that is 
the same for all the lines in a given series. 

SCREW AXIS. A type of symmetry element 
possessed by certain space groups, in which 
the lattice is unaltered after a rotation about 
the axis, and a simultaneous translation along 
it. 

SCREW CURVATURE. See curvature, 
screw. 

SCROLL. See skew surface. 

S-CURVE. The hydrograph, for a given river 
basin, which would theoretically result from 
continuous runoff at a constant rate of 1.00 
inch per specified time period. The curve has 
a characteristic S-shaped, or ogive, rising limb 
and finally represents a constant flow rate suf¬ 
ficient to discharge the specified rate of runoff. 
An S-curve usually is constructed from a single 
unit hydrograph by a simple process of succes¬ 
sive time-displacement followed by summing 
the ordinates (discharge values). 

In theory, the unit hydrographs for storms 
of any duration may be derived from the re¬ 
sulting curve; and this is the primary use for 
it. 

Petzval sum 
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SECANT FORMULA FOR COLUMNS. The 
maximum stress in an elastic initially-straiglit 
column of length L ancl cross-section area A 
loaded by a force P parallel to the axis but 
eccentric a distance e about a principal axis 
for which the moment of inertia is I is 

Test data on strength of columns can be 
matched by setting <jmax equal to the yield 
strength and choosing e in the secant formula 
so that the formula is used in some design 
specifications. 

SECANT MODULUS. See modulus, secant. 

SECOND. (1) Unit of time, abbreviation 
S, s, or sec. One 86,400th part of a mean 
solar day. (2) The international Astronomi¬ 
cal Union defines the second as the fraction 
1/31,556,925.975 of the length of the tropical 
year for 1900. The tropical year is the period 
of revolution of the earth relative to the Ver¬ 
nal Equinox or First Point of Aries. (3) Unit 
of angle, abbreviation ". One sixtieth part of 
a minute, or one 3600th part of a degree. (Cf. 
time and time-keeping.) 

SECONDARY ELECTROMAGNETIC CON¬ 
STANTS. In transmission line theory, the 
propagation constant and the characteristic 
impedance are important secondary constants. 
In three-dimensional theory, the important 
constants are the intrinsic propagation con¬ 
stant a, and the intrinsic impedance r), defined 

by 

/- / W 
a = V iunig + fwe) V — A —“T-’ 

g + lue 

where ^ and t are the permeability and the 
permittivity, respectively, g is the specific 
conductivity, and o> is the radian frequency of 
the wave. These characteristics of the me¬ 
dium do not depend on the geometry of the 

wave. 

SECONDARY FLOW. Flow due to the com¬ 
ponent of vorticity in the direction of the 
velocity; representing a rotation round the 
streamlines. Quantitatively it is equal to k/q, 
where £ = orv/g is the component of vorticity 
in the direction of flow and q is the speed of 
flow, to and v being the vorticity and velocity. 

In a stream in which the vorticity is normal 
to the streamlines, e.g., one of uniform shear, 
secondary flow is induced in curved flow such 
as the passage round an obstacle or round the 
bend of a channel or pipe. The vortex lines 
are wrapped round the obstacle; this is im¬ 
portant in the case of wing roots or struts in 
the boundary layer of an aircraft surface. If 
a bend continues the secondary flow tends to 
oscillate about the position in which the 
Bernoulli surfaces of greatest total head lie 
on the outside of the bend, i.e., on the stream¬ 
lines of least curvature. 

A method due to Hawthorne of computing 
approximately the secondary flow is to assume 
that the flow in each Bernoulli surface is the 
same as if the whole fluid possessed the same 
total head as in that surface, and to compute 
the secondary flow from the distortion of the 
vortex lines in such a primary flow. 

SECONDARY STRESSES. Stresses, forces, 
or moments in a structure which result from 
changes in geometry from the original con¬ 
figuration or any which are not the primary 
or essential means of carrying the applied load. 
Examples are membrane stresses induced in 
plates by deflection, or bending moments in¬ 
duced in riveted trusses which are designed 
basically as pin-connected. 

SECOND CURVATURE OF A SURFACE. 
Sec curvature of a surface, second. 

SECOND FOCAL POINT. In Gaussian op¬ 
tics, the axial image of an infinite object point. 

SECOND FUNDAMENTAL THEOREM. 
In reactor theory, the assertion that in a uni¬ 
form bare reactor the probability that a neu¬ 
tron does not escape from the system during 
the slowing-down process is the Fourier trans¬ 
form of the slowing-down kernel. (See kernel, 
slowing down.) 

SECOND LIMIT THEOREM. A theorem 
of probability and statistics to the general 
effect that if a set of moments /q(n), (j = 0, 1, 
• • • co) of a distribution F(n) depending on a 
parameter n tend to the moments of a distribu¬ 
tion F as n tends to a limit then the sequence 
F(n) tends to F under certain conditions. 

SECOND ORDER TRANSITION TEM¬ 
PERATURE. Synonymous with glass transi¬ 
tion temperature. 
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SECOND QUANTIZATION. See quantiza¬ 
tion, second. 

SECOND VIRIAL COEFFICIENT. Coeffi¬ 
cient of the 1/V (V is volume) term in the 
equation of state. For a classical monatomic 
gas the second virial coefficient B is given by 
the equation 

B = 2irN f (1 - e-^^)r2dr, 
Jo 

where <f>(r) is the interatomic potential, N 
the number of particles in the system, and /3 
= 1/kT (k: Boltzmann’s constant, T: absolute 
temperature). 

SECTION MODULUS. The ratio of moment 
of inertia I about a principal axis, or some¬ 
times any neutral axis, to the extreme fiber 
distance c for that axis is the section modulus, 
S or Z, for the axis. Section moduli are geo¬ 
metric quantities which are tabulated for 
rolled and extruded sections. For pure bend¬ 
ing about a neutral axis x, with moment about 
the axis Mx, the maximum stress is 

Mxc/Ix = Mx/Zx. 

SECTIONS, METHOD OF. See Ritter 
method. 

SECULAR DETERMINANT. Synonymous 
with the determinant of the characteristic 
equation of a matrix. 

SECULAR EQUATION. See characteristic 
equation of a matrix. 

SEIDEL ABERRATIONS. The deviations of 
third order optical theory from Gaussian op¬ 
tics were analyzed by von Seidel in terms of 
five constituent aberration functions of an 
optical system, Si, S5. They have the 
property that if Si = • • • = Si_i = 0, then 
Si can be simply interpreted as a monochro¬ 
matic image defect of the system. To com¬ 
pute the Seidel aberrations from system data, 
see the Schwarzschild-Kohlschiitter formulas. 
(See also spherical aberration; coma; astigma¬ 
tism; curvature of field; and distortion. 

SEIDEL METHOD. The term sometimes 
applied to the single-step iteration for solving 
linear equations. (See matrix inversion.) 
\ctually the method Seidel (and Gauss) de¬ 
scribed was a method of relaxation. 

SELECTION RULES. A radiative transition 
between two states of an atom, molecule, etc., 
can take place only if the transition moment 
Rnm is different from zero. Here 

R™ = f tn*Mt,ndT, 

where and \pm are the eigenfunctions of 
the states involved in the transition, and M 
stands for the electric dipole moment, magnetic 
dipole moment, electric quadrupole moment, 
etc. of the system. The condition Rnm ^ 0 
is fulfilled only if the quantum numbers of the 
states n and m obey certain rules, the so- 
called selection rules. The selection rules 
depend on the type of eigenfunction of the 
states involved, and are different for transitions 
taking place by electric dipole radiation, mag¬ 
netic dipole radiation, electric quadrupole 
radiation, etc. Transitions by electric dipole 
radiation, for example, are governed by the 
strict selection rules: J — 0, ±1 with the 
restriction J = 0 <—|—> J = 0, and the Laporte 

rule (even terms combine only with odd, and 
odd only with even). In addition, there are 
approximate selection rules which hold only 
for weak coupling between L and S (small 
multiplet splitting): AL = 0, ±1, and AS — 
0 (Prohibition of intercombinations). For the 
specific selection rules applying in different 
cases, see the relevant entries. 

SELECTION RULES, NUCLEAR. A set of 
statements that serve to classify transitions 
of a given type (emission or absorption of ra¬ 
diation, /?-decay, and so forth) in terms of 
the spin and parity (7 and ir) quantum 
numbers of the initial and final states of the 
systems involved in the transitions, in such 
a way that transitions of a given order of in¬ 
herent probability (after making allowance 
for the influence of varying energy, charge 
and size of system, and so forth) are grouped 
together. The group having highest proba¬ 
bility of taking place per unit time is said to 
consist of allowed transitions; all others are 
called forbidden transitions. Table 1 lists 
the selection rules for radiative transitions: 
each entry gives the character (E = electric, 
M = magnetic) and the multipole order (1 
for dipole, 2 for quadrupole, 3 for octopole, 
. . . ) of the predominant radiation mecha¬ 
nism for the indicated spin change AI and 
parity change A71-; the entry “no” means that 
radiative transitions are strictly forbidden. 
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Table 1 

A/ 

Att 
0 

/ = 0 

0 

I * 0 
1 2 3 4 5 

No None A/1 A/1 E2 A/3 £4 A/5 
Yes None El El A/2 E3 A/4 E5 

Table 2 lists the selection rules for /8-de¬ 
cay: the entry A means that for the indicated 
spin and parity change the transition is al¬ 
lowed; I, means that it is first forbidden; II, 
second forbidden . . . 

Table 2 

A / 

Aw 

0 1 2 3 4 5 6 

No A A II II IV IV VI 

Yes I I I III III V V 

Fermi selection rules and Gamow-Teller (GT) 
selection rules are alternative sets of rules 
for allowed /^-transitions; so that a transition 
allowed according to either set is actually 
allowed. 

SELECTIVE EMITTER. A surface whose 
monochromatic emissivity varies with wave¬ 
length. 

SELECTIVE RADIATOR. A radiator whose 
spectral emissivity depends on the wavelength 
(in the visible part of the spectrum). 

SELF-CONJUGATE DIRECTION. See con¬ 
jugate directions. 

SELF-CONJUGATE NUCLEUS. See conju¬ 

gate nuclei. 

SELF-CONSISTENT FIELD. A simple way 
of describing the motion of a system of par- 
tides is to consider the motion of each particle 
in the field of the others. This field is self- 
consistent if the motion of the particles deter¬ 
mined in the field leads to a charge distribu¬ 
tion which gives rise to the same field. Such 

a self-consistent field is the basis of atomic 
calculations according to the Hartree approxi¬ 
mation or the Hartree-Fock method. 

SELF-ENERGY IN A DIELECTRIC. The 
part of the free energy which is required 
to polarize a dielectric when it is placed an 
external electric field. It is generally as¬ 
sumed that the self-energy Fa is proportional 
to the volume of the dielectric and to the 
square of the polarization: 

Fs = t VP2. 

The coefficient of proportionality 7 depends on 
the shape of the dielectric. 

SELF-INDUCTANCE. See inductance. 

SELLMEIER EQUATION. See Cauchy for¬ 
mula for refractive index. 

SEMICONDUCTOR, DENSITY OF MO¬ 
BILE CHARGE IN. See density of mobile 
charge in semiconductor. 

SEMICUBICAL PARABOLA. See parabola. 

SEMI-EMPIRICAL MASS FORMULA. See 
mass formula, semi-empirical. 

SEMI-INVERSE METHOD (OF SOLUTION 
OF PROBLEMS IN ELASTICITY THE¬ 
ORY). The method consists in making certain 
assumptions, usually from intuitive considera¬ 
tions and from arguments concerned with sym¬ 
metry, regarding the stress, strain or displace¬ 
ment fields while leaving enough freedom in 
them to enable us to satisfy the equations of 
equilibrium (or motion), the equations of com¬ 
patibility and the boundary conditions of the 
problem. Typical examples occur in classical 
elasticity theory in the problems of torsion 
and of flexure. 

SEMIPERMEABLE MEMBRANE (SEMI¬ 
PERMEABLE DIAPHRAGM). A membrane 
or septum through which one (or more) of the 
substances composing a mixture or solution 
may pass, but not all. 

In osmotic pressure determinations, semi¬ 
permeable membranes permit the passage of 
a solvent but not of certain colloidal or dis¬ 
solved substances. Many natural membranes 
are semipermeable, e.g., cell walls; other mem¬ 
branes may be made artificially, e.g., by pre¬ 
cipitating copper ferrocyanide in the inter¬ 
stices of a porous cup, the cup serving as a 



Semi-polar Double Bond — Sensitivity 826 

frame to give the membrane stability. (See 
membrane equilibrium.) 

Semipcrmeable membranes arc also used in 
the separation of gases. When a semipenne- 
able membrane is placed in a gas mixture, 

'O dQ Q/ O' Oy 6 O' O 

'//'/''/// Z / I 'p.tytt, © a// 9 6/ \ o 
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Kc 
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Semi - Permeable 
Membrane 

000 Gas 1 

''///.' Gas 2 

Separation of gases by semipcrmeable membrane. 

being impermeable to gas 2 and allowing gas 
1 to pass, the force exerted on it will equal the 
area times the partial pressure of gas 2 only. 
While there are no ideal semipcrmeable mem¬ 
branes for gases, there exist in practice reason¬ 
able approximations to them, such as incan¬ 
descent platinum or palladium sheets, which 
can be penetrated by hydrogen but not by 
other gases. A film of water also acts as a 
semipcrmeable membrane for gases, since it is 
pervious to NH:! or S02 because of their solu¬ 
bility in water, but gases which are not easily 
soluble are held back. 

SEMI-POLAR DOUBLE BOND. The term 
“semi-polar double bond” has been used by 
Lowry and Sidgwick to designate the N—0 
bond in substances of the type (R)aNO. This 
bond is best understood as a coordinate link 
where a pair of electrons of the N atom is 
shared with the 0 atom. 

SEMITONE (HALF-STEP). The interval 
between two sounds whose basic frequency 
ratio is approximately equal to the twelfth 
root of two. The interval, in equally tem¬ 
pered semitones, between any two frequencies, 
is 12 times the logarithm to the base 2 (or 
39.86 times the logarithm to the base 10) of 
the frequency ratio. (See scale, equally-tem¬ 
pered; scale, just.) 

SENSE OF A VECTOR. The direction into 
which the vector is pointing. 

SENSITIVITY. In general, a measure of re¬ 
sponse to a stimulus, the sensitivity being the 

greater as the response to a given stimulus is 
the greater (or the stimulus to produce a given 
response is the smaller) e.g. the sensitivity of 
a galvanometer may be expressed as so many 
divisions per microampere; if expressed as the 
number of microamperes for full-scale deflec¬ 
tion, it is understood that the greater this num¬ 
ber, the smaller (inversely) is the sensitivity. 

In feedback theory the term is more spe¬ 
cifically applied to the response of the gain 
of a feedback system to the change in some 
circuit parameter. It is usually defined as 
the ratio of the fractional change in gain ratio 
caused by a certain fractional change in the 
parameter; thus 

Sensitivity 

d (Gain Ratio) fd (Parameter) 

Gain Ratio / Parameter 

Increment in gain (in logarithmic units) 

f Increment in log of parameter (in 1 
I same units). 1 

(It should be noted however, that some authors, 
notably Bode, define sensitivity as the recipro¬ 
cal of the above expression. Such a definition 
appears to be in opposition to the general 
meaning of the term as given above.) 

Sensitivity in Terms of System Determinant. 
Let the external input be 0i, the input quantity 
(of which 0i is a component) be <71, and the 
output quantity be q„. Let the parameter in 
question be X and let the system equations be 
written in such a form that X occurs as a con¬ 
stituent of a single equation coefficient, say 
ajk, the equations being written (in Laplace 
transform form) 

Qi — (1 + a\\Q\) + a-2\Qi + • • • + a-niQn + #i 

0 = dlmQ\ + «2mQ2 

anmQn (1 <C. m ^ n) 

in the absence of initial conditions. Then 

G = gain ratio = — = — 
0, A 

where A is the system determinant 

Oil • ^1 n 

an\ • ann 
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and A„i is the co-factor of the element anX in A. 
Thus 

dG 1 | ^ dAnX dA] 

d\ = 

1 
= [&nl,jk AniAjfc} 

1 
= + ~^ A„a-Aji 

by a well-known identity in determinantal 
theory. Note that this result is still valid if 
k = 1, i.e., if X occurs in the first row of A and 
is therefore absent in Anl, for in this case 

dG A;ii dA AnjAji 

d\ ~ dX ~ A2 

Hence, 

d log G Ank^ji A 
sensitivity = —-=--— ---X 

d log X Al A„! 

AnfcAyi 
— — X-- 

AA„! 

Thus 

d log (G - G0) _ A0 1 

d log X A return difference of X 

or, the sensitivity, assessed with respect to the 
difference in gain ratio when the parameter has 
normal and zero values, is the reciprocal of the 
return difference for the element. As a 
particular case, if the parameter is such that its 
vanishing makes the gain also vanish (G0 = 0), 
then the sensitivity (as normally defined) is the 
reciprocal of the return difference. 

Relative Sensitivity. Following a similar line 
of thought to that in the last section, suppose 
that X has its reference value X; then, by defini¬ 
tion of the reference value, G vanishes. Con¬ 
sider X as equal to the sum of the reference 
value X and the deviation therefrom, (X — X), 
and assess the sensitivity on the basis of an 
incremental change not in log X but in log 
(X — X). This is called the relative sensitivity. 
Thus 

d log G 
relative sensitivity =-— • 

d log (X — X) 

Relation to Return Difference. When X = 0 
let G = G0 and consider the sensitivity assessed 
with respect to the differential gain ratio, G — 
Ga. Clearly 

Since Anl is linear in X and vanishes when X 
X, we have 

Anl = (X X) A„1 ,jk 

Anl Anl.o AAni.o A0Anl 
G — G0 =-1-=-’ 

A A0 AA0 

the zero suffix indicating throughout the value 
of the suffixed quantity when X = 0. Since 
moreover G0 by definition does not contain X, 

d dG 1 
“T~ (G Go) = — = o {Anl./fc AniAytj 
d\ d\ Az 

as before. Moreover 

G 

dG 

d(\ — X) 

A0 + XA jk 
A„i ,jk 

Az 

A\A nl.jk 

= A2 

A 
1 

[A (X X) Ajk) Anijjk 

Anl — A„1 ,o T XA„1 jfc 

A = A0 + XAyjfc. 

Substituting from these expressions for Anl ,jk 
and Ajfc 

d 
~(G- Go) 
d\ 

1 

“XA2 
1 A(A„i Anl ,o) - Anl(A - Ac) 

where Ax is the value of A when X = X. 

d log G 
relative sensitivity =-— 

d log (X — X) 

dG X — X 

d(X — X) G 

- -1 
A 

= + —- • A A 0(G - Go). 
XA2 

or the relative sensitivity is the reciprocal of the 
return difference of the parameter considered 
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for a reference equal to the reference value 
of the parameter. 

SEPARABLE GRAPH. See graph, separable. 

SEPARABLE SPACE. A metric space is sep¬ 
arable if there exists in it a countable subset of 
points which is everywhere dense. (See Hil¬ 
bert space.) 

SEPARATION BUBBLE. See reattachment 
of boundary layer after separation. 

SEPARATION OF BOUNDARY LAYER. 
Separation of a boundary layer can only occur 
if the pressure gradient in the direction of the 
stream is positive. A fluid element near the 
boundary has small kinetic energy, and can 
only continue to move against a pressure 
gradient if the net force in the stream direc¬ 
tion due to the shear stresses is sufficiently 
large. Otherwise, the pressure gradient causes 
the fluid element to come to rest and then to 
start moving in the reverse direction; eddies 
are formed further downstream and the 
streamlines are deflected away from the 
boundary by the region of eddies and re¬ 
versed flow. This is known as separation of 
the boundary layer. 

Since the possibility of avoiding separation 
depends on the magnitude of the shear stresses, 
there is an important difference between 
laminar and turbulent boundary layers. In a 
laminar boundary layer the shear stresses are 
caused only by viscosity and are comparatively 
small, so that separation usually occurs soon 
after the pressure minimum on a body. In a 
turbulent boundary layer the shear stresses 
are much larger, because of the existence of 
Reynolds stresses, so that separation is de¬ 
layed for a greater distance after the pressure 
minimum, and on a streamline body may not 
occur at all. 

The diagram shows stream lines and velocity 
profiles in a separating boundary layer; separ¬ 
ation occurs at the point P, and the limiting 

Stream lines and velocity profiles in separating bound¬ 
ary layer. 

stream line at the boundary diverges from the 
boundary along the line PA. Downstream of 
P the flow near the wall is reversed in direction 
and hence the velocity gradient at the wall 

(—) is negative. At the separation point 
dy/y—0 

— ) is zero and hence the shear stress at 
dy/v=o 

the wall is zero. 
Unsteady conditions in the eddying region 

downstream of separation often cause fluctua¬ 
tions in the external flow and in the pressure 
field, sometimes causing the separation point 
to fluctuate in position. 

The positive pressure gradient required to 
cause separation of a laminar boundary layer 
is so small that on most shapes of body, even 
those of good “streamline” shape, there is a 
point at which the boundary layer separates 
if it is still laminar at that point. It can be 
shown that the position of this laminar separa¬ 
tion point is independent of Reynolds number, 
for a specified pressure distribution along the 
body. At high Reynolds numbers, separation 
does not usually occur on bodies of good 
streamline shape, because the boundary layer 
becomes turbulent as soon as the pressure 
gradient becomes positive, and this happens 
before the laminar separation point is reached. 
At moderately high Reynolds numbers it is 
sometimes found that the boundary layer sep¬ 
arates, as a laminar layer, at the laminar 
separation point, but that the separated layer 
then becomes turbulent almost immediately 
and reattaches to the surfaces. There is then 
a small “bubble” of separated flow which has 
little effect on the flow outside the boundary 
layer. 

A “bluff” body is one for which the positive 
pressure gradient in potential flow is so large 
that even a turbulent boundary layer sepa¬ 
rates. Circular cylinders and spheres are ex¬ 
amples of such bodies. On a bluff body the 
pressure downstream of separation is much 
lower than it would be in potential flow, so 
that there is a large “form drag” due to the 
distribution of normal pressure, the drag due 
to surface friction being relatively small. 
Separation occurs further upstream when the 
boundary layer is laminar at separation than 
when it is turbulent, so that in the former case 
the pressure at the rear of the body is lower 
and the drag is higher. This explains why, 
within a critical range of Reynolds numbers, 
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it may be possible to reduce the drag of a 
bluff body by slightly roughening its surface; 
the roughness makes the boundary layer turbu¬ 
lent and delays separation. 

The problem of predicting the position of 
separation on a body, with a given pressure 
distribution, is equivalent to finding the posi¬ 
tion at which the shear stress at the wall falls 
to zero. For laminar boundary layers there 
are satisfactory approximate methods of solv¬ 
ing the equations, and in most cases the posi¬ 
tion of separation can be predicted with fair 
accuracy. For turbulent boundary layers the 
calculations are less satisfactory, because 
there is not yet a complete theory of flow in 
a turbulent boundary layer, but in many cases 
calculations based on semi-empirical theories 
give a useful indication of the position of 
separation. 

Separation of a boundary layer may be pre¬ 
vented or delayed by various methods of 
boundary-layer control. These methods in¬ 
clude suction of fluid into a porous wall and 
blowing fluid tangentially along the wall in 
the direction of the stream. 

SEPARATION OF GASES, REVERSIBLE. 
See reversible separation of gases. 

SEPARATION OF VARIABLES. A method 
of finding a particular solution to a linear 
partial differential equation. Assume a solu¬ 
tion which is the product of functions each 
depending on a single one of the independent 
variables. Substitution of this product into 
the original differential equation often results 
in an equation in which some terms are func¬ 
tions of only one variable, while other terms 
do not involve this variable. Each term in¬ 
volving a single variable may then be set 
equal to a constant. The original equation 
has thus been separated into several ordinary 
differential equations which may be solved by 
the usual methods. The constants of integra¬ 
tion furnish enough parameters to satisfy the 
boundary conditions. 

The procedure is particularly useful for the 
equations which occur in physical problems. 
For example, for Laplace’s equation in Car¬ 
tesian coordinates 

d2<f> d2<t> 
r* — —i + "r~i + . 2 

dx2 dy2 dz2 

d2<p = 0, 

assume <t>(x,y,z) = X(x)Y(tj)Z(z) and the par¬ 
ticular solution becomes 

4>(x,y,z) = exp (kx + ly + mz), 

where fc2 + !2 + m2 = 0. The assumed solu¬ 
tion with separated variables is often called 
the Bernoulli trial solution. 

The name “separation of variables” is also 
used to refer to the much simpler problem 
of solving an ordinary differential equation 
y' — F(x,y) by getting all terms involving y 
onto the left side and all those involving x 
onto the right. 

SEQUENCE. A set of elements Si, S2, • • •, 
s„, • • •, which can be arranged in an order so 
that when n is given, the nth member of the se¬ 
quence sn is completely specified. The ele¬ 
ments are usually arranged by matching them 
up, one by one, with the positive integers 1, 2, 3, 
• • •, n, • ••. A common symbol for a sequence is 
{s„ j. If there exists a number N such that N > 
| sn | for all n, then the sequence is bounded. If 
there exists an l such that, after choice of any 
« > 0, there exists an N such that 11 — sn \ < e 
for all n > N, then the sequences is convergent 
to the limit l. 

SEQUENCE (OF BANDS). See band system. 

SEQUENCE, EDGE. See edge sequence. 

SEQUENTIAL ANALYSIS. Sequential anal¬ 
ysis refers to data obtained by a sequential 
procedure, that is to say, a rule under which the 
sample number is not fixed in advance, but 
depends to some extent on the outcome of the 
sampling as it proceeds. For example, it may 
be decided to toss a penny until 50 heads have 
appeared and the appearance of the 50th head 
terminates the sampling. Sequential proce¬ 
dures may be used for estimation or for test¬ 
ing hypothesis. In the latter case, they usually 
provide a specific rule for making one of the 
following three decisions: (1) to accept the 
hypothesis being tested (the null hypothesis), 
(2) to reject the null hypothesis, (3) to con¬ 
tinue the experiment by making an additional 
observation. 

SERBER-WILSON METHOD. In neutron 
transport theory, a method for improving upon 
the diffusion approximation by improving upon 
the conditions used to select appropriate solu¬ 
tions. As an example, the critical radius of 
a bare sphere is determined not by demanding 
that the diffusion-theory solution vanish at 
the extrapolated boundary, but that it satisfy 
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the precise integral equation at the center of 
the sphere. 

SERIAL CORRELATION. See autocorrela¬ 

tion. 

SERIES. A series is a pair of sequences ai, 

d2j t dfiy * • • and *S2, t * * * such 
that Sn = cii +a2 + • • • + dn, the first se¬ 
quence being called the sequence of terms and 
the second the sequence of partial sums. It 
is customary to denote a series by the single 
expression d\ + a2 + • • • + a„ + • • •. A series 
is said to be convergent if its sequence of partial 
sums is convergent. For various types of series, 
alternating, asymptotic, binomial, etc., see 
under the respective terms. 

SERIES INTEGRATION. Sometimes, when 
an integral cannot be evaluated in terms of 
known functions, the integrand may be ex¬ 
panded in a finite or infinite series. Integra¬ 
tion of these terms, one by one, is series inte¬ 
gration. It is necessary, of course, to investi¬ 
gate the convergence properties of the series 
for it may, or may not, give the correct value 
of the integral. 

The reverse operation is also possible. Thus, 
given an infinite series, it is desired to repre¬ 
sent it by a definite integral. The Euler- 
Maclaurin formula may be used in either way: 
to sum a series or to evaluate an integral. 

SERRET-FRENET FORMULAE. The rela¬ 
tions 

dt/ds = m, dn/ds = rb — /ct, 

db/ds = — 7-n, 

where t, n, b are the unit tangent, unit normal 
and unit binormal respectively at a generic 
point of the curve, s is the distance measured 
along the curve to that point from a fixed point 
and k and t are the curvature and torsion of 
the curve at the point. Also called Frenet 
formulae. 

SET. A collection of numbers or symbols 
considered as a whole. For example, the set 
of all prime numbers or the set of all matrices 
with determinant equal to unity. Geometric¬ 
ally, the symbols in a set determine a domain. 

SET, CUT. See cut set. 

SET, PERMANENT. When a solid has been 
strained beyond the clastic limit and the de¬ 

forming stress is completely removed, in gen¬ 
eral the strain does not decrease ultimately to 
zero but to some non-vanishing value, known 
as a permanent set. In tension tests on metals 
the permanent set at stress <r and strain e is 
taken as the total strain less the elastic re¬ 
covery, £ — ct/E. 

SETTLEMENT OF SUPPORTS. In an in¬ 
determinate structure with redundant con¬ 
straints the relative motion or settlement of 
supports may cause drastic redistribution of 
stress. The load carrying capacity of struc¬ 
tures which are brittle or structures which fail 
by buckling will be affected greatly. However, 
the plastic limit load is unaffected. 

SHAFT. A bar subjected primarily to twist¬ 
ing moment, a moment about the axis of the 
bar. (See torsion.) 

SHAKEDOWN. When an elastic-plastic body 
is subjected to an infinite repetition of varying 
loads which produce plastic deformation, it is 
said to shake down if the plastic work has a 
finite limit. Loads below the shakedown limit 
eventually will produce elastic response only. 
Prager has stated and proved the theorem 
for elastic-perfectly plastic material: Shake- 
down will occur if a state of self-stress can be 
found such that the superposition of this state 
and the purely elastic response to the given 
variation of surface traction, body force, and 
temperature will at no point or instant lead to 
stress at or above the yield limit. 

SHALLOW-WATER WAVE. (Also called 
long wave, Lagrangian wave.) An ocean wave 
whose length is sufficiently large compared to 
the water depth (i.e., 25 or more times the 
depth) that the following approximation is 
valid: 

c = y/gh, 

where c is the wave velocity, g the acceleration 
of gravity, and h the water depth. Thus, the 
velocity of shallow-water wax es is independent 
of wavelength L. In water depths between 
(}+)L and it is necessary to use the 
more precise expression 

c = y/(gL/2iv)[teavh. (2irh/L)]. 

SHANNON FORMULA. A theorem in in¬ 
formation theory which states that a method 
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of coding exists whereby C binary digits per 
second may be transmitted with arbitrarily 
small frequency of error where C is given by 

C = B logo ^1 + —^ 

and no higher rate can be transmitted; B is 
the bandwidth, and S/N is the signal-to-noise 
ratio. 

SHAPE FACTOR. The ratio of the fully 
plastic moment for a perfectly plastic material 
to the moment which first causes the elastic 
stress to reach yield. Therefore, it is also the 
ratio of the sum of the static moments of the 
areas above and below the neutral axis for 
plastic bending about that axis, to the section 
modulus for elastic bending. The shape factor 
is 1.5 for a rectangular section and about 1.15 
for an I-section bent about its strong axis. 

SHARP SERIES. A series of lines in the 
spectra of the simpler atoms, the alkalis, alka¬ 
line earths, helium, etc., corresponding to 
transitions from an upper S state to a lower 
P state. 

SHEAR. The component of resultant force 
lying in a plane is called the shearing force on 
the plane. A shear diagram is a graphical 
representation of the variation in shear along 
a beam. An illustration of a shear diagram is 
given below for an overhanging beam with a 
uniformly distributed load covering the entire 
length of the beam. The points where the 
shear changes sign are points of maximum 
bending moment. The area of the shear dia¬ 
gram between any two points is equal to the 

change of bending moment between these 
points. 

The slope of the shear diagram is the ordi¬ 
nate of the load diagram. 

Rivets and welds are also subjected to shear. 
If the riveted connection is made so that the 
shear occurs between two lap plates only it is 
called single shear. If the connection is such 
that shearing force is carried on two planes 
as in the case of a butt joint, with one plate 
coming from one side between two from the 
other side, the condition is one of double shear. 

SHEAR CENTER (CENTER OF TWIST). 
When the stresses acting on the cross section 
of a beam are those associated with bending 
and transverse shear alone, the resultant force 
is a transverse shear acting through the shear 
center. Bending by transverse forces without 
twist thus requires the external forces to be 
applied through the shear center. 

SHEAR COMPLIANCE. See compliance, 
shear. 

SHEAR DIAGRAM. See shear. 

SHEAR FLOW. A thin-walled tube, profile 
or similar section beam resists transverse shear 
in its cross section primarily by shear stresses 
directed parallel to the center line of the thin 
sectional elements. The product of these shear 
stresses multiplied by the wall thickness is 
called a shear flow. Also, a closed tubular 
section resists torsion with a constant shear 
flow, a multi-cell tube, with a constant shear 
flow in each element. (See Batho and Bredt 
formulas.) 

w H per Ft. 

Shear diagram. 
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SHEAR-GRAVITY WAVE. A combination 
of gravity waves and a Helmholtz wave on a 
surface of discontinuity of density and veloc¬ 
ity. If the densities of the lower and upper 
layers respectively are p and p and the veloci¬ 
ties U and U', the phase speed c of the shear- 
gravity wave is 

PU + p'U' 
c =- 

p + p' 

± 
gL p — p' 

-2tr p + p' 

PP \U - U')2 

(p + p')2 

where g is the acceleration of gravity and L 
the wavelength. The motion is unstable if 
and only if the bracketed quantity is negative; 
the density difference thus contributes to sta¬ 
bility and the velocity difference to instability. 

SHEAR, HORIZONTAL. The study of the 
stresses induced in beams bent by transverse 
loads usually is begun by considering vertical 
loads on a horizontal beam with the vertical 
plane a plane of symmetry of the beam. Shear 
force V on the cross section then is vertical, 
and vertical shearing stress is computed from 
the equal complementary horizontal shearing 
stress Sa assumed uniformly distributed on a 
horizontal plane perpendicular to the cross 
section: Ss = V6/Ib, where I is the moment 
of inertia of the cross section about the neu¬ 
tral axis, b is the width of the cross section 
at the line of cut by the horizontal plane, and 
8 is the static moment of the area between 
this cut and the extreme fiber about the neu¬ 
tral axis. 

SHEAR LAG. When shear strains accom¬ 
panying bending or other normal strains are 
appreciable, the normal stresses are not dis¬ 
tributed in accordance with elementary theory. 
Stiffeners of shell structures, for example, are 
not fully effective in carrying tension or com¬ 
pression. The term shear lag conveys this 
concept. 

SHEAR, LONGITUDINAL. A more descrip¬ 
tive term for horizontal shear (see shear, hori¬ 
zontal! especially useful for thin-walled sec¬ 
tions. 

SHEAR MODULUS. See modulus, shear; 
elastic constants. 

tangular Cartesian reference system .r may be 
described by 

aq = Xx + kX2, a"2 = A2, £3 = A3, 

where k is a constant, k is called the amount of 
shear and tan-1 k, the angle of shear. Any plane 
perpendicular to the .r3 axis is called a plane of 
shear or shear plane. 

SHEAR STRESS. See stress tensor; also flux 
vector. 

SHEAR STRESS, CRITICAL. The resolved 
shear stress which is required to initiate slip 
in a given crystallographic direction along a 
given crystallographic plane of a single crys¬ 
tal of a metal. 

SHEAR, TRANSVERSE. See shear. 

SHEAR WAVE. (1) A Helmholtz wave. 
(2) An elastic wave (see waves, elastic, in 
solids), which causes elements of the medium 
to change in shape without any change in 
volume. In a plane shear wave, the particle 
motion is perpendicular to the direction of 
propagation, and it is therefore a transverse 
wave. A shear wave may be defined mathe¬ 
matically as an elastic wave whose velocity 
field has zero divergence. Such waves travel 

with the velocity V (G/p) through an isotropic 
medium, where G is the shear modulus and p 
is the density of the medium. Shear waves 
have also been called equivoluminal waves, 
distortional waves, and rotational waves. 

SHEET. An in-plane load-carrying element 
whose middle surface is plane and whose thick¬ 
ness h is small compared with its overall di¬ 
mensions in the plane of the middle surface 
(see plate). Generalized equations of plane 
stress are assumed to apply, e.g., 

d(hox) 

dx 

d2u , d(JlTXv) l. E* _ L 
H-b phFx — ph 

dy dt2 

SHELL. A transverse load-carrying member, 
bounded by two essentially parallel surfaces, 
whose middle surface is curved and whose 
thickness h is small compared with its overall 
dimensions. It resists load through bending 
action as well as through membrane stress. 
Occasionally membranes, as for example a 
pressurized sphere, are called shells. 

SHEAR, SIMPLE. A state of homogeneous SHEPPARD’S CORRECTIONS. If a con- 
deformation in a body, which in some rec- tinuous frequency distribution is grouped, the 
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moments derived by replacing each observa¬ 
tion by the central value of the group into 
which it falls differ from those of the original 
distribution. Provided the distribution tapers 
smoothly to zero in both directions, average 
corrections to the grouped moments, known as 
Sheppard’s corrections, may be applied as 
follows: 

m (corrected) = hi 

H2 (corrected) = H2 ~ h2/12 

H3 (corrected) = H3 

H4 (corrected) = hi — lAfi2P2 + 7/i4/240. 

SHIP MOTION. The complex motion im¬ 
parted to a ship upon encountering waves. All 
the motions can be regarded as combinations 
of three oscillations about horizontal or ver¬ 
tical axes (roll, pitch, and yaw), and three 
linear displacements of the center of gravity 
(heave, surge, and sway). 

SHOCK-EXPANSION THEORY. A method 
of calculating the pressure distribution, and 
hence the lift, pitching moment and wave 
drag, on a two-dimensional airfoil at super¬ 
sonic speeds. The method is only applicable 
to airfoils with sharp leading and trailing 
edges. The strength of the upper and lower 
leading-edge shock waves are calculated from 
the deflection angles at the leading edge. The 
expansion over the convex surface of the airfoil 
is then calculated from simple-wave theory 
(essentially the theory of the Prandtl-Meyer 
expansion). Boundary-layer effects are neg¬ 
lected and it is assumed that the leading-edge 
shock waves are of uniform strength in the por¬ 
tion of the field which affects the pressure on 
the airfoil. The latter assumption is not cor¬ 
rect, because the leading-edge shock waves are 
weakened by the expansion waves produced by 
the convex surface of the airfoil. Nevertheless, 
it has been shown that the theory gives the 
pressure distribution on the airfoil with good 
accuracy, even when the quantities neglected 

are no longer small. 

SHOCK WAVE. (1) If the velocity of propa¬ 
gation of mechanical waves in a medium in¬ 
creases with increasing amplitude of the dis¬ 
turbance, the front of a pulse propagated 
through the medium becomes increasingly 
steep, and the limiting steepness is governed 
by the dissipating properties of the medium. 

Such a wave is called a shock wave. Shock 
waves are produced when the compressibility 
of the medium decreases with increasing pres¬ 
sure, or when the particle velocity produced 
by the disturbance is comparable with the 
velocity of propagation of the wave. (See 
finite amplitude equations (acoustic). 

(2) A region of very small thickness in a 
flowing gas, across which the velocity of flow 
and the properties of the gas all change. The 
normal component of the flow velocity, relative 
to the shock wave, must always be supersonic 
on the upstream side and subsonic on the down¬ 
stream side. The thickness of a shock wave 
decreases with increasing strength, and for a 
strong shock wave the thickness is only a 
little greater than the mean free path of the 
molecules. 

The flow within a shock wave is strongly 
influenced by viscosity and thermal conductiv¬ 
ity, but for calculating the overall changes 
across a shock wave these effects may be ig¬ 
nored and the shock wave treated as a discon¬ 
tinuity. 

A shock wave may be either normal or 
oblique to the local flow direction. Consider¬ 
ing first a normal shock wave, the equations 
of momentum, energy and continuity are 

Pi + PiUi2 = P2 + P2U22, (1) 

hx + \u\ = h2 + \u2 (2) 
and 

Piui — P2U2, (3) 

where h is specific enthalpy, u is velocity and 
subscripts 1 and 2 refer to conditions before 
and after the shock wave. 

From Equations (1) to (3), the change of 
velocity across a normal shock wave can be 
related to the changes of pressure, density and 
temperature. It can be shown that the veloc¬ 
ities U\ and u2 are related simply by 

uxu2 = a*2, (4) 

where a* is the speed of sound in the gas at the 
condition corresponding to a local Mach num¬ 
ber of 1. 

The gain of specific entropy in a normal 
shock wave is given by 

2yH(Mi2 - l)3 
A-s' = --- 

3(7 + l)2 

-f higher-order terms in (M2 — 1), (5) 
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where Mi is the Mach number on the upstream 
side of the shock wave and R is the gas con¬ 
stant. 

The equations for an oblique shock wave 
may be obtained by superposing on the solu¬ 
tion for a normal shock wave a velocity com¬ 
ponent tangential to the shock wave. Con¬ 
sideration of the momentum equation shows 
that this tangential velocity component is 
the same on both sides of the shock wave. 
Thus, since the normal velocity component is 
reduced in passing through the shock wave, 
the stream is deflected away from the normal 
in passing through the shock wave. For given 
upstream conditions and a given angle of 
deflection of the stream, there are usually two 
alternative shock waves satisfying the equa¬ 
tions. One of these is strong and nearly nor¬ 
mal to the incident stream, while the other 
is weaker and inclined at a smaller angle to 
the stream. In most cases, the weaker of these 
two shock waves is found in experiments. 

SHOCK-WAVE BOUNDARY-LAYER IN¬ 
TERACTION. Where a shock wave extends 
into a boundary layer there is a complicated 
region of interaction. This region is very dif¬ 
ficult to analyze theoretically because the 
usual assumptions of boundary-layer theory 
are no longer valid. In many cases the shock 
wave causes separation of the boundary layer; 
this modifies the external pressure distribution 
and often causes another shock wave, starting 
at the position of separation. 

SHORT-RANGE FORCE. A force of inter¬ 
action between two particles which is essen¬ 
tially ineffective when the interparticle separa¬ 
tion exceeds a certain distance; usually ap¬ 
plied to nuclear forces which have a range of 
several times 10-13 cm. 

SHORT-RANGE ORDER. The type of order 
in which the probability of a given type of 
atom having neighbors of a given type (for 
example, that an A atom is surrounded by B 
atoms) is greater than would be expected on 
a purely random basis. There is thus a tend¬ 
ency to form small ordered domains, but these 
do not link together at long distances. Short- 
range order occurs in binary alloys above the 
order-disorder transition temperature, and is 
measured by the parameter, 

q — q(rand) 
a =- 

q(max) — q(rand) 

where q is the fraction of the total number 
of nearest-neighbor bonds in the solid between 
unlike atoms, q(max) is the maximum pos¬ 
sible value of q for the given ratio of con¬ 
stituents, and q{rand) is the value of q for 
an entirely random arrangement. 

Short range order is characteristic of liquids 
and disordered solids, in contrast to the long 
range order found in crystalline solids. (Sec 
also cooperative phenomena.) 

SHOWER UNIT (COSMIC RAYS). The 
mean path length required for the reduction, 
by the factor ]/2, of the energy of relativistic 
charged particles as they pass through mat¬ 
ter. Such particles lose their energy mostly 
by radiation. The shower unit s is related to 
the radiation length l by the equation: 

s = l\n 2 = 0.693/. 

SHROUD. See blade. 

SIDEREAL YEAR. See year. 

SIDESWAY. When a continuous frame struc¬ 
ture, such as a portal or a building frame, is 
subjected to load, its joints will rotate and 
generally also move sideways, even with 
vertical load only. This sidesway makes 
analysis quite elaborate and often is con¬ 
sidered separately in the moment distribution 
procedure. 

SIEGBAHN UNIT (X-UNIT). A length of 
10_ 11 cm, widely used in expressing the wave¬ 
length of x-rays. 

SIGNAL FLOW DIAGRAMS. A pictorial 
way of representing the interrelations between 
the various quantities present in a system as 
well as the input or inputs applied to the sys¬ 
tem from outside. 

The conventional way of setting up such a 
diagram is to consider the value of any quan¬ 
tity in the system as the sum of the contribu¬ 
tions made to it by the other quantities and 
the inputs directly, that is, not through the 
medium of intermediate quantities. The quan¬ 
tities and inputs are usually inserted in the 
diagram within small circles, the interrela¬ 
tions being shown by line links connecting 
these circles, such links being labeled with the 
relevant factor or operator implied in the de¬ 
pendence and provided with an arrow' to indi¬ 
cate the direction in which the contribution 
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is being made. The diagrams are interpreted 
by two essential rules: 

(1) The value of any quantity is the sum 
of its incoming feeds. (2) The value of a feed 
is the quantity from which the feed link origi¬ 
nates multiplied by the link factor or operator. 

For instance the equations 

<7i(0 — 6i(t) + «2i <?2(0> 

92(0 = a12 ^ qx(0 

would be represented by 

a21 

The diagrams are usually drawn in terms of 
the Laplace transform of the quantities rather 
than in the time domain. 

SIGNAL LEVEL. At any point in a trans¬ 
mission system, the difference of the measure 
of the signal at that point from the measure 
of an arbitrarily-specified signal chosen as a 
reference. In audio techniques, the measures 
of the signal are often expressed in decibels, 
thus their difference is conveniently expressed 
as a ratio. 

SIGN CONVENTION (LENS AND MIR¬ 
ROR). All authors do not follow the same 
sign convention. The following probably has 
the largest following: (1) Draw all figures 
with the light incident on the reflecting or re¬ 
fracting surface from the left. (2) Consider 
the object distance p = PV positive when P is 
at the left of the vertex. (3) Consider the 
image distance q = VP' positive when P' is 
at the right of the vertex. (4) Consider the 
radius of curvature R = CF positive when the 
center of curvature lies to the right of the 
vertex. (5) Consider the slope angles positive 
when the axis must be rotated counterclock¬ 
wise through less than v/2 to bring it into co¬ 
incidence with the ray. (6) Consider angles 
of incidence and refraction positive when the 
radius of curvature must be rotated counter¬ 
clockwise through less than 7t/2 to bring it 
into coincidence with the ray. (7) Consider 
distances normal to the axis positive when 
measured upward. 

In the following diagram only 19' is negative. 

When the convention is followed, the simple 
lens formula takes the form 

1 1 1 , ( \ 1 \ 

/ v q \R 1 R2/ 

SIGNIFICANCE TESTS. Suppose that a 
sample provides an estimate t of a parameter 6, 
and that a certain hypothesis specifies a cer¬ 
tain value for 6, 6 = 0O say. t will differ from 
(9„ by a discrepancy d = 60 — t, and it may be 
possible to deduce from the sampling distribu¬ 
tion of t the probability P that a discrepancy 
as large as d would have arisen if the hypoth¬ 
esis 6 = 60 were true. If this probability is 
small, the sample may be taken to provide 
evidence against the truth of the hypothesis. 
This procedure is called a test of significance; 
if P is less than some value a (commonly 
chosen to be 0.05 or 0.01), we say that t is sig¬ 
nificantly different from 0O at the level «, or 
simply that d is significant at this level. The 
hypothesis 6 = 0O (i.e., d = 0) is called the null 
hypothesis. 

Alternative tests of the same hypothesis are 
often available, based on different statistics. 
To choose between them, we introduce the no¬ 
tion of an alternative hypothesis, 0 = say. 
We may now calculate, for a given a, the prob¬ 
ability /? of obtaining a significant result at 
this level when the alternative hypothesis is 
true. This probability (a function of a and 6X) 
is called the power of the test. A few tests can 
be shown to be at least as powerful as any al¬ 
ternative test for all values of 0\. Such tests 
are said to be uniformly most powerful and 
are clearly to be preferred in cases where they 
exist. 

If we imagine some action being taken based 
on the result of a significance test, this action 
may be referred to as accepting or rejecting the 
null hypothesis. Sampling fluctuations may 
then lead to two types of incorrect action: 

(1) We may reject the null hypothesis when 
it is true. 
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(2) We may accept the null hypothesis 
when it is false. 

These are referred to as errors of the first 
and second kind; their probabilities are respec¬ 
tively « and (1 — /3). A test for which 
(1 — /3) — <* for all values of 6X is said to be 
unbiased. (See also Neyman-Pearson theory. I 

SIGNIFICANT FIGURES (OR DIGITS). 
Those digits that can be considered correct in 
the approximate representation of a quantity, 
whether measured or computed, other than 
zeros to the right of the decimal and to the left 
of the first nonnull digit. Thus in 0.00123, the 
significant digits are 1, 2, and 3. To write a 
number in the form 0.001230 is to imply that 
the final digit is known to be a zero, and that 
the four digits, 1, 2, 3, and 0 are all significant. 

SIGNUM. The signum function of x, written 
sgn x or sg x is — 1 when x < 0, 0 when x = 0, 
and 1 when x > 1. 

SILSBEE RULE. A long circular wire of 
radius a cannot carry a supercurrent greater 
than y2aHc, where Hc is the critical field of 
the material. Evidently the magnetic field of 
the current itself then destroys the super¬ 
conductivity. 

SIMILARITY HYPOTHESES. See Kolmo- 
goroff similarity hypotheses. 

SIMILARITY LAW, TRANSONIC. See 
transonic similarity law. 

SIMILARITY THEOREM. For any given 
dynamical system consisting of connected 
particles and rigid bodies it is possible to con¬ 
struct another system exactly similar to it but 
on a different scale. If the masses and forces 
in the two systems bear certain ratios to each 
other, the performance of the two systems will 
be similar but with different velocities that 
bear a constant relationship to each other. 

Specifically, to determine the relation be¬ 
tween the various ratios involved, let the linear 
dimensions of the systems 1 and 2 be in the 
ratio x:l; let the masses of the corresponding 
particles be in the ratio y: 1; let the rates of 
operation be in the ratio z: 1, so that time be¬ 
tween corresponding phases will be in the ratio 
1:2; and let the forces be in the ratio w: 1. The 
equation of motion of a particle is given by 

(1) 

where/.u is force, in dynes, /// is mass, in grams, 
and x is acceleration, in centimeters per second 
per second. 

Referring to equation 1 and employing the 
ratios specified above, it is seen that m will 
be changed in the ratio y: 1, x will be changed 
in the ratio xz2:l, and Jm will be changed in 
the ratio w'A. Thus, it follows that the re¬ 
lation between the four numbers x, y, z and w 
as specified above is given by 

w = xyz2. (2) 

The principle of similarity in acoustics 
states: For any acoustical system involving 
diffraction phenomena it is possible to con¬ 
struct a new system on a different scale, which 
will exhibit similar performance, providing the 
wavelength of the sound is altered in the same 
ratio as the linear dimensions in the new sys¬ 
tem. 

The principle of similarity is useful in pre¬ 
dicting the performance of similar acoustical 
systems from a single model. For example, 
a small model can be built and tested at very 
high frequencies to predict the performance 
of similar large systems at lower frequencies. 
For example, in the diffraction of sound by 
objects, if the ratio of the linear dimensions 
of the two objects is x:l, the corresponding 
frequency characteristics will be displaced 1 :x 
in frequency. 

SIMPLE BEAM. See beam, simple. 

SIMPLE CURVE. A curve without double 
points; that is, a set of points {x,y) with x = 
x(t), y — y(t) for t in an internal a?=t^=b, 
such that x and y do not assume the same pair 
of values for two different values of t in 
a < t < b. If x(a) = x(b) and y(a) = y{b), 
the simple curve is said to be closed. 

SIMPLE EXTENSION. A state of pure 
homogeneous deformation in a body, asso¬ 
ciated with a homogeneous stress system for 
which, in some rectangular Cartesian reference 
system, all the stress components are zero, 
except one of the normal components. The 
direction of this non-vanishing stress com¬ 
ponent is called the direction of the simple 
extension. 

SIMPLE FLEXURE OF A BEAM. See 
flexure, simple (of a beam). 

SIMPLE HARMONIC MOTION. Motion in 
which the particle is attracted towards an Jm = mx 
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origin by a force directly proportional to the 
instantaneous distance of the particle from 
the origin. The resulting periodic motion is 
characterized by a space-time graph of sim¬ 
ple sine form. 

The differential equation of motion is 

d2x 
m —- = —kx 

dt2 

where m is the mass of the particle, k is the 
constant of proportionality (stiffness coeffi¬ 
cient), x is the displacement from origin. 

The solution of the differential equation 
yields the displacement as a function of the 
time. 

sin 
x = A {2-ir ft e] 

cos 

where A is the amplitude of motion, / is the 
frequency = (l/2ir) \/k/m, e is the epoch de¬ 
termined by the value of the function at t = 0. 

The projection of a particle moving in a 
circle of radius A and with frequency / onto 
any straight line in the plane of the circle 
travels according to the above sinusoidal for¬ 
mula. This is called the circle of reference. 
(See harmonic oscillator.) 

SIMPLE SHEAR. See shear, simple. 

SIMPLE SYSTEM. See indicial notation. 

SIMPLE TRUSS. See truss, simple. 

SIMPLE WAVE. In two-dimensional super¬ 
sonic flow a simple wave is a field of flow in 
which one family of Mach lines consists of 
straight lines. An example shown in the fig¬ 
ure is the expansion of an initially uniform 

Simple Wave. 

flow along a convex boundary; a special case 
of this is the Prandtl-Meyer expansion or 
centered wave. The formulae obtained for a 
Prandtl-Meyer expansion may be applied to 
the calculation of any simple wave flow. 

SIMPLEX METHOD. A method due to 
George Dantzig for solving the linear pro¬ 

gramming problem. Let it be required to find 
that vectod x satisfying 

Ax = h, x > 0 

such that </> = «-}- aT\ is minimized, where the 
matrix A has n rows and N > n columns, and 
the vectors x and h are of dimensions N and n, 
respectively. It is assumed that A is of rank n. 
It is required that initially one find a particular 
solution x of the inequalities, with N — n of the 
elements null, and such that the matrix of 
coefficients of the others is nonsingular. After 
a possible renumbering, it can be supposed that 
the null elements are the last N — n. Partition 
the system with \T = (yr, z7 ), where y and z 
are of dimension n and N — n, respectively, 
and write 

By + Cz = h, y = B—1h — B~]Cz. 

At this stage the elements of y are called the 
basic variables, those of z the nonbasic vari¬ 
ables, and the initial solution of the inequalities 
has y = B~'h > 0 and z = 0. 

Now <t> can be written 

<f> = a -f- bry + cTz 

= (a + brB_1h) + (cT - b^B^Qz. 

If c7 — b7B_1C > 0 the problem is already 
solved. If not, consider one of its negative 
elements. By allowing the corresponding ele¬ 
ment of z to become positive but holding all 
others at zero, $ can be decreased, but, in 
general, some element of y = B-1h — B_1Cz 
will eventually vanish. At this point, where 
the first element of y has vanished, the z which 
has been allowed to increase is adjoined to the 
set of basic variables, and the y which has van¬ 
ished is adjoined to the nonbasic ones, and the 
process is repeated. 

SIMPLY-CONNECTED REGION. A region 
with the property that any closed curve lying 
in the region can be continuously deformed 
into a single point without leaving the region. 

SIMPSON RULE (FOR NUMERICAL 
QUADRATURE). 

— “ (/o + d/l + /2) + R, 

where 
fi = /(-To + ih) = /(*<) 

R = — A5/iv(£)/90. 
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Hence 

/***» h 
I f(x)dx = - [/o + 4fi -f 2/2 + 4/3 

O 
+ --b 4/2n-l + /2n]- 

SIMULTANEOUS EQUATIONS. The solu¬ 
tion of simultaneous linear equations is dis¬ 
cussed under matrix inversion. In case there 
are more equations than unknowns, it may be 
that some are redundant, and can be dropped 
without affecting the theoretical solution. If 
not, the equations are inconsistent, and only a 
least squares or other approximation can be 
used. If there are fewer equations than un¬ 
knowns the determination cannot be unique, 
and at most it will be possible to leave some 
of the unknowns arbitrary, solving for the 
others in terms of these. 

Even with nonlinear equations it is some¬ 
times possible to eliminate some of the un¬ 
knowns by solving and substituting, although 
this may not be advisable since the analytic 
expressions tend to be more complicated. In 
any case, suppose the system has the form 

</>t(£i, • • •, £») = 0, i = 1, 2, —, n, 

assume no further reduction is possible or 
desirable, and suppose that a solution cq, a2, 
• • •, an actually exists. If 

* - t 
i 

then $(£1, • • •, $„) > 0 and <*>(<*1, •••,«„) = 0. 
Hence <f> is minimized for = cq. Therefore 
one may use the method of steepest descent 
as one method of solving the system, provided 
the necessary derivatives exist. 

Another method is a generalization of 
Newton’s method. Suppose £,(0) is a set of 
numbers sufficiently close to a,. Then, by 
expanding in Taylor’s series, 

, an) =0 

= <t>i,0 + (<*?' — £/0))d<£i>o/d£j H-, 
i 

where the subscript 0 signifies evaluation for 
= £,(0). If the differences aj — £/0) are 

small enough and the terms not written (quad¬ 
ratic and higher) are negligible, and if, further, 
the matrix of first partial derivatives 

(cHi/dHj) 

is nonsingular throughout a sufficiently large 
neighborhood of the solution aj, then the linear¬ 
ized equations can be solved and the result will 
be approximately equal to the differences 
aj — £/0). By adding these to the £/0) one 
obtains an improved set, and the process can 
be continued as many times as seems necessary. 

SIMULTANEOUSLY MEASURABLE. In 
quantum mechanics, physical quantities cor¬ 
respond to linear operators which in general 
do not commute. The measurement of a quan¬ 
tity A is related to the eigenvalues and eigen- 
states of the operator A. Two quantities A 
and B are simultaneously measurable if the 
operators A and B commute, AB = BA. It 
is only in this case that any eigenstate of A 
is an eigenstate of B. 

SINE CONDITION. See Abbe sine condition. 

SINE RELATIONSHIP, EXTENDED. See 
extended sine relationship. 

SINGLE-ACTING MACHINE. See double¬ 
acting machine. 

SINGLE-STEP ITERATION. See matrix 
inversion. 

SINGLE-VALUED MAPPING. See repre¬ 
sentation. 

SINGLE-VALUED REPRESENTATION. 
See representation. 

SINGULAR INTEGRAL EQUATION. An 
integral equation with infinite limits of inte¬ 
gration or an infinite kernel. 

SINGULARITIES. See singular point of a 
function. 

SINGULARITY FUNCTIONS. An infinite 
family of excitation time-functions character¬ 
ized by discontinuities, and obtained by suc¬ 
cessive differentiation and integration of the 
impulse function. 

SINGULAR MATRIX. A matrix whose de¬ 
terminant vanishes and where a transforma¬ 
tion involving that matrix is also singular. 

SINGULAR POINT OF A DIFFERENTIAL 
EQUATION. Consider the linear differential 
equation with variable coefficient 

w(n) -|— Pn_l(z')w' 

+ Pn(z)w = 0. 
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A point Z„ is called a singular point for the 
equation if Zn is a singular point for at least 
one of the functions P,(z). If these coefficients 
Piiz) can be written in the form Pt(z)-i 
- (Z — Z0)pi(z) with Pi{z) analytic at Z„, then 
Z„ is called a regular singular point of the 
equation. The importance of such points lies 
in the fact that, for the case n = 2 for example, 
there exist in the neighborhood of regular 
singular point two linearly independent solu¬ 
tions of the equations which are regular in the 
sense of Fuchs; that is, which are of the form 
w = Zah(z) log z + zdk(z), where h{z) and k{z) 
are analytic at Z0. 

SINGULAR POINT OF A FUNCTION. A 
value of the complex variable z, for which 
f(z) is an analytic function, is called an ordi¬ 
nary point. Any point which is not an ordi¬ 
nary point is a singular point. 

Singular points or singularities are classified 
as: (1) poles or unessential singularities; (2) 
essential singularities or poles of infinite order; 
(3) branch points caused by the fact that the 
function is not single-valued. 

Let w = u 4- iv be a single-valued function 
of z = x + iy, where u, v are real single¬ 
valued functions of x and y. Then z — z„ is a 
pole of order k, provided that (z — z0)kw(z) 
is analytic and not zero at z — z0. The posi¬ 
tive integer k is called the order of the pole. 
Singular points of this kind are non-essential 
because they are effectively removed if iv(z) is 
multiplied by (z — z0)*'. Typical examples 
are w = 1 /z(z — a) (z — b), which has three 
simple poles at z — 0, a, b, respectively; 
w = esc z, an infinite number of poles on the 
real axis. 

A singularity which is not a pole or a branch 
point is called essential. A simple example 
is w(z) = sin 1/z = 1/z — 1/3!z3 + 1/5!z5 — 
1/7 !z7- • • and it is seen that no finite value of 
k in zkw(z) will remove the singular point of 
this function at z = 0. 

The essential or non-essential character of a 
singularity can be investigated by expansion 
of the function in a Laurent series. In most 
cases, the result can be obtained more simply 
by inspection of the function. For branch 
points, see under that heading. 

Singular points are of considerable impor¬ 
tance in the study of linear differential equa¬ 
tions, especially when they are to be solved 
by expansions in series. (See previous entry.) 

An irregular singular point may arise from 

the confluence of two or more regular singular 
points. 

SINGULAR SOLUTION OF A DIFFEREN¬ 
TIAL EQUATION. A solution to a differen¬ 
tial equation which is not a special case of the 
general solution hence not obtainable from 
the general solution by assigning a value to 
its parameters. (See e.g., Clairaut equation, i 

SINGULAR VALUES OF A MATRIX. The 
singular values of a matrix A are the nonnega¬ 
tive square roots of the proper values of A*A. 

SINK. A point into which fluid disappears. 
The strength —m of a sink is the total flux 
of fluid into it. The velocity potential at dis¬ 
tance r due to a sink is 

m 

A line sink, in two-dimensional flow, is a 
line into which fluid disappears. The strength 
-m of a line sink is the total flux of fluid into 
unit length of it. The complex potential of a 
line sink is 

m 
w = <f> -f- i\p =-(log r -f id) 

2n 

m 

SINUSOIDAL LIMIT THEOREM. A the¬ 
orem in time-series analysis due to E. Slutzky. 
If a moving average of two is taken of a ran¬ 
dom series and the process iterated n times; 
if m"' differences are taken of the result; then 
the resulting series tends to the form of a sine 
wave as m and n tend to infinity such that the 
ratio m/n remains constant. 

SIX-VECTORS. See four vectors and tensors. 

SIZE EFFECT. Properties such as strength, 
yield stress, proneness to brittle fracture, en¬ 
durance limit, etc., will to some extent be sensi¬ 
tive to the volume of material under test or 
consideration. (See Barba law.) 

SKEW CURVE. See twisted curve. 

SKEWNESS. The departure of a frequency 
distribution from symmetry. It is usually 
measured by the third mean-moment stand¬ 
ardized by division by /k2%, where is the 
variance. 



Skew Ray — Slater Sum 840 

SKEW RAY. In general, any light ray that 
does not lie in a plane. For axially symmetric 
optical systems, all rays not coplanar with the 
axis are skew rays. 

SKEW SURFACE. A ruled surface which is 
not a developable surface. Also called scroll. 

SKEW-SYMMETRIC TENSOR. See tensor, 
skew-symmetric. 

SKEW T-LOG p DIAGRAM. An emagram 
(temperature and logarithm of pressure as co¬ 
ordinates) with the isotherms rotated 45 de¬ 
grees clockwise to produce greater separation 
of isotherms and adiabats. This is the thermo¬ 
dynamic diagram presently used by the U. S. 
Air Force. 

SKIN DEPTH. For a conductor carrying 
currents at a given frequency as a result of 
the electromagnetic waves acting upon its 
surface, the depth below the surface at which 
the current density has decreased one neper 
below the current density at the surface. Usu¬ 
ally the skin depth is sufficiently small so that 
for ordinary configurations of good conduc¬ 
tors, the value obtained for a plane wave fall¬ 
ing on a plane surface is a good approxima¬ 
tion. The skin depth is given by the rela¬ 
tionship: 

1 

where / is given in cycles per second, p is given 
in henries per meter, and a is given in mhos per 
meter. 

SKIN FRICTION. When a fluid flows past a 
solid boundary, there is a shear stress at the 
boundary 

where p is viscosity, y is distance measured 
normally from the boundary and u is the ve¬ 
locity component parallel to the boundary. 

Equation (1) is correct even for a turbulent 
boundary layer, or for turbulent flow in a pipe 
or channel, because as y —* 0 the Reynolds 
stresses become negligible in comparison with 
the viscous shear stress. 

The shear stress r0 is often known as the skin 
friction stress, or simply the skin friction. The 
skin friction coefficient is defined as 

where V is the velocity outside the boundary 
layer or, in the case of flow in a pipe or channel, 
the mean velocity of flow. 

In calculations on turbulent boundary layers 
the friction velocity is often introduced. This is 
defined by 

r0 = pr*2. (2) 

SKIN FRICTION, EFFECT OF ROUGH¬ 
NESS ON. See roughness, effect on skin fric¬ 
tion. 

SKIN RESISTANCE. The skin resistance of 
a unit square is equal to 1 /ah where <r is the 
resistivity of the conductor per unit volume 
and 8 is the skin depth at the frequency of 
measurement. It is thus seen that the skin 
resistance is the same as the d-c resistance of 
a unit square of thickness 8. 

SLAB. Although efforts have been made to 
reserve the word slab for an in-plane load¬ 
carrying element or sheet, the term is still used 
in bridge and building construction to denote 
plate. 

SLATER DETERMINANT. This determi¬ 
nant describes a simple type of antisymmetric 
wave function for a system of fermions. If 
\pTl(x), \pr2(x), • • • is an orthonormal 
system of N one-particle wave functions and X{ 
stands for all the variables of the ith particle, 
their antisymmetrized product gives a Slater- 
determinant 

iM^i) i) • • ^r„(x l) 

iM*2) f'ri{x2) * • trJ,X 2> 

'Prl(Xn) 

A general state of the n-particle system can be 
described by a wave function which is a linear 
combination of such Slater determinants. 

SLATER SUM. This quantity is given by the 
equation 

2„0n*e“^//0n, 

where the are a complete set of orthonormal 
functions, /? = 1/kT (k is Boltzmann’s con¬ 
stant, T is absolute temperature). It plays an 
important role in quantum statistics. (See 
also cluster theory of virial coefficients.) 
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SLENDER-BODY THEORY. The linearized 
equation for the -perturbation velocity poten¬ 
tial in subsonic or supersonic flow is 

(1 — M2)<t>xx -T <t>uy + <t>2; = 0. (1) 

In the case of a very long slender body, whose 
cross section varies only slowly with x, the 
conditions near the body can be approximated 
by neglecting the first term in Equation (1). 
The perturbation velocity potential <t>(x,y,z) 
then has the form 

<t>(x,y,z) = <t>(y,z; x) -f- g{x), (2) 

where 4>{y,z] x) is a velocity potential for two- 
dimensional flow in a yz-plane, in which x 
appears only as a parameter determined by 
the shape of the cross section at x, and g(x) is 
an arbitrary function of x. 

It is clear that the degree of “slenderness” 
required for this approximation to be valid 
becomes less as the Mach number approaches 
1. At supersonic speeds “slenderness” implies 
that the body must lie well within the Mach 

cone from the pointed nose of the body. 
In the case of a wing of zero thickness, 

either plane or cambered, the term g(x) affects 
the upper and lower surfaces equally and so 
does not affect the distribution of lift. This 
leads to a particularly simple theory for wings 

of small aspect ratio. 

In the general case, where the body has 
thickness, expressions for g(x) have been de¬ 
rived both for subsonic and for supersonic flow. 
The expressions involve the Mach number and 
the first and second derivatives of the area of 
cross section with respect to x, and for most 
cases they are independent of the shape of the 
cross section, for given area. These expres¬ 
sions have been used to calculate the wave drag 
of a large number of different shapes in super¬ 
sonic flow. (See also subsonic and supersonic 

flow, linear equations; wings of small aspect 

ratio; transonic area rule.) (See G. N. W ard, 
Linearized Theory of Steady High-Speed 
Flow, Cambridge, 1955.) 

SLENDERNESS. See slender-body theory. 

SLENDERNESS RATIO. Columns are classi¬ 
fied as long or short by their slenderness ratio 
l/r where l is the length and r the radius of 
gyration about the weak axis, unless otherwise 
specified. The Euler buckling stress for a 
hinged-ended elastic column may be written 
Tr2E/(l/r)‘2. (See column.) 

SLIP EFFECT. Consider a gas which is 
placed between two parallel plates. The lower 
plate is at rest, and the upper one moves at a 
constant velocity v„ in the ^-direction. The 
molecules which strike the lower wall have 
undergone their last collision with a gaseous 
molecule at some distance (on the average one 
mean free path l from this plate. The average 
.r-component of their velocity is therefore dif¬ 
ferent from 0. The average velocity of the re¬ 
flected molecules cannot be smaller than 0; 
whence the gas velocity in the immediate 
vicinity of the wall (average of the velocities 
of the incident and reflected molecules) is not 
0. Viewed from a macroscopic point of view, 
the first layer of gas in contact with the wall 
is not at rest, but slips on the wall at a velocity 
v». 

If dvx/dy is the velocity gradient in the gas, 
one may write a linear relationship: 

dvx 

£ is the “slip distance,” or “slip coefficient” 
and is of the order of one mean free path. It 
depends therefore on pressure, and also on the 
nature of the surface: for highly polished sur¬ 
faces, the average velocity of the reflected 
molecules has itself a component in the direc¬ 
tion of vu, and this increases the slip coefficient. 

The slip effect becomes predominant when 
the slip distance is large compared to the sep¬ 
aration of the two plates, i.e., in the Knudsen 
domain. (See Knudsen gas.) 

SLIP FLOW. Flow of a gas at Knudsen 

numbers between about 0.01 and 1. The 
velocity of slip at a solid boundary is of order 
A times the velocity gradient at the boundary, 
where A is the mean free path of the molecules. 
The slip velocity imposes on the flow a bound¬ 
ary condition that is different from that of no 
slip in continuum flow. For Knudsen numbers 
greater than about 1, other non-continuum 
effects appear. (See also rarefied gas dy¬ 

namics; free-molecule flow.) 

SLIP-FLOW REGIME. See rarefied gas dy¬ 

namics. 

SLIP LINE. A trajectory of the directions of 
maximum shear stress in plane plastic flow. 
Hencky showed that stress distributions as¬ 
sociated with perfect plasticity in plane strain 
could be expressed by simple geometrical prop- 
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erties of the slip line fields of the orthogonal 
families of slip lines. The angular change in 
direction of arcs of' one family which span the 
gap between two members of the other family 
is constant. This is equivalent to the condi¬ 
tion that the radii of curvature of members of 
one family of slip lines where they are cut by a 
member of the other family change by the arc 
length along that member. 

SLIP VECTOR. See dislocations. 

SLIP, VELOCITY OF. See rarefied gas dy¬ 
namics. 

SLIT. If light of wavelength A illuminates a 
slit of width a and if <f> is the angle of inci¬ 
dence, then the intensity of the Fraunhofer 
diffraction pattern in a plane parallel to the 
plane of the slit is 

/ 
ira 

0 = — (sin 4> + sin 0) 
X 

where 0 is measured in a plane normal to the 
slit. 

SLOPE. The slope of a beam or column, 
dy/dx — tan 6 and the angular position 0 are 
not distinguished in elementary beam theory. 
In the slope-deflection equations, clockwise 
rotation or change in slope is taken as positive. 

SLOPE-DEFLECTION EQUATIONS. In 
a continuous frame with beams and columns 
of constant flexural rigidity El between joints, 
the relation between end moments and end 
slopes (both taken as positive when clock¬ 
wise) is written for each member separately. 
Calling the generic member of length L, AH, 
the rotation at A is 

MabE 
6 AH — - 

3 El 

MbaL 

(\EI 
+ <t>AH + 

Mab — 2k ah (20 ah + Oh a) + M ah’ 

— 6k ah 

where Mab is the end moment at A, Mba, the 
end moment at B, 4>ab the rotation at A due to 
the transverse load acting on a simple beam, 
As and Aa the support settlements at B 
and A, k\B the stiffness factor EI/L, and 
Mabh the moment due to the transverse load 
acting on a fixed beam. 

When sidesway is prevented, summing the 

moments at each joint and equating to the ex¬ 
ternally applied moment, setting Oab — Oac, 
etc., for a rigid-jointed structure gives n equa¬ 
tions in the n unknown joint rotations. The 
equations may be solved by the moment dis¬ 

tribution method of Hardy Cross. 

SLOPE STABILITY. One of the important 
problems of soil mechanics is the determina¬ 
tion of the height and slope of an embankment 
which will not slide under its own weight and 
the impressed load or surcharge, and which is 
thus said to have slope stability. 

SLOWING DOWN AREA. (11 In an infinite, 
homogeneous medium, the slowing-down area 
is one-sixth the mean square distance be¬ 
tween the neutron source and the point where 
the neutron, generally after many collisions, 
reaches a given energy. (2) In Fermi age 
theory, the slowing down area is identical with 
the age. (See age equation, Fermi.) 

SLOWING-DOWN DENSITY. In the theory 
of the slowing down of neutrons in matter, the 
slowing-down density, denoted most generally 
by q(r, t, E), is the number of neutrons per 
unit volume at r, per unit time at t which are 
degraded by collisions from energies greater 
than E to energies less than E. 

SLOWING-DOWN KERNEL. See kernel, 
slowing-down. 

SLOWING-DOWN LENGTH. The square 
root of the slowing-down area. 

SLOWING-DOWN TIME. The slowing-down 
time may be defined as the time required by a 
neutron to slow down, on the average, from its 
original energy to the energy in question. It 
may be shown equal to the Fermi age (see age 
equation, Fermi) divided by the time-average 
diffusion coefficient encountered during the 
slowing-down process. 

SLOWING OF CLOCKS. See Lorentz trans¬ 
formation. 

SLUG. A unit of mass in the f lbf s system 
of units, being the mass which is accelerated 
at 1 ft/s2 by a force of one pound. It is equal 
to 32.174 lbm. 

SLUTSKY-YULE EFFECT. In time-series 
analysis, the effect by which a moving average 
of a random series generates, under certain 
conditions, an oscillatory series. 
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SMALL AREA PLOTTING SHEET. (See 
also sailings.) Many practicing navigators 
prefer to solve their problems by graphical 
rather than analytic methods. The work may 
be done on charts but everything must be 
erased later and the charts suffer. The small 
area plotting sheet provides a convenient 
method for the solution of problems in plane 
sailing. 

The plotting sheet, which can be purchased 
in quantity, has printed on it a central merid¬ 
ian that is marked off in minutes of arc (i.e., 
nautical miles). A circle of 60-miles radius is 
centered on the sheet and marked off in de¬ 
grees of angle from the north toward the east. 
Parallels of latitude are printed passing 
through the center of the degree circle and 
tangent to it. Since meridians converge on the 
poles they must be spaced in accord with the 
relation of parallel sailing that p = DLo cos 
<t> in which p is east-west distance in miles cor¬ 
responding to DLo in angular measure, and <£ 
is the mid-latitude of the region for which the 
sheet is being used. This is solved graphically 

by a diagram in which the longitude scale in 
miles is plotted against the mid-latitude. 

On the diagram a typical problem is solved, 
dotted lines being used for the lines drawn on 
the sheet. A ship leaves A (<f> 30° 15'N & Lo 
48° 39'W) to proceed to a point B (<£31° 48'N 
& Lo 47° 15'W). The mid-latitude is taken as 
31° and a line is drawn on the departure-DLo 
diagram at <f> = 31°. This establishes the 
longitude scale for the 60' spacing of the merid¬ 
ians and also the scale for departure in miles. 

The points A and B are plotted using the 
center scale for latitude and the departure 
scale for longitudes. A line is drawn from A 
to B and the course and distance determined 
using the distance scale defined in the north- 
south direction. The course is found to be 
038° and the distance 118 miles. 

SMALL ION. (Also called light ion, fast ion.) 
An atmospheric ion of the type that has the 
greatest mobility; and hence, collectively, it is 
the principal agent of atmospheric conduction. 

The exact physical nature of the small ion has 

Solution of navigation problem using small area plotting chart. 
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never been fully clarified, but much evidence 
indicates that each is a singly-charged atmos¬ 
pheric molecule (or, rarely, an atom) about 
which a few other neutral molecules are held 
by the electrical attraction of the central ion¬ 
ized molecule. Estimates of the number of 
satellite molecules range as high as twelve. 

SMALL PERTURBATION. A disturbance 
imposed on a system in steady state, with 
amplitude assumed small of the first order; 
i.e., the square of the amplitude is negligible 
in comparison with the amplitude, and the 
derivatives of the perturbation are assumed to 
be of the same order of magnitude as the per¬ 
turbation. When the fundamental equations 
are applied to the perturbed system the non¬ 
linear convective and advective terms in the 
perturbations are therefore omitted, and the 
equations are said to have been linearized. 

SMALL SOURCE THEORY. See source-sink 
method. 

For a scattering process 'k( —=o) denotes the 
initial state T( — °o) = |i) and S transforms 
| i) into all possible final states. The proba¬ 
bility amplitude for finding the system in a 
particular final state |/) is given by (/|5|f). 
The matrix element (/|S|i) is thus the proba¬ 
bility amplitude for the transition i —» /. The 
infinite time interval between initial and final 
states assures that energy is exactly conserved 
(in accordance with the uncertainty relations 
MAE > h). 

If th estate/ is different from i, we can write 

(f\S\i)= —2iri{f\T\i)b(Ef — Ei) 

where Ei and Ej are the energies of the initial 
and final state, respectively. The transition 
probability for an infinite time interval is 
therefore 

W= K/|S|i>|2 

= (2t)*[6(E, - 

If we write 

S-MATRIX. The equation of motion of the 
state vector 'I'(J) in the interaction picture 

ifid&(t) = #,(*)*(*) 

can be recast into the integral equation 

*(<) = *(fo) - 7 

n 
dt'HtfW)- 

(1) 

(2) 

The solution of (2) satisfies (1) together with 
the boundary condition that at time t0, 'k re¬ 
duces to the prescribed state vector d'(L). The 
operator U(t,t0) defined by 

5(E/ — Ei) 

1 

2 irfl 

/.r/2 

I exp 
J -T\2 

T (Ef - Ei)t 
n 

dt. 

W can be written as 

W = — h(E, -£,)|(/|r|i>|2r 
n 

where r is the large time during which the 
transition takes place. The transition proba¬ 
bility per unit time is thus 

*(<) = U(t,l0)*(t0) 

U(t0,to) = I 

IF 2tr 
«;= lim ~ = ~5(Ef-Ei)\(f\T\i)\2. 

t—r n 

can be shown to be unitary 

U*(t0,h) = u-\t0,h) 

and furthermore to satisfy the relation 

U(h,Q = U-'(i0,t i). 

The S matrix is defined by 

S = lim lim U{t,t0) = U(° 
t—►« t—►— 00 

and can likewise be shown to be unitary. It 
determines the overall change in the state of a 
system as a result of the interaction: 

'l'(-foo) = S'i'i — oo). 

S-MATRIX IN QUANTIZED FIELD 
THEORY: EVALUATION OF. An elegant 
formalism for the evaluation of the 5-matrix 
elements in a field theory has been given by 
Feynman, Schwinger, and Dyson. Consider 
the nth order term of the S matrix as defined in 
the interaction picture (see covariant per¬ 
turbation theory) 

Sn = — J*d4Xi • • • Jd4xnP(Hj(xx) • • • ///(*„) 

(1) 

and let us for simplicity confine our attention 
to quantum electrodynamics where 
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H/(x) = - -jll(x)Al‘(x) (2) 
c 

where j^ix) = }'&e[ij'(x)ytl, i/-(x)] is the current 
operator of the quantized electron-positron 
field and A^{x) is the quantized electromagnetic 
4-potential. In the above P denotes the Dyson 
chronological operator. The P product may 
be replaced by the Wick T chronological prod¬ 
uct, since the Dirac operators occur in pairs in 
jfj(x). Wick has shown how to express a prod¬ 
uct such as T{Hj{x\) ■ • ■ H](xn)) in normal 
constituents, i.e., terms in which all creation 
operators stand to the left of all destruction 
operators. Thus, given any initial and final 
state specified by definite numbers of free parti¬ 
cles with specified spin and momenta, there 
exists one and only one normal constituent with 
a non-zero matrix element between these 
states. A decomposition of S into normal con¬ 
stituents is thus equivalent to the listing of all 
the matrix elements of S in a representation 
in which the free particles are diagonal. A 
Feynman diagram is then simply a concise 
graphical way of representing a normal product. 

Wick’s theorem states that a T product of 
time-labeled creation and annihilation opera¬ 
tors can be decomposed into a unique sum of 
normal constituents as follows: 

T(UV ■ • • XYZ) = N(UVW ■ ■ ■ XYZ) 

+(T(UV))oN(W ■ • • XYZ) 

±(T(UW))oN(V ■■•XYZ) 

+ ••• mC/F)>0<T( •)>„••• (T(XZ))0 

where the sum on the right includes all possible 
sets of contractions (T(AB))0. These contrac¬ 
tions are certain easily computed c-number 
functions, which are non-vanishing only if the 
two operators occurring in the contraction 
(T(UV))0 are both electron or photon opera¬ 
tors. Thus the T product in (1) can be written 
as T = XXv where the sum is over all normal 

N 

constituents. Each normal constituent can be 
associated with a Feynman diagram as follows: 
(a) draw n points X\ • • • xn. For each as¬ 
sociated (contracted) pair of Dirac operators 
yf/{y)${x) draw a directed line from x to y. For 
each pair of contracted photon operators 
.4m(x)Am(?/) draw a dotted undirected line from 
x to y. For each unpaired electron operator 
\f/(x), $(x) draw a line from x to y. For each un¬ 
paired electron operator ^(x), ^(x) draw a line 
from x to the edge of the diagram outwardly 

directed for ^(x) and directed towards x for 
t/dx). For an unpaired A^x) draw a dot¬ 
ted line from x to the edge of the diagram. 
The unpaired operators annihilate the in¬ 
coming and create the outgoing particles. There 
is a one-to-one correspondence between the 
Feynman diagrams with n vertices and certain 
group of terms in <S(n). 

To each diagram with vertices identified 
(i.e., with specified points xx ■ ■ ■ xn) there cor¬ 
responds a single normal constituent. It is this 
correspondence which is the basis of the useful¬ 
ness of the concept of diagrams. In practice 
one draws all possible topologically different 
diagrams consistent with the interaction term. 

If the latter is of the form G$aTapl/p<i> then 
two fermion lines and one boson line must meet 
at every vertex. The matrix element cor¬ 
responding to any nth order diagram can then 
be obtained by writing down the following 
factors: 

(1) A factor ( — i/fic)n for the diagram as a 
whole. 

(2) A factor GTa$ for each vertex. 
(3) A factor l/^ficAF(xj — x{) for an internal 

boson line connecting the point xy and xt. 
(4) A factor — }^SFa0(xi — xy) for an in¬ 

ternal fermion line directed from xy to X/. 
The factor (GT)ffa is assumed to occur at 
the vertex labeled by xt and the factor 
GTffi at the vertex labeled by xy. 

(5) The correct creation and annihilation 
operators \p±(x)$±(x)<t>±(x) for each ex¬ 
ternal fermion or boson line leaving or 
arriving at x. 

(6) A factor ( — 1) for each internal closed 
fermion loop. 

(7) Integrate over xx ■ ■ • xn. 

For the case of the electromagnetic field, 
(2) above becomes replaced by: a factor 
(ey*1) for each vertex and (3) by: a factor 
y^hcDzp(Xj — xi)g^v for an internal photon line 
connecting the point xy and xj. It is assumed 
the factors and eyv act at these vertices. 
Also one is to sum over the indices n and v. 
Similarly in (4), GT is replaced by eY and in 
<t> by It is to be noted that the 1/n! in 
iS(n) is not included since we are dealing only 
with topologically different graphs. Clearly 
there are n! permutations of the points xt • • • x„ 
among themselves, which leave the graph 
topologically unchanged, i.e., which are the 
same except for a labeling of the points. 

In the above — xA$f(x — y) is the contrac- 
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tion (T(\{/(x)\J/(y))). Similarly + ytficAF(x — y) 
corresponds to the contraction (T(<j>(x)<l>(y))) 
with 

Af(x) - 
2 i r e~ikx A 

: -r d4fc 
(27r)4 Jcf — m“ 

where the contour CF is indicated in Figure 1. 
It can also he written in the form 

Similarly the contribution to S'1 due to Go is 

(-37>r 
X dix2V+){xx)y)l{-\SF{xl - x2) 

X 7^(+)fe)A"(-)(x2)T,'(+)(x1). 

For the evaluation of transition probabilities 
the matrix element of S is to be evaluated be¬ 
tween a certain initial and final state. For Com¬ 
pton scattering we require (pr, s'; k'e' |<S|ps, ke) 
where | ps, ke) denotes the (initial) state con¬ 
taining 1 photon of momentum k, polarization 
e and an electron of momentum p, spin s. 

and 

ov r +* p~ikx 
AF(X) = —r f dAk —---; 

(27r) J k — m + i 

SF(x) = - 
2 i 

. f -1-e~ipxd4p 
Jcp —m + it (27t) - *7 Cf 

2 i ^*+x y-p+m 

~ (2tt)4 
e~ipxdAp 

,x p2 — OT2 + Z€ 

For example, in quantum electrodynamics, 
the lowest order Compton scattering diagrams 
are indicated in Figure 2. 

The contribution to S(2) corresponding to (7, is 

, 2 +<» +“0 

X d4x2\l/(+)(xi)y^- ^SF(xx - x2)) 

X y^+\x2)A^ ’(x1)Tw+'(x2). 

S-MATRIX THEORY AND QUANTUM 
FIELD THEORY. We base our development 
on the following assumptions (see quantum 
theory of fields): 

(1) There exist states which correspond to 
the description of systems having a definite 
number of particles which are infinitely far 
apart and which do not interact with one an¬ 
other. For these “asymptotic states” the 
energy and momenta of the particles are addi¬ 
tive. To every such state there corresponds a 
normalizable vector |) in Hilbert space, 3C. 
In the subsequent discussion, we shall not dis¬ 
tinguish between elementary and compound 
particles. A particle is characterized as a 
localized entity having a definite mass and spin 
which are determined by experiment. The 
masses, charges, etc., of the particles enter the 
theory as given parameters. The manifold of 
one-particle states is a relativistically invariant 
subspace of the Hilbert space of all possible 
states. Furthermore, the manifold of states 
of one particle of a given type belongs to an ir¬ 
reducible representation of the Lorentz group. 

(2) The asymptotic states can be built up 
by taking direct products (properly symme¬ 
trized to take into account the Pauli princi¬ 

ple) of one-particle states. The asymptotic 
states thus can be labeled by number operators 
for a complete set of one-particle states. We 
shall consider two sets of asymptotic states 
corresponding to observations in the infinite 
past and future. These will be denoted by 
|)+ and | )_ respectively. 

(3) There exists a group G of transformations 
L, which includes Lorentz transformations and 
which is represented by operators U(L) over 
the states | ). The group G corresponds to cer¬ 
tain symmetry operations under which the 
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theory is invariant. (See invariance and 
quantum mechanics.) For Lorentz trans¬ 
formations {a, A}, x' = A.r -f- d 

I (ai, Ai)L (a2; A2) = o)U(a 1 + A-idz, Aj A2) 

<0 = u(a2A2, cq Ai) I CO I = 1 

where U(a, A) is unitary if A is orthochronous 
and antiunitary if A includes a time inversion. 
For an infinitesimal Lorentz transformation 

x n x^ fox^ — c0^ Xv 

M/lV ~F d 

the states transform according to 

where 

with 

|> — |>' - Vtfl, A) | > 

U(ci, A) — 1 -f- 8Ul 

isuL = px + rM^. 

The hermitian operator PM, the generator for 
translations, corresponds to the energy momen¬ 
tum of the system and Mm„, the generator for 
space-time rotations, to the total angular mo¬ 
mentum tensor of the system. 

If we choose a set of states which are eigen¬ 
functions of PM, PM|pM(n), a) = pJpM(n), «) 
then since 

U(a, 1) = exp {—iP^cP) 

U(a, 1) |P„, a) = exp (-ip^of) |p„, a). 

(4) There exists a unique vacuum, the state 
of no particles, which looks identical to all ob¬ 
servers 

U(a, A)*0 = 4'0 = 10). 

are unchanged by S. If we denote by \ u) such 
stable states then 

S\<r) = | cr). 

The above can be recast into an operator 
formalism which paraphases the usual free field 
formalism. For simplicity we consider only 
one type of particle of mass m and spin 0. Since 
the asymptotic states correspond to states with 
a definite number of particles of definite 
momenta p, and energy pio = y/pt2 + m2, 
which do not interact, they may be obtained 
in the usual way from the vacuum by the ap¬ 
plication of creation operators to it. In par¬ 
ticular, for the ingoing asymptotic states we can 
write 

, 1 
\PlP2 ‘ Pn)-f- /—- din (Pi ) * din*(Pn) | 0) 

V n! 

«i»(p) |0) = 0 

and since these states correspond to separated 
non-interacting particles 

[din{p), ain*{p')] = 53(p - p')p0 

[o«n(p), ain(p')] = 0. 

We now identify 

®in(^) A, n ( /c ) | 

ain*(k) = Ain(—k) J for k0 > 0 

and define 

Ain(x) = J’d4k exp (—ikx) 

5(k2 - m2)Ain(k). 

(5) There exists a complete set of states 
Ip(n), a) which are eigenstates of the energy- 
momentum operator with p0(n) > 0, and 
pM(n)p(n)>1 > 0; a designates the other observa¬ 
bles necessary to specify the states. Hence for 
arbitrary operator A B 

(P,a\AB\Q,0) = {P,a\ A \0)(01B|Q,@) 

+ f (^>>a IA | ny)(ny | B | Q,0)d4k. 
ny (2tt) J 

(6) There exists a unitary matrix S, the 
(S-matrix, characterizing transitions between 
asymptotic states. The stable states such as the 

(a) vacuum 
(b) one-particle states 
(c) bound states 

The transformation properties of the states now 
imply that 

U{d, A)Ain(x)U~1(a, A) 

A t*n(Ax -f~ d) 

U(d, A)Ain(k)U-\a,A) 

= exp ( — ikd)Ain(Ak). 

(Schrodinger transformation law) 

Clearly A(„(x) satisfies the free Klein-Gordon 
equation 

(□ + m)Ain(x) = 0 

and by virtue of the commutation rules of o,„ 
and din*, Ain satisfies the free field commuta¬ 
tion rules 

[Af„(x), Ain(y)] = ihcA{x - y). 

for k2 = m2 

A in L+* 



S-matrix Theory and Quantum Field Theory 848 

Similar definitions hold for the out fields 
operators and the outgoing asymptotic states, 
|)_. Any operator can be expanded in terms 
of the in field operators. In particular the ex¬ 
pansion of the S matrix S = e"' will be written 
in the following fashion 

v = X — fd4xi f d4x2 • • • 
„=4 n! J J 

xn.Ain(xi) • • • Ain(xn) .h (xj • • • xn) 

where h(n) (xj • • • xn) are c-number functions 
of the space-time coordinates. Note that the 
series starts at n = 4, corresponding to the fact 
that the first non-vanishing h corresponds to 
meson-meson scattering. The :: indicate that 
the normal product of the operators is to be 
taken. 

The invariance of S under Lorentz trans¬ 
formations and the properties of the normal 
product implies that 

(a) h(xu • • • xn) = h(xj + a, x2 + a, 

xn + a) 
(b) h(Axi, ■ ■ ■ Axn) = h(xi • • • x„) 
(c) Pih(xi, x2, • • • xn) = h[xi • • • xn) 

where P, is an arbitrary permutation on the 
labels of the x’s 

?? = 5Z — fd^ki • • • f*d4A;n5(fci + • —b kn) 
n=4 n! J J 

•hn(ki ■ • • kn)8(ki2 — m2) • •• 5(kn2 — m2) 

•Ain(k\) • 4 4 A in{kn) •. 

Note only the values of h on the “mass shell” 
(k 2 = m2) appear in the expansion for t\ and 
hence for S. Off the mass shell the functions 
may be chosen arbitrarily. The mass shell 
values can be considered to be “experimen¬ 
tally” determined since they are related to cross 
sections for the production and scattering 
processes among the particles. The properties 

of k2 • • • kn) on the mass shell are 
(1) hn(ki ■ • ■ kn) is a symmetric function of 

k\ " ’ • kn 

(2) hn(ki • • • kn) — hn{ ki, • • • kn) ^her- 
miticity of 77) 

(3) h(Ak) = h(k). In order that all cross sec¬ 
tions and their generalizations for many-par- 
ticle systems be finite 

(4) h(ki ■ ■ • kn) must not contain any four¬ 
dimensional 5 function and 

(5) h(kx ■ ■ ■ kn) must be a continuous func¬ 
tion of its invariant variables. 

(6) Finally the invariance of the theory under 
space-time inversion implies 

h(k\y 4 4 4 kn) ^1 * * * kn). 

1 2 3 4 ••• n 

Z\ 2*2 2*3 24 * 2*n 

Finally, the unitary of the S-matrix (hermitic- 
ity of the 77-matrix) and the neutrality of the A 
field asserts that 

h(x 1 • • • Xn) = h(x 1 4 4 4 Xn). 

In momentum space with 

**<*• '' • *■> = (2^F fd% ' •'-fd'k- 
X exp [i(kiXi + k2x2-h A:„xn] 

X kn (.k\t k2t 4 4 4 kn) 

invariance under translations implies that 

hT(h 4 4 4 K) 

= 5(ki Ar k2 + • • • kn)hn(kik2 • • • kH) 

so that the 77 matrix has the following expansion 

The above are all requirements for h on the 
mass shell. The extrapolation off the mass shell 
is arbitrary thus far. One can demand that 
conditions 1-6 be satisfied everywhere. 

Lehmann, Symanzik and Zimmerman (LSZ), 
whose development we are following, have also 
inquired as to the connection between such an 
8-matrix formalism and Lorentz covariant field 
operators. Recall that in this framework the 
S-matrix is defined as 

Aout(x) = S lAin(x)S. 

LSZ have shown that given an S-matrix, there 
exist many invariant fields A{x) which tend 
asymptotically for / —> ±» to the given fields 
A0uti.x) and *4 in(x), respectively, more precisely 
if / is a normalizable K-G solution, there exist 
many fields Af(t) such that 

where 

lim (4>, Af(t)'P) = (4>, Aou/*) 
I—>±=o in 

Af(t) = i fd<rM(x) \a(x)—' 
J \ dxM 

dA (x) 

dx“ 
f(x) 1 

r 
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If we express the S-matrix as 

S = eir> 
since 

e~ir<Ain(x)eir> - Ain{x) 

r' d 
= I — [exp (~iy\)Ain(x) exp (+iyX)]d\ 

J 0 uX 

= — i I exp (—i7i 
*M) 

-iy\)[y, Ain(x)] exp (+iy\)d\ 

then 

A0ut{x) = exp [ — exp [iy] 

= Ain(x) + i I exp [ — ir?X][r?, Ain(x)] 
do 

exp [fj?X]dX 

= Ain(x) -Jd*yA(x — y) J d\ 

X exp [ — f jjX]2D(x) exp [z^X] 

whence, 

£>(</) = Z! —; (V* ••• fd4xnh(n 
„=2nlJ J 

+D 

lim (<f>, A/(0'k) = (4>, Aout '*) 
t—> ± ao »n 

by virtue of the Riemann-Lebesgue lemma. 
Define next the current operator 

j(x) = I d\ exp [—fX?;]aD(x) exp [iy\] 

then 

Aout(x) = Ain(x) +J"A(x - y)j{y)dy 

and 

A(x) = Ain(x) - J*Ar(x - y)j(y)dy 

or equivalently 

(□ + m2)A{x) = —j(x). 

We have thus defined a Heisenberg field opera¬ 
tor, A(x). The operator A(x) defined in this 
way need not, however, be causal, i.e., need 
not satisfy 

[A(x), A(y)] = 0, for (x - y)2 > 0. 

LSZ therefore require the extrapolation off the 
energy shell to be such that causality be satis¬ 
fied. In addition they require it to be satisfied 
for 

X (y, X\ ' ‘ ' Xn) • A in (Xj) ■ ' • A in(xn) . 

Note that only JA(x — y)S>(y)d4y is uniquely 

determined if y is given since only the latter 
involves values of h for k on the mass shell. 
We now introduce the interacting field opera¬ 
tors A (x) by 

A{x) = Ain(x) + j‘d4yAR(x - y)J d\ 

X exp [-i\y]S)(y) exp [iXij], 

Since JA«(x — y)S>(y)d4y requires knowledge 

of hn off the mass shell it is not determined 
uniquely if y is given. As stated above the 
extrapolation can be carried out in many ways 
even if one requires that the symmetry proper¬ 
ties (1-6) be satisfied everywhere for all values 
of k. It then follows that A is hermitian and 
that 

U(a, A )A(x)U~l(a, A) = A (Ax + a) 

i.e., that A(x) is a scalar field operator. More¬ 
over, it satisfies the asymptotic conditions 

hn(ki • • • kn) for k2 — k2 = k32 = kn2 = to2 

and that the extrapolation be continuous. 
This represents an important additional re¬ 

quirement. LSZ then call an S-matrix “cau¬ 
sal” if there exists an extrapolation such that 
the commutator condition 

[A (x), A(y)] = 0, 

for x — y space-like is satisfied for the extra¬ 
polated field. 

It is not clear that this concept of causality 
is the one realized in nature. It is therefore 
necessary to confront the properties of causal 
S-matrices (in the above sense) with experi¬ 
ment. To this end they introduce the concept 
of retarded product of operators. 

The retarded product of two field operators 
is defined as the retarded commutator, i.e., 

R(A(x)A(y)) = R(x,y) 

= -i8(x - y)[A{x),A{y)] 

more generally the retarded product of n -+* 1 
operators is defined as 
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7i = 0 R(x) = A(x) 

n > 1 R(x; Xi, x2 • • • x„) 

= R(A(x)A(x1) ••• A(x*)) 

= (—0" H e(x - Xl) • • • 0(Xn-1 - X„) 
P 

X [• • • [A(x), Afo)], • • • A(x„)] 

the summation extends over all the permit- 
P 

tations of the n coordinates x,. 
'Fhe vacuum expectation values of retarded 

products are denoted by 

and causal, i.e., 

[A(x), A(y)] = 0, for (x - y)2 < 0 

therefore 

R(Ax, Ax,, • • • Axn) 

= R(Ax, Ax, • • •, Ax„) 

= U(A)R(x; x,, x2 • • • x„)U~\A) 

and 

r(Ax, Ax, • • • Ax„) = r(x, x,, • • • x„). 

As a result of the asymptotic condition 

r(x; x, • • • x„) = (Q, /?(x; x, • • • x„)Q). 

It is clear from their definitions that the /t’-prod- 
ucts have the following simple properties: 

(a) retardation: /?(x; x, • • • x„) = 0, if x10 > 
x0, for i = 1, • • • n. Clearly R = 0 if 
more than one of the x,0 > xa. 

(b) symmetry: R(x; x, • • • x„) is a symmetric 
function of x, • • • x„. 

(c) hermiticity: An Tf-product of hermitian 
operators is hermitian. 

(d) R(x; yxi • • • x„) 

= -id(x - y) • X (x; x, • • • x*), 
com b 

R(y-,xk+u ■ ■ ■ xn)] (A) 

lim (4>, A^O^) = (‘h, A,„ ’'I') 
'-,±ao out 

valid for every pair of normalizable states <f>, 'k 
in ,TC, one derives that 

(<t>, [/f(x; x, • • • x„), A,,/]*) 

= lim ( <!>, i I i 
Z0~+ - * \ J 

(hr^iRix^Xx • • • x„), A (2)] 

where the summation is over all possible divi¬ 
sions of the variables .r,x2 • • • x„ into two 
groups. 

From (A), interchanging x and y and adding 
one obtains 

tf(x; yxi • • • xn) - R(,y; xx, • • • x„) 

= —i J2 [#(*; *1 • • • xk), R(y; xk+i, ■ • • x„)]. 
comb 

The invariance properties of the retarded prod¬ 
ucts are as follows: 

7-/(2)*) 
dza / 

= f d*zf(z)(D, + M2) 
**—00 

X (4>, R(x; x, • • • x„, 2)*) 

where use has been made of Gauss theorem and 
the fact that 

lim ($, /?(x; x, • • • x„, 2)^) = 0 
*<>—►+« 

(a) Under translations: 
since A(x + a) = e~'PaA(x)e'Pa 

due to the retarded character of R. The equa¬ 
tion 

R(x + a; xx + a, x2 + a, • • • x„ + a) (*, [/?(x; x, • • • x„), A,/]*) 

= e~iPaR(x; x, ••• xn)eiPa 
so that =f d4z^)(Di + #**)(*» R(x;x\ • • • xn2)^) 

r(x, x, • • • x„) = r(x - x,, • • •, x - xn). 

(b) Under homogeneous Lorentz transforma¬ 
tions: 
since A(x) is Lorentz covariant, i.e., 

U(A)A (x) U(A)-1 = A (Ax) 

is known as a recursion relation. In particular 
for the case n = 1, we have 

(*, («(*), At/}*) 
/» +» 

= J d*zj{z){Uz + /i2)(^/?(x,2)<M 
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letting/(z) = A(z' — z) we derive 

[A(x), AM] = -ifd*z'A(z - z')K2.R(x,z’) 

where the notation Kz = □ * -f m‘ has been 
introduced. Since 

A0ut(x) = A,„(x) -JA(x - y) 

X (□„ + n2)A(y)d4y 

the commutator of Aout with A,„ is 

Aou/(x), A,„({/)] = ikcA(x - y’) -f A(x - y’) 

X (Du + M2)[-4(f/'). A,n(x)] 

= »A(x — y) — ij'd4x'J'd4y' 

X A(x - x')A(y - y') 

X KX'K,,.R(x', t,')■ 

QD <o e 4 J i I 2 ) 4 » * CD 

tlAAlO'NC WAVt BATiO 

loci. The chart employs normalized quanti¬ 
ties for maximum flexibility. 

Using the above recurrence relation one easily 
derives that the 5-matrix element for the scat¬ 
tering of two particles of initial energy mo¬ 
mentum p and k and final momenta p'k' is 

given by 

—<p',*M p,*>+ = +<p',fc'lp,*>+ 
+ 2x('5(p + k — p' — k')T 

where 

T = T(k + k'-,p, p’) 

-/■ d4 x exp 
k + k' 

X (p'\0(x) ©■'(-SI lp> 

where j(x) = KzA(x). This is a closed expres¬ 
sion for the scattering amplitude from which 
certain analyticity properties of T can be in¬ 
ferred, which in turn allow the writing of dis¬ 

persion relations. 

SMITH DIAGRAM (CHART). A diagram 
with polar coordinates, developed to aid in 
the solution of transmission line and wave¬ 
guide problems. It is composed of the fol¬ 
lowing sets of lines: (ll Constant resistance 
circles. (2) Constant reactance circles. (3) 
Circles of constant standing wave ratio, i U 
Radius lines representing constant line-angle 

SMITH-HELMHOLTZ EQUATION. See 
the Lagrange theorem and Helmholtz equa¬ 
tion. 

SMOOTHING. The replacement of a curve, 
or of a sequence of points by another that is in 
some sense more regular, and yet whose ordi¬ 
nates, for any abscissa, are changed as little as 
possible. The irregularities in a sequence of 
points may be due to errors in measurement. 
If theory requires the theoretically correct 
points to lie on a given curve, one may apply 
some method of curve fitting, possibly least 
squares. If not, one may select arbitrarily a 
simple function, possibly a polynomial, and fit 
it by least squares. If the purpose is merely 
to obtain a smooth graph, this may be drawn 
visually. A somewhat more sophisticated 
method is to take, say, 5 consecutive points, fit 
a parabola, and replace the middle point by 
the one on the parabola. The next parabola 
requires four of these points and one new one. 

S-n DIAGRAM. The number of cycles of 
stress to produce fatigue failure depends upon 
the stress level. A plot of stress or log stress 
vertically against log number of cycles hori¬ 
zontally is called an S-n diagram. (See 
fatigue, t 

SNELL LAWS. (1) When light passes 
from one medium to another, the incident ray, 
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the normal to the surface at the point of inci¬ 
dence, and the refracted ray are all in the same 
plane. 

(2) The sine of the angle of incidence bears 
to the sine of the angle of refraction, a ratio 
which is constant for the same two media, and 
depends only on the nature of those media. 

ttj sin ii = n2 sin *2, 

where and n2 are the indices of refraction of 
the first and second media, respectively. 

If 7ii > n2, it is impossible to satisfy the 
Snell law, for sin i\ > n2/n\. Total internal 
reflection then occurs. 

SNELL LAWS APPLIED TO SOUND. 
For a sound wave traveling across the bound¬ 
ary between two fluids, the relationship is 
identical with the Snell laws in optics. For 
non-dissipative media it can be stated as sin 
flo/sin 61 = c2/ci, where is the angle of in¬ 
cidence, d2 is the angle of refraction, Ci is the 
velocity in the incident medium, and c2 is the 
velocity of sound in the refracting medium. 
Where the boundary is between a solid and a 
fluid, or between two solid media, the situa¬ 
tion is more complex, in that both longitudinal 
and transverse wraves can travel through 
solids. (See velocity of sound, and waves, 
elastic in solids.) The law can still be applied, 
however, in an extended form; thus, when a 
longitudinal wave is reflected at the boundary 
between two elastic solids, two waves (a longi¬ 
tudinal and a transverse) are refracted into 
the second medium, and two waves (a longi¬ 
tudinal and a transverse) are reflected back. 
The law now states that the value of (sin 0) /c 
is the same for the incident wave and for each 
of the four waves generated at the surface. 6 

is the angle that the direction of propagation 
of the wave makes with the normal to the 
boundary, and c is the velocity of propagation 
of that wave. 

SN METHOD. In neutron transport theory, a 
method of analysis of the transport equation 
whereby the integral term describing scatter¬ 
ing is approximated by dividing the angular 
range into N intervals in each of which the 
neutron flux is assumed to vary linearly. The 
method was devised by B. Carlson. 

SOAP FILM ANALOGY. A soap film is a 
membrane under uniform tension. (See mem¬ 
brane analogy.) 

SOLAR ANTAPEX. See solar motion. 

SOLAR APEX. See solar motion. 

SOLAR CONSTANT OF RADIATION. The 
intensity of solar radiation in free space at 
the earth’s mean solar distance. The constant 
is usually expressed in cal cm-2 min-1, and 
is equivalent to the amount of radiation inci¬ 
dent in unit time on unit surface exposed per¬ 
pendicularly to unimpeded radiation from the 
sun. Measurements on earth must be cor¬ 
rected for the effect of the atmosphere. 

SOLAR MOTION. If the sun is in motion 
relative to some fixed point in space, the stars 
in the direction in which the sun is moving 
should be opening out while in the opposite 
direction they should be closing in. This 
effect was noted by Herschel as early as 1783. 
The point toward which the sun seems to be 
moving is called the solar apex and the op¬ 
posite point is called the solar antapex. 

A statistical study of the apparent motions 
of the stars indicates that the sun is moving 
toward a point in the constellation of Hercules 
in right ascension 18 hr and declination +30°, 
with a velocity of 20 km/sec or 12 mi/sec. 

As the apparent motions of fainter and 
fainter stars were determined, it became evi¬ 
dent that the position of the solar apex was 
being moved progressively toward the north¬ 
east. 

SOLENOID. (1) A coil which may consist 
of one or more layers of windings. It is the 
basis of all forms of the electromagnet, and 
is thus part of the working-mechanism of 
many electrically-operated devices. 

The magnetic field strength within a sole¬ 
noid whose length L is much greater than its 
diameter is nearly uniform and is approxi¬ 
mately 

B = nH = uNI/L, 

where N is the number of turns and I is the 
current (rationalized units) (2) A tube formed 
in space by the intersection of unit-interval 
constant-value surfaces of two scalar quantities. 
The number of solenoids enclosed by a space 
curve is therefore equal to the flux of the vector 
product of the two gradients through a surface 
bounded by the curve, or 

ff (V*i X V02)-dS = 4 
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where dS is the vector element of area of a 
surface discussed by the given curve. 

Solenoids formed by the intersection of sur¬ 
faces of equal pressure and density are fre¬ 
quently referred to in meteorology. A baro- 
tropic atmosphere implies the absence of sole¬ 
noids of this type, since surfaces of equal pres¬ 
sure and density coincide. (See also baro- 
clinity, vorticity equation, circulation the¬ 
orem.) 

SOLENOIDAL VECTOR. See vector, sole- 
noidal. 

SOLID INJECTION. See injection. 

SOLIDIFICATION. The process of change 
of phase from liquid to solid. The opposite 
process is called boiling or evaporation. 

SOLIDS, BAND THEORY OF. See band 
theory of solids. 

SOLID, THERMAL EXPANSION OF. See 
thermal expansion of solid. 

SOLIDUS CURVE. See mixed crystals. 

SOLITARY WAVE. A finite-amplitude 
gravity wave consisting of a single crest; under 
certain conditions, a permanent wave. 

SOLUBILITY. See crystallization curve. 

SOLUBILITY PRODUCT. The law of mass 
action for the equilibrium between a solid 
strong electrolyte and the ions which are 
formed from it in solution, may be written 
for dilute and ideal solutions 

c+v+c_»- = K(T,p) (1) 

The equilibrium constant K is called the solu¬ 
bility product. 

SOLUTIONS, ATHERMAL. See athermal 
solutions. 

SOMMERFELD FINE STRUCTURE CON¬ 
STANT. The dimensionless constant 

a = 2ire2/hc = (7.29729 ± 0.00003) X 10“3 

introduced by Sommerfeld in the theoretical 
treatment of the fine structure of the hydro¬ 
gen atom and the hydrogen-like ions. (See 
hydrogen fine structure.) In the above for¬ 
mula e stands for the charge of the electron, c, 
for the velocity of light, and h, for the Planck 

constant. 

SOMMERFELD KOSSEL DISPLACEMENT 
LAW. 'file first spark spectrum of an element 
is similar in all details to the arc spectrum of 
the element preceding it in the periodic sys¬ 
tem; similarly, the second spark spectrum is 
similar to the first spark spectrum of the ele¬ 
ment preceding it, or to the arc spectrum of 
the element with atomic number two units 
smaller, and so forth. 

SONE. A unit of loudness. By definition, 
a simple tone of frequency 1000 cycles per 
second, 40 decibels above a listener’s thresh¬ 
old, produces a loudness of 1 sone. The loud¬ 
ness of any sound that is judged by the lis¬ 
tener to be n times that of the 1-sone tone is 
n sones. The loudness scale is a relation be¬ 
tween loudness and level above threshold for 
a particular listener. In presenting data re¬ 
lating loudness in sones to sound pressure 
level, or in averaging the loudness scales of 
several listeners, the thresholds (measured or 
assumed) should be specified. The term 
“loudness unit” has been used for the basic 
subdivision of a loudness scale based on group 
judgment on which a loudness level of 40 
phons has a loudness of approximately 1000 
loudness units. For example, see Figure 1 of 
American Standard for Noise Measurement, 
Z24.2-1942. 

SOUND ABSORPTION COEFFICIENT OF 
SURFACES. The ratio of the sound energy 
absorbed by a surface to the sound energy in¬ 
cident upon it. It may be defined for a par¬ 
ticular angle of incidence or for random wave 
incidence. The average sound absorption coef¬ 
ficient for a room a is given by the weighted 
average of the random-incidence absorption 
coefficients. Thus 

a = 2»S„an/S(Sn 

where an is the random-incidence absorption 
coefficient of the particular section of the sur¬ 
face of the room of area Sn. 

SOUND ATTENUATION FACTOR. See at¬ 
tenuation factor (2). 

SOUND BAND PRESSURE LEVEL. The 
band pressure level of a sound for a specified 
frequency band is the effective sound pressure 
level for the sound energy contained within 
the band. The width of the band and the 
reference pressure should be specified. When 
measuring thermal noise, the standard devia- 
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tion of the sound pressure readings will not 
exceed about 10 per cent if the product of the 
band width in cycles per second and the in¬ 
tegration time in seconds exceeds 20. 

SOUND-ENERGY DENSITY. The sound- 
energy density at a point in a sound field is 
the sound energy contained in a given in¬ 
finitesimal part of the medium divided by the 
volume of that part of the medium. The 
commonly used unit is the erg per cubic centi¬ 
meter. The term instantaneous energy density 
has a meaning analogous to the related terms 
used for sound pressure. In speaking of aver¬ 
age energy density in general, it is necessary to 
distinguish between the space average (at a 
given instant) and the time average (at a 
given point). 

SOUND ENERGY FLUX. The average rate 
of flow of sound energy for one period through 
any specified area. The commonly used unit 
is the erg per second. Expressed mathemat¬ 
ically, the sound-energy flux J is 

where T is an integral number of periods or 
a time long compared to a period, p is the 
instantaneous sound pressure over the area 
S, va is the component of the instantaneous 
particle velocity (see velocity, particle) in 
the direction a, normal to the area S. In a 
medium of density p, for a plane or spherical 
free wave having a speed of propagation c, 
the sound-energy flux through the area <S, cor¬ 
responding to an effective sound pressure p, is 

p2S 
J =-cos 0, 

pc 

0 is the angle between the direction of propa¬ 
gation of the sound and the normal to the 
area S. 

SOUND EQUATION, IMPULSIVE. See 
impulsive sound equation. 

SOUND INTENSITY (SPECIFIC SOUND- 
ENERGY FLUX) (SOUND ENERGY FLUX 
DENSITY). The sound intensity in a speci¬ 
fied direction at a point is the average rate of 
sound energy transmitted in the specified di¬ 
rection through a unit area normal to this 
direction at the point considered. The com¬ 
monly used unit is the erg per second per 

854 

square centimeter, but sound intensity may 
also be expressed in watts per square centi¬ 
meter. The sound intensity in any specified 
direction, a, of a sound field is the sound- 
energy flux through a unit area normal to 
that direction. This is given by the expres¬ 
sion 

T 

pvadt, 

where T is an integral number of periods or 
a time long compared to a period, p is the 
instantaneous sound pressure, vn is the com¬ 
ponent of the instantaneous particle velocity 
in the direction a. In the case of a free plane 
or spherical wave having the effective sound 
pressure, p, the speed of propagation, c, in a 
medium of density, P, the intensity in the 
direction of propagation is given by: 

pc 

SOUND INTENSITY LEVEL (SPECIFIC 
SOUND-ENERGY FLUX LEVEL) (SOUND- 
ENERGY FLUX DENSITY LEVEL). The 
intensity level, in decibels, of a sound is 10 
times the logarithm to the base 10 of the ratio 
of the intensity of this sound to the reference 
intensity. The reference intensity should be 
stated explicitly. In discussing sound meas¬ 
urements made with pressure or velocity mi¬ 
crophones, especially in enclosures involving 
normal modes of vibration or in sound fields 
containing standing waves, caution must be 
observed in using the terms “intensity” and 
“intensity level.” Under such conditions it 
is more desirable to use the terms sound pres¬ 
sure level or sound velocity level, since the 
relationship between the intensity and the 
pressure or velocity is generally unknown. 

SOUND INTERVAL. See interval, sound 
formula for. 

SOUND LEVEL. The sound level, at a point 
in a sound field has been defined by the Ameri¬ 
can Standards Association as the weighted 
sound pressure level determined in the man¬ 
ner specified in the American Standard Sound 
Level Meters for Measurement of Noise and 
Other Sounds, Z24.3-1944, or its latest revision. 
The meter reading (in decibels) corresponds 
to a value of the sound pressure integrated 
over the audible frequency range with a spe- 
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cified frequency weighting and integration 
time. 

SOUND, LOUDNESS OF. See loudness of a 
sound. 

SOUND OCTAVE-BAND PRESSURE 
LEVEL (OCTAVE PRESSURE LEVEL). 
The band pressure level for a frequency band 
corresponding to a specified octave. The loca¬ 
tion of the octave-band pressure level on a 
frequency scale is usually specified as the 
geometric mean of the upper and lower fre¬ 
quencies of the octave. 

SOUND POWER OF A SOURCE. The total 
sound energy radiated by the source per unit 
of time. The commonly used unit is the erg 
per second but the power may also be ex¬ 
pressed in watts. 

SOUND PRESSURE, EFFECTIVE (ROOT- 
MEAN-SQUARE SOUND PRESSURE). The 
root-mean-square value of the instantaneous 
sound pressures, over a time interval, at the 
point under consideration. In the case of pe¬ 
riodic sound pressures, the interval must be 
an integral number of periods or an interval 
that is very long compared to a period. In the 
case of nonperiodic sound pressures, the in¬ 
terval should be long enough to make the 
value obtained essentially independent of 
small changes in the length of the interval. 
The term effective sound pressure is frequently 
shortened to sound pressure. 

SOUND PRESSURE, INSTANTANEOUS. 
The total instantaneous pressure at a point 
under consideration minus the static pressure 
at that point. The commonly used unit is 
the microbar. Sometimes called excess sound 
pressure. 

SOUND PRESSURE LEVEL. The sound 
pressure level, in decibels, of a sound is 20 
times the logarithm to the base 10 of the 
ratio of the pressure of this sound to the 
reference pressure. The reference pressure 
should be explicitly stated. The following 
reference pressures are in common use: (1) 
2 X 10~4 microbar; (2) 1 microbar. Refer¬ 
ence pressure (1) has been in general use for 
measurements dealing with hearing and sound- 
level measurements in air and liquids, while 
(2) has gained widespread use for calibra¬ 
tions, and many types of sound-level measure¬ 
ments in liquids. It is to be noted that in 

many sound fields the sound pressure ratios 
are not proportional to the square root of 
corresponding power ratios and hence cannot 
be expressed in decibels in the strict sense; 
however, it is common practice to extend the 
use of the decibel to these cases. 

SOUND PRESSURE, MAXIMUM. The 
maximum sound pressure for any given cycle 
of a periodic wave is the maximum absolute 
value of the instantaneous sound pressure oc¬ 
curring during that cycle. The commonly 
used unit is the microbar. In the case of a 
sinusoidal sound wave this maximum sound 
pressure is also called the pressure amplitude. 

SOUND PRESSURE, PEAK. For any speci¬ 
fied time interval, the maximum absolute 
value of the instantaneous sound pressure in 
that interval. The commonly used unit is the 
microbar. In the case of a periodic wave, if 
the time interval considered is a complete 
period, the peak sound pressure becomes iden¬ 
tical with the maximum sound pressure. (See 
sound pressure, maximum. I 

SOUND PRESSURE SPECTRUM LEVEL. 
At a specified frequency, the effective sound 
pressure level for the sound energy contained 
within a band 1 cycle per second wide, cen¬ 
tered at the specified frequency. Ordinarily 
this has significance only for sound having 
a continuous distribution of energy within the 
frequency range under consideration. The 
reference pressure should be explicitly stated. 
Since in practice it is necessary to employ 
filters having an effective band width greater 
than 1 cycle per second, the pressure spec¬ 
trum level is in general a computed quantity. 
For a sound having a uniform distribution of 
energy, the computation can be made as fol¬ 
lows: Let Lps be the desired pressure spectrum 
level, p be the effective pressure measured 
through the filter system, p0 be reference sound 
pressure, A/ be the effective band width of 
the filter system, and A<,/ be the reference band 
width (1 cycle per second), then 

" P2/ A/ 1 

-Po2/A(,/J 
For computational purposes, if Lp is the band 
pressure level observed through the filter, the 
above relation reduces to 

A/ 
Lps = Lp - 10 log10 —• 

A0 / 

LpS = lOlogio 
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SOUND REFLECTION COEFFICIENT 
(ACOUSTICAL REFLECTIVITY). The 
sound reflection coefficient of a surface not a 
generator is the ratio of the rate of flow of 
sound energy reflected from the surface, on 
the side of incidence, to the incident rate of 
flow. Unless otherwise specified, all possible 
directions of incident flow are assumed to be 
equally probable. Also, unless otherwise 
stated, the values given apply to a portion 
of an infinite surface, thus eliminating edge 
effects. 

SOUND REFRACTION. See refraction of 
sound. 

At a very large distance 

k2A 
p oc -COS a. (4) 

r 

At a very small distance 

kA 
p oc —— cos a. (5) 

r2 

The particle velocity has two components, 
d<f> 1 dip 

the radial — and the transverse-The 
dr r da 

radial component of the particle velocity is 

SOUND SCATTERING. See scattering, 
sound. 

SOUND SOURCE, DOUBLET. Two point 
sources equal in strength ±4tA', but opposite 
in phase separated by a vanishingly small dis¬ 
tance dr. The strength of the doublet is 4ivA'dr. 
Let A'hr = A. In these considerations A' cor¬ 
responds to A of Equation 1 of the entry for 
sound source, point, that is 4ttA' = »S£0- 

At a distance r in a direction inclined at an 
angle a to the axis of the doublet the velocity 
potential is 

G+ik)A ,,, , 
<P = - eJk(ct-r) cog a (1) 

r 

where <p is the velocity potential, r is the dis¬ 
tance from the source, in centimeters, k is 2x/A, 
X is the wavelength, in centimeters, c is the 
velocity of sound propagation, in centimeters 
per second, A is defined by Equation 1 of the 
entry for sound source, point, t is the time, 
in seconds, and a is the angle between the line 
joining the source and the point of observation 
and the axis of the doublet. 

The sound pressure of a doublet source is 

V = j ^ (I + jk\ (Mct-r) 

r \r / 
cos a 

(2) 

where p is the sound pressure, in dynes per 
square centimeter. Retaining the real parts of 
Equation 2, 

pckA 
p = - 

r 

1 
- sin k(ct — r) 
.r 

T k cos k(cl — r) COS a. (3) 

u = 
d<p 

dr 

~ ~ .(? + ?) 
Atjk(ct-r) cog 

(6) 
Retaining the real parts of Equation G 

1*2\ 
u = — A 6-9 cos k{ct — r) 

2k 
-- sin k(ct — r) 

At a very large distance 

Ak2 
u oc-cos a. 

COS a. (7) 

(8) 

At a very small distance 

u oc — cos a. 
r 

(9) 

The transverse component of the particle 
velocity is 

/l 
- + jk 

1 d<t> 

r da 
Anklet—r) gin a. (10) 

Retaining the real parts of Equation 10 

1 
u = —A — cos k(ct — r) 

r 

-- sin k(ct — r) 
rl 

sin a. (11) 



857 Sound Source, Point 

At a very large distance 

Ak 
u oc —— sin a. (12) 

r 

At a very small distance 

A 
u oc — sin a. (13) 

r 

meters, c is the velocity of sound, in centimeters 
per second, and A is defined by equation sound 
source, point. 

The power output from a simple source 
(Equation 6 of sound source, point) is pro¬ 
portional to the square of the frequency, while 
the power output from a doublet source (Equa¬ 
tion 16) is proportional to the fourth power of 
the frequency. 

V/ 
N 

/ 
/ 

\ ^Particle 
_ Velocity 

/ 

\ 

\ 

\ 

. / 
Pressure 

(“ \ 

/ 

The sound pressure and particle velocity at a con¬ 
stant distance from a doublet source. The magnitude 
of the pressure is indicated by the circle. The par¬ 
ticle velocity has two components, a radial and a 
transverse component. The direction and magnitude 
of these two components are indicated by vectors. 

The figure shows the velocity components and 
the pressure for various points around a doublet 
source. 

The total power, in ergs, emitted by a doublet 
source is 

P = (14) 

where p is the pressure, in dynes per square 
centimeter, p is the density, in grams per cubic 
centimeter, c is the velocity of sound, in centi¬ 
meters per second, and dS is the area, in square 
centimeters, over which the pressure is p. 

Taking the value of p from Equation 4 (for 
r very large), the total average power in ergs 
per second emitted by a doublet source is 

pck*A‘ 

2 r2 
cos a sin a da (15) 

PT = %irpck*A2 (16) 

where p is the density, in grams per cubic cen¬ 
timeter, k is 2ir/X, X is the wavelength, in centi- 

SOUND SOURCE, POINT. A small source 
which alternately injects fluid into a medium 
and withdraws it. 

Assume a point source with a maximum rate 
of fluid emission of 47tA cubic centimeters per 
second. The momentary rate at a time t is 
47tA cos ut. The maximum rate of fluid emis¬ 
sion may be written 

— 4 tA = S£o (1) 

where S is the area of the surface of the source, 
in square centimeters, and £0 is the maximum 
velocity, in centimeters per second over the 
surface S. 

The velocity potential of a point source from 
Equation 1 of sound wave, spherical, is 

A 
0r = - ejk{ct~r) (2) 

r 

where 4>r is the velocity potential, r is the dis¬ 
tance from source, in centimeters, k is 2ir/\, 
X is the wavelength, in centimeters, c is the 
velocity of sound propagation, in centimeters 
per second, t is the time in seconds, and A is 
defined in Equation 1. 

The particle velocity at a distance r, from 
Equation 6 of sound wave, spherical, is 

” f 1 — cos k(ct — r) — sin k(ct — r) 
_kr 

(3) 

where u is the particle velocity in centimeters 
per second. 

The pressure at a distance r from Equation 4 
of sound wave, spherical, is 

pkcA 
p =-sin k{ct — r) (4) 

r 

where p is the sound pressure in dynes per 
square centimeter. 

The intensity or average power P in ergs 
per second, transmitted through a unit area at 
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a distance r, in centimeters, is the product of 
p and u and is given by 

P = 
Pck2A2 

2 r2 
(5) 

SOUND TRANSMISSION IN TUBES. The 
transmission loss in tubes of circular section 
is of interest in problems in acoustics involv¬ 
ing the use of tubes. The equation expressing 
the sound transmission in a tube is 

The total average power Pj, in ergs per sec¬ 
ond emitted by the source is 

PT = 2ir pck2A2 (6) 

where p is the density of the medium, in grams 
per cubic centimeter, c is the velocity of sound, 
in centimeters per second, k is 2ir/X, X is the 
wavelength, in centimeters, and A is defined 
by Equation 1. 

SOUND SOURCES, DIRECTIONAL CHAR¬ 
ACTERISTICS. See entries under direc¬ 
tional characteristic. 

SOUND SOURCE, STRENGTH OF 
(STRENGTH OF A SIMPLE SOURCE). 
The maximum instantaneous rate of volume 
displacement produced by the source when 
emitting a wave with sinusoidal time varia¬ 
tion. 

SOUND TRANSMISSION FROM ONE ME¬ 
DIUM TO ANOTHER MEDIUM. The prob¬ 
lem of transmission from one medium to an¬ 
other medium as shown in the figure is the 

'/ Medium 1 // 

/ // / / / / / /. 1/Medium 2 

IPi 
'///Ski'/// 

/////// / 

' /. 
Sound transmission from one medium to another. 

same as the problem of transmission from one 
pipe to another. 

The ratio of the power transmitted in the 
medium 2 to incident flow of power in the 
medium 1 of the figure is 

4r41r12 

Fl2 ~ ~( T \2 (r*i + ta2) 

where r 41 is the acoustical resistance of medium 
1, in acoustical ohms and r,42 is the acoustical 
resistance of medium 2, in acoustical ohms. 

SOUND TRANSMISSION IN A ROD. See 
longitudinal waves in a rod; torsional waves 
in a rod. 

A = A0«-°x 

where A is the amplitude (pressure or volume 
current) at a distance x centimeters from the 

y' /WM 
amplitude A0, a is — , /—> R is the radius 

Rc\2p 
of the tube, in centimeters, c is the velocity of 
sound, in centimeters per second, « is 2ir/, / is 
the frequency, in cycles per second, p is the 
viscosity coefficient, 1.86 X 10-4 for air, p is 
the density, in grams per cubic centimeter, y' is 
1 + 1.58 (y^ — y~^), and y is the ratio of 
specific heats, 1.4 for air. 

SOUND TRANSMISSION IN TUBES LINED 
WITH ABSORBING MATERIAL. In ven¬ 
tilator and exhaust systems it is desirable to 
provide a high degree of attenuation for audio¬ 
frequency waves while offering low resistance 
to continuous flow of air. For that purpose, 
the most satisfactory systems are ducts lined 
with absorbing material. Longitudinal isola¬ 
tion of the walls of the duct should be pro¬ 
vided to prevent longitudinal transmission of 
sound by the walls of the duct. This can be 
accomplished by the use of rubber connectors 
at regular intervals. The walls of the duct 
should be rigid so that air-borne sounds are 
not transmitted through the walls. Veiy high 
attenuation can be obtained in ducts of this 
type. 

The attenuation [a], in decibels per foot, 
in a square or rectangular conduit lined with 
absorbing material may be obtained from the 
following empirical equation, 

P 
[a] = 12.6a1-4- 

A 

where P is the perimeter, in inches, A is the 
cross-sectional area in square inches, and a is 
the absorption coefficient of the material used 
for lining the duct. 

The above equation holds for square ducts 
and rectangular ducts in which the ratio be¬ 
tween the two sides is not greater than two. 

SOUND TRANSMISSION THROUGH 
THREE MEDIA. The problem of transmis- 
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Y//////Ss 
/. Medium 2 ' , 
/ / / s ' ' ' / / 

// /'//// s 
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Sound transmission through three media, the middle 
medium being of finite length l. 

sion through the three media of the figure is 
the same as that through the three pipes below. 
The ratio of the power transmitted in the 
medium 3 to the incident flow of power in the 
medium 1 is 

(1) 

where tai is the acoustical resistance of the 
medium 1, in acoustical ohms, r^2 is the acous¬ 
tical resistance of the medium 2, between 1 and 
3, in acoustical ohms, r^3 is the acoustical re¬ 
sistance of the medium 3, in acoustical ohms, 
l is the length of the medium 2, in centimeters, 
k is 2tt/X, X is the wavelength in the medium 2, 
in centimeters. 

SOUND TRANSMISSION THROUGH 
THREE PIPES. Consider three pipes of cross 
sectional areas Si, S2, and S3 as shown below. 

—l-> 

Sound transmission through three pipes, the middle 
pipe being of finite length l. 

Assume that sound travels from pipe 1 to pipe 
3. Let the boundary between Si and &> be de¬ 
noted by A and between S2 and S3 by B. 

The ratio of the power transmitted in S3 to 
the incident flow of power in Sj is 

(1) 

If kl is small, the transmission is independent 
of the cross section of the channel S2. If 
sin kl = ± 1, the power transmission is 

Si 4 S3S22S! 

7 13 ~ /S2 *83\2 “ (S22 + s,s3)2' (2) 
VSj + sj 

Equation 2 shows that Pi3 = 1, if S22 = SiS3. 
That is, if sin kl = ±1 and providing the area 
of S2 is a geometric mean of Sj and S3, the 
transmission is unity. 

SOUND VELOCITY. See velocity of sound. 

SOUND WAVE, INTENSITY OF A SPHER¬ 
ICAL. See intensity of a spherical sound 
wave. 

SOUND WAVE, PLANE. A sound wave in 
which equiphase surfaces are a family of 
parallel planes. 

The velocity potential in a plane sound wave 
is 

<f> = A cos k{ct — x) (1) 

where <t> is the velocity potential, A is the am¬ 
plitude of <t> (see Equation 2 below), k is 2ir/\, 
X is the wavelength, in centimeters, c = /X is the 
velocity of sound, in centimeters per second, 
and / is the frequency, in cycles per second. 

The amplitude of the velocity potential is 

Aji (2) 

where A is the amplitude of the velocity poten¬ 
tial, and £0 is the maximum particle velocity, 
in centimeters per second. 

The particle velocity in a plane sound wave is 

d<f> 
u = — = kA sin k(ct — x) (3) 

dx 

where u is the particle velocity, in centimeters 
per second. 

The particle velocity in a sound wave is the 
instantaneous velocity of a given infinitesimal 
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part of the medium, with reference to the me¬ 
dium as a whole, due to the passage of the 
sound wave. 

The sound pressure in a plane sound wave is 

Ak 

r 

' 1 
— cos k(ct — r) — sin k(ct — r) 

„kr 

(6) 

p = kcpA sin k(ct — x) (4) 

where p is the density, in grams per cubic cen¬ 
timeter, and p is the sound pressure, in dynes 
per square centimeter. 

SOUND WAVE, SPHERICAL. A sound 
wave in which equiphase surfaces are a family 
of concentric spheres. 

The velocity potential in a spherical sound 
wave is 

A 
<t> = — e'*(ct-r) (1) 

r 

where <f> is the velocity potential, r is the dis¬ 
tance from the origin, in centimeters, k is 2ir/X, 
X is the wavelength, in centimeters, c is the 
velocity of sound, in centimeters per second, 
t is the time, in seconds, and A is the amplitude 
of the velocity potential. 

The maximum rate of fluid emission of a 
small source is given by 

U = 4wA (2) 

The phase angle between the pressure and 
velocity in a spherical wave is given by 

9 = tan-1 — (7) 
kr 

where 9 is the angle between the pressure and 
particle velocity. 

For very large values of kr, that is, plane 
waves, the pressure and particle velocity are in 
phase. The ratio of the absolute value of the 
particle velocity to the absolute value of the 
pressure is given by 

Ratio --(8) 
pckr 

SOUND WAVE(S), STATIONARY. The 
wave system resulting from the interference 
of waves of the same frequencies, which is 
characterized by the existence of nodes or 
partial nodes. 

Consider two plane waves of equal ampli¬ 
tude traveling in opposite directions; the veloc¬ 
ity potential may be expressed as 

where U is the fluid emission, in cubic centi¬ 
meters per second. 

The sound pressure in a spherical sound wave 
is 

jkcAp 
p =- 

r 

ejk(ct—r) 
(3) 

where p is the sound pressure, in dynes per 
square centimeter, and p is the density, in 
grams per cubic centimeter. 

Retaining the real part of Equation 3, the 
pressure is 

kcA 
p = p-sin k(ct — r). (4) 

r 

The particle velocity in a spherical sound 
wave is 

u = (5) 

<t> = A [cos k(ct — x) -[- cos k(ct + x)] (1) 

where <t> is the velocity potential, k is 2?r/X, X is 
the wavelength, in centimeters, x is the dis¬ 
tance normal to the planes of equal phase, in 
centimeters, t is the time, in seconds, c is the 
velocity of sound, in centimeters per second, 
and A is the amplitude of the velocity potential; 
see Equation 2 of plane sound waves (in entry 
sound waves, plane). 

The sound pressure in the stationary wave 
system is 

dip 

= kcpA [sin k(d — x) + sin k(ct + x)] (2) 

where p is the sound pressure in dynes per 
square centimeter, and p is the density, in 
grams per cubic centimeter. 

Equation 2 may be written, 

where u is the particle velocity, in centimeters 
per second. 

Retaining the real part of Equation 5 the 
particle velocity is 

p = 2kcpA[sm kct cos kx\. (3) 

The particle velocity in the stationary wave 
system is 
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d<j> 
u = — = /cA[sin k(ct — x) — sin k(ct + a:)] 

dx 
(4) 

where u is the particle velocity, in centimeters 
per second. 

Equation 4 may be written as follows 

u — —2kA[cos kct sin kx] (5) 

u = 2kA sin (kct — cos (kx — (6) 

Equations 3 and 6 show that the maxima of 
the particle velocity and pressure are separated 
by a quarter wavelength. The maxima of p 
and u differ by 90° in time phase. 

SOURCE. (1) A point from which fluid orig¬ 
inates. The strength m of a point source is 
the total flux of fluid from it. The velocity 
potential at distance r due to the source is 

m 

A line source, in two-dimensional flow, is a 
line from which fluid originates. The strength 
m of a line source is the total flux of fluid from 
unit length of it. The complex potential of a 
line source is 

m m 
w = <f> + itff = — (log r + id) = — log z. 

2tt 2tt 

(2) For source of sound, see sound source. 

SOURCE LEVEL. The sound intensity at a 
point on the axis one yard from a source, 
measured in decibels above a reference level. 
In symbols, the source level S, in decibels, is 
given by 

Jo 
S = 10 log — > 

Jr 

where I0 is the intensity at a point on the axis 
one yard from the source, Ir is the reference in¬ 
tensity, usually corresponding to an rms pres¬ 
sure of 1 dyne/cm2. 

SOURCE-SINK METHOD. In the theory of 
neutron chain reactors, a method for the anal¬ 
ysis of systems composed of regular, hetero¬ 
geneous arrays of fuel and moderator. Fuel 
rods are represented by line sources of strength 
proportional to the thermal neutron flux at 
the rod, while the contribution of a rod to the 

thermal flux at a point in the moderator is the 
convolution of slowing-down and diffusing 
kernels for a line source. The method is use¬ 
ful in the analysis of lattices containing small 
numbers of rods and in showing the connection 
between diffusion in homogeneous and hetero¬ 
geneous systems. It is sometimes called 
“small source theory.” 

SOUTHWELL METHOD FOR CRITICAL 
LOAD. See critical load, Southwell method. 

SPACE CHARGE LIMITATION OF CUR¬ 
RENTS. It has been shown by Child that 
the current between a plane cathode and a 
parallel plane anode at a distance d from it, 
when the anode potential is V, cannot exceed 
a certain maximum value, determined by the 
modification of the electric field near the 
cathode as a result of the space charge of 
electrons in that region. If the electrons 
leave the cathode with zero speed, the maxi¬ 
mum current per unit area of the cathode is 

4«0 fee V* 

9 \ m d2 

where e and m are the electronic charge and 
mass, respectively, and e0 is the electric con¬ 
stant. Langmuir has extended the equation 
to include the case of a cylindrical cathode of 
radius a, surrounded by a coaxial cylindrical 
anode of radius b. The maximum current per 
unit length is then 

. _ 8;t£0 fee VH 

9 \ m 6(ln b/a)2 

The dependence of the current on the % 
power of the potential difference is general, 
and is the basis of the definition of perveance. 

SPACE CURVE. A curve in space, not neces¬ 
sarily a twisted curve. 

SPACE GROUP. When identical objects are 
placed at the lattice points of a space lattice 

a regular spacial array is obtained, which has, 
perhaps, symmetry elements over and above 
those of the point group of the original lattice. 
Thus, because of some symmetry property of 
the identical objects (that is, of the unit cells, 

in a crystal), there may exist glide planes and 
screw axes which define operations turning 
the structure into itself. It has been shown 
that there are only 230 different types of sym- 
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metry possible for such a system; these are 
the 230 space groups which are classified ac¬ 
cording to the symmetry elements they possess. 

SPACE, HERMITIAN. See vector space. 

SPACE LATTICE. A regular three-dimen¬ 
sional arrangement of points constructed by 
the repeated application of the primitive 
translations which carry a unit cell into its 
neighbor. Each point in the lattice has 
exactly the same environment and the lengths 
and orientations of the primitive translations 
fix the type of the lattice. There are only 
fourteen kinds of simple space lattice, which 
are classified according to their symmetry 
type, as follows: 

Symmetry 

Type 

Cubic 

Tetragonal 

Orthorhombic 

Monoclinic 

Triclinic 

Hexagonal 

Rhomboidal 

Lattice Type 

Simple cube; face-centered cube; body- 

centered cube. 

Tetragonal prism; body-centered te¬ 

tragonal prism. 

Rectangular prism; body-centered rec¬ 

tangular prism; rhombic prism; 

body-centered rhombicprism. 

Monoclinic parallelepiped; monoclinic, 

one-face centered prism. 

Triclinic parallelepiped. 

Hexagonal prism. 

Rhombohedron. 

SPACE-LIKE SURFACE. A surface, <r, in 
space-time such that no two points on it can 
be connected by a light signal: for any two 
points x, y, on a(x — y)2 — (,r° — y0)2 — 
(x — y)2 is always spacelike, i.e., (x — y)2 
< 0. If one denotes by n^(x) the unit normal 
at the point x, then for a spacelike surface 
n"(x)nM(x) = 1 for all x on a. A plane t = 
constant is a special case for which all xn^ix) 
= (1,0, 0,0). 

SPACE, LOCALLY EUCLIDEAN. See lo¬ 
cally Euclidean. 

SPACE QUANTIZATION. According to 
classical theory, an atom brought into an elec¬ 
tric or magnetic field F will carry out a preces¬ 
sion such that the angular momentum 1 de¬ 
scribes a cone with the field direction as axis 
and with a constant component in, of the angu¬ 
lar momentum in the field direction. While 
classically m, can have any value between 
+ 111 and — 111 (that is any angle between I 
and the field direction is possible), in quantum 
theory the magnitude of m, can have only the 

discrete values mi(h/2ir), where mi, the mag¬ 
netic quantum number, has the values 

mi = l, l — 1, l — 2, • • — l 

that is only certain angles of 1 with respect to 
the field direction are possible. (See the figure.) 

F 

Space quantization of l in a field F for l = 3. From 
G. Herzberg, Molecular Spectra and Molecular Struc¬ 
ture. I. Spectra of Diatomic Molecules. 2nd ed., 
D. Van Nostrand Company, Inc., Princeton, 1950. 

Since m, can at most have the magnitude 
l(h/2rr) which is smaller than \/l(l + 1) (h/2-ir), 

the magnitude of 1, the latter can never point 
exactly in the field direction. Space quantiza¬ 
tion persists and mi remains defined even for 
vanishingly small field (21 + D-fold degen¬ 
eracy). In atomic and molecular physics space 
quantization applies to all angular momentum 
vectors (electronic angular momentum, angu¬ 
lar momentum of molecular rotation, etc.). 

SPACE TENSOR. See tensor, space. 

SPACE-TIME, FLAT. See flat space-time. 

SPACE, VECTOR. See vector space. 

SPAN. The term span as a noun is used to 
denote both a structure or portion of a struc¬ 
ture between supports, and the distance be¬ 
tween supports. (See truss.) 

SPARK IGNITION ENGINE ( ALSO 
CALLED EXPLOSION ENGINE). A re¬ 
ciprocating engine which induces a mixture 
of air and the vapor of a volatile liquid fuel, 
compresses it to a temperature below the igni¬ 
tion point of the mixture, and ignites the mix¬ 
ture with the aid of an electric spark produced 
by a spark plug. The engine produces useful 
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power by expanding the resulting high-pressure 
gas against the piston. 

A spark-ignition engine can operate as a 
four-stroke or two-stroke engine. In a four- 

stroke spark-ignition engine, Figure 1, the 
sequence of operations is as follows: 

0-1. Introduction of combustible mixture. In¬ 
let valve open. 

1- 2. Compression of combustible mixture. 
Valves closed. 

2- 3. Combustion from spark ignition nearly 
at constant volume (“Explosion”). 
Valves closed. 

3- 4. Expansion; working stroke. Valves 
closed. 

4- 5. Release of burnt gases. Exhaust valve 
opens at 4. 

5- 0. Expulsion of burnt gases. Exhaust 
valve open. 

When the engine operates as a two-stroke 
engine, the only difference in the mode of 
working results from the different way of in¬ 
ducing the mixture and of expelling the burnt 
gases. (See two-stroke engine.) 

It is customary to analyze the operation of 
a spark-ignition engine under the following 
simplifying assumptions: 

(1) The cylinder contains a constant quan¬ 
tity of gas throughout the cycle, and 
the chemical composition of the gas is 
also assumed constant. 

(2) The generation of heat resulting from 
internal combustion is replaced by heat 
transfer from an outside source. 

(3) The process of rejection of heat which 
occurs from the combustion gas to the 
atmosphere outside the engine is re¬ 
placed by cooling at constant volume. 

(4) The specific heats are assumed constant, 
and the gas is assumed perfect. 

There assumptions result in the Otto cycle; 
Figure 2, which is common to the two-stroke 

Fig. 2. Otto cycle. 

and the four-stroke spark-ignition engine. In 
it compression and expansion are assumed 
isentropic. The resulting thermal efficiency is 

1 

where r — {Vc + Vs)/Vc is the compression 
ratio, and y is the ratio of specific heats cp/c„. 

Most modern automobiles are powered by 
high-speed spark-ignition engines. Until the 
advent of jet-engines and gas turbines, the 
spark-ignition engine had the lowest power-to- 
weight ratio of all engines and was, therefore 
the most suitable engine for aircraft propulsion. 

SPARK SPECTRUM. The spectra of the 
singly, doubly, triply, etc., ionized atoms are 
referred to as first, second, third, etc., spark 
spectra. (See also arc spectrum.) 

SPECIAL FUNCTIONS. This name is usu¬ 
ally given to certain classes of functions some 
of which are described, e.g., in this book under 
the following headings: special polynomials; 
Legendre functions and polynomials, Herinite, 
hypergeometric, Jacobi, Laguerre, trigono¬ 
metric, Chebyshev, etc. (Certain other func¬ 
tions, having little in common with these, e.g., 
the gamma function, are sometimes called spe¬ 
cial functions.) 

These functions can be defined in several 
ways. If we wish, e.g., to define them by their 
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orthogonality properties, we proceed as fol¬ 
lows. Let a fundamental interval n-^x^b, 
which may also he infinite, be chosen. Let 
p(x)^0 he a non-negative function, to be 
called a “weighting function.” The class of 
special functions in question is to be the class 
that arises from orthonormalization (by the 
Gram-Schmidt process) of the sequence of 

functions \/p(x), x\/p(x), x2yjp(x), 
Usually these functions can also be defined 
(and it is to this fact that they owe their great 
importance in mathematical physics) as the 
eigenfunctions of an eigenvalue problem for 
an ordinary differential equation, by a gen¬ 
erating function, by a recursion formula, by a 
Rodrigues formula, or often by some mini¬ 
mum property. For illustration see under the 
respective headings mentioned above, and for 
the simplest possible illustration see under 
Legendre polynomials. These special func¬ 
tions owe their great importance in applica¬ 
tions to the possibility, because of their ortho¬ 
gonality properties, of expanding an arbitrary 
function in terms of them in a generalized 
Fourier series. (See also entry following.) 

SPECIAL POLYNOMIALS. Special func¬ 

tions which are polynomials. Among the most 
important examples are the following (see also 
under the respective names). 

(1) Legendre polynomials 

00 

(1 - 2xy + y2)-* = £ Pn{x)yn. 
n=0 

(2) Associated Legendre polynomials 

'(2m) !(1 - x2)ml2ym " 

2"m!(l - 2xy + y2Y™ ntn n WV ’ 

(3) Bessel function of integral order 

exp 
x 
- (it — 1 /u) 
2 

= J2Jn(x)un. 
n= 0 

(4) Hermite polynomials 

exp [x2 - (« - x)2] = E 
n=0 n\ 

The Hermite polynomials find applications in 
statistics in the Gram-Charlier Type A 
series and are also useful in certain applica¬ 
tions in physics to problems of heat and quan¬ 
tum mechanics. 

(5) Laguerre polynomials 

„ ( ~XZ\ ^Ln(x)zn 
(1-2) exp (  -1 = 2^-- 

VI - 2/ n =0 n! 

(6) Associated Laguerre polynomials 

(_!)»(! exp (^) 

£> Lnk(x)zn 

n =k nl 

(7) Chebvshev polynomials 

1 - xy 

1-2 xy + y2 

00 

E 
n=0 

SPECIES. The species (or symmetry type) 
of an eigenfunction, normal vibration, etc., of 
a molecule indicates its behavior with respect 
to the symmetry operations possible for the 
system. The species correspond to the ir¬ 
reducible representations of the point group. 

SPECIFIC ACTIVITY. (1) The activity of 
a radioisotope of an element per unit mass of 
element present in the sample. (2) The ac¬ 
tivity per unit mass of a pure radionuclide. 
(3) The activity per unit mass of any sample 
of radioactive material. Specific activity is 
commonly given in a wide variety of units 
(e.g., millicuries per gram, disintegrations per 
second per milligram, counts per minute per 
milligram, etc.). 

SPECIFIC CURVATURE. See curvature of 

a surface, second. 

SPECIFIC DAMPING CAPACITY. If a 
specimen is taken round a stress cycle and the 
energy loss is AlF, the ratio AlF/IF is called 
the specific damping capacity, where W is the 
maximum elastic energy stored in the speci¬ 
men during the cycle. For sinusoidal cycles, 
it can be related to other measures of internal 
friction (see friction, internal). The specific 
damping capacity is sometimes referred to as 
the specific loss. 

SPECIFIC FUEL CONSUMPTION. See 
specific heat consumption. 

SPECIFIC HEAT CONSUMPTION. Amount 
of heat Qst> required to produce one unit of 
work, W, in a heat engine. Except for the fact 
that Q„p is usually expressed in heat units 
whereas W is expressed in work units, the 
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specific heat consumption is the reciprocal of 
the brake thermal efficiency of the plant, rj0 

1 
QsP ~ — 

Vo 

Evidently 

2544 3413 
Qtv =-BTU/IP hr =-BTU/KW hr. 

Vo Vo 

Often the specific heat consumption is calcu¬ 
lated per unit of indicated or theoretical work 
rather than per unit work at the main coupling. 
In such case it is necessary to replace the boiler 
thermal efficiency t)0, by the thermal effi¬ 
ciency of the cycle rph, the relative efficiency, 
Vt) etc* 

In steam plants some time ago it was custom¬ 
ary to indicate the specific steam consump¬ 
tion, Dsp instead of the specific heat consump¬ 
tion: 

2544 3413 
Dsp = —— lbm/hPhr = —— - lbm/KW hr 

where W stands for the work measured at the 
brake, indicated work, etc., as the case may be. 
The specific steam consumption, as opposed to 
the specific heat consumption, does not give a 
good idea of the efficiency of the plant, because 
of the wide range of entrance conditions en¬ 
countered in practice; it is useful only when 
comparisons are made between engines with 
identical entrance conditions. 

In internal combustion engines it is usual to 
indicate the specific fuel consumption, Bsp, in¬ 
stead of the specific heat consumption. The 
specific heat consumption is then 

SPECIFIC HEAT, LATTICE VIBRATION 
CONTRIBUTION. See lattice vibration con¬ 
tribution to specific heat. 

SPECIFIC HEAT OF HYDROGEN. The 
vibrational specific heat of hydrogen gas is 
frozen out, and the translational specific heat 
has its classical value %kN (k is Boltzmann’s 
constant, N is number of molecules in the sys¬ 
tem). The rotational specific heat cr at high 
temperatures is equal to the classical value of 
kN (2 degrees of freedom), but at room tem¬ 
perature and below follows the equation 

n _ 3.., ortho I para 
ur \ 4.^r > 

where “ortho” and “para” refer to the ortho- 
and para-states of the hydrogen molecule. 
This expression for the rotational specific heat 
is found experimentally, but differs from the 
theoretical expression. The difference is due 
to the fact that the ortho-para ratio is frozen 
in at its high temperature value 3. 

SPECIFIC HEATS OF GASES. These values 
may be expressed by terms corresponding to 
the various independent degrees of freedom. 
If the partition function Z is given by the 
equation 

Z = ZaZ bZ c, 

the specific heat c is given by the equation 

C Ca -f- Cb -J- Cc, 

where each c, follows from the corresponding 
Z, through the formula 

Ci k/32 
d2 In Zi 

d(32 

sp sp11 n 

where Hn is the net (lower) calorific value of 
the fuel. In practice, the range of values of 
Hn used in internal combustion engines is very 
narrow, consequently Bsp gives a good enough 
idea of the efficiency of the engine. For more 
precise comparisons it is necessary to take into 
account the heat supplied with the cylinder 
lubricant and to augment B,p by the specific 
consumption of lubricating oil, bsp. 

SPECIFIC HEAT, ELECTRONIC. See 
electronic specific heat. 

where k is Boltzmann’s constant, and /3 = 1/A;T 
with T the absolute temperature. In actual 
cases the terms ca, cb, • • • correspond to the 
vibrational, rotational, and translational de¬ 
grees of freedom. 

SPECIFIC IMPULSE (I8P). In rocket termi¬ 
nology, a parameter indicative of efficiency: a 
property of the propellant combination and 
the mixture ratio. Specific impulse is equal to 
pounds of thrust developed per pound of pro¬ 
pellants consumed (fuel plus oxidizer) per 
second, or the ratio of thrust to propellant 
mass flow. 

SPECIFIC HEAT FUNCTION, EINSTEIN. SPECIFIC IMPULSE, IDEAL OR THEO- 
See Einstein specific heat function. RETICAL (IV). The maximum realizable 
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impulse obtainable from a given combination 
of propellants; calculated from thermo-chemi¬ 
cal relations. The difference between the 
ideal and measured specific impulse (Isp) is 
due to heat losses, incomplete combustion of 
propellants, flow losses and variations in back 
pressure. 

SPECIFIC INDUCTIVE CAPACITY. See 
dielectric constant; permeability. 

SPECIFIC LOSS. See specific damping ca¬ 
pacity. 

SPECIFIC MAGNETIC ROTATORY 
POWER OF A MEDIUM. The Verdet con¬ 
stant of the medium. 

SPECIFIC PROPELLANT CONSUMP¬ 
TION. In rocket propulsion, a term express¬ 
ing the rate of burning of propellants per unit 
of thrust. Its units are reciprocal time. 
Mathematically: 

SPC = 
dw/dt 1 

sec 1 = 
3600 

hour —l 

1 18p 1 8p 

The relation gives a method of comparing the 

efficiency of different motors. 

SPECIFIC PROPERTY. See thermodynamic 
property. 

SPECIFIC REFRACTION. A relationship 
between the refractive index of a medium at 
any definite wavelength and its density, of the 
form 

in which r is the specific refraction of the 
medium, n is its index of refraction at any 
definite wavelength, and p is its density. The 
relation does not always give a constant value 
of r as the density is varied, and hence must 
be considered as an approximation. 

SPECIFIC ROTATION. See rotation, spe¬ 
cific; molecular rotation. 

SPECIFIC STEAM CONSUMPTION. See 
specific heat consumption. 

SPECTRA. See following entries and also 
those under spectrum. 

SPECTRA, INVERSION. See microwave 
spectra of molecules. 

SPECTRA, ISOTOPE EFFECT IN MOLEC¬ 
ULAR. See isotope effect in molecular spec¬ 
tra. 

SPECTRAL ABSORPTANCE. The ratio of 
the spectral concentration of the absorbed 
luminous flux to that of the incident flux, for 
a given wavelength. 

SPECTRAL CENTROID. An average wave¬ 
length, computed especially for filters and 
other light-transmitting devices, by taking a 
weighted average, for each wavelength, of the 
spectral distribution of the incident light, the 
transmittance of the device, and the luminos¬ 
ity data for the eye. 

SPECTRAL CHARACTERISTIC. A rela¬ 
tion, usually shown by a graph, between wave¬ 
length and some other variable. (1) In the 
case of a luminescent screen, the spectral 
characteristic is the relation between wave¬ 
length and emitted radiant power per unit 
wavelength interval. (2) In a photoelectric 
device, it is the relation between wavelength 
and sensitivity per unit wavelength interval. 

SPECTRAL CLASSIFICATION OF STARS. 
In the latter quarter of the 19th century Ed¬ 
ward C. Pickering began obtaining the spectra 
of the stars using an objective prism. The 
work was carried on for many years under the 
direction of Miss Annie J. Cannon and in 1924 
the Henry Draper Catalogue in nine volumes 
was published. This catalogue gives the ap¬ 
proximate coordinates, the approximate mag¬ 
nitudes, and the spectral type of 225,300 stars. 
During the years since the appearance of this 
catalogue the work has been carried on by 
numerous observers and at the present time 
we have the spectral types of over half a mil¬ 
lions stars brighter than 13th magnitude. 

In spite of the great range in luminosities of 
the stars the spectra of over 99% of them may 
be classified in a relatively small number of 
classes, which arrange themselves in a continu¬ 
ous sequence. The order is as follows: 

R—N 

O—B—A—F—G—K—M 

SPECTRA, ATOMIC. See atomic spectra. S 
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The sequence 0 to M is continuous, while R 
and N-types form a side branch going off be¬ 
tween G and K, and the S group branches off 
between K and M. In the sequence a sort of 
decimal notation is used with B5 indicating a 
spectra half way from B to A, F2 indicating a 
spectra closer to F than to G, etc. 

In classes 0 and B we find that emission¬ 
line and absorption-line objects are found. In 
the 0 types the lines of hydrogen are very 
prominent, together with lines of ionized he¬ 
lium and doubly ionized oxygen, nitrogen and 
carbon. In the B type stars the lines of helium 
and hydrogen increase in prominence while 
ionized helium disappears. Singly-ionized 
helium, carbon, nitrogen and oxygen are im¬ 
portant, while doubly-ionized iron and ionized 
magnesium make their appearance. As we 
move along to the A-type stars we find the 
hydrogen lines at their greatest prominence in 
A2, with the helium lines weakening and the 
lines of the metals making their appearance. 
Throughout the sequence from A through F 
the hydrogen lines continually weaken and the 
lines characteristic of the metals strengthen. 
When class G is reached, the most prominent 
lines are the H and K lines of calcium, together 
with a mixture of the atomic and molecular 
bands of the common metals. In class K the 
low temperature lines of the metals become 
more and more important until in class M we 
find the molecular bands, particularly those of 
titanium oxide, dominating the spectrum. The 
spectra of the stars on the R—N branch con¬ 
tain the bands of the carbon compounds, while 
the S-class stars have the bands of zirconium 
oxide and lanthanum oxide. 

The spectral sequence of the stars is closely 
correlated with the apparent colors, tempera¬ 
ture, and other physical characteristics. 

In color we find the 0 and B stars intrinsi¬ 
cally blue, the A—F group are white, the K 
stars are orange, and the M stars are distinctly 
red. This immediately suggests a decreasing 
scale of stellar temperatures. (Cf. spectrum- 
luminosity relation; temperature calibration 
of the spectral types.) 

SPECTRAL CONCENTRATION. Spectral 
concentration (of a radiometric quantity such 
as radiant flux, radiant intensity, etc.) is the 
quotient of this quantity, taken over an infini¬ 
tesimal range on either side of a given wave¬ 
length (or frequency) by the range. 

SPECTRAL EMISSIVITY (OF A THERMAL 
RADIATOR). The ratio of the spectral con¬ 
centration of radiant emittance of the thermal 
radiator to that of a full radiator at the same 
temperature. 

SPECTRAL ENERGY DISTRIBUTION. 
When radiation exhibiting a continuous spec¬ 
trum is quantitatively analyzed, it is found 
that quite different amounts of power are rep¬ 
resented by the radiation within equal ranges 
of wavelength or of frequency having different 
limits. The proportion in any such range de¬ 
pends upon the character of the source. If 
one divides the spectrum into small intervals 
of wavelength, say 10 angstroms, and plots the 
power output for each range as ordinate with 
the mean wavelength of the interval as 
abscissa, the result is a curve showing the 
distribution of power through the spectrum. 

I 2 3 4 5 6 

Wave Length-Microns 

(See Planck law; relative spectral energy dis¬ 
tribution. 

SPECTRAL FUNCTION. In the theory of 
stationary time-series, and more generally of 
stationary stochastic processes, a function de¬ 
fined as 

2 rx sin xw 
F(w) = — | p(x)-dx, 0 < w < oo, 

7r J0 x 

where p(x) is the autocorrelation function 

of the series u(t), 

cov [u(t), u{t + x)} 
p(x) =--—--• 

var {u(t)\ 

The spectral density 

dF 2 rx 
f(w) = — = - I p(x) cov xwdx 

dw 7rJq 

may be regarded as a Fourier transform of the 
autocorrelation function and vice versa. 
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The definition given relates to the continu¬ 
ous series. Analogous definitions can be 
framed for discontinuous series. 

The graph of /(iv) as ordinate against w as 
abscissa is called the spectrum; that of F(w) 
against w is called the integrated spectrum. 
The graph of a certain constant multiple of 
f(w) against 2-rr/w is the periodogram. 

SPECTRAL LINE, DOPPLER WIDTH OF. 
See Doppler width of spectral line. 

SPECTRAL LINE, EQUIVALENT WIDTH 
OF. See equivalent width of spectral line. 

SPECTRAL LINE, INTENSITY OF. See in¬ 
tensity of a spectral line. 

SPECTRAL LINES, INTERCOMBINA¬ 
TION. See intercombination lines. 

SPECTRAL LINE WIDTH, NATURAL. See 
natural line width. 

SPECTRAL LUMINANCE FACTOR. Of a 
non-self-luminous body, for stated conditions 
of illumination and of observation, the ratio, at 
any wavelength A, of the spectral concentra¬ 
tion of luminance of the body considered, 
when illuminated and observed under these 
conditions, to the spectral density of lumi¬ 
nance of a perfect diffuser receiving the same 
illumination. 

SPECTRAL NORM. This term is sometimes 
used for the spectral radius, but this function 
does not possess the norm properties. Also, 
and more appropriately, applied to the func¬ 
tion | A | defined by 

II A||2 = p(A*A), 

which is a norm. 

SPECTRAL RADIUS OF A MATRIX A. The 
quantity p(A) = max |Ai(A)| for all eigen- 

i 
values of A. (See norm; spectral norm.) 

SPECTRAL REFLECTANCE. The ratio of 
the spectral concentration of the reflected 
luminous flux to that of the incident flux for a 
given wavelength. 

SPECTRAL TERM. See term. 

SPECTRAL TRANSMITTANCE. The ratio 
of the spectral concentration of the trans¬ 
mitted luminous flux to that of the incident 
flux, at the same wavelength. 

SPECTRA, MICROWAVE. See microwave 
spectra of molecules. 

SPECTRA, MOLECULAR. See molecular 
spectra. 

SPECTRA, MOLECULAR, COMBINATION 
DIFFERENCES AND COMBINATION 
SUMS IN. See combination differences and 
combination sums. 

SPECTRA, MOLECULAR, PERTURBA¬ 
TIONS. See perturbations in molecular spec¬ 
tra. 

SPECTRA OF MOLECULES, ELEC¬ 
TRONIC. See electronic spectra of mole¬ 
cules. 

SPECTRA OF MOLECULES, VIBRA¬ 
TIONAL. See vibrational spectra of mole¬ 
cules. 

SPECTRA, QUANTUM THEORY OF. See 
quantum theory of spectra. 

SPECTRA, ROTATIONAL. See rotational 
spectra of molecules. 

SPECTRA, SPIN-REORIENTATION. See 
microwave spectra of molecules. 

SPECTROSCOPIC BINARY STARS. (Cf. 
orbit, elliptic motion.) In the course of pro¬ 
grams for the determination of the radial 
velocities of the stars it occasionally happens 
that, after correcting for the components of 
the earth’s orbital and rotational motions in 
the line of sight, the radial velocities of some 
stars show periodic changes. On the assump¬ 
tion that this variable motion is due to the 
orbital motion of one star of a pair that are 
revolving about a common center of gravity, 
we refer to the star as a spectroscopic binary. 
Figure 1 is a diagram of such a system. The 
center of gravity of the system is at G. The 
line from G to the sun intersects the sphere 
centered on G at T, with the other pole at K. 
The plane HLM may be called the plane of 
the apparent orbit. S is the position of one of 
the stars. GS is a radius vector, expressed in 
kilometers, of one of the stars whose spectra is 
observed, and the radial velocity is found to be 
variable. 

GB is the radius vector when the star is 
closest to G and we have BGS, or APG as the 
true anomaly, 6. We shall assume that LSP 
is the direction of motion, in which case L is the 
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K 

Fig. 1. Diagram for motion of spectroscopic binary 
star. 

ascending node. LA is the orbital element co. 
(See orbit, astronomical elements.) Call 
the distance of S from the plane HLM, z, with 
z positive when the star is on the side of the 
plane IILM opposite to the sun. This means 
that z = r sin PM. We also have sin PM = 
sin (v + co) sin i. Hence 

z — r sin (v + co) sin i (1) 

where z is expressed in kilometers and ~ is the 
at 

radial velocity that is observed for the star. 
As the star moves in the orbit, this radial ve¬ 

locity will apparently vary in the direction of 
the sun. Since the system may have a radial 
velocity V, the radial velocity at any instant 
will be 

dz 
R--+V- (2) 

dt 

Once the approximate period of variation of 
the radial velocity has been determined, a 
least squares solution will give an accurate 
period. Then all observations are reduced to 
one epoch and a mean velocity curve is ob¬ 
tained. See Figure 2. 

Many methods have been developed for the 
determination of the orbit of a spectrosopic 
binary. The orbit is actually the orbit of one 
of the stars about the center of gravity of the 
system. In case the velocity curve for both 
stars can be obtained, the two velocity curves 
are treated separately. The methods are long 
and detailed; therefore the treatment below is 
restricted to part of the determination of an 
orbit by the method of Lehmann-Filhes, which 
has probably been used more often than the 
others. 

Equation 2 above may be written as 

dz 
— = iv[cos (v + co) + e cos co] (3) 

— is a maximum when (v + co) is 0°, and the 

maximum ordinate YC, which is designated by 
a, is given by 

a = K(1 -j- e cos co). 

Fig. 2. Mean velocity curve of spectroscopic binary star. 
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The radial velocity will be a minimum when 
(v + co) = 180° 

0 = K(1 — e cos co). 

From these two relations, 

K = |(a + 0) 
and 

a — 0 
e cos co -- (4) 

oc + 0 

The measurement of a and 0 permits the values 
of K and e cos co to be derived. 

The F-axis of the spectroscopic binary may 
now be determined. 

The two areas BCD and DEF between the 
velocity curve and the time axis must be equal. 
The value of the area BCD is simply q(zo — zb) 

where q depends upon the constants in which 
BCD is measured. By the same reasoning the 
area DEF is q(zp — zd). Now zp and zb are 
equal and the numerical values of the two areas 
must be the same. The establishment of the 
BYDZF axis is accomplished by trial and error 
methods using a planimeter, with the restriction 
that the axis must be parallel to the axis of 
apparent zero velocity. In the case shown on 
Figure 2, the BF line is about 15 km/sec 
below the zero velocity axis, which indicates 
that the binary system as a whole has a velocity 
of —15 km/sec. 

The area CYD, which is denoted by Ai, is 
given by A\ = zd — zc• Now at C, the value 
of (v + w) is 0° and from (1) we have zc = 0 
and Ai = zp. By exactly the same sort of 
reasoning we can show that DZE area is equal 
to that of CYD. This means that the areas 
BCY and ZEF are equal. 

If tq and rq are the values of the true anom- 
°iy and radius vector in the true orbit at the 
point corresponding to D, then, by (1) and 
Ai = zd, we have Ai = r sin (tq + co) sin i. 

At D, dz/dt is zero and hence by (3) and (4) 

cos (tq + co) = — e cos co -- 
a + 0 

Hence 

2\^0 
sin (tq + co) = zb-(5) 

a + 0 

In passing along the velocity-curve from C 
toward E, we find that the velocity changes 
from positive to negative at D. Referring to 
Figure 2, we see that point D on the ve¬ 
locity curve must correspond to the point of 

the true orbit for which z has a maximum 
positive value. Hence, sin (tq + co) is Dositive 
and equal to 

2 V^0 
sin (tq + co) = zb- 

a + 0 

Next, consider the area of the velocity-curve 
ZEF, which is denoted by A2 = zf — zp or, 
since zp = 0, by A2 = zf■ If v2 and r2 refer 
to the point on the true orbit corresponding to 
point F on the velocity-curve, we have A2 = r2 
sin (t>2 + co) sin i. But at F dz/dt is 0, hence 

cos (v2 + co) = —e cos co = — 
a — !3 

and 
a + 0 

sin (v2 + co) = — 
2V/ajg 

a + 0 
We also find 

A2 r2 

and further, 

2V^/3 A2 - Ax 
e sin co =-•- 

a + 0 A2 + Aj 

(b) 

(7) 

(8) 

hence, since we had e cos co = --- , both e 
a + 0 ’' 

and co may be found. The time of perihelion, 
2, may be found since at that point v = 0 and 
if the corresponding value of dz/dt is designated 
as (dz/dt) i and given by Equation (3) we then 
have 

(dz/dt) i = K( 1 + e) cos co. 

This quantity may be found since K, e, and co 

are all supposed to have been previously found. 
From Equation (3) we have 

na sin i 

K - wr? - *<“ + »• 

The period, T, is known, and n = ~ hence 

T(a + 0)V 1 - e2 
a sin i -- 

47T 

With the period stated in days, and velocities 
measured in kilometers per mean solar second, 

a sin i 
21,600'F 

(a + 0)V 1 - e2. 
7T 
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This relation gives (a sin i) in kilometers, T 
being expressed in days. Unless the inclina¬ 
tion, t, can be derived by other means, the 
semi-major axis, a, with respect to the center 
of gravity of the system, cannot be determined. 

SPECTROSCOPIC PARALLAX. See stellar 
luminosities. 

SPECTROSCOPIC TERM. See term. 

SPECTRUM. (1) A visual display, a photo¬ 
graphic record, or a plot of the distribution of 
the intensity (and sometimes the phase) of 
radiation of a given kind as a function of its 
wavelength, energy, frequency, momentum, 
mass or any related quantity. (2) A continu¬ 
ous range of frequencies, usually wide in ex¬ 
tent, within which waves have some speci¬ 
fied common characteristic, e.g., audio-fre¬ 
quency spectrum, radio-frequency spectrum, 
etc. (3) The resolution pattern of a group of 
masses over a region according to increasing 
mass, in which particles of a given mass are 
physically isolated from those of neighboring 
masses. (4) (For mathematical usage, see 
spectral function.) 

SPECTRUM, ABSORPTION. The spectrum 
resulting when the source is continuous radia¬ 
tion passed through an absorbing medium, 
commonly dark at some of those wavelengths 
for which the emission spectrum of the me¬ 
dium would be bright. 

SPECTRUM, ALPHA PARTICLE. The 
distribution in energy or momentum of the 
a-particles emitted by a pure radionuclide, 
or, less commonly, by a mixture of radionu¬ 
clides. Each a-emitting nuclide yields a char¬ 
acteristic spectrum consisting of one or more 
sharp lines, each line being due to a particular 
group of monoenergetic particles. When more 
than one group is present, the distribution is 
said to have fine structure; this results from 
transitions to more than one nuclear energy 
state of the product nuclide, the group of 
highest energy coming from the ground-state 
transition. In exceptional cases (RaC' and 
ThC'), lines are observed due to groups that 
have very low intensities (10 — 6 to 10 — 4) rela¬ 
tive to those for the main groups. The par¬ 
ticles producing such lines are called long- 
range a-particles. They result when the emit¬ 
ting nuclei are formed in excited states in the 
preceding ^-disintegration (of RaC or ThC) 

and emit a-particles directly from the excited 
states, instead of becoming de-excited by the 
more usual gamma emission. The normal a- 
disintegration energy is then augmented by 
the excitation energy. 

SPECTRUM, ARC. See arc spectrum. 

SPECTRUM, BAND. The spectra of mole¬ 
cules consist of groups or bands of closely 
spaced lines. These spectra were initially un¬ 
resolved, and hence called bands in distinc¬ 
tion to the sharp spectral lines of atoms. The 
bands of most molecules have now been re¬ 
solved into their separate lines. Band spectra 
is the customary name for the spectra of mole¬ 
cules. 

In nuclear physics, band spectra are useful 
in determining nuclear spin and statistics, and 
isotopic abundances. 

SPECTRUM, BETA-RAY. (1) The distribu¬ 
tion in energy or momentum of the /3-par¬ 
ticles (not including conversion electrons) 
emitted in a /3-decay process. The /8-ray 
spectrum is always continuous up to a maxi¬ 
mum energy. Its shape depends upon the na¬ 
ture of the particular /3-decay process. (2) 
Sometimes (loosely) the energy spectrum of 
the electrons emitted by a radioactive source, 
irrespective of their origin. In addition to the 
continuous spectrum of definition (1), it may 
show lines due to internal conversion or to 
Auger electrons. 

SPECTRUM, CHARGE-TRANSFER. A 
term applied by Mullikan to spectra resulting 
from the transitions of an electron between a 
bonding and an antibonding orbital. 

SPECTRUM, CONTINUOUS. (1) Light or 
any other radiation may have such composi¬ 
tion that, when analyzed with a spectroscope, 
it presents apparently an unbroken continuity 
of wavelength over a wide range. Such, for 
example, is the light from an ordinary lamp 
filament. Any incandescent solid, liquid, or 
gas under high pressure will radiate with a 
continuous spectrum. Sunlight appears to 
have a continuous spectrum until analyzed 
carefully, when the continuous spectrum is 
found to be crossed by a multitude of dark 
Fraunhofer lines. A continuous spectrum may 
extend without interruption from the extreme 
infrared to the extreme ultraviolet. (2) A 
spectral function in which wavelengths (and 
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wave numbers and frequencies) are repre¬ 
sented by the continuum of real numbers (or a 
portion thereof) rather than by a discrete 
sequence of numbers. A continuous function 
on an infinite interval, even though the func¬ 
tion is non-zero over only a finite interval, 
must be represented by the Fourier transform 
rather than by Fourier series, and the resulting 
spectrum will be continuous. (See also dis¬ 
crete spectrum.) 

SPECTRUM, CONTINUOUS, FOR PAR¬ 
TICLES. A spectrum exhibiting a continuous 
variation in energy or momentum. 

SPECTRUM, DARK-LINE. A spectrum 
which contains some lines darker than others, 
or than a continuous spectrum background. 
(See Fraunhofer lines.) 

SPECTRUM, DIFFRACTION. The spec¬ 
trum produced by diffraction, as may be pro¬ 
duced by a diffraction grating. (See also 
spectrum, normal.) 

SPECTRUM, DISCONTINUOUS. A term 
sometimes applied specifically to a combined 
band and line spectrum. (See spectrum, 
band and spectrum, line.) 

SPECTRUM, DISCRETE. (1) A spectral 
function in which the component wavelengths 
(and wave numbers and frequencies) consti¬ 
tute a discrete sequence of values (finite or in¬ 
finite in number) rather than a continuum of 
values. 

A Fourier analysis of a function will yield a 
discrete spectrum only if the function is peri¬ 
odic, or is assumed to be so, or if the function 
is represented by a finite sample of its values. 
Fourier series may be used for the analysis. 
(2) The same as spectrum, line. (Cf. spec¬ 
trum, continuous.) 

SPECTRUM, EMISSION. The spectrum 
(continuous, line or band) produced by radi¬ 
ation from any emitting source, as distin¬ 
guished from absorption spectra. (See spec¬ 
trum, absorption.) 

SPECTRUM, FINE. The resolution of lines 
in atomic emission spectra, by high-power 
spectroscopes, into two or more fine lines situ¬ 
ated close together. The fine lines in atomic 
spectra arise from so-called term multiplici¬ 
ties, i.e., from transitions between groups of 
higher, to groups of lower, levels, the levels 

comprising each group lying close together. 
Groups of close-lying levels are obtained by 
coupling the orbital angular momentum vec¬ 
tor with the spin angular momentum vector 
of the atom in a variety of possible combina¬ 
tions. 

SPECTRUM, FLASH. See flash spectrum. 

SPECTRUM, HYPERFINE. In the case of 
atomic emission spectra, there is, in addition 
to the fine structure (see spectrum, fine) of 
the spectral lines attributable to term multi¬ 
plicities a hvperfine structure (fine lines very 
close together), which is attributable to a 
number of causes, including among others the 
isotope effect and the effect of the spin of the 
atomic nucleus. This spin couples with the 
total angular momentum or orbital angular 
momentum of the electrons and yields a series 
of resulting vectors representative of closely- 
spaced energy levels. 

SPECTRUM LEYTIL OF ROOM NOISE. 
See noise, spectrum level of room. 

SPECTRUM LINE. The image (generally 
of a slit) produced, in a dispersing system, by 
a monochromatic radiation. Also used in the 
sense of: the nearly monochromatic radiation 
emitted or absorbed in a transition between 
two atomic or molecular levels. 

SPECTRUM LOCUS. The representation of 
the spectral color stimuli on a chromaticity 
diagram. 

SPECTRUM-LUMINOSITY RELATIONS, 
STELLAR. See stellar spectrum-luminosity 
relations. 

SPECTRUM, MAGNETIC. A term some¬ 
times applied to particles (such as iron filings) 
spread out in a magnetic field, and distributed 
so as to show lines of force. 

SPECTRUM, MAGNETIC RESONANCE. 
Spectra produced by absorption or emission 
of energy, commonly in the radio frequency 
region, by molecules which change their mag¬ 
netic quantum numbers on absorption or emis¬ 
sion of quanta of radiowaves. These spectra 
may be produced in a method developed by 
Rabi in which a molecular beam is sent 
through two inhomogeneous magnetic fields at 
right angles to it; between the two fields is a 
constant field, superimposed by a radio fre¬ 
quency field, the resonance between these last 
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two fields determining the magnitude of split¬ 
ting of the energy levels. Other methods of 
observing magnetic resonance are similar in 
that they involve the superposition of a radio 
frequency field on a steady or slowly varying 
magnetic field, about which the atoms process. 
(See Larmor precession.) 

SPECTRUM, MASS. A spectrum showing 
the distribution in mass or in mass-to-charge 
ratio of ionized atoms, molecules, or molecu¬ 
lar fragments. The mass spectrum of an ele¬ 
ment shows the relative abundances of the 
isotopes of the element. The mass spectrum 
of a compound is quite complicated and not 
easily related to the relative abundances of 
the various kinds of atoms and groups pres¬ 
ent; however, under given experimental con¬ 
ditions it is characteristic of the compound 
and often useful for identification and assay. 

SPECTRUM, NEUTRON. In the theory of 
neutron transport, the distribution-in-energy 
of neutrons in a small volume of material sur¬ 
rounding a point. Often the term refers to 
the portion of the distribution having energies 
between zero and 1.44 electron volts. 

SPECTRUM, NORMAL. A term applied to 
the diffraction spectrum, because its disper¬ 
sion is linear with wavelength, which is not 
the case in a spectrum obtained from a prism. 

SPECTRUM (OF A RADIATION). (1) The 
image produced by the dispersion of a radia¬ 
tion into its monochromatic components. (2) 
The composition of a complex radiation. 

SPECTRUM OF TURBULENCE. A repre¬ 
sentation of the various scales of motion con¬ 
stituting a field of turbulence. Most useful 
is an energy frequency spectrum defined by 

2 f® 
F(n) = - I /?£ cos 

7T J0 

where R$ is the Lagrangian autocorrelation 

coefficient. F(n)dn then represents the frac¬ 
tion of the total turbulent energy in eddies of 
frequency between n and n + dn. 

If the fluctuations are measured at a fixed 
point in a stream moving with mean velocity 
u we replace R£ by rr or rx and assume * that 
r is x/u to give 

*This assumption is generally valid if u is large 
compared with the velocity fluctuations. 

2 r® nx 
F(ri) = — | rx cos — dx. 

irU J o u 

An energy wave number (or eddy size) spec¬ 
trum may be defined by 

2 r* 
E(k) = — I rx cos kxdk 

TT J0 

where E(k)dk now gives the fraction of the 
total turbulent energy in wave numbers be¬ 
tween k and k + dk. rx is the Eulerian auto¬ 
correlation coefficient. 

The total turbulent energy per unit mass is 

00_ s% 00_ 
u'2F(n)dn = I u,2E{k)dk. 

••'o 

F(n) and E(k) are called energy spectral density 
functions. 

SPECTRUM, PHONON. The spectrum of 
thermal vibrations in a solid. The simplest 
approximation is that of Debye, who treated 
the crystal as a continuum, the atomicity being 
introduced by “cutting off” the distribution at 
a point where the number of modes equalled 
the number of degrees of freedom, 32V. This 
was improved by Born and von Karman, who 
showed that there should be a cut off at a 
definite wave-number, the same for each of 
the different modes of polarization, and hence 
corresponding to different maximum frequen¬ 
cies for longitudinal and transverse modes. 
More detailed calculations, based on assumed 
interatomic force constants, have confirmed 
this general form of spectrum but no simple 
representation can be found. The spectrum 
fixes the specific heat as a function of tem¬ 
perature, and also such properties as thermal 
conductivity, infrared and Raman spectra, etc. 

SPECTRUM, PRIMARY. The first-order 
spectrum produced by a diffraction grating. 

SPECTRUM, RAMAN. A spectrum obtained 
by illuminating a substance with radiation, 
and obtaining from the radiations scattered 
at right angles a spectrum of those frequencies 
differing from the incident radiation. 

SPECTRUM, RESONANCE. A spectrum 
excited by the interaction with a substance 
(usually a molecular gas) of radiation of a 
definite frequency or frequencies. 
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SPECULAR REFLECTION OR REFRAC¬ 
TION. When the interface between two media 
is smooth, i.e., belongs to class C\, then the re¬ 
sulting reflection or refraction is specular or 
regular. If the interface is of class C0 but not 
Ci, the resulting reflection is diffuse. 

SPEED. The magnitude of the velocity vec¬ 
tor v is called the speed, v. v = vT where T 
is the unit vector in the direction of the tangent 
to the path. 

SPEED, CRITICAL. A resonant speed of 
I'otation. (See resonance.) 

SPEED OF A CAMERA LENS. See f-num- 
ber. 

SPEED OF SOUND. See velocity of sound. 

SPENCER-FANO METHOD. A powerful 
analytical method in the theory of the pene¬ 
tration of gamma-rays into matter and in the 
space-energy distribution of neutrons slowing 
down in hydrogen. The central idea is to ex¬ 
pand the space-dependent parts of the spher¬ 
ical harmonics moments in terms of suitably 
chosen polynomials, with a well-chosen weight 
function, rather than to make a Fourier anal¬ 
ysis of the space dependence. 

SPHERE OF CURVATURE (OF A CURVE 
AT A POINT, P). The sphere passing through 
four points of the curve in the limiting case, 
if this exists, as they coincide at P. Also called 
osculating sphere. 

SPHERE, RELATIVISTIC FIELD OF. See 
relativity, general. 

SPHERICAL ABERRATION. (1) Qualita¬ 
tively, spherical aberration is the image error 

due to the improper union, near the Gaussian 
image point, of rays that originate from an 
object point. There is third order and higher 
order spherical aberration according to the 
theory used to trace the rays. 

(2) Quantitatively, the first of the five 
Seidel aberration functions is the spherical 
aberration function. 

SPHERICAL COORDINATES. See curvi¬ 
linear orthogonal coordinates. 

SPHERICAL CURVATURE, CENTER OF 
(OF A CURVE AT A POINT). The center of 
the sphere of curvature of the curve at the 
point. 

SPHERICAL CURVATURE, RADIUS OF 
(OF A CURVE AT A POINT). The radius 
of the sphere of curvature of the curve at the 
point. 

SPHERICAL HARMONICS. In analogy to 
harmonic functions in the plane, the solutions 
of the Laplace equation in spherical coordi¬ 
nates. Spherical surface harmonics are special 
sets taken over the surface of a sphere, there¬ 
fore, the harmonic components are restricted 
to an integral number of waves over the sphere. 
Spherical harmonics have been applied in the 
study of the large-scale oscillations of the 
atmosphere. 

SPHERICAL HARMONICS METHOD. In 
transport theory, a method of analyzing the 
transport equation by expanding the flux in 
terms of a series of appropriate spherical har¬ 
monics in the angle variable. The differential- 
integral equation is thus reduced to a system 
of differential equations, and the dependent 
variables are the spherical harmonic moments 
of the angular distribution. In plane geom¬ 
etry, the spherical harmonic functions are 
Legendre polynomials in the variable /x = cos 
(fi, a:). (See P.v approximation.) 

SPHERICAL IMAGE. See spherical repre¬ 
sentation of a surface. 

SPHERICAL INDICATRIX OF BINORMAL 
TO A CURVE. The locus of a point whose 
pesition vector is equal to the unit binormal 
of the curve. 

SPHERICAL INDICATRIX OF TANGENT 
TO A CURVE. The locus of a point whose 
position vector is equal to the unit tangent of 
the curve. 
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SPHERICAL POLAR COORDINATE SYS¬ 
TEM. An orthogonal, curvilinear coordinate 
system, in which the coordinates r, 9 and 4> 
specify the position of a point in space. In 
this system the unit vectors are er, eg, and e0. 
The directions of these unit vectors vary from 
point to point in space. The vector line ele¬ 
ment is 

ds = erdr + egrd9 + e^r sin 9d<(> 

and its magnitude is 

ds = [(dr)2 + (rdd)2 + (r sin dd<j>)2]'A. 

In the common right-handed system, the unit 
vectors are orthogonal, i.e., er-ee = er-e$ = 
eg-eg, = 0 and satisfy the relations er X e» = 
e^, ej X e^, = er, e$ X er = eg. The volume 
element is 

dr = r2 sin 9drd9d<f>. 

The transformation equations connecting this 
system with rectangular Cartesian coordinates 
are: 

x = r sin 9 cos <£, 

y = r sin 9 sin 4>, 

z — r cos 9. 

SPHERICAL REPRESENTATION OF A 
RECTILINEAR CONGRUENCE. Draw 
through the center of a unit sphere a radius 
parallel to each ray of the congruence. The 
points of intersection of these radii with the 
sphere then provide a representation of the 
rectilinear congruence which is called a spher¬ 
ical representation of the congruence. 

SPHERICAL REPRESENTATION OF A 
SURFACE. A representation of the surface 
on a unit sphere. Also called Gaussian repre¬ 
sentation. The point on the unit sphere cor¬ 
responding to a point on the surface is the 
spherical image of that point. 

SPHERICAL SOUND WAVES. See sound 
waves, spherical. 

SPHERICAL SURFACE. A surface all points 
of which are at a fixed distance, the radius, 
from a fixed point, the center. The term 
sphere is frequently used for this surface but 
it more properly means a solid bounded by a 
spherical surface. 

In rectangular coordinates its general equa¬ 
tion is 

x2 + y2 + z2 + Gx + Hy + Kz + L = 0 

but if the center is taken at the origin of the 
coordinate system, the equation becomes x2 + 
V2 + z2 = r2, where r is the radius of the spheri¬ 
cal surface. 

The surface is measured in terms of the fol¬ 
lowing parts: (1) Zone, a portion of the surface 
included between parallel planes. The bases of 
the zones are circumferences made by the planes 
but if one of the bounding planes is tangent to 
the surface, it is a zone of one base. The dis¬ 
tance between the planes is the altitude of the 
zone. (2) Lune, a part of the surface bounded 
by the circumferences of two great circles. 
(3) Spherical polygon, a portion of a spherical 
surface bounded by three or more arcs of great 
circles. (In the case of three arcs only, the 
figure is a spherical triangle.) 

If A is surface area, the various cases give 
for it: sphere, 4xr2; zone, 2ttrh; lune, xr2a/90; 
triangle or polygon, irr2E/l80, where r is the 
radius of the surface, h is the altitude of the 
zone, a is the number of degrees in the angle, 
and E is the spherical excess, defined by E = 
T — 180 (ft — 2), where T is the sum of the 
angles and there are n sides to the polygon. 

SPHERICAL TOP MOLECULE. See poly¬ 
atomic molecules, types of. 

SPHERICAL TRIGONOMETRY. A general¬ 
ization of plane trigonometry, spherical trig¬ 
onometry is primarily concerned with the solu¬ 
tion of spherical triangles. It is used in many 
navigation and astronomical problems, as well 
as in the construction of certain kinds of maps. 

Solution of a spherical triangle means the 
finding of unknown sides and angles from given 
values for other sides and angles. The right 
spherical triangle is the simplest case, but it, 
unlike the plane right triangle, can have two 
or even three right angles. If, however, it has 
two right angles the sides opposite them are 
quadrants and the third angle has the same 
measure as its opposite side. If all three 
angles are right angles, the measure of each 
side is 90°. These cases are all relatively 
simple, hence we consider a triangle which has 
only one right angle, its opposite side in general 
not being 90°. 

Let a, b, c be the sides of a right spherical 
triangle, measured by the angle subtended at 
the center of a sphere, and with opposite angles 
A, B, C, where A = 90°. Then 10 relations 
exist as follows: 
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sin a = sin A sin c 
sin a = tan b cot B 

cos A = cos a sin B 
cos A = tan b cot c 
cos c = cot A cot B 

sin b = sin B sin c 
sin b = tan a cot A 

cos B = cos b sin A 
cos B = tan a cot c 
cos c = cos a cos b. 

Since these equations are rather awkward, Na¬ 
pier’s rules are convenient in actual use. They 
can be stated as follows: let co-A, co-B, co-c, 
mean the complements of the angles A and B, 
and the hypotenuse c, and arrange the parts as 
shown. Then calling any angle a middle part, it 
will have two parts adjacent to it and two parts 
opposite to it. Napier’s rules are then: (i) the 
sine of any part equals the product of the 
tangents of the adjacent parts; (ii) the sine of 
any part equals the product of the cosines of 
opposite parts. 

In the case of an oblique spherical triangle, the 
following relations may be obtained. (1) Law 
of sines. 

sin A sin B sin C 

sin a sin b sin c 

(2) Law of cosines. 

cos a = cos b cos c -f- sin b sin c cos A 

and 

cos A = — cos B cos C -j- sin B sin C cos a. 

(3) Haversine law. 

hav a = hav (6 — c) + sin b sin c hav A. 

(4) Half-angle formulas. 

/sin (s — b) sin (s — c) 
sin A/2 = -;-;- 

\ sin b sin c 

and 
r 

tan A/2 = —-> 
sin (s — a) 

where 2s = (a -T b + c) and r2 sin s = sin (s — 
a) sin (s — b) sin (s — c). (5) Napier’s analo¬ 
gies. 

tan (a + b)/2 cos (A — B)/2 

tan c/2 cos (A -j- B)/2 

(6) Gauss formulas. 

sin (A — B)/2 
sin (a — b)/2 cos C/2 

sin c/2 

(7) Rule of quadrants. In any spherical tri¬ 
angle, one-half the sum of two angles is in the 
same quadrant as one-half the sum of the sides 
opposite. There are additional relations in sev¬ 
eral of these cases (for example, 3, 4, 5) obtain¬ 
able by cyclic permutation of A, B, C, and a, b, c. 

In solving a spherical triangle there are six- 
possible cases, depending on the parts given, as 
follows: (I) a, b, C; (II) A, B, c; (III) b, c, C; 
(IV) A, B, a; (V) a, b, c; (VI) A, B, C. Case 
(III) is an ambiguous case since there may be 
two solutions or only one. Each of the six 
cases may be solved by several combinations of 
the relations given in the preceding paragraph. 

SPHERICAL VECTOR WAVE FUNC¬ 
TIONS. To find the angular distribution and 
polarization of the light scattered by a small 
particle (small compared to the wavelength) 
is an easy problem. The solution was the basis 
of Rayleigh’s famous explanation of the blue 
color of the sky. At the other extreme, a large 
particle can be treated easily by geometrical 
optics. 

For many applications: the scattering of 
radar by mists, particle size determination in 
aerosols and protein suspensions (e.g., blood), 
etc., the exact solution, due to G. Mie, of 
Maxwell’s equations for arbitrary spherical 
particles must be used. This solution is ex¬ 
pressed in terms of spherical vector wave 
functions (alternatively, light scattering func¬ 
tions for spherical particles or Mie functions) 
that are extensively tabulated. (Pangonis, 
Heller, and Jacobson, Tables of light scatter¬ 
ing functions for spherical particles, Wayne 
State University Press, Detroit, 1957, contains 
Mie’s results and references to previous tables.) 
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SPHERICAL VORTEX. A type of vortex 
usually associated with the name of M. J. M. 
Hill. It is a vortex whose substance is spher¬ 
ical, the exterior fluid passing round it as in 
the irrotational motion round a sphere. There 
is no accompanying fluid. 

SPHEROIDAL (OBLATE AND PROLATE) 
COORDINATES. Degenerate cases of the 
ellipsoidal coordinate system, which arise when 
two of the three axes become equal. 

In the prolate spheroidal system the surfaces 
are (1) prolate spheroids (u = constant) ob¬ 
tained by rotating ellipses about their major 

axis (z-axis), (2) hyperboloids of two sheets 
(v = constant) obtained by rotating hyper¬ 
bolas about their axis (z-axis), and (3) planes 
passing through the z-axis {<f> = constant). 
The transformation equations are (with the 
foci at ±a): 

x = a sinh u sin v cos <f> 

y = a sinh u sin v sin <f> 

z = a cosh u cos v. 

It is often useful (in two center problems) to 
use the coordinates £ and r? in place of u and v, 
where £ = cosh u and y = cos v. These two 
coordinates may alternatively be defined by: 

€ = 
ta + rB 

2 a 

, r.4 - rB 
and rj =- 

2 a 

The limits of the variables are —1 < y < 1, 
l<£<oo)0<^<x;°rO<w<«>, 0<y 

< 7T. 

In the oblate spheroidal case, the ellipses are 
rotated about their minor axis to form oblate 
spheroids (u = constant), and the hyperbolas 
are rotated about this same axis to give hyper¬ 
bolas of one sheet = constant). Again tak¬ 
ing the z-axis to be the axis of revolution, the 
transformation equations are: 

x — a cosh u sin v cos <f> 

y = a cosh u sin v sin </> 

z — a sinh u cos v. 

The same figure as that for the prolate sphe¬ 
roidal case applies if the x- and z-axes are inter¬ 
changed. 

SPIN. (1) The intrinsic angular momentum 
of an elementary particle, equal in magnitude 
to nfi/2, where n is a small integer and 2tvft is 
Planck’s constant. Particles with even n obey 
Bose-Einstein statistics; those with odd n, 
Fermi-Dirac statistics. Thus, electrons, 
positrons, neutrons, protons, neutrinos and 
M-mesons have spin fi and are fermions, while 
7r-mesons have spin 0 and photons spin fi, and 
are bosons. (See electron spin.) 

(2) The total angular momentum of a com¬ 
plex system, particularly an atomic nucleus, 
again equal to nfi/2 where n is an integer. For 
a nucleus of mass number A (and therefore 
containing A nucleons) n is even or odd accord¬ 
ing as A is even or odd. (See nuclear spin.) 

SPIN-DEPENDENT FORCE. The force be¬ 
tween two particles which depends on their 
relative spin orientations and possibly on 
their spin directions relative to the line join¬ 
ing the particles. Physical bases could be 
the interaction between the magnetic moments 
of the particles, or in the case of nuclear 
forces, the exchange of 7r-mesons between the 
nucleons. 

SPIN, ELECTRON. See electron spin. 

SPIN, NUCLEAR. See nuclear spin. 

SPINODAL CURVE. The curve which sepa¬ 
rates, inside the saturation curve (see bin- 
odals), the unstable phases from the stable 
(or metastable) ones. (See stability of 
phases.) 

SPIN OPERATORS, PAULI. See Pauli spin 
operators. 

SPIN-ORBIT COUPLING. See Russell- 
Saunders coupling. 

SPINOR CALCULUS. The coordinates will 
be denoted by x1 = x; x2 = y\ x3 = z; x4 = ct. 
The metric tensor is then tj11 = if 2 = 1733 = 

■>? 11 = y 22 = *7.33 = L 
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A spinor of rank one is a 2-dimensional vector 
g — (01,02) i whose components obey the trans¬ 
formation law 

where 

0< y (atsQa 
s= 1 

<* 11 «12 

«21 «22 

t = 1, 2 

= 1. 

A “dotted” spinor with the components (/i,/2) 
obeys the transformation law 

/i — an/i + “12/2 

f 2 ~ «2i/i + <*22/2- 

(The bars denote conjugate complex.) 
Spinors of higher ranks are transformed like 

products of spinors of first rank. A “mixed” 
spinor ajd is transformed like the product ajjbi. 

Spin indices are raised and lowered by the 
metric spin tensor tkl, where 

021 = -a12 = A1 + 

II 
<N * 

A1 + iA 

a'l2 = — a21 = A1 — iA2 = Al — iA 

oil = -fa22 = A3 + iA4 - A3 — iA 

— 021 = -oh = A3 — •ft II A3 + iA 

AAP = - 1 
2 aTtOrt. 

Spinor differential operators: 

d . d 

dx1 dx2 

d . d 

dx1 dx2 

= d-n 
d d 

dx3 dx4 

d d 
—s ”1-4' 
dx3 dx4 

— eik — eici — *iic — 

and 

tkl _ tlk _ Jc'l _ tlk _ ( ^ 

” \-l 0/ 

ok = eklat 

dk = *kldl 

kl _ * k 
£ Glm • 

Summations are performed only over undotted 
or dotted indices, but not over mixed indices. 
Furthermore 

a1 = a2 bl = 62 

a2 = — ai b2 = —b[ 

albi = — aib1 

aia1 = 0. 

Connection between Spinors ond World Ten¬ 
sors. Let Ap be a contravariant tensor and arJ 
a mixed spinor, then 

A1 = A1 = 2(021 + 012) 

A2 = A2 = ^'(021 ~ ai2) 

A3 = A3 — \{d[\ — 002) 

A4 = —A4 = \i{dii -f 022) 

and conversely 

If 4>p corresponds to the spinor 4>'n, then 

div $ 55 ^ = - %drA*' 

and if the ordinary scalar S belongs to the 
spinor scalars, then 

d2S d2S d2S d2S 
□ <S =-r + -r + -r +-r= - 

dx2 dx-? dx3 dx2 

Let a = P + iy (/3 and 7 real numbers), and 

R(a) 55 /3 and 7(a) =7 and | a | = + y//32 + 72 

and 7X'.t the Lorentz-transformation matrix 

1 —v 

y/ \ — v2/c2 y/1 — v2/c2 

x 0 10 0 

0 0 1 0 

— v/c2 0 0 1 

_y/ \ — v2/c2 y/1 — v2/c2. 

If grs is a mixed spinor of rank 2, and gt, the 
corresponding spinor in the new coordinate sys¬ 
tem, then 

0il = lall |20il T" «ll«120i2 + S12a11021 

+ I <*12 |2022 
♦ 

0i2 = 5lla210il + <*ll<*220i2 + 5l2a21021 

+ ^12^22022 
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* 
021 = C*2l“ll011 + «2l“l20i2 + “22“ll021 

+ “22“l2022 

I | o 
022 — | «21 | 0il + “2l“22012 + a22“2102l 

+ I «22 |2022 

where 

71 -i = ^(5ii522) + -K(5i2«2i) 

72 -l = 7(aua22) + 7(«I2«2i) 

73'i = i?(ana2i) — R{oLi2a22) 

74 -1 = — ^(«n“2l) — ^(«12«22) 

71 -2 = 7(a22an) + 7(a21a J2) 

7" -2 = R(ana22) — R(ai2a2i) 

73 -2 = 7(a2iQfn) + I(al2a22) 

74 -2 = 7(“ll“2i) + /(ai2a22) 

71 -3 = ^(“11“12) — ^(“21<*22) 

72 -3 = 7(“ii<*12) + I{oL22a2\) 

73 -3 = 1(1 “11 |2 + I “22 |2 — I “12 |" — [ “21 |2) 

74 3 = id “21 |2 + | «22 |2 — ! “11 |2 ~ I “12 |2) 

7* -4 = —-R(“ll“12) — #(“21«22) 

72 -4 = — 7(«11<*12) + 7(a2i522) 

73 -4 = id “12 |2 + I “22 i" — I “11 |2 ~ I “21 |2) 

74 -4 = "2 ( | “11 12 T" I “12 |2 +|“2l|2 +|«22|2)- 

Dual Tensors. The dual of the antisym¬ 
metric contravariant tensor Fa0, denoted by 
A 

Fa&, is defined by 

FaP = t 
where 

A f , 
Fpa — - 8pff\TF r. 

z 

It is assumed that all components Fa,i are real. 
8p„\t is the Kronecker symbol. A tensor Fa& is 
self dual if 

A 
pp<r _ J?P<r 

Let G,a(S be a self dual antisymmetric tensor. 
The components of Gali can be expressed in 
terms of a three-dimensional, complex-valued 
vector k = (fci, k2, k3) where 

kT = ar + ibr (r = 1, 2, 3) 

Gr4 — bT — iaT (r = 1, 2, 3) 

(G2i, O'31, Gr~) = (k,, k2, /c:J). 

The associated symmetric spinor grs has the 
components: 

0n = 2[a2 — bi — i(b2 + aj)] 

022 = 2[a2 + bi — i(b2 — aO] 

0i2 = 02i = 2 (b3 + ia3) 

0ii = 2[a2 — b1 i(b2 + ai)] 

022 = 2[a2 -(- 6j -f- i(b2 — cq)] 

0i2 = 02i = 2(63 — ia3). 
If 

k = H — iE (H = magnetic field 
E = electric field) 

then 

0ii = 2[//2 + Ex + i(Hi — E2) 

022 = 2 [H2 — Ei + i(H\ + E2) 

0i2 = 02i = 2[ — E3 — iH 1]. 

One can also introduce a current-density spinor 
Srs corresponding to the contravariant current 
density world-vector <SX = (7i, I2, I3, p): 

<Sii = I3 p 

S[2 = I x — il2 

£21 = 11 + H2 

S22 — ~73 + p. 

Maxwell’s equations in spinor language are 

^ •iQrm 27T Slm. 

Principal reference: O. Laporte and G. E. 
Uhlenbeck, Application of Spinor Analysis to 
the Maxwell and Dirac Equations, Phys. Rev. 37, 
1,380(1931). 

SPIN PARAMAGNETISM OF CONDUC¬ 
TION ELECTRONS. In the presence of a 
magnetic field, a nonferromagnetic metal will 
exhibit paramagnetism as a result of the dif¬ 
ference between the number of conduction 
electrons which have their spins parallel to 
the direction of the field and the number whose 
spins are antiparallel. Pauli has shown that 
the resulting susceptibility x is given by the 
expression 

12md2 fNw2\H 

where N is the number of conduction electrons 
per unit volume and (i = eh/2mc and is the 
Bohr magneton. This susceptibility is three 
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times as great as the diamagnetic susceptibility 
produced by changes in the orbital wave func¬ 
tions as given by Landau’s formula (see 
orbital diamagnetism of conduction electrons). 
Thus, when both effects are taken into account, 
the value of the total paramagnetic suscepti¬ 
bility is two-thirds that shown above. 

SPIN-REORIENTATION SPECTRA. See 
microwave spectra of molecules. 

SPIN TEMPERATURE. In a spin system 
with spin-lattice interactions, the lattice acts 
as a thermostat for the spin system. In equi¬ 
librium, a temperature equal to the tempera¬ 
ture of the lattice can be assigned to the spins, 
and the populations of the energy levels, Eit 
of the spin system will be given by the Boltz¬ 
mann factor e~Ei,kT) where T is the tempera¬ 
ture of the lattice. If the spin populations are 
inverted (as in maser action), the spin tem¬ 
perature will no longer be that of the lattice 
(it may be negative, see temperature, nega¬ 
tive). If the spin lattice relaxation time, r, 
is long, experiments of duration less than r 
may be performed on the inverted spin system. 

SPIN-VALENCE THEORY. See Heitler- 
London theory of valence. 

SPIRAL LOXODROMIC. See loxodrome. 

SPLIT-PLOT METHOD. An experimental 
design in which each plot is divided into two, 
and two additional treatments allocated one 
to each half. 

SPREADING PRESSURE. Call Amm the 
Helmholtz free energy of a film adsorbed at 
the surface of a liquid or a solid, and O the area 
occupied by this film. The derivative 

is called the spreading pressure or surface 
pressure of the film. 

If the film is adsorbed on liquid, II may be 
related to its surface tension 7 by 

II = 7 - y0. (2) 

y0 is the surface tension of the liquid in the 
absence of the film. 

Dilute films have often been considered as 
two-dimensional gases. Equations of state 
analogous to those valid for ordinary gases 

have been applied therefore to the spreading 
pressure. 

SPRING CONSTANT. Designating the ten¬ 
sile or compressive force applied to the spring 
by F, and the extension or contraction of the 
spring by x, the spring constant is dF/dx. If 
the spring is linear so that the spring constant 
is, in fact, constant, it is given by F/x. 

SPUR. Synonym of trace. 

SQUARE CONTINGENCY. See contingency. 

SQUARE WAVE. A wave which alternately 
assumes two fixed values for equal lengths of 
time, the time of transition being negligible 
in comparison with the duration of each fixed 
value. 

A square wave requires a considerable num¬ 
ber of sinusoidal frequencies to express it. 
These components are not mere mathematical 
fictions but are true electrical components in 
the case of an electric wave. They may be 
separated and examined by means of proper 
filter circuits. Since a square wave will con¬ 
tain a long series of frequencies it may be 
used for rapidly determining the frequency 
response of a piece of equipment by applying 
the wave to the input and noting the distor¬ 
tion of the output wave. The distortion is 
due to certain frequencies of the original wave 
being attenuated or amplified out of propor¬ 
tion in passing through the circuit. Thus the 
necessity of making a laborious series of tests 
at various frequencies using sine waves is 
avoided. 

SQUARE WELL POTENTIAL. The inter- 
molecular potential 

■"T
 

II 8
 

r < a (1) 

= —E a < r < R<r (2) 

= 0 r > Re (3) 

represents rigid spheres surrounded by an at¬ 
tractive core of strength E which extends to 
separations R<r (see figure). 

'ST 
-e- 

<r Ra 
r 

E 
_L 

Square well potential. 
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The square well potential takes account in 
a crude way of both the attractive and repul¬ 
sive parts of the intermolecular forces. 

S-STATE. A state of zero orbital angular 
momentum. 

STABILITY. See buckling; lateral buckling; 
critical load; and entries immediately follow¬ 
ing. 

STABILITY, DIFFUSION. See diffusion 
stability. 

STABILITY FACTOR. In a transistor cir¬ 
cuit, the ratio of the change in collector cur¬ 
rent to the change in Ico (d-c collector current 
for zero emitter current). In many circuits, 
this ratio is considerably greater than one, 
causing large changes in collector current as 
a function of temperature, due to the large 
temperature coefficient of Ic0 (11% Per °C 
for germanium). 

STABILITY, MECHANICAL. Mechanical 
stability is that property of a body which 
causes it to develop forces opposing any posi¬ 
tion or motion disturbing influence. The sub¬ 
ject may be divided into static stability and 
dynamic stability. The former is concerned 
with the production of the restoring forces, the 
latter with the oscillations that are set up in 
the system as a result of the restoring forces. 

Another classification is into (1) positive 
stability when the displaced object returns to 
an initial state of equilibrium after a tempo¬ 
rary disturbance, (2) neutral stability when 
the object tends to remain in a definite posi¬ 
tion but when disturbed may come to rest in 
a new position, (3) negative stability (i.e., in¬ 
stability), when the object assumes an en¬ 
tirely new position when disturbed from its 
initial state. A simple damped pendulum 
illustrates the first; a sphere on a horizontal 
plane, the second; while a slender cylinder 
standing vertically on end is a case of negative 
stability. 

Let it be assumed that an object at rest or 
in a state of uniform motion receives a dis¬ 
turbing force. Depending on the kind of sta¬ 
bility possessed, it might react with one of the 
motions shown in the accompanying figure. 
If it is dynamically stable as well as statically 
stable, its motion-time history may be one of 
diminishing oscillation or of simple subsidence, 
depending on the magnitude of damping, and 

Statically Unstable 

Left; Positive stability (both statically and dynam¬ 
ically stable). Right; Negative stability (both dy¬ 

namically unstable). 

inertial effects. Dynamic instability may oc¬ 
cur with either static stability or static insta¬ 
bility. These lead to divergent oscillation or 
to complete divergence. 

For simple linear systems, in which the 
time dependence can be expressed as ei(ot, the 
system is stable when to is real, and unstable 
when the coefficient of i in the imaginary part 
of a) is less than zero. If the coefficient is 
greater than zero, the system is overstable; 
when w = 0, it is neutrally stable. For a fuller 
discussion, see R. von Mises, The Theory of 
Flight, Chapter XIX (McGraw-Hill, 1945). 

STABILITY, NUMERICAL. See numerical 
stability. 

STABILITY OF A FLOATING BODY. Re¬ 
ferring to the left-hand sketch in the figure, 
the weight of a floating body, acting at the 

Stability of a floating body. 

center of gravity G, is balanced by the force 
of buoyancy, acting at the center of buoyancy 
B which is at the centroid of the displaced 
liquid. 

When the body is given a small angular dis¬ 
placement 6, as in the right-hand sketch, the 
center of buoyancy moves to a new position 
B'. The point M, where the vertical line 
through B' intersects the line BG, is called 
the metacenter. If the weight of the body is 
IF, the restoring moment is W0{GM), where 
the distance GM, known as the metacentric 
height, is considered positive when M is above 
G. Thus the condition for stability is that M 
should be above G. 

The distance from the metacenter M to the 
center of buoyancy B is I/V, where V is the 
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volume of liquid displaced by the body and 7 
is the moment of inertia of the horizontal 
section of the body at the free liquid surface 
about the axis of tilt. (See also Archimedes’ 
principle.) 

STABILITY OF LAMINAR FLOW. It is 
known from experiments that fluid flow may 
be either laminar or turbulent, the latter form 
being more usual at high Reynolds numbers. 
In conditions in which turbulent flow is usu¬ 
ally observed it is reasonable to assume that 
the laminar form of flow is unstable, and there 
is therefore considerable interest in determin¬ 
ing the conditions for instability of laminar 
flow. It should be emphasized, however, that 
transition from laminar to turbulent flow does 
not occur immediately after the laminar flow 
becomes unstable; if the only disturbances 
present are very small and if the rate of ampli¬ 
fication of these disturbances is also small, 
transition to turbulent flow may be consider¬ 
ably delayed and in some cases may not occur 
at all within the region considered. 

Three basic types of instability will be con¬ 
sidered, as follows: (1) Instability of curved 
flows, due to centrifugal forces. (2) Instabil¬ 
ity caused by vertical density gradients. (3) 
Instability of flow in straight ducts and in 
boundary layers. 

In curved flow, if viscosity is neglected and 
if the streamlines are circular, with velocity v 
at radius r, it can be shown that the flow is 
stable if vr increases with r, and vice versa. 
This show's, for example, that the flow between 
concentric cylinders, wdth the outer one at 
rest and the inner one rotating, would always 
be unstable if there were no influence of vis¬ 
cosity on the stability. Another example is 
the flow in a boundary layer along a concave 
w^all; in the inner part of the layer vr increases 
as r decreases, so that if viscosity had no effect 
on the stability the flow would always be un¬ 
stable. 

With real fluids viscosity has a stabilizing 
influence on these curved flows, so that in¬ 
stability only develops when the Reynolds 
number exceeds a certain critical value. For 
the tv'o cases already mentioned, the condi¬ 
tions for instability in a viscous fluid have 
been determined theoretically by considering a 
small three-dimensional disturbance and the 
results have been found to agree well with 
experiments. 

The effect of a vertical density gradient on 

the stability of a horizontal laminar flow is 
in some respects similar to the effect of curva¬ 
ture, since buoyancy forces in the former case 
have an effect similar to that of centrifugal 
forces in the latter case. An example is the 
flow of air over a flat horizontal surface w-ith 
a vertical gradient of temperature. The sta¬ 
bility of such a flow depends on the Richardson 
number 

g dp 

in addition to the usual dependence on Rey¬ 
nolds number. Here y is measured vertically 
upward and u is the velocity of flow. If 
7?j < 0, the density gradient has a destabiliz¬ 
ing effect and the flow' is always unstable. For 
sufficiently large positive values of Rt the 
flow' is stable. The critical value of Rt for 
stability depends on the velocity profile and 
on the Reynolds numbers; for a Blasius lam¬ 
inar boundary-layer profile the flow is stable 
for J?i > ^44 even at infinite Reynolds num¬ 
ber. At low’er Reynolds numbers the critical 
value of Ri is smaller. 

The third type of instability to be considered 
is the type occurring in a two-dimensional 
boundary layer or duct, wdth uniform density 
and without appreciable curvature. The the¬ 
ory is based on the superposition on the mean 
flow of a small twro-dimensional disturbance 
which is a function of time as well as space. 
The use of a two-dimensional disturbance is 
justified, because it can be shown that a given 
two-dimensional flow' remains stable up to a 
higher Reynolds number when the disturbance 
is assumed to be three-dimensional than when 
it is two-dimensional. Thus the critical Rey¬ 
nolds number for complete stability is deter¬ 
mined correctly by considering two-dimen¬ 
sional disturbances. 

The undisturbed flow is assumed in the the¬ 
ory to be parallel to a plane wall, so that the 
velocity depends only on distance measured 
normal to the wall and there is no velocity 
component normal to the w'all. This assump¬ 
tion is correct for flow far from the inlet in 
a channel with parallel walls, but only approx¬ 
imately correct for a boundary layer. Never¬ 
theless, the results of experiments on boundary 
layers agree w'ell wdth the theory. 
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It is convenient to introduce a reference 
velocity U0 and a reference length l, so that 
the equations can be expressed in non-dimen¬ 
sional terms. Distances parallel and normal to 
the flow are denoted by xl and yl, the corre¬ 
sponding velocity components are uU0 and 

vU0, and time is —- • t. The dimensionless 
U0 

velocity u may be expressed as 

u = JJ + u', 

where U refers to the mean flow and u' to the 
disturbance. 

The stream function representing a single 
oscillation of the disturbance is assumed to be 

* = meia{x~ct), (1) 

where only the real part has physical meaning. 
The quantity c is complex, and its imaginary 
part Ci represents the amplification or damping 
of the oscillation. If c4- is positive the disturb¬ 
ance is amplified and is unstable, while if it 
is negative the disturbance decays and is stable. 

By substituting Equation (1) into the equa¬ 
tions of motion and eliminating the pressure, 
the following equation is obtained: 

(U - - a2<f>) - U"<}> 

= ~~ (<*>"" - 2 a20" + a4*). (2) 
an, 

In this equation primes denote differentiation 

with respect to y and R = is the Reynolds 
v 

number. 
Equation (2), known as the Orr-Sommerfeld 

equation, is the basis of all theoretical work 
on stability of two-dimensional parallel flows. 
The general treatment of the equation is diffi¬ 
cult, but since experiments show that insta¬ 
bility usually occurs only at high Reynolds 
numbers it is natural to consider first the effect 
of letting R tend to infinity. This leads to the 
frictionless stability equation (or inviscid Orr- 
Sommerfeld equation) 

(U - c){4>" - a2<f>) - U"<f> = 0. (3) 

It is important to note, however, that even in 
Equation (3) the influence of viscosity on the 
mean flow has been taken into account, since 
Equation (2) is derived from the Navier- 
Stokes equations. The only difference be¬ 
tween Equations (2) and (3) is that in the 
latter the influence of viscosity on the fluctua¬ 
tions is assumed to tend to zero. 

An important result that can be obtained 
from the frictionless stability Equation (3) is 
that the existence of a point of inflection in the 
mean velocity profile is a necessary and suffi¬ 
cient condition for instability. This type of 
instability is known as frictionless or inviscid 
instability, since it appears as a consequence 
of Equation (3). The effect of viscosity on 
instability of this type is to reduce the in¬ 
stability. In contrast, there is another type 
of instability, known as viscous instability, 
which depends essentially on viscosity and 
does not appear as a consequence of Equa¬ 
tion (3). An example of such a case is the 
laminar boundary layer on a flat plate, which 
is considered later in this entry. 

It has been stated that frictionless instabil¬ 
ity occurs when there is a point of inflection 
in the mean velocity profile. In a laminar 
boundary layer such a point of inflection occurs 
when there is a positive pressure gradient, but 
not otherwise, so that a positive pressure 
gradient leads to instability at high Reynolds 
numbers. This is in agreement with experi¬ 
ments on streamline bodies at high Reynolds 
numbers, which show that transition from 
laminar to turbulent flow in the boundary 
layer usually occurs soon after the pressure 
minimum. 

To evaluate the conditions for stability when 
the Reynolds number is not infinite, some ac¬ 
count must be taken of the viscous terms in 
Equation (2). This has been done for a num¬ 
ber of different cases; the type of result ob¬ 
tained will be illustrated by considering one 
of the simplest cases of viscous instability, the 
laminar boundary layer on a flat plate with 
zero pressure gradient. 

The method used is to find two solutions 
cf>i and <f>2 from the frictionless Equation (3), 
and a second pair of solutions <£3 and <£4 from 
a new subsidiary equation. This subsidiary 
equation is obtained from Equation (2) by 
retaining only the most important viscous 
term. The retention of this term enables all 
the boundary conditions for viscous flow to 
be satisfied; the solutions <f>i and <£2 of Equa¬ 
tion (3) are capable of satisfying only two of 
the four boundary conditions. 

The results of these calculations for the 
boundary layer on a flat plate are shown in the 

OiC 
figure, where is plotted against R. The 

R 
Reynolds number R is defined as XJ0h*/v, where 
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U0 is the velocity outside the boundary layer 
and 5* is the displacement thickness. cr is 
the real part of c, so that the frequency of the 

disturbance is —-. The curve shown defines 
2 7T 

the conditions for neutral stability (c, = 0). 
For R < 420 oscillations of any frequency are 
damped and the flow is completely stable. For 
greater Reynolds numbers there is a range of 
frequencies for which the oscillations are ampli- 

Neutral stability curve for laminar boundary layer 
on flat plate. 

fied. Experiments using a hot-wire anemometer 
have confirmed the results shown in the figure. 

U 5* 
The Reynolds number —-— at which transition 

to turbulence occurs in the boundary layer is 
about 3000 for a flat plate in a stream of very 
low turbulence. This is considerably greater 
than the value suggested at first sight by the 
figure, because a considerable length of plate 
is required for amplification of the disturbances 
and the process of transition to turbulent flow. 

The two branches of the neutral “stability 
curve” shown in the figure tend towards zero 
at very large Reynolds numbers, because there 
is no point of inflection in the velocity profile 
and the only instability is of the viscous type. 

The stability of a laminar boundary layer 
on a smooth wall may be increased greatly 
either by sucking fluid from the boundary 
layer into the wall (which must then be por¬ 
ous) or, in the case of a gas, by heat transfer 
from the gas to the wall. Conversely, the 
laminar boundary layer in a gas is made less 

stable by heat transfer from the wall to the 
gas. The effect of heat transfer is due mainly 
to variation of viscosity with temperature 
which leads to a change of velocity profile. 
(See C. C. Lin, The Theory of Hydrodynamic 
Stability, Cambridge University Press, 1955.) 

STABILITY OF PHASES. (See thermody¬ 
namic stability conditions.) Consider an un¬ 
perturbed system P which consists of a single 
phase, while the perturbed system P' contains 
in addition a small amount of a new phase. 
The phase P is stable in respect to P' if the 
transformation P' —»P is a spontaneous ir¬ 
reversible change, while the transformation 
P —> P' can only occur as the result of an ex¬ 
ternal action or of molecular fluctuations. 

One has to specify the nature of the new 
phase. Either its intensive properties (molar 
volume, composition, etc.) differ but infini- 
testimally from those of the original phase, or 
they differ from them by a finite, non-zero 
amount. 

The following possibilities exist: (1) The 
initial phase is stable with respect to all 
phases, whether infinitesimally different or 
not; (2) The initial phase is stable with re¬ 
spect to all phases infinitesimally different 
from it, but there is at least one other phase 
with respect to which it is not stable; (3) The 
initial phase is unstable with respect to phases 
infinitesimally different from it. 

In the first case one says that the phase is 
stable, in the second metastable and in the 
third unstable. 

If a phase is unstable it will disappear as a 
result of molecular fluctuations. On the con¬ 
trary in the case of metastable phases, the sys¬ 
tem may remain indefinitely in equilibrium. 
On the other hand, if nuclei of a new, more 
stable phase are introduced the system changes 
over into this phase. (See also thermal stabil¬ 
ity; stability, mechanical; diffusion stability.) 

STABILITY OF SYSTEM. 
(a) General Definitions, (i) a system is 

stable if and only if all its normal modes tend 
to zero as t —*■ oo. (ii) A system is critically 
stable if its normal modes are all bounded but 
one or more do not tend to zero as t—> oo. 
(iii) A system is unstable if one or more of its 
normal modes is unbounded. 

These are equivalent to saying that a system 
is stable if the roots of its characteristic equa¬ 
tion all lie to the left of the imaginary axis of 
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the s-plane; that a system is critically stable 
it' its characteristic equation has any simple 
roots on the imaginary axis, all others lying to 
the left of that axis; that the system is un¬ 
stable if its characteristic equation has either 
multiple roots on the imaginary axis or roots 
to the right of that axis. 

An alternative definition sometimes used is 
that a system is stable if and only if it never 
gives rise to an unbounded output when ener¬ 
gized by a bounded input. The essential dif¬ 
ference between this definition and the above 
is that a system which is critically stable by 
the first definition is unstable by the second. 

(£>) Algebraic Criteria, (i) Routh Criterion. 
If, as is the case with all lumped parameter 
systems, the characteristic equation can be 
written in polynomial form 

do 4* Ois + a2s* -|-= 0 

the array 

flfl do (I4 • • • 

«3 • • • 

Ai A2 As ... 

B\ B2 . 

C, . 

is set up, in which A\ = (a1n2 — a0a3)/a1( A2 
= (0,04 - a0fl5)/oi, 03 = (cqae - ooa7)/oi etc., 
and succeeding rows are obtained from the 
preceding two rows in the same manner as the 
third is obtained from the first two. The rows 
will be found to get shorter by one element 
every two rows and to be (n -+- 1) in number. 

The system is stable if and only if all the 
elements of the first column have the same 
sign. (In fact, the number of changes of sign 
on going down the first column is the number 
of roots of the characteristic equation in the 
right half-plane.) 

If a zero is formed in the first column before 
the array is complete (which prohibits the 
calculation of further rows) it may indicate 
either instability or critical stability. If the 
zero is preceded by two rows consisting of the 
same number of elements and such that the 
ratio of corresponding elements in the two 
rows is constant, roots on the imaginary axis 
are indicated; moreover, in this case, the ele¬ 
ments of either of these rows, read from right 
to left, successively multiplied by s°, s, s-, etc., 
added and equated to zero will give the equa¬ 

tion whose roots are the roots of the charac¬ 
teristic equation lying (in conjugate pairs) on 
the imaginary axis. If on the other hand the 
zero is not preceded by two rows with propor¬ 
tional elements then there is at least one root 
in the right-half plane and the system is un¬ 
stable. 

A necessary, but, except when n = 1 or 2, 
an insufficient condition for stability is that 
all the polynomial coefficients shall be non¬ 
zero and all have the same sign. This condi¬ 
tion is always implicitly contained in the 
Routh criterion. 

(ii) Hurwitz Criterion. Using the same 
polynomial form of the characteristic equa¬ 
tion as before, the array 

a{ «0 0 0 0 . 

03 «2 fli «o 0 0 

a5 a4 a3 a2 ai a0 ••• 

°7 (*6 . 

is drawn up, extending for (n-1) rows and 
columns, absent coefficients being replaced by 
zeros. 

The system is stable if and only if 
(1) All the coefficients of the polynomial 

are of the same sign, which must be assumed 
positive, and 

(2) The values of the determinants of order 
2 to (n-1) and having the top left array ele¬ 
ment as their top left element are also positive. 

(r) Topographical err Nyquist Criterion. 
(i) For a Control System. It is assumed that 
if 0{s) is the output to error transfer function 
then as s —» 00, G{s) —* 0. This is normally 
the case in any practical system. 

If the system is stable on closed loop, the 
vector locus of drawn from — 00 to 
«< —* -f in the sense of increasing <■> (i.e., the 
vector locus of (7(s) corresponding to follow¬ 
ing the imaginary axis in the s-plane) en¬ 
circles the point ( — 1,0) P times counterclock¬ 
wise, where P is the number of poles of (?(s) 
to the right of the imaginary axis, multple 
poles counting according to their order. 

The following points should be noted: 
(a) If P 0 the system is unstable on 

open loop, i.e., with the (-1) feedback from 
output to error broken. 

(b) The value of P may be found, in lumped 
parameter systems, by writing G(s) = 
X(s)/D(s) where N and D are polynomials; 
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P is then the number of zeros of D(s) to the 
right of the imaginary axis, which may be 
found most simply by the Routh criterion. 

(c) If G(s) has poles on the imaginary axis 
these must be circumvented in the s-plane by 
infinitesimal semicircles in the right half¬ 
plane having these poles as centers. These 
indentations will correspond in the plane of 
G’(s) to a clockwise rotation through 180° at 
indefinitely large radius for every simple pole 
so encountered, multiple poles again counting 
according to their order. These infinite semi¬ 
circles must be taken into account in assessing 
the number of encirclements of the point 

(-1,0). 
(d) Since G( — io>) is the complex conjugate 

of G{io>), the locus of G(s) for negative real 
frequencies is the mirror image, in the real 
axis of the G(s) plane, of the locus for cor¬ 
responding positive real frequencies. 

(e) If and only if P = 0, an adequate 
simpler criterion is that the locus of G(io>) 
drawn in the sense of increasing a>, shall leave 
the point ( — 1,0) to its left. 

(ii) For a General Feedback System. It is 
of course always possible to reduce the basic 
equations of the system 

“I” ®2i(®)Q2(®) “I-' ’ ■ ~\~nnj{s')Qn(s') 

= = 1, 2, •• • n 

(see system equations), by eliminating all 
but two of the Q’s, to a pair of equations re¬ 
lating these two quantities only, which can be 
put in the form 

Qi(«) - 0(a) Q2(b) = fi(s) 

Qz(s) - mOOQiOO = (s). 

This in effect reduces the system to a single 
loop system of loop transfer function ju(s)0(s). 
Since the characteristic equation is 

A(s) = 1 - m(s)/S(s) = 0 

the above formulation of the Nyquist criterion 
may be applied, replacing G(s) in the preceding 
section by — *z(s)0(s). Thus the system will 
be stable provided 

(a) The locus of — n(ia)P(iu) encircles the 
point ( — 1,0) P times counterclockwise, or 

(b) The locus of +ji(tcu)0(?co) encircles the 
point (+1,0) P times counterclockwise, or 

(c) The locus of 1 — encircles the 
origin P times counterclockwise, P being in 
each case the number of simple poles of ^(s)/3(s) 

lying in the right-hand half-plane, any poles on 
the imaginary axis being circumvented as ex¬ 
plained above. 

In a multi-loop system however, n or 0 or 
both may comprise subsidiary, possibly un¬ 
stable loops, so that in general P+= 0. To 
avoid the reduction of the equations to the 
above form and the subsequent finding of the 
value of P by the Routh Criterion, the Ny¬ 
quist method may be extended as follows. 

We start from the premise that a passive 
system is necessarily stable. In other words 
if, in the given system, the active elements are 
made inactive, we have a stable system. We 
then imagine each of the active elements to be 
activized one at a time until the system is back 
to its normal state, investigating at each stage, 
the behavior of the return difference for the 
re-activized element. (The order in which the 
elements are reactivized is entirely a matter 
of convenience.) 

Rendering an element inactive has the 
effect, in the set of general system equations, 
of making some parameter of that element 
zero. In the case of an electron tube, the 
amplification factor or the mutual conductance 
vanish; in the case of a rotary machine ampli¬ 
fier the armature voltage per ampere-turn 
vanishes, and analogously for other types of 
active elements. Further, it can be shown 
that the return difference for any parameter is 
the ratio of the values assumed by the system 
determinant when the parameter has its nor¬ 
mal value and when this value is made zero, 
provided only that the determinant is a linear 
function of the parameter. 

We suppose then that there are m active 
elements and, having placed these in some ar¬ 
bitrary order, we denote by Ar the value of the 
system determinant when the first r of these 
elements are activized, the remainder being 
inactive. Starting from the completely in¬ 
active system, the return difference for the 
first element is Ai/A0. The return difference 
for the second element (the first one remaining 
active) is A2/Ai. The return difference for the 
third (the first two remaining active) is A3/A2 

and so on until finally the return difference for 
the mth element (all other remaining active) 
is Am/Am_! in which furthermore Am s= A, the 
normal system determinant. Now the number 
of counterclockwise encirclements of the origin 
made by the Nyquist locus of the return differ¬ 
ence of the rth element, Ar/Ar_i is (zr_i — zr) 
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where zr denotes the number of zeros of Ar in 
the right half-plane. Hence the sum of such 
encirclements made by all the successive return 
difference loci is (z0 — Z\) + (21 ~ z2) d- 
+ (zm_ 1 — zm) = z0 — zm. But z0 is zero since 
the system is then passive. For stability, more¬ 
over, z,„ must be zero. Hence for stability of the 
normal system the sum of the encirclements of 
the origin made by the various return difference 
Nyquist loci must be zero. 

STABILITY, SLOPE. See slope stability. 

STABILITY, STATIC. In incompressible 
fluids, a quantity equal to 

1 dp 

s = ~;7z 
where 2 is measured vertically upwards, and 
p is the density. In fluids compressed under 

1 dd 
their own weight it is equal to - — , where 6 is 

6 dz 

the potential temperature, this being a measure 
of the departure of the lapse rate from the 
adiabatic value. (See adiabatic lapse rate.) 

The vertical buoyancy force on unit mass of 
fluid displaced a distance f in a horizontally 
stratified fluid is — g&t;. 

STABILIZATION OF VARIANCE. The 
transformation of a variate by some functional 
relation to a new variate, carried out with the 
object of making the error variance of the new 
variate more nearly constant under the vari¬ 
ous conditions of the experiment. 

STABLE LINEAR NETWORK FUNCTION. 
See network function, stable linear. 

STABLE PERIOD. See period, reactor. 

STACK LOSS. See heat carried away. 

STAEBLE-LIHOTZKY CONDITION. In 
geometric optics, the Staeble-Lihotzkv condi¬ 
tion or isoplanasic condition is necessary and 
sufficient for an oblique bundle of rays to be 
symmetric with respect to a given principal 
ray. It states that an optical system is cor¬ 
rected for coma error if and only if the spheri¬ 
cal aberration and sine condition are propor¬ 
tional. Thus it is one of the most valuable 
criteria in optical design. 

STAGE EFFICIENCY. In a turbine or com¬ 
pressor stage, the ratio of the useful work per 

unit mass flow to the isentropic enthalpy drop 
hs across the stage, or 

UiVic — U2V2C 

(For explanation of symbols, see velocity dia¬ 
gram.) 

STAGNATION POINT. A point at which 
the fluid velocity is zero, in particular a point 
on the boundary at which the velocity is zero 
in an inviscid fluid or at which there is no 
tangential stress in a viscous fluid. It is a 
point at which the stagnation pressure can be 
measured. 

STAGNATION PRESSURE. The pressure at 
a point of stagnation (zero velocity) on a body 
around which fluid flows. 

STAGNATION TEMPERATURE. The tem¬ 
perature acquired by a (compressible) fluid at 
a stagnation point in adiabatic flow. The po¬ 
tential temperature defined using the stagna¬ 
tion pressure as standard. 

STALLING OF AN AIRFOIL. For small or 
moderate incidence the lift coefficient of an 
airfoil increases approximately linearly with 
incidence, as predicted by potential-flow 
theory. With increasing incidence, however, 
the positive pressure gradient on the upper 
surface increases, and a stage is reached at 
which this pressure gradient causes separation 
of the boundary layer. The airfoil then stalls, 
and further increases of incidence gives little 
or no increase of lift coefficient and may some¬ 
times cause a rapid decrease. 

The nature of the stall depends on the shape 
of the airfoil section, particularly on the thick¬ 
ness/chord ratio and the radius of curvature at 
the leading edge. On a thick airfoil with a 
well rounded leading edge, the stall occurs 
when the boundary layer separates in the tur¬ 
bulent state towards the rear of the airfoil. 
With increasing incidence the separation point 
moves gradually forward. 

On thinner airfoils, especially those with 
relatively sharp leading edges, the boundary 
layer separates in the laminar state near the 
leading edge. This often occurs at a low or 
moderate incidence, and at high Reynolds 
numbers the separation is followed almost im¬ 
mediately by transition to turbulent flow and 
reattachment. The effect of the separation on 
the pressure distribution is then very small and 
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the airfoil is not usually regarded as being 
stalled. With further increase of incidence a 
stage is reached at which either the boundary- 
layer fails to re-attach after separation or the 
point of re-attaclnnent moves back towards 
the rear of the airfoil. The former case occurs 
on airfoils of moderate thickness with rounded 
leading edges and leads to an abrupt decrease 
of lift when the boundary-layer fails to re¬ 
attach. In the latter case, which occurs on 
very thin airfoils, or airfoils having sharp lead¬ 
ing edges, the lift coefficient remains roughly 
constant with increasing incidence. 

The stalling behavior of a wing of finite 
aspect ratio depends not only on the sections 
but also on the planform. With a strongly 
tapered wing, without twist, the effective inci¬ 
dence is higher at the tips than at the center, 
so that with increasing incidence stalling oc¬ 
curs first at the tips. Conversely, an untwisted 
wing of rectangular planform stalls first at the 
center. Sweepback also has important effects 
on stalling; the outer part of a swept back 
wing usually stalls first, giving a nose-up 
change of pitching moment at the stall. 

STANCHION. British term for column. 

STANDARD COLORIMETRIC OBSERVER, 
CIE. See CIE standard colorimetric ob¬ 
server. 

STANDARD DEVIATION. The standard 
deviation of a frequency distribution is the 
square root of its variance. It is the most use¬ 
ful measure of dispersion. 

STANDARD ERROR. A name often given to 
the standard deviation of a sampling distribu¬ 
tion. 

the form shown in the figure, which are equiv¬ 
alent for appropriate choice of constants. 

The constitutive equation in differential 
form is of first order in derivatives of both 
stress and strain, and takes the form: 

v ( E2\ 
— o' —(— ( 1 H-1 a = vi -f- Ebe. 
E i V Ei/ 

STANDARD MEASURE. A variate may be 
changed to standard units by the transforma¬ 
tion 

x — x 
t =-. 

ax 

where t is in standard units, x is the variate, x 
is the mean, and ax is the standard deviation 
of the distribution. In such cases t has a 
mean zero and a standard deviation of 1, and 
is said to be in standard measure. 

STANDARD REFRACTION. The refraction 
which would occur in an idealized atmosphere 
in which the refractive index decreases uni¬ 
formly with height at the rate of 39 X 10“6 
per kilometer. Standard refraction may be 
included in ground wmve calculations by use of 
an effective earth radius of 8.5 X 10® meters, 
or % the geometrical radius of the earth. 

STANDARD TEMPERATURE AND PRES¬ 
SURE. See normal temperature and pressure. 

STANDING WAVE. A wave disturbance 
which is not progressive, i.e., one in which any 
component of the field can be specified as a 
function of position multiplied by a sinusoidal 
function of time. (See also standing waves 
(in fluid).) 

STANDARD LINEAR SOLID. Viscoelastic 
material exhibiting instantaneous and delayed 
elasticity only. It is represented by models of 

Ei 

AAAr 

Ez 

-Wv- 

fir 
l + € 

STANDING-WAVE RATIO. Any transmis¬ 
sion line such as a waveguide or an acoustic 
transmission system, unless terminated by its 
characteristic impedance, will exhibit a super¬ 
position of standing and progressive waves. 
The standing wave ratio is a measure of the 
relative amplitudes of the two types of wave 
and is defined as the ratio of the maximum 
amplitude of pressure (or voltage) to the mini¬ 
mum amplitude of pressure (or voltage) meas- 
sured along the path of the waves. Thus, at a 
given frequency in a uniform waveguide the 
standing-wave ratio is the ratio of the maxi¬ 
mum to the minimum amplitudes of corre¬ 
sponding components of the field (or the volt¬ 
age or current) along the waveguide in the 
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direction of propagation. Alternatively, the 
standing wave ratio may be expressed as the 
reciprocal of the ratio defined above. 

STANDING WAVES (IN FLUID) . Waves 
in a moving stream of fluid whose pattern is 
fixed relative to the bed. The motion is 
steady, the fluid passing along fixed stream¬ 
lines. 

The velocity of the waves relative to the 
fluid is equal and opposite to the velocity of 
the fluid relative to the bed. 

Standing waves are commonly produced on 
rivers and streams where the cross section area 
varies, and in air currents over uneven coun¬ 
try. In the latter case stationary clouds are 
often produced in the wavecrests with the air 
passing through them. (Cf. stationary waves 
(in fluid).) 

STAR. (1) The set of coefficients associated 
with any particular approximation to deriva¬ 
tives by differences used in the numerical solu¬ 
tion of partial differential equations. (2) 
When a high energy nuclear particle, such as 
a proton of many Bev energy, collides with a 
nucleus, or a meson is absorbed, a large num¬ 
ber of secondary particles may be knocked 
out in all directions. Many of these particles 
are electrically charged and so give rise to 
ionization in a closed chamber or a photo¬ 
graphic plate. The general appearance of the 
event is thus one of a set of rays emanating 
from a center, and to it has been given the 
descriptive term “star.” For a long time the 
only source of particles of such energy was the 
cosmic radiation. 

STAR CLUSTERS. The stars are not scat¬ 
tered at random over the sky. Here and there 
obvious star clusters appear, some of which 
are conspicuous to the naked eye and have 
been appropriately named, e.g., the Pleiades, 
the Hyades, Coma Berinices, etc. In con¬ 
trast to these open clusters, the telescope re¬ 
veals a number of clusters of stars gathered 
together in a more or less compact spherical 
array. 

Since most of the open clusters are found in 
the general region of the milky way, they are 
referred to as galactic clusters while the more 
compact clusters are known as globular clus¬ 

ters. 
(1) The Galactic Clusters. About 500 ga¬ 

lactic clusters have been identified, containing 

from about twenty to a few hundred stars with 
at least one, the Perseus Cluster, with over one 
thousand stars. Those that have been studied 
have all been within 20,000 light years of the 
sun, but there is no reason to assume that they 
are not equally numerous in other regions of 
our galactic system. 

(a) Moving Clusters. Usually the proper 
motions of stars in the same constellation are 
so varied in amount and direction that no con¬ 
nection between them can be found. However, 
in several cases, notably Ursa Major and the 
Hyades, the proper motions are in such close 
agreement that we may say with confidence 
that they are moving together. In the con¬ 
stellation of Ursa Major six of the eight stars 
forming the “dipper” have the same proper 
motions. The determination of the radial 
velocities removes all doubt. In this case we 
have a cluster that is moving relative to the 
sun but is so close to the sun that the members 
of the moving cluster are scattered over a 
considerable area of the sky. 

In the smaller group, known as the Hyades, 
we find a group of at least 150 members, mov¬ 
ing together (Aldeberan is not one of the 
group). In this case the apparent paths con¬ 
verge, which indicates that the cluster is mov¬ 
ing away from the vicinity of the sun and in 
the general direction of the present apparent 
position of Betelgeuse. The determination of 
the radial velocity of one or more members of 
the cluster may be combined with the observed 
proper motion to determine the space velocity 
of the cluster as about 44 km/sec. The dis¬ 
tance is about 40 parsecs. We can also de¬ 
termine that 800,000 years ago the cluster was 
closest to the sun and at a distance of about 
20 parsecs. From a study of the magnitudes 
and colors of the members of the cluster (cf. 
spectrum-luminosity relations), the absolute 
magnitudes, M, of the stars may be found. 
Combining this with the observed magnitudes, 
m, of the same objects, the distance r may be 
determined by 

m — M 
logio r = 1 d--- 

5 

in which r is the distance in parsecs, due re¬ 
gard having been made for possible absorption 
of light in space. Distances of a number of 
other galactic clusters have been determined 
by this and other methods. They range from 
40 to 2250 parsecs. 
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(2) Globular Clusters. A globular cluster 
is a considerable number of stars that are ap¬ 
parently gathered together in a relatively 
small volume of space. Several of them may 
be recognized with the unaided eye, e.g., the 
globular cluster in the constellation of Her¬ 
cules, and an even brighter one in the con¬ 
stellation of Centaurus. The apparent dis¬ 
tances between the individual stars seem to 
decrease toward the center. In fact the cen¬ 
tral portions cannot be resolved into their 
individual stars with the telescopes of highest 
resolving power. 

The majority of the globular clusters are on 
the side of the sun toward the center of the 
galactic plane with fully one-third of them in 
the direction of the constellation of Sagittarius. 
Variable stars have been found in many of the 
globular clusters and most of them are of the 
RR Lyrae Type (cf. variable stars). The 
radial velocity of some of these have been de¬ 
termined and the results indicate that the 
variables are actually in the clusters. Since 
these RR Lyrae variables have the same me¬ 
dium absolute magnitude, the distances of the 
clusters may be determined by measuring the 
median apparent magnitude of the variables, 
due allowance being made for the absorption 
of light in space. 

The globular clusters differ in size and lumi¬ 
nosity over a considerable range. Their diam¬ 
eters average about 130 light years and the 
absolute magnitudes average about — 7 which 
means that they have an average brightness of 
about 100,000 that of the sun. They are rela¬ 
tively scarce in space with none closer to the 
sun than 20,000 light years. 

Detailed studies of some of the globular 
clusters yield the color index of some of the 
stars as well as the brightness of the same 
stars. From these data we are in a position to 
compare the spectrum-luminosity relations for 
the globular clusters with that of the spec¬ 
trum-luminosity relations of stars relatively 
closer to the sun. This has been done for sev¬ 
eral clusters and the star populations in the 
clusters have been found to be different from 
that in the vicinity of the sun. 

STARK EFFECT. In an electric field of 
strength E an atomic or molecular energy 
level corresponding to a total angular momen¬ 
tum J splits into J + 1 or J + y2 component 
levels, depending on whether J is integral or 
half integral, with the quantum numbers 

|A/| = J,J — 1, • • •, 0 or \. 

The energies of these levels are given by 

W = W0 - UEE 

where W0 is the energy in zero field and fin is 
the mean component of the electric dipole mo¬ 
ment in the field direction. (See also space 
quantization.) Different from the situation 
in a magnetic field (Zeeman effect) the energy 
of the Stark effect levels depends only on the 
absolute value of M, that is, pairs of levels 
which differ only by the sign of the magnetic 
quantum number (+M and —M) have the 
same energy. 

If the energy of the component levels is ex¬ 
pressed in the form 

W = Wo + AE + BE2 + CE3 + • • • 

where A, B, and C are constants for the energy 
level (see below), the second term gives the 
first order or linear Stark effect, the third term 
the second order or quadratic Stark effect. 

The selection rules for the quantum number 
M are 

AM = 0, 1 (M = 0 H-” M = 0 for AJ = 0). 

Lines corresponding to transitions with AM 
= 0 are plane polarized with the electric vector 
parallel to the field direction (7r-components), 
those with AM — 1, plane polarized with the 
electric vector perpendicular to the field direc¬ 
tion (<r-components). 

I. Atomic Spectra. For hydrogen the con¬ 
stants A, B, and C in the above equation for 
the energy IF of the Stark components are 
given by 

A = 
3 h2 

8-rr2me 
n(n2 - iti), 

B = 
210tr6m3e6 

n 

X [17n2 — 3(n2 — nj) — 9m2 -f- 19] 

C = 
3 h 10 

21V°mV1 
n 

X [23n2 - (n2 - nx)2 + 11m;2 + 39], 

Here h is Planck’s constant, e and m, charge 
and mass, respectively, of the electron, and n, 
the principal quantum number. n\, n2, and 
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mt are electric quantum numbers, subject to 
the condition 

mi = n — n2 — n\ — 1 

where 

n, = 0, 1, 2, • • •, n - 1; 

n2 = 0, 1, 2, • • •, n — 1; 

mi = 0, ±1, ±2, • • •, ±(n — 1); 

n = 1, 2, *•-,<». 

For fields E < 100000 volts the lower states 
of hydrogen show only the first order effect 
with a symmetrical splitting of the levels about 
the field-free position. The second order effect 
becomes large for higher states and higher 
lields, and results in a unidirectional displace¬ 

ment. 
For non-hydrogenlike atoms the second order 

Stark effect predominates quite generally over 
the first order effect. (For more detail see 
H. E. White, Introduction to Atomic Spectra, 
McGraw-Hill Book Co., 1934, p. 401 ff.) 

II. Molecular Spectra. For molecules with¬ 
out permanent dipole moment 

Pe — fly | mi E 

where aj\M\ is a constant depending on J and 

M. 
For linear or symmetric top molecules with 

a permanent dipole moment, y, 

iiMk 

M'E = +J(7TT) 
47r2I0y2E r (J2 - M2) 

h2 Lj3(2J - 1)(2J + 1) 

[{j + i)2 - m2][(j + i)2 - K2y 
~ (J + 1)3(2J + 1)(2J + 3) . 

Here h is Planck’s constant, /„ is the molecular 
moment of inertia about an axis perpendicular 
to the figure axis, and K = ±fc, is the quantum 
number corresponding to the component of J 
in the direction of the figure axis. For diatomic 
molecules K must be replaced by A, lor linear 
polyatomic molecules by l (see G. Herzberg, 
Infrared and Raman Spectra of Polyatomic 
Molecules, D. Van Nostrand Co., Inc., 1945, 
p. 380). If K (or A or l) is zero the preceding 
expression simplifies to 

J(J + 1) - 3M2 I 

_J(J + 1)(2J-1)(2J + 3)J’ 

that is, only a quadratic, and no linear Stark 
effect occurs. 

STAR MASSES AND MASS FUNCTION. 
See stellar masses and mass function. 

STAR MASS-LUMINOSITY RELATION. 
See stellar mass-luminosity relation. 

STARS, BINARY SPECTROSCOPIC. See 
spectroscopic binary stars. 

STAR SPECTRUM-LUMINOSITY RELA¬ 
TIONS. See stellar spectrum-luminosity re¬ 
lations. 

STARS, SPECTRAL CLASSIFICATION. 
See spectral classification of stars. 

STARS, VARIABLE. See variable stars. 

STARTING VORTEX. See airfoil started 
from rest. 

STATE. The state of a thermodynamic sys¬ 
tem is described by the set of its macroscopic 
properties. The state is fixed when its macro¬ 
scopic properties have fixed numerical values. 
It is known from experiment that only a lim¬ 
ited number of properties are independent for 
any given system. When the independent 
properties are given fixed values, all the prop¬ 
erties, and hence the state, become fixed. It is 
immaterial which particular properties are 
fixed, provided that they are mutually inde¬ 
pendent, and that the requisite number of 
them is chosen. For example, the state of a 
given quantity of a gas is fixed when two in¬ 
dependent properties are fixed; of the three 
properties, temperature T, pressure p, specific 
volume v, any two can be chosen as inde¬ 
pendent, but specific volume and density p, 

cannot be so chosen, because they are related 
by the equation pv = 1, and are not, therefore, 
mutually independent. (See entries immedi¬ 
ately following and stationary state.) 

STATE, EQUATION OF. See equation of 
state. 

STATE OF STRAIN. The strain field in a 
body is often referred to as the state of strain 
in the body, or the strain in the body and the 
strain tensor at a point of the body as the 
state of strain at the point, or the strain at 
the point. 

STATE OF STRESS. The stress field in a 
body is often referred to as the state of stress 

AirMoSE 
Pe-TT~ 
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in the body, or the stress in the body and the 
stress tensor at a point of the body as the 
state of stress at the point, or the stress at the 
point. 

STATE SUM. See partition function. 

STATICALLY ADMISSIBLE. A state of 
stress throughout a body which satisfies the 
equations of equilibrium and the boundary 
conditions on surface traction is termed static¬ 
ally admissible. When employed in connection 
with the lower bound theorem of limit anal¬ 
ysis, a further restriction is that the stresses 
everywhere be below yield values. 

STATICALLY DETERMINATE. See deter¬ 
minate structure. 

STATICALLY INDETERMINATE. See 
indeterminate structure. 

STATIC FRICTION. See friction, coefficient 
of. 

STATIC MOMENT. See moment, static. 

STATIC PRESSURE. The pressure at a 
point in a fluid, defined as (1) the normal stress 
on unit area moving with the fluid, or (2) the 
mean of the normal components of stress on 
three mutually perpendicular elements of sur¬ 
faces at that point, at rest relative to the fluid. 
In fluids of small viscosity, the differences be¬ 
tween these three normal components of stress 
are usually very small, so that any one of them 
is nearly equal to the pressure. 

The word “static” is often included to dis¬ 
tinguish the pressure, as defined above, from 
other quantities such as total pressure and 
dynamic pressure. 

STATICS. The study of systems at rest or 
moving with uniform velocity with respect to 
an inertial frame. 

STATIC STABILITY. See stability, static. 

STATIONARY STATE. (1) In a quantum- 
mechanical system, a state corresponding to a 
definite value of the energy. (2) A thermo¬ 
dynamic system is in a stationary state when 
its intensive variables (see also intensive prop¬ 

erties) are time-independent. The definition 
includes two classes of situations: 

(1) Equilibrium states: the system is in 
thermodynamic equilibrium; no irreversible 
processes occur in it and there are no exchanges 
with the outside world. The entropy produc¬ 

tion (see also thermodynamics, second law 
of) vanishes. 

(2) Stationary non-equilibrium states: in 
this case irreversible processes proceed in the 
system. The time-independence of the inten¬ 
sive properties is due to a compensation of 
the effect of the irreversible processes by ex¬ 
changes with the outside world. 

An isolated piece of metal initially at a non- 
uniform temperature will, of course, reach a 
state of thermodynamic equilibrium. But if 
we cool it at one end and heat it at the other, 
it will reach a stationary non-equilibrium 
state. Another example is afforded by a sys¬ 
tem which receives a component M from the 
outside environment and transforms it through 
a certain number of intermediate states into 
a final product F which is returned to the 
external environment. After some time a sta¬ 
tionary state arises when the concentration 
of the intermediate components no longer vary 
with time. 

One may say that stationary non-equilib¬ 
rium states are reached wdien there exist some 
constraints which prevent the system from 
reaching true thermodynamic equilibrium. In 
the first example it is the difference of tem¬ 
perature at both ends, in the second, it is the 
value of the concentrations of the initial and 
final products in the external environment. 

In non-equilibrium stationary states the 
entropy production does not vanish. (See 
minimum entropy production; time variation 

of the entropy production.) 

STATIONARY STOCHASTIC PROCESS. A 
stochastic process (r(t)} is strictly stationary 
if the multivariate distribution of any con¬ 
secutive set x(t), x(t + 1), ••• x(t + k) is 
the same for any value of t and for all k. A 
process is weakly stationary if the mean value 
E(xt) = mt is independent of t and the co- 
variance, cov (xt, xT), depends only on the 

difference t — r. 

STATIONARY TIME SERIES. A time series 

having stable statistical properties in the fol¬ 
lowing sense. Let x{t) denote the value of the 
variable at time t. Hold t fixed and imagine 
an indefinite series of repetitions of essentially 
the same generating process, giving rise to a 
population (ensemble) of values of x(t). For 
a stationary time series, the ensemble prob¬ 

ability distribution of x(t) is independent of t. 
When the probability distribution changes 
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very gradually with t, the time series is called 
quasi-stationary. 

STATIONARY WAVES (IN FLUID) . Waves 
with nodes fixed in the fluid, the particles be¬ 
tween the nodes being in oscillation, the dis¬ 
placement of the particles relative to the mean 
position, being proportional to cos kx cos at. 

Stationary waves on the surface of a fluid 
under gravity are produced where progressive 
waves are reflected at a vertical wall which is 
parallel to their crests. The center of gravity 
of the whole fluid oscillates vertically (unlike 
in progressive waves) so that the pressure on 
the bed of the fluid fluctuates with period -n/a. 

When a train of ocean waves is reflected nor¬ 
mally at a coastline seismic waves are pro¬ 
duced in the sea bed by this pressure fluctua¬ 
tion, which are known as microseisms and can 
be detected far inland. (Cf. standing waves 
(in fluid).) 

STATISTIC. A statistic is a function of the 
observations in a sample usually designed to 
estimate a parameter of the population from 
which the sample was drawn. 

STATISTICAL HYPOTHESIS. See hypothe¬ 
sis, statistical. 

STATISTICAL INDEPENDENCE. The re¬ 
lationship between two or more random vari¬ 
ables when their joint probability density 
function can be expressed as the product of 
the individual functions, 

F(x,y) = H(x)G(y); 

and the ranges of variation of x and y are in¬ 
dependent. Otherwise, variates are statisti¬ 
cally dependent. 

STATISTICAL MATRIX. See density ma¬ 
trix. 

STATISTICAL MECHANICS. That part of 
physics where one derives the properties of 
matter in bulk from a knowledge of the be¬ 
havior of its constituent parts. It is developed 
from kinetic theory but is distinguished from 
it by considering ensembles of systems rather 
than single systems. Statistical methods are 
needed because physical systems contain so 
many particles that the equations of classical 
mechanics become so many that—even if we 
had sufficient knowledge about the system to 
determine the initial conditions—their solu¬ 
tion is impossible. 

In classical (or Boltzmann) statistics one 
considers distributions in phase space. Each 
system corresponds to a point (the representa¬ 
tive point) in phase space, and an ensemble 
corresponds to a collection of points. Aver¬ 
ages are then taken over the ensemble, and it 
is proved that the average behavior of a system 
in a macrocanonical ensemble, for instance, 
is the same as the behavior of a system in tem¬ 
perature equilibrium. 

In quantum statistics instead of using points 
in phase space one uses energy levels, and in¬ 
stead of ensemble densities one uses the 
density matrix. Depending on the spin of the 
constituent particles one uses Bose-Einstein 
or Fermi-Dirac statistics. 

It is possible to derive from statistical me¬ 
chanics many results of thermodynamics, and 
in particular Boltzmann’s H-theorem is the 
statistical counterpart of the second law of 
thermodynamics. 

STATISTICAL METHOD OF ENTROPIES. 
A method using partition functions from as¬ 
sumed molecular models or spectroscopic data. 
The relation used is 

S = R\nZ - R 
d(ln Z) 

d(In 0) 

where S is the entropy, R the gas constant, Z 
the partition function, and = 1/kT (k being 
the Boltzmann constant, T, the absolute tem¬ 
perature). 

STATISTICAL QUALITY CONTROL. A 
method of controlling the quality of a manu¬ 
factured product. It aims at tracing and 
eliminating systematic variations, the remain¬ 
ing variation being then of the nature of a 
distribution of error; and the properties of till' 
latter can be measured and used to guarantee 
the average quality of the product. Such 
“guarantee” may be expressed in terms of risk 
of exceeding certain tolerances or of other 
statistical criteria. 

STATISTICAL WEIGHT. (1) Degree of de¬ 
generacy of quantum state; (2) statistical 
weight factor; (3) sometimes statistical weight 
factor multiplied by Boltzmann factor. (See 
also entries following.) 

STATISTICAL WEIGHT FACTOR. In the 
statistical investigation of a given quantity, a 
statistical weight can be assigned to each 
value or range of values of the quantity, which 
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is the number of times this value or range of 
values occurs. In statistical mechanics, it is 
defined as the number of microstates corre¬ 
sponding to a given macrostate. 

STATISTICAL WEIGHT, NUCLEAR RE¬ 
ACTOR. In the theory of neutron chain re¬ 
actors, the weight or importance associated 
with a small volume aF of the system in the 
calculation is the effect of a charge in mate¬ 
rial properties at AF upon the overall multi¬ 
plication of the system. In the case of a one- 
velocity model of the reactor, the 

*2(r)dV 
Statistical Weight =- 

JV(r )dV 

where \p is the unperturbed neutron flux, and 
the integration is extended over the entire 
system. 

STATISTICAL WEIGHTS OF ATOMIC 
ENERGY LEVELS. The statistical weight g 
of an atomic energy level is given by 

g = qj X gi 

where gj and gi, respectively, are equal to the 
number of possible orientations of the total 
electronic angular momentum .1 and the 
nuclear spin I in a magnetic field. Therefore 

g = (2J + 1) X (27 + 1). 

STATISTICAL WEIGHTS OF MOLEC- 
LTLAR ENERGY LEVELS. The statistical 
weight g of a molecular energy level is given 

by 

g = d X gj X gi. 

Here d stands for the degeneracy of the elec¬ 
tronic and the vibrational state, gj (in the 
following also called gjx) is equal to the number 
of possible orientations of the total angular 
momentum, apart from nuclear spin, J of the 
molecule in a magnetic field, gj depends on the 
nuclear spins I,, and, for certain point groups, 
on the statistics of the nuclei. 

The statistical weights of the rotational 
energy levels, apart from the factor d, are as 
follows: 

(a) Diatomic and Linear Polyatomic Mole¬ 
cules. The statistical weight due to end over 
end rotation of the molecule is given by 

gj = 2J + 1. 

For molecules without a center of symmetry 
we have 

<7/ = (2/x + 1) (272 + 1) 

where I\, 12, • • • are the spins of the individual 
nuclei. Since in this case gi is the same for all 
rotational levels, it can, for most purposes, be 
omitted. 

If the molecule has a center of symmetry and 
if the number of pairs of identical nuclei 
following Fermi statistics is odd (while the 
number of pairs of identical nuclei following 
Bose statistics is even or odd), the statistical 
weight due to the nuclear spins is 

gi* = ^[(2 lx + l)2(2/r + l)2(2/z + l)2 

— (2/a* + 1)(2Iy + 1)(2Iz + 1) • • •] 

for the symmetric rotational levels, and 

gia = |[(2 Ix + l)2(2/r + l)2(2Iz + l)2 

+ (2/x + 1)(2Iy + 1)(2Iz + 1) • • •] 

for the antisymmetric rotational levels. If the 
number of pairs of identical nuclei following 
Fermi statistics is even, the situation is reversed. 
Here X, Y, Z, ■ • • refer to the different pairs of 
nuclei. 

If only one pair of identical nuclei has a 
nonzero nuclear spin 7, the ratio of the statis¬ 
tical weights of the symmetric to the anti¬ 
symmetric rotational levels becomes simply 
(7 + l)/7 or 7/(7 + 1), depending on whether 
the nuclei follow Bose or Fermi statistics. 

(b) Symmetric Top Molecules. The statis¬ 
tical weight of a rotational state due to the 
over-all rotation is 

gjK = 2.7+1, for K = 0 

gJK = 2(2J + 1), for K > 0. 

For molecules without symmetry the statis¬ 
tical weight due to the nuclear spin is 

gi = (27i + 1)(272 + 1)(273 + 1) • • •. 

In this case gj contributes only a constant 
factor to the total statistical weight 

g = gjK X gi 

and can usually be omitted. 
If the molecule has symmetry, rotational 

levels of different species have different statis¬ 
tical weights depending on spin and statistics 
of the identical nuclei. If, for instance, the 
figure axis of the molecule is a threefold axis 
of rotation, in a totally symmetric vibrational 
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and electronic state the levels with K = 0, 3, 
6, 9, • • • (A) have 

gi = £(27 + 1)(472 + 47 + 3) 

while those with K = 1, 2, 4, 5, 7, 8, • • • (E) 
have 

Q\ = £(27 + 1)(4/2 + 47). 

If the spin of all the identical nuclei is zero, the 
levels with K = 1, 2, 4, 5, 7, 8, • - ■ are entirely 
missing. 

(c) Spherical Top Molecules. The statistical 
weight of a given rotational level due to the 
over-all rotation is 

gj = (2J + l)2 

and that due to the nuclear spin is 

gi = (27i + 1)(272 + 1)(273 + 1) 

For molecules that are spherical tops on account 
of their symmetry there are additional sym¬ 
metry properties, e.g., A, E, and F for tetra¬ 
hedral molecules. The over-all statistical 
weight is then a product of (2J +1) times a 
factor that depends in a complicated way both 
on .7 and the spin of the identical nuclei. 

(d) Asymmetric Top Molecules. The statis¬ 
tical weight of a rotational level Jr due to the 
over-all rotation of the molecule is 

gj = 2 J + 1. 

If the molecule has no axis of symmetry, the 
statistical weight due to the nuclear spins is 

gi = (27! + 1)(272 + 1)(273 + 1) •••. 

If the molecule has one twofold axis of 
symmetry, the dependence of the statistical 
weights of the symmetric and antisymmetric 
rotational levels on the spins and statistics of 
the identical nuclei is the same as in linear 
molecules. If there are three axes of symmetry, 
more complex relations hold. 

(See G. Herzberg, Molecular Spectra and 
Molecular Structure. II. Infrared and Raman 
Spectra of Polyatomic Molecules, D. Van 
Nostrand Company, Inc., Princeton, 1945.) 

STATISTICAL WEIGHT THEOREM. In 
the theory of neutron chain reactors, a for¬ 
mula derived from perturbation theory in 
which the change in the multiplication (or 
criticality) of a system caused by a local 
perturbation is expressed in terms of unper¬ 
turbed fluxes and adjoint fluxes as well as the 

change in capturing or scattering properties 
itself. 

STATISTIC, ANCILLARY. See ancillary 
statistic. 

STATISTICS, BOLTZMANN. See Boltz¬ 
mann statistics. 

STATISTICS, BOSE-EINSTEIN. See Bose- 
Einstein statistics. 

STATISTICS, FERMI-DIRAC. See Fermi- 
Dirac statistics. 

STATISTICS, GENTILE. See Gentile sta¬ 
tistics. 

STEADY PERIOD. See period, reactor. 

STEADY STATE. A process is said to occur 
in steady state (steady-state) when the (open 
or closed) system used to describe it is in¬ 
variant with respect to time. (See thermo¬ 
dynamic system.) 

STEADY-STATE OSCILLATION. See oscil¬ 
lation, steady-state. 

STEAM ENGINE CYCLE. The cycle upon 
which a steam engine operates, described 
as follows: Slightly before the piston reaches 
the dead-center position corresponding to min¬ 
imum cylinder volume, the valve connects the 
cylinder with the steam line so that as the 
piston starts on its outward travel, the full 
steam pressure is acting on it. The beginning 
of this action is known as the event of admis¬ 
sion. When some 20 to 30% of the stroke has 
been completed, the valve closes the port on 
the event known as cut-off, and during the re¬ 
mainder of the stroke, the steam is expanded 
adiabatically to the accompaniment of de- 

Idonl steam engine cycle. 
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oreasing pressure. Near the end of its stroke, 
the valve again opens the port, this time con¬ 
necting the cylinder with the exhaust line. 
This event is known as release. The cylinder 
remains connected with the exhaust during 
the return stroke of the piston, and the steam 
is expelled until approximately % of the return 
stroke has been completed. The valve then 
closes the port, and the remaining steam is 
trapped in the cylinder and compressed. The 
beginning of this process is known as the event 
of compression. The four events just described 
govern the form of the steam engine cycle. 
The engine using it can develop a horsepower 
hour by using from 10 to 25 lbs of steam, de¬ 
pending upon the expansion permitted by the 
terminal conditions of the steam. 

STEAM POINT. Temperature of equilibrium 
between pure liquid water and its vapor at the 
pressure of one standard atmosphere. The 
correction to be applied when the pressure p 
is 760 millimeters of mercury exactly is given 

by 

tp = ^760 + 0.03 67(p — 760) 

- 0.000023 (p - 760)2 

where t is expressed in degrees C or K, and 
p is given in millimeters of mercury. 

STEAM RATE. The rate at which a steam 
engine or turbine consumes steam per unit 
power output is its steam rate. Originally, 
this quantity was called water rate, but since 
an engine operates on steam, the term steam 
rate seems more appropriate. It is usually 
given in units of pounds of steam per horse¬ 
power hour, or per kilowatt hour in the case 
of a direct-connected or turbo-generator unit. 
The steam rate varies with the load, being 
minimum at a load known as the most eco¬ 
nomical load. This is the rated load in the 
turbine, and somewhat less than rated in the 
engine. Steam rate is affected by initial pres¬ 
sure and degree of superheat; also, by exhaust 
pressure. The higher the initial pressure, or 
temperature, and the lower the final pressure, 
the smaller the steam rate will be. Thermal 
efficiency is inversely proportional to steam 
rate. Steam rate, multiplied by load, is steam 
consumption, and when this product is plotted 
against load, the result is often nearly a 
straight line, up to the most economical load. 
This is the well-known Willans Line. 

STEEPEST DESCENT METHOD. (1) A 
term sometimes applied to the saddle point 
method. (2) However the term is also applied 
to a method of solving simultaneous equations 
and of minimizing (or maximizing) a function. 
Given a function of several variables 

<K£i, £2, • • • 1 sn) 

to be minimized, form grad <1’, the vector whose 
elements are d4>/d£j = 7,-. The function 

<t>(\) = $(£1 - \yi} •••,£„ - Xyn) 

is a function of only a single variable. Let 
£i(0\ •••, £n(0) represent a point sufficiently 
close to the minimum, let 7,(0) represent the 
value of 7i at that point; substitute £,<0) 
— \7i(0) in 4> and minimize the resulting as 
a function of X. If this minimum occurs at 
X(0), then fc(1) = fc<°> - X(0)7i(0) will be, in 
general, a closer approximation to the mini¬ 
mum. 

(3) In a related form, the method used to 
evaluate integrals of the kind 

I =f xW'^dz, 
where /(z) and x(z) are analytical functions of 
z, and where t is large, real and positive. 
Integrals of this type occur in many branches 
of physics, notably in statistical mechanics. 

STEFAN-BOLTZMANN LAW. The Helm¬ 
holtz free energy of a radiation field is given 
by (see thermodynamics, characteristic func¬ 
tions of) 

A = -laT'V (1) 

where T is the absolute temperature, V, the 
volume and a, the universal constant 

87r5k4 

where k is Boltzmann’s constant, c, the speed 
of light, and h, Planck’s constant. 

From (1) it follows immediatly that the radi¬ 
ation pressure, the energy and the heat capacity 
are given by 

V = &T4 (3) 

U = aT4V (4) 

C = 4 aT3V. (5) 

Formula (4) is the Stefan-Boltzmann law. 
From (4) we see that aT4 is the radiation 

energy per unit volume in an enclosure. If 
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a small hole is made in such an enclosure the 
radiation emitted through the hole per unit 
area and unit time is crT4 where a is given by 

a = \ac (6) 

(c being the speed of light). 1 his constant a 
is called the Stefan-Boltzmann constant. 

STELLAR DYNAMIC PARALLAXES. If 
the individual masses ot the two components 
of a binary star, mi and m2, are determined 
from the mass-luminosity relation, it is pos¬ 
sible to determine the parallax, p", of the sys¬ 
tem. From Kepler’s Laws we can write 

a3 

in which p" is the parallax of the system in 
seconds of arc and P is the period, given in 
sidereal years. In a visual binary a is the 
separation of the components, which may be 
measured in seconds of arc. p", the parallax, 
is the only remaining unknown, and for this 

we have, therefore 
a 

P y/ P2(mi + m2) 

(Cf. stellar masses.) 

STELLAR LUMINOSITIES. 1. Absolute 
Magnitude. The apparent magnitude of a star 
is related to the brightness of the star as it is 
observed from the earth. The absolute mag¬ 
nitude is the apparent magnitude that the star 
would appear to have if it were at a standard 
distance from the earth. By agreement the 
standard distance has been set at 10 parsecs or 
32.6 light years. (See astronomic distance 
units.) As a first approximation we assume 
that space is transparent. 

When the apparent magnitude, m, of a star 
is known, together with the parallax, p", the 
absolute magnitude, M, is given by 

M = m + 5 + 5 logio p" 

or 
M = m + 5 - 5 logio r 

where r is the distance in parsecs. 
On this basis we find the sun to have an 

absolute magnitude of +4.8; which means that 
if the sun were at a distance of 10 parsecs from 
the earth it would appear as an easily-observed, 
but by no means a conspicuous, star. 

2. Relative Luminosity. When the absolute 
magnitudes, Mi and M2, ot two stars are 

known, the ratio of their luminosities, Li and 
L2, is given by 

logioC-^/Li) = 0.4(Mi — M2). 

3. Luminosity. The luminosity of a star is 
expressed in terms of the sun as a standard. 
The absolute magnitude of the sun is 4.8 and 
we have 

logio (luminosity) 

= 0.4 (4.8 — absolute magnitude). 

4. Absorption of Light in Space. In many 
regions of space there is distinct evidence of 
the absorption of light by interstellar matter. 
Some of the methods for determining the ab¬ 
sorption of light in space are discussed else¬ 
where (cf. interstellar material). However it 
has a distinct bearing in the determination of 
magnitudes of stars in certain regions of the 
sky. 

5. Effect of Non-Transparent “Space.” In 
regions where space absorption is suspected 
the absolute magnitudes would be calculated 

by 
M = m + 5 — 5 logio r — A{r) 

in which A{r) is the absorption of light in the 
direction in which the object is found. This 
effect is very important in certain problems 
relative to the structure of the universe. As 
a case in point let us consider its effect on the 
apparent magnitudes of the stars and their 
distances. Let us assume that we have deter¬ 
mined the apparent magnitude, m, of a star 
and from its spectral characteristics we have 
a good estimate of its absolute magnitude, M. 
We wish to determine the distance of this star. 
If we express the space absorption over dis¬ 
tance, r, as A (r) we have 

(1) m — M — 5 + 5 logio r + A(r). 

However, if we did not know of space absorp¬ 
tion we would have 

(2) m — M — 5 + 5 logio D. 

Subtracting (2) from (1) and dividing by 5, 

logio D = logio r + 0.24 (r) 
or 

(3) D — r-10<°*2*<'» 

The importance of space absorption in deter¬ 
mining the structure of the sidereal system 
may be realized by an examination of (3). 
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Say we have a region where the space absorp¬ 
tion is 5 magnitudes, i.e., Air) = 5. If we 
neglect this factor, the distance of the star 
will be ten times as great as that obtained by 
correcting for space absorption. 

STELLAR MAGNITUDE. In 1850 Pogson 
proposed a system for classifying the stars 
based upon the relative brightnesses as they 
appear to the human eye. This was based 
upon an earlier system of Hipparchus and 
Ptolemy in which the brightest stars were 
considered as being of magnitude 1 and of the 
faintest visible stars as of magnitude 6. 
Adopting the announcement of Herschel that 
a typical star of magnitude 1 was actually 
about 100 times as bright as a star of magni¬ 
tude 6, Pogson proposed that the brightness 
ratio between successive magnitudes should be 
100’^, or approximately 2.512. 

This leads to a logarithmic scale of bright¬ 
ness and magnitude 

BJB* = 2.512(m2-"'i) 

in which m1 and m2 are the stellar magnitudes 
corresponding to brightnesses B\ and B >. This 
magnitude scale is one of relative brightness 
and a system of standard magnitudes must be 
established. The stars in the immediate vicin¬ 
ity of the north pole of rotation of the celestial 
sphere were selected and a system of primary 
standards, known as the North Polar Sequence, 
has been adopted by the International Astro¬ 
nomic Union. Secondary standards have been 
established by many different observatories 
covering the entire celestial sphere. 

This visual magnitude scale is based upon 
the sensitivity of the human eye, including 
the color sensitivity. With the application of 
photography to astronomical observing it was 
immediately evident that the color sensitivity 
of the photographic plate was very different 
from that of the human eye. If we consider 
two stars of the same visual brightness one of 
which is green in color and the other red a 
photograph will show the green star to be 
brighter than the red. Furthermore different 
types of photographic emulsions have differ¬ 
ent color characteristics. Both visual and 
photographic magnitudes are in use. For the 
sake of uniformity the zero points of the two 
scales are so adjusted that the mean photo¬ 
graphic magnitudes of stars of spectral class 
AO between magnitudes 5.5 and 6.5 shall be 

the same as the Harvard visual magnitudes for 
these stars. This is far from an ideal method 
for classifying the brightnesses of the stars 
but is the best available at the present time 
and is widely used. The difference between 
the photographic magnitude and the visual 
magnitude for the same star is known as the 
color index of the star 

rftp tff 0.1. 

Color index is correlated with the spectral type 
of the star. 

STELLAR MASSES. Measures of binary 
stars, whether visual, spectroscopic, or eclips¬ 
ing in type, provide knowledge of the masses 
of the stars. When the period of revolution 
of a binary star is established we have, from 
Kepler’s Laws 

 2-k a'ji 

+ m2 

in which G is the constant of gravitation. If 
T, the period, is expressed in years, a, the mean 
distance between the components, is given in 
astronomical units. If the above equation is 
applied to the sun-earth system, we have 1 = 
2-7T 
77- neglecting the small mass of the earth in 

comparison with that of the sun. Therefore 

a 
+m2 = y2- 

The observations give a" (in seconds of arc). To 
convert this to astronomical units the parallax, 

a" 
p", must be known and a = —77 astronomical 

units. Hence, for a binary of measured paral¬ 
lax, the mass of the system in terms of the mass 
of the sun is given by 

wij + m2 
a //3 

p"3T2 

If the individual motions of either or both of 
the components, relative to neighboring stars, 
can be determined, the ratio of the individual 
masses may be determined. (Cf. stellar dy¬ 
namic parallaxes.) 

STELLAR MASSES AND MASS FUNC¬ 
TION. (1) From Visual Binaries. Two ele¬ 
ments of the orbit of a binary star are of im¬ 
portance in determining the masses of the 
stars: the period T (in years) and the semi- 



S99 Stellar Mass-luminosity Relation — Stellar Motions 

major axis a (in seconds of arc). The parallax 
p" of the system is also important. 

From the period, T, we determine the mean 
angular motion n = 2ir/T. The micrometric 
measures of the apparent distance between 
the stars are in seconds of arc. Therefore the 
semi-major axis, a, is determined in seconds of 
arc. If the parallax, p", is known, the semi¬ 

major axis (in astronomical units) ai = -77 • 

Now the relation between the mean angular 
velocity, n, and the linear semi-major axis is 

n2a i3 = G{mx + m2) 

in which G is the constant of gravitation and 
mi and m2 are the masses of the stars. This 
may be written as 

' -* + , - = — (m, + m.) 

or also „ 
a3 

mi + m2= (1) 

in terms of the sun’s mass as unity. 
(2) From Spectroscopic Binaries. When both 

spectra are measurable for radial velocities we 
have the semi-major axes of both stars relative 
to the center of mass of the system and have 
at once ax -f a2 = a0 expressed in astronomical 
units. We than have 

Since one astronomical unit is 149,500,000 km, 

(mx + m2) sin3 i 

Gi sin i + a2 sin i\^ ^365 

149,500,000 / V T ) 

in which ax and a2 are expressed in kilometers 

and T in days. 
(3) The Mass Function. We now turn to 

the more common situation in which only one 
spectrum is useable. From the solution of 
such a system no determination of the indi¬ 
vidual masses is possible. However, we can 
determine two equations containing three un¬ 
knowns: the two masses mx and m2 and the 
major axis of the system Go. 

f a0 |3 /365.25X2 

Wl + m2 ~ 1149,500,0001 V T ) 
G<)3 

mx 4- m2 = 3.993 X 1<)-20 — 

eliminating a0 we have 

m2 sin3 i 3.993 X 10_20(a1 sin if 

(mx + m2f T2 

The quantity on the right can be evaluated 
from the orbit determined for the binary. The 
function on the left is called the mass-function. 
It is usually given by computors of orbits of 
spectroscopic binaries. 

STELLAR MASS-LUMINOSITY RELA¬ 
TION. The masses of the stars differ much 
less among themselves than do most of their 
other properties. Nevertheless as far back as 
1924, Eddington discovered that plotting mass 
against absolute magnitude indicated a defi¬ 
nite correlation. With the increase of avail¬ 
able data the curve is now well established, 
although not thoroughly justified by theoretical 
considerations. However, by the use of this 
relation one can determine the distance of a 
binary star if the distance between the compo¬ 
nents can be measured. (Cf. dynamical paral¬ 
lax.) 

STELLAR MOTIONS. (1) Proper Motion. 
If the position of a star, i.e., right ascension 
and declination, is accurately determined and 
then compared with the position determined 
a number of years ago, a difference in position 
is found. Most of this difference may be ac¬ 
counted for by precession, nutation, and aber¬ 
ration, which is shared in common with all 
stars in the region. After allowances have 
been made for these common motions, a resid¬ 
ual motion may be found and this is known 
as the proper motion of the star. 

With the application of photography to 
astronomical research, the proper motions of 
many thousand stars have been determined by 
the use of the blink microscope. Two plates, 
taken with the same astrographic telescope and 
with the same scale, a number of years apart, 
are placed under two similar microscope ob¬ 
jectives of the same focal length. The images 
are brought to focus in one ocular. The ob¬ 
server may shift rapidly from one plate to the 
other by a “blinking” device. If there has 
been any proper motion of any star in the 
interval between the taking of the plates a 
jumping effect is noticed by the observer. The 
direction and magnitude of the “jump” is the 
amount of proper motion in the interval. The 
common motions of precession, nutation, and 
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aberration are common to all stars in the re¬ 
gions and produce no jumping effect. 

Strictly speaking, proper motion should be 
defined as the motion as it would be observed 
from the sun, and thus be cleared of the effects 
of annual parallax. Proper motion is ex¬ 
pressed in seconds of arc per year and fre¬ 
quently symbolized by /a. 

(2) Radial Velocity. The speed with which 
a star is approaching or receding from the 
earth may be determined by the application 
of the Doppler principle. The accuracy of 
determination of this speed may be as small 
as ±0.5 km/sec for high dispersion spectro¬ 
grams of multilined stellar spectra. When this 
speed is corrected for the component of the 
earth’s rotation in the line of sight, we have 
what is known as the radial velocity of the 
star. These radial velocities show a seasonal 
variation due to the motion of the earth about 
the sun. A statistical study of these variations 
provides a method for the determination of the 
solar parallax. 

(3) Space Motion. In the figure let 0 be 
the position of the observer (in view of the 
magnitude of the distance from the sun to the 
star we may also assume that 0 is the position 
of the sun). 

v _R s 

—■ ] M 

Calling the angle RSS' = d we have 

V = vcosd; T = v sin 6. (3) 

(Cf. solar motion; moving clusters.) 

STELLAR PARALLAX. The angle subtended 
at a star by the average distance of the earth 
from the sun (one astronomical unit). Stellar 
parallax thus bears an inverse relationship the 
distance of the star from the sun. The paral¬ 
lax of a star may be determined by observing 
its change of position during the year relative 
to stars visually close to it, which are really 
so much further away that their position is not 
greatly affected (with respect to still other 
stars) by the earth’s annual revolution. (See 
also astronomical distance units; parallax.) 

STELLAR SPECTRUM-LUMINOSITY RE¬ 
LATIONS. Not long after the spectral classi¬ 
fication of the stars was well under way, it 
was noted that, while the early type stars, 
e.g., A and B spectral types, all seemed to have 
about the same absolute magnitudes, never¬ 
theless the later types, i.e., the K and M types, 
showed a distinct separation into bright and 
faint stars. These two classes of brightness 
became known as giant for the very bright and 
dwarf for the relatively faint. 

As more and more stars were classified as to 
absolute magnitude and spectral type, the sep- 

<S is a position of a star and S' is position of 
the same star a year later, /a is the proper 
motion of the star and SR is the radial velocity 
V. Both of these quantities are assumed to 
be known as well as the parallax p" of the star. 

To find RS' (or T), the tangential velocity, 
we have y/p" which is expressed in astronomic 
units per year. To express this in linear units 
we have 

1 ast. unit 149,450,000 km 

1 year 31,556,926 sec 
4.738 km/sec. 

Hence 

T — 4.74y/p" km/sec. (1) 

The radial velocity is determined directly in 
km/sec and the space velocity is given by 

(2) 

0 D 

I 
03 

£ 
03 

+5 
> 

<D 

1+10 

Dwarfs 

+15 
O B A F G K M 

Spectral Class 

Absolute magnitudes of stars of the type 1 popula¬ 
tion arrayed with respect to their spectral classes. 
The point at magnitude +4.8 and G2 represents the 

sun. v = (F2 + T2)H km/sec. 
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aration into giant and dwarf stars remained 
evident. However, the diagram began to show 
super-giant red stars and also relatively faint 
early types which were classified as dwarfs. 

The color index of a star is defined as the 
difference between the magnitude as deter¬ 
mined photographically, mptg, and the magni¬ 
tude determined visually, mvia. Thus we define 
color index, C.I. = mptg — mvig. A diagram 
plotting spectral type against color index shows 
much the same characteristics as the spectrum- 
luminosity diagram. A vast amount of re¬ 
search is in progress in this general field but, 
while progress is being made, no definite con¬ 
clusions should be drawn at this time. (Cf. 
stellar spectrum-temperature relations.) 

STELLAR SPECTRUM-TEMPERATURE 
RELATION. The temperatures of stars of 
various spectral types have been determined 
from spectrophotometric observations employ¬ 
ing five or six colors. Extensive programs by 
Kuiper {Astrophysical Journal 88 (1938)) and 
Stebbins & Whitford (ibid., 102 (1945)) indi¬ 
cate the following results: 

Spectral 

Type Kuiper 

Stebbins & 

Whitford 

BO 25,100°K 21,000°K 

B5 15,500 16,000 

AO 10,700 11,300 

FO 7500 7700 

F5 6470 6800 

GO 6000 5980 

G5 5360 5600 

KO 4910 5280 

MO 3700 3590 

Beginning with the F5 type we find differing 
temperatures between the main-sequence, the 
sub-giants, and the super-giants. As an exam¬ 
ple it is found that K2 stars show the follow¬ 
ing temperatures: main sequence, 4760°K, sub¬ 
giants, 4280°K, giants, 3810°K, and super¬ 
giants, 3590°K. While these figures are of 
comparable value, the differences are signifi¬ 
cant and indicate that we have much to learn 
about the stars as radiating masses of gas. 

STEP FUNCTION. A function f(x) defined 
over the interval [a, 6] is a step function if 
[a, b] can be divided into a finite number of 
subintervals in each of which f(x) is constant. 
The Heaviside unit function is an example. 

STEPIIAN-BOLTZMANN LAW. See Stefan- 
Boltzmann law. 

STERADIAN. A unit solid angle, which in¬ 
tersects a sphere with center at the vertex of 
the angle in a region with area equal to the 
square of the radius. The total solid angle 
about a point equals 4w steradians since the 
area of a sphere of unit radius equals 4tt. 

STEREOGRAPHIC PROJECTION OF A 
SPHERE ON A PLANE. For a given point P, 
called the pole, on the surface of a sphere S, 
and for a given plane M not passing through P, 
and perpendicular to a diameter through F, 
the line joining F with a variable point Q on M 
intersects S in a second point R. This mapping 
of the points R of the sphere S on the points 
Q of M is called a stereographic projection of 
S on M. 

STEREO POWER OF A BINOCULAR OP¬ 
TICAL INSTRUMENT. The magnifying 
power multiplied by the ratio of the distance 
between the objective axes to the distance be¬ 
tween the axes of the eyepieces. 

STEREOSPECTROGRAM. A method of rep¬ 
resenting spectral data in which the three 
variables, concentration of solute, optical 
density, and wavelength of light, are plotted 
in three dimensions to produce a three-dimen¬ 
sional figure; or else in two dimensions by 
choosing an oblique axis in addition to the 
customary z-axis and y-axis. 

STERIC FACTOR. See frequency factor; 
chemical interactions. 

STIELTJES INTEGRAL. See Riemann- 
Stieltjes integral and Lebesque-Stieltjes in¬ 
tegral. 

STIFFNESS COEFFICIENT, FACTOR. 
(1) In slope-deflection and moment-distribu¬ 
tion techniques for solving continuous frames, 
the ratio k = EI/L of flexural rigidity to length 
of beam or column is called the stiffness factor 
or coefficient. If the far end of the member is 
hinged, %k is substituted for k. When the 
flexural rigidity varies along the member, the 
stiffness coefficient is determined as % the 
ratio of end moment to end rotation with the 
far end fixed. (2) See oscillation, damped 
harmonic. 

STIGMATIC. (1) An optical instrument is 
stigmatic if it has the same focal length in all 
meridians. (See astigmatism.) 
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(2) A bundle of rays is stigmatic if it is 
homocentric. 

STILB. A unit of brightness of a surface 
equal to 1 candle/cm2. 

STIMULI. See color stimulus specifications; 
matching stimuli; reference stimuli; basic 
stimulus; cardinal stimuli.) 

STIRLING FORMULA. An asymptotic ex¬ 
pansion of In T(z), namely, 

In T(z) = (z — |) In z — z \ In 2v 

It follows from these definitions that 

SVM = 
dWn)/duv 

V l 

u= 0 

s,(n) = 
AW 

v\ 

u=0 

Their importance is due in part to their occur¬ 
rence in the following differentiation for¬ 
mulas: 

,, tS,(,'+1) A*'+1 
6f = S,M A" + 

v + 1 
s/”+2)a,,+2 

(? + 1) (»* + 2) 

+ z 
(-i y~lBr 

,2r—1 
=1 2r(2r - 1)z 

where the Br are the Bernoulli numbers. 
The formula is often given in the equivalent 
forms 

n! = nne~n(2irn)y2 ( 1 + ~ + 0(n~2) ). 
\ 12n / 

If n is a large number 

log n! = (n + |) log n — n 

+ | log27r + —-0(l/n3), 
12m 

where the last term is of the order of 1 /n'\ 
The last form is approximated by: 

log n\ = n log n — n. 

STIRLING INTERPOLATION FORMULA. 
In the notation of difference operators 

u2 uiu2 - l2) 3 
Eu = 1 + u»5 H-52 H- 

2! 3! 

+ 
u2(u2 — l2) 

~~4\~ 
5* 

u{u2 — 12)(«2 — 22) 
+ ---* + 

A” = S,00^ H- 
v + 1 

§,v{v+2)0v+2 

+ (p+ l)(r + 2) + '“‘ 

STOCHASTIC. A word implying the pres¬ 
ence of a random variable, e.g., stochastic 
variation is equivalent to the variation of a set 
of quantities under probability distributions, 
stochastic equations contain some variables 
which are random, and so forth. 

Stochastic convergence means convergence 
in probability, e.g., xn converges to a stochas¬ 
tically if, for any positive t, P{\xn — a\> e} 
tends to zero as n tends to infinity. Two 
variables are stochastically independent if they 
have a joint probability distribution that is 
the product of the marginal distribution. 

STOCHASTIC MATRIX. See matrix, stoch¬ 
astic. 

STOCHASTIC PROCESS. A family of ran¬ 
dom variables {#(£)}, depending on some 
parameters t, often a time variable. 

STOCHASTIC PROCESS, STATIONARY. 
See stationary stochastic process. 

STOCKMAYER POTENTIAL. This inter- 
molecular potential is of the form 

STIRLING NUMBERS. The coefficients 
in the expansion (see difference operators) 

uM = Sn(n)un + Sn_1(B)«n-1 + ••• + S^u. 

For v > n, SVM = 0. These are also called 
Stirling numbers of the first kind, those of the 
second kind being the coefficients Sr(n) of the 
reverse expansion 

un = S„(n)M(n) + S„_i(n)n(n_1) 

+ ...+ Sl(»>wu>. 

$(?, 9a, 9b, <f>b 4>a) 

-9(.9a, 9b, <j>b ~ <t>a)- (1) 
ra 

This function is a superposition of a Lennard- 
Jones (6, 12) potential and the interaction of 
two point dipoles of strengths na, nb■ The 
meaning of the function g is the same as for 
the Kccsoin potential. 
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STOICHIOMETRIC COEFFICIENT. A 
chemical reaction can be written (see conser¬ 
vation of mass in closed systems) in the form 

E vyMy = 0. 
y 

My is the molecular mass of the component y. 
The coefficients vy which can usually be ex¬ 
pressed as a set of whole numbers, either 
positive or negative, are the stoichiometric 
coefficients of the reactants and products. 
They are positive if the substance appears in 
the reaction, and negative if the substance 
disappears. 

For example the NH3 synthesis can be 
written: 

2Mnh3 — Mn2 — 3Mh2 = 0. 

The stoichiometric coefficients of NH3, N2 

and H2 are respectively 2, —1 and —3. 

STOICHIOMETRIC EQUATION. See con¬ 
servation of mass in closed systems. 

STOKES FLOW. Flow at small Reynolds 
number, i.e., flow in which the inertia forces 
are negligible compared with the viscous 
forces, which is not turbulent, and which is in 
effect steady. Examples are 

(1) The motion with speed U of a small 
sphere of radius a in liquid of viscosity m- The 
drag force is 6iryaU, e.g., cloud droplets falling 
through air. The formula is valid for Reynolds 
numbers less than about 5. 

(2) Convection cells in a shallow layer of 
viscous liquid which is heated below just suf¬ 
ficiently to produce steady overturning motion. 

(3) The Hele-Shaw cell. 
The equations governing the motion are 

written 
grad p = yV2v 

or 
dp du{ 

dXi dxjdXj 

according to the notation used. 

STOKES LAWS. (1) See Stokes flow (1). 
(2) The wavelength of luminescence excited 
by radiation is ahvays greater than that of the 
exciting radiation. (See antistokes lines.) 

STOKES LINES. Raman lines (see Raman 
effect) displaced towards longer wavelengths 
with respect to the incident line. 

STOKES POLARIZATION THEOREM. A 
theorem which establishes that the following 
seven polarization states are mutually exclu¬ 
sive and that any complex radiation belongs 
to one of the seven states. 

(1) Unpolarized light 
(2) Plane-polarized light 
(3) Circularly-polarized light 
(4) Elliptically polarized light 
(5) Unpolarized plus plane polarized light 
(6) Unpolarized plus circularly polarized 

light 
(7) Unpolarized plus elliptically polarized 

light 
For example, a mixture of plane-polarized, 

plus elliptically-polarized, plus unpolarized 
light belongs to state 7. 

STOKES THEOREM. The surface integral 
of the curl of a vector function equals the 
line integral of that function around a closed 
curve bounding the surface 

Jv X V-dS =j)V ds. 

This statement is valid only if the contour is 
traversed in taking the line integral in the 
direction of turning of a right-handed screw 
that progresses in the positive ds direction 
(assuming a right-handed coordinate system). 
When the surface S is part of a closed surface, 
it is conventional to take the positive ds 
direction as outward. If the components of V 
in rectangular Cartesian coordinates are u, v, w 
and the direction cosines of the normal to 
dS are X, y, v the theorem may also be given as 

XK? 
/du dw\ 

dz) + "W dx) 

(dv duy r 
+ V ( — dS =(b (udx + vdy + wdz). 

\dx dy/\ J 

STOKES THEOREM, FOUR DIMEN- 
SIONAL. See Minkowski world. 

STOP. A component of an optical system 
functioning as an aperture. 

STOPPING POWER. A measure of the ef¬ 
fect of a substance upon the kinetic energy 
of a charged particle passing through it. The 
linear stopping power Si is the energy loss per 
unit distance, and is given by Si = —dE/dx, 
where E is the kinetic energy of the particle 
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and x is the distance traversed in the medium. 
The mass stopping power Sm is the energy loss 
per unit surface density traversed, and is given 
by Sm = Si/p, where p is the density of the sub¬ 
stance. The atomic stopping power Sa of an 
element is the energy loss per atom, per unit 
area normal to the particle’s motion, and is 
given by Sa = Si/n = S,„A/N; where n is the 
number of atoms per unit volume, N is the 
Avogadro number, and A is the atomic weight. 
The molecular stopping power of a compound 
is similarly defined in terms of molecules; it is 
very nearly if not exactly equal to the sum of 
the atomic stopping powers of the constituent 
atoms. The relative stopping power is the 
ratio of the stopping power of a given sub¬ 
stance to that of a standard substance, com¬ 
monly aluminum, oxygen or air. The stopping 
equivalent for a given thickness of a substance 
is that thickness of a standard substance cap¬ 
able of producing the same energy loss. The 
air equivalent is the stopping equivalent in 
terms of air at 15°C and 1 atm as the standard 
substance. The term equivalent stopping 
power is not clearly defined, but sometimes is 
used synonymously with relative stopping 
power and sometimes with stopping equiva¬ 
lent. 

STORAGE COMPLIANCE. See compliance, 
storage. 

STORAGE MODULUS. See modulus, stor¬ 
age. 

STORAGE UNIT. That part of a stored- 
program computer which stores the code or 
the numerical data or both. In most current 
machines the storage unit is divided into cells, 
usually of between 30 and 50 binary elements, 
these cells are ordered and the ordinal number 
of the cell is its address. Generally, too, a 
given cell can be used to store either data or 
commands, a command including an opera¬ 
tional code symbol and one or more address 
symbols for locating the operands. Operation 
can begin wfith any cell, the contents being 
interpreted as one or more commands, and will 
usually proceed in sequence until a transfer or 
jump command interrupts, although in some 
machines every command specifies also the lo¬ 
cation of the next command to be executed. 

STORED-PROGRAM COMPUTER. A com¬ 
puter that is capable of storing instructions as 
well as data and of carrying out a sequence of 

operations as prescribed in advance. The 
modern high-speed general-purpose computers 
are digital computers of this type. Any such 
machine will possess a basic repertory of cer¬ 
tain arithmetic and logical operations, each 
designated by a certain symbol, basically a 
binary sequence. A sequence of such symbols 
constitutes a code which, introduced into the 
storage unit along with the necessary data will 
direct the machine accordingly. 

STORMER METHOD (FOR THE NUMERI¬ 
CAL SOLUTION OF AN ORDINARY DIF¬ 
FERENTIAL EQUATION OF SECOND 
ORDER). For the general equation 

y" = /(*, y, y')> 

this method uses the predictor 

Vv+i — 2y„ — yv—\ -f- h2(ff -j- -j*2 V-/„ 

+ + T0VVv H-)• 
It is useful in particular when y' does not occur 
explicitly in /. The equations apply also when 
y and/ are vectors. See difference operators 
for the definition of V. (See Murphy, Ordinary 
Differential Equations and Their Solution, D. 
Van Nostrand Co., Inc., Princeton, I960.) 

STOSSZAHLANSATZ. An assumption made 
by Boltzmann to prove his H-theorem. The 
assumption is that there is no correlation be¬ 
tween velocities and positions of different 
particles so that the number of collisions 
undergone by a particle is independent of its 
position or velocity and only depends on the 
cross section for collisions. (For further dis¬ 
cussion, see molecular chaos.) 

STP. See normal temperature and pressure; 
standard temperature and pressure. 

STRAGGLING. The random variation or 
fluctuation of a property associated with ions 
of a given kind in passing through matter. 
Range straggling is the variation in the range 
of particles that are all of the same initial 
energy. Angle straggling is the variation in 
the direction of motion of particles after pass¬ 
ing through a certain thickness of matter, the 
paths of the particles initially being parallel. 
Statistical straggling is that variation in range, 
ionization or direction which is due to fluctua¬ 
tions in the distance between collisions in the 
stopping medium and in the energy loss and 
deflection angle per collision. Instrumental 
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straggling is that additional straggling which 
is due to such instrumental effects as noise, 
gain instability, source thickness, and poor ge¬ 
ometry. 

STRAIN-ENERGY FUNCTION. For quasi- 
static deformations of an elastic material, the 
work done by the external forces may be ex¬ 
pressed as a volume integral of the type 

STRAIN. The deformation produced in a 
solid as the result of stress. (See entries fol¬ 
lowing.) 

STRAIN DEVIATOR. The shear strain 
components of the strain tensor ey, given by: 

eij = eij 3ekk^ij- 

STRAIN ELLIPSOID. Using the indicial no¬ 
tation, suppose that in the deformation of a 
body, a generic particle initially at X, in a 
rectangular Cartesian coordinate system x 
moves to Xi in the same system. Let dS and 
ds be the lengths in the undeformed and de¬ 
formed states of the body of a linear element 
located at this particle. Using the summation 
convention and the notation 

Gij — 
dxk dXk 

dX{ dXj 

(ds)2 = GijdXidXj. 

If dXi are regarded as the current coordinates 
in a rectangular Cartesian coordinate system 
with axes parallel to those of the system x and 
origin at Xi, then any ellipsoid obtained by 
taking (ds)2 constant is called a reciprocal strain 
ellipsoid. Again, using the summation conven¬ 
tion and the notation 

dXk dXk 
gH = ~ ’ 

OXi dXj 

(dS)2 = gijdxidxj. 

If dXi are regarded as the current coordinates in 
a rectangular Cartesian coordinate system with 
axes parallel to those of the system x and origin 
at xif then any ellipsoid obtained by taking 
(dS)2 constant is called a strain ellipsoid. For 
infinitesimal deformations, 

^[(ds)2 - (dS)2] = eijdXidXj, 

where et;- are the infinitesimal strain compo¬ 
nents in the coordinate system x. The quadric 
obtained by taking |[(ds)2 - (dS)2] constant 
and regarding o?Xt as current rectangular Car¬ 
tesian coordinates, as above, is called the strain 
quadric or elongation quadric. 

STRAIN ENERGY, DISTORTIONAL. See 
distortional strain energy. 

fWdr■ 
where dV is a generic element of volume of the 
undeformed body and IT is a single-valued 
function of the displacement gradients, the 
integration being carried out over the volume 
of the body in its undeformed state. For any 
deformation of a perfectly-elastic material, 
the excess of the work done in the deformation 
by the external forces, over the increase of 
kinetic energy, may be similarly expressed, IT 
is called the strain-energy junction for the 
material. It may be regarded physically as 
the mechanical energy stored per unit volume 
(measured in the undeformed state} of the ma¬ 
terial. Also called strain-energy density or 
strain-energy density function. 

STRAIN ENERGY, MAGNETIC. See mag¬ 
netic strain energy. 

STRAIN FIELD (IN A RODY). The tensor 
field defined by the strain tensor throughout 
the body. 

STRAIN FOR FINITE DEFORMATIONS. 
A number of symmetric, second-order tensors, 
the components of which are defined in terms 
of the displacement gradients, have been called 
the strain tensor, or more loosely strain, and no 
particular one has gained general acceptance. 
If in the deformation of a body, a generic par¬ 
ticle initially at X,- (i = 1, 2, 3) in the rectan¬ 
gular Cartesian coordinate system x moves to 
xi in the same system, then the tensor with com- 

1 (dxk dxk \ . 
ponents - (-5q-1 in the system x, 

2 \,dXii diKj / 
where 5^ denotes the Kronecker delta, is 
called the Lagrangian strain tensor. Here the 
indicial notation and summation conven¬ 

tion is used. The components of the tensor 
in any coordinate system are called the La¬ 
grangian strain components in that coordinate 
system. A variety of other tensors, which have 
the same principal directions and eigenvalues 
which are simple functions of the eigenvalues 
of this tensor, have been called Lagrangian 
strain tensor. The tensor with components 

1 /dXk d\ k \ . 
- I-bn 1 in the system x is called 
2 V dXi dxj ) 
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the Eulerian strain tensor and its components in 
any coordinate system are called the Eulerian 
strain components in that system. Again, a 
variety of other tensors, which have the same 
principal directions and eigenvalues which are 
simple functions of the eigenvalues of this ten¬ 
sor have been called Eulerian strain tensor. 

STRAIN FOR INFINITESIMAL DEFOR 
MATIONS. Using the indicial notation and 
summation convention, suppose a generic 
point of a body initially at Xi (i = 1, 2, 3) in a 
rectangular Cartesian coordinate system x 
undergoes a displacement with components Ui 
in this system. Then the relative displacement 
thii of two neighboring points of the body ini¬ 
tially at Xi + dx, and xt is given by 

dUi 
dui = — dxj 

dxj 

With the notation 

where du\ is the relative displacement of the 
neighboring points in a pure homogeneous de¬ 
formation and, provided we make the assump¬ 
tion that the displacement gradients are 
negligibly small compared with unity, du",• 
denotes the relative displacement of the 
neighboring points in a rigid rotation. e,j are 
called the strain components or components of 
strain in the coordinate system x at the point 
x^ of the body. The components e^ (i = j) 
are called the normal components of strain, and 
the components e,-y (i ^ j) are called the tangen¬ 
tial or shear components of strain. are called 
the components of rotation. [In early works, 
eu, e22, «33, 2e23, 2e3i and 2e12 are often re¬ 
ferred to as the strain components, eu, e22, 
e33 then being called the normal and 2e23, 2e31, 
2ei2 the tangential, or shear, components of 
strain.] etJ- are the components in the co¬ 
ordinate system x of a symmetric second-order 
Cartesian tensor called the infinitesimal strain 
tensor or, more loosely, the strain tensor. 
are the components in the coordinate system 
x of a skew-symmetric second-order tensor 
called the rotation tensor. 
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The second-order covariant, contravariant 
and mixed tensors, which have as their compo¬ 
nents in the rectangular Cartesian coordinate 
system x the quantities eijt are called the co¬ 
variant, contravariant and mixed infinitesimal 
strain tensors, respectively or, more loosely, 
the covariant, contravariant and mixed strain 
tensors, respectively. 

STRAIN GENERALIZED. A quantity or set 
of quantities measuring deformation such that 
the generalized stress (see stress, generalized) 
multiplied by the generalized strain gives work. 
Sometimes a distinction is made between gen¬ 
eralized displacement and strain, restricting 
the latter to deformations per unit of length, 
area or volume, as for example, curvature of 
plates, beams, or shells, or angle of twist per 
unit of length. 

STRAIN HARDENING. See work hardening. 

STRAIN INVARIANT. An invariant under 
some transformation group, usually the orthog¬ 
onal group, of the strain tensor. The term 
strain invariants is often used to describe three 
basic invariants of the strain tensor under the 
orthogonal transformation group, in terms of 
which any invariant of the strain tensor can be 
expressed as a single-valued function. The 
choice of these three invariants of the strain 
tensor is to some extent ambiguous. For the 
infinitesimal strain tensor, they are usually 
taken as eiit — e^e,-,) and |e,y|, where 
ea denotes the components of the infinitesimal 
strain tensor in a rectangular Cartesian co¬ 
ordinate system and the indicial notation and 
summation convention are used. 

STRAIN, MOHR CIRCLE FOR. See Mohr 
circle for strain. 

STRAIN, PHYSICAL COMPONENTS OF. 
See physical components of strain. 

STRAIN, PLANE. See plane strain. 

STRAIN, STATE OF. See state of strain. 

STRANGENESS NUMBER. A quantum 
number describing some, as yet not understood 
(1960), property of fundamental particles. 
The strangeness number of a particle = 2 
(charge — Isotopic spin component) — Num¬ 
ber of nucleons represented by the mass of 
the particle. The neutron, proton, and -n- 

mesons have a strangeness number of zero. 
Other particles have numbers from +1 to —2. 
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STRATIFICATION. A device used in sam¬ 
pling to increase representativity and reduce 
sampling error of estimation. The population 
under inquiry is divided into groups or strata 
according to some known criterion and the 
sample allocated over the strata by some con¬ 
venient rule. Stratification may be geograph¬ 
ical but is not necessarily so, e.g., a population 
may be stratified by age. 

STREAM FUNCTION. (1) If the flow is in 
planes parallel to the (ayy) plane the equation 
of continuity for incompressible flow is 

du dv 
— + — = 0 
dx dy 

u = —> v =- 
dy dx 

STREAMLINE. In steady motion the lines 
of flow are also the paths of the fluid particles 
and are then called streamlines. 

Streamline flow is steady non-turbulent flow, 
and is characteristic of flow at low Reynolds 
numbers, of irrotational flow, and of many 
inviscid flows. 

In two dimensional flow the stream func¬ 
tion is constant along a streamline. 

Free streamlines are the boundaries of the 
wake of a body, when the wake is occupied by 
fluid at rest relative to the body. Free stream¬ 
lines are isobars and are sections of the vortex 
sheet which bounds the wake. The flow out¬ 
side the wake is usually assumed to be irrota¬ 
tional. The theory of free streamlines is un¬ 
realistic in that the vortex sheet is unstable. 

STREAM TERMS. See Boltzmann transport 
equation. 

where \p is called Earnshaw’s stream function. 
Lagrange's streatn function is equal to — \p as 
defined here. In irrotational motion = 0 
and if <£ is the velocity potential 

<t> + ty = f(x + iy). 

If the boundary is cylindrical and is rotating 
with angular velocity 12 about the origin and 
has velocity of translation (U,V) then on the * 
boundary 

\f = Uy — Vx — ^12 r2 + const. 

(2) If the flow has an axis of symmetry, in 
spherical polar coordinates (r,0,\) with cor¬ 
responding components of velocity (u,v,w) the 
equation of continuity for incompressible flow 
independent of X is 

d , d r . 
— (r2u sin 6) H-(rv sin 6) = 0 
dr dd 

and 
1 1 

u —---, v = —;- 
r1 sm 6 dd r sin d dr 

where f is called Stokes's stream function. 
More generally in any system in which the 

equation of continuity has only two terms there 
exists a stream function which is constant along 
any streamline. 

STREAMING, NEUTRON. The rectilinear 
motion of neutrons through voids or channels 
in a chain-reacting system. 

STREAM TUBE, FLOW OF GAS IN. See 
nozzle or duct, flow of gas in. 

STREHL DEFINITION. To deal with the 
effect of small focusing errors in the diffrac¬ 
tion pattern of a point source, Zernike intro¬ 
duced the notion of Strehl definition. If P0 is 
the intersection of the principal ray with a 
smooth receiving surface S in the image layer 
of an optical system; if p/4ir is the number of 
fringes of defocusing of S and q/n the number 
of fringes of lateral displacement of a point P 
relative to P0 then I(p,q), the normalized in¬ 
tensity at P, is the intensity at P as a fraction 
of that at the center of an aberration-free 
image. The maximum of I under the con¬ 
straint p = 0 is the Strehl definition of the 
image in the surface S. 

STRENGTH, ULTIMATE. See ultimate 
strength. 

STRESS. A stress is the quantitative expres¬ 
sion of a condition within an elastic material 
due to deformation, or strain, brought about 
by external forces, inequalities of temperature, 
or otherwise. Its measure is always the ratio 
of a force to an area. By some, stress is in¬ 
terpreted as a force distributed over an area, 
and the above ratio is called the “unit of 
stress.” (See following entries.) 

STRESS, ALLOWABLE OR WORKING. 
Most structural and machine elements are de¬ 
signed so that at their working or design load 
a nominal shear or normal stress calculated on 
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the basis of elastic behavior does not exceed a 
specified value. These specified or allowable 
or working stresses are usually determined as 
some fraction of the yield or ultimate strength 
of the material. Although appropriate for fa¬ 
tigue, in general the allowable stress method 
leads to a wide variation in the true factor of 
safety. 

STRESS(ES), ASSEMBLY. See assembly 
stresses. 

STRESS, CIRCUMFERENTIAL OR HOOP. 
The circumferential or hoop stress in a thin 
pressurized sphere is pD/it where p is the in¬ 
terior pressure, D, the diameter and t, the wall 
thickness. In a circular cylinder the hoop 
stress is pD/2t. (See autofrettage.) 

STRESS, COMBINED. A more complicated 
state of stress than uniaxial tension or com¬ 
pression. When one principal stress is zero 
and the other two are non-zero, the term bi¬ 
axial stress is used; when all three are non¬ 
zero, the term tri-axial is employed. 

STRESS DEVIATOR. The shear stress 
components of the stress tensor <ry, given by: 

Sij — &ij sGkk&ij- 

Plastic flow is essentially governed by devia- 
toric stress components. 

STRESS, DIRECT. Another term for normal 
stress. In application to trusses, the word 
stress may be used for the axial force in a 
member. 

STRESS EFFECT, NORMAL. See normal 
stress effect. 

STRESSES, RESIDUAL. See residual 
stresses. 

STRESS FIELD (IN A BODY). The tensor 
field defined by the stress tensor throughout 
the body. 

STRESS FUNCTION. In certain types of 
problem in the mechanics of continua, it is 
possible to solve the equations of equilibrium, 
or of motion, for the stress components in 
terms of a smaller number of functions of posi¬ 
tion, called stress functions, which satisfy an 
appropriate number of differential equations. 
As examples, there are the Airy stress func¬ 
tions, Maxwell stress functions, Morrera stress 

functions, Papkovich-Neuber stress functions 
and Galerkin stress functions. 

STRESS, GENERALIZED. Quantities such 
as membrane force per unit length of middle 
surface, or plate moment per unit length are 
called generalized stresses. Multiplied by 
generalized strains, they give work per unit of 
length, area, or volume. 

STRESS, HYDROSTATIC. A state of posi¬ 
tive or negative pressure without shear stress 
on any plane. 

STRESS, MOHR CIRCLE FOR. See Mohr 
circle for stress. 

STRESS INVARIANT. An invariant under 
some transformation group, usually the or¬ 
thogonal group, of the stress tensor. The term 
stress invariants is often used to describe three 
basic invariants of the stress tensor under the 
orthogonal group, in terms of which any in¬ 
variant of the stress tensor can be expressed as 
a single-valued function. The choice of these 
three invariants of the stress tensor is to some 
extent ambiguous, but they are usually taken 
as (rHj 2 (^ijj — <rijGji) and [ o"ij I, where &ij de¬ 
notes the components of the stress tensor in a 
rectangular Cartesian coordinate system and 
the indicial notation and summation con¬ 
vention are used. 

STRESS, NORMAL. See normal stress. 

STRESS, OCTAHEDRAL. The shear stress 
on the octahedral plane which is equally in¬ 
clined to the three principal axes of stress. A 
limitation on its value as proposed by Nadai 
is equivalent to a limitation on the shear 
strain or distortional energy, and so is the 
equivalent of the Maxwell-Huber-Mises cri¬ 
terion for the onset of plastic deformation. 

STRESS, PHYSICAL COMPONENTS OF. 
See physical components of stress. 

STRESS, PLANE. See plane stress; general¬ 
ized plane stress. 

STRESS(ES), PRINCIPAL. At any point of a 
body in which a stress field exists, a rectangu¬ 
lar Cartesian coordinate system can be chosen 
in which the tangential components of the 
stress (shearing stresses) at that point vanish. 
The normal components of the stress in this 
system are the principal stresses, or principal 
components of stress, at the point. One of 
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them is the maximum normal stress for any 
plane at the point and one is the minimum. 
They are the eigenvalues of the stress tensor 
at the point. The directions of the axes of this 
rectangular Cartesian coordinate system are 
the principal directions of stress or principal 
axes of stress, at the point, and its coordinate 
planes are the principal planes of stress at the 
point. (See Mohr circle.) 

STRESS QUADRIC. The quadric equation 
in a rectangular Cartesian coordinate system x 

cTijXiXj = constant, 

w here ay are the stress components in the sys¬ 
tem x and the indicial notation and summation 
convention are used. 

STRESS RAISER. A notch, hole, inclusion, or 
other defect is called a stress raiser because it 
causes stress concentration or increase. 

STRESS, RESIDUAL. See residual stresses. 

STRESS, SECONDARY. See secondary 
stresses. 

STRESS, SHEAR. See stress tensor. 

STRESS-STRAIN CURVE. A stress-strain 
curve is a graphical representation of the re¬ 
lation between unit stress and unit deforma¬ 
tion in a stressed body as a gradually increas¬ 
ing load is applied. (See modulus, secant.) 

STRESS-STRAIN CURVES, ISOCHRO¬ 
NOUS. A set of pseudo stress-strain curves ob¬ 
tained from creep data at constant stress. At 
a given time each creep curve shows a total 
strain at the test stress, and this strain plotted 
against the corresponding stress gives an 
isochronous stress-strain curve. 

STRESS TENSOR. The three stress vectors 
acting on three elements of area at a point 
perpendicular to the axes of an arbitrary rec¬ 
tangular Cartesian coordinate system have 
nine components which may be regarded as 
the components of a second-order Cartesian 
tensor which is called the Cartesian stress 
tensor. Unless an applied body couple is act¬ 
ing at the point, this tensor is symmetric. Its 
components in any rectangular Cartesian co¬ 
ordinate system are called the components of 
stress, or stress components, in that system. 
Using the indicial notation, suppose the com¬ 
ponents of the stress vector acting on the ele¬ 
ment of area normal to the xraxis of a rec¬ 

tangular Cartesian coordinate system x are 
o-y (i = 1, 2, 3). Then an, cr22, 0-33 are called 
the normal components of stress. The compo¬ 
nents o-y (i j) are called the tangential, 
shearing or shear components. 

The second-order covariant and contravari- 
ant tensors, w'hich have these quantities as 
their components in a rectangular Cartesian 
coordinate system, are called the covariant 
stress tensor and contravariant stress tensor, 
respectively. Similarly, the mixed tensor, co¬ 
variant of order 1 and contravariant of order 
1, which has as its components in a rectangular 
Cartesian coordinate system the components 
of the Cartesian stress tensor in that coordi¬ 
nate system, is called the mixed stress tensor. 

STRESS TRAJECTORY. A line whose tan¬ 
gent at each point is in the direction of a 
principal stress. (See stress, principal.) 

STRESS VECTOR. The force, per unit area, 
with which the material on one side of an ele¬ 
ment of area is a body acts on that on the 
other side. 

STRICTION, LINE OF. See ruled surface. 

STRING FUNICULAR POLYGON. See 
funicular polygon. 

STRONG AXIS. See axis, strong. 

STRONG ELECTROLYTES. When certain 
substances such as common salt are dissolved 
in water, the solute is composed largely of free 
ions, such as Na+ and Cl- in the case of com¬ 
mon salt. Such substances are called strong 
electrolytes. On the contrary substances which 
contain in solution an important fraction of 
undissociated neutral molecules are called 
weak electrolytes. (See limiting law for strong 
electrolytes.) 

STROUHAL NUMBER. A dimensionless 
parameter relating frequency of shedding of 
vortices to the wind velocity and characteristic 
dimension, 

ud 
Strouhal Number =-> 

2trV 

where w is the frequency of vortex shedding 
in radians per second, d is the diameter of the 
missile or structure in feet and V is the ve¬ 
locity of air flow' in feet per second. 

STRUCTURE, DETERMINATE. See deter¬ 
minate structure. 
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STRUCTURE FACTOR (STRUCTURE AM¬ 
PLITUDE). A factor which depends upon 
the effect of crystal structure on the intensity 
of diffracted radiation, and is defined as the 
ratio of the amplitudes of the radiation scat¬ 
tered by a single unit cell to that scattered by 
a free electron. It is sometimes considered as 
the product of a geometrical structure factor 
s and the combined atomic scattering factors 
2/. If, for a given direction of scattering, the 
phase difference of the ith atom in the unit 
cell is <f>i, and the atomic scattering factor for 
that atom is /{, then the structure factor F is 
given by the expression 

F2 = (2/i cos 0,)2 + (2/j sin <f>,)2. 

STRUT. A structural member subjected to 
direct compression. Although often used in¬ 
terchangeably with the word column, strut 
denotes most often either a short column or 
a secondary or bracing member. 

STUDENT’S DISTRIBUTION. If x is an 
observation from a normal population with 
mean zero, and if s2 is an efficient estimate of 
the population variance based on n degrees of 
freedom, the quantity t = x/s has the dis¬ 
tribution 

r (fr) A t2 
(n7r)^r(^n — 1) \ n 

— <X> < t < 00. 

The t distribution is the basis for significance 
tests and confidence or fiducial statements re¬ 
ferring to means, regression coefficients, etc. 

STURM-LIOUVILLE EQUATION. A dif¬ 

ferential equation, conveniently written in 
operator form as 

L(u) + \wu = 0 

where the differential operator L(u) = (pu')' 
— qu and p, q are functions of the independent 
variable x. Those values of the parameter A 
for which solutions of the equation exist satis¬ 
fying certain boundary conditions are called 
eigenvalues of the equation (together with its 
boundary conditions). 

The function w(x) is called a weighting 
function, since the eigenfunctions u„, um, • • • 
(solutions corresponding to various eigen¬ 
values) are orthogonal with uy(x) for weight¬ 
ing function, thus: 

) 
~'A(n+1) 

J w(x)un(x)um(x)dx = 0, 

where the integration is taken over the interval 
determined by the boundary conditions. 
Many eigenvalue problems in mathematical 
physics are of this form. The above equation 
is a particular example, the most important 
and the first considered, of a Sturm-Liouville 
equation. (See Sturm-Liouville problem.) 

STURM-LIOUVILLE PROBLEM. A differ¬ 
ential equation 

Z (-i)W°](i) = \Py 
i=0 

of order 2n in y as an unknown function of x, 
together with 2n boundary conditions of the 
form 

2n—1 

Z = 0, 
1=0 

i = 1,2, - - •, 2n, 

where the coefficients p and pt- are functions of 
x, while the a and b are the end points of the 
interval [a, b] and the ctJ-, dij are constants. It 
is customary to write Ly for the left side of the 
given differential equation, so that L is a linear 
homogeneous operator. A function u(x) which 
satisfies the boundary conditions is called ad¬ 
missible (if it has a continuous 2nth derivative) 
and if, for every pair u, v of admissible functions, 
we have (u, Lv) = (Lu, v), where the paren¬ 
theses denote scalar product, that is (u, v) = 

f uv dx, then the given problem is said to be 

Since, by integration by parts we self-adjoint 
see that 

(u,Lv)~ (Lu, v) = Z Z(-l)<+/ 
i=o i=o 

x {u0)[pyi)] (i)l(t-l-i) _ ,.(/) 
[piU (i)l(i—1—j) H 

it is clear that the problem will be self-adjoint 
if the boundary conditions are such as to 
guarantee the vanishing of this expression, 
which, being bilinear in the derivatives of u and 
v, is called the bilinear concomitant of the 
problem. An admissible non-identically-van¬ 
ishing function u which satisfies Lu = Apu is 
called an eigenfunction of the problem and a 
value of A for which such a function exists is the 
corresponding eigenvalue. The fundamen¬ 
tal importance of the self-adjointness of a prob¬ 
lem lies in the fact that any two of its eigen- 
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functions um, un (corresponding to distinct 
eigenvalues Xm, X„) are orthogonal with weight¬ 
ing function p; that is, 

so that the coefficients in the (generalized) 
Fourier expansion of an arbitrary function 
can be readily calculated. 

STURM SEQUENCE. A sequence of poly¬ 
nomials associated with a given polynomial 
possessing the properties required for applying 
the Sturm theorem, that no consecutive pair 
vanish simultaneously, and that when one 
vanishes the adjacent ones are opposite in sign. 

STURM THEOREM (FOR LOCATING 
ROOTS OF AN ALGEBRAIC EQUATION 
P(x) = 0). Taking P = P0, P' = Pi, apply 
the Euclidean algorithm for the highest com¬ 
mon factor of P0 and Pi. In the Sturm se¬ 
quence P0, Pi, P2 • • • evaluated at any r, 
let Vr represent the number of variations in 
sign. Then the equation has exactly Vr dis¬ 
tinct roots exceeding r. While the application 
of Budan’s theorem is simpler, it provides less 
information in general. Moreover, if P, is not 
a constant, P{ being the last term in the se¬ 
quence, all multiple roots satisfy Pi = 0. (See 
algebraic equations.) 

SUBGRAPH. A graph containing a subset 
of the edges of the original graph. 

SUBGRAPH COMPLEMENT. The comple¬ 
ment of a subgraph is the set of all elements 
of the graph not in the subgraph. 

SUBGRAPH, MAXIMAL CONNECTED. A 
connected graph is essentially one that is in 
“one piece.” An unconnected graph must 
therefore be decomposable into several con¬ 
nected “pieces.” This notion can be made 
precise by using the notion of a maximal con¬ 
nected subgraph. 

Let two vertices 0i and 02 of a graph G be 
defined to be equivalent if there exists a path 
between them and denote this relation sym¬ 
bolically by 0i = 02. Clearly if 

(a) 0i = 02 and 02 = 03, 0i = 03; 

(b) 0i = 0i; 

(c) If 0, = 02, 02 = 01- 

Thus the relation is an equivalence relation in 
the strict mathematical sense because it is (a) 
transitive, (b) reflexive and (c) symmetric. 
The collection of all vertices of G is partitioned 
into disjoint equivalence classes such that two 
vertices belong to the same class if and only 
if they are equivalent. If G is finite, the num¬ 
ber of these classes is also finite and can be 
enumerated Si, S2, • • •, SP. A little thought 
reveals that the set of all edges whose two 
endpoints are vertices in Sr (r — 1, 2, • • •, P) 
is a connected subgraph Gr of G. Moreover 
Gr (r = 1, 2, • • •, P) is a maximal connected 
subgraph of G in the sense that the addition 
of any more vertices to Gr renders it uncon¬ 
nected. Evidently P = 1 if and only if G is 
connected. 

SUBGRAPH, PROPER. A subgraph which 
does not contain all the edges of the graph. 

SUBGRAPHS, DISJOINT. Subgraphs of a 
graph which have no vertices in common. 

SUBGROUP. Elements of a group, in num¬ 
ber less than or equal to the order of the 
group, which satisfy the group postulates. 
Every group possesses at least two subgroups: 
the unit element and the group itself. (For 
various types of subgroup, conjugate, normal, 
etc., see group.) 

SUBHARMONIC. A sinusoidal quantity hav¬ 
ing a frequency which is an integral submul¬ 
tiple of the fundamental frequency (see fre¬ 

quency, fundamental) of a periodic quantity 
to which it is related. For example, a wave, 
the frequency of which is half the fundamental 
frequency of another wave, is called the second 
subharmonic of that wave. 

SUBLIMATION. The process of change of 
phase from solid to gaseous. The opposite 
process has no special name. 

SUBLIMATION CURVE. The graphical 
representation of the variation with tempera¬ 
ture of the vapor pressure of a solid. 

SUBMERGED SURFACE, FORCE ON A. 
See force on a submerged surface. 

SUBROUTINE. A portion of a routine for a 
stored-program computer, e.g., a part which 
evaluates a trigonometric or other standard 
function, which has been so coded that it can 
be made an integral part of any routine that 
calls for this particular computation. 
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SUBSIDIARY VALENCE FORCES. A term 
used to distinguish between the principal 
(skeleton) valence forces in polymer mole¬ 
cules, and other forces, mainly hydrogen bonds 
and Van der Waals interactions, which often 
play an important part in the structure of 
these molecules. 

SUBSONIC AND SUPERSONIC FLOW, 
LINEAR EQUATIONS. For a body in a uni¬ 
form stream, the equations of motion can be 
linearized by assuming that the perturbation 
velocity components are all small compared 
with the stream velocity U. Taking the x-axis 
parallel to the undisturbed stream, the velocity 
components in the directions of the axes x, y 
and z may be written as ([/ + !*), t) and w, 
where u, v and w are the perturbation velocity 
components. With this assumption, and ex¬ 
cluding the case of transonic flow where M —» 1, 
the linear equation 

„ du dv dw 
(1 - M2) — -f — + — = 0 

dx dy dz 
(1) 

is obtained, where M is the Mach number of 
the undisturbed stream. 

For irrotational flow, a perturbation velocity 
potential 4> may be introduced, so that 

d<j> d<t> d<t> 
u = —> v = —> w -- 

dx dy dz 

Equation (1) may then be expressed as 

d2<f> _ d2<f> 
(1-M2) —+ 

dx dy 

d2<t> 
+ —y = °- 

dz2 
(2) 

For subsonic flow (M < 1) this equation is 
used to relate the flow past a given body, at 
Mach number M, to the incompressible flow 
past another body obtained by an affine trans¬ 
formation of the first body. This leads to the 
Prandtl-Glauert and Gothert rules for subsonic 
flow. 

For supersonic flow (M > 1) the equation 
is of hyperbolic type. It is then not possible 
to relate the flow past a given body to any 
incompressible flow, but similarity rules can 
be formulated, relating the flows at two dif¬ 
ferent supersonic Mach numbers. For many 
cases solutions of the equation can be ob¬ 
tained; for two-dimensional flow these are par¬ 
ticularly simple, leading to the Ackeret theory 

of supersonic airfoils. 
In slender-body theory the flow near the 

body is approximated by neglecting the first 
term in Equation (2). 

At hypersonic speeds (M » 1) the equation 
is no longer valid, because certain terms in¬ 
volving products of the perturbation velocity 
components and M2 are no longer negligible. 
(See G. N. Ward, Linearized theory of steady 
high-speed flow, Cambridge, 1955.) 

SUBSTANCE OF A VORTEX. The fluid con¬ 
taining the vorticity. A line vortex has no 
substance. A vortex ring has a finite volume 
of substance surrounded by fluid in irrotational 
motion. 

In Hill’s spherical vortex the substance is 
spherical. 

SUBSTANTIAL DERIVATIVE. Also called 
material derivative and total derivative. (See 
total derivative.) 

SUB-STELLAR POINT. The point on the 
surface of the earth at which a line from the 
center of the earth to a celestial object cuts 
the surface of the earth is known as the sub- 
stellar point of the object. If the celestial 
object is the moon, the point may be called 
the sub-lunar point; if the object is the sun, 
the point is the sub-solar point, if a star, the 
sub-astral point, etc. 

SUBSTITUTIONAL ALLOYS. Alloys in 
which atoms of one element have been replaced 
by atoms of another, without changing the 
basic crystal structure. (See also cooperative 

phenomena.) 

SUCTION OF LAMINAR BOUNDARY 
LAYER. If fluid is sucked into a porous wall, 
the thickness of the boundary layer is de¬ 
creased and the stability of laminar flow is 
increased. Thus transition from laminar to 
turbulent flow is prevented or delayed. Al¬ 
though suction increases the skin friction in 
laminar flow, the overall effect in many cases 
is to cause the flow to be laminar when it would 
otherwise be turbulent, so that the skin fric¬ 
tion is considerably reduced. Suction also 
reduces the tendency to separation. 

A particularly simple case is that of a 
laminar boundary layer on a flat plate, with 
zero pressure gradient and uniform suction. 
With increasing distance downstream from the 
leading edge of the plate, the boundary layer 
tends asymptotically towards a state in which 
the thickness and skin friction are constant. 
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In this asymptotic state the rate of growth of 
the boundary layer due to outward diffusion of 
vorticity may be considered to be exactly bal¬ 
anced by the rate of removal of fluid by suc¬ 
tion. The displacement thickness and shear 
stress at the wall are given by 

V 

b* = — and t0 = pUv0, 
v0 

where p and v are the density and kinematic 
viscosity of the fluid, U is the free-stream 
velocity, and vQ is the average normal velocity 
of suction through the wall. 

SUFFICIENCY. A statistic t is said to be 
sufficient for a parameter 6 if the distribution 
of a sample conditional on t does not depend 
on 6. There are other definitions of an equiv¬ 
alent kind. The basic idea is that t contains 
all the information in the sample about (9; if t 
is known any other knowledge concerning the 
sample values adds nothing to inferences 
about 6. 

SUMMATIONAL INVARIANT. Molecular 
properties are called summational invariants 
when their sums for the molecules participat¬ 
ing in a collision are not modified by the en¬ 
counter. Typical summational (or collisional) 
invariants are the mass, the momentum, and 
the energy of the particles. 

SUMMATION CONVENTION. The conven¬ 
tion, often named after Einstein, that when¬ 
ever the same index, called a dummy or umbral 
index, appears twice in a given expression, 
either as subscript or superscript, then the 
single expression in which the letter so occurs 
stands for a sum of similar expressions, the 
letter in question taking on the values, usu¬ 
ally 1, 2, ■ • •, n, of a range agreed upon in 
advance. Thus, e.g., 

du* . du* 
—: dx3 denotes —- dx 
dx1 dx1 

du* „ du1 

H--2dx -H ~ 
dx2 dxn 

and yijXij is the sum of w2 terms. (See in¬ 
dicia! notation.) 

SUMMATION OF SERIES. In general, 
methods of approximate computation are 
based upon the use of infinite series and se¬ 
quences whose limits are the desired quanti¬ 

ties, and in practice one must truncate the 
series or select a particular term in the se¬ 
quence. It is advantageous, therefore, that 
convergence be as rapid as possible. In some 
instances a series may not converge and yet 
may be regarded as defining the required quan¬ 
tity in some sense. Thus the series 1 + x x2 
+ x3 + • • • fails to converge when |x| > 1; 
on the other hand it is the formal development 
of (1 — x) -1 and may be considered to define 
this quantity whether or not the series con¬ 
verges. Moreover, if one applies the delta- 
square process to the sequence of partial sums 
of this series one obtains precisely (1 — re) -1. 
Thus the process, in this instance, transforms 
the sequence of partial sums into a new se¬ 
quence of which every term is the value of 
the quantity formally defined by the series. 
It can be regarded as a device for accelerating 
convergence, when convergence occurs, or of 
converting from divergence to convergence 
otherwise, in either event a method for sum¬ 
ming the series. 

Linear methods of summation have been 
most exhaustively studied, and the Euler 
transformation is one of the simplest and most 
useful. The delta-square process is among 
the simpler and more powerful of known non¬ 
linear methods. The elements w{ of an infinite 
sequence can always be regarded as the partial 
sums of a series, hence one can direct atten¬ 
tion to a series or to a sequence, according to 
convenience. The terms Un of a sequence can 
always be regarded as functional values u(x) 
of a function for which x = n-1. Hence find¬ 
ing the limit of a sequence of terms un can be 
regarded as equivalent to the problem of ex¬ 
trapolating the function u{x) to x = 0, when 
functional values are known for x — n_1. 
From this point of view one can use interpola¬ 
tion polynomials, continued fractions (e.g., 
formed with reciprocal differences) or any 
other convenient method of approximation. 

SUMNER LINE. Same as line of position. 

SUM OF TENSORS. If and 
bju2 --}y are the components of two tensors 
(tensor fields) of equal weights, each contra- 
variant of order M and covariant of order N, 
in a generic coordinate system in n-dimensional 
space, then the quantities aW;; • ;’.m 
are the components in the coordinate system 
of a tensor (tensor field), which is also contra- 
variant of order M and covariant of order N, 
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and is called the sum of the two tensors (tensor 
fields). 

SUM OVER STATES. See partition function. 

SUMPTNER PRINCIPLE. When a light 
source is placed at a point inside a sphere with 
a perfectly diffusing surface, then every part 
of the surface appears equally illuminated 
when viewed through an opening in the surface. 
This principle is the basis of the Ulbricht 
sphere. 

SUM RULE FOR ATOMIC SPECTRA, 
BURGER - DORGELO - ORNSTEIN. See 
Burger-Dorgelo-Ornstein sum rule for atomic 
spectra. 

where for an isotropic material D is the dis¬ 
placement current, H is the magnetic field, and 
e and n are the dielectric constant and magnetic 
permeability respectively. A is a temperature- 
dependent constant of the material, j{s) is the 
superconducting part of the current density, 
and c is the velocity of light. 

In equation (1), the quantity in the square 
bracket plays the role of a free-energy density. 

SUPERCONDUCTIVITY EQUATIONS, 
LONDON. See London superconductivity 
equations. 

SUPERCONDUCTIVITY, ISOTOPE EF¬ 
FECT IN. See isotope effect in superconduc¬ 
tivity. 

SUM RULES FOR ELECTRONIC TRANSI¬ 
TIONS, VIBRATIONAL. See vibrational 
sum rules for electronic transitions. 

SUN, MOTION OF. See solar motion. 

SUPERAERODYNAMICS. See rarefied gas 
dynamics. 

SUPERCONDUCTING TRANSITION. The 
change from the normal to the superconduct¬ 
ing state is a reversible phase transition of the 
second kind, taking place at a temperature 
which depends on the magnetic field as well 
as on the material. The entropy of the nor¬ 
mal state is always greater than that of the 
superconducting state by an amount. 

_ Hc dHc 

2tt dT ’ 

where Hc is the critical field at temperature T. 

SUPERCONDUCTIVITY ENERGY EQUA¬ 
TION. When the London theory (see London 
superconductivity equations) is applied to any 
isothermal process taking place in a super¬ 
conductor, the following relation is obtained: 

d TE D + II B 

dt . Sir 

Aj(8)21 

+-VJ + <tE2 

+ — V-(E X H) = 0 (1) 
47r 

E and B are, respectively, the electric field in 
electrostatic units, and the magnetic induc¬ 
tion in electromagnetic units. 

D = eE and H = B/p 

SUPERELEVATION (I.E., BANKING OF A 
TRACK OR ROAD). The vertical distance 
the outer track of a railway is raised above 
the inner track on a curve in order to supply 
the centripetal force needed for motion around 
the curve. 

SUPEREXCHANGE. A mechanism invoked 
to explain strong anti ferromagnetic coupling 
such as that, for example, between two Mn+ + 
ions separated by an 0— ion in MnO. A 
form of configuration interaction is involved 
—one of the excess electrons on the oxygen 
ion goes on to one of the Mn++ ions, where 
it couples with its spin. The other electron 
on the oxygen ion must be of opposite spin 
by the Pauli exclusion principle, and couples 
by exchange with the spin of the remaining 
Mn++ ion. The overall effect is thus a 
coupling between the spins of the Mn++ ions, 
even though these are much too far apart to 
have a direct exchange interaction. 

SUPERHEATED STEAM. See superheated 
vapor. 

SUPERHEATED VAPOR. Vapor at a state 
which does not correspond to two-phase 
(vapor-liquid or vapor-solid) equilibrium, i.e., 
at a state when its pressure is not determined 
by its temperature, the two constituting inde¬ 
pendent variables. For all substances, the 
pressure p of superheated vapor is higher than 
the saturation pressure which corresponds 
to its temperature T. Conversely, the tem¬ 
perature T of a superheated vapor is higher 
than the saturation temperature T„ corre¬ 
sponding to its pressure p. 

Sometimes (particularly in steam engineer- 
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ing), the state of a superheated vapor is speci¬ 
fied by its pressure p and the degree of super¬ 
heat (or the number of degrees of superheat) 
T — T„. All gases are highly superheated 

vapors. 

SUPERLATTICE. An arrangement of atoms 
of two or more substances in which the atoms 
of one substance occupy regular positions in 
the lattice of the other, without any chemical 
combination occurring between them. (See 
also cooperative phenomena.) 

SUPERMULTIPLET. (1) A supermultiplet 
comprises the spectral lines corresponding to 
all the possible transitions between two poly- 
ads. A polyad is the group of terms of the 
same multiplicity, arising from the same elec¬ 
tron configuration. A pp configuration of non¬ 
equivalent electrons, for instance, gives rise 
to two triads, 1S, 1P, lD, and 3S, 3P, :iD, respec¬ 
tively. (2) A term used in the classification 
of the energy levels of light atomic nuclei, 
having to do with the symmetry of the wave 
function under permutation of the spatial co¬ 
ordinates alone. If nuclear forces are charge- 
independent and central, nuclear states may 
be classified according to their total orbital 
angular momentum L, their total spin angular 
momentum <S, and their total isotopic spin T. 
States of different T, S, L will in general have 
different energies. However, if in addition the 
forces depend solely upon the spatial coordi¬ 
nates of the nucleus (i.e., Wigner and Nla- 
jorana forces) then certain states with the 
same value of L but different values of T and 
S will be degenerate. Such a grouping of de¬ 
generate states is called a supermultiplet, and 
the concept was first introduced by Wigner in 
1937. The supermultiplet classification has 
proved very useful in studies of the structure 
of light nuclei. It breaks down for heavier 
nuclei (atomic mass number >50) owing to 
the increasing importance of non-central forces 
and of the electrostatic repulsion between pro¬ 
tons which violates charge-independence. 

SUPERPOSITION PRINCIPLE (OR THE¬ 
OREM). If a physical system is acted on by 
a number of independent influences, the re¬ 
sultant influence is the sum (vector or alge¬ 
braic as circumstances dictate) of the indi¬ 
vidual influences. The principle takes on 
many specific forms depending on the nature 
of the system and the influence in question. 

For example, when two forces act simulta¬ 
neously on a particle the resultant force is the 
vector sum of the two. Another example is 
provided by the small oscillations of a system 
about a state of equilibrium. Thus the total 
displacement of a vibrating string is the alge¬ 
braic sum of all its various harmonic modes of 
oscillation which add without interfering with 
each other. The principle is validated in this 
case by the fact that the wave equation gov¬ 
erning the oscillations is linear. Superposition 
does not apply to non-linear systems. 

In mechanics of solids the validity of super¬ 
position requires both linearity in the stress- 
strain relation and negligible effect of change 
in geometry on the conditions of equilibrium. 

The principle can also be applied to quan¬ 
tum mechanics. Here it is exemplified by the 
postulate that any state function of a given 
quantum mechanical system corresponding to 
a given observable (e.g., the energy) can be 
expressed as a linear expansion of the eigen¬ 
states of the system for the same observable. 
(See also Laplace transform theorems.) 

SUPERSELECTION RULES. It is a conse¬ 
quence of the usual postulates of quantum me¬ 
chanics that to every realizable state of a 
physical system there corresponds a unique ray 
in Hilbert space. It may, however, be the 
case that there exist rays in Hilbert space 
which do not correspond to any physically 
realizable state. This situation occurs, for ex¬ 
ample, in relativistic field theories. There the 
Hilbert space of rays can be decomposed into 
orthogonal subspaces 3Ca, 3Cb, 3Cc---such 
that the relative phase of the components of a 
vector in each of the subspaces is arbitrary and 
not measurable. The phenomenon responsible 
for the breakup of the Hilbert space into 
several incoherent orthogonal subspaces is 
called a superselection rule. Examples of such 
superselection rules are the laws of electric 
charge conservation and baryon conservation. 
Mathematically, a superselection rule cor¬ 
responds to the existence of an operator x' 
(which is not a multiple of the identity) and 
which commutes with all observables. If there 
exists such an operator x' commuting with all 
observables, then the Hilbert space can be de¬ 
composed into incoherent orthogonal subspaces. 
All rays within a single subspace are realizable, 
but a ray which has components in two or more 
subspaces is not. No observables will have 
matrix elements between different subspaces, 
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since the eigenfunctions of observables must, 
by definition, correspond to realizable states. 

SUPERSTRUCTURE. See superlattice; also 
cooperative phenomena. 

SUPERSTRUCTURE LINES. X-ray lines 
occurring because of the existence of super¬ 
structure in a substitutional alloy. 

SUPER-UNDAL FLOW. Flow at speeds 
greater than the speed of any gravity waves, 
sometimes called super-critical, or shooting 
flow. In a single layer of fluid the Froude 
number exceeds unity, and stationary hy¬ 
draulic jumps, but no standing waves, can 
occur. The flow is analogous to super-sonic 
flow in the sense that no disturbances can 
travel upstream, but there is no similar anal¬ 
ogy to sub-sonic flow because gravity waves 
are usually highly dispersive with no minimum 
wave speed. 

SUPPLEMENTARY CONDITION. Any 
condition imposed on the state vector § in a 
quantized field theory (see field theory, quan¬ 
tized) in order that this vector should cor¬ 
respond to an actual state; e.g., in quantum 
electrodynamics, the Lorentz condition 

dx^ 

SURFACE, ANTICLASTIC. See anticlastic 
surface. 

SURFACE, CHARACTERISTIC OF (FOR 
PARAMETER VALUE A). The curve de¬ 
fined by the equations f{x,y,z,a) = 0, 
df(x,y,z,a)/da = 0, for a particular value of a, 
where f(x,y,z,a) = 0 is a one-parameter family 
of surfaces. As a varies, the characteristics 
trace out a surface called the envelope of the one- 
parameter family of surfaces. 

SURFACE COORDINATES OF A POINT. 
See surface. 

SURFACE CURL OF A VECTOR. See sur¬ 
face divergence of a vector. 

SURFACE, DIRECTOR. See director sur¬ 
face. 

SURFACE DIVERGENCE OF A VECTOR. 
Assume that a surface S divides the space into 
two regions I and II and let the positive unit 
normal be directed from I and II. Let A! be 

the surface value of the vector A on the side 
I of S and similarly A2 be the value on the 
side II. Then N- (A2 — Ax) is called the sur¬ 
face divergence of A and N X (A2 — Ai) is 

called the surface curl of A (sometimes written 
DIV A and CURL A). If the normal com¬ 
ponent of A changes continuously, then the 
surface divergence of A is zero, and if the tan¬ 
gential component changes continuously, then 
the surface curl of A is zero. 

SURFACE FORCE. Force acting on an ele¬ 
ment of surface area at a point on the surface 
of a body which is proportional to the area 
of the surface element. The area may be cal¬ 
culated in any specified state of deformation 
of the body, e.g., the undeformed state, or the 
state of deformation at the instant under con¬ 
sideration. Hence, surface force per unit area 
measured in the undeformed state and sur¬ 
face force per unit area measured in the de¬ 
formed state. Also called surface traction. 

SURFACE, FORCE ON A SUBMERGED. 
See force on a submerged surface. 

SURFACE-FRICTION DRAG. See drag. 

SURFACE INTEGRAL. See integral, mul¬ 
tiple. 

SURFACE IN THREE-DIMENSIONAL 
SPACE. The locus of a point whose space 
coordinates are functions of two independent 
parameters, e.g., u and v. The equations ex¬ 
pressing the dependence of the space coordi¬ 
nates on u and v are called parametric equa¬ 
tions of the surface. The values of u and v cor¬ 
responding to a point on the surface are called 
surface coordinates of the point. The curves 
u = constant and v = constant on the surface 
are called parametric lines, or parametric 
curves, or coordinate lines on the surface. 

SURFACE INTRINSIC DERIVATIVE OF A 

SURFACE TENSOR. tll\V.f are the com¬ 
ponents in a generic coordinate system u on a 
surface of a surface tensor, which is defined 
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along a curve lying in the surface by its de¬ 
pendence on a parameter r. The surface in¬ 
trinsic derivative of the surface tensor with 
respect to r is the tensor with components 
8t^'f/dr in the coordinate system u defined 

by" 

where .7,, are the components in the sys¬ 
tem u of the covariant derivative of the tensor. 

SURFACE, INTRINSIC PROPERTIES OF. 
See intrinsic properties of a surface. 

SURFACE, LIOUVILLE. See Liouville sur¬ 
face. 

SURFACE, MINIMAL. See minimal surface. 

SURFACE, MONGE FORM FOR EQUA¬ 
TION OF. See Monge form for equation of 
surface. 

SURFACE OF CENTERS (OR CENTRO 
SURFACE) OF A SURFACE. The locus of 
the centers of curvature (see curvature, center 
of) of the surface. It usually consists of two 
sheets, corresponding to the two systems of 
lines of curvature. Also called the evolute of 
the surface. (See also involute of a surface.) 

SURFACE OF LEAST CONFUSION. The 
locus of centers of circles of least confusion in 
optical imagery. For a thin lens the surface 
is a sphere centered on the center of the lens. 

SURFACE OF NEGATIVE TOTAL CURVA¬ 
TURE. See anticlastic surface. 

SURFACE OF POSITIVE TOTAL CURVA¬ 
TURE. See synclastic surface. 

SURFACE OF REVOLUTION. A surface 
which may be generated by rotating a plane 
curve about an axis in its plane. Sections of 
the surface perpendicular to the axis are circles 
called parallel circles, or parallels, or lines of 
latitude. Sections of the surface by planes 
containing the axis are called meridian sec¬ 
tions, or meridians, or lines of longitude. 

SURFACE RECOMBINATION RATE. See 
recombination rate, surface. 

SURFACE, RULED. See ruled surface. 

SURFACES, APPLICABLE. See applicable 
surfaces. 

SURFACES, FAMILY OF (IN THREE-DI¬ 
MENSIONAL SPACE). The equation f(x,y, 
z,a,b, • • •) = 0 in which a,b, • • • are constants 
represents a surface in three-dimensional 
space. The infinitude of surfaces which are 
obtained by assigning all possible values to 
a, b, • • • is called a family of surfaces. It is 
called a one-parameter, two-parameter, • • • 
family of surfaces accordingly as there are 
one, two, • • • parameters a, b, • • • in the 
equation. 

SURFACES, INVERSE. See inverse surfaces. 

SURFACE, SKEW. See skew surface. 

SURFACES, PARALLEL. See parallel sur¬ 
faces. 

SURFACE, SPHERICAL. See spherical sur¬ 
face. 

SURFACE, SYNCLASTIC. See synclastic 
surface. 

SURFACE TENSION. See capillarity. 

SURFACE TENSION OF A SOLID. See 
Gibbs-Wulff relations. 

SURFACE TENSION OF CURVED INTER¬ 
FACE. Consider a system consisting of two 
homogeneous bulk phases a and f3 connected 
by a curved surface layer a. The pressures 
inside the phases a and (3 are pa and p& (see 
figure). 

a 

Curved interface between two phases due to surface 
tension. 

The surface tension y is related to the pres¬ 
sures pa, pP by the Laplace formula 

where pi, p2 are the principal radii of curvature 
of the interface. 

For a spherical surface of radius r we have the 
simpler expression 

* 2y 
p& - pa = — (2) 

r 
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The expressions (1) or (2) form the basis of the 
experimental determinations of y by the capil¬ 
lary rise method. 

SURFACE TENSOR. See tensor, surface. 

SURFACE TENSOR, INTRINSIC DERIVA¬ 
TIVE OF. See surface intrinsic derivative. 

SURFACE WAVE. In the wide sense a wave 
propagated without change of form in a me¬ 
dium with a single, or several parallel plane 
boundaries, with its wave front always per¬ 
pendicular to these boundaries is a surface 
wave. This statement may be extended to 
concentric cylindrical boundaries. This defi¬ 
nition is wide enough to include within its 
range the case of perfectly related waves 
traveling along a perfect conductor. If we 
narrow this definition to exclude the reflex¬ 
ion effect, then we also exclude from surface 
wave the disturbance within a dielectric slab 
or rod to which its name surface wave has 
been given. 

In the narrow sense, therefore, we must 
examine the dimension of each medium present 
transverse to the boundary surface (and hence 
to the direction of propagation). If this di¬ 
mension is infinite, then a surface wave must 
be exponentially damped at large distances 
from the guiding surface. If it is not infinite 
there is no such requirement, but we can insist 
that one medium at least shall extend to in¬ 
finity in the transverse direction before a sur¬ 
face wave can be said to occur. 

The same definition may be used both in 
the theory of elastic waves and in the theory 
of electromagnetic waves. 

In fluids, surface waves are gravity waves in 
which the amplitude of the motion at the sur¬ 
face of the fluid is large compared with that at 
the bottom; waves whose length is small com¬ 
pared with the depth of the fluid concerned. 
Their properties are not affected by a change 
of depth of the fluid so long as it remains rela¬ 
tively deep. In inviscid fluids with a free 
surface at constant (atmospheric) pressure, 
the gas above being of negligible density, the 
velocity of surface waves is (g/k)'^ where 
2ir/k is the wavelength. 

SURFACE, YIELD. A surface in stress space 
which is the locus of all stress points that rep¬ 
resent states of stress at the yield limit. 

SUSCEPTANCE. The imaginary part of ad¬ 
mittance. Note that if Z = R -f- jX, where Z 
is impedance, R, resistance, and X, reactance, 

1 R - jX 
A —___J 

R + jX R2 + X2 

and the susceptance is 

S “ R2 + X2' 

SUSCEPTIBILITY. See magnetic suscepti¬ 
bility; electric susceptibility. 

SUTHERLAND MODEL. The intermolecu- 
lar potential 

0(r) = «, r < a (1) 

= —cr~y, r > a (2) 

represents rigid spheres which attract one 
another according to an inverse power law 
(see figure). It is generally called the Suther¬ 
land potential. 

Sutherland model. 

This model gives reasonable results in calcu¬ 
lation of both thermodynamic properties and 
transport properties. 

S-WAVE(S). Seismological term for a shear 
wave. (See wave(s), shear.) 

SWEPT-BACK WING. The figure shows one 
half of a wing which is symmetrical about the 
center line xx. AB is drawn parallel to xx 
and the point P on AB is defined by 

AP 

OR is the locus of all points such as P, for 
constant /. Then the angle A between OR 
and a normal to xx defines the sweep-back 
of the wing. The value of / commonly used 
in defining sweep-back is %; OR is then the 
quarter-chord line, and A is described as the 
sweep-back of the quarter-chord line. In gen- 
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oral, OR may not be a straight line, so that the 
angle of sweep-back may vary along the span 
of the wing. 

x 

Swept-back wings are used mainly for high¬ 
speed flight, in order to delay to higher Mach 
numbers the increase of drag coefficient and 
other changes that occur on an unswept wing 
at high subsonic speeds. A qualitative under¬ 
standing of the effects of sweep-back may be 
obtained by considering the relatively simple 
case of an infinite yawed wing. Because of 
effects at the tip and center of a finite swept 
wing, however, the favorable effects of sweep- 
back, in raising the Mach number at which 
there is a rapid increase of drag coefficient, are 
considerably less than for an infinite yawed 

wing. 
Lifting-line theory can be used only for 

wings with small or zero sweep, and for calcu¬ 
lating the pressure distribution and loading on 
a wing with considerable sweep-back it is 
necessary to use lifting-surface theory. When 
the sweep-back is large and the aspect ratio 
small, the theory of wings of small aspect ratio 
may be used. The flow in the boundary layer 
on a swept-back wing is three-dimensional, 
and this often leads to important effects which 
are not observed in two-dimensional flow. 
Sweep-back tends to make the flow in a lami¬ 
nar boundary layer unstable, so that transition 
to turbulent flow occurs more readily than on 
an upswept wing. Also, there is a strong ten¬ 
dency for the boundary layer to separate on 
the outer part of a swept-back wing, at only a 
moderately high angle of incidence. This 
leads to important changes in the pressure 
distribution on the wing and, in particular, 

usually causes a loss of lift and an increase of 
(nose-up) pitching moment. 

SWEPT VOLUME. The volume Vs displaced 
(“swept”) by the piston of a reciprocating en¬ 
gine during the whole of the stroke s. Hence 

7T D~ 
Vs =-s 

4 

where D is the diameter of the cylinder bore. 
In automobile engineering, the sum of the 
swept volumes of all cylinders is sometimes 
referred to as engine capacity. 

SYLVESTER DIALYTIC METHOD. See 
dialytic. 

SYMMETRICAL WAVE FUNCTION. See 
under exchange energy. 

SYMMETRIC BINARY RELATION. A 
binary relation R is symmetric if aRb — bRa 
for all pairs a,b for which R is defined. 

SYMMETRIC GROUP. A group consisting 
of all possible n! permutations of n elements. 

SYMMETRIC FUNCTION. A function 
whose value remains unchanged under any 
permutation of its independent variables. 
That is, any function j(x\, x2, •••, xn) not 
affected by an interchange of any xt and Xj. 
If these are roots of an algebraic equation 

Xn — CiXn~1 + c2xn~2 — • ■ dh cn = 0, 

then 

Cl = SX{, C2 = SXfXy, C3 = iZXiXjXk, • • • 

are the elementary symmetric functions, where 
the summations are extended over all distinct 
products of distinct factors, the aq- being them¬ 
selves considered independently varying. Any 
rational symmetric function of the is a ra¬ 
tional function of the c,-. 

SYMMETRIC TENSOR. See tensor, sym¬ 
metric. 

SYMMETRIC TOP MOLECULE. See poly¬ 
atomic molecules, types of. 

SYMMETRIC WAVE FUNCTION. A wave 
function that is invariant with respect to the 
interchange of the variables of two particles: 

i(xj, x2,---,xn) = i{x2, *i, • • •, xn), 

where x, stands for all the variables of the ith 
particle. The state of a system of N bosons 



Symmetry and Quantum Mechanics 920 

can be described by such a symmetric wave 
function. 

SYMMETRY AND QUANTUM MECHAN¬ 
ICS. The possibility of abstracting laws of 
motion from the chaotic set of events which 
surround us stems from the following circum¬ 
stances. 

(1) Given a physical system it is possible 
to isolate a (finite) manageable set of relevant 
initial conditions, and 

(2) Given the same set of initial conditions 
the resulting motion of the system will be the 
same no matter where and when these condi¬ 
tions are realized (at least in our neighbor¬ 
hood of the universe). In the language of 
symmetry principles (2) is the statement that 
the laws of nature are independent of the posi¬ 
tion of the observer as well as of the time at 
which he performs his experiment, or equiva¬ 
lently in mathematical terminology, that the 
laws of motion are covariant with respect to 
displacements in space and time, i.e., with re¬ 
spect to the transformations 

x —* x + a 
(a) 

t —> t -f* T. 

Experiments have also yielded the fact that 
the orientation in space of an event is likewise 
an irrelevant initial condition (isotropy of 
space) and this principle can be translated 
into the statement that the laws of motion are 
covariant under spatial rotations. The prin¬ 
ciple of Galilean invariance (based on the suc¬ 
cess of Newton’s laws of motion) further as¬ 
serted that the laws of nature are independent 
of the state of motion of the observer as long 
as it is uniform with constant velocity. 

These symmetry principles are usually 
stated in terms of two observers, 0 and O', who 
are in a definite relation to each other. For 
example, observer 0 may be moving with con¬ 
stant velocity, v, relative to O' in such a way 
that the relation of the labels of the spatial 
points and the reading of their clocks in their 
respective coordinate systems are given by the 
following equations: 

The principle of Galilean invariance then as¬ 
serts that the “laws of nature” are the same 

for the two observers. The form of the equa¬ 
tions of motion is the same for both observers, 
i.e., the equations of motion are covariant with 
respect to the transformation (b). Two ob¬ 
servers using inertial coordinate systems (i.e., 
ones in wdiich the laws of motion are the same) 
are said to be equivalent. 

The aforementioned invariance principles 
were experimentally established and may have 
only limited applicability. Thus, Lorentz in¬ 
variance has replaced the principle of Galilean 
invariance. The recent discovery that the 
law of parity conservation (invariance under 
interchange of left-handed and right-handed 
coordinate systems) does not hold in weak in¬ 
teractions has reemphasized that an invariance 
principle and its consequences must be experi¬ 
mentally verified. 

At the macroscopic level, the notion of an 
invariance (or symmetry) principle can be 
made precise with the help of the concept of 
the complete description of a physical system. 
By the latter is meant a specification of the 
trajectories of all particles together with a full 
description of all fields at all points of space 
for all time. The equation of motion then 
allows one to determine whether the system 
could in fact, have evolved in the way specified 
by the complete description. The existence of 
an invariance principle then requires that the 
following three postulates be satisfied: 

(1) It should be possible to translate a com¬ 
plete description of a physical system from 
one coordinate system into every equivalent 
coordinate system; 

(2) The translation of a dynamically pos¬ 
sible description should again be dynamically 
possible; 

(3) The criteria for the dynamic possibility 
of a complete description should be identical 
for equivalent observers. 

Postulate 2 is equivalent to the statement 
that a possible motion to one observer must 
also appear possible to any other observer and 
postulate 3 to the statement of the form in¬ 
variance of the equation of motion. 

In a quantum mechanical framework pos¬ 
tulate 1 remains as stated. It implies that there 
exists a well defined connection and corres¬ 
pondence between the labels attributed to the 
space-time points by each observer, between 
the vectors each observer attributes to a given 
physical system and between the operators (ob¬ 
servables) used by the two observers. Pos- 
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tulate 2 is usually formulated in terms of 
transition probabilities and states that the 
transition probability is independent of the 
frame of reference. Different equivalent ob¬ 
servers make the same prediction as to the out¬ 
come of an experiment carried out on a system. 
Note that this system will be in a different re¬ 
lation to each of the observers. Observer O will 
attribute the vector |^) to the state of the sys¬ 
tem, whereas observer O' will describe the state 
of this same system by a vector |ip'). It is, 
however, assumed that given two systems, S0 
and So-, which are in the same relation to each 
of the two observers (i.e., the values of the 
observables of the system S0 as measured by 
observer 0 are the same as the values of the 
observables of S0> as measured by O') the ob¬ 
servers will describe the state of their respective 
systems by the same vector. One calls |^') the 
translation of the vector \\p). Stated mathe¬ 
matically, postulate 2 asserts that if \\p) and 

j <p) are two states and | \p') and 1</>') their trans¬ 
lations, then 

I OZs<t>') I2 = I OA>0) I2 (c) 

If all rays in Hilbert space are distinguishable, 
it is then a mathematical theorem that the cor¬ 
respondence | yp) —> as a result of (c), is 
effected by a unitary or anti-unitary op¬ 
erator, i.e., 

|*> = U(0,0')\f) (d) 

where U depends on the coordinate systems be¬ 
tween which it affects the correspondence and 
17(0,0') = I (the identity) if O' = 0. Pos¬ 
tulate 3 next asserts that U can only depend 
on the relation of the two coordinate systems 
and not on the intrinsic properties of either one. 
For example, for Lorentz transformation, 

UiO',0) must be identical with U(0"',0") if 
O'" is in the same relation to 0" as O' is to 0, 
i.e., if O'" arises from 0" by the same Lorentz 
transformation, L, by which O' arises from 0. 
If this were not so, there would be an intrinsic 
difference between the frames O',0 and 0", 
O'". The operator U(0,0') is completely deter¬ 
mined up to a factor of modulus unity by the 
transformation, L, which carries 0 into O', and 
one writes U = U{L) and tp') = U{L)-\\p). If 
one considers three equivalent frames, then one 
must obtain the same state by going from the 
first frame 0 to the second 0' = L,0 and then 
to the third 0" = L20', as by going directly 
from the first to the third frame 0" = L30, with 
L3 = L2Li, hence 

I i") = U{L2)U{LM) 

= 0(L3) |*> 

from which it follows that 

(e) 

U(L3) = «(L2, Li) U(L2) U(Li) (f) 

U(D = I (g) 

where w is a number of modulus one which can 
depend on L\ and L2 and arises because of the 
indeterminate factor of modulus one in the state 
vectors. The (7’s as a result of Equations (f) 
and (g), are said to form a unitary or (anti¬ 
unitary) representation up to a factor of the 
group of transformations under which the ob¬ 
servers are equivalent. For special relativity 
this group is the group of inhomogeneous 
Lorentz transformations. 

It now follows from postulate 2 and the fact 
that all frames which can be reached by the 
symmetry transformations are equivalent for 
the description of the system, that together 
with \\p), U(L) |\p) must also be a possible state 
of the system as described by observer 0. Thus 
a relativity invariance requires the vector space, 
V, describing the possible states of a quantum 
mechanical system to be invariant under all 
relativity transformations, i.e., V must contain 
together with every 1^) all transformations 
U(L) \ \p), where L is any relativity transforma¬ 
tion. This is the active view of formulating 
relativistic invariance and deals only with the 
transformed states of a single observer. This 
active interpretation is to be contrasted to the 
passive viewpoint outlined above, involving 
two observers. For example, a three dimen¬ 
sional rotation may be interpreted passively 
as a rotation of the co-ordinate system or 
actively as a rotation of the system S under 
observation. 

SYMMETRY ARGUMENT. A logical treat¬ 
ment based on the idea that when there is no 
apparent reason that either of two possible be¬ 
haviors should be preferred to the other, 
neither will occur. Examples are the proof 
that a spherically symmetric body resting on 
a horizontal surface is stable in all positions, 
and the proof that the electrostatic field 
around a long, straight charged conductor 
must be radial. In the first case, it is argued 
that a rotation of the body about the point of 
support in any direction leads to a system in¬ 
distinguishable from rotation in any other di¬ 
rection. In the second, there is no reason 
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that the lines of force should circulate either 
clockwise or counter-clockwise about the con¬ 
ductor when viewed from either end; there¬ 
fore the field can have no tangential compo¬ 
nent. 

SYMMETRY, AXIS OF. A line drawn witfiin 
a body or within a set of points in such a 
location and direction that a rotation of the 
body through an angle (2ir/n) radians about 
the line as an axis, n being an integer greater 
than unity, results in a configuration indis¬ 
tinguishable from the original configuration. 
A body or set having such an axis is said to 
have n-fold symmetry, and the line is said to 
be an n-fold axis. Thus a line through the 
center of a cube and parallel to a face is a 
four-fold axis of symmetry, while a body 
diagonal of the cube is a two-fold axis. 

SYMMETRY AXIS OF SECOND KIND OR 
ROTATION-REFLECTION AXIS. A sym¬ 
metry element by which the crystal is brought 
into self-coincidence by a combined rotation 
and reflection in a plane perpendicular to the 
axis of rotation. In Schoenflies notation, »S„ 
for an n-fold axis. (See symmetry classes.) 

SYMMETRY, CENTER OF. A symmetry 
element such that any line through it will 
intersect the crystal at equal distances on 
either side. (See symmetry classes.) 

SYMMETRY CLASSES. Every crystal be¬ 
longs to one of the 32 different classes of sym¬ 
metry, or point groups. The standard nota¬ 
tion for describing these classes is that of 
Schoenflies, who assigned symbols to the vari¬ 
ous possible symmetry elements according to 
the following rules: 

Symbol 

Cn 
Dn 

Sn 
V 

T (tetrahedral) 

0 

subscript v 

subscript h 

Symmetry Element Possessed 

by Group 

n-fold axis 

n-fold axis, and n two-fold axes 

perpendicular to it 

n-fold axis of rotary-reflection 

three mutually perpendicular two¬ 

fold axes 

four three-fold axes towards ver¬ 

tices of regular tetrahedron 

three mutually perpendicular four¬ 

fold axes (cubic group) 

(vertical) reflection plane contain¬ 

ing symmetry axis 

(horizontal) reflection plane per¬ 

pendicular to symmetry axis 

Symmetry Element Possessed 

Symbol by Group 

subscript d (dihedral) reflection plane bisecting 

angle between two twofold axes 

subscript i inversion 

subscript s reflection plane 

Another system of notation is that of the 
Hermann-Manguin symbols. 

SYMMETRY COORDINATES. If a poly¬ 
atomic molecule has symmetry the determina¬ 
tion of the normal vibrations is simplified if 
instead of 3 N Cartesian displacement coordi¬ 
nates 3Ar — 6 (or 3N — 5) new internal co¬ 
ordinates, “symmetry coordinates,” are intro¬ 
duced, such that the center of mass is at rest 
and the angular momentum equal to zero. To 
a given value of one of these coordinates cor¬ 
respond displacements of the nuclei in agree¬ 
ment with one of the symmetry types (see 
symmetry properties of normal vibrations of 
polyatomic molecules). If this is done the 
secular determinant can be factored into as 
many smaller determinants as there are differ¬ 
ent species. The degree of each of these sub¬ 
determinants, that is, the number fj of vibra¬ 
tions of the particular species j can be readily 
obtained from the number of the various atoms 
in the molecule. The number of force con¬ 
stants belonging to each species is + 1) 
and therefore the total number of force con¬ 
stants is 2 %//(// -f 1) which is smaller, often 
much smaller, than y2n(n1). But even 
then the number of force constants is in gen¬ 
eral larger than the number of normal fre¬ 
quencies. 

SYMMETRY, DYAD. A two-fold symmetry 
axis. 

SYMMETRY ELEMENT. An operation 
which brings a crystal into a position that is 
indistinguishable from its original position. 
The symmetry elements are: rotation axes, 
reflection planes, inversion centers and rota¬ 
tion-reflection axes. 

SYMMETRY GROUP. A group whose ele¬ 
ments are those operations which transform 
regular bodies into themselves, i.e., the tetra¬ 
hedral group. 

SYMMETRY, HEXAD. A six-fold symmetry 
axis. 

SYMMETRY, PLANE OF. A plane passed 
through a body or through a set of points in 
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such a location and direction that the reflec¬ 
tion of all points in the plane results in a 
configuration indistinguishable from the orig¬ 
inal configuration. Thus, a cube has many 
planes of symmetry through its center, includ¬ 
ing those parallel to the faces and those pass¬ 
ing through face diagonals. 

SYMMETRY PROPERTIES OF MOLECU¬ 
LAR EIGENFUNCTIONS. The behavior of 
a molecular eigenfunction with respect to a 
symmetry operation is equal to the “product’’ 
of the behavior of the electronic, vibrational, 
and rotational eigenfunctions separately. 

The behavior of the electronic and vibra¬ 
tional eigenfunctions of a molecule with re¬ 
spect to a given symmetry operation is analo¬ 
gous to that of the normal vibrations. (See 
symmetry properties of normal vibrations in 
molecules.) The symmetry properties of the 
rotational eigenfunctions of the different types 
of molecules are as follows: 

(1) Diatomic and Linear Polyatomic Mole¬ 
cules. A rotational level is called positive or 
negative ( + or —) depending on whether the 
total eigenfunction tp remains unaltered or 
changes its sign by reflection of all the par¬ 
ticles (electrons and nuclei) at the origin (in¬ 
version). In addition, if the molecule has a 
center of symmetry, a rotational level is sym¬ 
metric (s) or antisymmetric (a) depending on 
whether or not the total eigenfunction ^ of the 
system (apart from the nuclear spin function) 
remains unchanged or changes sign, when all 
the nuclei on one side of the center are simul¬ 
taneously exchanged with the corresponding 
ones on the other side. 

(2) Symmetric Top Molendes. In the non- 
planar symmetric top molecule a reflection of 
all particles at the origin (inversion) leads to 
a configuration which cannot also be obtained 
by rotation of the molecule. Corresponding to 
these two configurations of the molecule, each 
rotational level J, K is doubly degenerate as 
long as the potential hill separating the two 
configurations is infinitely high. For a finite 
potential hill, a splitting occurs into two sub¬ 
levels which have opposite symmetry with 
respect to an inversion. The eigenfunctions of 
these sublevels contain equal contributions 
from the positive and negative “original” 
levels (inversion doubling). 

For K > 0 the K degeneracy exists in addi¬ 
tion to the inversion doubling, so that each 

level with a given J and 1\ (>0) consists of 
four sublevels. 

In the planar symmetric top molecule no 
inversion doubling occurs. Each rotational 
level J, K (>0) consists of two sublevels either 
both positive or both negative with respect to 
inversion. 

For molecules which are symmetrical tops 
due to their symmetry, additional symmetry 
properties arise corresponding to the property 
symmetric-antisymmetric in linear molecules. 
Levels belonging to different species are dis¬ 
tinguished by symbols A, E, etc. 

(3) Spherical Top Molecules. In the case 
of a spherical top, the distinction between 
positive and negative rotational levels can be 
ignored since they always occur in close pairs, 
and in no case of spherical top molecules has 
the inversion doubling been resolved. 

For molecules which are spherical tops due 
to their symmetry, additional symmetry prop¬ 
erties arise, analogous to those for the sym¬ 
metric top molecules. 

(4) Asymmetric Top Molecules. Apart from 
the symmetry property positive-negative with 
respect to inversion, which is unimportant for 
asymmetric top molecules, the rotational levels 
are distinguished by the behavior of their eigen¬ 
functions with respect to rotations by 180° 
about the axes of largest and smallest moment 
of inertia {C2 and C2a). There are thus four 
different types (species) of rotational levels, 
briefly described by + + , H—, —b, and-, 
where the first sign refers to the behavior of 
the rotational eigenfunction with respect to 
C2C, the second to the behavior with respect to 
n a 
l 2 . 

The highest level (J+j) of each set with a 
given J is always + with respect to C2 , the 
two next are —, the two next +, and so on. 
The lowest level (J_j) of each set with a given 
,/ is always -(- with respect to C2a, the two 
next —, the two next +, and so on. 

If an assymmetric top molecule has elements 
of symmetry, the eigenfunctions have addi¬ 
tional symmetry properties corresponding to 
the exchange of identical nuclei, e.g., A and B 
(similar to a and s of linear molecules) for 
molecules with one twofold axis and A, B\, 
B2, B2 for molecules with three twofold axes. 

SYMMETRY PROPERTIES OF NORMAL 
VIBRATIONS IN MOLECULES. The nu¬ 
clear frame of a molecule may have one or 
several symmetry elements, such as a plane of 
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symmetry, a center of symmetry, an axis of 
symmetry. To each symmetry element corre¬ 
sponds a symmetry operation, that is a coordi¬ 
nate transformation (reflection or rotation) 
that will produce a configuration of the nuclei 
indistinguishable from the original one. 

In the non-vibrating molecule, the poten¬ 
tial energy and the field of force are invariant 
with respect to symmetry operations. There¬ 
fore the secular equation and consequently the 
frequencies of the normal vibrations are the 
same for the transformed as for the non-trans- 
formed system. However, in the vibrating 
molecule the transformed displacements are 
not necessarily the same as the non-trans- 
formed ones: With respect to a given sym¬ 
metry operation a normal vibration may re¬ 
main unchanged, may change sign, or may 
change by more than just the sign. One dis¬ 
tinguishes different symmetry types or species 
of normal vibrations, according to their be¬ 
havior with respect to the combination of sym¬ 
metry operations appropriate to the molecule 
in question. If the normal vibration changes 
by more than the sign for any one of the indi¬ 
vidual symmetry operations, the symmetry 
species is said to be degenerate. 

Mathematically the possible combinations 
of symmetry operations constitute the point 
groups of group theory. The symmetry types 
or species correspond to the irreducible rep¬ 
resentations of the point groups. The group 
theoretical characters of a given representa¬ 
tion (species) describe the behavior of the 
normal vibrations with regard to the point 
group under consideration. 

Character tables for the point groups are 
found in the mathematical literature, for in¬ 
stance in H. Margenau and G. H. Murphy, 
the Mathematics of Physics and Chemistry, 
D. Van Nostrand Co., Inc., Princeton, 1956. 
In Tables 1 and 2 the symbols in the upper 
horizontal line stand for the symmetry opera¬ 
tions belonging to the point group. These 
symbols are the same as those for the cor¬ 
responding symmetry elements (see below). 
The symbols in the first vertical column stand 
for the symmetry types belonging to the point 
group, those in the last column indicate the 
non-genuine vibrations (translations T and 
rotations R with respect to the x, y, and z axes) 
having these symmetry types. 

Point group D2h = Vh (Table 1) is ap¬ 
propriate for molecules with three (mutually 

Table 1 

Symmetry types (species) and characters for the point group D2h = Vh. (From G. Herz- 
berg, Molecular Spectra and Molecular Structure. II. Injrared and Raman Spectra of 

Polyatomic Molecules. D. Van Nostrand Company, Inc., Princeton, 1945.) 

D^=Vh I <r{xy) <r(xz) <r(vz) X C2(z) City) C2(x) 

Ag +1 +1 +1 + 1 +1 +1 +1 +1 
Au +1 -1 -1 -1 -1 +1 +1 +1 
B\g +1 +1 -1 -1 +1 +1 -1 -1 R. 
Blu +1 -1 + 1 + 1 -1 +1 -1 -1 T, 
Big +1 -1 + 1 -1 + 1 -1 +1 -1 Ry 
Biu +1 +1 -1 +1 -1 -1 +1 -1 Ty 
Big +1 -1 -1 + 1 +1 -1 -1 + 1 Rx 
Biu +1 + 1 + 1 -1 -1 -1 -1 +1 Tx 

Table 2 

Symmetry types (species) and characters for the point group Cxv. (From G. Herzberg, 
Molecular Spectra and Molecular Structure. II. Injrared and Raman Spectra of Poly¬ 

atomic Molecules. D. Van Nostrand Company, Inc., Princeton, 1945.) 

Ccov I 2Ct 2 C*» 2 c«r ... 00 <TV 

2+ + 1 + 1 +1 +i +l T, 
2“ + 1 +1 + 1 +i -l R. 
n +2 2 cos <p 2 cos 2 ip 2 cos 3 <p 0 Tx, Ty, RX, Ry 
A +2 2 cos 2 <p 2 cos 2-2<p 2 cos 3-2^ 0 
4> +2 2 cos 3 <f> 2 cos 2-3ip 2 cos 3 • 3 ip 

... 
0 
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perpendicular) two-fold axes of symmetry C2, 
three (mutually perpendicular) planes of sym¬ 
metry or, and a center of symmetry i (in addi¬ 
tion to the symmetry element /, corresponding 
to the identity operation). Examples are 
plane C2H4, plane 04, plane N204. 

Point group Cxr (Table 2) is appropriate to 
molecules having one oo-fold axis of symmetry, 
and an infinite number of planes of symmetry 
<tv through this axis, that is, to heteropolar 
diatomic molecules, for instance CN, and linear 
polyatomic molecules without center of sym¬ 
metry. 

The figure shows as an example the normal 
vibrations of a linear XYZ molecule. For any 

Y V 7 

qO—£+ 

& r 
v3o—►-o—►-o 2+ 

Normal vibrations of a linear XYZ molecule. (From 
G. Herzberg, Molecular Spectra and Molecular Struc¬ 
ture. II. Infrared and Raman Spectra of Polyatomic 
Molecules. D. Van Nostrand Company, Inc., Prince¬ 

ton, 1945. 

linear molecule of point group Cxv the normal 
vibrations can only belong to the species 2 + 
and n. However the eigenfunctions of the 
higher vibrational levels of the perpendicular 
vibrations (v2 in XYZ) may have species 2", 
A, $,•••. 

SYMMETRY REQUIREMENTS ON COU¬ 
PLING OF IRREVERSIBLE PROCESSES. 
Symmetry considerations limit the possibility 
of interference between irreversible processes. 
Let us, for example, write the phenomenolog¬ 
ical relations for a system with a heat flow 
along the geometrical coordinate a and subject 
at the same time to a chemical reaction. 

The phenomenological relations are 

J th — LuXth + Li2Xch 

J ch L2\Xth + L22Xc^. 
(1) 

ical coefficients is obtained by the Onsager 
reciprocity relations which give 

Li2 = L2i. (2) 
In this case 

L12 = L2i = 0. (3) 

Suppose Xth — 0; (1) then gives 

J th — L^Xch (4) 

but XCh is a scalar and Jth a vector (heat flow) 
so that a scalar “cause” would produce a 
vectorial “effect.” 

This would be contrary to the general re¬ 
quirements of symmetry principles (often 
called Curie’s symmetry principles) according 
to which macroscopic causes have always fewer 
elements of symmetry than the effects they 
produce. This implies in the present example 
the relation (3). 

SYMMETRY, TETRAD. A four-fold sym¬ 
metry axis. 

SYMMETRY, TRIAD. A three-fold sym¬ 
metry axis. 

SYMMETRY TYPE. See species. 

SYNCLASTIC SURFACE. A surface, or por¬ 
tion of a surface, on which the two principal 
radii of curvature at each point have the same 
sign. Also called surface of positive total 
curvature. 

SYNODIC PERIOD. The synodic period of 
any member of the solar system is the time 
required for the object to go from some par¬ 
ticular position relative to the sun as seen 
from the earth back to the same position again. 
In the case of the moon the synodic period is 
the time required for the moon to go from con¬ 
junction, or new moon, back to conjunction 
again. This period of approximately 29.5 days 
is the original month as used by ancient astron¬ 
omers in the construction of the calendar. 

Since a planet is best observed at opposition, 
the synodic period of the planet gives the in¬ 
terval of time between successive positions of 
favorable observation. The synodic period is 
related to the sidereal period, i.e., the actual 
period of revolution of an object about the sun, 
by a simple relationship: 

Here J th is the heat flow, Jch the rate of the 
chemical reaction, Xth the temperature gradient 
and Xch the chemical affinity. A first re¬ 
duction of the number of phenomenolog- 

Let P be the sidereal period of the object. 
S the synodic period of the same object. 
E the sidereal period of the earth (approx¬ 

imately 365.25 days). 
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Then dull + G2192 + • • • + o«i Qn — —0 

l/S — 1/P — l/E for planets with orbits in¬ 
side that of the earth. 

l/S = l/E — 1/P for planets with orbits out¬ 
side that of the earth. 

SYNTHETIC DIVISION. To divide the poly¬ 
nomial 

P(x) = a0xn + aixn_1 -f- a2xn~2 + • • • 

by x — r, write 

a0 ai a2 ''' an |r 

a0r btr • • • bn_xr 

do bj b2 ■ ■ ■ R 

where each number below the line is the sum 
of those above. Then 

Q(x) = a0xn~l + b,xn~2 + b2xn~3 +• • 

where 
P(x) = (x - r)Q(x) + R. 

SYNTHETIC KERNEL. See kernel, syn¬ 
thetic. 

SYSTEM. See indicial notation; system 
equations; thermodynamic system; transfer 
function. 

SYSTEMATIC SAMPLE. A sample obtained 
by a systematic method, as opposed to random 
choice. For example, a sample of persons may 
be chosen from a list by selecting one at con¬ 
stant intervals, e.g., the tenth, twentieth, 
thirtieth • • •. 

SYSTEM, COMPONENTS OF. See indicial 
notation. 

alm<7l + d2mq2 + * • • + dnmqn = 0, 

(m = 2, 3, • • • n) 

where the a’s are in general functions of the 

d 
operator — • (The case of multiple inputs can 

dt 
be treated by superposition or by considering 
the right-hand side elements to be — 6\{t), 
— 02(t), etc.) 

Taking Laplace transforms of these equa¬ 
tions under general initial conditions gives 

auQi + • • ■ + dniQn = /i(s) — 0(8) 

dlmQl T ‘ ' T" dnmQn /m(s), 

(W = 2, 3, • • ») 

in which the a’s are now the same functions of 

s as they were of — > @(s) and Qr(s) are the 
dt 

transforms of B(t) and qr{t) and the f(s) func¬ 
tions are in general determined by the initial 
values of the q’s and possibly their time- 
derivatives and, in the case of fi(s), possibly 
also by the initial values of 6(t) and its deriva¬ 
tives. If the system is initially quiescent, there¬ 
fore, all the/’s vanish. 

This set of simultaneous algebraic equations 
give the solutions 

Qr(s) = + 
ArQQ 

A (s) 

where A(s) is the system determinant 

On • • • dn\ 

d\m • • • d,lm 

SYSTEM, DOUBLE. See indicial notation. 

SYSTEM, ELEMENTS OF. See indicial nota¬ 
tion. 

SYSTEM EQUATIONS. The set of differen¬ 
tial or integro-differential equations express¬ 
ing the inter-relations between the various 
time-varying quantities of which the system is 
comprised and the external inputs fed into the 
system, if any. 

In a linear system of n quantities q\(t), q2(t) 
■ ■ • qn(t) with, for simplicity, only a single in¬ 
put 6(t) these equations can always be written 
in the form 

formed by the array of a’s, and Ar(s) is the de¬ 
terminant formed from A by substituting the 
column of right-hand-side elements for the rth 
column of A. If the system is initially quiescent, 
Ar(s) simplifies, in the above form of the equa¬ 
tions, to — Arl(s)0(s), Arl(s) being the co¬ 
factor of arl in A(s). This solution of course 
assumes that the equations are independent, 
that is that A(s) ^ 0. 

It must be noted that the set of system equa¬ 
tions is not a unique set, since any number of 
new equations can be formed by linear com¬ 
binations of a given set. We may for instance 
multiply the first equation above by Aqfs), the 
second by k2(s) and add the results to give a 
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new equation which may be substituted, say, for 
the first equation. Whereas this process does 
not alter the solution for Qr(s) (since both 
Ar(s) and A(s) will be multiplied by ftq(s)) just 
hecause A(s) is multiplied by Aq(s), the zeros of 
A(s), which are the roots of the system char¬ 

acteristic equation, will now contain also the 
zeros of the arbitrary function Aq(s) and one 
may therefore be led to fallacious conclusions 
regarding, for instance, the stability of the 
system. It is important from this point of view 
therefore that A(s) be assessed from the 
original set of system equations, which cor¬ 
respond to existing physical relations between 
the quantities, and not from an arbitrarily de¬ 
duced, modified set of equations. 

Methods of Obtaining System Equations. 
In purely electrical systems probably the sim¬ 
plest way of writing down the set of equations 
is either by mesh analysis or by nodal analysis. 
The first of these is essentially a statement of 
voltage balance in any mesh of a system, the 
second a statement of current balance at any 
node. In mixed systems or non-electrical sys¬ 
tems, particularly in control systems, the 
equations are normally set up by considering 
the value of any quantity in the system as con¬ 

sisting of the sum of the contributions made 
directly to it by the other quantities of the 
system and by the input, if any, directly ap¬ 
plied to the quantity in question. This gen¬ 
erally leads to equations of the form given 
above but with all a’s of the form a}j equal to 
(-1), e.g., 

<7i = a2\Q2 + 03173 + • • • + oniqn -f- 9. 

The form of the equations, however, is the 
same. This approach to the system equations 
is the basis of signal flow diagrams. 

SYSTEM, INDICIAL. See indicial notation. 

SYSTEM SIGNAL FLOW DIAGRAMS. See 
signal flow diagrams. 

SYSTEM, SIMPLE. See indicial notation. 

SYSTEM, STABILITY OF. See stability (of 
system). 

SYSTEM, THERMODYNAMIC. See thermo¬ 
dynamic system. 

SYSTEM TRANSFER FUNCTION. See 
transfer function. 



TALBOT. The M.K.S. unit of luminous en¬ 
ergy. One talbot is equal to 107 lumergs. One 
joule of radiant energy having a luminous en¬ 
ergy efficiency of x lumens per watt is x talbots 
of luminous energy. One lumen is a luminous 
flux of one talbot per second. 

TALBOT LAW. The apparent brightness of 
an object viewed through a slotted-disk, rotat¬ 
ing above a critical frequency, is proportional 
to the ratio of the angular aperture of the open 
to the opaque sectors. 

TAMM-DANCOFF METHOD. Technique 
for approximating to the wave-function of a 
system of interacting particles, especially nu¬ 
cleons and mesons, by describing it as a super¬ 
position of a certain number of possible states. 
This number is decided upon a priori and de¬ 
termines the order of the approximation. No 
explicit assumption is made about the small¬ 
ness of the interaction and indeed in contrast 
to the usual perturbation theory, the theory 
of the motion is developed non-adiabatically, 
i.e., the equation of motion of the interacting 
particles is developed at the same time as the 
term describing their interaction. 

TANGENT. See tangent to a curve at point 
P. 
TANGENT, GEODESIC. See geodesic tan¬ 
gent. 

TANGENTIAL ACCELERATION. See ac¬ 
celeration. 

TANGENTIAL FOCAL LINE. See focal 
lines. 

TANGENTIAL FOCUS (PRIMARY FOCUS). 
The first order focus of a bundle in the tan¬ 
gential plane of a meridional ray. 

TANGENTIAL PLANE. The meridional 
plane containing a meridional ray of an op¬ 
tical system. 

TANGENT LINE. See tangent plane to sur¬ 
face. 

TANGENT, LOSS. The ratio of the imag¬ 
inary part to the real part of the complex 
modulus or compliance: 

m2 k2 
tan 6 = — = — 

mx ki 

TANGENT MODULUS. See modulus, tan¬ 
gent and modulus, secant. 

TANGENT PLANE TO SURFACE. The tan¬ 
gent to any curve drawn on a surface is called 
a tangent line to the surface. All tangent lines 
to a surface at a point lie in a plane called 
the tangent plane to the surface at the point. 
The straight line through this point perpen¬ 
dicular to the tangent plane is called the nor¬ 
mal to the surface at the point. Two surfaces 
are said to touch at a common point if their 
tangent planes at that point coincide. 

TANGENT TO A CURVE AT A POINT P. 

Let r and r + 5r be the vectors drawn from an 
origin 0 to the point P and a neighboring point 

Q on the curve. Let 8s be the distance meas¬ 
ured along the curve from P to Q. Denote the 
limit lim Sr/Ss, if it exists, by t. Then t is the 

—>0 

unit tangent to the curve at P. A line through 
P in the direction of t is called the tangent to 
the curve at P. 

TANTOCHRONE. A curve in a vertical 
plane such that a particle sliding frictionless 
along it under the sole influence of gravity 
will vibrate with the same period for all ampli¬ 
tudes. This curve is a cycloid. The period 
of vibration is 

928 
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Such a pendulum is also known as Huygen’s 
pendulum after its discoverer. 

TAYLOR SERIES. A convergent power series 
is generally useful as a representation of a 
function. Let us assume that fix) can be so 
given as an infinite series in powers of (.t — a), 
expecting the series to be valid for values of 
x near a. Then, 

fix) = b0 + bi(x - a) + b2(x - a)2 

+ • • • + bk(x — a)k + • • • 

and the coefficients can be obtained by succes¬ 
sive differentiations to give 

The remainder after n terms can be given in 
several equivalent forms. Some of them are 

(x _ 
Rnix) =-;-{a + <£(x - a)}, 

Rn(x) = - -- - f fM(x - t)tn~1dt. 
(n - 1)! J0 

In the second form of the series 

fonfin) 

Rn(x) =-(x + 4>h); 
n! 

bo=m; 51=/'(a); b2 = f"(a)/ 2!; •••; 

bk=fw(a)/k\; .... 

The result, which is known as the Taylor series 
(Brook Taylor, 1685-1741, was an English 
mathematician), is 

Six) = /(a) + /'(a)(x - a) +f"(a) ^ 

+ 

2! 

... (x — a)k 
+ fWia) + 

kl 

The procedure, so far, has been purely formal 
for it has only been assumed that such an ex¬ 
pansion is possible. One can, however, apply 
the extended mean value theorem of differen¬ 
tial calculus which shows that the Taylor 
series expansion and the extended mean value 
theorem are identical, if x = b and a < z < x, 
provided we stop after n terms. Let the first n 
terms in the Taylor series (the nth term in¬ 
volves/(n—1) or (n — 1) = k) be called Sn and 
the last term in the extended mean value the¬ 
orem be called the remainder, 

R =/(n)(Z)(x - o)n/n!, 

so that f{x) — Sn = R. Now if R approaches 
zero as n approaches infinity, then the Taylor 
series does indeed converge to give fix). 
Whether indeed R —> 0 as n —» » must be 
tested in each case. 

Another useful form of the Taylor series is 
obtained if we let h = (x — a) and replace a by 
x0. Finally dropping the subscript on x0, the 
result is 

h2 
fix + h) - fix) + f'ix)h + fix) - + • • • 

... hk 
+ fik)(x) 

Rnix) = 1 - f /(n)(x + h- t)tn~ldt. 
(n — 1)! J0 

Use of the Taylor series requires that the 
function and its derivatives of all orders must 
exist at x = a. The binomial series is a spe¬ 
cial case. (See also Maclaurin series.) 

The Taylor series may be extensively gen¬ 
eralized. Thus, in several variables 

fix + h, y + k, • • •) = fix, y, • • •) 

+ dfix. y, ■ ■ •) + — d2fix, y, • • •) 

+ ---+-dkfix,y, •••) +•••+«.. 
kl 

It can also be used for functions of a complex 

variable. In that case the boundary of the 
region of the complex plane in which a Taylor 
series converges is called the circle of conver¬ 
gence. For a given function, the radius of this 
circle depends on the point (center of the circle) 
about which the series is developed. Outside 
the boundary, and also in at least one point on 
it, the power series diverges, but the function 
may frequently be calculated. 

TAYLOR SPIRAL. The meteorological anal¬ 
ogy of the Ekman spiral; the spiral traced out 
by a point whose position vector is the hori¬ 
zontal wind vector at height z in air in which 
the eddy viscosity and horizontal pressure 
gradient are independent of height, the wind 
being steady at all heights and so approximat¬ 
ing to the geostrophic wind at great height. 
The wind vector is 

u + iv = Vo _ 2y*Va sin 



Tchebychev — Temperature 930 

where Vg is the geostrophic wind (assumed to 
be in the x-direction), a is the angle between 
the isobars and the surface wind, and 

B2 = f/2K 

where / is twice the vertical component of the 
earth’s angular velocity, and K is the eddy 
viscosity. 

TCHEBYCHEV. See Chebyshev. 

/-DISTRIBUTION. See student’s distribution. 

TECHNICAL WORK. See flow work. 

TELECENTRIC SYSTEM. An optical sys¬ 
tem having either the entrance pupil or the 
exit pupil at infinity. 

TELEGRAPHER’S EQUATION. A second 
order partial differential equation with con¬ 
stant coefficients, of the form 

d2u 

d? 

d2u du 
= a2 — + b~ 

ar dt 
-+- cu. 

The equation appears, for example, in the 
analysis of the time-dependent Boltzmann 
equation in the theory of neutron transport. 
It appears if a correct P\ approximation to 
the Boltzmann equation is made, and the sec¬ 
ond derivative insures that the proper retarda¬ 
tion effects (based on the finite velocity of 
neutrons) appear in time-dependent solutions. 

TELLER-REDLICH PRODUCT RULE. See 
isotope effect in molecular spectra. 

TEMPERATURE. That property of systems 
which determines whether they are in thermo¬ 
dynamic equilibrium. Two systems are in 
equilibrium when their temperatures (measured 
on the same temperature scale) are equal. The 
existence of the property defined as tempera¬ 
ture is a consequence of the zeroth law of 
thermodynamics. The zeroth law of thermo¬ 
dynamics leads to the conclusion that in the 
case of all systems there exist functions of 
their independent properties xt such that at 
equilibrium 

(•£»'«) = fibiXib) ~ & (&) 

where subscripts a and b refer to two systems 
a and 6 each described by na properties xto and 
rib properties x,b respectively. The hyper¬ 
surface 

is called an isotherm, and the pairs of hyper¬ 
surfaces (a) at equilibrium are called corre¬ 
sponding isotherms. 

In order to establish a temperature scale it 
is necessary to assign numerical values 6 to 
these corresponding isotherms in an arbitrary 
manner, subject only to the condition that the 
resulting function shall be single-valued. A 
temperature scale is established by taking the 
following steps: 

(1) An arbitrary system is chosen (ther¬ 
mometer). 

(2) It is agreed to maintain n — 1 prop¬ 
erties of the system constant, and to use the 
n-th property {thermometric property x„ = X) 
as a measure of temperature 0. 

(3) A single-valued thermometric junction 
is assumed. Usually the function is simple, 
for example 

9 = aX (b) 
or 

9 = AX + B. (c) 

The function usually contains one or several 
constants (a, A, B, etc.). 

(4) The values of the constants in the ther¬ 
mometric function are determined with ref¬ 
erence to fixed thermometric points whose tem¬ 
peratures are arbitrarily assumed. The fixed 
thermometric points most frequently employed 
are: the ice point, steam point and triple point 
of water. 

It is not surprising that there exist many 
different scales of temperature, so-called em¬ 
pirical temperature scales, because of the large 
amount of arbitrariness inherent in the choice. 

A Celsius (or Centigrade) temperature scale 
is obtained by choosing the thermometric func¬ 
tion (c) and assigning the following arbitrary 
values of temperature, 6, to the ice point (0t) 
and steam point (0,) respectively 

8i = 0°C 

9, = 100°C. 

Hence on a Celsius scale 

9 = 100 (d) 

(Xs measured at 9S, X, measured at 0t). 
A Fahrenheit temperature scale is obtained 

by using the function (c) but with 

9i = 32 °F 

9, = 212°F. 9 = = constant 
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Hence 

0 = 32° + 180° (e) 

An absolute scale is obtained by choosing 
Equation (b). Depending on the value as¬ 
signed to o, we obtain the Kelvin or Rankine 
scale. The Kelvin absolute temperature scale 
assigns to the triple point of water the value 

03 = 273.1G°K (f) 

(Carnot theorem). It can be shown that the 
thermodynamic temperature scale is identical 
with the perfect-gas temperature scale defined 
as follows: 

(1) The system is a gas thermometer (filled 
with a real gas). 

(2) The thermometric property is the prod¬ 
uct pV extrapolated to zero pressure, i.e., 

r = lim (pV). (k) 
p—>0 

which thus becomes a universal constant of 
physics. Hence for the Kelvin scale 

X 
0 = 273.16°— (g) 

A3 

where X3 is measured at 03. For the Rankine 
absolute temperature scale we assume 

03 = 273.16 X 1.8°R = 491.69°R. (h) 

It is clear that by definition 

1°K = 1.8°R, (i) 

and that on the Rankine scale 

0 = 491.69° —■ (j) 
A3 

Different empirical temperature scales will 
naturally differ from each other except at the 
respective fixed thermometric points. Even 
different scales of the same type (say different 
Celsius scales) will differ at all temperatures, 
except the steam point and ice point, depend¬ 
ing on the fortuitous properties of the system 
chosen as a thermometer. It is, therefore, 
necessary to remove these differences and to 
obtain a more universal scale. This has been 
achieved in two ways. The practical way of 
achieving uniformity is to lay down detailed 
rules concerning the thermometer (actually 
different thermometers depending on the range 
of temperatures to be measured). Such rules 
have been agreed on internationally and con¬ 
stitute the international temperature scale. 
Another way is to derive a universal scale from 
the principles of thermodynamics. The latter 
is called a thermodynamic temperature scale. 
Some authors refer to it as the absolute tem¬ 
perature scale which may be a source of con¬ 
fusion with the Kelvin and Rankine scales de¬ 
scribed earlier. 

The thermodynamic temperature scale T is 
defined by the second law of thermodynamics 

Hence the thermodynamic Kelvin scale is given 
by 

T = 273.16 — (degrees K abs.), (1) 
7*3 

the thermodynamic Celsius scale is given by 

t = 100-- (degrees C), (m) 
r, - Ti 

the thermodynamic Rankine scale is given by 

T = 491.69 — (degrees R abs.), (n) 
rs 

and the thermodynamic Fahrenheit scale is given 

by 
I* — . 

t = 32 + 180-- (degrees F). (o) 
r, ~ r< 

The zeros on the Kelvin and Rankine scales 
coincide and are termed the absolute zero of 
temperature. The absolute zero of temperature 
cannot be achieved by any finite process, as 
proved by the third law of thermodynamics. 

The relation between the Celsius and Rank¬ 
ine thermodynamic scales is determined by 

Ti = 273.16°K = 0°C (p) 

and that between the Fahrenheit and Rankine 
scales is determined by 

Ti = 491.69°R = 32°F. (q) 

Hence the absolute zero of temperature is at 

— 273.16°C or -459.69°F. (r) 

The relation between the international tem¬ 
perature scale and the thermodynamic tempera¬ 
ture scale must be determined empirically with 
the aid of careful measurements involving gas 
thermometers. Work on this comparison is 
now in progress at the National Bureau of 
Standards, at the Physikalisch-technisehe Buiu 
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desanstalt in Germany, in the USSR and in 
Japan. 

TEMPERATURE, ABSOLUTE. See temper¬ 
ature. 

TEMPERATURE COEFFICIENT OF 
CHEMICAL EQUILIBRIUM. See Van’t 
Hoff theorem. 

TEMPERATURE COEFFICIENT OF RE¬ 
ACTIVITY. See reactivity, coefficient of. 

TEMPERATURE GRADIENT. In a spatial 
temperature (scalar) field, T(x,y,z), the asso¬ 
ciated vector field VT. This can often be ex¬ 
pressed as 

h - k 
lim -» 

As—>0 As 

where tx and t2 are the temperatures on two 
isothermal surfaces separated by a distance 
As. In many cases of linear heat flow, the 
value of (t2 — fi)/As is independent of As 
and the average temperature gradient is iden¬ 
tical at any point. 

TEMPERATURE, NEGATIVE. A collection 
of atomic or molecular systems is said to be 
in a negative temperature state when more of 
the atoms (or molecules) are in high energy 
states than in low energy states. For example, 
consider a collection of quantum mechanical 
systems with only two energy levels (e.g., an 
atomic system with only two spin states). In 
equilibrium at a temperature T, the number 
in the higher energy state (2) relative to the 
number in the lower energy state (1) is given 
by the Boltzmann factor 

N2/N1 = e-C*-*!)/** 

where T is the absolute temperature. Suppose 
that T is defined by this equation, i.e. 

T _ (E2 ~ Ei) 
~ k log, (N2/Ni)' 

Under normal conditions N2 is less than Ni and 
T is positive. If N2 = N\, T is infinite. If N2 
is greater than Nx, then T is negative. As Nx 
approaches zero, T approaches zero. Thus, if 
all of the atomic systems in a two level system 
were in the upper energy state (E2), the abso¬ 
lute temperature would be zero, but it would 
have been approached from negative tempera¬ 
tures. On the other hand if all of the systems 
are in the lower energy state (Ei), the absolute 

temperature would again be zero, but it would 
have been approached from positive tempera¬ 
tures. 

TEMPERATURE, NEUTRAL. The temper¬ 
ature at which the electromotive force pro¬ 
duced by heating one junction of a thermo¬ 
couple the other junction being constant at 
0°C, reaches a maximum. Above this tem¬ 
perature the electromotive force steadily de¬ 
creases until it reaches a zero value. The 
latter point is called the temperature of in¬ 
version. 

TEMPERATURE, NEUTRON. In the spec¬ 
trum or distribution-in-energy of neutrons 
present in a chain reacting system, it is often 
possible to identify a “Maxwellian” compo¬ 
nent, of form <t>u ~ E exp (— /3E) in the low 
energy flux. In this case an effective neutron 
temperature, which is generally different from 
the moderator temperature, may be defined 
through the relation /? = (kTeff)~1. k is 
Boltzmann’s constant. 

TEMPERATURE RECOVERY FACTOR. 
For a body in a unifonn gas stream of velocity 
V and temperature Tx, let T0 be the tempera¬ 
ture at the stagnation point, with zero heat 
transfer. If the temperature at any other point 
on the body is Tw, with zero heat transfer, the 
temperature recovery factor is defined as 

r = 
Tw - Tx 

T0 - Ti' 

Alternatively, since T0 — Tx = 

tion 1 may be written 

Tw = Tx + r 
V2 

2CP 

(1) 

V2 
-1 Equa- 
2CP 

(2) 

For a flat plate at zero incidence, with a 
laminar boundary layer, the temperature re¬ 
covery factor is very nearly equal to the square 
root of the Prandtl number. For a flat plate 
with a turbulent boundary layer the recovery 
factor is rather greater, but still less than unity. 

TEMPERATURE SCALES. See temperature. 

TENDENCY (OF BAROMETRIC PRES¬ 
SURE). The change in atmospheric pressure 
during the last three hours; a convenient ap¬ 
proximation to the local rate of change of 
pressure for use on weather charts. 

The thickness tendency is the change in 
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thickness (see thickness pattern) between two TENSOR DERIVATIVE, INTRINSIC. See 
standard isobaric surfaces in a specified time. intrinsic derivative of tensor field. 

TENSION, COEFFICIENT OF. See coeffi¬ 
cient of tension. 

TENSION DIAGONAL. See diagonal, ten¬ 
sion. 

TENSION FIELD. When the shear in the 
web of a beam exceeds the buckling load, the 
web wrinkles and, if the wreb is thin, the shear 
is carried primarily by tension parallel to the 
corrugations as the load is increased. Tension 
fields are depended upon extensively in the 
design of subsonic aircraft, because the buck¬ 
ling load of thin sheets is well within the elas¬ 
tic range and deformations are recoverable. 

TENSOR. See tensor field. 

TENSOR, ABSOLUTE (TENSOR FIELD). 
Tensor (tensor field) of weight zero. Often 
called tensor when context admits no con¬ 
fusion. 

TENSOR, ALTERNATING. An absolute 
tensor the components of which in each co¬ 
ordinate system are the elements of an e-sys¬ 
tem (epsilon-system). 

TENSOR ANALYSIS. The theory of the 
mathematical operations which may be per¬ 
formed with tensors. 

TENSOR DERIVATIVE OF A TENSOR 
FIELD. A tensor field may be a space tensor 
field with respect to transformation on some of 
its indices (e.g., Latin indices) and a surface 
tensor field with respect to transformation on 
others (e.g., Greek indices). As an example, 
consider the tensor field which has components 
tlafs in the space coordinate system x and the 
surface coordinate system u. The tensor deriv¬ 
ative of the tensor field with respect to v? is 
denoted tlap,y where 

dt a/3 
a/3>7 

duy 
"t" (g)f jkt?af}% y (a)L ayt Sfi 

~ (,a)T5pytlas 

(«)k jk and (a)Taf3y are the Christoffel symbols 
of the second kind formed from the covariant 
metric tensors for the coordinate systems x 
and u respectively. Similar definitions apply 
to the tensor derivatives of tensor fields of dif¬ 
ferent orders. 

TENSOR, DOUBLE. Tensor of total order 
two. 

TENSOR, EIGENVALUE EQUATION OF. 
See eigenvalue equation of tensor. 

TENSOR, ENERGY-MOMENTUM. See en¬ 
ergy-momentum tensor. 

TENSOR, ANTI SYMMETRIC. See tensor, 
skew-symmetric. 

TENSOR CALCULUS. See absolute differen¬ 
tial calculus. 

TENSOR, CARTESIAN. See tensor field, 
Cartesian. 

TENSOR, CONTRA VARIANT. See tensor 

field. 

TENSOR, CONTRA VARIANT METRIC. See 

metric tensor. 

TENSOR, COVARIANT. See tensor field. 

TENSOR, COVARIANT METRIC. See met¬ 

ric tensor. 

TENSOR, CURVATURE. See curvature 

tensor. 

TENSOR, DENSITY. Relative tensor (tensor 

field) of weight unity. 

TENSOR FIELD. In each n-dimensional 
curvilinear coordinate system nM+N functions 
of position are specified. Using the indicial 
notation let us denote those defined in the co¬ 
ordinate system x by ££$?2'.'.7^ and those defined 
in the coordinate system x by $$%.'.'!&. In each 
case the M superscripts and N subscripts take 
values ranging over 1, 2, • • •, n independently. 
The functions are related by 

w dxh dxh 
fW2' ' '3M _ 
Lk\k%■ •• kff 

dx 

dx dxPl dxPl 

dx3M dxQl dx92 dxQN 

dxPM dx*1 dx*2 dx*w 
fPlP2'" "PM 
"Q1Q2' ' -QN ’ 

in which the summation convention is em¬ 
ployed, |dx/dx| denotes the Jacobian determi¬ 
nant d(x1, x2, • • •, xn)/d(x1, x2, • • x”), Wis an 
integer (positive or negative) and the summa¬ 
tion convention is employed. The aggregate of 
sets of functions defined in this maimer in every 
curvilinear coordinate system is called an n-di- 
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mensional tensor field of weight W. The tensor 
field is said to he contravariant of order M and 
covariant of order N. It is said to have total 
order or order M + N. If M = 0 the tensor 
field is said to be a covariant tensor field. If 
N = 0, it is said to be a contravariant tensor 
field. If neither M nor N is zero, it is said to 
be a mixed tensor field. 

The set of functions are called the 
components of the tensor field in the coordinate 
system .r; similarly the set of functions 
are called the components of the tensor field in 
the coordinate system x. The superscripts are 
called contravariant indices and the subscripts 
covariant indices. 

At each point of space at which the tensor 
field is defined, it determines a set of nM + N 
quantities in each curvilinear coordinate sys¬ 
tem. The aggregate of these sets of quantities 
is called an ?i-dimensional tensor at the point 
considered. The set of nM+N quantities deter¬ 
mined in the coordinate system x are the com¬ 
ponents of the tensor in the coordinate system 
x. The definitions of weight, contravariance, 
covariance, and order of a tensor are analogous 
to those for a tensor field. 

A tensor field is often referred to as a tensor, 
when no confusion is likely to arise. 

TENSOR FIELD, CARTESIAN. In each 
n-dimensional rectangular Cartesian coordinate 
system nM functions of position are specified. 
Let us denote the functions defined in the rec¬ 
tangular Cartesian coordinate systems x and 
x by ttli2...iM and Uli2...tM respectively. In 
each case the M subscripts i\, i^, • • ■, i\i take 
values ranging over 1,2, • • •, M independently. 
The functions are related by 

- dXi, dXi2 dXijtf 

where the summation convention is used and 
the relation is valid for all choices of the rec¬ 
tangular Cartesian coordinate systems x and x. 
The aggregate of sets of nM functions so defined 
is called an n-dimensional Cartesian tensor field. 
M is called the order of the Cartesian tensor 
field. The set of functions are called 
the components of the Cartesian tensor field in 
the coordinate system r; similarly the set of 
functions are called the components of 
the Cartesian tensor field in the coordinate 
system x. 

At each point of space at which the Car¬ 
tesian tensor field is defined, it determines a 

set of nM quantities in each rectangular Car¬ 
tesian coordinate system. The aggregate of 
these sets of quantities is called an n-dimen- 
sional Cartesian tensor at the point considered. 
The set of nM quantities determined in the co¬ 
ordinate system x are called the components 
of the tensor in the coordinate system x. 

A Cartesian tensor field is often referred to 
as a Cartesian tensor and, particularly in ap¬ 
plied mathematical contexts, as a tensor. 

TENSOR FIELD, COVARIANT DERIVA¬ 
TIVE OF. See covariant derivative of tensor 
field. 

TENSOR, FUNDAMENTAL. See metric 
tensor. 

TENSOR, ISOTROPIC. A tensor which has 
the same components in all rectangular Car¬ 
tesian coordinate systems which are related 
by a rigid rotation. 

TENSOR, LOWERING INDICES ON. See 
raising and lowering indices on a tensor. 

TENSOR, METRIC. See metric tensor. 

TENSOR, MIXED. See tensor field. 

TENSOR MULTIPLICATION, INNER. See 
tensors, inner product of. 

TENSOR, PRINCIPAL DIRECTIONS OF 
SYMMETRIC SECOND-ORDER. See prin¬ 
cipal directions of symmetric second-order 
tensor. 

TENSOR PRODUCT. See product of ten¬ 
sors. 

TENSOR PRODUCT, INNER. See tensors, 
inner product of. 

TENSOR, RAISING INDICES ON. See rais¬ 
ing and lowering indices on a tensor. 

TENSOR, RELATIVE. Tensor (tensor field) 
of non-zero weight. 

TENSOR, RICCI. See Ricci tensor. 

TENSOR, RIEMANN-CHRISTOFFEL. See 
Riemann-Christoffel tensor. 

TENSORS, ADDITION OF. See sum of 
tensors. 

TENSORS, AFFINE. See affine tensors and 
free vectors. 
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TENSORS, ASSOCIATED. Two tensors (see 
tensor field) are said to be associated tensors 
(tensor fields) if one can be obtained from the 
other by a series of inner multiplications by 
the covariant or contravariant metric tensor. 

TENSORS, DUAL, RELATION TO SPIN¬ 
ORS. See spinor calculus. 

TENSORS, FOUR VECTORS AND. See four 
vectors and tensors. 

TENSORS (TENSOR FIELDS), INNER 
PRODUCT OF. The tensor (tensor field) 
formed from the outer product of two tensors 
(tensor fields) by setting a covariant index on 
one of the tensors (tensor fields) equal to a 
contravariant index on the other tensor (ten¬ 
sor field) and running over the range of values 
appropriate to the repeated index in accord¬ 
ance with the summation convention. In 
Cartesian tensor analysis, the Cartesian ten¬ 
sor (tensor field) formed from the outer prod¬ 
uct of two Cartesian tensors (tensor fields) by 
setting a subscript on one of the Cartesian 
tensors (tensor fields) equal to a subscript on 
the other Cartesian tensor (tensor field) and 
summarize in accordance with the summation 
convention. 

TENSOR, SKEW-SYMMETRIC. If the inter¬ 
change of two covariant or of two contravar¬ 
iant indices in the components of a tensor 
changes the signs of the components but not 
their absolute values, the tensor is said to be 
skew-symmetric (or anti-symmetric) with re¬ 
spect to those indices. A covariant or contra¬ 
variant tensor of order two is said to be skew- 
symmetric (or anti-symmetric) if its compo¬ 
nents are changed in sign but not in absolute 
value by interchange of the indices. 

TENSORS, MULTIPLICATION OF. See 
product of tensors. 

TENSORS, MULTIPLICATION OF (IN¬ 
NER). See tensors, inner product of. 

TENSORS, OUTER PRODUCT OF. See 
product of tensors. 

TENSOR, SPACE. Tensor defined for trans¬ 
formations of space coordinates. 

TENSORS, PRODUCT OF. See product of 
tensors. 

TENSORS, QUOTIENT LAW FOR. See 
quotient law for tensors. 

TENSORS, SUM OF. See sum of tensors. 

TENSOR, SURFACE. Tensor defined for 
transformations of surface coordinates. A 
tensor may be a space tensor (see tensor, 
space) with respect to transformation on some 
of its indices and a surface tensor with respect 
to transformation on others. 

TENSOR, SURFACE, INTRINSIC DERIVA¬ 
TIVE OF. See surface intrinsic derivative. 

TENSOR, SYMMETRIC. If the interchange 
ol two covariant or of two contravariant in¬ 
dices in the components of a tensor does not 
alter the values of the components, then the 
tensor is said to be symmetric with respect to 
those indices. A covariant or controvariant 
tensor of order two is said to be symmetric if 
its components are unaltered by interchange 
of the indices. (See indicial notation.) 

TENSOR, TYPE OF. If two tensors (see 
tensor field) have the same order of covari¬ 
ance, the same order of contravariance and the 
same weight, they are said to be of the same 
type. 

TENSOR, WEIGHTED (TENSOR FIELD). 
A relative tensor (tensor field). 

TENSOR, WEIGHT OF. See tensor field. 

TERM, ENERGY STATE. See energy state 
term. 

TERM (IN SPECTROSCOPY). The quantity 

E 
T = — 

he 

is referred to as “term” or “term value.” Here 
E stands for the energy of an atomic or molec¬ 
ular state (relative to a given zero value), 
h, for Planck’s constant, and c, for the velocity 
of light. The wavenumber v of a spectral line 
is equal to the difference between the term 
values of the energy levels involved in the 
transition. (See Bohr frequency condition; 
combination principle.) 

TERMINAL VERTEX. See vertex, terminal. 

TERMINAL VELOCITY. See velocity, ter¬ 
minal. 

TERM SYMBOLS, ATOMIC. See atomic 
term symbols. 
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TERM SYMBOLS, MOLECULAR. See 
molecular term symbols. 

TERNARY SYSTEMS. As first pointed out 
by Gibbs, the composition of a solution con¬ 
taining three components may be represented 
by a point in an equilateral triangle whose 
vertices represent the three pure components. 
If the side of the triangle is taken as unity, 
then the mole fractions xA, xB, xc in the solu¬ 
tion under consideration are given by the dis¬ 
tances, measured along lines parallel to the 
sides of the triangle, of the point P at distances 
from the sides of the triangle, A, B and C, 
respectively. This representation insures auto¬ 
matically that 

xa + xB + xc = 1. 

TEST FUNCTION. A complex valued func¬ 
tion 4>(xi, • • • xn) of n real variables that are 
m times continuously differentiable (“of class 
Cm”) with 1 < n < «5 and 0 < m < ». In 
most cases the test functions are taken to be 
indefinitely differentiable (C°°) functions. The 
variables aq • • • xn range over n-dimensional 
Euclidean Space Rn. The test functions are 
defined on all Rn. The complement of the 
largest open set where <t>(xi • • • xn) is zero is 
called the support of <j>(x). 

TETRACHORIC CORRELATION. If a bi¬ 
variate normal distribution is dichotomized in 
two directions, the value of p, the correlation 
coefficient, is uniquely determined by the pro¬ 
portions falling into the four resulting cate¬ 
gories. If an observed 2X2 contingency table 
is regarded as having arisen in this way, an 
estimate of p can be obtained, using tables of 
the bivariate normal distribution. Such an 
estimate is called a tetrachoric correlation. 

TETRAGONAL SYSTEM. One of the seven 
crystal systems. In this system, the three 
axes are mutually perpendicular, and two are 
of equal length. 

TETRALITY PRINCIPLE. The optical dif¬ 
ferential invariant 

is invariant under the transformatives 

(1) a —> —s , s —> a, 

(2) a' -» -s', s' a', 

so the optical properties of a system are pre¬ 
served under the group of transformations 
generated by (1) and (2). 

TETRATOHEDRAL CRYSTALS. That class 
of crystal symmetry which has only one quar¬ 
ter of the maximum number of faces allowed 
by the crystal system to which the class be¬ 
longs. 

THEODORSEN METHOD. See airfoil the¬ 
ory (two-dimensional). 

THEOREM OF MINIMUM ENTROPY PRO¬ 
DUCTION. See time variation of the entropy 
production. 

THEOREM OF MINIMUM POTENTIAL 
ENERGY. See potential energy, theorem of 
minimum. 

THEOREMS OF CONSTRAINT. See Cha- 
telier (Le)-Braun principle. 

THEOREMS OF MODERATION. See Cha- 
telier (Le)-Braun principle. 

THEORETICAL TEMPERATURE OF 
COMBUSTION. See combustion. 

THEORY OF ESTIMATION. See estima¬ 
tion, theory of. 

THEORY OF GAMES. See games theory. 

THERMAL. (As a noun.) A mass of buoy¬ 
ant (usually warm) fluid rising through denser 
surroundings. A term first used by glider 
pilots to refer to the aerial convection currents 
in which they were able to soar over hot 
ground. 

The motion in an isolated thermal rising in 
uniform, otherwise undisturbed, surroundings 
consists of a circulation rather like that of a 
vortex ring, but with a region of turbulent 
mixing in about the upper third of the volume. 

The velocity decreases like z~x and the con¬ 
centration (or temperature excess) like z~3, 
z being measured from the vertex of the cone 
of semi-angle about 15° which envelops the 
path of the thermal. Of the exterior fluid en¬ 
trained, about half enters into the mixing re¬ 
gion on the upper half of the surface while the 
rest enters as a laminar stream at the rear (as 
with a vortex ring) and becomes mixed when it 
reaches the upper part of the thermal. 

The circulation round the thermal measured 
in a circuit up the axis and closed outside it 
is constant. 
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THERMAL BOUNDARY LAYER. See 
boundary layer in a compressible fluid. 

THERMAL COEFFICIENTS. The principle 
of conservation of energy (see energy con¬ 
servation in closed systems) called also the 
first law of thermodynamics gives for the heat 
dQ received during the time dt 

dQ = dU + pdV. (1) 

In variables T, V, f, where f is the extent of 
reaction (see extent of reaction) this gives 

dQ = Cv,$dT + It}z dV + ux,vd^. (2) 

where 

Cy.f, b.i, ut,v are called the thermal coefficients 
for the variables T, V, and £. 

At constant V and £, we have 

dQ = Cv.tdT (4) 

so that Cv.t is the amount of heat required to 
raise the temperature of the system one degree, 
while both the composition and volume of the 
system are unchanged. CV,£ is called the heat 
capacity at constant volume and composition. 
When referred to a mole of substance, it is 
called the molar heat capacity or specific heat 
at constant volume and composition. 

At constant T and £, we have 

dQ = Ir.idV (5) 

and It,i is thus the heat which must be sup¬ 
plied to the system to maintain a constant 
temperature when the volume is increased by 
a emit amount in the absence of chemical reac¬ 
tions or phase change. It is called the latent 
heat of volume change. 

For a perfect gas 

lr,i — V• (6) 

At constant T and V 

dQ = Ur,vd£. (7) 

ut,v is the heat received by the system when 
the reaction proceeds an extent di■ at constant 

T and V. 
Thus if ut,v is negative the reaction pro¬ 

ceeds with the evolution of heat (exothermic 
reaction) while if ux,v is positive, heat is ab¬ 

sorbed when the reaction proceeds (endo¬ 
thermic reaction *). 

We have similar relations for the thermal 
coefficients in variables p, T, £. Instead of (2) 
we have now 

dQ = Cp'fdT -f- JiT'fdp + hjn,pdi- (8) 

where the thermal coefficients CPi$, hx,z, hr,v 
may be easily expressed in terms of the en¬ 
thalpy H 

Cp,z is the heat capacity of the sytsem at con¬ 
stant pressure and composition; hx,z is the 
latent heat of pressure change at constant 
temperature and composition. For a perfect 

gas 

hx— —V. (10) 

Finally hx,£ is the heat of reaction at constant 
T and p; it is the amount of heat absorbed by 
the system for unit reaction at constant T and 
p. From (9) it can be deduced that the heat 
of reaction is the difference between the sum 
of the partial molar enthalpies of the products 
of reaction (see partial molar quantities) 

each multiplied by its stoichiometric coefficient 
and the corresponding sum for the reactants 

There exist simple relations between the ther¬ 
mal coefficients in variables V, T, £ and p, T, £. 
(See also Clausius equations for the rela¬ 
tions between thermal coefficients.) 

THERMAL CONDUCTIVITY. See Fourier 
law. 

THERMAL CONDUCTIVITY COEFFI¬ 
CIENT. See transport coefficient. 

THERMAL CONDUCTIVITY, KINETIC 
THEORY OF. In a gas in which there exists 

* The concept of endothermic (and exothermic) re¬ 
actions has been extended to nuclear reactions to de¬ 
scribe those reactions in which there is a net absorption 
(or evolution) of energy, that is, a reaction in which the 
total kinetic energy of the reactants is greater (or less) 
than that of the products. More precisely it is one in 
which the Q-value is negative (or positive). (See re¬ 
action energy.) 
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a temperature gradient, there will be a flow 
of energy from the hotter to the cooler regions. 
The thermal conductivity coefficient k is de¬ 
fined by the equation 

dT 
W = — K-* 

dx 

where w is the heat (energy) current in the 
rr-direction and dT/dx the temperature grad¬ 
ient. 

In kinetic theory one assumes that the heat 
current is due to particles of higher energy 
moving towards colder regions, and vice versa. 
By considering the net flow of energy through 
a unit area perpendicular to the ^-direction 
one finds 

K = C7]CV, 

where c is a numerical constant of order unity, 
cv the specific heat per unit mass, and 77 the 
coefficient of viscosity. 

THERMAL DIFFUSION COEFFICIENT. 
See transport coefficient. 

THERMAL EFFICIENCY OF CYCLE. The 
thermal or thermodynamic efficiency of a cycle 
is defined as the ratio of the work of the cycle 
to the sum of all positive quantities of heat 
absorbed by the cycle: 

W 

Since the first law of thermodynamics asserts 
that W = Q — |Q01 where | Q0\ is the sum of all 
negative quantities of heat, we also have 

The latter form is found to be more convenient 
in practice when the thermal efficiency of par¬ 
ticular cycles is evaluated. 

The concept of thermal efficiency is applied 
only to cycles for which W > 0 (power cycles) 
and not to ones for which W < 0 (reversed 
cycles: refrigerator or heat pump). The ther¬ 
mal efficiency (IT >0) is a measure of the 
amount of heat (Q — |Q0|) converted into 
work by the cycle in relation to the heat ab¬ 
sorbed, Q, whose provision involves expense. 
The excellence of reversed cycles is judged in 
a different manner. (See coefficient of per¬ 
formance, heat pump effectiveness.) 

THERMAL EQUATION OF STATE. See 
caloric equation of state. 

THERMAL EQUILIBRIUM. The boundary 
separating two systems is said to be thermally 
conducting if it has the following property: 
If any two separate systems each in complete 
internal equilibrium are brought together so 
as to be in contact through a thermally-con¬ 
ducting wall, the two systems will be found in 
general not to be in mutual equilibrium but 
they will adjust themselves till a new mutual 
equilibrium is reached. The two systems are 
then said to have reached a state of thermal 
equilibrium. 

If two systems are both in thermal equilib¬ 
rium with a third system, then they are in 
thermal equilibrium with each other. 

This proposition is sometimes called the 
zeroth law of thermodynamics. 

THERMAL EXPANSION OF SOLID. As a 
consequence of the anharmonic terms in the 
potential energy of a solid, when the atoms 
have large amplitudes of thermal vibration 
their average positions tend to move apart. 
It can be shown that the expansion coefficient 
is nearly constant, being expressed as 

a-1-!") 
V \dT/p 

at high temperatures and constant pressure 
(see Griineisen’s constant), while at low 
temperatures a relation of the form 

5V oc 8U 

holds, where 5F is the change in volume from 
the absolute zero and 8U is the thermal en¬ 
ergy of the lattice. 

THERMALIZATION OF NEUTRONS. The 
study of the manner in which fast neutrons, 
being moderated in a material system, reach 
a steady-state distribution in space and en¬ 
ergy, in the thermal neutron region of the 
spectrum, as well as a study of the thermal 
distribution itself. 

THERMAL MOTIONS IN A LATTICE. 
Rising temperature causes an increase in the 
oscillations of particles in a lattice, and hence 
weakens the intensity of the Laue diffraction 
pattern. The effective scattering factor, / (at 
wavelength A) is then related to the scattering 
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factor at rest, f„, by the Debye-Waller equa¬ 
tion 

/ = f0e~M 

where 
6h2T sin2 9 fl r* x} 

rnk^M2 X lx Jo ^ — 1 4j 

h and k are Planck’s and Boltzmann’s con¬ 
stants, m is the mean atomic mass, x = hv0/kT 
where v0 is the Debye frequency and ®m is a 
parameter a few per cent greater than the 
Debye temperature and is given by 

qm = (y/3h/K)(3N/4Tr)*K*W'Ap*f(a)*. 

K is cubic compressibility, W is atomic weight, 
p is density, a is Poisson’s ratio, and N is 
Avogadro’s number, and 

f(a) = [(1 + <r)/3(l - <r)]« 

+ 2[2(1 + <r)/3(l - 2a)]* 

THERMAL NEUTRON. See neutron, ther¬ 

mal. 

THERMAL POTENTIAL. Also called Gibbs 
function, Gibbs free energy, or thermody¬ 
namic potential, it is defined by the equation 

G = U - TS + pV, 

where G is the thermal potential, U is the in¬ 
ternal energy, T is the absolute temperature, 
5 is the entropy, p is the pressure, and V is 

the volume. 

THERMAL RADIATION. Emission of radi¬ 
ation in which the radiant energy originates 
in the thermal excitation of atoms or of mole¬ 

cules. 

THERMAL ROSSBY NUMBER. The non- 
dimensional ratio of the inertial force due to 
the thermal wind and the Coriolis^ force in the 
flow of a fluid which is heated from below. 

where / is the Coriolis parameter, L a char¬ 
acteristic length, and UT a characteristic ther¬ 
mal wind. The characteristic thermal wind is 

gth Ard 
U T — 

f A r 

where g is the acceleration of gravity, « the 
coefficient of thermal expansion, Ari9/Ar a char¬ 

acteristic radial temperature gradient, and 8 

depth of the fluid. Compare Rossby number. 
(See thermal instability.) 

THERMAL SHOCK. The situation in which 
very large thermal stresses are produced by a 
steep transient gradient of temperature. Brit¬ 
tle materials may fracture, while ductile ma¬ 
terials can absorb the “shock” by small plastic 
deformations. 

THERMAL STABILITY. (See thermody¬ 
namic stability conditions; stability of phases.) 
A phase must satisfy certain conditions if it 
is to be stable (or metastable). For systems 
consisting of a single component the necessary 
and sufficient conditions are the conditions of 
thermal stability and of mechanical stability. 
The condition of thermal stability is 

Cy > 0. 

The heat capacity at constant volume of all 
stable (or metastable) phases is positive. 

THERMAL UNITS. Thermal measurements 
involve, in addition to mechanical units, the 
specification of temperature. For a discus¬ 
sion of temperature scales, see that entry. 

Since heat is a form of energy, any of the 
mechanical units of energy, such as the erg, 
joule, or foot pound, may be used to measure 
quantity of heat. Other units, based on the 
thermal properties of water, had become well 
established before the first law of thermody¬ 

namics was enunciated. The use of these units 
persists, and several of them are used inter¬ 
changeably with the mechanical units in this 
dictionary. The most widely accepted is the 
calorie (cal) which was originally defined as 
that quantity of heat which is required to raise 
the temperature of 1 gram of water by 1 °C 
under atmospheric pressure. Since the specific 
heat of water varies with temperature, this 
definition was changed to require the heating 
to be performed from 14.5°C to 15.5°C, and 
resulting unit is called the 15-degree calorie 
(1 cali5<>). In most cases 1 cal is too small a 
unit and its 1000 multiple, the kilocalorie 
(kcal, kcali5°) is used. In order to provide a 
simple link with mechanical or electrical meas¬ 
urements, the International Steam Tables Con¬ 
ferences adopted the IT-kcal by the definition 

860 kcaliT = 1 kw hrint = 3.6 X 106 jouleint- 

In chemical measurements use is made of the 
thermochcmical calorie: 
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1 kcali5° = 0.99968 kcalix 

= 1.00036 kcaith chem- 

In order to avoid all inconvenience, it is now 
recommended to measure quantities of heat 
directly in mechanical units, i.e., in joules, 
where 

1J = lNm = 1 
kg m2 

sec2 

The equivalent unit in the English system is 
the British thermal unit (B.Th.U. or Btu) orig¬ 
inally defined as ^{so of the quantity of heat 
required to raise the temperature of water 
from its freezing point to its boiling point at a 
pressure of one standard atmosphere. At pres¬ 
ent it is preferred to link the unit directly Avith 
the IT-kcal by the definition 

1 kcalix/kg =1.8 Btu/lb m. 

Hence 

1 Btu = 0.252074 kcal15o = 0.251996 kcalix 

= 1055.056 J = 1,075.857 kpm 

= 2.93071 X 10-4 kw hrint. 

Some authors prefer to use an alternative 
unit to the Btu which is based on the Celsius 
scale, namely the Centigrade heat unit (C.H.U. 
or Chu), originally defined as y(oo of the quan¬ 
tity of heat required to raise the temperature 
of water from its freezing point to its boiling 
point at a pressure of one standard atmosphere. 
It is preferable to define this unit by the equa¬ 
tion 

1 kcalix/kg = 1 Chu/lb m. 

The centigrade heat unit is now largely obsolete. 
The four basic systems of thermal units em¬ 

ployed in this volume are summarized in the 
table. Relations among derived units, such as 
those of specific heat, entropy, etc., may be ob¬ 
tained by methods identical with that outlined 
under mechanical units. For example: 

0.0235 Btu 0.0235 Btu 

°F 

X 
1 joule 

X 
1.80°F 

9.478(10) ^ Btu 1°K 

44.6 joule 

°K 

THERMAL UTILIZATION. In a neutron 
chain reactor of infinite extent, the thermal 
utilization, denoted /, is the ratio of the num¬ 
ber of thermal neutrons absorbed by fuel ma¬ 
terial per unit time to the total number of 
thermal neutrons absorbed per unit time. In 
a reactor of finite size, / is no longer an inten¬ 
sive quantity and depends slightly upon neu¬ 
tron leakage. 

THERMAL WIND. The rate of change with 
height (z) of the geostrophic wind, so-called 
because it is proportional to the horizontal 
temperature gradient. Thus 

dvc g 
f X — = - gradH T 

dz T 

where T is the absolute temperature. If the 
x-axis is taken horizontally at right angles to 
the isotherms the thermal wind strength is 

dva _ g_dT 

dz ~ JT dx' 

in a direction along the isotherms. 

Relations among Thermal Units 

Quantity 
MKS °C 
System 

Equivalents in Other Systems 

MKS °K 
System 

cgs °K 
System 

f lbm s °F 
System 

f lbm s °R 
System 

Temperature 
difference 

1°C 1°K 1°K 1.80°F 1.80°R 

Temperature I°C (273.16 + x) °K (273.16 + x) °K (32 + 9x/5)°F (491.7 + 9x/5)°F 

Energy 1 joule 
= 0.2390 cal 

1 joule (10)7 erg 9.478(10)-4 Btu 
0.7153 ft lbf 

9.478(10)~4 Btu 
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The thermal wind is the best practical ap¬ 
proximation to the vertical gradient of the 
horizontal wind above the friction layer de¬ 
rivable from temperature and pressure ob¬ 
servations. (See also thickness pattern.) 

THERMIONIC EMISSION. See Richardson- 
Dushman equation; Schottky effect. 

THERMODYNAMIC COORDINATE. See 
thermodynamic property. 

THERMODYNAMIC EFFICIENCY OF 
CYCLE. See thermal efficiency of cycle. 

THERMODYNAMIC EQUILIBRIUM. The 
general condition for thermodynamic equilib¬ 
rium is that the entropy production vanishes 
(see thermodynamics, second law of; entropy 

production). This implies that all rates of 
irreversible processes vanish. 

The conditions of thermodynamic equilib¬ 
rium may also be expressed in terms of the 
characteristic functions (see thermodynamics, 

characteristic functions of). They are: 

For given S and V, U is a minimum. 
For given S and p, H is a minimum. 
For given T and V, A is a minimum. 
For given T and p, G is a minimum. 

The minima of U, H, A, G correspond to 
stable equilibria (see thermodynamic stability 

conditions). A maximum would correspond 
to unstable situations. (See also chemical 

potentials; chemical affinity; law of mass ac¬ 

tion; vapor pressure; thermal equilibrium.) 

THERMODYNAMIC EQUILIBRIUM IN 
GRAVITATIONAL FIELD. The conditions 
of thermodynamic equilibrium as regards the 
species i between two phases a and /? defined 
not only by their temperature, pressure and 
composition but also by their gravitational 
potentials are 

Mi “ + Mi<t>a = pf + M ^ (1) 

where 4> is the gravitational potential, m, the 
chemical potential and Mt, the molar mass. 

THERMODYNAMIC FUNCTIONS OF 
MIXING. In order to separate the effects 
of mixing from the effects of changes in tem¬ 
perature or pressure, it is useful to compare 
the mixture to the pure components taken at 

the same pressure and temperature. For ex¬ 
ample in the case of a binary system, 

GM = G°(p,T,nhn2) 

- G1°(p,T,n1) - G2\p,T,n2) (1) 

is the change of the Gibbs function due to 
mixing, or the Gibbs free energy of mixing. 

The enthalpy of mixing has a specially 
simple physical meaning. Since the mixing 
process is taking place at constant pressure 
and temperature the enthalpy of mixing is 
equal to the heat received by the system dur¬ 
ing the mixing. For this reason it is also 
called the heat of mixing. 

THERMODYNAMIC FUNCTIONS OF SUR¬ 
FACE PHASES. Thermodynamic functions 
of surface phases may be easily defined in 
terms of Gibbs division surface. For example, 
the Helmholtz function (Helmholtz free en¬ 
ergy) Aa of a surface phase is defined in terms 
of the total free energy of the system A and 

-<—Bulk Phase' 

~“———~ —Gibbs Division 

Surface 

-<—Bulk Phase" 

Thermodynamic functions of surface phases. 

the free energies of the bulk phases prime and 
second prime (see figure) by 

Aa = A — A' — A". (l) 

One may also introduce thermodynamic func¬ 
tions of surface phases per unit area, for example 

is the Helmholtz free energy per unit area, 
where is the area of the surface phase. 

THERMODYNAMIC POTENTIAL. See 
thermal potential. 

THERMODYNAMIC PROPERTY. (Also 
called property for short. Other synonyms are 
parameter of state, thermodynamic coordi¬ 
nate.) Any measurable, macroscopic charac¬ 
teristic of a (thermodynamic) system in terms 
of which its behavior can be studied quantita¬ 
tively. Whenever a system is in (thermody¬ 
namic) equilibrium, all its properties assume 



Thermodynamics 942 

fixed values. The set of values of the proper¬ 
ties of a system constitute its state. The par¬ 
ticular quantities which are considered in a 
given case are determined empirically and 
through an understanding of the behavior of 
a given system undergoing a specified process. 
Examples of properties are pressure, tempera¬ 
ture, specific volume, refractive index, viscos¬ 
ity, magnetic induction, magnetic field in¬ 
tensity, concentration of a chemical species in 
a reacting mixture, etc. 

In the case of homogeneous systems, a dis¬ 
tinction is made between intensive properties 
and extensive properties. An intensive prop¬ 
erty has the same value for the whole system, 
as for any past thereof. Examples are pres¬ 
sure, temperature, and magnetic field intensity. 
The value of an extensive property is propor¬ 
tional to the mass of the homogeneous system. 
Examples are volume and magnetization. 
Often extensive properties are referred to unit 
mass of the homogeneous system. They are 
then called specific properties. Specific prop¬ 
erties, like intensive properties, are independ¬ 
ent of the mass of the system. If X is any 
extensive property of a homogeneous system 
(e.g., volume V) and m is the mass of the sys¬ 
tem, then 

x = X/m 

is the corresponding specific property (e.g., the 
specific volume v = V/m). 

The mathematical nature of a thermody¬ 
namic potential, such as internal energy, en¬ 

thalpy, Helmholtz function, Gibbs function, 

etc., is akin to that of a property. If the 
thermodynamic potentials are measured from 
a fixed (but arbitrary) reference state, the 
resulting values are fixed and unique, when¬ 
ever the state of the system is fixed. It must, 
however, be realized that the thermodynamic 
potentials (like, e.g., electric or gravitational 
potentials) have no natural zero. Conse¬ 
quently, no meaning can be attached to the 
difference in their values for two parts of one 
system, because this will depend on the value 
ascribed to the potential at the reference 
state. For example, if the internal energy of 
a homogeneous system of mass m at a given 
state 1 is U0i with respect to an arbitrary 
state 0, and if at the latter it is assumed that 
the internal energy is U0, we can write for 
state 1 

U i = U\0 + U u. 

If we now consider a mass m' of the same sys¬ 
tem, at the same state (as characterized by the 
intensive and specific properties), we have 

U\ = U\0 + U'0. 

We can assert that 

U' i m'u\0 m' 
—1 =-L = — (ul0 = U i0/m = U'\0/m') 
U\ m,U\0 in 

if we also choose 

IXo _ m' 

U0 m 
But 

U\ — Ui = (m' — m)ui0 + (m' — m)u0, 

(u0 = UJm = U'o/m’) 

cannot be made independent of the arbitrary 
choice of the value of u0 and hence has no 
physical significance. 

Contrariwise, the difference in volumes 

v\ - Vx = (m' - m)vu 

(Pi = VJm = V'i/m') 

has a definite physical significance. 

THERMODYNAMICS. (More precisely clas¬ 
sical thermodynamics as distinct from sta¬ 
tistical thermodynamics.) That branch of 
physics which describes phenomena in which 
changes in temperature play an important 
part. Such processes involve the transforma¬ 
tion of energy from one fonn to another and 
thermodynamics deals with the laws which 
govern such transformations. Thermodynam¬ 
ics makes a clear and systematic distinction 
between real irreversible phenomena and ideal¬ 
ized reversible processes. 

Thermodynamics is firmly based on experi¬ 
ment. It is developed principally from four 
fundamental, so-called laws of thermodynam¬ 
ics: the zeroth law, the first law, the second 
law, and the third law (see entries following). 
Each of these laws constitutes an axiomatic 
generalization obtained on the basis of experi¬ 
ence. However, the generalizations from ex¬ 
perience required for the full development of 
thermodynamics are not confined to the above 
four laws. Hence thermodynamics is not an 
axiomatic science. 

The laws of thermodynamics cannot be di¬ 
rectly and exhaustively verified by suitable 
experiments. They represent bold generaliza- 
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lions made on the basis of restricted experi¬ 
ments and their truth is ascertained from the 
fact that none of the consequences derived 
from them have failed to be verified experi¬ 
mentally. 

Thermodynamics deals with real processes 
and requires the knowledge of the thermo¬ 
dynamic properties of real substances. These 
must be either measured directly or derived 
by methods used in other branches of physics. 
Thermodynamics does not provide methods 
whereby such properties can be evaluated 
theoretically. However, certain combinations 
of properties could not exist in one particular 
substance if its behavior is not to be in conflict 
with the basic laws of thermodynamics. Thus 
thermodynamics is able to provide tests for 
the consistency of measurements relating to 
particular substances, or methods of evaluat¬ 
ing some of them if some others have been 
measured. It also provides a general frame¬ 
work for the other branches of physics (ki¬ 
netic theory of gases, statistical mechanics, 
quantum mechanics) which deal systematic¬ 
ally with the evaluation of thermodynamic 
properties. 

THERMODYNAMICS, CHARACTERISTIC 
FUNCTIONS IN. The fundamental Gibbs 
formula for the total differential of the entropy 
may be written 

dU = TdS - pdV + (1) 

where m is the chemical potential of compo¬ 
nent i. Formula (1) expresses the dependence 
of the energy on the set of independent vari¬ 
ables S, V, a*. It is generally preferable to 
use other sets of independent variables. In 
order to obtain easily the basic thermodynamic 
relations in different variables it is useful to 
introduce the new thermodynamic functions 

H = U + pV (2) 

A = U - TS (3) 

G = U - TS + pV = H - TS. (4) 

H is the enthalpy. A, the Helmholtz function, 
G, the Gibbs function. 

Other names for ,4 are the force function for 
constant temperature, the Helmholtz free en¬ 
ergy, the u'ork function, and for G, the total 
thermodynamic potential or the Gibbs free 
energy. 

If now we differentiate the relations (2) — 
(4) and replace in (1), we obtain 

dll = TdS + Vdp + ^2 mdHi (5) 
i 

dA = —SdT — pdV + ^2 Hidtii (6) 
i 

dG = -SdT + Vdp + £ Hidni. (7) 
i 

Each of these relations relates a characteristic 
function to its appropriate independent vari¬ 
ables. Gibbs has called these relations the 
fundamental equations. Their importance 
lies in the basic property that all the thermo¬ 
dynamic functions can be expressed in terms 
of the chosen characteristic functions and the 
derivatives with respect to the corresponding 
independent variables. 

For this reason the characteristic functions 
and the fundamental equations also play a 
central role in relating thermodynamics to 
statistical mechanics. 

Sometimes one also uses the functions 

A 
J = — (8) 

T 

G 

5 T 
(9) 

called the Massieu function and the Planck 
function. 

THERMODYNAMICS, ENERGY CON¬ 
SERVATION IN. See energy conservation 
in thermodynamics. 

THERMODYNAMICS, FIRST LAW OF. 
There are in existence several alternative, but 
entirely equivalent statements of the first law. 
The statements differ in that the hypotheses 
of one may be the conclusions of another 
and conversely. Irrespectively of formulation, 
it is possible to state that the most essential 
statements implied in the first law are: 

(1) To each closed system whose behavior 
can be described by an equation of state con¬ 
taining a finite number of independent vari¬ 
ables, and to each continuous system whose 
elements can be treated in the limit as a closed 
system, it is possible to ascribe a property- 
called internal energy (some authors use here 
the rather misleading designation of energy) 
which, like a potential, is a function of state, 
except that it contains an arbitrary constant. 
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(2) When a system undergoes a cycle, 
whether reversible or irreversible, so that it 
returns periodically to a fixed equilibrium 
state, the sum of all the elements of work dW 
done around the cycle is exactly equal to the 
sum of all the elements of heat dQ, or 

dW = dQ. (a) 

(3) In a reversible process work and heat 
are expressed by line integrals, their inte¬ 
grands dW or dQ being Pfaffian linear forms. 
In a small reversible step 

dQ = dU + dW (b) 

where dU is the elementary change in internal 
energy, in general, neither dQ nor dW are 
perfect differentials, but dU is a perfect differ¬ 
ential. During an irreversible or reversible 
finite process between states 1 and 2 

Qi2 = U2-Ul + Wl2. (c) 

Mathematically, the most satisfactory ex¬ 
position of the first law was given by Born 
and Caratheodory. The exposition assumes 
that the concept of work is known (say from 
mechanics) but that the concept of heat is 
not known. Generalizing known experimental 
facts (Joule’s paddle-wheel experiment, Rum- 
ford’s cannon-boring experiments, etc.) it is 
asserted that: 

The work performed adiabatically in any re¬ 
versible or irreversible process between two 
states of equilibrium 1 and 2 of any closed 
system depends on the end states 1 and 2 alone 
and is independent of the particular details of 
the process 1 —> 2. 

Mathematically this means that the integral 

dWad is that of a perfect differential (since 

it is independent of the path 1-2), and conse¬ 
quently we can write 

2 

dWad = Ux - U2. (d) 

We write U\ — U2 rather than U2 — Ui in 
order to follow the generally-accepted conven¬ 
tion that work done by a system is positive and 
that in the process the energy of the system 
decreases. 

Equation (d) constitutes the formulation of 
the first law of thermodynamics for adiabatic 
processes. When a process is not adiabatic, 

Equation (d) does not hold, but we can gen¬ 
eralize it to 

by introducing a new physical quantity, the 
heat Q, to balance Equation (e). It is easy 
to show that this new quantity possesses all 
the attributes which we intuitively ascribe to 
heat, namely: 

(1) The addition of heat to a system 
changes its state. 

(2) In calorimetric mixing involving no 
work, heat is conserved if the calorimeter is 
enclosed in adiabatic walls. 

In writing Equation (e) it has been assumed 
that heat added to the system is positive and 
that the addition of heat increases the internal 
energy of the system. Equation (e) can also 
be written 

Q12 — AC/ + W12. (f) 

This is the most general statement of the first 
law. It is seen that statement (a) follows from 
it. Statement (a) shows that an engine operat¬ 
ing cyclically, such as a perpetual motion 

engine of the first kind cannot produce work 

£ dW > 0 unless an equivalent amount of heat 

has been consumed, or unless an equivalent 
amount of work in another form has been 
added. Indeed, using Equation (f) with Q12 = 
0 and AC/ = 0 (for a cycle) we can put 

Wl2 = W - W' = 0. 

If W is the work done, then work W' = W 
must have been consumed. 

It is evident that the first law can be inter¬ 
preted as the law of conservation of energy. 

It should be noted that only differences in 
the internal energy of closed systems can be 
measured. This can be done either by meas¬ 
uring the adiabatic work according to (d), 
or the difference between heat and work, ac¬ 
cording to Equations (c) or (e). If two homo¬ 
geneous systems o and b undergo identical 
changes of state 1-2 (expressed in terms of 
their intensive properties) then 

U2a C i a A ( a ma 

f 26 — Cri6 AC (, mb 

m denoting mass. Owing to the existence of 
an arbitrary additive constant (as in any po¬ 
tential) , the question as to the value of differ- 
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ence between the internal energies of mass ma 
of a homogeneous system, and mass mb of an 
identical homogeneous system at the same 
state (as expressed by intensive properties) 
has no meaning. 

In practical applications it is very conven¬ 
ient to reformulate the first law, Equation (c) 
to a form applicable to an open system. As¬ 
suming that an elementary mass dm crosses 
the boundary B of the open system infinitely 

slowly, and only under the action of the nor¬ 
mal pressure px, there being no shearing 
stresses involved, and assuming that the proc¬ 
ess is so slow that the state throughout the 
open system is homogeneous, we would obtain 

dQ — dW = d(mu) — hxdm. (h) 

It is implied that the chemical properties of 
mass dm are the same as those of the fluid in¬ 
side the system. Equation (h) can also be 
written as a rate equation 

Q — W — 
d(mu) 

dt 
— hxrh (i) 

where the dots denote differentiation with re¬ 
spect to time t. 

When the processes in the open system are 
steady (steady-state system or steady-flow proc¬ 
ess), Equation (h) becomes 

dQ — dW = —2 hXidmi (j) 

when the summation extends over all the paths 
along which matter crosses the boundary. 
Since mass must be conserved, we also have 

2 rhi = 0. 

State 2 

In the most common case with two (which is 
the least number) paths for matter crossing the 
boundary, we have 

Q - W = m(h2 — hQ. (k) 

Equation (k) is sometimes referred to as the 
enthalpy theorem. 

THERMODYNAMICS, FUNDAMENTAL 
EQUATIONS OF. See fundamental equa¬ 
tions of thermodynamics. 

THERMODYNAMICS OF IRREVERSIBLE 
PROCESSES. Extension of classical thermo¬ 
dynamics to non-equilibrium situations (see 
thermodynamics; second law; stationary state; 
entropy production; time variation of entropy 
production; reciprocity relations). The main 
feature of thermodynamics of irreversible 
processes consists in the evaluation of the 
entropy production and the entropy flow start¬ 
ing from the fundamental Gibbs formula for 
the total differential of the entropy. Its use 
for non-equilibrium conditions is a new postu¬ 
late. The physical justification of this postu¬ 
late is that near equilibrium the entropy de¬ 
pends on the same independent variable as 
for equilibrium processes. A comparison be¬ 
tween this postulate and kinetic theory of 
gases shows that it is valid in the range of 
applicability of the usual phenomenological 
laws, such as the Fourier law (see phenomeno¬ 
logical relations). In the case of chemical 
reactions the reaction rates must be sufficiently 
slow so as not to perturb the Maxwell equi¬ 
librium distribution of velocities to an appre¬ 
ciable extent. 

THERMODYNAMICS, SECOND LAW OF. 
The gist of the second law of thermodynamics 
is contained in two statements: (1) The Car¬ 
not theorem. The quantity of heat dQ ex¬ 
changed by any (closed) thermodynamic sys¬ 
tem during an infinitesimal reversible process 
and which is, in general given by a Pfaffian 
differential form in the independent proper¬ 
ties of the system, can be represented as a 
product dQ = TdS of the thermodynamic tem¬ 
perature T which is a function of the empirical 
temperature 6 only and of the perfect differen¬ 
tial dS of a potential S called entropy, which 
is a function of the independent properties of 
the system only, except for an arbitrary addi¬ 
tive constant. In other words the Pfaffian of 
heat, dQ, is integrable, its integrating factor T 
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being a function of the empirical temperature 
6 only. The Carnot theorem, therefore, proves 
the existence of thermodynamic temperature 
and entropy. (2) The principle of entropy 
increase. In an isolated system, the entropy 
of all the bodies contained in it remains con¬ 
stant during a reversible process, increases 
during an irreversible (natural) process and 
can never decrease: 

AS > 0. (1) 

It is seen from (1) that the difference is en¬ 
tropy associated with two equilibrium states 1 
and 2 is measured (or calculated) by the Clau¬ 
sius integral 

along any reversible path connecting the two 
equilibrium states. 

An alternative and equivalent formulation 
asserts that in any closed system (not neces¬ 
sarily isolated), the change in entropy dS is 
composed of two terms 

dS = deS + diS. (3) 

The term due to an exchange of heat with the 
surroundings 

dQ 
deS = — (4) 

can be positive, negative or zero, depending 
on dQ. The term dS is due to the process 
taking place within the system. The term diS 
can never be negative. It is positive when 
the process is irreversible and zero when the 
process is reversible. 

The preceding two statements are derived 
from a formulation of the second law which 
constitutes a generalization of experimental 
fact. In the last analysis all formulations as¬ 
sert that natural processes are irreversible and 
occur spontaneously in one direction only. 
There are in existence several formulations of 
the second law, all of them entirely equivalent. 
These are due to Clausius, Planck, Kelvin, 
Ostwald, Caratheodory and others. The mode 
of derivation of statements 1 and 2 above de¬ 
pends on the formulation adopted. All formu¬ 
lations except Caratheodory’s assert the im¬ 
possibility of reversing some particular irre¬ 
versible process and lead to derivations which 
are lengthy, sometimes tedious, and mathe¬ 
matically inelegant. The Caratheodory for¬ 

mulation of the second law generalizes the 
common feature of all irreversible processes, 
namely the existence of inaccessible states in 
adiabatic processes. Indeed, if an adiabatic 
process from state 1 to 2 is irreversible, then 
the initial state 1 cannot be reached adiabatic- 
ally from state 2, however close state 2 is to 
state 1, and is therefore inaccessible from it. 
The Carnot theorem quoted above is an almost 
immediate consequence of the first part of 
Caratheodory’s formulation of the second law 
and of Caratheodory’s mathematical theorem. 
The principle of entropy increase is also easily 
derived from the second part of Caratheo¬ 
dory’s formulation. 

By the use of the principle of entropy in¬ 
crease it is easy to prove that the Carnot cycle 
is the most efficient way of converting heat into 
work given two reservoirs of temperatures T 
and Tn and to show that 

The impossibility of building a perpetual mo¬ 
tion engine of the second kind as well as the 
truth of the Clausius and Planck-Kelvin for¬ 
mulations of the second law also follow from 
it. 

In the case of continuous systems (see entry 
following) (i.e., systems in which the state 
varies from point to point), undergoing near¬ 
equilibrium irreversible processes (i.e., proc¬ 
esses which do not lead to large local gradients 
of properties), the second law can be written 
in the forms 

or 
ds 

p-1- div s =6. 
dt 

(6) 

Here s denotes the entropy per unit volume, 
s is the entropy flux vector 

s = 
q 
T 

(7) 

where q is .the heat flux vector, and 0 is the rate 
of local entropy production, also called entropy 
generated locally (V is the volume, A is the area). 
The principle of entropy increase asserts that 

6 > 0. (8) 
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The principle of entropy increase provides 
a criterion for the determination of the direc¬ 
tion of natural processes: they proceed in a di¬ 

rection which causes j"djS to increase, as well 

as a criterion for equilibrium: it is reached 

when J'diS is a maximum. In an isolated 

system 

JdeS = 0, 

and hence the entropy increases and reaches 
a maximum at equilibrium (see thermody¬ 

namic equilibrium). 

Some authors argue that the universe is an 
isolated system and that, therefore, all proc¬ 
esses in the universe cause its entropy to in¬ 
crease. The entropy of the universe tends to 
a maximum and when that will have been 
reached, no processes will be possible. The 
universe will die an “entropy death.” It is 
doubtful whether the universe can in fact be 
regarded as an isolated system and the re¬ 
maining conclusions are doubtful, and at least 
highly speculative. 

closed systems (see mass conservation in 

closed systems; energy conservation in 

closed systems) one may in the presence of a 
chemical reaction put (2) into the form 

(4) 

where £ is the extent of reaction. 

In agreement with the general formulation 
of the second law, the entropy change is 
composed of two terms: 

(a) The entropy change due to interactions 
with the exterior. This gives the entropy flow 

(5) 

(b) The entropy production inside the system 
due to the chemical reaction 

A 
diS = ~dt> 0 (6) 

where A is the chemical affinity 

A = — J2 vmi. 
i 

(7) 

THERMODYNAMICS, SECOND LAW OF, 
IN MULTICOMPONENT CLOSED AND 
OPEN SYSTEMS. In one-component closed 
systems the total differential entropy is given 
by (see thermodynamics, second law of, in 

one-component closed systems) 

dU p 
dS = — + - dV. 

T T 
(1) 

If one considers multicomponent systems one 
can generalize (1) by writing 

dU p , m 
dS = — + -dV -32- drii. 

T T T 
(2) 

The quantities g, are called chemical poten¬ 

tials and are defined by 

This can be easily extended to open systems. 
The entropy flow contains then supplementary 
contributions related to the exchange of matter 
with the outside world. 

THERMODYNAMICS, SECOND LAW OF, 
IN ONE-COMPONENT CLOSED SYSTEMS. 
If one considers a closed system which contains 
a single component, all irreversible processes 
being excluded, the entropy production van¬ 
ishes (see thermodynamics, second law of) 

diS = 0, dS = deS (1) 

we then define the entropy by the formula 

(2) 

which are intensive variables. 
Formula (2) as well as the definition of the 

chemical potential, is due to Gibbs and plays a 
fundamental role in the evaluation of the 
entropy production and entropy flow. 

For example, using the relations expressing 
the conservation of mass and of energy in 

where dQ is the heat received by the system 
and T a positive quantity called the absolute 
temperature which satisfies the following re¬ 
quirements: 

(a) T is positive; 
(b) T is a universal function of the tem¬ 

perature of the system as recorded by measur¬ 
ing some arbitrary property like electrical re¬ 
sistance; T is an increasing function of the 
“empirical” temperature of the system. 
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Formula (2) still remains valid when S is 
multiplied by some constant a and T by a-1. 
Thus to complete the definition of S and T we 
have to assign an arbitrary value to T for a 
well defined point in the empirical scale. One 
defines the triple point of water as exactly 
273.16 degrees. The scale of temperature with 
the size of the degree so fixed is called the 
absolute scale of temperature or the Kelvin 
scale denoted by °K. Thus the triple point 
of water is by definition 273.16°K. 

Formula (2) expresses that 1/T is the in¬ 
tegrating factor of dQ (which is not a total 
differential). This is the starting point of 
Caratheodory’s formulation of the second law. 

Using the principle of conservation of en¬ 
ergy (see energy conservation in closed sys¬ 

tems) we may also write (2) in the form 

pdV 

~T 
(3) 

This is the total differential of the entropy in 
the variables V and V. 

THERMODYNAMICS, THIRD LAW OF. 
This principle due to Nernst can be enunciated 
in different forms. The formulation used here 
which is due essentially to F. Simon, Fowler 
and Guggenheim, has the advantage of being 
of universal validity. It states: It is impos¬ 
sible by any procedure no matter how ideal¬ 
ized, to reach the absolute zero in a finite 
number of operations. As a consequence it 
follows that: For any isothermal process in¬ 
volving only phases in internal equilibrium or 
alternatively, if any phase is in frozen meta¬ 
stable equilibrium, provided the process does 
not disturb this frozen equilibrium: 

lim AS = 0 (1) 
r-> o 

where lim AS means the value of the entropy 
T—*0 

change obtained by a smooth extrapolation 
from the lowest temperature at which measure¬ 
ments have been made. 

As a simple example we may consider the 
solidification of liquid helium (isotope of mass 
four). The coexistence curve is given by the 
Clapeyron-Clausius equation. Because of 
(1) we see that 

The melting pressure should have, therefore, in 
the limit of T —* 0, a zero slope, which has 
been confirmed experimentally. 

THERMODYNAMIC STABILITY CONDI¬ 
TIONS. (See also thermodynamic equilib¬ 
rium.) Suppose we have a system in a state 
P which is perturbed to a neighboring state P'. 
This perturbation may be due to an external 
action or to molecular fluctuations. 

The equilibrium state P is said to be stable 
with respect to this transformation if the pro¬ 
duction of entropy accompanying it is nega¬ 
tive. (See thermodynamics, second law of; 

entropy production.) 

(A{S)pp> <0. (1) 

The inverse process, that is the change from 
P' to P is then a spontaneous irreversible proc¬ 
ess accompanied by a positive production of 
entropy. 

The perturbation is characterized in the first 
place by the nature of the change PP' and 
secondly by the conditions under which it is 
carried out. One may for example consider 
a change in which T and p are maintained 
constant or which occurs under adiabatic con¬ 
ditions. (See adiabatic changes.) 

In the most important cases the stability 
conditions may be directly connected with the 
behavior of the characteristic functions (see 
thermodynamics, characteristic functions of). 

For example at constant V and T 

(A iS)vtr = — (AA)v,t (2) 

and the condition (1) will be satisfied if 

A is a minimum at P. (3) 

Such minimum conditions permit to calculate 
explicitly the thermodynamic stability condi¬ 
tions. (See stability of phases; thermal sta¬ 

bility; mechanical stability; diffusion sta¬ 

bility.) 

THERMODYNAMIC SYSTEM. Any collec¬ 
tion of matter enclosed in a clearly-defined 
boundary in terms of which a given analysis is 
performed. The choice of a system for the 
description of a particular thermodynamic 
process is arbitrary; it does not affect the con¬ 
clusions reached but a judicious choice may 
considerably simplify the description. The 
boundary of the system may be drawn in any 
manner whatsoever; it need not be rigid, and 
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the system need not contain the same material 
objects at all times. 

A system whose walls are impermeable to 
matter is called a closed system. A closed 
system contains the same collection of mate¬ 
rial objects of all times. If the boundary is 
crossed by matter the system is called an open 
system and its boundary is called a control 
surface. If the state at any given point within 
a control surface is independent of time, the 
open system is said to be in steady state. In 
particular the mass and energy within the con¬ 
trol surface of an open system in steady state 
must remain constant. The law of conserva¬ 
tion of mass for such a system can be written 

2 ihi = 0 

where mt- denotes the rates of mean flow through 
the k discrete points i through which matter 
enters or leaves the control surface. (For the 
law of conservation of energy see thermo¬ 

dynamics, first law of). 
A closed system whose boundary is also im¬ 

permeable to the passage of heat and work is 
called an isolated system. Alternatively, the 
designation is applied also to closed systems 
whose boundaries are adiabatic and impermea¬ 
ble to the passage of heat only. 

THERMODYNAMICS, ZEROTH LAW OF. 

If two systems are in thermodynamic equilib¬ 
rium with a third across a diathermal wall 
then they are in equilibrium with each other. 
It follows, as can be shown in detail, that in 
the case of all systems there exist functions of 
their n independent properties such that at 
equilibrium 

e = <t>(xi) 

assumes the same value for all systems. The 
hypersurfaces 

0 = constant 

are called isotherms (or isothermals), those of 
the same temperature for two different systems 
being called corresponding isotherms. (See 
also temperature.) 

THERMOELASTICITY, THE THEORY OF. 

A theory which investigates the effect of the 
thermal state of an elastic solid upon the 
stress distribution, and the influence of the 
stresses in an elastic body on the conduction 
of the heat through it. The subject was in¬ 
vestigated by Duhamel (1838). Recent work 

has concerned both dynamical (time-depend¬ 
ent) problems in which the stress distribution 
and the temperature distribution cannot be 
treated separately but are governed by a set 
of cross-linked equations, and also the sim¬ 
pler problems of steady thermal stresses in 
elastic bodies. The latter can be formulated 
as follows: for an elastic body whose bound¬ 
aries are parallel to the plane 2 = 0 and in 
which a temperature field T (1 + 0(.r, y, z)} 
exists, T is the temperature at zero stress and 
strain. Assume no body forces are active and 
no heat sources are present, and introduce cy¬ 
lindrical coordinates 

r = pi, 4>,z = {I 

where l is a characteristic length. If the rigidity 
modulus p is taken as the unit of stress, l the 
unit of length and T as the unit of temperature, 
the formulation of those problems which exhibit 
symmetry about the 2-axis is as follows: 

( 
d2u 1 du 

dp2 p dp 

u \ d2u 

7r~d? 

+ o?2 -1) 
d2w dd 

dpd£ dp 

d2w 1 dw 2 d2w 

dp2 p dp ^ d*;2 

where 

|S2 

. d (du u\ 
+ (/32 - 1)-(— + -) 

dt \dp p) 

2(1 - ,) 2(1 + ,) 
-> 0 = -al. 

1—2, 1—2, 
where , is Poisson’s ratio, a is the coef¬ 
ficient of linear expansion, ul is the displace¬ 
ment in the r-direction and wl in the 2-direc¬ 
tion. The variation of 0 throughout the elastic 
solid is governed by Laplace’s equation 

d2e l dd d2d 
-2 -I-2 = O’ dp~ p dp df2 

These equations can be solved by Hankel 
transform techniques (reference: I. N. Sned¬ 
don, Boundary Value Problems in Thermor 
elasticity; in Boundary Problems in Differen¬ 
tial Equations, ed. by R. E. Langer, Univer¬ 
sity of Wisconsin Press, 1960). 

THERMOELECTRIC POWER. The ther¬ 
moelectric force per degree, dEAB/dT, where 
EAtt is the emf generated at the junction of 
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metals A and B at temperature T. From the 
definition 

dEA rT aAdT 
0.4 = - = I - 

dT J0 T 

the absolute thermoelectric power is obtained 
from the values of the Thomson coefficient, 
tr.i, at all temperatures, measured at low tem¬ 
peratures against a superconductor whose 
Thomson effect vanishes. The Peltier coeffi¬ 
cient of two metals is then given by 

ttAb = —T(Sb — SA). 

THERMOMECHANICAL EFFECT. See 
thermomolecular pressure. 

According to (1) the thermomolecular pres¬ 
sure is given by 

_ _ L21 

ATjjm=o~ L22VT 
(2) 

Similarily the thermomechanical effect is given 
by 

/J th 

\Tm 
Therefore the heat of transfer Qx may l>e easily 
expressed in terms of the phenomenological 
coefficients 

Qx (4) 

THERMOMETRIC EFFECTS. See galvano- 
metric and thermometric effects. 

THERMOMOLECULAR PRESSURE DIF¬ 
FERENCE. The interaction of heat flow and 
the flow of matter gives rise to certain cross 
phenomena of which the most important are 
the thermomolecular pressure difference and 
the thermomechanical effect. 

In the first case a temperature difference 
between two vessels connected by a capillary 
or a membrane causes matter to flow and sets 
up a pressure difference. The ratio of cor¬ 
responding pressure and temperature differ¬ 
ences is called the “thermomolecular pressure 
difference.” 

In the second case the pressure difference 
and temperature are held constant. Then a 
heat flowT is observed which is proportional to 
the flow of matter. 

The proportionality coefficient which corre¬ 
sponds to the heat transferred with the unit 
of mass, is called the “heat of transfer” of 
the thermomechanical effect. The phenomeno¬ 

logical relations are here 

J th — 

J m ~ 

L\\ 

~T* 

L2 i 

~T* 

AT - 

AT 

l,\2 

~T~ 

L22 

VAp 

VAp 

(1) 

where Jm is the flow of matter, Jt\ the flow of 
heat, Ln, Li2, L2l, L22 the phenomenological 
coefficients, T the absolute temperature, p the 
pressure, V the molar volume, At, Ap the dif¬ 
ferences of temperature and of pressure be¬ 
tween the two vessels. 

Onsager’s reciprocity relations establish the 
relation between the thermomolecular pressure 
difference and the thermomechanical effect 

Ap\ _ _ J__ /Jjh 

AT)jn = o~ VT \Jm 

It is thus clear that both effects will appear in 
the same system. 

In the case of two gases which communicate 
by a hole the diameter of which is small com¬ 
pared to the mean free path a simple applica¬ 
tion of kinetic theory of gases gives 

From this one can easily calculate the thermo¬ 
molecular pressure as well as the heat of trans¬ 
fer (4). 

THERMORHEOLOGICALLY SIMPLE MA¬ 
TERIAL. A viscoelastic material, the proper¬ 
ties of which at different temperatures are rep¬ 
resented by shifts along the log (time) axis 
of all compliance, modulus and spectral func¬ 
tions. 

THERMOSTATICS. Application of thermo¬ 
dynamics to equilibrium states. (See also 
thermodynamics of irreversible processes; 

thermodynamics, second law of.) 

THERMOSTATISTICS. A term introduced 
by Kramers for statistical mechanics to indi¬ 
cate its relation to and difference from ther¬ 
modynamics. 

THERMOTROPIC MODEL. A model at¬ 

mosphere used in numerical forecasting in 

) (5) 
AT=0 
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which the parameters to be forecast are the 
height of one constant-pressure surface (usu¬ 
ally 500 mb) and one temperature (usually 
the mean temperature between 1000 mb and 
500 mb). Thus, a surface prognostic chart can 
also be constructed. The quasi-geostrophic 
approximation is employed and the thermal 
wind is assumed constant with height. 

THEVENIN ACOUSTICAL THEOREM. 

If an acoustical impedance 2.1 be connected at 
any point in an acoustical system, the volume 
current X in this acoustical impedance is the 
pressure p at the point prior to the connection 
divided by the sum of the acoustical impedance 
2.4 and the acoustical impedance 2'.4, where z'A 
is the acoustical impedance at the point prior 
to connecting 2.4. 

THEVENIN MECHANICAL RECTILIN¬ 
EAL THEOREM. If a mechanical rectilineal 
impedance be connected at any point in a 
mechanical rectilineal system, the resultant 
velocity of this mechanical rectilineal imped¬ 
ance is the product of the velocity and me¬ 
chanical rectilineal impedance z'u of the sys¬ 
tem both measured at the point prior to the 
connection divided by the sum of the mechan¬ 
ical rectilineal impedances 2.v and 2V 

THEVENIN MECHANICAL ROTATIONAL 
THEOREM. If a mechanical rotational im¬ 
pedance zR be connected at any point in a 
mechanical rotational system, the resultant 
angular velocity of this mechanical rotational 
impedance is the product of the angular veloc¬ 
ity and mechanical rotational impedance zR' 
of the system both measured at the point prior 
to the connection divided by the sum of the 
mechanical rotational impedances zR and z'r. 

THEVENIN THEOREM. The current in any 
tenninating impedance ZT connected to any 
network is the same as if ZT were connected 
to a generator whose voltage is the open cir¬ 
cuit voltage of the network, and whose inter¬ 
nal impedance ZR is the impedance looking 
back into the network from the terminals of 
ZT, with all generators replaced by impedances 
equal to the internal impedance of these gen¬ 
erators. (See also Norton theorem.) 

THICKNESS. See thickness pattern. 

THICKNESS PATTERN. The thickness is 
the vertical distance between two specified 
isobaric surfaces in the atmosphere. It is a 

measure of the mean temperature between the 
surfaces and therefore its horizontal gradient 
is a measure of the mean thermal wind between 
these levels. The thickness pattern on a 
weather chart therefore displays the field of 
wind shear (horizontal vorticity). 

The difference in geostrophic wind between 
two levels is given by 

where h' is the thickness. The direction is along 
lines of constant thickness (i.e., along the mean 
isotherms of the layer). 

THIN-AIRFOIL THEORY. In thin-airfoil 
theory the airfoil is considered as a symmet¬ 
rical fairing superposed on a curved “mean 
line,” as shown in Figure 1. The chord line 

is the straight line AB joining the ends of the 
mean line, and the angle of incidence a is the 
inclination of the stream to the chord line. 
For the special case of a symmetrical airfoil 
the mean line is straight and coincides with 
the chord line. 

It is assumed, in thin-airfoil theory, that the 
angle of incidence, thickness ratio and camber 
are all small. The problem is then a linear 
one and it is permissible to consider separately 
the pressure distributions for (1) the sym¬ 
metrical fairing at zero incidence, (2) the mean 
line (with zero thickness) at the "ideal” angle 
of incidence, (3) the loading, additional to 
(2), associated with the actual angle of inci¬ 
dence. 

Since the problem is linear, these three pres¬ 
sure distributions can be added to give the 
pressure distribution on the airfoil. Except 
near the leading edge, the results obtained for 
airfoils of moderate thickness at small inci¬ 
dences usually agree fairly well with more 
exact theories. If only the lift and pitching 
moment are required, it is only necessary to 
consider the contributions (2) and (3) to the 
pressure distribution. (Since the theory as¬ 
sumes an inviscid fluid, the drag cannot be 
estimated.) 

The pressure distribution on the symmetrical 
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fairing at zero incidence (Figure 2) may be cal¬ 
culated by assuming an appropriate distribu¬ 
tion of sources and sinks along the axis of x. It 

Fig. 2. 

is easily shown that the required source strength 
dy 

dx ’ 
per unit length is 2F ^ , where V is the veloc¬ 

ity of the stream. 
To calculate the pressure distribution on an 

airfoil of zero thickness given by the mean line, 
a distribution of vortices is assumed as shown 
in Figure 3. The distribution of vortex strength 

y 

to the leading edge of a real airfoil. Neverthe¬ 
less, the predicted values of lift and pitching 
moment are finite, and agree fairly well with 
experiments. 

Thin-airfoil theory shows that, for any thin 

dCL 
airfoil,-= 27t and the aerodynamic center 

da 
is at the quarter-chord point, i.e., at a distance 
c 
- from the leading edge, where c is the chord. 

The incidence for zero lift is 

1 r* dy 
a0 — ~ I — (1 — cos 0)dd, 

7rJq dx 

x 1 dy 
where - = - (1 — cos 6) and — refers to the 

c 2 dx 
mean line as in Figure 3. 

The pitching-moment coefficient at zero lift is 

Fig. 3. 

where 

sin2 Odd. 

must satisfy the condition that the thin airfoil 
is a stream line. This condition is 

d y _ v_ 

dx V 

where v is the induced velocity component in 
the y direction due to all the vortices. 

The ideal angle of incidence at is the value 
of a giving finite velocity at the leading edge. 
The corresponding lift coefficient is usually 
known as the design lift coefficient. The usual 
procedure is to calculate, for the mean line, 
the ideal angle of incidence a, and the pressure 
distribution associated with it. Then the pres¬ 
sure distribution to be added, for the airfoil 
at incidence a, is as calculated for a thin flat 
plate at incidence (a — ad. This may be 
found as a special case of the transformation 
giving a Joukowski airfoil, the circulation 
being chosen, of course, to satisfy the Joukow¬ 
ski condition that the velocity should be finite 
at the trailing edge. The theory gives an 
infinite velocity at the leading edge of the flat 
plate, for any non-zero angle of incidence. 
Thus thin-airfoil theory cannot be expected to 
predict correctly the pressure distribution close 

The pitching moment coefficient about an axis 
through the quarter-chord point (the aerody¬ 
namic center) is equal to C„lo for any incidence. 
(See H. Glauert, The Elements of Aerofoil and 
Airscrew Theory, 2nd edition, Cambridge 
University Press, 1947.) 

THIRD ORDER OPTICS. See Gaussian 
optics. 

THIRTEEN-MOMENT APPROXIMATION. 
The solution of the Boltzmann non-linear 
integro-differential equation has proved to be 
quite difficult. The Enskog-Chapmann method 
of solution has yielded a first approximation 
which is in good agreement with experiment, as 
long as the macroscopic quantities do not vary 
appreciably over a distance of one mean free 
path in the gas. The second approximation 
(see Burnett equations), however, has not 
turned out to be an adequate tool for larger 
gradients, and the rate of convergence of this 
series is not well established. 

H. Grad has suggested an alternate method 
for the solution of the Boltzmann equation: 
he sets up a distribution function which is 
a product of a Maxwellian distribution and a 
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series of multidimensional Hermite polynom¬ 
ials. The coefficients of these polynomials are 
related to the first velocity moments of the 
distribution function. Grad showed that, by 
increasing the number of terms, the series con¬ 
verged rapidly to a true solution of the Boltz¬ 
mann equation. The first approximation is 
equivalent to the first approximation in the 
Enskog-Chapmann method; both lead to the 
Navier-Stokes equations of change. But the 
second approximation differs. 

The 13 moments approximation, with 13 
scalar parameters, corresponding to the mo¬ 
ments of order 0, 1, 2 and a contraction of the 
3rd moment, has been used extensively; it al¬ 
lows one to predict the properties of gases at 
low densities, when wall effects can become 
important, and yields qualitative information 
under such extreme conditions as shock waves, 
when the distribution function varies appre¬ 
ciably over a distance of one mean free path. 

THIXOTROPY. Property of a material which 
softens when strained. 

tion by Lagrange. He showed that it is pos¬ 
sible for an asteroid to be stable in a position 
such that it is equidistant from both the sun 
and Jupiter. In this case the three objects 
would be on the vertices of an equilateral tri¬ 
angle and the asteroid orbit would have the 
same period as that of Jupiter. This case is 
illustrated in nature by the members of the 
so-called Trojan group. (See two-body prob¬ 
lem; planetary motion.) 

THREE-EIGHTHS RULE. The quadrature 
formula 

f(x)dx = 3/i(/0 + 3h + 3/2 + /3)/8, 

where 

fi = /(*;) = /Oo + ih). 

The remainder is 

R = -3h5flv(H)/80, 

hence the formula is in general somewhat less 
exact than the simpler Simpson’s rule. 

THOMAS PRECESSION. See relativity, pre- THREE-INDEX SYMBOLS. See Christoffel 
cession. three-index symbols. 

THOMSON SCATTERING. The scattering 
of electromagnetic radiation by essentially free 
electrons in the limit of long wavelengths (i.e., 
wavelengths for which the Compton Effect 
can be ignored). The differential scattering 
cross section (giving the cross section as a func¬ 
tion of scattering angle 6) is da/dSl = )/£r02( 1 + 
cos2 0), where r„ = e2/mc2 is the classical elec¬ 
tron radius. Here e and m are the charge and 
rest mass of the electron, and c the velocity of 
light. The total cross section is therefore <r0 = 
(8ir/3)r02, independent of wavelength. (See 
scattering.) 

THREE-BODY PROBLEM. Even though no 
general solution of the problem is available, 
nevertheless, there are several practical com¬ 
putational methods for determining the posi¬ 
tions of planets and other members of the 
solar system, taking into account the gravita¬ 
tional attraction of all effective members. 
Such solutions are all made by successive ap¬ 
proximations and various methods of comput¬ 
ing perturbations, rather than by the applica¬ 
tion of any general solution. 

A number of particular solutions of the 
three-body problem have been made by mathe¬ 
maticians, notable among them being the solu- 

THREE-MOMENT THEOREM. See Cla- 
peyron theorem. 

THRESHOLD, ABSOLUTE LUMINANCE. 
The minimum luminance which can be dis¬ 
criminated by the fully dark-adapted eye. 

THRESHOLD, ABSOLUTE PURITY. The 
minimum purity perceptible in contrast with 
white, by the light-adapted eye. The abso¬ 
lute purity threshold is a function of wave¬ 
length. 

THRESHOLD ENERGY (THRESHOLD). 
The minimum energy of an incident particle 
in a reaction below which the reaction cannot 
take place. For example, in the photoelectric 
effect, the energy hv of the photon must exceed 
the threshold energy hv0 = «, where t is the 
binding energy of the emitted electron. In pair 
production, the energy hv must exceed 2me2, 
which is the threshold for this process. In a 
nuclear reaction, the lowest energy at which 
an endothermic reaction can take place. 

THRESHOLD OF AUDIBILITY. The 
threshold of audibility for a specified sound 
signal is the minimum effective sound pressure 
of the signal that is capable of evoking an 
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auditory sensation. The ambient noise reach¬ 
ing the ear is assumed to be negligible. The 
threshold of audibility as a function of the 
frequency for the frequency range 30 to 15,000 
cycles is given by the empirical equation, 

160 + 4/3 X 10-8 

where p is the sound pressure, in dynes per 
square centimeter, and / is the frequency, in 
dynes per square centimeter. 

THROTTLING EXPERIMENT. This exper¬ 
iment provides most direct information con¬ 
cerning the dependence of enthalpy on pressure 
and temperature. This experiment was first 
performed by Joule and Lord Kelvin (William 
Thomson); for this reason it is also often 
called the Joule-Thomson experiment. In this 
experiment a stream of gas in a thermally in¬ 
sulated container is forced through a plug, 
the pressure being greater on the near side 
than on the far side. The system is in a 
steady state such that in a given time a cer¬ 
tain mass of gas is pushed in at a pressure p\ 
and during the same time an equal mass of gas 
streams away at pressure p2. 

In this experiment the enthalpy is conserved, 
that is the condition of the gas after and 
before throttling are related by 

H(T2, p2) = H{TuVl). (1) 

Provided the pressure drop is not too great, this 
may be replaced by 

/dH\ /dH\ 
dH = (— ) dT + —) dp = 0. (2) 

\dT/p \dp /t 

The Joule-Thomson coefficient measures the 
ratio of the temperature fall to the pressure 
drop 

a-o./Q; ® 
THRUST. (1) In general, a force exerted by 
one member of a structure upon another, gen¬ 
erally an outward-directed force. (See arch.) 
(2) The force exerted in any direction by a 
powered screw. (3) In jet propulsion, the 
force, in the direction of motion, resulting 
from the components of the pressure forces (in 
excess of ambient atmospheric pressure) act¬ 
ing on all inner surfaces of the vehicle or mis¬ 
sile and which are parallel to the direction 

of motion. Thrust less drag equals accelerat¬ 
ing force. (4) The force acting on a rocket 
motor due to the reaction caused by the expul¬ 
sion of matter at high velocity. This force is 
given by the sum of all static pressures acting 
axially on the area elements of the solid wall 
surrounding the gas in the motor, taking into 
account also the forces acting on the exit area. 

THRUST COEFFICIENT. In rocket motor 
design, a parameter which can be determined 
experimentally. It is a term by which the 
chamber pressure and throat area must be 
multiplied in order to obtain the thrust of the 
motor. Thus: 

F = CfpcAi, 

where F is the thrust, Cf is the thrust coeffi¬ 
cient, pc is the chamber pressure and At is the 
throat area. 

THRUST LINE. See pressure line. 

THRUST RATIO, AUGMENTED. See aug¬ 
mented thrust ratio. 

TIDAL WAVES. Gravity waves in which the 
velocity depends both on the wavelength and 
the depth of the fluid. In a more restrictive 
sense, waves produced by the gravitation of a 
heavenly body. 

TIE. See bar. 

TIED ARCH. When the supporting founda¬ 
tion is unable to take the outward thrust of 
an arch, the supports can be tied by tension 
members so that the foundation need supply 
vertical forces only. (See arch.) 

TIE ROD. A very slender structural bar used 
as a tension tie. It buckles under very small 
compressive force and is usually assumed in¬ 
capable of taking any compression. 

TIGHT BINDING APPROXIMATION. One 
of two alternative approaches to the problem 
of calculating the energy of an electron in a 
solid. It is assumed that the electron is effec¬ 
tively in an atomic orbital centered on a par¬ 
ticular atom of the lattice, with a small per¬ 
turbation allowing it to jump to neighboring 
sites. The assumed wave function is thus a 
Bloch function in which the periodic function 
is a pure atomic wave function. This ap¬ 
proximation works well for narrow deep-lying 
bands, but must be augmented with the free- 
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electron type of approximation for conduction 
electrons. 

TIME AND TIME-KEEPING. Time may be 
defined as a measured duration. There are 
two motions of the earth that provide natural 
units of time: the rotation of the earth about 
its axis, which provides us with the day; and 
the revolution of the earth about the sun, 
which provides us with the year. However, 
one cannot determine the period of rotation 
or of revolution without reference to external 
points. Two such points are available, the 
vernal equinox and the sun. The period of 
time between successive passages of the sun 
across an observer’s meridian is known as the 
solar day, and the period between successive 
passages of the vernal equinox across the ob¬ 
server’s meridian is known as the sidereal 
period. 

From the figure, in which the directions, 
but not the magnitudes of the motions are 

correctly shown, it is seen that the solar day 
is longer than the sidereal day. The earth 
moves about the sun in an elliptical orbit with 
the axis of rotation inclined to the orbit plane 
by about 23?5. Because of the Keplerian laws 
of orbital motion, the length of a “day” when 
the earth is at perihelion is shorter than when 
the earth is at aphelion. Furthermore, the 
plane of the earth’s orbit is inclined to the 
plane of the earth’s equator, and this intro¬ 
duces further variations in the length of the 
day. 

To avoid these irregularities in the length 
of the “day” (the interval between successive 
passages of the sun across the observer’s 
meridian) one defines a mean sun that moves 
eastward in the celestial equator with con¬ 
stant velocity, completing the circuit in the 
same period as that of the apparent sun in 
the ecliptic. A mean solar day is the period 
between successive passages of the mean sun 

aci'oss a terrestrial meridian. The mean solar 
second which has been the international stand¬ 
ard time unit for many years is 1/86,400 part 
of the mean solar day. 

1. Mean solar time is reckoned from the 
beginning of the day at midnight through 
twenty-four hours. The local mean time for 
any particular place is 12 hrs plus the local 
hour angle of fche mean sun. In the United 
States mean time is commonly expressed as 
two twelve-hour periods, the first beginning 
with the clay at midnight and designated as 
“a.m.” and the second starting at noon as 
“p.m.” Astronomers, navigators, scientists, 
and most Europeans reckon time from mid¬ 
night through 24 hours. The local mean solar 
time for the meridian of Greenwich is known 
as universal time. 

la. Zone time is the local mean solar time 
for the meridians at fifteen degree (one hour) 
intervals from Greenwich and the zone bound¬ 
aries are 7?5 either side of the zone meridians. 
They are numbered +1, +2, etc., west of 
Greenwich and —1, —2, etc., east. Standard 
time zones correspond to zone times except 
that the boundaries are established for eco¬ 
nomic convenience. 

2. Apparent time is the local hour angle of 
the true sun measured from the local meridian. 
It is the time that is indicated by a properly 
adjusted sun-dial. The difference between 
mean and apparent time is known as the equa¬ 
tion of time and is published in publications 
such as the American Ephemeris, almanacs, 
etc. 

3. The sidereal time for any station is the 
hour angle of the vernal equinox. Since the 
mean sun is moving relative to the vernal equi¬ 
nox at a constant rate, the time divisions on the 
mean and sidereal systems are not the same. 
Since the tropical year contains 365.2422 mean 
solar days and exactly one more sidereal day, 
it follows that the number of sidereal seconds 
is equal to the number of mean solar seconds 

o«c 2422 
multiplied by ' or by 1.00273791. A 

365.2422 
clock keeping sidereal time gains upon mean 
time by 9.8565 sidereal seconds in one mean 
hour, or by 9.8296 sidereal seconds in one 
sidereal hour. 

4. Ephemeris time. For many years it has 
been realized that there arc slight “irregulari¬ 
ties” in the rotation period of the earth. These 
can be smoothed out by clocks for these are 
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adjusted by observations of the stars to com¬ 
pensate for slight gains or losses. However, 
for long range predictions of the positions of 
the planets, a unit of time must be established 
to be invariable by definition. This is known 
as ephemeris time. The ephemeris day is a 
purely arbitrary unit consisting of 86,400 
ephemeris seconds and is only approximately 
equal to a mean time day. »The ephemeris 
second is not exactly 1/86,400 of a day but, 
by definition is 1/31,556,925.9747 of a tropical 
year. The reduction, universal time to ephem¬ 
eris time, is determined from observational 
material and cannot be exactly determined for 
several years. For example in 1901.5 the re¬ 
duction is —2.54s or — 0^.000029. The reduc¬ 
tion table for recent years indicates the trend: 

To Obtain Ephemeris Time 

Add to Universal Time 

Year Seconds Days 

1951.5. . . . .... 29.59 0.000342 
1952.5..., .. . . 30.21 0.000350 

1955.5. . . .... 31.5 0.00036 

1957.5.... ...33 0.00038 
1958.5.... ...33 0.00038 
1959.5.... ...34 0.00039 
1960.5. .. . ...35 0.00040 

The 1960 American Ephemeris and Nautical 
Almanac for 1960 is the first edition to use 
Ephemeris Time and further details may be 
found there. 

5. Atomic time. For many years the stand¬ 
ard clocks have been pendulum-controlled. 
Within recent years oscillating electronic cir¬ 
cuits, with frequency controlled by a crystal, 
have been found to be remarkably stable over 
long periods of time. With such atomic clocks 
several minute changes in the rotation period 
of the earth have been detected. In other 
words the crystal-controlled atomic clock is 
steadier than the earth! It seems highly 
probable that within not too many years these 
ammonia clocks, cesium clocks, etc. will sup¬ 
plant the rotating earth as the fundamental 
clocks. (See calendar; month.) 

TIME, DELAY. See delay time. 

TIME DILATATION. See Lorentz trans¬ 

formation. 

TIME, GENERATION. See generation time. 

TIME INTERVAL. The number of times that 
a specified periodic process is observed to take 
place between two events. The time taken 
for each repetition of the periodic process is 
used as the unit of time. The interval from 
event A to event B is usually taken as posi¬ 
tive when B occurs after A; negative when B 
occurs before A; zero when the two are simul¬ 
taneous. This is the only sense in which time 
has meaning in physical science, because the 
older concept of absolute time has been shown 
by relativity theory to be unsound—two events 
that are simultaneous for one observer are 
not necessarily simultaneous for another. 

TIME REVERSAL OPERATION. By time- 
reversibility is meant the invariance of the 
laws of a system under transformation from 
the four-dimensional coordinate system xt to 
x't' where 

x = x' f = -t. 

The time reversed state of the state which con¬ 
tains particles at positions x, with momenta p, 
and spin o-t is a state of the same particles at x',-, 
but with momenta — p, and spins —or,-. Fur¬ 
thermore the direction of time is reversed (in¬ 
coming particles are transformed into outgoing 
ones). The operator T which generates this 
correspondence is anti-unitary (so as to pre¬ 
serve commutation rules), and satisfies T2 = 1 
(for spinless particles) and T2 = — 1 for sys¬ 
tems containing an odd number of spin )/£ par¬ 
ticles. The transformation of the field opera¬ 
tors for several field systems are listed below: 

(a) Electromagnetic field: 

T~%{x, t)T — S;(x, -1) 

T~xK.j(x, t)T = — 3Cj(x, -t). 

T transforms a one-photon state into a one- 
photon state of opposite linear momentum 
without interchanging right circular and left 
circular polarization. 

(b) Dirac particles: 

r-V(x, t)T = -o 

where |i?r| = 1. These definitions leave the 
free-field Hamiltonian invariant. 

TIME-SHIFT THEOREM. See Laplace 
transform theorems. 

TIME-TEMPERATURE SHIFT. For certain 
polymers the effect of an increase in tempera¬ 
ture is to speed up all viscoelastic processes by 



957 Time Variation of the Entropy Production — Tomonaga-Schwinger Equation 

a constant factor. This represents a shift of 
all spectra along the log (time) axis by an 
amount dependent on the temperature, the 
time-temperature shift. 

TIME VARIATION OF THE ENTROPY 
PRODUCTION. The central quantity of 
thermodynamics of irreversible processes (see 
also thermodynamics, second law of) is the 
entropy production per unit time 

diS _ 
— = T,JkXk> o. (i) 
at k 

The Xk are the generalized forces or affinities 
of the irreversible processes and Jk the corre¬ 
sponding rates (see thermodynamics of irre¬ 
versible processes; rates of irreversible proc¬ 
esses.) 

The time variation of the entropy produc¬ 
tion may be split into two parts 

d® = dx® + dj(P = Z JkdXk + Z XkdJk• 
k k 

(2) 

dx(P is the part due to the changes of the forces 
and dj® the part due to changes of the rates. 

It should be noticed that neither dx® nor 
dj(? are total differentials. 

One has then the following two basic the¬ 
orems: 

Theorem (a) Under the following restric¬ 
tions: 

(1) Linear phenomenological relations. 
(2) Validity of Onsager’s reciprocity rela¬ 

tions. 
(3) Phenomenological 

treated as constants 
coefficients are 

dx® = dj(P = id®. (3) 

Theorem (b) For time independent bound¬ 
ary conditions (or constraints) one has in the 
whole domain of validity of the thermodynam¬ 
ics of irreversible processes 

dx<? = J2dkdXk<0. (4) 
k 

This theorem is based on the thermodynamic 
stability conditions. 

As a consequence of (3) and (4) the entropy 
production itself decreases with time in the 
region stated under (a) and is minimum in 
stationary states. This is Prigogine’s theorem 
of minimum entropy production, valid in the 
neighborhood of equilibrium. It gives a varia¬ 

tional principle for non-equilibrium stationary 
states. 

This theorem gives a simple meaning of the 
stability of non-equilibrium stationary states 
(to a minimum entropy production corresponds 
a stable state and to a maximum, an unstable 
state). It permits therefore an extension of 
the Le Chatelier-Braun principle to non-equi¬ 
librium situations (see Chatelier (Le)-Braun 
principle). 

For situations in which (3) is not satisfied 
an extension of the theorem of minimum en¬ 
tropy production is not always possible. 

TIP. See blade. 

TOMONAGA-SCHWINGER EQUATION. 
The covariant differential equation governing 
the time evolution of a quantized field system 
in the interaction picture. 

Consider the space-like surface a. To each 
point x (= x°, x) on this surface, we may assign 
a time x° = t(x). In the limit of a plane sur¬ 
face, each point has the same time t, the coordi¬ 
nate of the plane t = constant. A natural gen¬ 
eralization of the interaction picture state 
vector can now be made, namely ^(x)]. Thus 
one can consider the interaction picture 
equation 

ihdi^it) = tf/(0*(Q (1) 

as a limiting equation in the case the space-like 
surface a becomes a plane t = constant. For a 
field system 

Hi(t) = j 3CI(x)d3x (2a) 
d t 

» Z 3Ci(x)AV (2b) 
all cells 

where in (2b) we have approximated the integral 
as a sum over three dimensional cells of vol¬ 
ume AV. The equation w’hich governs the evo¬ 
lution of the system about the point x is then 
taken to be 

d*[*(x)] 
in —— = JC/(X) AF*[<(s)]. (3) 

dt(x) 

Let us denote ^[<(x)] by 'k(cr). We next define 
the invariant operation S/Sa(x) by 

8 

8a (x) 
'k(o') = lim 

«->o 

^(<r') — 'l'(cr) 

U(x) 
(4) 

where a' and a are two space-like surfaces 
which differ from each other by an infinitesimal 
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Space Time 
Volume ft 

amount in the neighborhood of the space-time 

point x, and 12(x) ^ = J'dt(x)d3xj is the space- 

time volume enclosed between a and a'. The 
covariant generalization is thus 

5*(<0 
Me- = JC/(x)^(<r) (5) 

5cr(x) 

which is called the Tomonaga-Schwinger equa¬ 
tion. In order that solutions to (5) exist, the 
following integrability conditions must be 
satisfied 

32 

. 8<r(x)8a(x') 

S2 

b<j(x')8tj(x) 
¥(<r) = 0 (6) 

X)X' on a 

which in turn imply that 

[3Ci(x), 3C/(x')] = 0, for x,x' on <r. (7) 

TOPOGRAPHICAL CRITERION FOR A 
CONTROL SYSTEM. See stability (of sys¬ 
tem). 

TOPOLOGICAL GRAPH. See graph, planar. 

TOPOLOGICAL (OR CONTINUOUS) 
GROUP. A group for whose elements a to¬ 
pology is defined in such a way that the group 
operations (formation of product and of in¬ 
verse) are continuous. Thus, the set of real 
numbers forms a topological group if the 
group operation is given by addition and the 
distance between two numbers by the absolute 
value of their difference. Consider, e.g., the 
(one-parameter) group of rotations of the 
Euclidean plane given by the elementary 
formulas 

X = x cos 6 — y sin d, Y = x sin 6 -f- y cos 0, 

corresponding to the group of matrices 

(cos 0, — sin 0\ 

sin 0, cos 0/ 

depending on the parameter 0. If we now 
define two matrices as being close together if 
every element of one is close to the correspond¬ 
ing element of the other (see under topology), 
then it is clear that multiplication of matrices 
is continuous, i.c., that if A = A{dx) is a fixed 

matrix and B = B(6i) is a variable one, then 
small changes in B will produce only small 
changes in AB. For applications, especially 
to physics, the important topological groups 
are the “full linear group,” the “unimodular 
group,” etc. (See under group.) 

TOPOLOGICAL SPACE. The numerous 
ways (the commonest being given below) of 
defining an abstract topological space T, whose 
elements are usually called points, although 
in applications they may, for example, be real 
numbers, or solutions of differential equations, 
depend on the fact that topology is essentially 
a study of the operation of passing to a limit. 
Such an operation on a subset M of T may be 
thought of as adjoining to M the set of all its 
limit points; that is, of forming the closure 

M of M. 

Thus, a topological space is a set T of arbi¬ 
trary elements to each subset M of which is 

assigned a subset M, called the closure of M, 
in such a way that, calling a set closed if it is 
identical with its own closure: 

(1) each single element is a closed set, 
(2) the closure of any set is closed, 
(3) the closure of the union of two sets is 

the union of their closures. 

If we now define an open set as the comple¬ 
ment in T of a closed set, and a neighborhood of 
a set of points as any open set containing it, we 
may introduce five types of topological spaces, 
each contained in its predecessor, in terms of 
their separation properties. Thus, given any 
two distinct points, a space is called a T0 space 
if at least one of the points has a neighborhood 
not containing the other, a Tx space if each of 
the points has a neighborhood not containing 
the other point, a To (or Hausdorff) space if 
they have a pair of discrete neighborhoods, a 
T3 (or regular) space if each of the points has 
a neighborhood disjoint from some neighbor¬ 
hood of any closed set containing the other 
point, and a T4 (or normal) space if any two 
closed sets have disjoint neighborhoods. 

If S is any set of elements of any kind, i.e., 

not necessarily part of a topological space, we 

can define a metric in S by assigning to every 
two points x,y of S a non-negative real number 
p(x,y), called the distance between x and y, 
such that p(x,x) = 0, p(x,y) >0 if x ^ y, 
p(x,y) = p(y,x) and p(x,y) + p(y)Z) > p(x,z). 
Then for any two subsets P and Q of S we de¬ 
fine the distance between P and Q as the least 
upper bound of the distances from any point in 
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P to any point in Q and make into a topologi¬ 
cal space by defining the closure P of P as the 
set of points in S whose distance from P is zero. 
Such a space, which is easily seen to be normal, 
is called a metric space. Most of the important 
topological spaces of applied mathematics, e.g., 
Hilbert space, arc metric. An example, im¬ 
portant in analysis, of a non-metrizable space 
is given by the Banach space of continuous 
functions from [0,1], a 5-neighborhood of a 
given function / being defined as the set of 
functions <7 with max |/(x) — g(x) | < 5. 

A topological transformation from one topo¬ 
logical space to another (which may be identi¬ 
cal with the first) is a one-to-one transforma¬ 
tion which is continuous in both directions (a 
transformation being continuous if, supposing 
that any point P is transformed into P\ then 
for any neighborhood N' of P' there exists a 
neighborhood N of P such that every point of 
N is transformed into a point of N'). 

TOPOLOGY. The study of topological trans¬ 
formations. (See topological space.) 

TOP, “SLEEPING.” A top is said to “sleep” 
when it rotates with constant angular speed 
about its axis in a vertical position with 
neither precession nor nutation. 

TOROIDAL COORDINATES. A curvi¬ 
linear system closely related to bipolar co¬ 
ordinates. If the traces of the surfaces in 
that system are taken in the AT-plane as 
two families of mutually orthogonal circles, 
then rotation of the circles about the Z-axis 
forms a family of spherical surfaces and a 
family of tori. The toroidal coordinate sur¬ 
faces are then taken as: (1) spherical, with 
centers on the Z-axis at a distance of ±a cot £ 
from the origin and with radii of a esc £, £ = 
const.; (2) anchor rings with radii of a coth 77 

for the axial circles and circular cross sections 
of radii a csch 77,77 = const.; (3) planes through 
the Z-axis, \f/ = const., where = tan-1 y/x. 
These coordinates are related to rectangular 
coordinates by the equations 

x — r cos lp, y = r sin xp 

a sinh 77 a sinh £ 
T -‘ " y Z "" ——— — j 

cosh 77 — cos £ cosh 77 — cos £ 

0 < £ < 2tt; 0 < iA < 2tr; 0 < 77 < 00. 

TORQUE. (1) For a single particle the torque 
is the moment of the resultant force on the 

particle with respect to a particular origin. 
This is expressed by the vector relation 
L = r X F, where L is the torque, r is the 
position vector with respect to the origin, and 
F is the resultant force. The torque is equal 
to the time rate of change of the moment of 
momentum. (2) For a rigid body the torque 
with respect to a set of axes is expressed by 
the relation 

where F,. is the resultant force per unit volume 
due to external forces on the element dv and r 
is the position vector of the volume element. 
(See moment of force.) For a rigid body 
undergoing free rotation about a single axis, 
the torque L = Ia, where I is the moment of 
inertia and a is the angular acceleration. (3) 
In engineering mechanics usage, the moment 
of all forces to one side of a cross section of 
a bar about the axis of the bar is called the 
torque or twisting moment at the section. 
(See torsion.) 

TORSE. See developable (surface). 

TORSION. (Also called simple torsion.) 
(See also curvature.) A state of deformation 
of a right cylindrical (or prismatic) body with 
plane ends in which each plane cross section 
normal to the generators rotates through an 
angle proportional to its distance from some 
reference cross section. The cross section may 
in addition undergo other displacements which 
are identical for corresponding points on all 
cross sections. The constant of proportionality 
between the angle of rotation and the distance 
along the cylinder is called the twist, amount 
of twist, amount of torsion, or twist per unit 
length. Most commonly, torsion refers to a 
deformation of the type described, such that 
the cylindrical surface of the body is force- 
free, so that the deformation is maintained by 
forces applied to the ends of the cylinder only. 
If the forces applied to each end are statically 
equivalent to a couple about a direction paral¬ 
lel to the generators of the cylinder, possibly 
together with a force, the couple is called the 
torsional couple or tunsting couple. 

Tn classical elasticity theory for isotropic 
materials, if t is the amount of torsion, then 
the displacement components u, v, w in a 
rectangular Cartesian coordinate system x,y,z, 
resulting from the torsion of a cylinder with 
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its generators parallel to the 2-axis, may be 
written, provided the 2-axis is suitably chosen, 

u — —Tyz, v = tzx and w = r<t>(x,y), 

where 4> is a function of position on the cross 
section called the torsion function or warping 
function. If the 2-axis is chosen so that the 
displacement field can be expressed in this way, 
its position is called the axis of torsion or axis 
of twist. 4> must be a single-valued harmonic 
function and must satisfy the boundary 
condition 

d<f> 
— = yl — xm 
dn 

on the cylindrical surface, where l and m are the 
cosines of the angles between the outward- 
drawn normal to the surface, and the axes x 
and y, respectively, and d/dn denotes differen¬ 
tiation along the outward-drawn normal. The 
problem of determining a two-dimensional har¬ 
monic function satisfying these conditions is 
called the torsion problem. The forces which 
must be applied in order to maintain the torsion 
in the cylinder are statically equivalent to equal 
and opposite couples applied to the two ends of 
the cylinder and directed parallel to the gener¬ 
ators of the cylinder. They are given in terms 
of <j> by 

x2 + y + 
d<j> d<f>\ 

x-y — ) 
dy dx) 

dxdy, 

where p is the rigidity modulus for the material 
and the integration is carried out over the cross 
section of the cylinder. The positive ratio, tor¬ 
sional couple/amount of twist is called the 
torsional rigidity of the cylinder. 

Since the torsion function is harmonic, there 
exists a function \f(x,y) such that <f> + i\f is a 

function of x + iy, where i = y/— 1. \p is a 
harmonic function of x and y and satisfies the 
boundary condition 

\p — §(x2 + y2) = constant 

on the cylindrical boundary. It is called the 
conjugate of the torsion function, or conjugate 
torsion f unction. 

TORSIONAL BUCKLING. See buckling, 
torsional. 

TORSIONAL STIFFNESS. See torsion. 

TORSIONAL WAVES IN A ROD. A rod 
may be twisted about an axis of the rod in 

such a manner that each transverse section 
remains in its own plane. If the section is 
not circular there will be motion parallel to 
the axis of the bar. For a circular cross sec¬ 
tion and a homogeneous bar the equations of 
motion are analogous to those of longitudinal 
waves in the rod. The velocity of propaga¬ 
tion c, in centimeters per second, of torsional 
waves in a rod, is 

c 
E 

2p(<r + 1) 
(1) 

where E is Young’s modulus, in dynes per 
square centimeter, p is the density, in grams 
per cubic centimeter, and a is Poisson’s ratio. 

TORSION, MEMBRANE ANALOGY. See 
membrane analogy, torsion. 

TORSION (OF A CURVE AT A POINT P). 
Let b be the unit binormal to a curve and s 
the distance measured along the curve from a 
fixed point. The vector db/ds at P is parallel 
to the unit normal n at P. The torsion r is 
then defined by the relation 

db/ds = —Tii. 

TORSION, RADIUS (OF A CURVE AT 
A POINT). Reciprocal of the torsion. 

TORUS. The surface having the shape of a 
doughnut with a hole in it, generated as a sur¬ 
face of revolution by rotating the circle 

(:y - b)2 + 22 = a2 

around the 2-axis. Its equation, when rational¬ 
ized, is of the fourth degree 

(x2 + y2 z2 + b2 — a2)2 = 4b2(x2 -(- y2). 
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With dimensions as shown in the figure, its 
volume, V = 2ir2Rr2 and its surface area, A = 
4tv2Rr. 

TOTAL CURVATURE. See curvature of a 
surface, second. 

TOTAL DERIVATIVE (ALSO CALLED 
MATERIAL OR SUBSTANTIAL DERIVA¬ 
TIVE). The time rate of change of a scalar 
or vector property of a moving particle as 
observed by an observer moving with the par¬ 
ticle. If v is the instantaneous velocity of the 
particle, the total derivative for a scalar U is 

dU dU dU dx dU dy dU dz 

dt dt dx dt dy dt dz dt 

dU 
= —+ (VU)-v 

dt 

and for a vector A 

dA dA dA dx dA dy dA dz 

dt dt dx dt dy dt dz dt 

dA 
= — + (v-V)A. 

dt 

TOTAL DETERMINATION. In regression 
analysis, the square of the multiple correla¬ 
tion R'2. 

TOTAL DIFFERENTIAL. See differential. 

TOTAL EMISSIVITY (OF A THERMAL 
RADIATOR). The ratio of the spectral con¬ 
centration of radiant emittance of the thermal 
radiator to that of a full radiator at the same 
temperature. 

TOTAL HEAT. See enthalpy. 

TOTAL NEUTRON FLUX. See flux, neu¬ 
tron, total. 

TOTAL PRESSURE. The pressure that 
would be attained at a point in a flowing fluid 
if the fluid were brought to rest at that point 
isentropically. For an incompressible fluid the 
total pressure is 

Vo = v + \py2, 

TOTAL RADIATION TEMPERATURE. 
The temperature of a full radiator at which it 
has the same (total) radiant emittance as the 
body considered. 

TOTAL REFLECTION. No conventional 
mirror will ever reflect all of the radiation 
striking it. (See reflection coefficient.) How¬ 
ever, radiation in a more dense medium, meet¬ 

ing the boundary of a less dense medium at an 
angle greater than the critical angle, will be 
totally reflected back into the more dense 
medium. The critical angle is 

• -i ni </>c = sin — 
n2 

where n2 is the index of refraction of the 
medium in which the radiation is incident and 
ni that of the second medium. 

TOTAL THEORY OF PLASTICITY. See 
deformation theory. 

TOTAL THERMODYNAMIC POTENTIAL. 
See thermodynamics, characteristic functions 
of. 

TOTAL TRANSMITTANCE. The ratio of 
the luminous flux transmitted by a body to 
that which it receives. In mixed transmission, 
the total transmission factor is the sum of two 
components, the direct transmission factor 
(rr) and the diffuse transmission factor (rd). 

where p is the static pressure, p is the density 
of the fluid and V is the velocity. 

For a compressible fluid the total pressure is 

Vo = V 1 + M2 

where M is the Mach number. 

TPC THEOREM. The statement that a local 
field theory which is invariant under ortho- 
chronous proper Lorentz transformations is 
automatically invariant under the combined 
operation TPC, where T is the time-inversion 
operation, P, the parity operation and C, the 
charge conjugation operation. 
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Yost has established the equivalence be¬ 
tween the TPC theorem and the weak local 
commutativity of field operators. A set of 
field operators ^0,^1 • • • 'Pn has the weak local 
commutativity property at a set of real 4-vec- 
tors £1 • • • £„ if the following relation: 

TRACK LENGTH, NEUTRON. Since the 
path traversed in time dt by a neutron with 
speed v is vdt, the quantity 

4>(r ,t) dE J, dnN(r,e,&,t)v 

(*0, Myo) • • • tn(Vn)*0) 

= «(*(), 'PniVn) • • ‘ 'f'\(yi)'l'o(yo)*o) 

holds for all (yo, ■ • • yn) such that the differ¬ 
ences 

Vi = Vj—i - Vj 

lie in some real neighborhood of the Here 
'ko is the vacuum state and e = ±1, the sign 
depending on whether the permutation of fer¬ 
mion fields between left and right hand sides 
of Equation (1) is even or odd. 

If we denote the Wightman functions (the 
vacuum expectation of these operators) by 

W(rii • • ‘ r)n) = (4% Myo) • • ■ Myn)*0) 

then the weak local commutativity property of 
the field operators \po(yo) • • • Pn(yn) asserts that 

W(r) 1 •••»?„) = V(—Vi • • • -*?„) 

where 

V(m, ••• yn) = Oko,in{—yn) ••• M~yo)^o)- 

The theorem of Yost states that for TCP in¬ 
variance of the Wightman function, which is 
the statement that 

defined elsewhere as flux, neutron, total, may 
also be considered the total track length per 
unit time per unit volume. 

TRAILING-VORTEX DRAG. The drag of a 
wing or other lifting system associated with 
the kinetic energy that is being continually 
added to the trailing vortices. For a wing 
having given values of the aspect ratio A and 
lift coefficient CL, the coefficient of trailing 
vortex drag has the minimum value CL2/nA, 
when the load distribution across the span is 
elliptic. 

Trailing-vortex drag has usually been called 
induced drag in the past, but as the later term 
is now often used with another meaning, trail¬ 
ing-vortex drag is to be preferred. (See also 
lifting-line theory.) 

TRAIN, EDGE. See edge train. 

TRAJECTORY. The path followed by a par¬ 
ticle or projectile. 

TRAJECTORY STRESS. See stress, trajec¬ 
tory. 

W(r)X, • • • Tin) = V{r)i, • • • y„) 

it is necessary and sufficient that the fields 
(’/'o • • • ^n) have the weak local commutativity 
property at one set of vectors ^ • • • £n in a spe¬ 
cial domain D. The domain D consists of those 
real points £1 • • • £„ for which 

when the X;- are any set of real non-negative 
n 

numbers not all zero, such that ^2 Xy = 1. 
>=i 

TRACE. The sum of the diagonal elements 
of a matrix, indicated by Tr A = S.4(f. Its 
properties include Tr AB = Tr BA ; Tr C =Tr 
A-TrB, where C = A X B, the direct product. 
It is also called Spur from the German word. 
When a matrix is a representation of a group, 
its trace is called the character of the represen¬ 
tation. 

TRANSADMITTANCE, INTERNAL. See 
internal transadmittance. 

TRANSCENDENTAL. A term applied to 
numbers, equations, or functions which are 
not algebraic. The word is intended to sug¬ 
gest only that transcendental operations can¬ 
not be defined by elementary methods (Quod 
algebrae vires transcendit). 

A transcendental number is not a root of 
a polynomial in one unknown, with integral 
coefficients. Typical examples are: e, the base 
of natural logarithms and n, the area of a circle 
with unit radius. A function y of x is called 
an algebraic function if y can be defined in 
terms of x by an algebraic equation; that is, 
by setting a polynomial in x and y equal to 
zero. A function which is not algebraic is 
called transcendental. It is clear that an 
algebraic function can have only finitely many 
zeros; thus, e.g., sin x is a transcendental 
function. 
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TRANSFERABLE QUANTITY. A quantity 
or property possessed by a fluid which is 
transferred by turbulent motion without affect¬ 
ing the motion. Examples are water vapor 
and smoke concentration. 

Heat is a transferable quantity when the 
buoyancy forces it produces are negligible 
compared with the inertia forces, that is when 
the Reynolds number of the turbulence is 
sufficiently large. But, clearly, in thermal 
convection, which is a form of turbulence, the 
turbulence itself is produced by the gradient 
of the quantity being transferred, and it is 
then regarded as a non-transferable quantity. 

Momentum, likewise, is a non-transferable 
quantity in turbulence produced in zones of 
large shear. But momentum has also to be 
regarded as a non-transferable quantity be¬ 
cause it can be communicated from one fluid 
element to another without mixing (or molec¬ 
ular transfer) through the agency of the pres¬ 
sure forces. The turbulence may therefore 
have a different mixing length for momen¬ 
tum from the length for other properties such 
as heat, pollution concentration, etc. 

On the other hand, it has been argued that 
vorticity is a transferable quantity provided 
that the motion is two-dimensional in parallel 
planes; but such motion is special in that there 
is no stretching of vortex lines and is therefore 
not turbulent in the proper sense. 

anQ\ + O21Q2 + • • • + a«i Qn + 0i = 0 

UlmQl + 0-2mQ2 + 1 ' * + ClnmQn = 0 

where @i(s), Qr(s) are respectively the trans¬ 
forms of 0i (£), qr(t) and where the a’s are now 

d 
the same functions of s as they were of — • 

dt 
These equations give the general determinan- 

tal solution 

Or = _ Am 

0, A 

where A is the system determinant formed by 
the a’s and Arl is the co-factor of arl in A. 

The above ratio is defined as the transfer 
function between Qr(s) and @i(s). It is there¬ 
fore the ratio of the Laplace transform of the 
selected quantity to that of the specified input, 
subject to quiescent initial conditions. 

If qn(t) is the output quantity of the system, 
the ratio 

Qn Anl 

0i A 

is defined to be the system transfer function for 
the particular input. 

By an extended use of the term, the ratio 

Or = Arl 

Qp Api 

TRANSFER FUNCTION. If a system, deter¬ 
mined by the inter-relations between the n 
quantities qi{t) • • • q„{t) which the system is 
considered as containing, is excited by a single 
input 0i (£), it is always possible to write the 
relations existing between 6X and the q’s in 
the form of n equations of the form 

°ll9l + «21<72 + • • • + Gnl9n + 01 = 0 

+ 02ot92 + • • • + 0,nmqn = 0, 

(1 < m < ri) 

where the a’s are in general functions of the 

operator . If Laplace transforms of these 
dt 

equations are written down, subject to the con¬ 
dition that the system is initially quiescent, 
that is, that 0 and all the q’s (and hence their 
derivatives) are zero for negative time, we 
obtain 

is defined to be the transfer function between 
Qr(s) and Qp(s). 

It must be noted however that these defini¬ 
tions are only unique when the point of appli¬ 
cation of the input is specified. This is easily 
seen by reference to the signal flow diagram for 

<*21 fl21 

a simple two-quantity system, in which the in¬ 
put is applied first to Qi and then to Q2. 

In the first case, 

Ql — 0 + ^21^2, Q2 ~ 2Q1 
which give 

al2 1 — #12a21 

whereas in the second case, 

Qi — 0 + Oi2Qi, Qi = a2iQ2 
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which give 

021 

0 

1 — ai2a21 

It will be seen that none of the ratios yr ’ 77 ’ 77 
0 0 (J2 

have the same values in the two cases, though, 

as might be expected, the value of ^ in the 

first case is equal to that of in the second. 

The system transfer function is the Laplace 
transform of its normal response (as a time 
function) to unit impulse function (of the first 
order) at t = 0, this response being termed the 
system weighting function. 

Any transfer function, with s = ia, gives the 
corresponding frequency-function, the modulus 
and phase of which are respectively equal to 
the amplitude ratio and the relative phase of 
the two time-quantities involved when they 
both vary sinusoidally at angular frequency &>. 

TRANSFER FUNCTION, REACTOR. See 
reactor, transfer function. 

TRANSFER IMPEDANCE. See impedance, 
transfer. 

TRANSFER OF CONTROL. In the usual 
stored-program computers, commands are exe¬ 
cuted in the sequence in which they occur in 
storage unless a command of a specific type 
(a transfer command) interrupts the sequence 
and causes the machine to look elsewhere for 
its next instruction. The command may be 
conditional, to be executed only in case a cer¬ 
tain condition is satisfied, or unconditional. 

TRANSFINITE NUMBER. See cardinal. 

TRANSFORM. 1. If A, B, X are three ma¬ 
trices, or more generally three elements of any 
group then B = X-1AX is the transform of 
A by X and A, B are conjugate to each other. 
The complete set of group elements which are 
conjugate to each other form a class of the 
group. 2. An integral equation of the first 
kind, 

f(y) =JK(x, y)F(x)dx 

is called the transform of F{x). (See integral 
transform; Fourier transform; impedance 
transform.) 

TRANSFORMATION. The word “transfor¬ 
mation” is essentially synonymous with such 
words as operator, function, correspondence, 
mapping, etc. For historical reasons, how¬ 
ever, the different words are usually used in 
different settings, the word “transformation” 
most often perhaps in connection with changes 
of coordinate systems, e.g., in the plane. Thus, 
consider a point (x, y) in a plane, referred to a 
rectangular coordinate system, XOY and 
let another coordinate system X'O'Y' have its 
origin at the point (h, k). Then the coordi¬ 
nates of the point in the second system will be 
(x', y'), where x = x' + h, y = y' -f- k. Simi¬ 
larly, if another system X"OY" has the same 
origin as XOY but the coordinate axes are ro¬ 
tated by the angle 9, the relations are x = x" 
cos 9 — y" sin 9, y = x" sin 9 + y" cos 9. A 
more general case is an affine transformation, 
x' = cqx + biy + clt y' = a2x + b2y -f c2. If 
the determinant of the coefficients, A = aib2 
— a2b 1 ^ 0, special cases of it are translations, 
rotations, reflections in the axes, strains, elon¬ 
gations, and compressions. 

If A = 0, the transformation is singular. 
Matrix notation is frequently useful for dis¬ 

cussing transformations. Consider now rec¬ 
tangular coordinate systems in space, OXYZ 
and OX'Y'Z'. The same vector could be de¬ 
scribed in either system by the relation x' = 

Bx, where the elements of the matrix B are 

direction cosines for the various pairs of co¬ 
ordinate axes. Alternatively, one may have 

one coordinate system and rotate the vector x 

through the angle <j> to obtain a new vector y. 
A similar matrix equation results, x = Ry, but 

the elements of B and R are not identical. 
Given a transforming matrix like B or R, it 

is often the case that still another coordinate 
system is desirable so that simpler relations 
exist between the two vectors. We then seek 
a transformation of the form B = PAQ, in 
which A and B are said to be equivalent. Im¬ 
portant special transformations are: (a) P = 
Q-1, collineatory or similarity transformation 
(German, Ahnlichkeitstransformation); (b) P = 

Q, congruent; (c) P = Qf, conjunctive; (d) 
P = Q = Q-1, real orthogonal; (e) P = Q* = 
Q-1, unitary. Case (c) is identical with (b) if 
the matrices are real; (d) is also case (b) and 
case (e) is also (c). (For the meaning of the 
symbols designating the properties of P, see 
matrix.) 

A second common use of the word transfor¬ 
mation occurs in the theory of functions of a 
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complex variable, thus if w = f(z), the linear 
fractional transformation is 

w = (az + b)/(cz -f- d); (ad — be) ^ 0, 

where a, b, c, d are constants, real or complex. 
It is a mapping or transformation in the com¬ 
plex plane. A circle in the 2-plane is trans¬ 
formed into a circle in the tc-plane. A straight 
line transforms in the same way, for it may be 
regarded as a special case of a circle. Since 
there are only three independent constants in 
the transformation, any three points z1( 22, 23 
are images of W\, w2, and w3. Thus the points 
in the 2-plane become 0, 1, 00 by the transfor¬ 
mation, 

w = (22 - 23)(2 - 20/(22 - 20(2 “ 23). 

light cone xx2 + x22 + x32 + x42 — 0 into it¬ 
self, so that 

x'2 + x'2 + x'z2 + x\2 

= p(x 1" + x<^ + £3- -f- X2) 

where p is an arbitary function of the coordi¬ 
nates. 

(C) The projective group is the group of 
linear fractional transformations 

n 

&imXm “b b% 

x i = - (i = 1, 2, 3, • • • n). 

CmXrn “I- d 
771 = 1 

Other terms used for this type of transforma¬ 
tion are Mobius, general bilinear, and homo¬ 
graphic transformation. (See also conformal 
representation.) 

TRANSFORMATION, AFFINE. See affine 
transformation. 

TRANSFORMATION, CANONICAL. See 
canonical transformation. 

TRANSFORMATION, CONTACT. See con¬ 
tact transformation. 

TRANSFORMATION, GALILEAN. See 
Galilean transformation. 

TRANSFORMATION GROUPS, GENERAL. 
(A) The orthogonal linear transformation(s) 
(Lorentz) group is defined as the group of 
transformations that leaves the infinitesimal 
quantity 

(1ds)2 = dxi2 + dx2 -f dx3 + dx2, invariant. 

It consists of (°o)6 transformations (i.e., contains 
6 arbitary parameters). A proper orthogonal 
transformation is a subgroup with the func¬ 
tional determinant +1. It can be interpreted 
as a rigid rotation of the axes. The transforma¬ 
tion equations are 

n 

x'i = H dijXj (t-1, •••,»). 
y—1 

A special case of it plays a great role in optics, 
viz., the collinear mapping 

a,\X bi 

a0x -f d0 ’ 

, h y 
y =- 

a0x + do 

It maps the y-axis onto itself and the x-axis is 
also a symmetry axis. 

(D) The group of all continuous point trans¬ 
formations with non-vanishing Jacobian, i.e., 

x'i = .AO1X2X3X4) (i = 1, 2, 3, 4) 

with 

dxi 

dx'k 
* 0. 

All tensor relations remain invariant under this 
transformation. 

(E) Weyl’s group. The parallel displace¬ 
ment of a contravariant vector p is again de¬ 
fined by 

d? = -Trjpdx’ 

with 

r »_ p t 

where 

r„x = \gu(g„,K + gM,t - glKl*) 

+ jgXa(gux<t>K + — gM- 

For a proper orthogonal transformation the 
determinant (a,;) = +1, for an improper trans¬ 
formation it is — 1. 

(B) The affine group contains all linear trans¬ 
formations. A special case of it is that transfor¬ 
mation which transforms the equation of the 

The <t>\ are four arbitrary functions. The 
represent the gravitational field and the <t>n are 
the components of the world vector potential 
in Weyl’s unified theory. Under ordinary co¬ 
ordinate transformations the are postulated 
to transform like vectors, but under “gauge 
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transformations,” i.e., glK = \gtli, the </>M trans¬ 
form according the law 

1 <9X 

X dx 

where X is an arbitary function of the xM. 

TRANSFORMATION LAWS FOR FIELD 
STRENGTHS. 

E'i = Ex 

E'2 — / f (E2 — 
VI - /32 

^*3 = / 2 (F3 + 0Bo) 
VI - /32 

D\ = A 

^ = vr^ w* - w*) 

D'3 = y/\ Z. 02 + 

£'l = 

B'2 = + 0^3) 

B'3 = m 

H' 1 = ffx 

H'2 = Vi - ff2 + /3^3^ 

//'3 = vT^?^3'^- 

0 = - , where r is the velocity of the system 2' 
c 

in the positive x-direction of the system 2. 
(See also under Minkowski’s electrody¬ 
namics for moving systems.) 

TRAN SFORM ATION, LORENTZ. See 
Lorentz transformation. 

TRANSFORMATION OF ASTRONOMIC 
COORDINATES. The astronomic coordi¬ 
nates of a celestial object are considered to 
be spherical in character. The transformation 
from one system to another is simply an exer¬ 
cise in spherical trigonometry. We shall dis¬ 

cuss only one case here to indicate the general 
method. Other transformations will be found 
in the article on navigational astronomy. 

The figure is drawn for an observer in the 
northern hemisphere in north latitude <j> and 

with the object 0 west of the observer’s 
meridian. The equatorial coordinates of 0 
are the declination, dec, and the local hour 
angle, t. These are represented as north and 
west, respectively. The horizontal coordinates 
of 0 are the altitude h and the azimuth A. 

The spherical triangle of the figure is fre¬ 
quently referred to as the astronomer’s tri¬ 
angle or the navigator’s triangle. The sides 
of the triangle are (90° — <f>), (90° — h) and 
(90° — dec). The vertex angles are t, 
(180° — A) and the angle at 0 which is 
known as the parallactic angle. 

Applying the general principles of spherical 
trigonometry we have 

sin dec = sin h sin <f> — cos h cos <f> cos A 

cos dec cos t = sin h cos <f> + cos h sin <£ cos A 

cos dec sin t = cos h sin A. 

Transformations to ecliptic and galactic co¬ 
ordinates can be handled in similar manner. 
(See also navigational astronomy.) 

TRANSFORMATION, ORDER-DISORDER. 
See order-disorder transformation. 

TRANSFORMATION, ORTHOGONAL. (1) 
A linear transformation from one rectangular 
Cartesian coordinate system (xx, x2, x3) to an¬ 
other (x'i, x'2, x'3) can be written: 

x'\ ~ Oll^l “l" Ol2®2 + O13X3, 

x'2 = 021*1 + a22x2 + 023X3, 

x'3 = n3iXi + 030X2 + O33X3. 
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If X\, .r2, x3 specify a radius vector, then the ra¬ 
dius vector specified by x\, x'2, x'3 must be of 
the same magnitude (see invariance princi¬ 
ple). This requires that Z a^a,* = 8jk, where 

t 

j,k = 1,2, 3, and 5/* is the Ivronecker delta. 
A transformation that satisfies these relations is 
called orthogonal. 

As an example, consider the transformation 
from the two-dimensional system X\, x2 to the 
rotated system x'i, x'2. The transformation 
equations are 

x\ = X\ cos <f> x2 sin 4>, 

x'-2 = — Xi sin 0 -f- x2 cos <f>. 

It is easily shown that the orthogonality rela¬ 
tions are satisfied for this transformation. 

A linear orthogonal transformation can be 
expressed in terms of a transformation matrix, 

an al2 a13 

a2i a22 a23 

‘<*31 ®32 «33 

The transformation equations can then be writ¬ 
ten as Ar = r' where A is a matrix operator, 
operating on the vector r and transforming it 
into the vector r'. For the two dimensional 
example the transformation matrix is 

cos <t> sin <£ 

— sin <f> cos <t> 

(2) The above ideas can be generalized to 
multidimensional spaces such as Hilbert 

space. (See also eigenfunction.) 

TRANSFORMATION, PROPER LORENTZ. 
See proper Lorentz transformation. 

TRANSFORMATION THEORY OF THER¬ 
MODYNAMICS OF IRREVERSIBLE PROC¬ 
ESSES. The entropy production can be writ¬ 
ten as the sum of the products of generalized 
forces or affinities and the corresponding rates 
(or generalized fluxes) of the irreversible proc¬ 
esses (see thermodynamics, second law of) 

diS 
-f- = Z JkXk > o. (1) 
dt k 

Instead of using in (1) a given set of forces Xk 
and rates Jk, one may introduce a new set of 
forces X'k which are linear combinations of 
the old ones and choose a new set of rates ./'*,• 

in such a way that the entropy production is 
invariant 

£ Jtxt - £ ra\. (2) 
k k 

The description in terms of (Jk, Xk) is micro¬ 
scopically equivalent to that in terms of 
(J'k, X\). 

An alternative procedure would be to intro¬ 
duce first a new set of rates, J'k, which are linear 
combinations of the old ones and then to choose 
the new X'k in order to satisfy (2). 

Systems described by (Jk, AJ) as by (J'k, X'k) 
are called equivalent systems. 

TRANSFORMED SECTION. In the anal¬ 
ysis of the bending of beams of more than one 
material or of beams bent into the plastic 
range, it is often convenient to reduce the 
problem to an equivalent beam of one elastic 
material of modulus Et. A transformed sec¬ 
tion is employed which must supply the same 
force per unit of depth. Therefore the cross- 
sectional width b at each level is altered to 6, 
so that the product bE = b,Et is the same for 
the transformed section and the original beam. 

TRANSFORMER, IDEAL. (1) A hypothet¬ 
ical transformer which neither stores nor dis¬ 
sipates energy but only transmits it. Its self- 
inductances have a finite ratio, and unity co¬ 
efficient of coupling. Its self- and mutual- 
impedances are pure inductances of infinitely 
great value. A two-winding ideal transformer 
satisfies the following relations: 

Ei = nE2 

h = h/n 

and transforms load impedances by the fac¬ 
tor n2. (2) An ideal transformer may also be 
defined as a transformer employing an ideal 
core or cores operating in the unsaturated re¬ 
gion of the core characteristic, having perfect 
coupling between windings and further charac¬ 
terized by absence of winding resistances, 
losses, and capacitances. 

TRANSFORM, FOURIER. See Fourier trans¬ 
form. 

TRANSFORM, IMPEDANCE. See imped¬ 
ance transform. 

TRANSIENT RESPONSE OF A DYNAM¬ 
ICAL SYSTEM TO AN ARBITRARY FORCE 
(DUHAMEL’S INTEGRAL). The Heaviside 
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operational calculus is used to obtain the re¬ 
sponse of various combinations of elements in 
electrical, mechanical rectilineal, mechanical 
rotational, and acoustical dynamical systems 
to a unit force excitation. The value of the 
unit force excitation is that the response to 
any arbitrary force may be obtained from the 
unit force solution by a single integration of 
Duhamel’s integral. The proof and use of 
Duhamel’s integral for obtaining the transient 
response of a dynamical system to any arbi¬ 
trary force is carried out below. 

The discussion is confined to the electrical 
system. This proof, as in the case of other 
such systems, can be extended to apply to 
mechanical and acoustical systems. Let the 
arbitrary electromotive force be represented by 
the curve of the figure. The curve can be as¬ 

sumed to be made up of a series of unit type 
electromotive forces, as shown in the figure. 
At t = 0 an electromotive force e0 is impressed 
upon the system. A time u\ later, an electro¬ 
motive force ei is added, a time u2 later, an 
electromotive force e2 is added, etc., all being 
of the unit type. The current at a time t is 
then the sum of the currents due to e0 at t = 0, 
ei at t — U\, etc. The current due to eo is e0AE 
(t), where AE{t) is the indicial electrical admit¬ 
tance. The current due to the electromotive 
force Ae, which begins at time u, is obviously 
AeAE{t — u), t — u being the time elapsed 
since the unit electromotive force Ae was turned 
on. Therefore, the total current at the time 
u = t is 

U =t 

i = e0AE(t) + X AeAE(t — u) 
u= o 

(1) 

e = — e(u)du 
du 

f •'o 

d 
i = e0AE(t) + | AE(t — u) —e{u)du. (2) 

du 

The above expression may be transformed 
into different forms. The integral may be 
transformed by integrating as follows: 

(3) 

U = A(t - u) 

dV = de(u) 

V = e(u). 

Making the above substitutions, a new ex¬ 
pression for the current follows: 

i — e(t)AE(0) + 
rl d 

J o du 
AE(t — u)du. (4) 

Equation 4 is a fundamental formula which 
shows the mathematical relation between the 
current and the type of electromotive force 
and the constants of the system. 

The important conclusions regarding Du- 
hamel’s integral are as follows: The indicial 
admittance of an electrical network determines 
within a single integration the behavior of a 
network to any type of electromotive force. 
In other words a knowledge of the indicial 
admittance is the only information necessary 
to completely predict the performance of a 
system, including the steady state. 

The velocity, angular velocity and volume 
current in the mechanical rectilineal, mechan¬ 
ical rotational and acoustical systems are 
analogous to the equation for the current in 
the electrical system. Therefore Duhamel’s 
integrals in the mechanical rectilineal, ma- 
chanical rotational and acoustical systems are 
as follows: 

v = 

6 = 

U = 

fAl(t)AM( 0) + 
rl d 

J o du 
Ajtfit — u)du 

t d (5) 
fR(.t)Aii( 0) + r /r(«) — Ar (t — u)du 

Jr, du 

d 
p(u) — AA{t — u)du. 

du 

(6) 

(7) 
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The following general conclusion can be 
stated as follows: The indicial admittance of 
any vibrating system determines within a 
single integration the behavior of the system 
to any type of applied force. 

The Heaviside calculus then becomes an im¬ 
portant tool in the solution of transient prob¬ 
lems in mechanical and acoustical systems. 
Since a great number of problems in these 
fields involve impulsive forces, the use of 
analogies makes it possible to use the tre¬ 
mendous storehouse of information on elec¬ 
trical systems for the solution of problems in 
mechanical and acoustical systems. 

As an example illustrating the use of Du- 
hamel’s integral, consider an electromotive 
force Ee~pt impressed on an electrical circuit 
consisting of an electrical resistance and elec¬ 
trical capacitance in series. (In this discus¬ 
sion, e is used for the base of natural loga¬ 
rithms.) 

The solution of the indicial electrical ad¬ 
mittance equation from Equation 5 is 

1 --L-< 

AE(t) = - £ . (8) 
rE 

It follows from Equation 8 that 

AE{t - u) 

d 
— AE(t - u) 
dt 

l 
Cete 

(e—u) 

CErE2 

e(u) = Et~0u 

e(t) = Ee-?1 

Ab(0) = — • 
rE 

Substituting the above expression in Equa¬ 
tion 4, the current is given by 

chanical rectilineal resistance and a compli¬ 
ance, a mechanical rotational resistance and a 
rotational compliance, and an acoustical re¬ 
sistance and an acoustical capacitance. 

TRANSIENT RESPONSE OF A MASS AND 
A MECHANICAL RECTILINEAL RESIST¬ 
ANCE. The differential equation of a force 

Fig. 1. A mass, m, and mechanical rectilineal resist¬ 
ance, rM, driven by a force, jM. 

driving a mechanical rectilineal resistance and 
mass, as shown in Figure 1, is 

dv 
m — + rMv = JM (1) 

dt 

where m is the mass, in grams, rM is the me¬ 
chanical rectilineal resistance, in mechanical 
ohms, v is the linear velocity, in centimeters per 
second, and Jm is the driving force, in dynes. 

In Equation 1 let the symbol p stand for the 

operator — , then the Heaviside operational 
dt 

equation becomes 

mpv + nmv = fM. (2) 

The mechanical rectilineal admittance is 

v 1 
--(3) 
Jm rM + mp 

If /m = 0 for t = 0 and unity for t > 0 then 
the ratio v//m is called the mechanical recti¬ 
lineal indicial admittance designated as AmU). 
The mechanical rectilineal indicial admittance 
is 

AM(f) =---1. (4) 
r.M + mp 

e-0t rt 
i = E-+ I - 

rE Jo 

« 0“ __L_q_U) 
E-- £ CeTr du 

CErE 

EC] K 
l = 

1 — Cetf3 L CErE 

CEtE 
- (3e-0t 

(9) 

(10) 

Equation 4 may be written 

1 
= 

where am = r\f/m. 
The solution is 

(«a/ + p)m 
1 

Similar analysis and analogous equations 
may be obtained for a combination of a me- 

AM{t) = — (1 - £“"‘) 
ma\f 

(5) 

(6) 
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or 

1 -rM t 

AM{t)-(1 - £ " ). 
tm (7) 

The response characteristic is shown in Fig¬ 
ure 2. The velocity is zero for t = 0. The 
velocity increases for values of t > 0 and ap¬ 
proaches the value 1 Jtm. 

Fig. 2. In the system directly above, the linear ve¬ 
locity as a function of the time for unit excitation. 

TRANSIENT RESPONSE OF A MECHAN¬ 
ICAL RECTILINEAL RESISTANCE AND 
A COMPLIANCE. The differential equation 
of a force driving a mechanical rectilineal re- 

t) — 
pCm 

l = 
f ~T PTmCm (aM + p)^m 

1 (4) 

where cxm — 1 />'mCm■ 
The solution of Equation 4 is 

Am(C) = 

rMCM 

rM rM 
(5) 

The response characteristic is shown in Fig¬ 
ure 2. The linear velocity is \/tm for t = 0. 
The velocity decreases for values of t > 0 and 
approaches the value zero as a limit. 

Fig. 2. In the system directly above, the linear ve¬ 
locity as a function of the time for unit excitation. 

Fig. 1. A mechanical rectilineal resistance, rM, and a 
compliance, CM, driven by a force, fM. 

sistance and compliance, as shown in Figure 1, 
is 

Jm = rMv + — f vdt (1) 
Cm J 

where Cm is the compliance, in centimeters per 
dyne, rM is the mechanical rectilineal resist¬ 
ance, in mechanical ohms, v is the linear veloc¬ 
ity, in centimeters, and Jm is the force, in dynes. 

In Equation 1 let the symbol p stand for the 
J 

operator — , then the Heaviside operational 
at 

equation becomes 
v 

Jm = r mV + —- (2) 
CMP 

The mechanical rectilineal admittance is 

fim 1 + PrM Cm 

lifM = 0 for t <0 and unity for t > 0, then 
the ratio v/fjn is called the mechanical recti¬ 
lineal indicial admittance designated as Am(1). 

The mechanical rectilineal indicial admit¬ 
tance is 

TRANSIENT RESPONSE OF A MECHAN¬ 
ICAL RECTILINEAL RESISTANCE, MASS 
AND COMPLIANCE. The differential equa¬ 
tion of a force driving a mass, mechanical 

Fig. 1. A mass, m, mechanical rectilineal resistance, 
rM, and compliance, CM, driven by a force, jM. 

rectilineal resistance and compliance is shown 
in Figure 1 as 

x 
mx + rMx + —- = Jm (1) 

Cm 

where m is the mass, in grams, is the mechan¬ 
ical rectilineal resistance, in mechanical ohms, 
Cm is the compliance, in centimeters per dyne, 
x is the acceleration, in centimeters per second 
per second, x is the velocity, in centimeters per 
second, x is the displacement, in centimeters, 
and /m is the driving force, in dynes. 

Substituting v for x, Equation 1 may be 
written 

dv 1 r 
m— + rMv + ~ | vdt = fM■ (2) 

at Cm J 

In Equation 2 let the symbol p stand for 

the operator-^-, then the Heaviside operational 
dt 

equation becomes 
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v 
mpv + tmv + —— = Jm • (3) 

CmP 

The mechanical rectilineal admittance is 

v 

Jm 
vi p~ + rMp + 

Cm 

(4) 

If f\i — 0 for t < 0 and unity for t > 0, then 
the ratio v//m is called the mechanical recti¬ 
lineal indicial admittance, designated as Am it)- 

The mechanical rectilineal indicial admit¬ 
tance is 

Let 

Am it) = -j- 1. 

mp- + ruP + — 
CM 

aM 

r\i 

m 

(5) 

If )'m~ > \m/CM, then the solution becomes 

Am it)-t~aMl sinh fiMt (8) 
m$M 

where 

The response of this condition is shown in 
Figure 2B. 

If I'm2, = Am/Cm then sin uMt approaches 
wMt and the solution is 

t 
AM it) = (9) 

m 

The response for this condition is shown in 
Figure 2C. 

TRANSIENT RESPONSE OF A MECHAN¬ 
ICAL ROTATIONAL RESISTANCE AND A 
ROTATIONAL COMPLIANCE. The differ¬ 
ential equation of a torque driving a mechan- 

= 

viCm 
— OiM 

The mechanical rectilineal indicial admit¬ 
tance is 

1 P<j>m 

Am it) =--——-rj—-21 
Vl-OJM iP ~r <*m) + UM 

Fig. 1. A mechanical rotational resistance, rR, and a 
rotational compliance, CR, driven by a torque, jR. 

The solution is 

Am it) =-t-aMl sin uMi% (7) 

rruoM 

The response for rM2 < Am/Cm is shown in 
Figure 2A. It is a damped sinusoid. 

Fig. 2. In the system directly above, the linear ve¬ 
locity as a function of the time for unit excitation. 

ical rotational resistance and rotational com¬ 
pliance, as shown in Figure 1, is 

Jr — rR® A- — f 9dt (1) 
Cr J 

where Cr is the rotational compliance, in ra¬ 
dians per dyne per centimeter, tr is the me¬ 
chanical rotational resistance, in rotational 
ohms, 9 is the angular velocity, in radians per 
second, and /r is the torque, in dyne centi¬ 
meters. 

In Equation 1 let the symbol p stand for the 

operator , then the Heaviside operational 

equation becomes 

/r = rR9 + —- (2) 
CrP 

The mechanical rotational admittance is 

9 _ pCr 

Jr 1 + P^rCr 
(3) 
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If fn = 0 for t < 0 and unity for t > 0, then 
the ratio 0/fR is called the mechanical rotational 
indicial admittance, designated as Ar(J). 

The mechanical rotational indicial admit¬ 
tance is 

AR(t) 
pCr j 

1 + PTrCr 

P 

(oiR + p)rR 
1 (4) 

where aR = \/rRCR. 
The solution of Equation 4 is 

Ar(1) - 
e~'aRl 

rR 

t 
e rRCR 

TR 
(5) 

The response characteristic is shown in Fig- 
ure 2. The angular velocity is \/tr for t = 0. 
The angular velocity decreases for values of 
t > 0 and approaches the value zero as a limit. 

Fig. 2. In the system directly above, the angular ve¬ 
locity as a function of the time for unit excitation. 

TRANSIENT RESPONSE OF A MECHAN¬ 
ICAL ROTATIONAL RESISTANCE, MO¬ 
MENT OF INERTIA AND ROTATIONAL 
COMPLIANCE. The differential equation of 
a torque driving a moment of inertia, mechan- 

I 

Fig. 1. A moment of inertia, /, mechanical rotational 
resistance, rR, and rotational compliance, CR, driven 

by a torque, jR. 

ical rotational resistance and rotational com¬ 
pliance, as shown in Figure 1, is 

I<i> + rR<t> + — = Ir (1) 
Lr 

where I is the moment of inertia, in gram-cen¬ 
timeter)2, tr is the mechanical rotational resist¬ 
ance, in rotational ohms, Cr is the rotational 
compliance, in radians per dyne per centimeter, 
0 is the angular acceleration, in radians per 
second per second, 4> is the angular velocity, in 

radians per second, <f> is the angular displace¬ 
ment, in radians, and fR is the driving torque, 
in dyne centimeters. 

Substituting 6 for <f>, Equation 1 may be 
written 

dd 1 r 
— + rR0 + —- I 9dt = fR. (2) 
dt Cr J 

In Equation 2 let the symbol p stand for the 

operator , then the Heaviside operational 
dt 

equation becomes, 

Ip9 + rR0 + —— = fR. (3) 

The mechanical rotational admittance is 

0 

Ir 
Ip~ + rRp + — 

(4) 

If Sr = 0 for t < 0 and unity for t > 0, then 
the ratio 0//r is called the mechanical rota¬ 
tional indicial admittance designated as AR(t). 

The mechanical rotational indicial admit¬ 
tance is 

Let 

AR(t) =---- 1 

Ip2 + rRp + — 

OIR 

Tr 

1 

(5) 

UR + OIR2. 

The mechanical rotational indicial admit¬ 
tance is 

Ar{1) 
1' PUR 

Iur (p -f CKr)2 + 0)R2 
(6) 

The solution is 

1 
(0 = — sin a>Rt. (7) 

I UR 

The response for rR2 < \1/Cr is shown in 
Figure 2A. It is a damped sinusoid. 

If tr > 4//Cr, then the solution becomes 

Ar(1) -e aRl sinh f}Rt 
I&R 

(8) 
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where 

The response for this condition is shown in 
Figure 2B. 

In Equation 1 let the symbol p stand for the 

operator — , then the Heaviside operational 
at 

equation becomes 

Ipd + rR0 = fjt. (2) 

The mechanical rotational admittance is 

e 1 
7 = —TT" (3) 
Jr rR -f Ip 

If /r = 0 for t < 0 and unity for t > 0 then 
the ratio d/fR is called the mechanical rotational 
indicial admittance, designated as AR(t). 

The mechanical rotational indicial admit¬ 
tance is 

AR{t) =-]— 1. (4) 
Tr + Ip 

Equation 4 may be written 

Fig. 2. In the system directly above, the angular ve¬ 
locity as a function of the time for unit excitation. 

If rR2 = AI/Cr, then sin uRt approaches wRt 
and the solution is 

AB(t) = j (9) 

The response for this condition is shown in 
Figure 2C. 

TRANSIENT RESPONSE OF A MOMENT 
OF INERTIA AND MECHANICAL ROTA¬ 
TIONAL RESISTANCE. The differential 
equation of a torque driving a mechanical ro- 

I 

Fig. 1. A moment of inertia, I, and a mechanical ro¬ 
tational resistance, rR, driven by a torque, jR. 

tational resistance and moment of inertia, as 
shown in Figure 1, is 

dd 
I — + tr0 = fR (1) 

dt 

where I is the moment of inertia, in gram 
(centimeter)2, rR is the mechanical rotational 
resistance, in rotational ohms, d is the angular 
velocity, in radians per second, and fR is the 
torque, in dyne centimeters. 

AR(t) = 
1 

(OCR + p) I 
1 

where aR = rR/l. 
The solution of Equation 5 is 

AR(t) = — (1 - 
l OCR 

or 

I 
AR(t) = - (1 - 6 1 ). 

TR 

(5) 

(6) 

(7) 

The response characteristic is shown in Fig¬ 
ure 2. The angular velocity is zero for t = 0. 
The angular velocity increases for values of 
t > 0 and approaches the value 1 /rR. 

Fig. 2. In the system directly above, the angular ve¬ 
locity as a function of the time for unit excitation. 

TRANSIENT RESPONSE OF AN ACOUS¬ 
TICAL RESISTANCE AND AN ACOUS¬ 
TICAL CAPACITANCE. The differential 
equation of a sound pressure driving an acous¬ 
tical resistance and an acoustical capacitance, 
as shown in Figure 1, is 

1 
V = rAU + — 

l* A 
(1) 
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where CA is the acoustical capacitance, in (cen¬ 
timeter)5 per dyne, rA is the acoustical resist¬ 
ance, in acoustical ohms, V is the volume cur- 

Fig. 1. An acoustical resistance, rA, and an acoustical 
capacitance, C A, driven by a sound pressure, p. 

rent, in cubic centimeters per second, and p is 
the sound pressure, in dynes per square centi¬ 
meter. 

In Equation 1 let the symbol p stand for the 

operator 
dt’ 

then the Heaviside operational 

equation becomes 

U 
V = rAU + -- (2) 

^ aP 

The acoustical admittance is 

U pCA 
~ = 7T-7T- (3) P 1 + prAC.4 

If p = 0 for t < 0 and unity for t > 0, then 
the ratio U/p is called the acoustical indicial 
admittance designated as A Ait). 

The acoustical indicial admittance is 

A A{t) = 
pCA 

1 = 
1 + PrA Ca (a + p)rA 

1 (4) 

where a a = 1 /rACA. 
The solution of Equation 4 is 

A A{t) 

e-<*At t rACA 

rA rA 
(5) 

The response characteristic is shown in Fig¬ 
ure 2. The volume current is \/rA for t = 0. 
The volume current decreases for values of 
/ > 0 and approaches the value zero as a limit. 

Fig. 2. In the system directly above, the volume cur¬ 
rent as a function of the time for unit excitation. 

TRANSIENT RESPONSE OF AN ACOUS¬ 
TICAL RESISTANCE, INERTANCE AND 
ACOUSTICAL CAPACITANCE. The differ¬ 
ential equation of a sound pressure driving an 
acoustical resistance and an inertance con- 

.. 
V////////7Z, 

M^ErA p — 'A 

Fig. 1. An inertance, M, acoustical resistance, r4, and 
acoustical capacitance, CA, driven by pressure, p. 

nected to an acoustical capacitance, as shown 
in Figure 1, is 

X 
MX + rAX + — = p (1) 

Ca 

where M is the inertance, in grams per (centi¬ 
meter)4, rA is the acoustical resistance, in acous¬ 
tical ohms, CA is the acoustical capacitance, in 
(centimeter)5 per dyne, X is the volume cur¬ 
rent, in cubic centimeters per second, and p is 
the pressure, in dynes per square centimeter. 

Substituting U for X, Equation 1 may be 
written 

du i r 
M ——(- rAU + —— ( Udt = p. (2) 

dt Ca J 

In Equation 2 let the symbol p stand for the 

operator —, then the Heaviside operational 
dt 

equation becomes 

U 
MpU + rAU -= p. (3) 

pCA 

The acoustical admittance is 

Mp2 + rAp + — 
Ca 

(4) 

If p = 0 for t < 0 and unity for t > 0, then 
the ratio U/p is called the acoustical indicial 
admittance designated as AA{t), 

The acoustical indicial admittance is 

A Ait) = ---- 1. (5) 

Mp2 + rAp + — 
b.4 
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Let 

(*a 
r.4 

2M 

w.-t = 
9 

<*A • 

The acoustical indicial admittance is 

1 pUA 

Aa($) — ~TZ ~ ' ' 2 
M<j)a (p + aA)~ + W.4 

The solution of Equation 6 is 

1- (6) 

Aa(0 = 
1 

-a .11 

Musa 
sin coAt. (7) 

The response for rA2 < 4M/Ca is shown in 
Figure 2A. It is damped sinusoid. 

Fig. 2. In the system directly above, the volume cur¬ 
rent as a function of the time for unit excitation. 

If rA2 > 4M/CA, then the solution becomes 

TRANSIENT RESPONSE OF AN ELEC¬ 
TRICAL RESISTANCE AND AN ELEC¬ 
TRICAL CAPACITANCE IN SERIES. The 
differential equation of an electromotive force, 

Ce 

I ig. 1. An electrical capacitance, C K, and electrical 
resistance, rE, driven by an electromotive force, e. 

electrical resistance and electrical capacitance 
connected in series, as shown in Figure 1, is 

e = rEi + — f idt (1) 
Ce j 

where Ce is the electrical capacitance, in ab- 
farads, te is the electrical resistance, in ab- 
ohms, i is the current, in abamperes, and e is 
the electromotive force, in abvolts. 

In Equation 1 let the symbol p stand for the 

operator —, then the Heaviside operational 
at 

equation becomes 
i 

e = rEi + -- (2) 
LeP 

The electrical admittance is 

i pCe 
~  ---—• (3) 
e 1 + pteCe 

If e = 0 for t < 0 and unity for l > 0, then 
the ratio i/e is called the electrical indicial ad¬ 
mittance designated as Ae(J). 

The electrical indicial admittance is 

where 

AA(t) -e 0/11 sinh 0At 
L(3a 

(8) 

The response for this condition is shown in 
Figure 2B. 

If rA2 = 4M/Ca, then sin approaches 
waI and the solution is 

AA(t) = ~ e"“^. (9) 

The response for this condition is shown in 

Figure 2C. 

Ae{1) = 
pCe 

1 = 
p 

1 + P^eCe (aE + p)te 

where a/j = I/teCe- 
The solution of Equation 4 is 

1 (4) 

(-aKt t r,.CK 

Ae(D =---(5) 
VE rE 

Fig. 2. In the system directly above, the current as 
a function of time for unit excitation. 
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The response characteristic is shown in Fig¬ 
ure 2. The current is 1/rg for l = 0. The cur¬ 
rent decreases for values of t > 0 and ap¬ 
proaches the value zero as a limit. 

TRANSIENT RESPONSE OF AN ELEC¬ 
TRICAL RESISTANCE, INDUCTANCE 
AND ELECTRICAL CAPACITANCE IN 
SERIES. The differential equation of an elec¬ 
tromotive force, electrical resistance, induct- 

C£ 

Pig. 1. An inductance, L, electrical resistance, rE, and 
electrical capacitance, Cls, driven by an electromotive 

force, e. 

Let 

CtE 
rR 

2 L 

o>E = 

The electrical indicial admittance is 

Ar{1) 
1 puE 

Ime (p + &e)2 + 

The solution of Equation 5 is 

(5) 

Ae(1) — 
I me 

c aRl si sin cOEt. (6) 

The response for rE2 < 4L/Ce is shown in 
Figure 2A. It is a damped sinusoid. 

ance and electrical capacitance connected in 
series, as shown in Figure I, is 

di 1 r 
L— + rEi + —■ I idt = e (1) 

dt Ce J 

where L is the inductance, in abhenries, te is 
the electrical resistance, in abohms, Ce is the 
electrical capacitance, in abohms, i is the cur¬ 
rent, in abamperes, and e is the electromotive 
force, in abvolts. 

In Equation 1 let the symbol p stand for the 

operator — , then the Heaviside operational 
dt 

equation becomes 

Fig. 2. In the system directly above, the current as 
a function of the time of unit excitation. 

Lpi + rEi H-- e. (2) 
Cep 

The electrical admittance is 

1 P 

Lp~ + tep + — 
C e 

If e = 0 for t < 0 and unity for t > 0, then 
the ratio i/e is called the electrical indicial 
admittance designated as Ae{(). 

The electrical indicial admittance is 

AE{t) =---- 1. (4) 

Lp2 + rKp + —- 
t'A’ 

If te2 > AL/Ce, then the solution becomes 

where 

1 
T£(<) =-« aEt sinh PeI 

L0e 
(7) 

The response for this condition is shown in 
Figure 2B. 

If te2 = 4L/Ce, then sin ueI approaches wst 
and the solution is 

A e(1) 
l 

L 
e —aEt (8) 

The response for this condition is shown in 
Figure 2C. 
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TRANSIENT RESPONSE OF AN INDUCT¬ 
ANCE AND AN ELECTRICAL RESIST¬ 
ANCE IN SERIES. The differential equation 
of an electromotive force, electrical resistance 

L 

Fig. 1. An inductance, L. and electrical resistance, 
rE, in a series, driven by an electromotive force, e. 

and inductance connected in series, as shown 
in Figure 1, is 

di 
L-b rEi = e 

dt 
(1) 

where L is the inductance, in abhenries, rE is 
the electrical resistance, in abohms, i is the cur¬ 
rent, in abamperes, and e is the electromotive 
force, in abvolts. 

In Equation 1 let the symbol p stand for the 

operator — , then the Heaviside operational 
dt 

equation becomes 

Lpi + rEi — 6. 

The electrical admittance is 

i 1 

e rE + Lp 

If e = 0 for t < 0 and unity for t > 0, then 
the ratio i/e is called the electrical indicial ad¬ 
mittance designated as AE(t). The electrical 
indicial admittance is 

(2) 

(3) 

AE(t) = 
1 

rE + Lp 

Equation 4 may be written 

1 

1. 

AE{t) — 
(«b + p)L 

1 

(4) 

(5) 

where aE = rE/L. 
The solution of Equation 5 is 

Ae{0 =7^(1 - ‘~aEt) 
LaE 

or 

1 -lAt 

Ag(t) - -(1 - « 1 )■ 
rE 

(6) 

(7) 

The response characteristic is shown in Fig¬ 
ure 2. The current is zero for t = 0. The cur¬ 
rent increases for values of t > 0 and ap¬ 
proaches the value 1 /rE. 

Fig. 2. In the system directly above, the current as 
a function of the time of unit excitation. 

TRANSIENT RESPONSE OF AN INERT- 
ANCE AND ACOUSTICAL RESISTANCE. 
The differential equation of a sound pressure 

E.:'.'.■'•'I 

. • 1 

P rA M 

Fig. 1. An inertance, M, and acoustical resistance, 
rA, driven by a sound pressure, p. 

driving an acoustical resistance and inertance, 
as shown in Figure 1, is 

dU 
M-b ra U = V 

dt 
(1) 

where M is the inertance, in grams per (centi¬ 
meter)4, r.\ is the acoustical resistance, in acous¬ 
tical ohms, U is the volume current, in cubic 
centimeters, and p is the sound pressure, in 
dynes per square centimeter. 

In Equation 1 let the symbol p stand for the 

operator — , then the Heaviside operational 
(J/V 

equation becomes 

MpU + T/JJ = p. 

The acoustical admittance is 

U _ 1 

p rA + M p 

(2) 

(3) 

If p = 0 for t < 0 and unity for t > 0, then 
the ratio U/p is called the acoustical indicial 
admittance designated as A.4(f). 

The acoustical indicial admittance is 

aa(1) = * 1- 
r.4 + Mp 

(4) 
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Equation 4 may be written, 

1 
— 1 

(a a + p)M 

where a a = rA/M. 
The solution of Equation 5 is 

(5) 

Aa(D = -J-(1 - €-“*') (6) 
MaA 

or 

1 
/lu(0 *=—(!—€ M ). (7) 

rA 

The response characteristic is shown in Fig¬ 
ure 2. The volume current is zero for t = 0. 
The volume current increases for values of 
/ > 0 and approaches the value l/r4. 

Fig. 2. In the system directly above, the volume 
current as a function of the time for unit excitation. 

TRANSITION. (1) A change of form or ex¬ 
ternal appearance. (2) A change of state. 
(3) A change of phase. (4) The process by 
which a quantum mechanical system, such as 
an atom or a nucleus, changes from one en¬ 
ergy eigenstate to another, with the energy 
difference being balanced by changes in inter¬ 
acting systems or by the emission or absorp¬ 
tion of particles or electromagnetic radiation. 

TRANSITION, FORCED. A transition be¬ 
tween two energy eigenstates of a quantum 
mechanical system which is brought about by 
the interaction of the system with an external 
field originating from some source other than 
the vacuum polarization. 

TRANSITION LOSS. In acoustic measure¬ 
ments, the transition loss is defined as follows: 
At any point in a transmission system, the 
ratio of the available power from that part of 
the system ahead of the point under considera¬ 
tion to the power delivered to that part of 
the system beyond the point under considera¬ 
tion. If the input and/or output power con¬ 
sists of more than one component, such as 
multi-frequency signal or noise, then the par¬ 
ticular components used and their weighting 
should be specified. This loss is usually ex¬ 
pressed in decibels. 

In wave-propagation usage, transition loss 
is defined in one of two ways, as follows: (1) 
At a transition or discontinuity between two 
transmission media, the difference between 
the power incident upon the discontinuity and 
the power transmitted beyond the discontin¬ 
uity which would be observed if the medium 
beyond the discontinuity were match-termi¬ 
nated. (2) The ratio in decibels of the power 
incident upon the discontinuity to the power 
transmitted beyond the discontinuity which 
would be observed if the medium beyond the 
discontinuity were match-terminated. 

TRANSITION POINT FROM LAMINAR TO 
TURBULENT FLOW. See transition to tur¬ 
bulent flow in a boundary layer. 

TRANSITION, ALLOWED. A transition 
between two states of a quantum-mechanical 
system marked by a comparative ease with 
which the change in quantum numbers in¬ 
volved can be accomplished. For example, 
transitions in which the total angular momen¬ 
tum quantum number changes by one in units 
of ft, are frequently allowed; and, other things 
being equal, a transition involving a change 
of one will take place with greater probability 
than a competing transition involving a change 
in this quantum number of two or more. (See 
selection rules; forbidden transition.) 

TRANSITION, FORBIDDEN. See forbidden 

transition. 

TRANSITION PROBABILITY. A term usu¬ 
ally applied to the description of a discrete- 
state Markov chain. This term is the condi¬ 
tional probability Pjk that the system, gov¬ 
erning the evolution of such a chain, is in the 
state Ek) given that it was in the state Ej at 
the previous time-point. The transition prob¬ 
abilities Pjk are usually arranged in a matrix 
P = (Pjk), which is a stochastic matrix. For 
example, in quantum mechanics, the prob¬ 
ability that at time t an atom will undergo 
a transition from state 1 to state k when the 
atom has been exposed to monochromatic light 
of frequency co/2tt for t seconds. It is de¬ 
noted by ] c*.-12 which is given by 
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_ e~F02 l—eo8 (uk — u)t 

2fi2 (uk — uY 

e2F02 , 2 sin2 (w* — co)i 

where wk — 

4 h2 

Ek - Kx 
h 

**.l p-.). 

, Ei being the lowest en¬ 

ergy state of the system, and where 

— eF0x sin ut 

where (1 is the Gibbs free energy (see ther¬ 
modynamics, characteristic functions of). 
A transition is called of the second order if 

V = 

continuous 

d2G dV d2G 

dT2' dT ~ dpdT 

2d order 

transitions 

discontinuous. 

is the perturbing energy added to the atom by 
the light wave of amplitude F0, its electric vec¬ 
tor being taken in the ^-direction, and its 
monochromatic frequency being w/2ir. This 
formulation neglects the energy due to the 
magnetic vector of the light wave. 

TRANSITION PROBABILITY, EINSTEIN. 
Einstein’s transition probabilities Anm for spon¬ 
taneous emission of radiation, and for 
absorption, according to wave mechanics arc 

given by 

and 

A nm 

a < _4.. 3 v I rj"imk\ 3 (>47t vnm ' * 

3 h dn 

8tt3 2I Rn<m*\2 

3 h2c dm 

Here n and m number the degenerate sublevels 
of the upper state n and the lower state m, of 
degeneracy d„ and dm, respectively, vnm is the 
wave number of the emitted photon, h is 
Planck’s constant, c is the velocity of light, 
and Rn<mk the matrix element of the transition. 

TRANSITION, RADIATIVE. A transition 
between two energy eigenstates of a quantum 
mechanical system, accompanied by the emis¬ 
sion of electromagnetic radiation. 

TRANSITION REGIME. Sec roughness, ef¬ 

fect on skin friction. 

TRANSITIONS OF HIGHER ORDER. In 
an ordinary phase change which one may also 
call a transition of the first order, one has 

G continuous 

(dG\ /d(?\ 1st order 

‘ \d77„’ ~ \Tp)r transitions 

discontinuous 

The definition of higher order transitions 
(third order •••) is obvious. 

This terminology is due to Ehrenfest (see 
also Ehrenfest relations). In a second order 
transition the specific heat has the temperature 
dependence represented schematically in the 
figure. 

T_ 

TX 

Specific heat in a second order transition. 

The point at which the specific heat presents 
a discontinuity is called the A-point. 

The question of whether second order transi¬ 
tions really exist in nature is still open. 

Independently of the existence of a second 
order transition, one may call a A-point the 
temperature at which the specific heat has a 
singularity whatever its analytical nature, 
provided one has not an ordinary first order 
transition with latent heat. 

Lambda points of particular interest are 
(hose occurring in order-disorder transitions, 
at the Curie point of ferroelectric or ferro¬ 
magnetic materials, and at the transition tem¬ 
perature of helium 1 to helium II. The transi¬ 
tion was called lambda by Ehrenfest because 
of the shape of the specific heat curve. Under 
orthobaric conditions, liquid helium undergoes 
this change at 2.19°K; but the temperature at 
which this change occurs decreases with in¬ 
creasing external pressure. 

TRANSITION, SPONTANEOUS. A transi¬ 
tion between two energy eigenstates of a quan- 
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turn mechanical system which is brought about 
by the interaction of the system with the field 
due to vacuum polarization. (See transition, 
forced.) 

TRANSITION, SUPERCONDUCTING. See 
superconducting transition. 

TRANSITION TEMPERATURE. See brittle 
fracture. 

TRANSITION TEMPERATURE, GLASS. 
See glass transition temperature. 

TRANSITION TEMPERATURE, SECOND 
ORDER. See second order transition tem¬ 
perature. 

TRANSITION TO TURBULENT FLOW IN 
A BOUNDARY LAYER. The boundary layer 
on a body in a stream of fluid is always laminar 
in the vicinity of the front stagnation point, 
but if the Reynolds number is high the bound¬ 
ary layer usually becomes turbulent further 
downstream. The position on the body where 
the boundary layer changes from the laminar 
to the turbulent state is often known as the 
transition point, although it is now known that 
the transition does not occur at a fixed point. 
The simplified concept of transition at a fixed 
point is useful, however, in calculating the 
development of a boundary layer. 

In the absence of large disturbances, the 
necessary first stage in the succession of events 
leading to transition is the instability of the 
laminar flow. The stability or instability of 
the laminar boundary layer depends on the 
Reynolds number, the curvature of the surface 
and the velocity profile of the boundary layer. 
Heat transfer and suction also have important 
effects. Any change leading to greater in¬ 
stability of the laminar boundary layer tends 
to promote transition, but transition may not 
actually occur until a point is reached a con¬ 
siderable distance downstream of that at 
which instability first appears. On a smooth 
streamline body, free from surface waviness, 
the position of transition at high Reynolds 
numbers is usually a short distance down¬ 
stream of the pressure minimum. This is be¬ 
cause the velocity profile of the boundary 
layer contains a point of inflexion when the 
pressure gradient is positive, and this leads to 
instability. On streamline bodies as used in 
practice, transition often occurs far upstream 
of the pressure minimum; this is usually be¬ 

cause of the important effects of slight wavi¬ 
ness or roughness of the surface. 

Instability of the laminar boundary layer, 
as understood here, means that small disturb¬ 
ances in the flow become amplified as they pro¬ 
ceed downstream. In order to explain the 
phenomenon of transition it is necessary to 
assume that some disturbances are present in 
the initial laminar flow, even if these are ex¬ 
tremely small. In practice, disturbances may 
be caused by very slight roughness of the sur¬ 
face, turbulence of the main stream, or sound 
waves. 

When the laminar flow is unstable, disturb¬ 
ances are amplified as they proceed down¬ 
stream and eventually “spots” of turbulent 
flow appear. The mechanism of the forma¬ 
tion of these spots of turbulence is not yet 
clear, but it seems probable that at some stage 
vorticity becomes concentrated along discrete 
lines, so that vortex loops appear in the flow. 
These vortex loops then apparently become 
distorted and extended so that spots of turbu¬ 
lence are formed. 

As the spots of turbulence proceed down¬ 
stream they grow in size, so that for points in 
the boundary layer further downstream the 
flow is turbulent for a greater proportion of 
the total time. Eventually a point is reached, 
sufficiently far downstream, where the flow 
is turbulent all the time and the process of 
transition is complete. 

An interesting feature of the flow with turbu¬ 
lent spots is that during the passage of each 
spot the mean velocity near the wall increases, 
so that the velocity profile becomes more like 
that found in a turbulent boundary layer. In 

the ensuing laminar flow, after the passage 
of the spot, this modified velocity profile makes 
the laminar boundary layer more stable than 
usual. Thus there is a period of calm, after 
the passage of each spot, in which the dis¬ 
turbances in the laminar boundary layer are 
damped. During this period of calm, how¬ 
ever, the mean velocity profile reverts to its 
usual form for the laminar boundary layer, so 
that disturbances are amplified once again. 

W hen the Reynolds number is not very high, 
the laminar boundary layer often separates 
before transition occurs. In some cases the 
laminar shear layer becomes turbulent soon 
after separation and reattaches to the surface 
as a turbulent boundary layer. This type of 



981 Transition, Turbulent Flow in a Pipe — Transmittance, Directional Luminous 

flow is known as a laminar separation bubble. 
(See also stability of laminar flow.) 

TRANSITION TO TURBULENT FLOW IN 
A PIPE OR CHANNEL. The flow at a given 
section in a pipe or channel may be either 
laminar or turbulent, depending on the entry 
conditions, the Reynolds number and the dis¬ 
tance of the section from the entry. In most 
cases of practical interest there are fairly large 
disturbances at entry; then if the Reynolds 
number exceeds a certain value Rcrit the flow 
eventually becomes turbulent. For Reynolds 
numbers less than Rcrit the flow remains 
laminar indefinitely, and even very large dis¬ 
turbances at entry are eventually damped out. 

Basing the Reynolds number on the mean 
velocity, Rcrit is about 2000 for a pipe of cir¬ 
cular section and 1400 for a channel of rec¬ 
tangular section with large ratio of height to 
width. The lengths used in defining these 
Reynolds numbers are the diameter of the 
circular pipe and the wddth of the rectangular 
channel. 

When only very small disturbances are pres¬ 
ent at entry the flow remains laminar up to 
considerably higher Reynolds numbers, even 
at larger distances from the entry. In a pipe 
of circular section, if very great care is taken 
to eliminate disturbances at the entry, laminar 
flow can be obtained at Reynolds numbers of 
20,000 or more. 

In cases where the flow eventually becomes 
turbulent, the distance x from the entry to the 
start of turbulent flow depends on the entry 
disturbances and the Reynolds number. For a 

X 

pipe of diameter d, - decreases as the Reynolds 
d 

number or the entry disturbance is increased. 
(See also entry length, for pipe or channel.) 

TRANSLATION. A motion in which all 
points of a system have identical displace¬ 
ments. If each point moves on a straight line 
the translation is rectilinear, if on a curve it 
is curvilinear. The general motion of a rigid 
body is a combination of translation and 
rotation. 

TRANSLATION GROUP. The totality of 
operations by which a crystal lattice may be 
transformed into itself by bodily displace¬ 
ments without rotation. 

TRANSLATION OPERATION. The geo¬ 
metrical process of displacing a body along a 

straight line, keeping lines fixed in the body 
always parallel to themselves. 

TRANSLATION, PRIMATIVE. See prima- 
tive translation. 

TRANSMISSIBILITY OF FORCE. The 
term transmissibility of force refers to the fact 
that sliding torces along their lines of action 
does not affect the resultant. The effect of a 
force on a rigid body depends upon its magni¬ 
tude, sense, and line of action but not on its 
point of application. 

TRANSMISSION. The passage of radiation 
through a medium. In some cases the term is 
restricted by the requirement that the wave¬ 
length of the monochromatic components of 
the radiation be invariant under transmission, 
thus excluding the phenomena of the Raman 
effect. (See mixed transmission; uniform dif¬ 
fuse transmission.) 

TRANSMISSION COEFFICIENT. See abso¬ 
lute reaction rate theory; scattering coefficient. 

TRANSMISSION LINE. A system of con¬ 
ductors which guides electromagnetic energy 
from one point to another. Usually used in 
the restricted sense for a wave guide whose 
transverse dimensions are small. 

TRANSMISSION MATRIX. An array of 
quantities which relate the voltage and current 
at the input of a two-terminal pair network 
to the output voltage and current. 

TRANSMISSION PLANE. The plane of vi¬ 
bration of polarized light which will pass 
through a given polarizer. 

TRANSMISSIVITY. The internal transmis¬ 
sion factor of unit thickness of a transmitting 
material under conditions in which the bound¬ 
ary of the material has no influence. (See 
absorptive power.) 

TRANSMITTANCE. See total transmittance; 
internal transmittance; direct transmittance; 
diffuse transmittance. 

TRANSMITTANCE, DIFFUSE. See diffuse 
transmittance. 

TRANSMITTANCE, DIRECT. See direct 
transmittance. 

TRANSMITTANCE, DIRECTIONAL LU¬ 
MINOUS. The ratio of the luminance of the 
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surface at which light leaves a diffusing ob¬ 
ject to the illuminance of the surface at which 
the light is incident upon the object; provided 
that (1) the luminance of the emergent sur¬ 
face is expressed in lamberts and the illumi¬ 
nance of the incident surface in lumens/sq cm, 
or (2) the luminance of the emergent surface 
is expressed in foot-lamberts and the illumi¬ 
nance of the incident surface in foot-candles. 

TRANSMITTANCY. The ratio of the trans¬ 
mittance of a solution to that of the pure 
solvent in equivalent thickness. 

TRANSMITTING POWER. See absorptive 
power. 

TRANSMITTIVITY. The internal transmit¬ 
tance (see transmittance) for unit thickness 
of a non-diffusing substance. 

TRANSONIC AREA RULE. This rule can be 
derived from slender-body theory, but when 
first stated by R. T. Whitcomb it was based 
on a study of experimental results at transonic 
speeds. The rule states that, near the speed 
of sound, zero-lift drag rise of thin low-aspect 
ratio wing-body combinations is primarily de¬ 
pendent on the axial distribution of cross-sec¬ 
tional area normal to the air stream. The 
rule is of great practical importance; for ex¬ 
ample, if the area of cross section of an air¬ 
craft fuselage is reduced by “waisting” in the 
vicinity of the wing, the drag at transonic 
speeds is considerably reduced. (See also 
slender-body theory.) 

TRANSONIC HODOGRAPH EQUATIONS. 
The non-linear equations of two-dimensional 
transonic flow may be transformed into linear 
equations by formulating them in the hodo- 
graph plane. 

There are several ways of formulating these 
equations, but in the simplest approach it is 
assumed that the perturbation velocities are 
small. The equation of motion in the physical 
plane is then 

„ du dv (y + 1 )M2 du 
(1 — M2) - |- -- == -u-. (1) 

dx dy U dx 

and in this form the equation is valid at tran¬ 
sonic speeds, i.e., when M —» 1. 

Introducing the condition of irrotationality 
and transforming to the hodograph plane, the 
equations obtained are 

„ n/r2\ &y , dx (? + l)M* °y (1 — M )-1-=-- u — 
dv du U dv 

and 
dx dy 

dv du 

(2) 

(3) 

These equations are linear in the dependent 
variables x and y. In solving the equations, 
difficulties arise in satisfying the boundary 
conditions, because these are of course given 
in the physical plane, in terms of .r and y. 
Nevertheless, useful solutions for transonic 
flow have been obtained by use of the hodo¬ 
graph equations. (See L. Howarth (Ed.), 
Modem Developments in Fluid Dynamics— 
High Speed Flow, Chapter VII, Oxford, 1953.) 

TRANSONIC SIMILARITY LAW. The vari¬ 
ous forms of the transonic similarity law are 
based on the small-perturbation equation of 

. Tf d<j> d<t> , d<f> 

dx dy dz 
the perturbation velocity components in the 
directions of the axes x, y, z, and the stream 
has a velocity U and a Mach number M, this 
equation is 

d26 d2<f> 
(1 — Mz) —r + —— + 

dx* 

d2<t> 

d7 

M2(y + 1) d<f> d2<t> 

U dx dx2 
(1) 

With the term on the right-hand side included, 
this equation is valid at transonic speeds. 

For two-dimensional flow a transonic simi¬ 
larity parameter K is introduced, defined by 

1 - M2 

K = [t(y + 1)M2]* 

where r is the “thickness ratio” of the body, 
i.e., the ratio of characteristic dimensions in 
the y and x directions, respectively. It may 
then be shown that for corresponding points 
on a series of bodies related by an afline 

transformation, the pressure coefficient Cp 
is given by 

Cp[(y + 1)M2]* 

r* 
= P(K) (3) 

where P is a function depending on the shape 
of the body, when r has been specified. Simi¬ 
larly, expressions for lift and drag coefficients 
of airfoils may be derived. 
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Equation (3) is not valid at hypersonic 
speeds, but except for this restriction it is valid 
at all speeds, both subsonic and supersonic. 
It is usually called the transonic similarity 
law because it was first derived (by von Kar- 
man, in a slightly different form) for transonic 
speeds. 

For three-dimensional bodies other forms of 
the transonic similarity law have been derived. 
(See H. W. Liepmann and A. Roshko, Ele- 
ments of Gasdynamics, John Wiley, 1957.) 

TRANSPORTATION PROBLEM. A linear 
programming problem of special structure, de¬ 
scribing the following situation. One wishes to 
ship a number of units of an item from several 
warehouses to a number of retail stores. Each 
store requires a certain number of units of 
the item, while each warehouse can supply 
up to a certain amount. One knows the unit 
shipping cost between each warehouse and each 
store, and assumes that the cost relationship 
is linear. The objective is to determine how 
many units should be sent from each ware¬ 
house to each store so that the total shipping 
cost is a minimum. 

TRANSPORT EQUATION, BOLTZMANN. 
Consider the evolution of the velocity dis¬ 
tribution function /. This evolution proceeds 
through mechanical changes (flow) and col¬ 
lision. 

In gases at low densities, the effect of col¬ 
lisions involving more than two molecules is 
negligible. If the collisions with the walls can 
also be neglected, the evolution of the molec¬ 
ular distribution function /((r,v,£) is given by 
the Boltzmann integro-differential equation: 

d/,(r,v,£) dfi(r,v,t) dfi(r,v,t) 
-p Vj.---p X,--- 

dt dr; dv; 

= 2ttJJ'(j'if'i - fifi)gnbdbd\j. (1) 

b is the impact parameter, ga is the relative 
velocity. df;/dt is the local variation of the 
distribution function. Equation (1) results 
from three causes: (1) v,(d/,/dr(), often called 
the Streaming Term, is the variation of the dis¬ 
tribution function caused by the movement of 
the particles in and out of the volume element 
under consideration; (2) X,•(£>/,/dv,-) is the vari¬ 
ation of the distribution function resulting from 
the external forces X, acting on the molecules; 
(3) finally, the term on the right-hand side of 

(1) expresses the variation of f, which results 
from the binary collisions between the mole¬ 
cules. /,- increases when a collision between 
two molecules having initial velocities v', and 
v'y creates a molecule of the proper velocity v,. 

It decreases when a molecule of velocity v, 

collides with a molecule of velocity v;. The 
term on the right-hand side of (1) is called the 
Collision Integral of the Boltzmann equation. 

The Boltzmann equation has raised two 
major problems: the first is the justification 
of this equation, which was first proposed by 
Boltzmann from purely intuitive arguments. 
It is an equation of the first order in time, i.e., 
an “irreversible” equation whereas the equa¬ 
tions of classical or quantum mechanics for 
the movement of the individual particles arc 
reversible. The apparent paradox of deriving 
an irreversible behavior from a reversible mi¬ 
croscopic equation has received considerable 
attention, at the hands of the Ehrenfest and 
Smoluchowski. Recently it has been possible 
to derive, under similar conditions, a transport 
equation without the introduction of prob¬ 
abilistic arguments. Such derivations start 
necessarily with the N-body problem and are 
therefore of rather high mathematical com¬ 
plexity. 

The second problem has been the solution 
of this non-linear integro-differential equa¬ 
tion. This has been accomplished first by 
Enskog and Chapmann (see Enskog series). 
Other methods have been suggested since; the 
most powerful of these seems presently to be 
the 13-moments approximation suggested by 
Grad (see thirteen-moments approximation). 

An extension of (1) to denser gases com¬ 
posed of hard spheres has been suggested by 
Enskog: at high densities, the mean free path 
is short, comparable with a collision diameter. 

The instantaneous collisional transfer of 
momentum and kinetic energy from the center 
of one molecule to that of another is not 
negligible. If the center of the first molecule 
is at r, that of the other is at r — <rk where a 
is the collision diameter, and k is the unit 
vector along the apse line. Moreover, since 
an appreciable fraction of the available space 
is occupied by the molecules of finite volume, 
the collision frequency is larger than the value 
computed at low' densities bv a factor V, which 
can be deduced from the equation of state, and 
wdiose value must be evaluated at the half 
distance between the centers of the two collid- 
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ing molecules. Three-body collisions and col¬ 
lisions involving a larger number of molecules 
can again be neglected because of the hard 
sphere hypothesis. 

The collision integrals in Equation (1) 
should therefore be of the form: 

2 *Zff v, t)f'X r + <*, v'i, t) F(r + ±ck) 

~ fi(r, v, Of/r “ o’k, v,-, <) F(r - |ak)]gijbdbd\i. 

(2) 

The transport properties calculated from this 
modified Boltzmann equation are in surpris¬ 
ingly good agreement with experiment, as long 
as the effect of the attractive forces is small. 

TRANSPORT EQUATION, INTEGRAL. See 
integral transport equation. 

TRANSPORT KERNEL. See kernel, trans¬ 
port. 

TRANSPORT MEAN FREE PATH. See 
mean free path, transport. 

TRANSPORT NUMBER. The fraction of the 
total electrical current carried by the ionic 
species i is called the transport number tt of 
the species i. 

TRANSPORT PROCESSES. See Eyring 
theory. 

TRANSPORT THEORY BOUNDARY CON¬ 
DITIONS. See boundary conditions, trans¬ 
port theory. 

TRANSPORT THEORY, NEUTRON. See 
neutron transport theory. 

TRANSPOSE (OF A MATRIX). The matrix 
obtained from the given matrix by interchang¬ 
ing its rows and columns; that is, by replacing 
the element ai;- by oq{. 

TRANSPOSITION. A permutation consist¬ 
ing solely of the interchange of two objects. 

TRANSVERSE LOAD. See lateral load. 

TRANSVERSE SHEAR. See shear. 

TRANSVERSE WAVE (ELECTRIC OR 
MAGNETIC). A wave which has no electric 
field component in its direction of travel is a 
transverse electric (TE) wave. Similarly one 
can describe transverse magnetic (TM) and 
transverse electromagnetic (TEM) waves. 

TRAPEZOIDAL RULE. (For numerical 
quadrature.) 

b 

f(x)dx = (6 - a)[/(a) + /(&)]/2 + R, 

R = -h3f"(Z)/12, a < £ < b, h = b - a. 

This is one of the simplest of the numerical 
integration rules, but it can often give quite 
satisfactory results. 

TREE. A connected subgraph of a connected 
graph which contains all the vertices of the 
graph but is free of circuits. Occasionally the 
phrase “complete” tree is used but the defini¬ 
tion given here is more in accord with modem 
engineering terminology. A graph can possess 
many trees. In the accompanying figure is an 
example of a graph with four vertices, six 
edges and sixteen trees. See also the discus¬ 
sion under digraphs. 

It can be easily shown that every finite con¬ 
nected graph G contains at least one tree. A 
tree contains v vertices and v — 1 branches 
where v is the number of vertices in G. 

TRESCA YIELD CONDITION. Plastic flow 
occurs when the difference between the maxi¬ 
mum and minimum principal stresses equals 
twice the yield stress in shear, k: 

Gfnax &min 2 fc. 

The corresponding yield surface is a hexa¬ 
gonal cylinder. This law is equivalent to the 



985 Triangle, Geodesic — Trigonometric Interpolation 

statement that plastic flow takes place when 
the maximum shear stress occurring reaches 
the value k. 

TRIANGLE, GEODESIC. See geodesic tri¬ 
angle. 

TRIANGLE, SPHERICAL. See spherical 
trigonometry. 

TRIANGULAR MATRIX. A matrix in which 
all elements are zero above the diagonal (a 
lower triangular matrix), or else below the 
diagonal (an upper triangular matrix). It is 
a unit upper or lower triangular matrix when 
also every diagonal element = 1. The product 
of two triangular matrices of the same type is 
again of that type, i.e., (unit) upper or lower; 
and the reciprocal of a triangular matrix 
(when it exists) is also of the same type. A 
triangular matrix is properly triangular if the 
diagonal is null. 

TRIAXIALITY OR TRIAXIAL STRESS. See 
stress, combined. 

TRICHROMATIC COEFFICIENTS. Three 
coefficients, based on the response of the 
standard eye to the spectral distribution of 
light from a standard source, which may be 
used to describe the chromaticity of a source. 

TRICHROMATIC SYSTEM. Any system of 
color specification based on the possibility of 
matching colors by the additive mixture of 
three suitably chosen standard stimuli. 

The names of these functions are, respectively: 
sine, cosine, tangent, cosecant, secant, cotan¬ 
gent. 

In the general case, where $ is not an acute 
angle in a right-angle triangle, the same defini¬ 
tions, with slight modification, can be used. 
Place the angle 0 in a right-handed rectangu¬ 
lar coordinate system with its vertex at the 
origin and its initial side on the positive OX- 
axis. The terminal side of the angle may lie 
in any one of the four quadrants but select any 
point on it (x, y) and draw a radius vector r 
to the point from the origin. The three letters 
x, y, r will then determine the trigonometric 
functions by the previous definitions. 

TRIGONOMETRIC FUNCTION, INVERSE. 
The inverse function to y = sin z is the angle 
whose sine is y, or symbolically, z = arc sin y 
= sin-1 y. Other inverse trigonometric func¬ 
tions are indicated in a similar way. If y2 < 1, 
the following series expansions may be used: 

• -i V3 13 , sin y = y fl-1-y° 
J J 6 2-4-5 ^ 

1-3-5 y7 

+ 7I^7 + '” 

-i —-cos y 
2 

tan-1 y = y - iy3 + iy5 - }y7 -\- 

=-cot y 
2 J 

TRICHROMATIC UNITS. Relative units of 
stimulus quantity, applicable to stimuli of any 
color and such that the quantity of any stim¬ 
ulus, when expressed in these units, is equal 
to the sum of the tristimulus values. 

TRICLINIC SYSTEM. One of the seven 
crystal systems. In this system, the axes are 
unequal, and not at right angles to each other. 

TRIGONOMETRIC FUNCTION. If 0 is one 
of the acute angles in a right-angle triangle, x 
is the side of the triangle nearest to <f>, y the 
side opposite the angle, and r the hypotenuse, 
the trigonometric functions are: 

sin <j> = y/r; cos </> = x/r\ 

tan <t> = y/x; esc <t> = 1/sin 4>; 

and, for y2 > 1, 

7T 
tan 1 y = - 

2 

sec y = — 
2 

1 1 1 
—I-^-1 T • • • 

V 3 y3 5 y5 

11 1-3 

y Gy3 2-4-5y5 

1 -3-5 

2-4-G-7?/7 + ” 

T -i =-esc y. 
2 

TRIGONOMETRIC INTERPOLATION. 
Formulas analogous to the Lagrange formula 
for polynomial interpolation can be obtained. 
They all have the form 

sec 0 = 1/cos <£; cot 4> = 1/tan 0. f(x) = 2fiTtW/TiiXi). 
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Possible choices of 7\(x) are the following: 

Ti{x) = II sin (x - Xj)/2; 

J=*=l 

T|(x) = H (cos X — COSXy); 

Ti(x) = sin x II (cos x — cos x^); 

T,(x) = II (sin x — sin Xj). 

TRIGONOMETRIC SERIES. See Fourier 
series. 

TRIGONOMETRY. The mathematical study 
of the triangle, normally the plane triangle. 
The main problem of trigonometry is the find¬ 
ing of unknown parts of a triangle from given 
data. For a right triangle, two parts must be 
given in addition to the right angle and one 
of them must be a side. Let A. B, C be the 
angles and a, b, c the sides opposite them, re¬ 
spectively. Then if the right angle is C, the 
remaining parts of the triangle are found from 
the relation A -f- B = 90°, and the Pytha¬ 
gorean theorem, a2 b2 = c2. Alternatively, 
suitable combinations of the trigonometric 
functions may be used. 

For an oblique triangle, three of the six parts 
can be found if three others are given, includ¬ 
ing one side. One possibility is the division of 
the oblique triangle into two right triangles and 
the solution of each of these as described in the 
preceding paragraph. One could also use: 

(1) the law of sines, a/sin A = 6/sin B = 
c/sin C; (2) the law of cosines, a2 = b2 + c2 — 
26c cos A; (3) the law of tangents, (a — 6)/ 

tan (A — B)/2 
(a + 6) = (4) the half-angle 

tan (A -f- B)/2 
formula, tan A/2 = r/(s — a), where the per¬ 
imeter of the triangle, 2 s = (a + 6 + c) and r 
is the radius of a circle inscribed in it, sr2 = 
(8 — a)(s — b)(s — c). Additional relations 
can be obtained for (2) — (4) by cyclic permu¬ 
tation of the letters a, 6, c and .4, B, C. 

The solution of an oblique triangle is con¬ 
veniently checked by the Mollweide formu¬ 

las: (o + b)/c = COS } 2 ; (O - 6)/2 = 

sin (A - B)/2 
sin C/2 

, and two other equations, found 
cos C/2 

by cyclic permutation of the letters, a, b, c and 
A, B, C. 

TRIGONOMETRY, SPHERICAL. See spher¬ 
ical trigonometry. 

TRIPLE-DIAGONAL MATRIX. A matrix 
A = (ay) for which ay = 0 when i — j > 1. 
Thus nonnull elements occur only along, just 
above, or just below the diagonal. These occur 
in the theory of continued fractions. Some 
methods for computing eigenvalues and eigen¬ 
vectors of a matrix aim first at transforming 
the matrix to triple-diagonal form. 

TRIPLE POINT. The equilibrium state in¬ 
volving the coexistence of three different phase- 
of a particular system. The triple point of 
one chemical component is of particular im¬ 
portance in thermodynamics, since then the 
variance of the system involving three phase- 
is zero. (See phase rule.) Thus the intensive 
variables, in particular the pressure and tem¬ 
perature are fixed. A triple point can be 
formed by the liquid, solid and gaseous phases 
of a single independent component. A triple 
point can also exist when, for example, two 
solid phases coexist with a single liquid or 
gaseous phase. (A system can have only one 
gaseous phase because gases mix in all propor¬ 
tions.) When reference is made to the triple 
point of water, the system involving ice, liquid 
water and water vapor is usually meant, al¬ 
though triple points between allotropic modi¬ 
fication of ice and, say, liquid water can also 
be produced. At the (ice-liquid-vapor) triple 
point of water the temperature is 

T3 = 273.16°K 

(as fixed by convention, see temperature and 
the pressure is 

p3 = 0.00623 kp/cm2 = 0.08854 lbf/in2. 

TRIPLE PRODUCT OF VECTORS. If A 
B. C are three vectors, they may be combined 
to form products with meaning as follows: 
(1) AlB-C), a vector with the same direction 
as A and magnitude ABC cos 9. where 9 is 
the angle between B and C. (2) A - (B X C), 
the scalar triple product, giving the volume 
of a parallelepiped with edges A. B. C. It is 
frequently indicated by the symbol [.ABC] 
and if the three vectors all lie in the same 
plane [ABC] = 0. It may be written in terms 
of its components as a determinant 

[ABC] 

Ax Au A z 

Bx By Bt 

Cx Cy Cz 
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Its properties include 

[ABC] = [BCA] = [CAB] = — [ACB] 

= -[BAC] = — [CBA]. 

(3) The vector triple product, V = A X 
(B X C) is perpendicular to both A and the 
vector B X C. It therefore lies in the plane 
determined by B and C. Its properties in¬ 
clude: A X (B X C) = B(A-C) - C(A-B) 
= -A X (C X B) = (C X B) X A = 
- (B X C) X A. 

TRISTIMULUS VALUES (OF A LIGHT). 
The amounts of the three reference or match¬ 
ing stimuli required to give a match with the 
light considered, in a given trichromatic sys¬ 
tem. In the CIE (1931) colorimetric system 
the symbols X, Y, Z are recommended for the 
tristimulus values. These values may be ob¬ 
tained by multiplying the spectral concentra¬ 
tion of the radiation at each wavelength by 
the distribution coefficients and integrating 
these products over the whole spectrum. 

TROLAND. A unit of retinal illuminance, 
being the visual stimulation resulting from an 
illuminance of 1 candle/sq m when the ap¬ 
parent area of the entrance pupil of the eye is 
1 sq m. 

TROPICAL YEAR. See year. 

TROUGH (OF LOW PRESSURE). A form 
seen on a chart of isobars or chart of contours 
of an isobaric surface. A trough may be I - 
shaped with rounded contours, or V-shaped 
when a marked front lies in it. A trough in 
the thickness pattern denotes a wedge of cold 
air, and usually denotes cold air in the upper 
air contour pattern. 

TRUNCATED SAMPLE. See censoring. 

TRUNCATION. Approximating the sum of 
an infinite series by the sum of a finite number 
of terms in that series. As applied to the drop¬ 
ping of digits in a number, the term contrasts 
with rounding. 

TRUNCATION ERROR. Strictly the error 
due to dropping all but a finite number of 
terms from a possibly infinite series, but often 
applied also to the error due to representing 
the limit of a sequence by one of its terms, or 
to representing a function by an interpolation 
polynomial. (See error.) 

TRUSS. A truss is a triangulated structure 
composed of straight bars which act primarily 
as tension or compression members. In the 
analysis for primary stress the bars are sup¬ 
posed to be hinged or pin-connected at their 
common point of intersection, called a joint or 
panel point. Loads are applied at the panel 
points only. In an actual truss the joints are 
more likely to be riveted or welded than 
pinned, but the axes of the bars of a joint do 
all intersect at a common point. Because the 
joint can transmit moment, bending stresses 
are developed due to deflection. (See secon¬ 
dary stress.) 

The top line of members of a truss is called 
the top chord and the lower line is known as 

the lower or bottom chord. The members con¬ 
necting the top and bottom chords are called 
web members. The span of the truss is the 
horizontal distance center to center of end 
bearings. (See also Hennenberg method; 
Hoff convergence method.) 

TRUSS, COMPLEX. A statically determi¬ 
nate truss which is neither a simple truss nor 
a compound truss. 

TRUSS, COMPOUND. A truss composed of 
two or more simple trusses joined together in a 
statically determinate manner. 

TRUSS, SIMPLE. A simple plane tmss is a 
statically determinate truss formed by starting 
with a triangle of three bars or a foundation 
and establishing successive points of the truss 
by two bars, not in the same straight line, 
attached to existing points or the foundation. 

A simple space tmss is a statically determi¬ 
nate truss formed by starting with a pyramid 
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of four bars or a foundation and establishing 
successive points by three non-coplanar bars 
attached to existing points or the foundation. 

TSCHEBYSHEFF. See entries under Cheby- 
shev. 

TUBES, CURVED. When a curved tube is 
bent, the cross section flattens and the change 
in geometry has a significant effect on the 
stress distribution and the stiffness. It is not 
satisfactory to use ordinary beam theory. 
Karman has shown that for a tube of circular 
cross section with center line radius R, thick¬ 
ness t, and radius a, the parameter tR/a2 is 
significant. 

TURBINE, BACK-PRESSURE. See back¬ 
pressure turbine. 

TURBINE, EXHAUST GAS. See exhaust gas 
turbine. 

TURBOCOMPRESSOR. See rotary com¬ 
pressor. 

TURBULENCE. A condition of fluid motion 
in which properties of the fluid, such as heat 
content, water vapor content, etc., are diffused 
at a rate large compared with the rate of dif¬ 
fusion by molecular motions. Turbulence also 
diffuses momentum, i.e., it produces stresses in 
shearing motion. (See Reynolds stresses.) 

To be regarded as turbulent the motion must 
be viewed on a sufficiently large scale. Theo¬ 
retically the motion at any moment might be 
described exactly, but it is not always either 
practicable or useful to attempt this. The 
motion may then be regarded as a smooth 
mean motion with superimposed eddies or 
fluctuations of velocity which are only con¬ 
sidered in large numbers, their effects being 
measured by taking averages of the quantity 
affected over a sufficiently large space or time 
for many of the eddies to be included. 

In many theories the effects of the eddies 
have been thought of as analogous to molecu¬ 
lar motions, and have been represented in 
equations by turbulent, or eddy, transfer co¬ 
efficients. 

For motion to be regarded as turbulent, it is 
not sufficient that it should consist of fluctua¬ 
tions, however irregular. Thus sound waves 
and gravity waves do not constitute turbu¬ 
lence. Turbulence is essentially a motion in 
which stirring and mixing take place, in which 
marked volumes of fluid become stretched into 

tortuous shapes of progressively increasing 
complexity. For this to happen the motion 
must consist of an irregular pattern of vorticity 
in which the length scale of the eddies is con¬ 
tinuously being reduced on the average by the 
stretching of the vortex lines. 

The scale of the smallest eddies which can 
occur is determined by the dynamic viscosity 
of the fluid. The larger eddies are practically 
unaffected by viscosity. 

Turbulence may be produced essentially in 
three ways: by mechanical forces at the boun¬ 
dary of the fluid, by inertia forces, or by body 
forces. In each case the main feature is the 
production of vorticity and its subsequent de¬ 
generation into eddies of ever-decreasing size 
which are ultimately brought to rest by viscos¬ 
ity. 

The mechanical forces at the boundary pro¬ 
duce boundary layers in which the shear be¬ 
comes so large that the motion becomes un¬ 
stable and the orderly vorticity of the shearing 
layer becomes a chaotic pattern of eddies. Or 
the boundary layer may separate from the sur¬ 
face as a vortex sheet or layer of large vortic¬ 
ity and the degeneration then takes place away 
from the boundary, generally in the wake of a 
solid body. 

Turbulence may be produced by inertia 
forces when a jet or isolated mass of non- 
turbulent fluid is injected into non-turbulent 
surroundings. Turbulence may also be pro¬ 
duced by causing fluid to rotate in surround¬ 
ings in which there is a smaller circulation: the 
centrifugal forces are then unstably stratified 
and the rotating fluid mixes outwards into the 
surroundings. 

The production of turbulence by centrifugal 
(inertia) forces is very similar to its produc¬ 
tion by static instability (unstable density 
gradient under gravity). In this case it may 
be called thermal turbulence because the dens¬ 
ity gradients are usually produced by tempera¬ 
ture gradients. 

(See also Reynolds stresses; mixing length; 
transfer coefficients; transferable quantity; 
jets; free convection; turbulent boundary 
layers; wakes.) 

TURBULENCE, DECAY OF. Turbulence is 
envisaged as a complicated pattern of vorticity 
with motions present on a wide range of length 
(or frequency) scales, called eddies. The 
small eddies produce Reynolds stresses in the 
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large ones so that energy passes from the large 
to the small eddies. The dissipation of the 
energy of the large eddies by viscosity is negli¬ 
gible in comparison with the energy trans¬ 
ferred to the smaller eddies. This transfer is 
often referred to as the “cascade” of energy 
down the scale of eddy sizes. 

The energy of turbulence originates when 
large eddies are produced in some way, or 
when the Reynolds stresses due to the eddies 
transfer energy from shearing motion in the 
mean flow. The rate of dissipation by viscos¬ 
ity is proportional to the square of the shear 
and to the viscosity, and is greatest in the 
smallest eddies. The greater the rate at which 
energy is passed down from the larger eddies, 
the smaller is the size of the smallest eddies. 
The nature of the motion at this end of the 
eddy size-spectrum is determined only by the 
mean rate of dissipation of energy per unit 
mass, e, and the dynamic viscosity v, which be¬ 
tween them determine the order of magnitude 
of the smallest eddy size. This, by dimen¬ 
sional argument, is seen to be proportional to 

(v3A),/4- 

TURBULENCE, ENERGY OF. Turbulence 
presents problems of considerable difficulty 
primarily because its intensity is determined 
by a great variety of influences, so that its 
effects cannot generally be represented by 
transfer coefficients which are independent of 
the motion on which they have an effect. 

The energy of a state of turbulent motion is 
always being reduced by the decay process. 
It is being increased by the transfer of energy 
from the mean motion if it produces any 
Reynolds stresses. 

Turbulent energy may at the same time be 
increased by the creation of eddies of an inter¬ 
mediate size by ancillary processes such as 
wake formation behind obstacles and the re¬ 
lease of energy by buoyant convection. In 
the latter case there is no process equivalent to 
the cascade down the scale of eddy sizes be¬ 
cause individual eddies composed of buoyant 
fluid (thermals) increase in size as they ascend. 
In certain special cases such as the atmosphere 
eddies above a certain size may release new 
sources of turbulent energy as, for example, 
the latent heat of condensation of clouds. The 
large eddies may generate regions in which the 
flow is unstable, so that smaller eddies are gen¬ 
erated directly and not by the degeneration of 
larger ones. 

The destruction of turbulent energy can, in 
addition to the ordinary process of decay into 
small eddies which are destroyed by viscosity, 
take place in a variety of ways. Work may be 
done by the pressure fluctuations on flexible 
boundaries; the fluctuations of particle posi¬ 
tion may be accompanied by variations of tem¬ 
perature which are damped by radiation or 
thermal conductivity, though this is usually 
negligible; in a fluid of variable density (de¬ 
creasing upwards) work may be done against 
buoyancy forces on all scales of motion be¬ 
cause the center of gravity of the fluid is 
raised when weight is transferred upwards; 
and in a medium capable of transmitting en¬ 
ergy in the form of waves, the turbulent en- 
ergy is dispersed as waves. Thus gravity 
waves may be produced at a free surface or 
surface of density discontinuity or internally 
in a stably stratified fluid, and sound waves 
may be generated by turbulence of sufficient 
intensity as, for example, in the region of large 
shear round a high speed jet. 

1 he successful analytical treatment of the 
dynamics of any particular form of turbu¬ 
lence depends upon there being a dominant 
source or sink of energy. Generally, simpli¬ 
fying assumptions about the energy are made, 
and then dimensional analysis reveals rela¬ 
tionships in which the constants are deter¬ 
mined by experiment. Outstanding examples 
of this procedure are the mixing length theory 
and the similarity theory, and these can be 
combined with statistical treatment of the 
dynamics in the manner of Reynolds equa¬ 
tions. 

TURBULENCE, GENERATON OF. See grid, 

as a means of generating turbulence. 

TURBULENCE, HOMOGENEOUS. Turbu¬ 

lence is said to be homogeneous when there is 
no spatial variation of the mean properties of 
the turbulent component of the motion, al¬ 
though the local properties may be directional, 
as, for example, when there is large, but uni¬ 
form, shear in the mean motion. 

TURBULENCE IN WIND TUNNELS. One 
of the aims in designing a wind tunnel is 
usually that the turbulence of the stream in 
the working section should be as low as pos¬ 
sible. In any experiment where a turbulent 
stream is required, a grid can then be used to 
introduce turbulence of the required intensity. 
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Reduction of turbulence in the working sec¬ 
tion of a wind tunnel is achieved by introduc¬ 
ing (1) a large contraction before the working 
section and (2) several screens of woven wire 
gauze before contraction. (See also gauze, 
flow through; grid, as means of generating 
turbulence.) 

TURBULENCE, ISOTROPIC. Isotropic 
turbulence is turbulent motion which in the 
mean possesses no directional properties. Tur¬ 
bulence which is created anisotropic tends to¬ 
wards isotropy because the fluctuations of 
pressure gradient produced by components of 
motion in one direction tend to transfer energy 
into motion in a direction at right angles. 

Turbulence is not generally isotropic when 
there is large shear in the mean motion. 

TURBULENCE, MICROSCALE OF. A 

measure of the size of the eddies present in 
turbulent motion, denoted by the length X. 
The autocorrelation coefficient rx falls off more 
rapidly with increasing .r when there are smaller 
eddies present. r0 = 1 and (drx/dx)x =0 = 0, 
so that the curvature of rx at x = 0 provides 
the relevant measure. X is defined by 

The mean rate of dissipation of turbulent 
energy per unit mass of fluid, denoted by t, in 
isotropic turbulence is related to X according to 

e = 15 v (^72)^/X2, 

(m,2)^/X2 being a measure of the shearing rate 
and v the dynamic viscosity. 

Another measure of the size of the eddies in 
which the dissipation by viscosity matches the 
supply of energy extracted from motions on a 
larger scale is provided by the length (r3/«)^. 
This length turns out to be much smaller than 

X because u'2 is the intensity of the turbulence 
as a whole and not of the smallest eddies which 
are being destroyed by viscosity. In using this 
measure it must be assumed that the motion 
(including u’2) is entirely determined by the 
two quantities v and e. 

TURBULENCE, REYNOLDS NUMBER OF. 
The most general definition of the Reynolds 
number of turbulence is 

E}iL/v 

where E is the kinetic energy per unit mass and 
L is a length scale of the eddies containing most 
of the energy. Usually L is taken as the micro¬ 
scale of turbulence (see turbulence, micro¬ 
scale of). 

In the smallest eddies, controlled by the vis¬ 
cosity, and in which the intensity of motion is 
determined by the rate of supply of energy «, 
the appropriate length is (r3/e)^, and time 
(r/e) ^. The Reynolds number is thus an abso¬ 
lute constant (no nondimensional numbers can 
be derived from a combination of the data e 

and v alone). 

TURBULENCE, SIMILARITY OF. The 
spectrum of eddy sizes ranges from the largest 
eddies which are created by some external in¬ 
fluence to the smallest in which the energy is 
dissipated into heat by viscosity. In between 
there may be a range of eddy sizes in which no 
eddies are created by an external influence and 
the dissipation by viscosity is negligible com¬ 
pared with the cascade of energy down the 
scale of eddy sizes. In this range, called the 
inertial range, the motion is similar on all 
scales and the intensity is determined only by 
t, the rate at which energy is extracted from 
the motion on a larger scale and is handed 
down to the smaller eddies. 

For an inertial range to exist the turbulence 
on that scale must be strictly homogeneous 
and isotropic, but it is generally supposed, in 
making use of the idea of similarity, that the 
turbulence is locally homogeneous and iso¬ 
tropic. 

The energy spectrum functions in the iner¬ 
tial range are of the form given by 

u,2F(ri) oc tn~2 (frequency spectrum) 

u,2E{k) cc t^k~(wave number spectrum). 

If the motion is similar on all scales the dif¬ 
fusion coefficient must depend on the scale con¬ 
sidered. Thus the mean rate of separation of 
two particles a distance l apart is determined 
only by the intensity of the turbulence (i.e., by 
e) and l itself. Thus the appropriate coeffi¬ 
cient for Fickian diffusion is 

The same form is necessarily assumed by 
any transfer coefficient of the turbulence, but 
it is only significant in turbulence possessing 
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similarity because only then is e independent 
of the relevant length scale. 

Other deductions may be made about the 
nature and effects of turbulence assuming the 
motion to be similar on all scales, but they can 
only be applied with confidence to actual tur¬ 
bulence on a scale small compared with the 
eddies which are created and large compared 
with those dissipated by viscosity. 

TURBULENT BOUNDARY LAYER. In a 
turbulent boundary layer, turbulent motion of 
the fluid is superimposed on the mean flow, and 
this gives rise to Reynolds stresses which have 
an important effect. In particular, over the 
greater part of the boundary layer, the Reyn¬ 
olds shear stress is large compared with the 
viscous shear stress. Thus in turbulent flow 
the boundary-layer equations are 

du du l dp d2u d —7— 
u-\-v—=-— + v— — — (u v ), (1) 

dx dy p dx dy By 

and the equation of continuity. 
Equation (1) is the same as for a laminar 

boundary layer, except for the addition of the 
last term on the right-hand side, presenting 
the Reynolds shear stress. In this term, u' and 
v' are the instantaneous components of fluctu¬ 
ating velocity and the bar denotes a mean 
value with respect to time. 

Analytical treatment of turbulent boundary 
layers is very difficult, mainly because it is 
not possible to express the Reynolds shear 
stress in terms of the mean-flow parameters. 
Moreover the conditions at a given section of 
the boundary layer depend not only on the 
local conditions, but also to a large extent on 
the previous history of the layer. 

Three main regions may be distinguished in 
a turbulent boundary layer. First there is an 
outer region, covering most of the boundary 
layer, in which large-scale eddies predominate 
and the shear stresses are comparatively small. 
Fluid from outside the boundary layer is swept 
into the layer by the large eddies in this re¬ 
gion. The instantaneous position of the outer 
edge of the layer is wavy and is continually 
changing, so that at a given fixed point near 
the edge of the layer turbulence occurs inter¬ 
mittently. 

The second region to be considered is the 
inner part of the boundary layer where the 
flow is determined only by the properties of the 
fluid and the shear stress at the wall. In this 

region the velocity gradient is considerably 
greater than in the outer region and the veloc¬ 
ity profile is logarithmic. This is the region 
in which energy is transferred from the mean 
flow to the turbulence. The transfer of energy 
from the mean flow starts with the larger 
eddies; energy is transferred from these to 
successively smaller eddies until finally the 
energy is dissipated by the action of viscosity 
in very small eddies. 

The third region to be considered is a very 
thin layer next to the wall in which the vis¬ 
cous shear stress is large compared with the 
Reynolds shear stress. The thickness of this 
layer is usually less than %00 of the total 
boundary-layer thickness. The layer is often 
known as the laminar sub-layer, although the 
flow in it is not strictly laminar. Except for 
the laminar sub-layer, and a thin region just 
outside it, the viscous shear stress is negligible 
over the whole of a turbulent boundary layer. 

Most of the approximate methods for calcu¬ 
lating the development of a turbulent bound¬ 
ary layer in a pressure gradient make use of 
the momentum equation. In these methods 
the momentum equation is integrated by mak¬ 
ing use of empirical data giving the skin-fric¬ 
tion coefficient in terms of the Reynolds num¬ 
ber and a form parameter. Various form 
parameters have been used, but a common one 
is H, the ratio of displacement thickness to 
momentum thickness. It is assumed that the 
velocity profile, expresssed non-dimensionally, 
depends only on this one parameter, and 
further empirical data are used to give the 
variation of the form parameter itself. 

These methods, based on empirical data, are 
reasonably satisfactory for predicting skin- 
friction drag and the thickness of the boundary 
layer, but there is always considerable un¬ 
certainty in any attempt to predict the posi¬ 
tion of separation. (See also form parameter 

for turbulent boundary layer; logarithmic pro¬ 

file; momentum equation for boundary layer.) 

(See H. Schlichting, Boundary Layer Theory 
(English Translation by J. Kestin), Pergamon, 
1955.) 

TURBULENT BOUNDARY LAYER, FORM 

PARAMETER FOR. See form parameter for 

turbulent boundary layer. 

TURBULENT CONVECTION. The trans¬ 
port or transfer by turbulent motion of a 
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property which is carried by a fluid. Equiva¬ 
lent to diffusion by turbulence. 

TURBULENT FLOW IN A BOUNDARY 
LAYER, TRANSITION TO. See transition 
to turbulent flow in a boundary layer. 

TURBULENT FLOW IN A PIPE OR CHAN¬ 
NEL, TRANSITION TO. See transition to 
turbulent flow in a pipe or channel. 

TURBULENT FLOW IN PIPE. See pipe, 
turbulent flow in. 

TURBULENT, OR EDDY, TRANSFER CO¬ 
EFFICIENTS. (Ger. Austausch. I A coeffi¬ 
cient which is equal to the rate of transfer, by 
turbulent motion, of a quantity possessed by 
the fluid, across unit area in a direction down 
the mean gradient of the quantity, divided by 
the mean gradient. 

The coefficient is sometimes represented by 
K with a suffix to denote the quantity being 
transferred, e.g., KM for momentum (to repre¬ 
sent the shearing stresses due to the turbu¬ 
lence) and Kh to represent the transfer of heat 
down the mean temperature gradient. 

The representation of the effect of turbu¬ 
lence in this way assumes there to be a com¬ 
plete analogy with molecular transfer, and is 
sometimes referred to as “IGtheory.” The co¬ 
efficients appear in the relevant equations 
(e.g., Navier-Stokes equations) in the same 
way as the corresponding molecular coeffi¬ 
cients. The limitation of the theory is that 
the coefficient is a property of the turbulence 
and may vary from place to place and with 
time unlike the molecular coefficients which 
represent physical properties of the fluid sub¬ 
stance. In the case of momentum which may 
be imparted from one mass of fluid to another 
without mixing, and heat which may have 
important buoyancy forces accompanying it, 
the quantity being transferred may itself in¬ 
fluence the turbulence, and may therefore not 
be a transferable quantity. 

The turbulent transfer coefficients are called 
the eddy viscosity, eddy conductivity, or eddy 
diffusivity according to the property being 
transferred. 

TURNOVER FREQUENCY. See Nyquist 
frequency. 

TWIG. See branch. 

TWIST BUCKLING. See buckling, twist. 

TWIST, CENTER OF. See shear center. 

TWISTED CURVE (IN THREE-DIMEN¬ 
SIONAL SPACE). A space curve that does 
not lie in a plane. Also called skew curve. 

TWO-BODY PROBLEM. The so-called two- 
body problem is the foundation of celestial 
mechanics. The solution of the problem re¬ 
quires two fundamental assumptions: (1) 
that two and only two objects exist in the uni¬ 
verse, and (2) that some law of force between 
the two objects is given. With these assump¬ 
tions admitted, the two-body problem may 
briefly be stated as follows: given the relative 
positions of two objects at any instant, to¬ 
gether with their motions and masses at that 
instant, to predict the positions and motions 
of the objects at any subsequent instant. (See 
planetary motion; three-body problem.) 

TWO-COMPONENT EQUATION OF THE 
NEUTRINO. This equation was first pro¬ 
posed by Weyl in 1929 to describe a particle 
of mass zero and spin %, but rejected because 
of its non-invariance under space reflections. 
When recently experiment revealed that parity 
is not conserved in /? decay, Lee and Yang 
(1957) (who were responsible for the original 
suggestion that parity might not be conserved 
in weak interactions and indicated ways of 
testing this hypothesis) proposed that neu¬ 
trinos obey the Weyl equation to account for 
the observed non-conservation of parity. The 
Weyl equation, the equation obeyed by the 
two-component amplitude <f> describing neu¬ 
trinos is 

ihdt<t>(x) = i'hccr- Y0(x) (a) 

where a = (cri, <r2) <r3) are the 2X2 Pauli mat¬ 
rices. This equation is form invariant under 
restricted inhomogeneous Lorentz transforma¬ 
tions, x' = Ax -f a, if 

*'(*') = S(A)d>(x) (b) 

where <S(A) is a 2 X 2 matrix which satisfies 
the equation 

3 

SCAKStA)-1 = £ A/V (c) 
K=0 

where a* = (1, crj, <r2, cr3); i.e., <t>(x) is a 2-com¬ 
ponent spinor which under homogeneous Lor¬ 
entz transformations transforms according to 
the D(0, %) representation. Equation (a) 
is not covariant under space inversion, since 
under a space inversion a quantity transform- 
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ing under the D{0, }4) representation is taken 
into one transforming according to the D(l/2, 0) 
representation. 

The Weyl Equation admits of plane wave 
solutions of the form 4> = e~ipxu(p) if p0 = 
=b | p |, so that the particles described by the 
equation travel with the speed of light (as re¬ 
quired for mass zero particles). Furthermore, 
each solution of a given sign of the energy cor¬ 
responds to a definite orientation of the spin 
of the particle with respect to the direction of 
motion. Thus for pa = +c|p| the spin is 
anti-parallel to p and can be represented by a 
left-hand screw. The solution with p0 = 
— c | p | has the spin parallel to p and can be 
represented by a right-hand screw. 

In a hole theory interpretation of the neg¬ 
ative energy states the anti-neutrino will have 
a momentum opposite to that of the negative 
energy state which is vacated. Hence, the re¬ 
lation of the spin direction to the momentum 
of the anti-neutrino is represented by a right- 
hand screw. 

The non-invariance under space inversion of 
the two component theory can now be differ¬ 
ently stated. Under space-inversion (p —» 
— p, x —* — \, o’ —> cr) the state of energy 
p0 = +c| p of momentum p with spin and 
momentum parallel (helicity +1) is carried 
into a state of momentum p, energy p0 = 
+c|p and helicity — 1, i.e., spin and momen¬ 
tum anti-parallel; but no such state exists for 
the two-component theory. 

TWO-STROKE ENGINE. A reciprocating 
engine on which one working stroke is exe¬ 
cuted per one revolution (two strokes). A 
two-stroke engine is equipped with inlet ports 
and exhaust ports which are covered and 
uncovered by the piston. It is also provided 
with a separate scavenger pump. The se¬ 
quence of operations is as follows: 

0-1. Scavenging and introduction of working 
fluid (air in diesel engine, combustible 
mixture in gasoline engine). Slits un¬ 
covered. 

1- 2. Compression. Slits covered. 
2- 3. Combustion (at nearly constant volume 

in gasoline engine, at nearly constant 
pressure in diesel engine). Slits covered. 

3- 4. Expansion. Slits covered. 
4- 0. Release. Slits uncovered. 

Operations 0-1 and 1-2 are performed dur¬ 
ing one stroke, operations 2-3, 3-4 and 4-0, 
during a following stroke, and this sequence 
continues. 

Cycle of two-stroke engine. 

Practical engines differ in details from the 
preceding idealized description. There exist 
engines which incorporate an exhaust valve to 
render scavenging more efficient and which, 
therefore, resemble somewhat a four-stroke 
engine. 

TYPE NUMBER OF CONTROL SYSTEM. 
See control system, type number. 



u 
UEHLING EFFECT. See vacuum polariza¬ 

tion. 

ULBRICHT SPHERE. See Sumptner 

principle. 

ULTIMATE STRENGTH. The maximum 
load reached in a tension test divided by the 
original cross-sectional area of the bar is called 
the ultimate tensile strength. For a ductile 
material it is simply a measure of instability 
or necking, and is much lower than the break¬ 
ing load divided by the area at fracture. 
Nevertheless the working stress is often 
chosen as a fraction of the ultimate strength. 

ULTIMATE STRENGTH THEORY. A 
method of analysis and design of reinforced 
concrete structures in which elastic behavior 
is assumed, but failure is assumed to occur 
when the limit moment is reached somewhere 
in the structure. This compromise between 
plastic limit design and elastic behavior is an 
attempt to take the brittle behavior of con¬ 
crete into account without too much sacrifice 
of economy. 

ULTRAVIOLET SPECTRUM. See spec¬ 

trum, ultraviolet. 

UMBRAL INDEX. See summation conven¬ 

tion. 

UMKLAPP PROCESSES. A German term 
meaning “flop-over” processes. A type of col¬ 
lision between phonons, or between phonons 
and electrons, where crystal momentum is not 
conserved. No principle is violated, because 
the magnitude of the crystal momentum or 
wave vector is arbitrary up to the addition of 
any multiple of a vector of the reciprocal 

lattice. These processes provide the major 
part of thermal resistance in dielectric solids, 
and are important in electrical conduction in 
metals. 

U.M.P. (UNIFORMLY MOST POWER¬ 

FUL) TEST. A test of a statistical hypothe¬ 
sis which has greater power than any other 
test for a family of alternative hypotheses. 

UNATTAINABILITY OF ABSOLUTE 
ZERO. See thermodynamics, third law of. 

UNCERTAINTY. General term for the esti¬ 
mated amount by which the observed or cal¬ 
culated value of a quantity may depart from 
the “true” value. The uncertainty is often 
expressed as the average deviation, the prob¬ 
able error, or the standard deviation. 

UNCERTAINTY PRINCIPLE. See indeter¬ 
minancy principle. 

UNCOUPLING PHENOMENA IN SPEC¬ 
TROSCOPY. Change in the coupling condi¬ 
tions in the atom or molecule with consequent 
changes in the spectrum. For example, un¬ 
coupling of the electron spin from the elec¬ 
tronic orbital angular momentum (Paschen- 
Back effect) or the uncoupling of the electron 
spin from the intemuclear axis of a diatomic 
molecule (transition from Hund’s case (a) to 
(b)). For more detail see the literature 
quoted with the entries Paschen-Back effect 
and Hund’s coupling cases. 

UNDETERMINED COEFFICIENTS, 
METHOD OF. A method which may be used 
in several different situations. For example, 
if we wish to find that solution of the differen¬ 
tial equation 

(1 + x2)y" + 2xy' - 2y = 0 

for which y(0) = 0, y'(0) = 1, we may set 

y = a0 + axx + a2x2 -|-1- anxn -\-, 

with undetermined coefficients ao, cq, •••, 
which may be successively obtained by substi¬ 
tution in the equation. 

UNIFORM CIRCULAR MOTION. In order 

that a particle of mass rn be maintained in 
motion with constant angular velocity co and 
at constant radius r from a fixed center, it is 
necessary that a centripetal force be acting. 
This force is 

5)94 

f = vm X (o X r, 
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where r is the instantaneous radius vector 
from the center to the particle. (See triple 
vector product.) This force is always di¬ 
rected toward the center, and has a magni¬ 
tude 

/ = mu>2r = mv2/r, 

where v is the linear speed of the particle. 
The particle must be continually accelerated 
inward with an acceleration of magnitude co2r, 
because the velocity is changing in direction, 
even though it is constant in magnitude. 

UNIFORM DIFFUSE REFLECTION. Dif¬ 
fusion by reflection, such that the luminance is 
the same in all directions. 

UNIFORM DIFFUSE TRANSMISSION. 
Diffuse transmission in which the spatial dis¬ 
tribution of transmitted flux is such that the 
luminance is the same in all forward directions. 

UNIFORM MOTION. Uniform motion is 
motion at constant speed. If the motion is 
rectilinear, the velocity is constant and the 
acceleration therefore is zero. 

UNIFORM POINT SOURCE. A point source 
which emits radiation uniformly in all direc¬ 
tions. 

UNIMODULAR GROUP. See Lie group. 

UNIMOLECULAR REACTIONS. A poly¬ 
atomic molecule with a sufficient amount of 
energy distributed over its degrees of freedom 
will eventually decompose if left alone long 
enough. Such molecules may be called active 
molecules. Actually, active molecules are 
continually losing their excess energy through 
collisions and are reconverted to normal mole¬ 
cules. This is the process called deactivation. 
It is easily seen that for this reason the rate of 
such a process will be of the first order at suffi¬ 
ciently high pressures (see order of chemical 
reactions). 

The usual description of the decomposition 
of active molecules is based on the two fol¬ 
lowing steps: 

(1) Establishment of the thermal equilib¬ 
rium inside the molecule corresponding to the 
given energy; 

(2) Fluctuations in the distribution of the 
energy among the internal degrees of freedom 
until sufficient energy is concentrated on a 
vulnerable bond. This bond is then broken 
and the molecule dissociates. 

UNIQUE FACTORIZATION THEOREM. 
A theorem of this kind may be stated in sev¬ 
eral connections, but most commonly as fol¬ 
lows (often called the fundamental theorem 
of arithmetic): a positive integer can be ex¬ 
pressed in one and only one way, apart from 
the order of the factors, as a product of prime 
numbers. 

UNITARY GROUP. See Lie group. 

UNITARY MATRIX. See matrix. 

UNITARY MODULAR GROUP. See Lie 
group. 

UNITARY OPERATOR. An operator U is 
said to be unitary if for every pair of vectors, 
/, g in the Hilbert space 3C 

(Uf, Ug) = (/, g) (a) 

and every vector g in OC can be written in the 
form g = Uh, h in 3C. It follows from (a) and 
the properties of the scalar product that U is 
linear and has an inverse U~l which is equal 
to its hermitian adjoint, U~l = U*. 

UNIT BINORMAL. See binormal. 

UNIT CELL. The basic unit of a crystal 
structure, being the minimum volume from 
which the crystal may be constructed by 
translation operations only. 

UNITED ATOM. See building-up principle. 

UNIT ELEMENT. That member often called 
E (or /), of a group, or of a field, such that 
EA = AE — A for every element A. 

UNIT, FUNDAMENTAL. Any one of the 
basic set of arbitrarily defined units on 
which a system of units is based. All other 
units of the system may be derived from the 
set of fundamental units, and every physical 
quantity expressed in the system has dimen¬ 
sions that may be expressed as combinations 
of the fundamental units. (See units, system 
of.) 

UNIT IMPULSE FUNCTION. See impulse 
function. 

UNIT MATRIX. A matrix with unity in each 
place on the main diagonal and zero elsewhere. 

UNIT NORMAL (AT A POINT OF A SUR¬ 
FACE). A unit vector in the direction of the 
normal to the surface. If the equation of the 
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surface is taken in parametric form, u and v 
being the parameters, then the positive direc¬ 
tion of the unit normal is usually taken in the 

dv <9r 
direction of the vectors — X — , where r is 

du dv 
the radius vector of the point on the surface 
whose parametric coordinates are u,v. 

UNIT OPERATOR. An operator, usually 
denoted by I, which leaves unchanged every 
element in its domain. Also called the iden¬ 
tity operator. As a consequence, if A is any 
other operator which can be multiplied by I, 
we have IA = AI = A. 

UNIT PLANES. Alternative term for the 
principal planes of Gaussian optics. 

UNIT PRINCIPAL NORMAL. See normal, 
principal. 

UNITS, SYSTEM OF. A set of definitions of 
standard physical quantities, in terms of 
which similar quantities may be measured or 
expressed, each quantity being specified in 
terms of some arbitrary standard or by a de¬ 
fining equation, and all of the definitions 
being mutually consistent. (See acoustical 
units; electromagnetic units; mechanical 
units; thermal units.) 

UNIT TANGENT. See tangent to a curve at 
point P. 

UNIVERSAL GAS CONSTANT. See gas 
constant. 

UNLOADING. To a first approximation, the 
strains associated with reduction of the stress 
below the yield limit after plastic flow are 
purely elastic. More detailed measurements 

£ 

Stress-strain diagram showing unloading and loading. 

reveal a narrow hysteresis loop associated 
with unloading and loading after plastic flow 
as shown in the figure. 

UNNATURAL PROCESSES. See natural 
and unnatural processes. 

UNIVERSAL FERMI INTERACTION. See 
Fermi theory of beta decay. 

UNRESISTED EXPANSION. See adiabatic 
process. 

UNSTABLE EQUILIBRIUM. See equilib¬ 
rium, unstable. 

UNSTABLE PHASES. See stability of 
phases. 

UNSYMMETRICAL BENDING. The bend¬ 
ing of a beam about a non-principal axis is 
called unsymmetrieal bending because the 
neutral axis does not coincide with the axis 
of the bending moment (see lateral deflection). 
For any two perpendicular axes x, y, in the 
cross section with origin at the centroid, the 
elastic distribution of normal stress is given 

by 
(MyIX + Mxlxy)x (MXIy + Myl Xy)y 

T T _ T 2 ' T T _ T 2 
* x* y xy * x* y xy 

where Mv is the component of the moment 
vector in the positive y-direction, Mx, in the 
positive x-direction, Ix and Iv are the moments 
of inertia about x and y, respectively, and Ixy 

is the product of inertia. The inclination of 
the neutral axis ft is given by the ratio of y 
and x for a = 0 

MyIx + MxIxy 

tan P -- 
MXIy + AI yl xy 

UPPER BOUND THEOREM FOR PLAS¬ 
TICITY. See limit theorems. 

UPPER CALORIFIC VALUE. See combus¬ 
tion. 

UPPER IGNITION LIMIT. See ignition 
limit. 
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VACUUM CORRECTION (OPTICAL). 
See correction to vacuum. 

VACUUM POLARIZATION EFFECTS. 
The physical consequences of the interaction 
of charges with the zero point fluctuations of 
the electron-positron field and other charged 
matter fields. 

According to Dirac’s Hole theory, the vac¬ 
uum is characterized by the fact that all nega¬ 
tive energy electronic states are occupied. If 
now a positive energy charged particle is 
present, the electronic field which accom¬ 
panies the charge distorts the charge distribu¬ 
tion of the “vacuum” and the vacuum appears 
polarized. This effect is proportional to the 
charge which produces it and is always and 
unavoidably present. The charge which one 
observes experimentally is not the same as 
the bare charge, but corresponds in fact to 
bare plus induced charge. The phenomenon 
may be viewed as follows: a charge Q0 (the bare 
charge) as a result of interaction with the elec¬ 
tron-positron field surrounds itself by a cloud of 
electrons and positrons. Some of these, with 
net charge SQ of the same sign as Q escape to 
infinity leaving a net charge — 5Q in the part 
of the cloud which is within a distance h/mc 
of the charge Qa. At a distance which is large 
compared with ft/me one therefore observes 
an effective charge Q = Q0 — &Q, the renor¬ 
malized charge which is identified with the 
experimental charge of the body. The effect 
of this polarization is thus to make the ob¬ 
served charge less than the bare charge. 

The problematical aspect of the above stems 
from the fact that the induced charge 8Q is 
infinite when calculated according to hole 
theory or its more modern formulation. This 
difficulty is circumvented by the process of 
charge renormalization, which identifies the 
quantity Q0 + 8Q (even though divergent) 
with observed finite (experimentally measur¬ 
able) charge of the test body, Qexp. 

The presence of these vacuum polarization 
effects gives rise to deviations from Coulomb’s 
law between two static test charges. This is 
known as the Uehling effect. 

The Uehling effect gives rise to a correction 
of — 27 megacycles to the Lamb shift of n = 2 
level of atomic hydrogen. The presence of 
this correction term has been verified experi¬ 
mentally. For mesic atoms, the contribution 
to the level shift due to the vacuum polariza¬ 
tion by the field of the nucleus is much larger 
than that due to the mesic self-energy (radia¬ 
tive shifts). Thus for the 1 S level of the 

atom the level shift is about —10 ev 
and in the 7r--Mg atom the 1 <S level is low¬ 
ered about 1.4 kev. That level shifts of this 
order of magnitude do occur in mesic atoms 
has been verified experimentally. 

VALENCE BAND. The range of energy 
levels in a crystal which are normally occu¬ 
pied by the valence electrons which bind the 
crystal together. In a semiconductor or in¬ 
sulator, this band is separated from the con¬ 
duction band by an energy gap. 

VALENCE BOND METHOD. The solution 
of the Schrodinger equation for a molecule 
is a very difficult wave-mechanical many-body 
problem. Except in the case of the mole¬ 
cule and the H2+ molecular ion, the bond en¬ 
ergy and the wave function can only be evalu¬ 
ated by rough approximations. The oldest of 
these is the valence bond method introduced 
by Heitler and London, and further developed 
by Slater and Pauling; it is therefore some¬ 
times referred to as the HLSP method. 

There is a close similarity between this 
method and the old chemical picture of the 
bond. The valency electrons in a molecule 
are assumed, in a first approximation, to be 
paired in doublets which are localized be¬ 
tween the atoms. There is, however, an im¬ 
portant difference which can best be illustrated 
by considering a molecule AB, where both 
atoms have 1 valency electron each. The 
older chemical representation of AB was any 
one of three structures: 

A—B A+B~ A_B+ (1) 

The first is a covalent bond, the next two 
arc ionic structures. 

997 
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In the valence bond approximation, these 
structures are retained, but the molecule is not 
assumed to be representable by any structure 
alone: the wave function of AB is built up by 
a linear combination of partial (and fictitious) 
wave functions corresponding to the three 
structures. Use of the variational principle 
allows one to determine the coefficients of 
these partial wave functions in the linear 
combinations. 

Such a linear combination of wave functions 
is always a better (but not necessarily the 
best) description of the molecule. The mole¬ 
cule AB can thus never be represented accu¬ 
rately by one alone of the structures (1), but 
one must take into account the “resonance” 
(i.e., the necessity of building up linear com¬ 
binations) of the various structures. 

One can associate a fictitious energy E wTith 
any of the approximation \p of the wave func¬ 
tion 

E = f\p*H\pdr / ft2dr (2) 

where H is the Hamiltonian. 
The difference between the energy calcu¬ 

lated from the linear combination of two par¬ 
tial wave functions and the lowest of the en¬ 
ergies deduced from the partial wave functions 
alone is called the resonance energy. It de¬ 
pends on the structures chosen initially to 
describe the molecule. 

For polyatomic molecules, the valence bond 
approximation still retains the idea of molec¬ 
ular structures in which the electrons are 
grouped in pairs, but the number of structures 
which must be included in the linear combina¬ 
tion of wave functions in order to have a fair 
representation of the molecule can be quite 
large. 

VALENCE FORCES IN POLYATOMIC 
MOLECULES. In order to reduce the num¬ 
ber of unknown force constants, often simpli¬ 
fying assumptions are made about the restor¬ 
ing forces in the molecule. The assumption 
most often used is that of valence forces, that 
is, of a strong restoring force in the line of 
every valence bond and a weaker one opposing 
a change of the angle between two valence 
bonds connecting one atom with two others. 

Thus, if in nonlinear symmetric XY2 mole¬ 
cules ki is the force constant of the AT bond 
and kg the force constant of the Y-X-Y angle, 

the following simple relations between the 
frequencies and force constants are obtained 
by solving the corresponding secular equations 
(see normal vibrations and normal coordinates 
in polyatomic molecules): 
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Here mx and my are the masses of the atoms 
X and Y, a is half the Y-X-Y angle, and l is 
the XY distance. 

For linear symmetric XY2, one finds 
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For linear XYZ molecules, if kx and k2 are 
the force constants, lx and l2 the lengths of 
the AT and YZ bonds, one finds 
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VALENCE, THEORY OF. See Heitler- 
London theory of valence; molecular orbital 
theory of valence. 

VALENCY, DIRECTED. See directed va¬ 
lency. 
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VAN DER WAALS EQUATION. A form of 
the equation of state applicable to a (dilute) 
real gas. Its form is 

(p + ji)(-v~b) = RT• 

where p is the pressure, V is the volume, T is 
the absolute temperature, R is the gas con¬ 
stant, if we are dealing with one mole of the 
gas, and a and b are constants. 

VAN DER WAALS FORCES. Interatomic 
and intermolecular forces of attraction, other 
than valence forces. The potential energy 
due to van der Waals forces varies inversely 
with the sixth power of the interatomic or 
intermolecular distance r. For atoms, the 
only van der Waals forces are the London 
forces. In the case of molecules additional 
forces of attraction are provided by the mu¬ 
tual interaction of induced dipole moments 
(induction effect), and, for molecules with a 
permanent dipole moment, by the interaction 
of the latter (orientation effect). The poten¬ 
tial energy due to the induction effect is given 
by 

U(r) = 

and the potential energy due to the 
tion effect by 

U(r) = - 
2m4 

3r6kT 

orienta- 

Here a stands for the polarizability, /*, for the 
permanent dipole moment, k, for Boltzmann’s 
constant and T, for the absolute temperature. 

Van der Waals forces are of importance as 
weak binding forces between inert atoms and 
between saturated molecules. (See also inter¬ 
molecular forces and bond types.) 

VAN’t HOFF FORMULA OR THE OS¬ 
MOTIC PRESSURE. See Osmotic pressure. 

VAN’t HOFF THEOREM. If a reaction is 
exothermic (see thermal coefficients) an in¬ 
crease in temperature moves the equilibrium 
position of the reaction back. On the other 
hand, if the reaction is endothermic a rise in 
temperature advances the equilibrium. 

Quantitatively this theorem may be ex¬ 
pressed by 

where £ is the extent of the reaction, hT,„ is 
the heat of reaction, and 

is the second derivative of the Gibbs free en¬ 
ergy with respect to the extent of reaction. 
(See thermodynamics, characteristic functions 
of.) 

The chemical stability condition is 

9t,p < 0. (3) 

This theorem is also clearly related to the Le 
Chatelier-Braun principle (see Chatelier (Le)- 
Braun principle). 

VAPOR PRESSURE EQUATION. Equation 
for the vapor pressure p of a solid obtained 
by integration of the Clausius-Clapeyron law 
and using the third law of thermodynamics, 

1 rx rx 
In p = — /3x + ■§■ In T — - I d/3 I csd/3 + i, 

k J g J8 

where (3 = 1/kT {k is the Boltzmann constant, 
T is absolute temperatures), x is the latent 
heat of vaporization, c8 is the specific heat of 
the solid, and i is the chemical constant. 

VAPOR PRESSURE, INFLUENCE OF CUR¬ 
VATURE ON. Let us consider a small spheri¬ 
cal drop of curvature r. Its vapor pressure p is 
related to the vapor pressure p0 of a bulk 
liquid phase at the same temperature (for the 
bulk phase 1/r = 0) by the Kelvin jormula 

, P 2y V 

Po r RT 

where V is the molar volume of the drop and 
y the surface tension. In this formula V has 
been considered as independent of pressure 
and the vapor as a perfect gas. 

This formula shows that the vapor pressure 
increases when the drop becomes smaller. 

VAPOR PRESSURE IN PERFECT SOLU¬ 
TIONS. In perfect solutions the vapor pres¬ 
sure of each component is proportional to its 
mole fraction 

Pi = PiQ*i (1) 

where p,0 is the vapor pressure of pure i. This 
is the Raoult law. 

If the vapor does not behave as a perfect 
gas mixture, the fugacity must be used in (1) 
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instead of the partial pressure. Inversely, if 
(1) is satisfied in a range of temperature, the 
solution is perfect. 

VAPOR PRESSURE OF IDEAL SOLU¬ 
TIONS. If one considers a solution which is 
not perfect but which is ideal when sufficiently 
dilute (see ideal solutions, perfect solutions, 
vapor pressure of perfect solutions) one has 
for the vapor pressures of the solutes 

Ps = ksxs (s = 2 • • • c) (1) 

where x„ is the mole fraction of the solute s. 
The difference from perfect solutions is that ka 
is not the vapor pressure of pure component s. 
Formula (1) is called the Henry law. 

VARIABLES, CANONICALLY CONJU¬ 
GATE. See canonical equation of motion. 

VARIABLE STARS. Many of the stars vary 
in brightness and/or other characteristics. 
In this article are discussed only those variable 
stars in which the brightness varies due to 
causes inherent in the star itself, e.g., pulsa¬ 
tion. Stars whose brightness varies due to 
external causes are discussed in articles on 
eclipsing binaries; and spectroscopic binaries. 

(1) Periodic Variables (Pulsating Stars). 
Observations of the brightness of a variable 
star, extending over a considerable period of 
time, frequently show a periodic rise to a max¬ 
imum and a decline to a minimum. Once the 
period is approximately determined, a least 
squares solution will give a more precise period 
and all of the observations may be reduced to 
a particular epoch. From this a mean light 
curve is obtained. Figure 1 shows the mean 
light curve for the star Eta Aquilae. With the 
period established the elements of the variable 
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Fig. 1. Light curve of Eta Aquilae. A classical 
Cepheid having a period of about 7 days. (Photo¬ 

electric light curve by C. C. Wylie.) 

may be determined. These are: The epoch, 
which is the date of some well defined feature 
of the curve (e.g., the maximum) and the 
period of variation. These are usually ex¬ 
pressed in Julian Days and decimal fractions. 
The elements of Eta Aquilae are: Maximum 
Brightness J.D. 2,414,827.15 + 7<*.1767.E (E 
is the number of the epoch counting J.D. 
2,414,827.15 as E = 0). 

(la) . Cepheid Variables. This class of ob¬ 
jects gets its name from the type star S Cephei, 
the first of this class to be investigated. The 
light curves of the Cepheids are characterized 
by a more rapid rise to maximum than the 
decline to minimum, and also by the more ir¬ 
regular shape of the curve on the declining 
side. 

Two types of Cepheid variables are now 
recognized. The type discussed above is gen¬ 
erally known as the classical Cepheid and 
about five hundred of them are known at 
present. They show a definite concentration 
toward the plane of the milky way. The peri¬ 
ods run from one to fifty days, and the range 
of brightness from maximum to minimum is 
about one magnitude. Studies of their colors 
indicates that they are yellow supergiants (cf., 
spectrum-luminosity relations). The color 
changes during the cycle of light variation but 
they are not redder than GO at maximum. 
These are frequently referred to as Type I 
Cepheids. 

Type II Cepheids have a different distribu¬ 
tion in space than those of Type I. They are 
found more frequently in the globular clusters 
(cf., star clusters) and also near the center of 
our galaxy (cf., galactic system). 

(lb) . RR Lyrae Variables. The RR Lyrae 
variables have a number of characteristics in 
common with the Cepheids, and they are 
classed as pulsating stars. They were first 
found in the globular clusters and were known 
as cluster variables. We now know many of 
them outside of the clusters. Their light 
curves have characteristics similar to those of 
the Cepheids, such as rapid rise to maximum 
and slow decline to minimum. However in 
the RR Lyrae stars the rise is extremely rapid, 
in some cases rising from a minimum to a 
maximum one magnitude brighter in less than 
an hour. The periods range from a little over 
one hour to about a day, and they are slowly 
changing. The RR Lyrae variables differ from 
the Cepheids in spectral class, ranging from 
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AO to F5, therefore being in the blue giant 
class. 

Radial velocities have been determined for 
both Cepheids and RR Lyrae variables. The 
radial velocity is found to be variable indicat¬ 
ing that at maximum brightness the star is ap¬ 
proaching the earth more rapidly than at mini¬ 
mum. Furthermore, the spectral types of 
these variables change in synchronism with 
the light curve. For example, in one case we 
have a maximum magnitude of 4.35 when the 
apparent radial velocity is —10 km/sec and 
at minimum magnitude 5.6 the radial velocity 
is 25 km/sec. It has been established for 8 
Cephei that the ultraviolet radiation changes 
through a greater range than does the green, 
and the green has a larger amplitude than the 
infrared. Furthermore, there is a slight shift 
in phase with the ultraviolet coming to maxi¬ 
mum slightly before the green and the green 
in turn slightly before the infrared. All of 
these changes; magnitude, radial velocity, 
spectral type and color are in such close syn¬ 
chronism that it seems certain that we are 
dealing with truly pulsating stars. 

These pulsating stars have still another very 
important correlation in what is known as the 
period-luminosity relation. This is shown 

-0.5 0.0 0.5 1.0 1.5 
Log Period 

Fig. 2. Period-luminosity curves for Cepheids. The 
absolute median photographic magnitude of a 
Cepheid can be read from these curves when the 
period of the light variation is known. The median 

magnitudes of all RR Lyrae variables are zero. 

graphically in Figure 2. When the period of 
a Type I Cepheid, a Type II Cepheid, or a 
RR Lyrae Type star is determined the median 

absolute magnitude may be determined by 
reference to the curves. The upper curve is 
for the Type I Cepheid, the lower curve is for 
the Type II Cepheid, and the RR Lyrae stars 
have median absolute photographic magni¬ 
tudes of zero. The median apparent magni¬ 
tude is determined by observation. Calling 
this to, and the value from the curve, M, we 
have the distance, r, given by 

(to — M + 5) 
logio r =--- 

5 

from which the distance r is given in parsecs 
and must be corrected for any known absorp¬ 
tion of light in the intervening space. 

(2) The RV Tauri Stars. This is a classi¬ 
fication of variable stars with periods between 
those of the Cepheids and those of the long 
period variables. This embraces stars with 
periods from 19 to 150 days. In this group 
we find periods that are cyclic in character 
rather than strictly periodic. Many of them 
show a tendency to alternation of deep and 
shallow minima. The physical characteristics 
of this group are less well defined than those 
of the cepheids. Mean light curves are dif¬ 
ficult, if not impossible, to determine because 
of variations in period and amplitude. About 
75% of this group have median periods be¬ 
tween 60 and 100 days. The spectral class at 
maximum ranges from F0 to G without any 
apparent correlation with period. Many of 
them show bright lines, notably of hydrogen, 
at some stage of their cycle. Many of them 
develop the bands of titanium oxide at their 
deep minima, although the spectral class 
at minimum is rarely later than K0. The 
RV Tauri group is not a physically homo¬ 
geneous group. For example, RV Tauri 
and AC Hercules are of nearly the same period, 
78 days, but the former has a spectral range 
from G4 to K4, while the latter ranges from 
F0 to G8. 

(3) Long-Period Variables. Here we have 
another well-defined group of over 500 stars 
with periods ranging from 90 to 700 days. 
They are distinguished from the RV Tauri 
group by their larger amplitudes and their 
more definite spectral features. The periods 
of the 500 brightest long-period variables are 
quite symmetrically the limiting periods for 
this class, with two equally prominent fre¬ 
quency maxima at about 260 and 340 days. 
When all known long-period variables are 
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considered, 260 days is by far the most promi¬ 
nent period. There is considerable, but not 
conclusive, evidence of the existence of at 
least two groups that blend into each other. 

The amplitude of variation of the long pe¬ 
riod variables is large. However, care must be 
taken in defining this since the magnitudes at 
successive maxima may be quite different, and 
there is the same variability of the minima. 
The most representative range is from median 
maximum to median minima and this aver¬ 
ages about five magnitudes for the M-type 
long period variables and a bit less for the 
N-type. 

A number of studies of the distribution of 
the long period variables in space have been 
undertaken. Nothing of any considerable im¬ 
portance has been established. 

The spectra of the long-period variables 
show the molecular bands that are character¬ 
istic of the M, N, S, and R spectral classes. 
This indicates relatively low temperature stars. 
However, bright lines of hydrogen, iron (neu¬ 
tral and once or twice-ionized) together with 
bright lines of magnesium, silicon, and indium 
are found in the spectrum of the typical, and 
first discovered, long period variable Mira 
(0 Ceti). Other anomalies in the Balmer 
lines have been noted, but nothing like a com¬ 
plete explanation is available, (cf. novae.) 

VARIANCE. In statistics, the variance of a 
population is the second moment about the 
mean. The same definition applies to a 
sample of value but some writers define the 
variance of X\, x2, • • •, xN as 

i *L 
—-- Z (*i - z)2- 
N - 1 i=i 

The grounds for this are that such a quantity 
has an expectation equal to the parent vari¬ 
ance and thus is an unbiased estimator of that 
variance. In mechanics, the term refers to 
the number of degrees of freedom of a sys¬ 
tem. In physics and chemistry, the variance 
is the number of degrees of freedom of a sys¬ 
tem, or the degrees of freedom themselves. 

VARIANCE-COVARIANCE MATRIX. See 
dispersion. 

VARIANCE OF A THERMODYNAMICAL 
SYSTEM. See phase rule. 

VARIANCE, STABILIZATION OF. See 
stabilization of variance. 

VARIATE DIFFERENCE METHOD. If the 
non-random part of a time-series can be rep¬ 
resented locally by a polynomial, this part can 
be removed by taking successive differences of 
the series. If the variances of the successive 
difference series are calculated, and the rth 
variance divided by (2r)!/(r!)2, the resulting 
numbers should decrease until the trend has 
been eliminated and then remain at a roughly 
constant value which estimates the variance of 
the random part of the original series. A simi¬ 
lar technique can be used to estimate the corre¬ 
lation between the random parts of two series. 
(See weighting.) 

VARIATIONAL METHOD. See Rayleigh- 
Ritz method. 

VARIATIONAL PRINCIPLES FOR NON¬ 
EQUILIBRIUM STATES. See time variation 
of the entropy production. 

VARIATION, BOUNDED. A function f(x) 
is said to be of bounded variation over a 
closed interval [a,6] in its domain of defini¬ 
tion if there exists a constant M such that 

l/(*i) ~ f(xo) | + I f(x2) - f(x i) |4- 

+ 1/(0 -/(*»-i)| <M 

for every subdivision xa = o, aq, x2, •••, xr 
of [a,b], 

VARIATION, COEFFICIENT OF. See co¬ 
efficient of variation. 

VARIATION OF LATITUDE. In the latter 
part of the 18th century the mathematician 
Euler predicted, from purely theoretical con¬ 
siderations, that the latitude of every point on 
the surface of the earth should be varying. 
The amount of this variation depends upon 
the shape, the elasticity, and other physical 
characteristics of the earth, together with the 
attractions of external objects, such as the 
moon, for our rotating planet. The first actual 
observations of variation of latitude were 
made in 1888, nearly a century after Euler’s 
prediction, by the careful observations of the 
astronomer Kustner. 

VARIATION PRINCIPLE AND BOND EN¬ 
ERGIES. The variation principle has often 
been used as a tool to solve wave-mechanical 
problems: Let ^ be a trial wave function; it 
may itself be a linear combination of simpler 
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functions. The variation principle states that 
one has the relationship: 

=/ 
\l/H\p*dr > E 

H is the Hamiltonian, and dr is a volume ele¬ 
ment. E is the true energy of the system. 
One may thus choose between different pos¬ 
sible wave functions: the best approximation 
to the true wave function is that function \p 
from which one calculates the least energy. 
This principle is also called the minimum en¬ 
ergy principle. 

VARIATIONS, CALCULUS OF. The prob¬ 
lem of the calculus of variations is to deter¬ 
mine functions in such a way that a definite 
integral depending upon them and their deriva¬ 
tives may assume an extreme value. In the 
simplest case the problem is to minimize the 
value of the integral 

m = , y, y')dx 

with given a, b, y{a), y(b). Thus, if y = f(x) 

is the desired minimizing function and if we 
consider neighboring functions y + ty{x), 
where y(x) is any fixed function of x with 
77(a) = 7i(b) = 0 and e is a real number, we 
may regard I[y + ty] as a function of e alone 
with a minimum at e = 0, so that 

dl 

de 
= 0. 

€=0 

But 

dl rh /dF dF \ 

dt Ja \dy by' ) 

so that, by integration by parts 

1(^1. ft 
Ja {dy dxKdy'J J 

and from the fundamental lemma (see below) 

dF d / dF\ 

dy dx \dy') 

which is called the Euler-Lagrange equation of 
the original problem. It represents a necessary 
condition for an extreme value of the definite 
integral. 

The fundamental lemma referred to above 
may be stated thus. If <!>(x) is continuous in the 

rb 
closed interval [a,6] and I y{x)<t>{x)dx = 0 for 

”a 

all t){x) with continuous first derivatives and 
such that 77(a) =77(6) = 0, then <t>(x) is iden¬ 
tically zero. 

The above remarks can be generalized di¬ 
rectly to deal with integrands involving deriva¬ 
tives of higher than first order and with the 
case where the integrand depends upon more 
than one function. The function tr\{x) is 

called the variation of y and e ^ is the varia- 
de 

tion of I. (Compare the definition of the 
differential of a dependent variable.) 

VARIGNON THEOREM. The algebraic 
sum of the moments of two coplanar concur¬ 
rent forces with respect to a point in their 
plane is equal to the moment of the resultant 
with respect to the same point. (See also 
moments, theorem of.) 

VDI FORMULA. Semi-empirical expression 
for the calculation of the net (lower) calorific 
value of coal from its ultimate composition. 
In English units 

Hn = [14,580c + 50,400(h - |o) 

+ 4500s — 1080a>) Btu/lbm. 

(c, h, o, s and w denote the masses of carbon, 
hydrogen, oxygen, sulfur and water, respec¬ 
tively, per unit mass of coal. 

VECTOR. A matrix of n rows and a single 
column (or of n columns and a single row). 
Geometrically or physically, it can represent 
directional magnitudes such as displacements, 
velocities, accelerations, forces, etc. 

A vector is often indicated graphically by 
means of an arrow (technically called a stroke). 
The length of the arrow is proportional to the 
scalar magnitude of the vector and the direc¬ 
tion in which the arrow points is the direction 
of the vector. The tail or initial point of the 
arrow is its origin; the head or final point is its 
terminus. 

A vector of unit length, drawn in the posi¬ 
tive direction and tangential to a coordinate 
system, is a unit vector. It is not necessary 
that the system be orthogonal. In the com¬ 
mon case, a rectangular Cartesian coordinate 
system is used and the unit vectors along OX, 
OY, OZ axes are called i, j, k, respectively. 
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For an arbitrary vector, scalar quantities 
called the components are required to deter¬ 
mine it numerically. In three dimensions, 
they are directed lines, parallel to the axes of a 
coordinate system. Thus, if a rectangular 
Cartesian system is used, with unit vectors 
i, j, k, any vector may be written as A = iAx 
+ jAj/ + kA2, where (Ax, Ay, Az) are its 
three components. In the more general case 
of an n-dimensional vector the components of 
the vector are the n matrix elements of a 
column or row matrix. If, in a rectangular 
coordinate system, a point has coordinates 
(x, y, z) then its position vector is one drawn 
from the coordinate origin to the point. It 
may be written as R = hr + jy + kz. In 
polar coordinates or in spherical polar coordi¬ 
nates, a vector drawn from the origin of the 
coordinate system to a point is a radius vector. 

As previously seen, a vector is commonly 
indicated by a bold-face letter such as A, 
which stands for its three scalar components 
(A\, A2, A3) referred to some coordinate sys¬ 
tem. In the Gibbs notation, scalar and vector 
products are shown with dots and crosses, 
respectively. Thus, if C is a scalar and V, A, B 
are vectors, then C = AB and V = A X B. 
Less commonly used symbols have been pro¬ 
posed by Hamilton, Grassmann, Heaviside, 
and others. They include: TA(T for tensor), 

| A | for the magnitude of a vector; SAB, (AB), 
A - B for the scalar product; FAB, A X B, and 
[AB] for the vector product. 

A more precise definition of a vector is often 
required. Suppose a point located in a rec¬ 
tangular coordinate system has components 
(xi, x2, x3). The same point, however, could 
also be described in other coordinate systems, 
obtained from the first one by translation of 
the origin and rotations about the coordinate 
axes. If the components of the point in the 
second system are (x'i, x'2) x'3), assumed for 
convenience to have the same origin as that 
of the first system, then the relation between 
the components, called a linear transforma¬ 
tion, is 

3 

x i — ) ] CijX j, i — 1, 2, 3 
;=i 

where the c,y are the nine direction cosines 
between the various coordinate-axis pairs. 
Matrix notation may also be used to write 
x' = Rx, where x' and x are column vectors; 
R is the orthogonal matrix of the direction 
cosines. If this transformation law holds, one 

speaks of a polar, or localized vector; if the 
law does not hold, a pseudovector or axial 
vector. 

The concept of vector may be generalized 
extensively. A four-vector has four components. 
One type is called a quaternion, another, used 
principally in relativity theory, has for its 
components (x, y, z, id), where x, y, z are posi¬ 

tional coordinates, i = y/ — 1, c is the velocity 
of light, and t is the time. The components 
of such a vector in one coordinate system are 
related to the components in another system 
by a Lorentz transformation. (See also tensor.) 

If (x', y', z') are functions of (x, y, z), then 
the vector V' = ix' + jy' + kz' is a vector 
function of the vector V = ix + jy + kz, 
where (i, j, k) are unit vectors. The function / 
is a linear vector function if /(A + B) = 
/(A) +/(B), for all vectors A, B and f(k\) = 
kf(\), where k is a scalar. More generally, 
suppose the components of V and V' are 
(Fi, V2, F3) and (V\, V'2, V'3) respectively 
and that the relation between the two vectors 
in matrix form is V = MV', where M is a 
(3 X 3)-matrix with elements M,j. Then the 
function is a linear vector function, for f(k\) 
= kf(\) and /(V + V') = /(V) + /(V'), as 
before. 

The vector V can be written as the sum of a 
symmetric and an antisymmetric linear vector 
function, V = S + A. If S = QV', then 
Qii = Miit Qij = Qji = T Mj{)/2, l X j. 
Similarly, A = TV', Ta = 0, T,j = (M;j — 
Mji)/2. The antisymmetric function can also 
be written as a vector product, A = T X V'. 

VECTOR ADDITION. If A, B are vectors 

with components Ax, Au, A z and BX} By, Bz, 
respectively, their sum is a new vector C = 
A -f B, with components Ax + Bx, Ay + By, 
Az + Bz. Vector addition obeys the commuta¬ 
tive and associative laws of algebra: A + B = 
B + A; (A + B) + C = A + (B + C). To 
subtract a vector B from a vector A, take the 
negative of B and add — B to A. 

VECTOR ANALYSIS, FOUR DIMEN¬ 
SIONAL. See Minkowski world. 

VECTOR ANALYSIS, INTEGRAL THEO- 
RExMS OF. See integral theorems of vector 
analysis. 

VECTOR AREA. The vector area of a sur¬ 
face element dS, denoted by dS, is ndS, where 
n is a unit normal vector to the surface ele- 
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nient and the sense of n is given by the right- 
hand rule (see figure). An arbitrary sense of 
circulation is chosen along the boundary of 

A 

n 

dS, if the fingers of the right hand point in the 
sense of the circulation, the thumb points 
in the direction of n. dS is independent of 
the shape of dS. For any closed surface, the 
total vector surface is zero. 

The inner product of a contravariant vector a1 
and a covariant vector b; is an invariant, i.e., 

N N 

/. albi = ^a'lb'i (N = dimensions of space). 
1=1 1=1 

In orthogonal Cartesian coordinates there is 
no distinction between a covariant or contra¬ 
variant vector. 

A covariant vector is a covariant tensor of 
order one. (See tensor field.) 

VECTOR CURVATURE (OF A CURVE AT 
A POINT). A vector whose direction is that 
of the principal normal to the curve at the 
point and whose magnitude is equal to the 
curvature of the curve. 

VECTOR, DARBOUX. See Darboux vector. 

VECTOR DECOMPOSITION. See decom¬ 
position of a vector. 

VECTOR, AXIAL. See pseudovector. 

VECTOR, BASE. See linearly independent 
vectors. 

VECTOR, BRA. See bra vector. 

VECTOR, COMPONENT OF. See compo¬ 
nent of a vector. 

VECTOR COMPOSITION. See vector addi¬ 
tion. 

VECTOR, CONTRAVARIANT. A vector 
whose components a1 transform according to 
the law 

. dtn . 
an = —T a\ 

de 

Typical contravariant vectors are the infini¬ 
tesimal displacement or velocity vector. (Cf. 
covariant vector.) 

A contravariant vector is a contravariant 
tensor of order one. (See tensor field.) 

VECTOR, COVARIANT. A vector whose 
components bi transform according to the law 

A typical covariant vector is the gradient of a 
scalar. (See also vector, contravariant.) 

VECTOR DERIVATIVE. If a vector R is a 
function of a single scalar variable t, there 
are three possible ways in which R may vary 
with t, for if Rx and R2 refer to ti and t2, respec¬ 
tively, then R2 may differ from Ri: in magni¬ 
tude only; in direction only; in both magnitude 
and direction. Since even the general case is 
relatively simple, assume that a curve is 
traced by the terminus of the continuously 
varying vector R, the origin of the vector being 
kept fixed at the origin of a coordinate system. 
Let A and B be two neighboring points on this 
curve and let Rt and R2 be their position vec¬ 
tors, then the vector AR = R2 — Ri has the 
direction of the secant A B, which approaches 
the tangent to the curve at A as At = t2 — ti 
approaches zero. The quotient AR/A< is the 
average rate of change of R in the interval 
between 11 and t2. The derivative is defined as 

lim AR/Af = dR/dt. 
<-* o 

In terms of unit vectors, and with the use of 
primes for differentiation, R = iRx -f- jRy 
+ kRz, R' = iR'x + jR'v + kR\, R" = ill"x 
+ )R"y + kR" z. For a composite function 
of two or more vectors, each depending on a 
single scalar t, the usual rules of differentiation 
hold except that the order of the vectors must 
be retained if vector products are involved. 

There are also several differential vector 
operators. (See del, gradient, divergence, 
curl, Laplacian, d’Alembertian.) 
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VECTOR DIFFERENTIAL IDENTITIES. 
Let <f> be a scalar and U and V vector func¬ 
tions of x, y, z. The following identities hold: 

v-<*>u = <*>v-u + uv<*> 
V x 4>u = </>V x U -f- V<f> x u 

V-U X V = v-v x u - U-V x v 
v x (u x V) = u(v-v) - v(v-u) 

+ U(V-V) - V(V-U) 

V(U-V) = (U- V)V + (V-V)U 

+ U X (V x V) + V 

X (V x U) 

v x (V0) = 0 

V-(V x U) = 0 

V x (V X U) = V(V-U) - V2U. 

VECTOR DIVERGENCE. See divergence. 

VECTOR FIELD. A region of space, each 
point of which is described by a vector. Thus, 
in three dimensions, each point is described by 
three quantities, the components of the vector 
along the coordinate axes. Examples are 
wind velocities in the atmosphere, electrostatic 
or electromagnetic fields. (See also scalar 
field.) 

VECTOR FIELD, CARTESIAN. Cartesian 
tensor field (see tensor field, Cartesian) of 
order unity. Sometimes referred to as vector 
field. 

VECTOR FIELD, LAMELLAR. See lamel¬ 
lar vector field. 

VECTOR FLUX. If V describes a vector 
field, for example the velocity of an incom¬ 
pressible fluid, then the total flux through a 
surface <S in the field is given by 

V-f/S. 

The vector V may refer to electric, magnetic, 
or gravitational force; heat or a fluid, etc. 
The surface integral may be converted to a 
volume integral by Gauss’s theorem. 

VECTOR, HERTZ. See Hertz vector. 

VECTOR, IRROTATIONAL. If the curl of 
a vector function of position vanishes every¬ 
where in a region, the function is said to be an 
irrotational vector (or a lamellar vector) in 

this region. It follows that if V is an irrota¬ 
tional vector so that its curl is zero, i.e., 
V X V = 0, then V = V<£, where <p is some 
scalar function of position. 

VECTOR, KET. See ket vector. 

VECTOR(S), LINEARLY INDEPENDENT. 
See linearly independent vectors. 

VECTOR MULTIPLICATION. There are 
two distinct kinds of products of two vectors: 
the scalar product and the vector product (but 
see pseudovector). They are also sometimes 
called inner and outer products but these terms 
more commonly refer to tensor products. 
There are also several possibilities for the 
product of three or four vectors, as the subse¬ 
quent discussion will show. 

(1) Scalar Product. If A and B are two vec¬ 
tors, of magniture A, B, respectively, their 
scalar product is A-B = AB cos 9, where 6 is 
the angle between the two vectors. This 
product, which is a scalar quantity, is also 
known as the dot product. In Cartesian co¬ 
ordinates A-B = AXBX + AyBy + AZBZ. If 
the vectors are complex, the result of multi¬ 
plication is the Hermitian scalar product (see 
vector space). 

The scalar product of two vectors obeys the 
commutative and distributive laws: A-B = 
B A; A-(B + C) = A-B + A-C. If A is 
perpendicular to B, then A-B = 0, and con¬ 
sequently if A-B = 0, then A is perpendicular 
to B and the two vectors are said to be orthog¬ 
onal. If A is parallel to B, then A-B = AB. 
Consequently, A-A = A2, the square of the 
length of A. 

(2) Vector Product. The vector product of 
A and B (also called skew or cross product) is 
of length C = AB sin 9 and its direction is 
perpendicular to the plane determined by A 
and B. The sense of the vectors V = A X B 
is such that a right-handed rotation about V 
carries A into B through an angle 9 that is not 
greater than 180°. In Cartesian coordinates, 
with unit vectors i, j, k one has 

C = A X B 

= (AyBz - AzBy)i + (AZBX - AxBz)j 

+ (AXBy - AyBX) k 

i j k 

= AX Ay Az • 

BX By B, 



Some Types of Vector Fields and the Related Physical Problems 

Characterization Mathematical Consequences 
Some Physical Problems 

Characterized by Such Fields 

1. V X V = 0 Irrotational 

V • V = 0 Solenoidal 

V = — v<t> 

V24> = 0 

Knowledge of 4> will determine the field 

Steady state heat conduction 

Irrotational motion of incompressible 

ideal fluid 

Electrostatic field 

Gravitational field 

2. V X V = 0 Irrotational 

V-V 5^ 0 Not solenoidal 

V = -V4> 

V2<t> ^ 0 

V2<t> = —f{P) (Poisson’s equation) 

Gravitational field inside a mass 

Electric field within a volume distribu¬ 

tion of charge 

V2* = -f(P, *>) 
Schrodinger’s equation with time de¬ 

pendence removed: 
C_2 

= — [V(P) - tf]4> 

where E is a constant 
V2* = -f(P, t, <t>) 

Three dimensional wave equation 

, 1 32<f> 

C2 at2 

Diffusion equation 

r, o d*t> 
K V2# = — 

at 
Conduction of electricity 

„ „d2E dE 
C V~E = K —r -f- ffju — 

at2 at 

3. V X V 7^ 0 Rotational 

V • V = 0 Solenoidal 

V = V X A where A is called vector po¬ 

tential 

Since V-V X A = 0, 

VXV = V X V X A 

= V(V-A) - V2A 

Frequently choose V-A = 0; hence 

V2A ^ 0 (but known) 

V-A = 0 

and determine A from these equa¬ 

tions 

Magnetic field due to steady currents 

V X V = — V2A = —4irc 

Incompressible fluid with vorticity 

4. V X V ^ 0 Rotational 

V-V ^ 0 Not solenoidal 

Assume 

V = V,S + V X A 

Then 

V-V = V2£ + V-V X A 

But 
V-V X A =0; hence we determine 

V2N from known value of V -V 

V X V = V X VS + V X V X A 

= V(V-A) - V2A 

Assume V-A = 0 and determine A from 

known expression for VXV 

We have three equations to solve: 

V2N = V-V (a known function) 

V-A =0 

V2A = —V X V (a known function) 

Having determined S and A 

V = V»S + V X A 

Maxwell’s equations within matter 

.. dB 
V X E -- 

at 
V-D = p 

B 3D 
V X - = i + — 

p at 
V-B = 0 

1007 
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Vector multiplication is not commutative, in 
this case, for A X B = — B X A but the dis¬ 
tributive law of multiplication still holds. 

(3) Products of Unit Vectors. For the two 
kinds of vector multiplication described in 
(1) and (2), the results for unit vectors are: 
i j = j i = i k = k i = j k = k j = 0; i i 

= j • j = k • k = i2 = j2 = k2 = 1; i X j = 

-jXi = k;jXk = -kXj = i;kXi = 

— iXk=j;iXi=jXj = kXk = 0. 
(4) Triple Products of Vectors. Three vec¬ 

tors A, B, C may be combined to form products 
with meaning in several ways: (a) A(B-C), a 
vector with the same direction as A and mag¬ 
nitude ABC cos 9, where 9 is the angle between 
B and C. (b) A (B X C), the scalar triple 
product, giving the volume of a parallelepiped 
with edges A, B, C. It is frequently indicated 
by the symbol [ABC] and if the three vectors 
all lie in the same plane [ABC] = 0. It may 
be written in terms of its components as a 
determinant 

[ABC] = 

A-X A y A 2 

Bx By Bz 

Cx cy cz 
Its properties include [ABC] = [BCA] = [CAB] 
= — [ACB] = -[BAC] = — [CBA], (c) The 
vector triple product, V = A X (B X C) is 
perpendicular to both A and the vector 
(B X C). It therefore lies in the plane deter¬ 
mined by B and C. Its properties include: 
A X (B X C) = B(A-C) - C(A-B) = -A X 
(C X B) = (C X B) X A = — (B X C) X A. 

Since the vector product changes its sign 
when the order of multiplication is changed, 
the sign of the triple vector product depends 
on the order of the parentheses and their 
factors. 

IP5. Quadruple Products of Vectors. If A, B, 
C, D are any four vectors, two types of quad¬ 
ruple products can occur: (a) (A X B) • (C X D) 
= (A• C)(B• D) - (A-DXB-C); (b) (A X B) 
X (C X D) = (A C X D)B - (B C X D)A. 

Products of more than four vectors can al¬ 
ways be reduced to combinations of one or 
more of the preceding types. 

VECTOR, NULL. See null vector. 

VECTOR OPERATOR. A symbolic opera¬ 
tor containing vector quantities. Those fre¬ 
quently used include del, the Laplacian op¬ 
erator, the d’Alembertian operator. 

VECTOR(S), ORTHOGONAL. Two vectors 
whose scalar product is zero. For vectors rep¬ 

resented by directed line segments in the plane 
or three-dimensional space, this is equivalent 
to the vectors (or lines) being perpendicular. 
(See vector multiplication.) 

VECTOR, PARALLEL DISPLACEMENT 
OF. See parallel displacement of a vector. 

VECTOR, POLAR. If its components in one 
Cartesian coordinate system are given by the 
column vector x, then its components in an¬ 
other such system are x' = Rx, where R is an 
orthogonal matrix. A directed quantity which 
cannot satisfy this requirement is a pseudo¬ 
vector. 

VECTOR, POSITION. The vector from the 
origin to a point is called the position vector 
of the point. If, in a rectangular coordinate 
system, a point has coordinates (x,y,z) then 
its position vector is a vector drawn from the 
coordinate origin to the point. It may be 
written as R = ix -f- jy + kz, where (i,j,k) are 
unit vectors. 

VECTOR POTENTIAL. (1) Three func¬ 

tions of position and time, forming a vector A 
(r,t) in ordinary space, used together with the 
scalar potential </> (scalar potential of an elec¬ 
tric change distribution as a function of (r,t) 

of form, <j> = I - dv, where p is the charge den- 
J r 

sity) to specify an electromagnetic field. In 
Minkowski space, Ax, Ay, Az, i<j> form the 
components of a four-vector. In Gaussian 
units the electromagnetic field is given by 

B = V X A 

1 dA 
E = -V0- 

C dt 

(2) A solenoidal vector field, such as magnetic 
induction, is one whose divergence vanishes 
everywhere: V • B = 0. Such a vector is deriv¬ 
able from a vector potential; i.e., we can write 
B = V X A. The vector potential due to a 
distribution of current density is 

A = p Jj - dv 

where r is the distance between the point of 
observation and dv, the volume element. For a 
closed linear current loop, this becomes 

A = pi I 
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so that 

H = B/m = V X A/m 

d\ X r 

This result is often expressed by the (non¬ 

unique) resolution into differential elements: 

vt are said to be associated vectors (vector 

fields) if 

Vi = guvj 

where g,j is the covariant metric tensor. 

VECTORS, BASE (FOR A COORDINATE 

SYSTEM). See base vectors (for a coordinate 
system). 

which is known as the Ampere law, or the 

Biot-Savart law. 

VECTOR PRODUCT. See vector multipli¬ 

cation. 

VECTOR PRODUCT, QUADRUPLE. See 

quadruple vector product. 

VECTOR, PSEUDO-. See pseudovector. 

VECTOR, SENSE OF. See sense of a vector. 

VECTORS, FOUR. See four vectors and 

tensors. 

VECTORS, FREE. See affine tensors and 

free vectors. 

VECTOR, SOLENOIDAL, IN A REGION. 

A vector F such that its integral over every 

reducible surface S in the region is zero; i.e., 

r F-ndS = 0, 
Js 

VECTOR, RADIUS. In polar coordinates or 

in spherical polar coordinates (see curvi¬ 

linear orthogonal coordinates) a vector drawn 

from the origin of the coordinate system to a 

point. It is thus one of the two or three quan¬ 

tities required to describe the position of the 

point in the coordinate system. 

VECTOR RESOLUTION INTO A SOLE¬ 

NOIDAL AND IRROTATIONAL VECTOR. 

A vector B can be decomposed into a sum of 

two vectors II and K where H is solenoidal 

and K is irrotational, i.e., 

B = II + K 

where H = curl I) and K = grad / and 

1 rrr curl B 1 rr B X dS 
D = — HI -dV + ~ - 

Air JJJy t 47r JJg r 

and 

where n is the unit vector in the direction of 

the outer normal to the element of area dS. 
The divergence of a vector is zero at every 

point in a region if the vector is solenoidal in 

the region, or if the vector is the curl of some 

vector function. (See vector potential.) 

VECTOR SPACE. A generalization of ordi¬ 

nary three-dimensional space to n dimensions. 

A vector in such space, if its components are 

real numbers xlt x2, • ■ •, xn may be considered 

as a row or column matrix x. The scalar 

product of two vectors x and y is a scalar 

xy = xiyi + x2y2 H-h xnyn 

where x is the transpose of x and two vectors 

are orthogonal in such a space if their scalar 

product vanishes, xy = 0. The square of the 

length of the vector (or its norm squared) is 

also a scalar 

N2 = xx = xi2 + x2 -|-b x2. 

f=~ 
div B 1 
-dV + — 

r Air 

B-dS 

r 

V is a volume surrounding the point P at 

which the vector B is considered. S is the 

closed surface of V. r is the distance from the 

point P to an arbitrary point of V. 

VECTORS, ASSOCIATED (VECTOR 

FIELDS). The contravariant vector (vector 

field v‘ and the covariant vector (vector field) 

If iV = 1, the vector is normalized. 
If the components of the vector are com¬ 

plex, the space is a Hermitian (or unitary) 
space. The Hermitian scalar product is 

x+y = xi*yi + x2*y2 -j-h xn*yn 

where xf is the associate matrix to x and x* 
is the complex conjugate to x,-. The norm is 

defined by N*N = x+x. The condition for 

orthogonality is x1} = y*x = 0 and the vector 

is normalized if x*x = 1. 
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VECTORS, RECIPROCAL BASE. See 
base vectors, reciprocal. 

VECTORS, SIX. See four vectors and tensors. 

VECTOR, STATE. See state vector. 

VECTORS, TRIPLE PRODUCT OF. See 
triple product of vectors. 

VECTOR SYSTEM, RECIPROCAL. See 
reciprocal vector system. 

VELOCITIES, GENERALIZED. In particle 
mechanics, the time rates of change of the 
generalized coordinates. (See coordinates 
and momenta, generalized.) 

VELOCITY. (1) The time rate of change of 
position. Velocity is a vector quantity; a 
statement of a velocity therefore includes 
both a magnitude, expressed in units of length 
divided by time, and a direction relative to 
some frame of reference. The defining equa¬ 
tion for instantaneous velocity is v = dr/dt, 
where r is the vector specifying position rela¬ 
tive to an origin and t is the time. (Cf. veloc¬ 
ity, average.) (2) Sometimes loosely used to 
express magnitude only, i.e., synonymous with 
speed. 

VELOCITY, ABSOLUTE (IN A TURBINE). 
See absolute velocity. 

VELOCITY, ANGLTLAR. See angular veloc¬ 
ity. 

VELOCITY, AREAL. Suppose a point to 
move on a plane. The rate at which a radius 
vector to the point sweeps out area is called 
areal velocity. When a particle is acted upon 
by a force directed along the radius, angular 
momentum is conserved and the areal velocity 
is constant. 

VELOCITY, AVERAGE. Referring to a 
single material particle, the ratio of the 
change in the position vector to the time in¬ 
terval involved in the change. It is a vector 
quantity whose magnitude is not generally the 
average speed. 

VELOCITY, CHARACTERISTIC. In pro¬ 
pulsion, the ratio of the exhaust jet velocity 
to the thrust coefficient, which is a measure 
of the effectiveness with which the chemical 
reactants of the propellants in the rocket 
motor produce the high-temperature, high- 

pressure gases. It is expressed by the rela¬ 
tionships: 

* Vj g , g 
c* = — =-pcAt = —* 

(7/ dw/dt cw 

where c* is the characteristic velocity, Vj is 
the exhaust jet velocity, Cf is the thrust co¬ 
efficient, g is the acceleration of gravity, dw/dt 
is the flow rate of propellant by weight, pc is 
the chamber pressure, At is the nozzle throat 
area, and cu, is the weight flow coefficient. 

VELOCITY DENSITY. See continuous sys¬ 
tem, Lagrangian and Hamiltonian formalism 
for. 

VELOCITY DIAGRAM. Hodograph of ve¬ 
locities at inlet and exit of a turbine or com¬ 
pressor stage. It is assumed that the veloci¬ 
ties are uniform in the inlet and exit cross 
section (one-dimensional approximation) and 
no allowance is made for the development of a 
boundary layer of secondary flows due to 
three-dimensional effects. Losses are taken 
into account by attributing their effect to 
changes in the uniform velocities and in their 
deviation from ideal velocities. The velocity 
diagrams are shown in the figure. 

Turbine Compressor 

The following terminology is used: a is the 
angle of absolute velocities; is the angle of 
relative velocities; suffix 1 denotes entering 
flow; suffix 2 denotes flow at exit; « is the pe¬ 
ripheral velocity of buckets (blades); V are the 
absolute velocities; "U are velocities relative to 
buckets (blades); suffix a denotes axial com¬ 
ponents of velocities; suffix c denotes circulat¬ 
ing (tangential or whirl) components of veloci¬ 
ties. 
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The force F in the direction of motion is then 

F = m(Vic — V2c) = rhVw (1) 

where rh is the rate of mass flow, and Vw = 
tUlc — V2c — uic — He is the whirl velocity. 
The power of the stage is 

IP = mOiVic - u2V2c) (2) 

which is known as the Euler (turbine) for¬ 

mula. Here, in contrast with the figure and 
Equation (1) it has not been assumed that the 
blade velocity « is the same at inlet and exit. 

VELOCITY, EFFECTIVE. The effective 
velocity at a point is the root mean square 
value of the instantaneous velocity over a 
complete cycle at that point. The unit is the 
centimeter per second. 

VELOCITY LEVEL. The velocity level, in 
decibels, of a sound is 20 times the logarithm 
to the base 10 of the ratio of the particle ve¬ 
locity of the sound to the reference particle 
velocity (see velocity, particle). The refer¬ 
ence particle velocity should be stated ex¬ 
plicitly. In many sound fields the particle 
velocity ratios are not proportional to the 
square root of corresponding power ratios and 
hence cannot be expressed in decibels in the 
strict sense; however, it is common practice 
to extend the use of the decibel to these cases. 

VELOCITY OF SLIP. See rarefied gas dy¬ 

namics. 

VELOCITY OF SOUND. The velocity with 
which the phase of a sound wave is propagated. 
In fluids, the velocity is given by (ft,p)~H, 
where ft, is the adiabatic compressibility and 
p the density of the fluid. In gases at moder¬ 
ately low pressures, ft, can lie taken as equal 
to \/yp where p is the pressure and y is the 
ratio of the specific heat at constant pressure 
to that at constant volume. For dry air at 
moderate pressures, the velocity of sound in 
meters per second is given by the expression 

331.45y/{T/273.16), where T is the absolute 
temperature. 

While only one type of wave can be propa¬ 
gated through a fluid, in solids a number of 
different types of elastic wave can be propa¬ 
gated (see waves, elastic in solids.) Thus, 
in an isotropic unbounded solid medium, longi- 
tudinal waves travel with the velocity 
y/((K + where K is the bulk modu¬ 
lus, (/ is the shear modulus and p is the density, 

while transverse waves travel with the velocity 
V(G/p). In bounded solids, the velocity of 
propagation depends in general on the wave¬ 
length, but where the wavelength is large com¬ 
pared with the cross section, dispersion can be 
neglected. Thus, for thin rods the velocity of 
longitudinal waves is y/(E/p), where E is 
Young’s modulus, whilst for thin plates the 
velocity is y/{{E/p{\ — a2)) where a is Pois¬ 

son’s ratio. (See wave propagation in 

rods.) 

VELOCITY, PARTICLE. In a sound wave, 
the velocity of a given infinitesimal part of 
the medium, with reference to the medium as 
a whole, due to the sound wave. The com¬ 
monly used unit is the centimeter per second. 
The terms “instantaneous particle velocity,’’ 
“effective particle velocity,” “maximum par¬ 
ticle velocity,” and “peak particle velocity” 
have meanings which correspond with those 
of the related terms used for sound pressure. 

VELOCITY POTENTIAL OF FLUID. See 
potential flow; slender-body theory. 

VELOCITY POTENTIAL OF SOUND. A 
scalar point function whose gradient gives the 
particle velocity at any point (see velocity, 
particle). Some authors, in analogy with the 
electric scalar potential, define the velocity 
potential function so that its negative gradient 
gives the particle velocity at any point. 

VELOCITY PROFILE. The profile obtained 
when velocity is plotted against distance 
across a fluid stream. 

VELOCITY, TERMINAL (FREE FALL IN 
AIR). When a particle falls in air or some 
other fluid medium which resists its motion 
with a force varying as some power of the 
speed, analysis shows that it approaches a 
limiting speed which can be calculated by 
equating the magnitude of the resisting force 
to the force of gravity. 

VENA CONTRACTA. The phenomenon 
whereby a non-turbulent jet of fluid issuing 
from an orifice or suitable nozzle, into a region 
of constant pressure, narrows as it emerges so 
that its sectional area becomes less than that 
of the orifice. 

VERDE AND WICK, METHOD OF. In the 
theory of the space and energy distribution of 
neutrons slowing down from a source, this 
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method is one of the effective analytical 
methods in the case of an energy-dependent 
mean free path which approaches zero as the 
neutron energy approaches zero. It is based 
upon an analysis of the Fourier-Laplace trans¬ 
forms of the spherical harmonic moments 
of the neutron distribution, involving, in par¬ 
ticular, the distribution of poles in the energy 
(Laplace) transform plane. 

VERDET CONSTANT. A proportionality 
factor in an equation of the Faraday effect, 
the rotation of the plane of polarization of 
light by transparent substances in a magnetic 
field. In the relationship: 

a = Cl)/// 

a is the angle of rotation, l is the depth of the 
medium transversed by the light, H is the in¬ 
tensity of the magnetic field, and w is the Ver¬ 
det constant. 

VERNAL EQUINOX. The line of intersec¬ 
tion of the plane of the ecliptic and the plane 
of the equator intersects the celestial sphere 
in two points, the vernal equinox and the au¬ 
tumnal equinox. The vernal equinox is the 
zero point for the spherical coordinates of 
right ascension (measured along the celestial 
equator) and of celestial longitude (measured 
along the ecliptic). This point gets its name 
from the fact that the sun is close to the ver¬ 
nal equinox in the spring of the year. 

VERSOR. A unit vector. 

VERTEX. (1) An endpoint of an edge. 
Point, 0-cell and node are three other names 
also used in the literature. As a rule an iso¬ 
lated point is not considered a vertex. (2) 
The point common to the two straight lines 
forming an angle. 

VERTEX, CUT. Let G be a connected sepa¬ 
rable graph. Then, by definition there exists 
at least one subgraph Gg which has only one 
vertex /?e in common with its complement; /?„ 
is a cut vertex. 

A necessary and sufficient condition for a 
graph G to be nonseparable is that it have 
no cut vertex. 

VERTEX DEGREE. The degree of a vertex 
is the number of edges incident at the vertex. 

VERTEX, FINAL. The vertex of the last 
edge of an edge sequence not shared with the 
previous edge. 

VERTEX, INITIAL. The vertex of the first 
edge of an edge sequence which is not com¬ 
mon to the second edge. 

VERTEX, INTERNAL. A vertex of an edge 
sequence which is not terminal. 

VERTEX MATRIX. See matrix, vertex. 

VERTEX, TERMINAL. The initial and final 
edges of an edge sequence. 

VERTICAL CIRCLE. Any great circle on 
the celestial sphere that passes through the 
zenith and the nadir is known as a vertical 
circle. The vertical circle that passes through 
the poles of rotation is known as the meridian. 
The vertical circle that passes through the 
east and west points of the horizon is known 
as the prime vertical. 

VERTICAL IONIZATION POTENTIAL. 
See ionization potential. 

VERTICES, ADJACENT. Two vertices of a 
graph G are adjacent if they are endpoints of 
an edge in G. 

VIBRATING AIR COLUMN. The funda¬ 
mental resonant frequency /, in cycles per 

L N L 

L 
Fundamental 

N L 
First Harmonic 

N L 

L 
First Overtone 

N L N 
Second Harmonic 

L N L 

Second Overtone Third Harmonic 

N L 

Fundamental First Harmonic 

N L N L 

First Overtone Third Harmonic 

Modes of vibration of the air column in a pipe open at both ends and in a pipe closed 
at one end and open at the other end. The velocity nodes and loops are indicated by 

N and L. 
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second, of a pipe, open at both ends, as in the 
figure, is 

(1) 

where l is the length of the pipe, in centimeters, 
c is the velocity of sound, in centimeters per 
second, and X is the wavelength, in centimeters. 

The overtones of an open pipe are harmonics 
of the fundamental. That is, /2 = 2/i,/3 = 

3/,,/4 = 4/x, etc. 
The fundamental resonant frequency /, in 

cycles per second, of a pipe closed at one end 
and open at the other end (see figure), is 

(2) 

The overtones of the pipe closed at one end 
are the odd harmonics. That is/2 = 3/i,/3 = 
5/i, etc. 

In the above examples the end connection 
has been omitted. 

The added length at the open end has been 
shown to be .82R where R is the radius of the 
pipe. 

VIBRATING CIRCULAR MEMBRANE. 
The fundamental frequency f01, in cycles per 
second, of a circular stretched membrane is 
given by 

/oi — 

.382 

R 
(1) 

where m is the mass, in grams per square centi¬ 
meter of area, R is the radius of the membrane, 
in centimeters, and T is the tension, in dynes 
per centimeter. 

The fundamental vibration is with the cir¬ 
cumference as a node and a maximum displace¬ 
ment at the center of the circle (Figure 1A). 
The frequencies of the next two overtones with 
nodal circles are 

/02 = 2.30/ox (2) 

/o3 = 3.60/oi (3) 

and are shown in Figures IB and 1C. The fre¬ 
quencies of the first, second and third overtones 
with nodal diameters are 

/11 = 1.59/oi (4) 

/21 == 2.14/qi (5) 

/a 1 = 2.G5/oi. (6) 

These nodes are shown in Figures ID, IE, and 
IF. Following these simpler forms of vibra¬ 
tion are combinations of nodal circles and nodal 

Modes of vibration of a stretched circular membrane. 
Shaded segments are displaced in opposite phase to 

unshaded. 

diameters. The frequency of one nodal circle 
and one nodal diameter, Figure 1G is 

/i2 = 2.92/oi. (7) 

The frequency of one nodal circle and two nodal 
diameters, Figure 1H, is 

/22 = 3.50/. (8) 

The frequency of two nodal circles and one 
nodal diameter, Figure II, is 

/13 = 4.22/oi. (9) 

VIBRATING CIRCULAR PLATE 
CLAMPED AT THE EDGE. A circular 
clamped plate is shown in Figure 1. The 

Fig. 1. A circular plate clamped at the edge. 

fundamental frequency /01, in cycles per sec¬ 
ond, is given by 

.467< / E 

P(1 - «2) 
(1) 
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where / is the thickness of the plate, in centi¬ 

meters, R is the radius of the plate up to the 

clamping boundary, in centimeters, p is the 

density, in grams per cubic centimeter, a is 

the Poisson’s ratio, and E is Young’s modulus, 

in dynes per square centimeter. 

The fundamental frequency is with the cir¬ 

cumference as a node and a maximum displace¬ 

ment at the center (Figure 2A). 

/12_5.98 fQl f22—8.74fn Ji3—11-9 f0i 

Fig. 2. Modes of vibration of a clamped circular 
plate. Shaded segments are displaced in opposite 

phase to unshaded. 

The frequency of two nodal circles and one 

nodal diameter, Figure 21, is 

/13 = H-9/oi. (9) 

VIBRATING CIRCULAR PLATE SUP¬ 
PORTED AT THE CENTER. A circular 

plate under no tension, uniform in cross sec¬ 

tion, edges perfectly free and supported at the 

A circular plate supported at the center. 

center is shown in the figure. The frequency 

/, in cycles per second, for the umbrella mode, 

is 

.172/ I E 

1 = \p( 1 - a2) 

where / is the thickness of the plate, in centi¬ 

meters, R is the radius of the plate, in centi¬ 

meters, p is the density, in grams per cubic 

centimeter, a is Poisson’s ratio, and E is Young’s 

modulus, in dynes per square centimeter. 

The frequency of the next two overtones with 

nodal circles, Figures 2B and 2C, are, 

/o2 — 3.91/oi (2) 

/03 = 8.75/ol (3) 

The frequencies of the first, second, and third 

overtones with nodal diameters are 

/11 = 2.09/o, (4) 

/21 = 3.43/oi (5) 

/31 = 4.95/oi. (6) 

These nodes are shown in Figures 2D, 2E, and 

2F. 

Following these simpler forms of vibration 

are combinations of nodal circles and nodal 

diameters. The frequency of one nodal circle 

and one nodal diameter, Figure 2G, is 

/12 = 5.98/oi. (7) 

The frequency of one nodal circle and two 

nodal diameters, Figure 2H, is 

(8) 

VIBRATING CIRCULAR PLATE SUP¬ 
PORTED AT THE PERIPHERY. A plate 

under no tension, uniform in cross section, 

A circular plate supported at the periphery. 

edges simply supported at the periphery is 

shown in the figure. The fundamental fre¬ 

quency is 

.233/ / E 

!~1F VpU -o 
where / is the thickness of the plate, in centi¬ 

meters, R is the radius of the plate, in centi- /22 — 8.74/oi. 
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meters, p is the density, in grams per cubic cen¬ 
timeter, a is Poisson’s ratio, and E is Young’s 
modulus, in dynes per square centimeter. 

VIBRATING FREE CIRCULAR PLATE. 
A circular plate under no tension, uniform in 
cross section and perfectly free is shown in 
Figure 1. For a vibration with nodal circle, 

Fig. 1. A free circular plate. 

as depicted in Figure 2A, the frequency /, in 
cycles per second, is 

/ = 
.412f 

~W 

E 

p(l - a2) 
(1) 

where t is the thickness of the plate, in centi¬ 
meters, R is the radius of the plate, in centi¬ 
meters, p is the density, in grams per cubic cen- 

B 

Fig. 2. Modes of vibration of the free circular plate. 

timeter, <r is Poisson’s ratio, and E is Young’s 
modulus, in dynes per square centimeter. 

For a vibration with two nodal diameters, as 
depicted in Figure 2B, the frequency is 

.193< / E 

f=~R*~ \ pTl - a2) 
(2) 

VIBRATING RECTANGULAR MEM¬ 
BRANE. The fundamental frequency /, in 
cycles per second, of a rectangular stretched 

membrane with the sides in the ratio of 1 to 2 
is given by 

/ = 
.792 

V7 ab 

where m is the mass, in grams per square centi¬ 
meter, a = 2b, the length of the long side, in 
centimeters, b is the length of the short side in 
centimeters, and T is the tension, in dynes per 
centimeter. 

VIBRATING SQUARE MEMBRANE. The 
fundamental frequency /, in cycles per second, 
of a square stretched membrane is given by 

.705 
/ =- 

a 

where m is the mass, in grams per square centi¬ 
meter of area, a is the length of a side, in cen¬ 
timeters, and T is the tension, in dynes per 
centimeter. 

VIBRATION. Vibration commonly refers to 
a to-and-fro motion; its meaning is often 
broadened to include any periodic physical 
process, such, for example, as a cyclic varia¬ 
tion in electric or magnetic field intensity. 
When an elastic body is deformed and released, 
it is in general set into oscillation such that 
the displacement of any particle from its 
equilibrium position is a more or less compli¬ 
cated harmonic function of the time. The vi¬ 
bration may or may not be symmetrical with 
respect to the neutral position; in any case the 
maximum displacement is called the ampli¬ 
tude of the vibration. By analogy, the same 
terms and the same analysis are applied to 
vibrations of any type. 

VIBRATIONAL EIGENFUNCTIONS, 
molecular eigenfunctions. 

See 

VIBRATIONAL ENERGY LEVELS OF A 
MOLECULE. The vibrational energy levels 
of a diatomic molecule can be represented by 
the formula 

G(v) = ue(v + |) — uexe(v + \)2 

+ UeVc(v + 2)^ + UeZe(v + + ’ ' * 

where v is the vibrational quantum number 
which assumes the values 0, 1,2, • • •, and where 
o)e is, apart from a factor c, the vibrational fre¬ 
quency for infinitesimal amplitude. One has in 
general ioczc « wej/c « wc.rr « ue and frequently 
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ueze ~ 0 and coeye ~ 0. The frequency coe is 
related to the force constant ke in the equilib¬ 
rium position by the relation 

or 

ke = 4iTT2fxc2ue2 

= 5.8883 X 10~2fj.Aue2 dyne/cm 

where ja and ha (= m-Va) stand for the re¬ 
duced mass in grams and in atomic weight 
units (016 = 16), respectively. 

The zero-point vibrational energy of a dia¬ 
tomic molecule is 

fr(0) = i^eXg -j- ~gUeye j g'C0eZe “(“ • •. 

For polyatomic molecules in the approxima¬ 
tion in which the normal vibrations are well 
defined, that is, when the potential energy con¬ 
tains only quadratic terms, the vibrational en¬ 
ergy is simply 

G(vi, i>2, v3, • • •) = 2«,• (V + 

where r,- and d,- are the vibrational quantum 
number and the degree of degeneracy of the 
fth normal vibration and w, = Vi/c. If the po¬ 
tential energy contains higher powers, that is 

2 V = X) Z) kijqtfi + SSZfijkqiqjqk 

»' i 

+ 'E'E'Z'EgijkiqiQjQkqi + • • • 

the vibrational energy becomes 

and the ga are constants of the order of the a-,* 
(not to be confused with the potential con¬ 
stants gijki). 

The zero-point energy is 

t—, d i .—, *—, d idir 
G{0,0, ...) = £«.•-+ Z Z*a — 

i Z i k>i 4 

VIBRATIONAL PARTITION FUNCTION. 
The contribution to the total partition func¬ 
tion of molecules associated with their vibra¬ 
tional energy. 

VIBRATIONAL SPECTRA OF MOLE¬ 
CULES. Vibrational spectra correspond to 
transitions between two vibrational levels be¬ 
longing to the same electronic state of a non¬ 
rotating molecule. 

(a) Diatomic Molecules. An infrared vi¬ 
bration spectrum can occur only if the mole¬ 
cule has no center of symmetry, that is, if it 
does not consist of two like nuclei. A vibra¬ 
tional Raman spectrum occurs for both sym¬ 
metrical and asymmetrical molecules. For the 
harmonic oscillator the selection rule for the 
vibrational quantum number is (both in the 
Raman spectrum and the infrared) 

Av = ±1 

For the anharmonic oscillator no strict selection 
rule exists, but transitions with Av = 1 are 
much stronger than those with Av = 2, those 
with Av = 2 much stronger than those with 
Av = 3, and so on. 

Absorption of light by the molecule in the 
ground state produces a series of bands whose 
wave numbers correspond to the energies of 
successive vibrational levels 

+ S X! Qidih + • * • 
i k >i 

Here the anharmonicity constants Xik are small 
compared to the o>,- if the deviations from a 
quadratic potential are small; the ; are now 
the (classical) vibrational frequencies in cm-1 
for infinitesimal amplitudes (so-called zero- 
order frequencies). The l,; are integral numbers 
which assume the values 

U = vit Vi — 2, Vi - 4, • • • 1 or 0 

rabe = G(V) - (7(0) 

= W,[(t> + I) - h - WeXe[(l> + I)2 - £] 

+ ueye[(v + ^)3 — |] H- 

= Go(«0 = ^ov uoXqv2 d- wo2/o^3 4* • • • 

The same formula holds for the displacements 
observed in the Raman spectrum. 

(6) Polyatomic Molecules. In the harmonic 
oscillator approximation, the only allowed tran¬ 
sitions are those in which one vibration changes 
its vibrational quantum by one unit, i.e., 

A Vi = ±1, Av\t = 0 

If the anharmonicity of the vibrations is taken 
into account, also transitions in which v,- changes 
by several units or in which several v,- change 
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will occur. But they are in general less intense 
than the fundamentals. 

If the molecule has symmetry, certain rigor¬ 

ous selection rules for vibrational transitions 

hold irrespective of the degree of anharmon- 

icity. Quite generally a vibrational transition 

v' <-> v" is allowed in the infrared when there 

is at least one component of the dipole moment 

M that has the same species (i.e., the same be¬ 

havior with respect to the symmetry operations 

permitted b)r the symmetry of the molecule) as 

the product \p'v\p"v. A vibrational transition 

v' <-> v" is allowed in the Raman effect if at 

least one component of the polarizability tensor 

has the same species as the product \p'v\p"v. 
As a result, for example, for molecules with a 

center of symmetry, transitions that are al¬ 

lowed in the infrared are forbidden in the Ra¬ 

man spectrum, and those allowed in the Raman 

spectrum are forbidden in the infrared. 

A table of the species of the components of 

the dipole moment and of the polarizability of 

the more important point groups are given in 

G. Herzberg, Molecular Spectra and Molecular 
Structure, II. Infrared anil Raman Spectra of 
Polyatomic Molecules, D. Van Nostrand Co., 

Inc., Princeton, 1945. 

For molecules for which the inversion dou¬ 

bling is not negligible the additional selection 

rule has to be taken into account that in the 

infrared only sublevels of opposite parity can 

combine with one another (-f <-> —), where¬ 

as in the Raman effect only sublevels of the 

same parity can combine with one another 

(+<-*+,-«-»-)• 

constant for all vibrational transitions giving 
an appreciable contribution.) 

VIBRATION, COMBINATION. Sec combi¬ 
nation vibration. 

VIBRATION, NORMAL MODE. See normal 
modes. 

VIBRATION-ROTATION SPECTRA OF 

MOLECULES. See rotation-vibration spec¬ 
tra of molecules. 

VIBRATIONS, DAMPED. A damped vibra¬ 

tion is the stable motion of a vibrating par¬ 

ticle under the influence of a restoring force 

(see vibrations, free) and a resistive or fric¬ 

tional force. This frictional force is opposed 

to the direction of the velocity. For small ve¬ 

locities it may often be taken as proportional 

to the first power of the velocity, just as the 

spring force is taken as proportional to dis¬ 

placement from equilibrium. In this case the 

equation for one-dimensional motion in the 
^-direction is 

d2x dx 
m —- = — kx — R —. 

dt2 dt 

where R is the friction constant. The result¬ 

ing motion is oscillatory with gradually dimin¬ 

ishing amplitude (= under-critically damped 

motion). If the friction force is very large 

the motion becomes over-critically damped. 

In this case the displaced particle will gradu¬ 

ally creep back to its neutral position, but not 

vibrate. 

VIBRATIONAL SUM RULE FOR ELEC¬ 

TRONIC TRANSITIONS. In a diatomic 

molecule the sums of the band strengths (emis¬ 

sion intensity divided by v* or absorption in¬ 

tensity divided by v) of all bands with the 

same upper or the same lower state are pro¬ 

portional to the number of molecules in the 

upper or lower state, respectively, i.e. 

and 

oc Nv> 

z 'aba. 

V 

oc N V" 

Here v' and v" stand for the vibrational quan¬ 
tum numbers of the upper and lower state, re¬ 

spectively. (The vibrational sum rule is valid 

only if the electronic transition moment Re is a 

VIBRATIONS, FORCED. The motion of 

a physical system under the combined influ¬ 

ence of its restoring force, resistive force and 

an applied external force. The most common 

situation is that of an applied periodic force. 

If the resistive force is proportional to the 

velocity, and the spring force to the displace¬ 

ment, the one-dimensional equation of motion 

is 

d2x dx 
m —- = —kx — R-b P sin ut, 

dt2 dt 

where F is the amplitude and id is the fre¬ 

quency of the applied force. The resulting 

motion is the superposition of the damped 

vibration (transient vibration) and the steady- 

state or stationary motion due to the applied 

force F sin o>t. The steady-state motion real¬ 

izes its greatest amplitude when the applied 
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frequency coincides with the natural frequency 
(resonance). (See also vibrations, free and 
vibrations, damped.) 

VIBRATIONS, FREE, OF UNDAMPED 
SYSTEM. The to-and-fro-motion of the con¬ 
stitutive part of a physical system. More 
specifically, the resulting periodic motion 
under the influence of a restoring force which 
in the linear case is proportional to the dis¬ 
placement from the neutral or equilibrium 
position. In the case of a single mass point 
m, and restoring force kx, the equation of mo¬ 
tion of the free vibration is 

d2x 
m—- = —kx 

dt2 

where k is the so-called spring constant and x 
is the displacement from equilibrium. The re¬ 
sulting motion is sinusoidal. The angular fre¬ 

quency IS G>o = 

Y m 
(also called the resonance, 

or natural, frequency of the system). A typi¬ 
cal example is the motion of a weight suspended 
from a spring with very small damping. 

VIBRATIONS, NON-PERIODIC. A vibra¬ 
tion is non-periodic if it does not repeat itself 
in all details after a certain period of time, T. 
Strictly speaking, a damped vibration is non¬ 
periodic. Also an undamped system may vi¬ 
brate non-periodically if it consists of several 
degrees of freedom, where different periods 
have an irrational ratio to each other. (See 
also vibrations, free; vibrations, damped and 
vibrations, forced.) 

VIBRATIONS OF POLYATOMIC MOLE¬ 
CULES, NORMAL. See normal vibrations 
and normal coordinates in polyatomic mole¬ 
cules. 

VIBRATION, SPECIES OF. See species. 

VIERENDEEL TRUSS OR GIRDER. An 
open web structure which acts as a continuous 
or rigid frame with vertical web members and 
horizontal or inclined chord members. The 
applied forces are carried by a combination of 
direct stress and bending in the members, with 
the bending stress as well as the direct stress 
an essential or primary stress. (See rigid 
frame.) 

VIETHMCLLER CIRCLE (CIRCUMHO- 
ROPTER). A circle in the horizontal plane 

and passing through the nodal points of the 
eyes of an observer. The points of a Vieth- 
Miiller circle are apparently equidistant from 
the observer and so are apparent circles cen¬ 
tered on the egocenter in the Luneburg ge¬ 
ometry of binocular vision. 

VIETH-MULLER TORUS. If a Vieth- 
Miiller circle rotates about the line joining the 
nodal points of the eyes, a Vieth-Muller torus 
is generated. This is an apparently equidis¬ 
tant surface in the Luneburg geometry of bi¬ 
nocular vision. The angle of convergence is 
constant for points on the Vieth-Muller torus. 

VIGNETTING. The gradual diminishing of 
the bundle of rays, coming from an object 
point and allowed to pass through an axially 
symmetrical optical system, as the point 
moves off-axis. 

VIGNETTING DIAGRAM. The intersection 
with the entrace pupil of the maximal bundle 
of rays that pass through an optical system 
and an object point P is the vignetting dia¬ 
gram of P in the system. 

VIRIAL COEFFICIENTS. See virial equa¬ 
tion of state. 

VIRIAL EQUATION OF STATE. By the 
use of the virial equation of state it is possible 
adequately to represent the p-v-T relation by 
adopting a power series for the product pv in 
terms of either volume or pressure. Conse¬ 
quently, two alternative forms of the virial 
equation of state are in existence: 

(BCD \ 
pv = A[ 1+- + - + -+... (!) 

pv = A + Bp + Cp2 + DpA -|-. (2) 

The coefficients A, B, •••, A, B, • • • are all 
functions of temperature only; they are called 
virial coefficients, A,A being the first virial co¬ 
efficient, B,B being the second virial coefficient, 
etc. It is clear that for p —> 0, v —* <», either 
equation must reduce to the perfect gas law 
pV = RT, hence 

A = A = RT. (3) 

It is clear that the corresponding virial coeffi¬ 
cients in (1) and (2) must be related. In fact, 
we have 
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B = B (4) 

Q _ £j2 

C =- or C = AC + B2, etc. 
A 

(5) 

VIRIAL OF A SYSTEM. If in a system of n 
particles confined to a finite region of space 
whose position vectors with respect to a given 
origin are r£ the resultant force on the zth 
particle is F*, the virial of the system is de¬ 
fined to be 

The bar over the sum refers to a time aver¬ 
age over a time interval long compared with 
the time taken by a particle to traverse the 
region in which the particles are confined. It 
is understood that not only are the magnitudes 
of the position vectors r{ bounded, but that 
the same is true of the velocities of the par¬ 
ticles. According to the virial theorem the 
virial of the system is equal to the average 
kinetic energy of the system. (See also en¬ 
ergy of n-particle system.) 

VIRTUAL DISPLACEMENT. See displace¬ 
ment, virtual. 

VIRTUAL MASS (OR APPARENT ADDI¬ 
TIONAL MASS). The force (due to the 
inertia of the fluid) required to produce unit 
acceleration in a body immersed in a fluid, in 
addition to that due to the inertia of the body. 

The virtual mass of a sphere immersed in 
inviscid fluid is half the mass of the fluid dis¬ 
placed. 

tron (due to the electromagnetic field) is pic¬ 
tured as arising from the continual emission 
and reabsorption by the electron of virtual 
quanta. Similarly the Coulomb energy be¬ 
tween two electrons may be pictured as aris¬ 
ing from the emission of virtual quanta by 
one of the electrons and their absorption by 
the other. 

VIRTUAL STATE. An intermediate state in 
a quantum mechanical process which enters 
only into the calculations. 

VIRTUAL TEMPERATURE. The tempera¬ 
ture Tv of dry air having the same density as 
the given sample whose dry bulb temperature 
is T. The difference Tv — T is a measure of 
the buoyancy (excess temperature) given to 
air by mixing it with water vapor whose rela¬ 
tive density e is 0.6221. 

+ x/ 

r+ 
where x is the humidity mixing ratio, and 
the temperatures are absolute. For tempera¬ 
tures in the neighborhood of 0°C an approxi¬ 
mate formula is 

Tv — T = Tx(l/t - 1) ^ ix °C. 

if x is measured in gm of water vapor per kg of 
dry air. 

VIRTUAL WORK, PRINCIPLE OF. In the 
mechanics of solids undergoing continuous de¬ 
formations 

f T'mSdA + f F'iUi*dV 
J A Jv 

ij^ij*d V 

VIRTUAL PROCESS. Process which may 
be pictured as the emission of a particle or 
quantum followed so quickly by its absorption 
or further interaction that the energy and 
momentum of the particle in this intermediate 
state are ill-defined. Each such process cor¬ 
responds to a term in the series expansion of 
the Hamiltonian for the whole process and 
may be represented on a Feynman diagram. 

VIRTUAL QUANTUM. In second and higher 
order perturbation theory, a matrix element 
connecting an initial state with a final state 
involves intermediate states in which energy 
is not conserved. A quantum or photon in 
such an intermediate state is termed a virtual 
quantum. Thus the self-energy’ of an elec¬ 

where the surface tractions T',-, the body forces 
F\ and the stresses <x'ij form an equilibrium 
system. The displacement Ui* and the strains 
eij* are compatible, but need bear no relation 
to the equilibrium system. The principle is the 
starting point for the derivation of the basic 
theorems of structures and mechanics of solids. 

VISCOELASTICITY. Mechanical behavior 
of material which exhibits viscous and de¬ 
layed elastic response to stress in addition to 
instantaneous elasticity. Such properties can 
be considered to be associated with rate ef¬ 
fects—time derivatives of arbitrary order of 
both stress and strain appearing in the con¬ 
stitutive equation—or hereditary or memory 
influences which include the history of the 
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stress and strain variation from the undis¬ 
turbed state. The typical response of a visco¬ 
elastic material to a pulse of constant stress is 
shown in the figure. 

stants, the second model (Figure 2) shown can 
correspond to identical material behavior. 

In order to represent more complex material 
behavior, friction elements and inertia ele- 

Stress <ti k —Vv\—[|- 

-•- 
a 

- 
—w\-[- 

T Time t 
l+e 

Strain e i 

Instantaneous 
Elasticity 

.Viscous Flow 

Instantaneous Recovery 

Delayed Recovery 
-«—Residual Viscous 

Delayed Elasticity and Strain 
Viscous Flow 

Time t 

(See viscoelastic models; Maxwell mate¬ 
rial; Kelvin material; standard linear solid; re¬ 
laxation time; viscoelastic operator.) 

VISCOELASTICITY, LINEAR. Viscoelas¬ 
ticity in which linear operators relate stress and 
strain components. (See viscoelastic opera¬ 
tor.) 

Fig. 2. 

ments are sometimes included in addition to 
the springs and dashpots. 

VISCOELASTIC OPERATOR. An operator 
which occurs in the stress-strain relation for a 
viscoelastic material. Depending on the 
mathematical form of relation adopted, this 
can be a differential or integral operator, or a 
complex function of frequency. Different op¬ 
erator forms can be chosen to represent the 
same material. Two possible integral opera¬ 
tor forms have been given under compliance, 
creep and modulus, relaxation. The usual 
differential operator form is of the type: 

VISCOELASTIC MODELS. The relation 
between the variation of a stress component, 
a, and the corresponding strain component, 
e, produced in a viscoelastic material can 
sometimes be represented by a mechanical 
analogue of the relation between force and ex¬ 
tension for a network or linkage of springs and 
dash pots. These are termed viscoelastic 
models, and are often convenient in visualizing 
the response of such materials. Common 
simple models are designated by the nomen¬ 
clature: Maxwell, Kelvin or Voigt, standard 
linear solid. Figure 1 shows the simplest 

model which exhibits a combination of all three 
types of viscoelastic response: instantaneous 
elasticity, delayed elasticity and viscous flow. 
This is commonly termed the four-element 
model. For appropriate choice of element con¬ 

E 2 

Fig. 1. 

where pv and qv are material constants. The 
Maxwell material and standard linear solid 
expressed in this way involve first order oper¬ 
ators as exhibited under these headings. 

VISCOSITY. The property whereby a strain 
of a fluid produces a stress while the strain is 
taking place. 

The coefficient of viscosity, or kinematic 
viscosity, p, is the tangential (or shearing) stress 
per unit area in a fluid undergoing unit shear. 
Thus if the velocity is of magnitude u and par¬ 
allel to the x-axis, and varies only in the y direc¬ 
tion, the stress, denoted by rxy or pxy, is 

du dUi 
Txy = M OT T ij = p 

dy dxj 

according to the notation used. 
In an isotropic fluid 

Txy = T yx. 

The dynamic viscosity, v, is defined by 

v = p/p. 



1021 Viscosity, Dynamic — Volterra Equation 

)■ is the coefficient of conduction of vorticity 
in a fluid. 

The cgs unit of viscosity is sometimes 
called the poise (after Poiseuille). 

VISCOSITY, DYNAMIC. (1) See viscosity. 
(2) An equivalent viscosity pertaining to gen¬ 
eral viscoelastic behavior, and is given by the 
complex modulus divided by the frequency: 

VISCOSITY, KINETIC THEORY OF. In a 
gas in which there exists a velocity gradient, 
there will be a shearing force exerted by the 
faster particles upon the slower ones. As 
stated under viscosity, this force is 

du 

where y is the coefficient of viscosity (the no¬ 
tation t) for this coefficient, and — ?/ du/dy 
for the force, is also used) and 

du 

dy 

is the gradient (in the y-direction) of the ve¬ 
locity (in the x-direction), due to a force in 
the x-direction perpendicular to the 7/-direc- 
tion. 

Considering the force to equal the rate of 
change of momentum, which in the present 
case is equivalent to the net momentum (in 
the x-direction) transported in the ^/-direction 
through a unit area, one finds 

y = CpuK, 

where c is a numerical constant of order unity, 
p is the density, u is the mean velocity, and A 
is the mean free path. 

VISCOSITY, NEWTONIAN. See Newtonian 
viscosity. 

VISCOUS DAMPING. See damping, viscous. 

VISCOUS FLUID. A fluid in which internal 
stresses are produced by a straining motion: 
the stresses are usually assumed to be pro¬ 
portional to the rate of strain. 

VISIBILITY FACTOR. For radiation of a 
given wavelength, the ratio of the luminous 
flux at that wavelength to the corresponding 
radiant flux. 

VISIBILITY OF FRINGES. The visibility of 
fringes is defined as 

Imux Anin 

I max ~f~ An in 

where Inmx is the maximum intensity of the 
fringe system and Imm is the minimum in¬ 
tensity. 

VISUAL FIELD. The visual field is all points 
of space at which an object can be perceived 
when the head and eye are kept fixed. The 
field may be monocular or binocular. 

VISUAL SPACE. See Luneburg geometry. 

VOIGT MATERIAL. Synonymous with 
Kelvin material. 

VOIGHT MODEL. Synonymous with Kelvin 
model. 

VOLT. A unit of electrical potential differ¬ 
ence, abbreviation V or v. (1) The absolute 
volt is the steady potential difference which 
must exist across a conductor which carries a 
steady current of one absolute ampere and 
which dissipates thermal energy at the rate of 
one watt. The absolute volt has been the 
legal standard of potential difference since 
1950. (2) The International volt, the legal 
standard prior to 1950, is the steady potential 
difference which must be maintained across a 
conductor which has a resistance of one Inter¬ 
national ohm and which carries a steady cur¬ 
rent of one International ampere. 

1 Int. volt = 1.000330 Abs. volts. 

(See electrical units.) 

VOLTAGE SOURCE, IDEAL. An energy 
source that provides at a given terminal-pair 
(port), a voltage function that is independent 
of the current at that terminal-pair (port). 
An ideal voltage source is idle when its 
environment is an open circuit. 

VOLTERRA EQUATION. The integral 
equation of the form 

K(x,y)<t>(y)dy 

in which the upper limit of integration is the 
variable x. If / (x) = 0, the equation is 
homogeneous. When one or both limits be¬ 
come infinite, or when the kernel becomes in¬ 
finite at one or points within the range x0 to x, 
the equation is singular. 

</>(x) = /(x) - A l 
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VOLUME, CENTER OF. See centroid (of a 
geometrical figure). 

VOLUME FRACTIONS. Consider a binary 
mixture. If p denotes the ratio of the volume 
of molecules of type B to that of type A, the 
volume fractions of molecules A and B are 
defined by 

XA XB 
<t>A = -;- 4>b = -;- (1) 

Xa + PXb Xa + PXb 

where xA, xB are the mole fractions. 

VOLUME INTEGRAL. See integral, mul¬ 
tiple. 

VOLUME RECOMBINATION RATE. See 
recombination rate, volume. 

VOLUME VELOCITY. The rate of flow of 
the medium through a specified area due to 
a sound wave. The terms “instantaneous 
volume velocity,” “effective volume velocity,” 
“maximum volume velocity,” and “peak vol¬ 
ume velocity” have meanings which corre¬ 
spond with those of the related terms used for 
sound pressure. 

VON NEUMANN MATRIX. See density 
matrix. 

VORTEX. A vortex tube, or vortex, is the 
region bounded by the vortex lines which inter¬ 
sect a closed curve. The strength of a vortex 
is the same at any section, and is equal to the 
circulation round the boundary of the section 
of it by any surface which completely tra¬ 
verses it. 

VORTEX LINE. A line whose tangent at 
every point is in the direction of the vorticity, 
given by 

dx dy dz 

where (£, rj, f) is the vorticity. 
Vortex lines are either closed curves or begin 

and end on the boundaries of the fluid (or in 
regions of infinite vorticity such as vortex 
sheets and line vortices). 

In an inviscid fluid of uniform density the 
vortex lines are advected with the fluid and 
are composed always of the same fluid parti¬ 
cles. This is also true of an inviscid “well 
stirred” fluid (i.e., one in which the density is 
a unique function of the pressure only). 

VORTEX PAIR. Two parallel line vortices 
of opposite sign which travel through the sur¬ 
rounding fluid in the direction of the motion 
between them. The accompanying fluid is a 
cylinder of oval section. If the vortices are 
of strength ±*, their velocity of translation 
is K/2ird, where d is the distance between them. 

VORTEX RING. A field of motion produced 
by a closed circular vortex tube. The tube 
travels through the surrounding fluid in the 
direction of the velocity on its axis. The sub¬ 
stance of a vortex ring is the fluid which pos¬ 
sesses vorticity. The surrounding motion is 
irrotational. The substance is surrounded by 
the accompanying fluid which is composed of 
particles which repeatedly circulate round the 
substance and therefore travel along with it. 
The flow round the accompanying fluid is the 
same as the irrotational flow round a solid 
body of the same shape. If one vortex ring 
is contained within the accompanying fluid 
of another, the two rings continue to pass 
through one another, otherwise one passes 
through the other only once. 

VORTEX SHEET. A surface of discontinuity 
of velocity, at which the vorticity is infinite. A 
vortex sheet is either unstable and becomes 
rolled up into a number of eddies each rather 
like a line vortex, or is diffused by viscosity 
and becomes a thick layer of large vorticity. 

VORTEX, STARTING. See airfoil started 
from rest. 

VORTEX STREET. Two parallel rows of 
equally spaced line vortices. If the vortices of 
one row are opposite the points midway be¬ 
tween those of the other it is called a Karman 
vortex street. If the strength of each vortex 
is k in one row and — * in the other, the spac¬ 
ing being a, and b being the distance between 
the rows, the vortices move in a direction par¬ 
allel to the street with speed U„ given by 

K T b 
Ug — — tanh — 

2a a 

Vortex streets are found in the wake of a 
cylinder at moderate Reynolds numbers. Ac¬ 
cording to Lamb the configuration is stable for 
small sinusoidal disturbances only if 

o 

cosh2— = 2, or b = 0.281a. 
a 
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The street forms first as an instability in 
the boundary of the wake, but at higher Reyn¬ 
olds numbers is produced by the shedding of 
vortices alternately from each side of the cyl¬ 
inder. This produces a periodic sideways force 
on the cylinder which is probably responsible 
for the oscillation of wires in a wind. 

The vorticity of a fluid element is changed 
according to the equation 

Do) 
— = (<o-grad)v + grad log p 
Dt 

X (f + g - ^) + j>V2a>. 

VORTEX TUBE. See vortex. 

VORTICITY. The vector obtained by taking 
the curl of the flow velocity. It is also the 
antisymmetric part of the velocity gradient 
tensor dui/dxj (iij is the component of the veloc¬ 
ity parallel to Ox,). It measures the rate of rota¬ 
tion of a fluid, e.g., in a uniformly rotating fluid 
the vorticity is twice the angular velocity. In 
rectangular cartesian coordinates it is given by 

V X v = curl v = » = ($, rj, f) 

-( 
or 

dw dv du 
--- -y -- 
dy dz dz 

dUi 

dw dv 
■-» - 

dx dx 

du\ 

dy) ’ 

= *ijk 
dXj 

If a small fluid element were suddenly “frozen” 
so that the distortion by the motion were elim¬ 
inated, its angular momentum per unit mass 
would be H<i>- 

The right hand side shows that vorticity is gen¬ 
erated according to the first term, by the turn¬ 
ing and stretching of the vortex tubes, and 
according to the second when the direction of 
the density gradient is different from the re¬ 

sultant of the inertia forces gravity (g), 

and other body forces (F), the rotation pro¬ 
duced being such as to make these directions 
coincide. According to the third term the vor¬ 
ticity is diffused, or conducted, with v, the 
dynamic viscosity, being the coefficient of con¬ 
ductivity. 

VOUSSOIR ARCH. An arch composed of 
uncemented blocks with joints or interfaces 
normal to the axis of the arch. As such an 
arch lacks ability to take tension at the joints, 
the pressure line must lie within the arch at 
the joints. The common assumption in design 
is that the pressure line must lie within the 
middle third or kern so that no tension is pro¬ 
duced in the blocks. 



w 
WAGNER BEAM. A beam in which a ten- 
tion field is set up in the web at the working 
load. 

WAGNER EFFECT. See airfoil started from 
rest. 

WAGNER STRESS. See stress, Wagner. 

WAIDNER - BURGESS STANDARD. A 
standard of luminous intensity designed to 
supplant the Bureau of Standards candle. 
Defined as the luminous intensity of 1 cm2 of 
a black body at the melting point of platinum. 

WAKE. The region of disturbed fluid behind 
a moving body. Usually defined as the region 
containing vorticity, generally turbulent, or 
the region bounded by a vortex sheet originat¬ 
ing at the body. The wake may contain eddies 
moving or stationary relative to the body, or a 
region of motionless fluid as supposed in the 
theory of free streamlines. 

WALL ENERGY. The energy (per unit 
area) of the boundary between oppositely ori¬ 
ented ferromagnetic domains. 

WALLIS FORMULA. The formula 

where T denotes the gamma function. 

WALLIS PRODUCT. The infinite product 

2 2 4 4 2n 2 n 

1 3 3 5 2n - 1 ’ 2n + 1 

Its value is ir/2. 

WALL LOSSES. In a reciprocating engine or 
compressor, the working fluid is periodically 
induced, expanded (or compressed) and dis¬ 

charged. Consequently, the temperature of 
the working fluid inside the cylinder varies be¬ 
tween given limits. Since the thermal capac¬ 
ity of the cylinder walls is usually large com¬ 
pared with that of the working fluid, and since 
heat is transferred between them and the work¬ 
ing fluid at a relatively slow rate, the walls 
assume a temperature intermediate between 
the highest and lowest temperatures of the 
working fluid, except for a small depth. Con¬ 
sequently, during part of the cycle, heat flows 
from the wall to the fluid, and in the opposite 
direction during the remainder of the cycle. 
This flow is composed of a net flow in one di¬ 
rection (heat loss) and a fluctuation giving no 
net flow of heat. However, the fluctuating 
heat flow causes entropy increases which re¬ 
sult in a loss of work. In a prime mover 
(e.g., steam engine) because heat is exchanged 
at a finite temperature difference in either 
direction, the work obtained from it is less 
than it would be if this periodic heat flow did 
not exist. In a compressor, the work required 
to drive it becomes larger than it would other¬ 
wise be. The difference between the two is 
termed wall loss. 

The flow of heat associated with the wall 
loss prevents processes in engines or compres¬ 
sors from being isentropic (no heat flow) or 
isothermal (flow of heat in one direction 
only.) 

WARPING. See torsion. 

WATT SPECTRUM. In the physics of fis¬ 
sion, an analytic fit of the experimentally de¬ 
termined fission spectrums, due to B. E. Watt. 
It is 

f(E) = 0.484c-£ sinh V^2E (E in mev). 

(See fission spectrum.) 

WAVE. A disturbance which is propagated 
in a medium in such a manner that at any 
point in the medium the displacement is a 
function of the time, while at any instant the 
displacement at a point is a function of the 
position of the point. Any physical quantity 

1024 
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which has the same relationship to some in¬ 
dependent variable (usually time) that a 
propagated disturbance has, at a particular 
instant, with respect to space, may be called 
a wave. In this definition, displacement is 
used as a general term, indicating not only 
mechanical displacement, but also electric dis¬ 
placement, etc. In short, a wave is a time- 
varying quantity which is also a function of 
position; for example, any time-varying volt¬ 
age or current in a network is often called a 
w'ave. Other examples of waves are: (1) 
wave on the surface of a liquid, in which the 
disturbance is the displacement of any par¬ 
ticle in the surface from its equilibrium posi¬ 
tion; (2) acoustic wave, in which the disturb¬ 
ance is the change in pressure from its equi¬ 
librium value at any point in a material me¬ 
dium (fluid or solid) ; (3) electromagnetic 
wave, in which the disturbance is the change 
in the electric and magnitude field intensities 
from their equilibrium values in space. The 
first two types are known as mechanical 
waves, since the propagated disturbance in¬ 
volves motion of a medium. 

WAVE AMPLITUDE. The magnitude of 
the maximum change from equilibrium of the 
disturbance characterizing the wave. 

WAVE(S), BULK. See wave(s), dilata- 
tional. 

WAVE, CAPILLARY. See capillary wave. 

WAVE, CIRCULATING. A wave of which 
the equiphase surfaces are half-planes issu¬ 
ing from an axis, called the axis of circula¬ 
tion. Such waves are possible only in non- 
dissipative media. 

WAVE, COMPRESSION. See compression 

wave. 

WAVE, CONVERGING. A spherical wave 
(see wave, spherical) which is traveling in 
the direction of decreasing radius. 

WAVE CREST. The position of maximum 
positive disturbance in a progressive wave. 
(See wave, progressive.) 

WAVE, CYLINDRICAL. A wave whose 
equiphase surfaces form a family of coaxial 

or confocal cylinders. 

WAVE(S), DILATATIONAL. Dilatational 
waves are elastic waves (see waves, elastic, 
in solids), which are propagated through a 
solid medium and are characterized by longi¬ 
tudinal particle motion, i.e., the particle dis¬ 
placements are in the direction of propagation. 
For such waves the curl of the particle velocity 
field is zero, and in an isotropic solid such waves 
travel with the velocity *\/[(K + %G)/p\, 
where K is the bulk modulus, G is the shear 
modulus, and p is the density of the medium. 
Dilatational waves are also called irrotational 
waves, bulk waves, longitudinal waves, and, in 
seismology, P waves. 

WAVE (S), DISTORTIONAL. See wave (s), 
shear. 

WAVE DRAG. See drag. 

WAVE, ELASTIC. See waves, elastic. 

WAVE (S), ELECTROMAGNETIC. See 
electromagnetic waves. 

WAVE(S), ELECTROMAGNETIC PLANE, 
BASIC TYPES. The three basic types of 
electromagnetic plane wave are: (1) Trans¬ 
verse electromagnetic (TEM)—Both the E 
and H components of the field lie in the plane 
that is transverse to the direction of propa¬ 
gation. (2) Transverse electric (TE)—The 
E field lies wholly in the plane that is trans¬ 
verse to the direction of propagation, whereas 
the H field does not. (3) Transverse mag¬ 
netic (TM)—The H field lies wholly in the 
plane that is transverse to the direction of 
propagation, where the E field does not. 

WAVE EQUATION. The most important 
special case of hyperbolic partial differential 
equations. For two independent variables, it 
takes the form 

d2<t> 

dy* 

„ d2<f> 
c —o = g(x>y)- 

ox 
(1) 

y is often taken as the time-coordinate, whence 
(1) is referred to as the one-dimensional wave 
equation. The Ricmann function for (1) has 

the constant value \p(x,y,X,Y) = - . The solu- 
c 

tion of the Cauchy problem for (1) with data 
prescribed on the x-axis becomes at a point 
(X,Y), with Y > 0. 
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*{X,Y) = h 4>(X + cY, 0) 

l ~X+cY 

+ </>( X — cY,0) + — I 4>u(£fi)d% 
2c JX-cY 

+ 
l rl rA' 

2c J0 Jx—, 

X+c(Y —y) 

g(x,y)dxdy 
c(Y-y) 

(2) 

It follows from (2) that the general solution of 
the homogeneous one-climensional wave equa¬ 
tion is 

4>(x,V) = f(x + cy) + g(x - cy) 

with suitable functions / and g of one variable. 
The three-dimensional wave equation has the 

form 

4>tt = C2((f>xx + 4>yy + <Pzz) + (3) 

For the initial values <j>(x,y,z,0) = f(x,y,z), 
<t>t{x,y,z,0) = g(x,y,z), the solution can be ob¬ 
tained by Fourier analysis; it is 

4trc2<t>{x,y,z,t) 

= — ["7 ff /(* + y + v, 2 + £)ds 
ot L t JJr—ci 

+ - (f ff(x + y + v, 2 + t)dS 
t JJr=*cl 

+ Ilf -v(x + £,y + rj,z + £,t —Ad&ydt 
JJJr<clr \ c/ 

(4) 

where £, y, f denote the variables of integration 
and r2 = £2 + y2 -f- f2. Equation (4) shows 
that the solution at (x,y,z,t) depends only on 
the values of the initial data and of their deriv¬ 
atives on the sphere of radius ct about the 
point (x,y,z). The wave equation (3) thus has 
the feature that the domain of dependence is a 
surface in the initial sphere (strong form of 
Huygen’s principle). 

WAVE EQUATION, RELATIVISTICALLY- 
INVARIANT. See relativistically invariant 
wave equations. 

value at a given instant. Wave propagation 
can be thought of as the motion of a wave 
front through a medium. 

WAVE FRONT ABERRATIONS. H. H 
Hopkins, Linfoot, Marechal and others have 
developed the wave theory of aberration. A 
characteristic function S is introduced as an 
optical path length from a wave front to an 
ideal spherical one in image space. S is a 
solution of the differential equation of optics 

Sx2 + Sy2 + S2 = n2 

and may be expanded in terms of constituent 
aberration functions, S = 2*S,. The aberra¬ 
tions Si can be identified as the classical ray- 
theory aberrations, but the point of view de¬ 
veloped from the wave theory leads to valuable 
new insight into aberration theory. 

WAVE FRONT, PLANE. If the loci of 
points of constant phase of a beam of radia¬ 
tion are parallel planes, the wave fronts are 
called “plane” and the radiation is spoken 
of as “parallel.” 

WAVE FRONT, SPHERICAL. As radiation 
from a point source passes through a uniform 
medium, the loci of points with the same phase 
will be a series of concentric spheres. The 
radiation travels always normal to these 
spheres or wave fronts. 

WAVE FUNCTION. A function of the dy¬ 
namical variables of a particle or a system of 
particles which describes the state of the sys¬ 
tem in wave mechanics. 

WAVE FUNCTION, ADJOINT. See adjoint 
wave function. 

WAVE FUNCTION, ANTISYMMETRIC. 
See antisymmetric wave function. 

WAVE FUNCTION, COULOMB. See Cou¬ 
lomb wave function. 

WAVE FUNCTION RENORMALIZATION. 
See divergences. 

WAVE (S), EQUIVOLUMINAL. See 
wave(s), shear. 

WAVE, EXPANSION. See expansion wave. 

WAVE, FREE. See free wave. 

WAVE FRONT. A surface at all points of 
which the phase of the wave has the same 

WAVE FUNCTION, SIGMA, PI (<r, u). 

The electrons of a molecule can be classified 
according to the quantum number of the 
component of their orbital momentum about 
the internuclear (bond) axis. Depending on 
whether this quantum number is 0, 1,2, • • •, 
the electrons (and their wave functions) are 
called <r, r, 5, • • • electrons (or wave functions). 
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For diatomic molecules, a a wave-function is 
symmetrical around the axis of the molecule; a 
7r wave function is anti-symmetrical with re¬ 
spect to this axis. For planar molecules, the a 
and 7r wave functions are respectively symmet¬ 
rical and antisymmetrical with respect to a re¬ 
flection in the plane of the molecule. The 7r 
wave function is perpendicular to the plane, 
and posseses a node in this plane. (See hin¬ 
dered rotation.) 

WAVE FUNCTION, SYMMETRICAL. See 
exchange energy; also preceding entry. 

WAVE, GRAVITY. See gravity wave. 

WAVE GROUP, GAUSSIAN. See Gaussian 
wave group. 

WAVE (S), GROUP VELOCITY OF. The 
velocity with which the envelope of a group 
of waves of neighboring frequencies travels in 
a medium in which the phase velocity is a 
function of frequency. It is 

dc 
G = c — X —> 

dX 

and is usually identical with the velocity of 
energy propagation (c is wave velocity at wave¬ 
length X. 

WAVEGUIDE. A system, generally bounded 
by surfaces of high conductivity, which may 
be used to guide electromagnetic waves, and 
hence electromagnetic energy from one point 
to another. Commonly refers to hollow metal 

pipes so used. 
If z denotes the coordinate in the direction 

of the waveguide and t time, three kinds of 
solutions of Maxwell’s equations can be found 
in which both the electric field vector E and 
the magnetic field vector H depend only on t 
and z through the factor exp i(u>t — kz). 
These three types: (1) TEM, (2) TE and (3) 
TM are defined in the entry wave(s), electro¬ 
magnetic plane, basic types. No TEM wave 
can be propagated down the inside of a hollow 
conductor. 

WAVE, GUIDED. See guided wave. 

WAVE, HARMONIC. A wave in which the 
disturbance at any point in space through 
which the wave is propagated varies sinu¬ 
soidally with the time. Specifically if the 
wave is a plane harmonic wave in the .r-direc- 
tion, the disturbance £ is given by 

£ = A sin (cot — kx) 

where A is the wave amplitude, co = 2irf (where 
/ is the frequency) and k = u/V (where V is 
the wave velocity). (Cf. wave propagation.) 

WAVE (S), IRROTATIONAL. See wave (s), 
dilatational. 

WAVE, KINETIC ENERGY DENSITY. The 
kinetic energy per unit volume in a medium 
traversed by a mechanical wave. It is a func¬ 
tion of time and space. 

WAVE, LEE. See lee wave. 

WAVELENGTH ASSOCIATED WITH 
ONE ELECTRON-VOLT. By combining the 
basic relation of quantum theory that the 
energy of a photon is the Planck constant 
multiplied by the frequency, with the energy 
which an electron receives in falling through 
one volt of potential difference, there results 
a wavelength associated with one electron- 
volt of 12,395 X 10-8 cm (Birge, 1941). 

WAVELENGTH CONSTANT. The wave 
equation: 

(l x \ 
q = a sin 2r I-1- 8 1 

\T X / 

is sometimes written as 

/2tT 27T \ 
q = asinl — t-x e). 

\T X / 

2tt 
— — 03, the “angular velocity” or “angular 

2tt 
frequency.” — = k(or v) is called the wave- 

X 
length constant or, sometimes, the wave number 
or wave parameter. 

WAVELENGTH, DOMINANT. See domi¬ 
nant wavelength. 

WAVELENGTH, EFFECTIVE. See effec¬ 
tive wavelength. 

WAVELENGTH OF YAW. A term used in 
rocket aerodynamics referring to the fact 
that when a rocket yaws its period of oscilla¬ 
tion is inversely proportional to the velocity. 
As a result, a rocket traverses the same dis¬ 
tance while performing an oscillation, regard¬ 
less of velocity. This distance for a complete 
cycle of oscillation, is called the wavelength of 
yaw. It is given by: 
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where a is the wavelength of yaw, M is the 
mass of the rocket, k is the radius of gyration 
(about a transverse axis through the center of 
gravity), p is the air density, Km is the coef¬ 
ficient of moment, and d is the diameter of 
the rocket. 

WAVE, LONGITUDINAL. See wave(s), 
dilatational. 

WAVE MECHANICS. That form of quan¬ 
tum mechanics in which the emphasis is on 
the wave aspects of the quantum mechanical 
system. Historically, it was discovered on a 
different line from that of quantum mechanics, 
but the two expressions are now used as mean¬ 
ing the same subject. (For some of the ideas 
of wave mechanics, see quantum mechanics.) 

WAVE, NEUTRAL. See neutral wave. 

WAVE NUMBER. The reciprocal of the 
wavelength in a harmonic wave. Some au¬ 
thors use 2tt/X instead of 1/A in this sense. 
The wave number v of a spectral line is defined 
as the number of waves per centimeter 

v — 1/A = v'/c 

where v' and X are, respectively, the frequency 
and wavelength (in vacuo), and c, the velocity 
of light. 

WAVE NUMBERS, HICKS FORMULA FOR. 
See Hicks formula. 

WAVE PARAMETER. The quantity 2tt/A, 
commonly symbolized by k. (See also wave 
number and wave constant.) 

WAVE PERIOD. In a harmonic wave the 
time between attainment of successive maxi¬ 
mum disturbances at the same place. The 
reciprocal of the frequency. 

WAVE, PERIODIC. A wave in which the 
disturbance repeats itself in equal intervals 
of time at each point of space and at equal 
intervals of space at each given instant of 
time. 

gressive wave function f(x — Vt) the phase is 
.r — Vt. For a harmonic plane wave in which 
the disturbance has the form sin (wt — kx), the 
phase is wt — kx. Here w is the angular fre¬ 
quency = 27r/, where / is the actual frequency, 
k = 27t/A, where A is the wavelength. 

WAVE (S), PHASE VELOCITY OF. The 
velocity with which a point of constant phase 
is propagated in a progressive sinusoidal wave. 

WAVE(S), PLASTIC. Stress waves which 
produce plastic deformation as they are propa¬ 
gated through solids (especially metals). 
They generally travel at velocities lower than 
that of the corresponding elastic waves (see 
waves, elastic, in solids), and appreciable en¬ 
ergy dissipation takes place. 

WAVE (S), PROGRESSIVE. Traveling 
waves, as opposed to stationary waves. (See 
wave, standing.) 

WAVE (S), RAYLEIGH SURFACE. Elastic 
waves which can be propagated in the neigh¬ 
borhood of the free surface of an elastic solid 
and travel parallel to it. Their effect decreases 
rapidly with depth, and their velocity of 
propagation is less than that of either longi¬ 
tudinal or shear waves in the body of a solid. 
(See velocity of sound.) The velocity of 

propagation can be expressed as &V (G/p) 
where k is a numerical constant slightly less 
than unity, which depends on Poisson’s ratio, 
or. For a — 0.25, k = 0.9194, and for a = 0.5, 
k = 0.9554. The particle motion in Rayleigh 
surface waves is in a plane perpendicular to 
the free surface and parallel to the direction of 
propagation. For simple harmonic Rayleigh 
surface waves the particle trajectory is an 
ellipse. 

WAVE, REFLECTED. When a wave in a 
medium of certain propagation characteris¬ 
tics is incident upon a discontinuity or a sec¬ 
ond medium, the wave component that re¬ 
sults in the first medium in addition to the 
incident wave. (See wave, incident.) 

WAVE, REFRACTED. That part of an inci¬ 
dent wave (see wave, incident) which travels 
from one medium into a second medium. 

WAVE, PERMANENT. See permanent WAVE(S), ROTATIONAL. See wave(s), 
wave. shear. 

WAVE PHASE. The argument in the wave WAVES, ELASTIC, IN PLATES. A longi- 
function. Thus in the general arbitrary pro- tudinal elastic wave traveling in a thin plate 
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(i.e., one whose thickness is small compared 
with the wavelength) is propagated at a veloc - 
ity given by V[(E/p( 1 - a2)], where E is 
Young’s modulus, a is Poisson’s ratio, and 
p is the density. At wavelengths comparable 
with the plate thickness, the phase velocity de¬ 
creases and waves of very short wavelength 
travel with the velocity of Rayleigh surface 
waves. (See wave(s), Rayleigh surface.) 

WAVES, ELASTIC, IN RODS. Three types 
of elastic wave can be propagated along rods. 
These are longitudinal (or extensional), tor¬ 
sional, and flexural. When the wavelength is 
large compared with the lateral dimensions 
of the rod, longitudinal waves travel with the 
velocity \/(E/p) where E is Young’s modulus 
and p is the density of the rod. Torsional 
waves travel with the velocity \Afi/pj where 
G is the shear modulus, and flexural waves 
are dispersed and travel with the velocity 
(2irk/\)\/(E/p), where A is the wavelength 
and k is the radius of gyration of a cross-section 
of the rod about the neutral axis. When the 
wavelength becomes comparable with the lat¬ 
eral dimensions of the rod, the expressions for 
the velocity of longitudinal and flexural waves 
become extremely complicated. For wave- 
lengths very small compared with the lateral 
dimensions, the phase velocity of both these 
types of waves approaches that of Rayleigh 
surface waves (see waves, Rayleigh surface). 
Torsional waves are not dispersed, and travel 
with the velocity (G/p) for all wavelengths. 

WAVES, ELASTIC, IN SOLIDS. Through 
an isotropic unbounded elastic solid, two types 
of elastic wave can be propagated. The parti¬ 
cle motion in these two types of wave is parallel 
to the direction of propagation and perpendicu¬ 
lar to it respectively. A wave in which the 
particle motion is parallel to the direction of 
propagation is termed longitudinal, dilata- 
tional, bulk or irrotational, and in seismology 
is called a P wave. A wave in which the par¬ 
ticle velocity is perpendicular to the direction 
of propagation is called transverse, distortional, 
shear, rotational or equivoluminal, and in seis¬ 
mology is called an S wave. Longitudinal 

waves travel with the velocity y/[(K + %G)/p\ 
where K is the bulk modulus, G the shear 
modulus, and p the density of the solid medium. 
Transverse waves travel with the velocity 

V(G/p). 
On the surface of a semi-infinite solid, Ray¬ 

leigh surface waves (see wave(s), Rayleigh 
surface! can be propagated. The particle 
motion of these is in a plane perpendicular 
to the surface and parallel to the direction of 
propagation. In bounded solids, a number of 
different types of elastic wave can be propa¬ 
gated, and in general their velocity of propa¬ 
gation depends on the wavelength. (See 
waves, elastic, in rods; waves, elastic, in 
plates.) 

WAVE, SHEAR. See shear wave; Helmholtz 
wave. 

WAVE, SHEAR-GRAVITY. See shear-grav¬ 
ity wave. 

WAVE, SHOCK. See shock wave. 

WAVE, SIMPLE. See simple wave. 

WAVES, LONG. See long wave. 

WAVE, SOLENOIDAL. A wave in which 
the divergence of the vector quantity repre¬ 
senting the disturbance vanishes identically. 
A plane solenoidal elastic wave is a trans¬ 
verse wave. (See wave, transverse.) 

WAVE, SOLITARY. See solitary wave. 

WAVE, SPHERICAL. A wave whose equi- 
phase surfaces form a family of concentric 
spheres. 

WAVE, SQUARE. See square wave. 

WAVE, STANDING. A wave disturbance 
which is not progressive, i.e., one in which the 
energy flux is zero at all points. Such waves 
can exist only in completely non-dissipative 
media, and therefore can only be approxi¬ 
mated in real situations. In such waves, any 
component of the field can be specified as a 
function of position multiplied by a sinus¬ 
oidal function of time. See standing waves 
(in fluids). 

WAVE, STATIONARY. See stationary waves 
(in fluid). 

WAVE(S), STRESS. A generic term used to 
describe mechanical waves propagated through 
materials, especially solids. Elastic waves, 
viscoelastic waves, plastic waves and shock 
waves are particular examples of stress waves. 
(See waves, elastic, in solids; waves, visco¬ 
elastic; waves, plastic, and waves, shock.) 

WAVE SURFACE. See normal congruence. 
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WAVE, SURFACE. See surface wave. 

WAVE TROUGH. The position where the 
disturbance in a progressive wave has its mini¬ 
mum (algebraic) value. It is the opposite of 
wave crest. (See wave, progressive.) 

WAVE VECTOR. A vector, usually repre¬ 
sented as k, which, at each position in space, 
points in the direction of propagation of the 
wave under consideration. The magnitude as¬ 
signed to the wave vector associated with a 
wave of wavelength A is not unique, but with 
present usage it is almost certain to be either 
unity, 1/A, or 2tt/A. The magnitude of the 
wave vector is called the wave number when 
|fc| = 1/A and sometimes when |fc| = 2tt/A. 

WAVE VELOCITY. See phase velocity. 

WAVE(S), VISCOELASTIC. When elastic 
waves (see waves, elastic, in solids) are propa¬ 
gated through solid media, some dissipation 
always takes place. For most elastic solids, 
however, the effect is small, though for some 
materials, especially rubbers and plastics, the 
attenuation is large. The phase velocity is 
then found to depend on the frequency of the 
disturbance. The entire nature of wave propa¬ 
gation is here modified. Waves propagated 
under such conditions are called viscoelastic. 

WEAK AXIS. See axis, weak. 

WEAK LOCAL COMMUTATIVITY. A set 

of field operators f„(y0), fo(yi) ■ ■ •, Pn(yn) is 
said to have the weak local commutativity 
property at a set of real points (£1 • • • £„) if 
the relation 

('ko, 'PoiVo) ' ' ' Pn(yn)'ko) 

= Pn(yn) • • ■ Pi{yMo{yo)^o) (l) 

holds for all (y0, • • •, yn) such that the differ¬ 
ence 

Vj = Vi-1 ~ yj (2) 

lie within some real neighborhood of the 
Here is the invariant unique vacuum state 
and «is ± 1, the sign depending on whether the 
permutation of fermion field operators between 
the left and right side of Equation (1) is even 
or odd. 

WEBER. The unit of flux is the rationalized 
MKS system. (See electrical units.) 

WEBER DIFFERENTIAL EQUATION. 
The second-order equation 

»" + (» + i - \x2)y = 0. 

It has an irregular singular point at oc and 
occurs in solving the wave equation in para¬ 
bolic cylindrical coordinates. It is a special 
case of the confluent hypergeometric equa¬ 
tion and its solutions are confluent hyper¬ 
geometric series. 

WEBER NUMBER. In fluid mechanics, a 
dimensionless product: 

pv2L 
W = -- 

7 

where W is the Weber number, p is the mass 
density, v is the velocity, L is the length, and 
7 is the surface tension. 

WEDDLE RULE (FOR NUMERICAL 
QUADRATURE). 

I f(x)dx = 3(/0 + 5/i + /z + 6/3 +/4 + 0/5 

+ fa) + R, 

R = -/i7[10/(VI)ax) + 9^2/(VIII)fe)]/1400. 

WEIERSTRASS APPROXIMATION THEO¬ 
REM. If f(x) is continuous on a closed in¬ 
terval, then for every e > 0 there exists a 
polynomial P(x) such that | f(x) — P(x)| < t 
for every x in the interval. 

WEIERSTRASS FUNCTION. Weierstrass’ 
function p(z) = p(z/w, w') is an elliptic func¬ 
tion of periods 2a>, 2a/ which: (1) is of order 
two; (2) has a double pole at z = 0, the prin¬ 
cipal part of the function at the pole being 
z 2; (3) makes p(z) — z~2 analytic in a neigh¬ 
borhood of, and vanish at z = 0. In this 
definition, the order of an elliptic function is 
its number of poles, each counted according 
to its multiplicity, in the parallelogram formed 
for fixed z0 by the points 

z = zq T 2£o> -|- 2r)w', 0<£<1;0<7?<1. 

Weierstrass' zeta function is a certain mero- 
morphic function with simple poles, derivable 
from Weierstrass’ function, but not itself 
doubly-periodic and hence not an elliptic 
function. 

WEIERSTRASS M-TEST (FOR UNIFORM 
CONVERGENCE). A series of functions 
tt!(:r) + u2(x) + • • • is uniformly and abso¬ 
lutely convergent in a closed interval [a,6] in 
its domain of definition if there exists a conver- 
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gent series of positive constants M\ + M2 + 
-b Mn + • • • such that | u„(;r) | < Mn for 
every n and all x in [a,b]. 

WEIGHT. The weight of a body is the re¬ 
sultant of the forces the Earth’s gravitational 
field exerts upon it. The resultant passes 
through a point called the center of gravity 
which is clearly defined when the dimensions 
of the body are negligible compared with the 
distance of the body from the center of the 
Earth. (For statistical weight, see weighting; 
statistical weight.) 

WEIGHTED MEAN. See arithmetic mean. 

WEIGHT FRACTIONS. Concentrations in 
a mixture are sometimes expressed in terms 
of the weight fractions 

rtii 
Wi = — (1) 

m 

where m,- is the mass of component i, and m 
the total mass. Clearly 

Sw,- =1. (2) 

WEIGHTING. (1) The artificial adjustment 
of measurements in order to account for fac¬ 
tors which, in the normal use of the device, 
would otherwise be different from the con¬ 
ditions during measurement. For example, 
background noise measurements may be 
weighted by applying factors or by introduc¬ 
ing networks to reduce measured values in 
inverse ratio to their interfering effects. (2) 
When several different determinations of the 
same physical quantity have been made, the 
more accurate of the measurements should be 
counted more heavily than the less accurate 
in estimating the most probable value of the 
quantity. Thus, if q\, q->, etc., are the in¬ 
dividual values, the most probable value is 

Wiqi + w2q2 + • • • 
q = —--- 

Wi + w2 H- 

where wu w>, etc., are weighting factors. The 
theory of the propagation of errors shows that 
the weighting factor for any individual de¬ 
termination is inversely proportional to the 
square of the uncertainty of that determina¬ 
tion. The quantity q is called the weighted 
mean. (3) In statistical mechanics different 
states will have different a priori probabilities, 
and in computing average values, these states 
must be weighted with factors proportional to 

their probabilities, the computation then pro¬ 
ceeding as in (2) above. (4) See statistical 
weight. 

WEIGHTING FUNCTION. A function 
w(x) ^0 defined over an interval [a,6] is a 
weighting function for a set of functions 
u1{x)u2{x), • * *, if 

rb 
I umunwdx = 0, for m ri n, 

the functions Ui{x) being then said to form a 
(generalized) orthogonal set. The concept of 
weighting function is similarly defined in the 
theory of approximation. (See approximation 
in the mean.) 

WEIGHTING FUNCTION OF A SYSTEM. 
A function of time, often denoted by W(t), 
and defined as the normal response of a sys¬ 
tem to an input in the form of unit impulse 
function (of the first order) at t = 0, namely 
S(/). It is the inverse Laplace transform of 
the output to input transfer function of the 
system. 

The name arises from the fact that if the sys¬ 
tem has an arbitrary input 0,(0, this may be 
considered over any infinitesimal time interval 
dt, as an impulse of amplitude dj(t)dt. It fol¬ 
lows that at time T the normal response of the 
system to this input will be 

0O(T) = f W(T - t)0i(t)dt 

and is thus made up of the component impulses 
of the input each weighted by the factor 
W(T - t). 

For any physical system W{t) =0 when/ < 0. 

WEIGHT LOADING FACTOR. In rocket 
aerodynamics, a term which approximates the 
ratio of thrust and drag. It is given by: 

Wo 

Where p is the weight loading factor, W0 is 
the takeoff weight of the missile, and A is the 
reference (drag) area. A high value of p 
means that only a small fraction of the thrust 
need be diverted from lifting the missile to 
overcome drag, and better performance is to 
be expected. 

WEIGHT OF TENSOR (TENSOR FIELD). 
See tensor field. 
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WEIGHT, STATISTICAL. See statistical 
weight. 

WEINGARTEN FORMULAS. Formulas 
which provide expressions for the tensor deriva¬ 
tives of the unit normal n% (i = 1, 2, 3) to the 
surface in terms of the fundamental magni¬ 
tudes of the first and second orders, aag and 
bag. They are 

n\a = —ba0a&yXy\ 

WEISSENBERG EFFECT. The climbing of 
a viscoelastic liquid up a stirrer rod and 
analogous effects associated with the normal 
stress or cross effects. 

WELL-STIRRED FLUID. A fluid in which 
any two elements are interchangeable without 
altering its structure. If the fluid is incom¬ 
pressible its density must be uniform. In a 
compressible fluid such as the atmosphere the 
vertical temperature gradient is the adiabatic 
lapse rate, and gravity forces produce no 
vorticity. 

WET-BULB POTENTIAL TEMPERATURE. 
(Also called pseudo wet-bulb potential tem¬ 
perature.) The temperature an air parcel 
would have if cooled from its initial state 
adiabatically to saturation, and thence 
brought to 1000 mb by a saturation-adiabatic 
process. This temperature is conservative 
with respect to reversible adiabatic changes. 

WET-BULB TEMPERATURE. (1) Isobaric 
wet-bulb temperature: The temperature an 
air parcel would have if cooled adiabatically 
to saturation at constant pressure by evapora¬ 
tion of water into it, all latent heat being sup¬ 
plied by the parcel. 

(2) Adiabatic wet-bulb temperature (or 
pseudo wet-bulb temperature): The tempera¬ 
ture an air parcel would have if cooled adia¬ 
batically to saturation and then compressed 
adiabatically to the original pressure in a 
saturation-adiabatic process. This is the wet- 
bulb temperature as read off the thermody¬ 
namic diagram and is always less than the iso¬ 
baric wet-bulb temperature, usually by a frac¬ 
tion of a degree centigrade. 

(3) The temperature read from the wet-bulb 
thermometer. The thermodynamics of this 
thermometer is still under discussion, but for 
practical purposes the temperature so obtained 
is identified with the isobaric wet-bulb tem¬ 
perature. 

WET COMBUSTION GASES. See combus¬ 
tion. 

WET GASES. See combustion. 

WET STEAM. A system consisting of sat¬ 
urated water vapor and water. In all thermo¬ 
dynamic changes, the pressure of wet steam is 
uniquely related to its temperature, the rela¬ 
tion between them being known as the vapor- 
pressure curve. 

The state of wet steam is usually described 
by its dryness fraction and one additional 
parameter. (See also Clapeyron equation.) 

WEYL EQUATION. The wave equation 
obeyed by the 2 component spinor <j>{x) which 
describes the neutrino: 

ihd,4>(x) = ihca ■ V<t>(x) 

where crj, cr2, 03, are the 2X2 Pauli matrices. 
(See two component equation of the neu- 
t rino.) 

WHIRL VELOCITY. See velocity diagram. 

WHITE BODY. A hypothetical “body” whose 
surface absorbs no electromagnetic radiation 
of any wavelength, i.e., one which exhibits zero 
absorptivity for all wavelengths; an idealiza¬ 
tion exactly opposite to that of the black 
body. 

WHITTAKER DIFFERENTIAL EQUA¬ 
TION. A second-order equation 

with singular points at 0 and 00. It is a ca¬ 
nonical form of the confluent Gauss hypergeo¬ 
metric equation found by removing the term in 
y', the first derivative. Its solutions, some¬ 
times called the Whittaker functions, are spe¬ 
cial cases of the confluent hypergeometric 
series. (See confluent hypergeometric equa¬ 
tion.) 

WICK-CHANDRASEKHAR METHOD. In 
neutron transport theory, a method of analysis 
of the transport equation whereby the integral 
term describing scattering is replaced by a 
formula of numerical integration. Thus, in 
the one-velocity formulation of transport the¬ 
ory, the differential-integral equation becomes 
a system of differential equations. This 
method, sometimes called the method of dis- 
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crete ordinates, is most powerful when it is ap¬ 
plied to one-velocity problems in systems hav¬ 
ing plane geometry. 

WICK METHOD. In the theory of the slow¬ 
ing down of neutrons at large distances from 
a source, one of the effective analytical meth¬ 
ods. It is based upon the fact that at very 
large distances from a source, the angular dis¬ 
tribution of neutrons of energy E is essentially 
a delta function, peaked in the “out-going” 
direction. All of the angular moments are of 
comparable magnitude and vary slowly with 
their index, n. One can therefore replace the 
difference expressions in n by simpler differen¬ 
tial expressions, in the analysis of the trans¬ 
port equation. 

WIDTH, EFFECTIVE. The non-uniform 
distribution of normal stress associated with 
shear lag or buckling lag can be taken into ac¬ 
count by considering only a fraction of the ac¬ 
tual width of a flange, plate or stiffener as 
effective. 

WIDTH OF A SPECTRAL LINE. See natu¬ 
ral line width, equivalent width of a spectral 
line, half width of a spectral line, Doppler 
width of a spectral line. 

WIDTH, PRACTICAL. See practical width. 

WIEN LAWS. From a study of the spectral 
energy distribution of thermal radiation, W. 
Wien, in 1896, arrived at three laws relating 
to the radiation from a black body. 

(1) The wavelength \m of the spectral dis¬ 
tribution, for which the radiation has greatest 
intensity, is inversely proportional to the abso¬ 
lute temperature T of the black body: 

X mT = Ci. 

Thus as the temperature rises, the “peak” of 
the distribution curve is displaced or shifted 
toward the short-wavelength end of the spec¬ 
trum. This is commonly called Wien’s “dis¬ 
placement law.” The value of the “displace¬ 
ment constant” ct is about 0.2897 centimeter- 
degree. 

(2) The emissive power of the black body 
within the maximum-intensity wavelength in¬ 
terval d\ is proportional to the fifth power of 
the absolute temperature: 

dEm = c2T5d\. 

Subsequent work by Planck and others gives 
the value of the constant c2 as about 1.288 X 
10-4 erg/cm.3 sec. deg.5 

(3) Wien’s third law is an attempt to express 
the spectral energy distribution of the radiation 
from the black body at temperature T, as 
follows: 

dEx = A\-5e-BIXTd\, 

in which dE\ is the emissive power within the 
wavelength interval d\ and A and B are con¬ 
stants to be empirically determined. 

The first and second laws are in accord with 
thermodynamic theory and with Planck’s equa¬ 
tion, and also agree very accurately with ex¬ 
periment. The third law is empirical, but is al¬ 
most identical in form with Planck’s equation. 
However, Wien’s distribution law fails at 
longer wavelengths. 

WIGHTMAN FUNCTIONS. Consider a rela¬ 
tivistic quantum field theory. For simplicity 
we will consider a neutral scalar field which is 
described by an operator <j>* (x) = <f>{x) which 
under the inhomogeneous Lorentz group 
transforms as 

U(a, A)<t>(x)U(a, A)-1 = <f>(Ax + a) (1) 

It is assumed there is a Hilbert space of vec¬ 
tors, 3C, corresponding to the physical states. 

In particular it is assumed that there exists a 
unique Lorentz invariant state represented by 
^o, with 

U{a, A)*0 = *0 (2) 

where U(a, A) is a representation of the in¬ 
homogeneous Lorentz group. (U(a, A) is uni¬ 
tary when A is orthochronous, antiunitary 
otherwise), a is a space-time translation and A 
is a homogeneous Lorentz transformation. 
Since U(a, 1) = exp z'PM-a*i, where PM is the 
energy momentum four vector of the field, 
is the unique (proper) state of zero energy and 
momentum (PM^0 = 0)- It is furthermore as¬ 
sumed that there are no vectors in the theory 
representing negative energy states, or states 
with space-like momenta. 

The proper operator 

<*>(/) = J 4>(x)f(x)dix (3) 

where /(z) is a test function in the space 
of infinitely differentiable functions Cx with 
compact support, are applicable to the vacuum 
state and to dense sets in 3C. Polynomials 
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in <£(/) are applicable to the vacuum and the 
vectors obtained in this way are dense in 3C. 

The vacuum expectation value of products of 
field operators 

lTCn)(X! •••!„) = (*o, <t>(xi) • • • <t>(xn)V0) 

(4a) 

are called Wightman functions. The multilin¬ 
ear functional 

^(n)(/. •■•/«) = (*0,<K/i) • • • *(/»)*») 

(4b) 

is a distribution in each variable separately. A 
theorem by L. Schwartz asserts that it has a 
unique extension to become a distribution on 
4n space giving precise meaning to Wightman 
function \V{n){xi xn). The hermiticity of 
the operator <£ implies that 

if(-)(/i • • • /„) = w(n)(fn ■ ■ ■ 70. (5) 

The Lorentz invariance of the theory implies 
that the distributions are Lorentz invariant 

W(n)(*i •••*„) = W{in)(Ax1 + a, • • • Axn + a) 

(no time inversion) (ha) 

= JF(n)(Axi + fli, • • • Axn -I- an) 

(with time inversion). (6b) 

By translation invariance W(n){xx2, ■ • • xn) 
is only a function of xt- — £,•+1 for i = 1, • • •, 
n — 1. The Fourier transformed distribution 

G(n\p 1, p2, • • • Vn) =Jd4x 1 • • Jd4xn 

X exp (+ %ZpiXi)W(xi, x2, • • • xn) (7) 

is assumed to exist. (This is equivalent to the 
assumption that both and G(n) are in the 
space S' of tempered distributions.) By virtue 
of translation invariance, a 8 function factor 
corresponding to energy momentum conserva¬ 
tion, can be separated from G(-n). 

G(n)(Pl, ••• Vn) 

= 5(pi -}-f pn)H(n\p! • • • pn). (8) 

Because of the absence of negative energy 
states pi, pi + p2, ■ • • pi + p2 • • • + Pn—i are 
all in or on the forward light cone. This has the 
consequence that the Wightman function 

WM = •••{,_!) (9) 

£i X i Xj+i 

are boundary values of analytic functions. If 
we denote by 1T(") the Fourier transform of 

■■■Sn-l) 

n—1 

exp (-t'2 pfo)W{n){px ■ • • Pn—l) 
3 

X d4pi • • • d4pn_! = mn)(^ ■ • • fn—l) (10) 

then the absence of states with negative energy 
or space like momenta implies 

lF(n)(p! • ’ • pn—l) = 0 

unless Pj2 > 0 and p;o > 0. If we write £i = 
£,• — iyi where r;, lies in the future light cone, 
then the analytic properties of W(n) are dis¬ 
played and proved by the formula 

W'-’tti, fe, • • • 

” j p*-0 

n—1 

X exp (~iJ2 P;£;)d4Pi • • * d4Pn_i- (11) 
3 

If the operators are local so that [<f>(x), <f>(y)] =0 
for (x — y)2 < 0, then 

W(n)(x,, • • • xi} xi+i xn) 

= WM(Xi, ■ • • Xi+i, Xi • • • Xn) 

if (Xi - xj+1)2 < 0. (12) 

Finally by virtue of the positive definite char¬ 
acter of the norm of any vector 4> in JC, ||'P|| > 0, 
with the choice 

^ = \a0f0 + <*\4>(f) d- 

d4x • • • fd4xnfn(xi • • • x„) 

X 4>(*l) • • • <ft(xn) d-Ko 

one has an infinite sequence of inequalities 

X aiUj Jd4x 1 • Jd4Xi Jd4yx Jd4ijj 

X Ji(x\ • • • x%)W{i+i\xx • • • Xi,yx • • • yj) 

MVi ‘ * • Vi) > 0. (13) 

Wightman has shown that if lF(n)(xi ••• xn) 
(n = 0, 1,2, • • •) is a sequence of distribu¬ 
tions on 4n space satisfying Equation (6) (rela¬ 
tivistic invariance), Equation (5) (hermiticity), 
Equation (13) positive definiteness and Equa¬ 
tion (12) (local commutativity), then there ex- 
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ists a Hilbert space 3C, a representation of the 
inhomogeneous Lorentz group, a vacuum state 

and a neutral scalar field </>, such that the 
n-fold vacuum expectation value of 4> is 

This theorem has the consequence that one 
can as well study vacuum expectation values as 
fields. Bargmann, Hall and Wightman have 
further shown that W(n) is in fact only a func¬ 
tion of the n(n — l)/2 scalar products 
(See also Lehmann representation.) 

WIGNER COEFFICIENT. A coefficient 
which occurs in the quantum mechanical theory 
of angular momentum. Let denote a 
normalized set of orthogonal eigenfunctions of 
the angular momentum operator Jj whose ei¬ 
genvalues are j(j + l)7r, where j is integral or 
half-integral, and 2nfi is Planck’s constant, and 
of its z-component M whose eigenvalues are mh, 
where m takes any of the values —j, —j+ 1, 
■ • •, j — 1, j. Let Ji and J2 be any two com¬ 
muting angular momenta, and let their result¬ 
ant be J = Ji + J2, with ilf = Mi + M2. 
Then the eigenfunctions corresponding to the 
resultant angular momentum are 

mi -\-mo=m 

where the coefficients C are the Wigner coeffi¬ 
cients. As usually defined, the coefficients are 
real numbers which have been tabulated for 
most of the values of the suffices of practical 
interest. 

WIGNER FORCE. A central force between 
two nucleons which is derivable from a po¬ 
tential determined entirely by the distance 
between the two particles. 

WIGNER-WILKINS MODEL. In elucidat¬ 
ing the subject of neutron thermalization—the 
manner in which fast neutrons interacting with 
matter reach a steady state distribution in the 
thermal energy range—Wigner and Wilkins 
have studied the interaction of neutrons with 
a thermally agitated gas of hydrogen atoms. 
A “l/v” absorption cross section is ascribed 
to the hydrogen atoms. The Boltzmann 
transport equation describing this process is 
tractable and Wigner and Wilkins have solved 

it. 

WILCOXON TEST. A distribution-free test 

of the homogeneity of two samples. 

WILKINS MODEL. See Wigner-Wilkins 

model. 

WILKS CRITERION. A criterion used in 
multivariate analysis, due to S. S. Wilks. It 
depends on the ratio of two dispersion de¬ 
terminants and is used to test hypotheses con¬ 
cerning the homogeneity of sets of means and 
variances. It can thus be regarded as the 
multivariate extension of the variance-ratio. 
(See F-test.) 

WILLIOT DIAGRAM (ALSO WILLIOT- 
MOHR DIAGRAM). A graphical representa¬ 
tion drawn to scale of the relative movements 
of the panel points of a plane truss under load. 
One of the joints is taken as fixed in position 
and one of the bars as fixed in direction. A 
Mohr correction diagram therefore is neces¬ 
sary for any unsymmetrical truss or unsym- 
metrical loading. 

WIND (CLASSIFICATION AND EQUA¬ 
TIONS). The wind usually refers to the hori¬ 

zontal component of the air motion relative to 
the earth. The forces on an element of air mov¬ 
ing almost horizontally over the earth’s surface 
with velocity v are: (1) the inertia force, repre¬ 
sented by the acceleration Dv/Dt] (2) the pres¬ 

sure gradient force, represented by — - grad p; 
P 

(3) the deviating force due to the earth’s rota¬ 
tion, represented by 2vft sin <f> at right angles to 
the velocity or more generally by v X f); (4) 
the shearing stresses produced by the relative 
motion of the layers above and below, repre¬ 
sented by F; so that the equation of motion is 

Dv 1 
-1— grad p — v X f — F = 0. 
Dt p 
(1) (2) (3) (4) 

Winds are classified according to the rela¬ 
tive importance of various terms, as follows: 
(see also these items separately): 

Geostrophic wind: The flow is unaccelerated 
and frictionless; only terms (2) and (3) re¬ 
main. The wind is expressed in terms of the 
horizontal gradient of pressure, and is along 
the isobars. 

Gradient wind: Here term (1) is assumed to 
be approximately equal to v2/R where R is 
the radius of curvature of the isobars (not 
of the streamlines) and acceleration in the 
direction of motion is ignored. The wind 
is given in terms of the pressure gradient by 
a quadratic equation. Term (4) is omitted. 

Antitriptic wind: A wind in which terms (2) 
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and (4) are dominant and (4) represents 
friction at the ground and is therefore a 
force in the opposite direction to the motion, 
and the wind is towards low pressure. 

Ageostrophic wind: The actual wind less the 
geostrophic wind. Departure from the 
geostrophic wind may be produced in a va¬ 
riety of ways (see cyclostrophic force, isal- 
lobaric wind, geostrophic acceleration) in 
frictionless motion; shearing stresses which 
make term (4) important, may be due to the 
shear of the thermal wind and eddy 
stresses usually caused by buoyant convec¬ 
tion or to drag at the earth’s surface. In 
the latter case the wind is always caused to 
blow with a component across the isobars 
towards low pressure, but if the stress is be¬ 
tween two layers whose difference of velocity 
is due to the thermal wind, one of the layers 
will usually have a component towards high 
pressure. 

In addition to the above considerations the 
velocity at a given level may be influenced by 
the descent (or ascent) of air from adjacent 
levels at which the velocity is different. 

WIND LOAD. Building codes specify the 
minimum horizontal pressure which the struc¬ 
ture must be designed to withstand. Pressures 
vary with height above ground and are gen¬ 
erally in the range of 20 to 40 lbs per square 
foot. The pressure on the windward side is 
accompanied by a suction on the lee side. This 
suction or uplift is of special importance in 
the design of roofs. 

WINDMILL. See airscrew. 

WIND TUNNEL CORRECTIONS. See 
wind tunnel interference. 

WIND-TUNNEL INTERFERENCE. The 
object of most wind-tunnel experiments is the 
investigation of the flow past a given body, 
when the body is placed in a uniform stream 
of infinite extent. Since the working section 
of the wind tunnel is of finite size, the flow 
is not the same as it would be in an infinite 
stream; corrections must therefore be applied 
to the measurements to allow for the effects of 
the working-section boundaries. The condi¬ 
tions imposed at the boundaries are simple; if 
the working section is closed, the velocity com¬ 
ponent normal to the wall must be zero at the 
wall, while if the working section is an open jet 

the pressure must be constant along the boun¬ 
dary of the jet, and equal to that in the sur¬ 
rounding chamber. 

For estimating the magnitude of the cor¬ 
rections the model in the tunnel is usually rep¬ 
resented by an appropriate combination of 
vortices, sources and sinks, and the method of 
images is applied. For a wind tunnel with a 
rectangular working section, a doubly infinite 
array of images is used to satisfy the required 
condition at the boundary. 

The problem of estimating the corrections 
is a complex one, usually approached by sub¬ 
dividing the total effect of the images into a 
number of independent components which are 
assumed to be additive. The more important 
of these components are considered below. 

With a closed working section, one effect of 
the walls is to prevent the streamlines in the 
flow past the body from bulging out as they 
would in an infinite stream. Thus the stream¬ 
lines near the body are forced closer together 
and the velocity is increased, an effect known 
as blockage. 

With an open jet the condition of constant 
pressure at the boundary means that the pres¬ 
sures near the body are not reduced as much 
as they would be in an infinite stream. Thus 
the proximity of the jet boundary causes a 
decrease of velocity or negative “blockage” 
effect. 

For a non-lifting body the blockage correc¬ 
tion is usually estimated by replacing the body 
by a doublet, and calculating the velocity in¬ 
duced at the body by all the image doublets. 
For a lifting airfoil it is usually assumed that 
the blockage correction is independent of the 
angle of incidence and the calculation is made 
for the airfoil at zero lift. 

In a closed tunnel there is an additional 
blockage correction due to the wake of the 
body. Within the wake the velocity is re¬ 
duced, so that to satisfy the continuity con¬ 
dition the velocity outside the wake must be 
increased. The required correction is calcu¬ 
lated by using a source at the body to repre¬ 
sent the wake; the correction is then obtained 
as a function of the drag coefficient and the 
relevant dimensions of the body and tunnel. 
For an open jet wind tunnel it is usually as¬ 
sumed that the wake blockage correction is 
zero. 

For a lifting airfoil there are further correc¬ 
tions to be applied, depending on the lift. In 
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calculating these corrections, the airfoil is 
usually replaced by a horse-shoe vortex if it 
is of finite span, or by a single bound vortex if 
it spans the wind tunnel so that it is effectively 
two-dimensional. 

For a wing of finite span the chord is usually 
small compared with the height of the work¬ 
ing section. The images of the bound vortex 
then have a negligible effect, and only the 
images of the trailing vortices need to be con¬ 
sidered. The effect of these images (in a 
closed tunnel) is to induce an upwash at the 
position of the wing, tending to increase the 
incidence. Thus for a given lift coefficient, 
the measured values of the incidence and drag 
coefficient must be increased in order to obtain 
the value for an infinite stream. 

For a two-dimensional airfoil spanning the 
working section, the images of the boundary 
vortex induce a velocity at the airfoil which 
has a component normal to the direction of the 
undisturbed stream. This transverse velocity 
component varies along the tunnel axis, so that 
in addition to the effects of the images on in¬ 
cidence and drag, there is an induced curvature 
of the stream. A given airfoil in this curved 
stream is equivalent to an airfoil of slightly 
different camber in a rectilinear stream. Thus 
corrections must be applied to the angle of 
incidence and drag and also to the camber of 
the airfoil. For convenience, the correction 
to the camber is often converted into equiv¬ 
alent corrections to lift and pitching moment, 
using results obtained from thin-airfoil theory 
for a circular-arc airfoil. 

In most wind tunnels there is a small gra¬ 
dient of static pressure along the axis of the 
working section. This gradient affects the 
drag of a body in the wind tunnel in two ways; 
first there is a horizontal “buoyancy” force, 
and secondly there is an additional component 
of drag due to the acceleration of the flow. 
Both these effects are usually small unless the 
volume of the body is large, but they can be 
important in experiments on large streamline 
bodies of revolution. 

If the Mach number of the stream is not 
small, the corrections discussed earlier must 
be modified to allow for the effects of com¬ 
pressibility. For subsonic speeds these modi¬ 
fications are calculated from the linearized 
equation, assuming that all the perturbation 
velocity components are small. It is found 
that the usual low-speed corrections have to 

be multiplied by an appropriate power of 
(1 — AP) the power depending on the 
particular correction involved and on whether 
the body is two- or three-dimensional. At 
supersonic speeds it is usually possible to 
choose the size of body, in relation to the tun¬ 
nel size, so that all Mach waves and shock 
waves reflected from the tunnel walls pass well 
downstream of the body; there are then no 
effects of the walls and the flow is the same as 
in an infinite stream. (See R. C. Pankhurst 
and D. W. Holder, Wind-Tunnel Technique 
(Pitman, 1952).) 

WIND TUNNELS, TURBULENCE IN. See 
turbulence in wind tunnels. 

WING AREA (OF AIRPLANE). The wing 
area used for defining coefficients of force and 
moment for an airplane is usually the gross 
wing area, shown as the shaded area in the 
figure. This includes the area formed by join¬ 

ing the wing roots with straight lines across 
the fuselage, and also includes any parts of 
the wing covered by engine nacelles. 

WING DRAG. See slender-body theory. 

WING, ELLIPTICALLY LOADED. See 
elliptically loaded wing. 

WING, INFINITE YAWED. See infinite 
yawed wing. 

WING, PROFILE DRAG OF A. See profile 
drag of a wing. 

WINGS OF SMALL ASPECT RATIO. A 
simple theory for thin wings of very small as¬ 
pect ratio has been developed by R. T. Jones, 
following earlier work by Munk on airship 
hulls. The theory is really a special case of 
slender-body theory and is most suitable for 
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wings with swept-back leading edges ending 
in straight trailing edges normal to the direc¬ 
tion of the stream. 

The figure shows a simple example of a wing 
of this type; the axis of x is parallel to the direc¬ 

p 1 
1 
p r 

b 

tion of the stream and the wing is assumed to 
have zero thickness. The incidence of the wing 
is a and the velocity of the stream is V. The 
flow in a plane PQ, normal to the x-axis and at 
rest relative to the undisturbed fluid, is the 
same as that due to a two-dimensional flat plate 
moving through stationary fluid with a veloc¬ 
ity Va, normal to its surface. The assumption 
made in obtaining this result is essentially that 
db . 
— is small. 
dx 

It can easily be shown that the lift on an 
element of the wing at PQ, of width b and 
length dx is 

. , db 
l = i pv\ab-dx, (1) 

dx 

so that the local lift coefficient at PQ is 

db 
Ci = rra— • (2) 

dx 

the span of the wing is elliptical, and the over¬ 
all lift coefficient of the wing is 

CL = 1 ■ Aa, (4) 

where A is the aspect ratio. 
The drag coefficient, associated with the en¬ 

ergy in the trailing vortices, is 

Cl2 ot 
CD= — = CL-- (5) 

ir A 2 

It is interesting to note that lifting line theory 
shows that the trailing-vortex drag coefficient 
of an unswept wing of high aspect ratio, with 

C 2 
elliptic spanwise loading, is also equal to ——, 

ttA 
this being the minimum value for given values 
of CL and A. 

Equation (5) also shows that the resultant 
force on the wing is in a direction half-way be¬ 
tween the normal to the wing and the normal 
to the stream. For a wing of zero thickness 
this is only possible with an infinite suction at 
the leading edge. If it is assumed that this 
leading-edge suction is not developed, but that 
the other features of the flow are unchanged, 
the resultant force is normal to the wing and 
the drag coefficient is doubled. That is, 

2 c ^ 
CD = —= CLa. (6) 

irA 

Also, the pressure difference Ap between the 
two faces of the wing is given by 

Ap 2 a db 
= ~—a ‘ T~’ (3) V sin 6 dx 

b 
where y = - cos 0. 

2 
Thus Ap becomes infinite at the side of the 

= 0^- This corresponds to 

the infinite suction found theoretically at the 
leading edge of a thin two-dimensional airfoil. 

db . 
If the wing has regions where — is negative, 

dx 
Equation (3) should be replaced in these re¬ 
gions by the Joukowski condition. A conse¬ 
quence of this is that sections of the wing be¬ 
hind the section of maximum width develop no 
lift. 

It is found that the lift distribution across 

wing (unless ^ 
\ dx 

In practice, with a thin uncambered wing of 
the kind shown in the figure, separation occurs 
at the leading edges. This prevents the devel¬ 
opment of leading-edge suction, and also leads 
to the formation of vortex sheets which coil up 
above the wing surface and cause an increase 
of lift, for a given incidence. (This extra lift 
is non-linear, being approximately proportional 
to a2.) Hence, even if the resultant force is 
still normal to the wing surface, so that Cd = 

2 c ^ 
<*Cl, Cd is less than the value —~ given by 

■kA 
Equation (6). 

For the special case of the triangular (Delta) 
wing shown in the figure, the pressure is uni¬ 
form along any straight line passing through 
the apex 0, except in the vicinity of the trailing 
edge where the theory becomes invalid. Also, 
the center of pressure of the wing is at the 
centroid and the pressure distribution is nearly 
the same for all Mach numbers, at both sub¬ 
sonic and supersonic speeds, provided the half- 
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angle at the apex of the wing is always small 
compared with the Mach angle. 

The theory given here cannot be applied 
satisfactorily to wings with straight leading 
edges normal to the stream. It does give rea¬ 
sonably accurate results, however, for wings of 
elliptical planform with aspect ratios up to 
about 1. (See also della wing, slender- 
body theory.) (See A. Robinson and J. A. 
Laurmann, Wing Theory, Cambridge, 195<i.) 

WINKLER-BACH FORMULA. The stresses 
produced by bending of initially curved beams, 
in a plane of symmetry, with radius of center 
line or axis R a small multiple of the depth 
of the beam, can be derived easily by the as¬ 
sumption of linear distribution of fiber elonga¬ 
tion and by taking stress as modulus times 
strain. The result is a hyperbolic distribution 
of stress, the Winkler-Bach formula. 

<r = — (1 + - —— 

AR \ B R + y 

B --if 
A Ja 

y 

a R + y 
dA 

where A is the cross-sectional area, M, the 
bending moment, and y, the distance from the 
eentroidal axis, positive outward from the cen¬ 
ter of curvature. The displacement of the 
neutral axis from the centroid is given by set- 
ting <t = 0, y0 = —BR/{B + 1). 

The maximum stresses are given with high 
accuracy by the Winkler-Bach formula but the 
radial or ay stresses, which are quite large near 
the neutral axis, do not appear at all in the 
simplified theory. 

WISHART DISTRIBUTION. In multi¬ 
variate analysis, the distribution of variances 
and covariances in samples from a normal 
population. 

WOOD EFFECT. The alkali metals are 
found to be transparent to light in the ultra¬ 
violet. According to the free electron theory 
of metals, the effect should occur for light of 
wavelengths less than 

X0 = 2w(mc2/iirNe2)'A 

where e and m are the charge and mass of the 
free electrons, of number density N, and c is 
the velocity of light. 

WORD. In the terminology of digital com¬ 
puters, a set of characters occupying one stor¬ 

age cell and treated as a unit by the machine, 
c.g., in being transferred to and from registers. 

WORK. The work done by a force on a par¬ 
ticle during a given displacement is the space 
integral of the force over the path taken by 
the particle. Specifically if the force is F and 
the elementary displacement of the particle 
dr, where r is its position vector, the work 
done is 

where the path extends from point A to point 
B. At every point dr is directed along the 
path. (See conservative system; work-kinetic 
energy theorem.) 

WORK, FLOW. See flow work. 

WORK FUNCTION, ELECTRONIC. The 
energy (usually measured in electron-volts) 
needed to remove an electron from the Fermi 
level in a metal to a point an infinite distance 
away outside the surface. The work function 
is important in the theory of thermionic emis¬ 
sion. In that case, as for example, that of an 
electron escaping from the heated, negatively- 
charged filament of a vacuum tube, the work 
function may be called the thermionic work 
function. Photoelectric emission has a cor¬ 
responding work function. 

WORK FUNCTIONS, THERMODYNAMIC. 
See thermodynamics, characteristic functions 
of. 

WORKKINETIC ENERGY THEOREM. 
The work done by the resultant force on a 
particle during a given displacement is equal 
to the change in kinetic energy experienced 
by the particle during this displacement. It 
also holds for a rigid body and for incompres¬ 
sible fluids. 

WORK HARDENING. A metal is said to 
work harden or strain-harden if at a given 
state of stress and strain the additional stresses 
required for each change in strain do positive 
work on the change in strain. In simple ten¬ 
sion, or more generally for proportional or 
radial loading, the meaning of work-hardening 
is simply positive slope of the stress-strain 
curve. (See modulus, secant.) 

WORKING LOAD. The load for which a 
structure is designed. 
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WORKING STRESS. The maximum stress 
produced in an elastic body at the working 
load is called the working stress. The term is 
also used for allowable stress in design. 

WORK, PRINCIPLE OF VIRTUAL. See 
virtual work, principle of. 

WRENCH. A force and a couple whose mo¬ 
ment vector is parallel to the line of action of 
the force constitute a wrench. The resultant 
of any force system can always be reduced to 
a wrench which is the simplest form concep¬ 
tually, although usually not very helpful in 
the solution of problems. (See also couple, 
theorems about.) 

WRINKLING. A term employed to designate 
the buckling pattern of thin sheets. 

WRONSKIAN. Let yi, y2, •••, y„ be func¬ 
tions of x, then the Wronskian of the func¬ 
tions is the determinant 

y\ 2/2 • 2/n 

w = 
y'i yr2 y n 

2/2(n_1) • 
. y (n-1) 

Un 

If W = 0, the n functions are linearly de¬ 
pendent; if Wy^O, they are linearly inde¬ 
pendent. When the yt are solutions of a linear 
differential equation of nth order, evaluation 
of the Wronskian is a simple means for decid¬ 
ing whether or not the n functions give the 
complete solution of the differential equation. 
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XI (I). In the theory of slowing down of neu¬ 
trons through collisions in matter, the average 
lethargy loss experienced by a neutron collid¬ 
ing with a free stationary atom of mass, M. 

(M - l)2 M - 1 
£ = 1 +-In 

2M M + 1 

X-RAY LEVELS, MOSELEY DIAGRAM 
FOR. See Moseley diagram for x-ray levels. 

X-RAY REFLECTION, INTEGRATED. A 
measure of the intensity of the beam of x-rays 
reflected by a given atomic plane, obtained 
by rotating the crystal through a small angle 
about the general direction of the beam, and 
averaging the intensity. This is necessary 
because the beam is never quite sharply de¬ 
fined, owing to mosaic structure in the crystal. 
It is usually written 

p = Eu/I 

where E is the total reflected energy, w the 
angular velocity of rotation, and I the total 
incident radiation energy per second. 

X-RAY SPECTRA, INTENSITY OF. The 
relation between the integrated reflection 

pihkl) and the structure amplitude F(hkl) 
for the (hkl) plane is given by 

N2eA 
pihkl) = —— | F{hkl) |2 

m2c4 2p sin2 6 

1 + cos2 20 

2 

where N is the number of unit cells per cm3 
of crystal, m is the mass of the atom, X the 
wavelength of the x-rays, p their absorption 
coefficient in the crystalline material, and 0 
the glancing angle. 

X-RAY SPECTRUM, CHARACTERISTIC. 
In an atomic spectrum the series of lines corre¬ 
sponding to transitions from or to one of the 
inner electron shells (K, L, •••)• (See also 
Moseley’s law; Moseley diagram for x-ray 
levels.) 

x-UNIT (XU) (SIEGBAHN x-UNIT). The 
unit of wavelength used in the X-ray and y- 
ray region. It is 0.202% larger than 10~u cm 
(10“3 A), the unit it was originally intended 
to represent. The exact relation between the 
two units is 

1000 XU = (1.002039 ± 0.000014) A. 
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YANG-FELDMAN FORMALISM AND THE 
S-MATRIX. Suppose we are given a quantized 
field theory described by the following equa¬ 
tion in the Heisenberg picture: 

(□ + m2)A(x) = -j(x) 

where j(x) is the source for the field A(x). One 
can then with Yang and Feldman define the 
in-and-out field as follows: 

Ar(x - x’)j(x')d4x' 
-00 

r+» 
= Aout(x) -J AA (x - x')j(x')d4x' 

where A.4, A/? are the advanced and retarded 
singular functions, respectively. The in-and- 
out field thus satisfies free-field equations 

(□ + m2) Ain (x) = 0 
out 

since 

(□ + m2) Ar(x — x') = — 5(x — x'). 

On the assumption that 

Aj+\x)Vn = 0 = Aout(+\x)*0 

where 

^4»n(+)0*0 = i fd(Tfi(x)A(±)(x — x')dMA(x) 
out J 

f - (dj)g 
and 'I'o is the (invariant) unique vacuum state 
of the theory, the in- and out-fields which sat¬ 
isfy the free-field commutation rules 

From a consideration of the properties o 
the singular functions 

A(x) =-- f d4kexp(-ik-x)8(k2 — 
(2«-)3J_00 

1 Fexp (- 

’ (2tr)4 Jc A:2 - 

M2)t(A-) 

1 rexp ( — ik-x) 

- r- 

* ^ 

v_ 
+ w* 

w*=Vk2+M2 J 
k0+- 

Fig. 1. 

where C denotes the contour indicated in Fig¬ 
ure 1 and 

[Ain (*), Ain (y)] = ihcA(x - y) 
out out 

belong to the same irreducible representation 
of the free-field commutation rules. There 
therefore exists a unitary matrix, the S-matrix, 
such that 

S~1Ain(x)S = Aoul(x). 

Yang and Feldman further proved that this 
matrix is the same as the one customarily de¬ 
fined in the interaction representation. 

where the contour Ca and Cr is indicated in 
Figure 2, namely that 

Aft(x) = — A(x) for x0 > 0 

= 0 for x0 < 0 

A^(x) = A(x) for x0 > 0 

= 0 for x0 < 0 

A(x) = Aa(x) - Ar(x) 

A a (x) = A*(-x). 
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Yang and Feldman tried to argue that since 
A/e(x) = 0 for x0 < 0 

lim A{x) = Ain(x) 

lim A(x) = Aoul{x). 
X0—» + « 

If there were no divergences in the theory these 
definitions would be satisfactory if interpreted 
in the sense of weak operator convergence, i.e., 

lim (4, A/(04') = (<t>, AiJ'*) 
*—►±00 out 

where 

AH.t) = i f (^~A(x) - f~) <(„»(*) 
Ja \dxM dxM/ 

and / is any solution of the Klein-Gordon 
equation 

(□2 + m2)/ = 0 (/,/) > 0. 

Note that Ainf is time-independent. These 
out 

are the asymptotic conditions for the field 
A(x). 

Whenever the theory is such as to require an 
(infinite) wave function renormalization, 

the above definition breaks down and one must 
in addition consider a smoothing in time pro¬ 
cedure for Af(t) to define it rigorously. 

YANG THEOREM ON ANGULAR DISTRI¬ 
BUTIONS. In 1948, C. M. Yang proved a 
theorem which states that if only incoming 
waves of orbital angular momentum L con¬ 
tribute appreciably to a reaction, the angular 
distribution of the outgoing particles in the 
center of mass system is an even polynomial 
of cosine 6 with maximum exponent not higher 
than 2L. The angle 9 is measured between 
the incoming and outgoing particles in the 
center of mass system. 

YATES CORRECTION. An adjustment to 
the ordinary chi-square for a 2 x 2 table, pro¬ 
posed by F. Yates to correct for the effect of 
discontinuous variation in such tables when 
frequencies are small. 

YAWED WING, INFINITE. See infinite 
yawed wing. 

YEAR. The year may be considered as the 
time required for the sun to move apparently 
from one point back to the same point again. 
This apparent motion is due to the actual 
motion of the earth about the sun. 

(1) The sidereal year is the time required 
for the sun to move apparently from a given 
star back to the same star again. From the 
purely mechanical point of view this is the 
true year. The length of the sidereal year is 
365.25636 mean solar days. 

(2) The tropical year is the time required 
for the sun to move apparently from the ver¬ 
nal equinox back to that point again. Be¬ 
cause of precession of the equinox the tropical 
year is shorter than the sidereal, its length 
being 365.24220 mean solar days. This is the 
type of year that is used in calendar building 
for civil life. 

(3) The anomalistic year is the period be¬ 
tween two successive passages of the sun 
through perihelion. This is 365.25964 mean 
solar days and is seldom used. 

YIELD CONDITION. The stress level at 
which significant plastic deformation becomes 
possible. 

YIELD CONDITION, GUEST. See Guest 
yield condition. 

YIELD CONDITION, MISES. See Mises 
yield condition. 

YIELD CONDITION, TRESCA. See Tresca 
yield condition. 

YIELD LIMIT. See limit, yield. 

YIELD POINT, STRESS, STRENGTH. A 
yield point or yield stress usually means the 
lowest stress at which appreciable plastic de¬ 
formation is found. At the lower yield point 
of structural steel, plastic deformation of the 
order of one per cent occurs without increase of 
stress, but this is the gross effect of inhomo¬ 
geneous plastic deformation, in which locally 
the successive elements of the material jump 
from an elastic upper yield point state to the 
strain representing the beginning of work- 
hardening. In most metals the yield stress is 
difficult to define experimentally so that a yield 
strength is used. Offset yield strengths are 
established by lines parallel to the elastic be¬ 
ginning portion of the stress-strain curves; the 
permanent set value of 0.002 is common. 

YIELD STRESS, LOWER. The yield stress 
required to maintain continued plastic flow 
after it has been initiated. (See yield stress, 
upper.) 
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YIELD STRESS, UPPER. Some materials, 
for example mild steel, demand a greater yield 
stress to initiate plastic flow than to maintain 

Stress-strain curve showing upper and lower yield 
stresses. 

it. The initiating stress is called the upper 
yield stress. A typical stress-strain curve for 
such a material is shown in the diagram. 

YIELD SURFACE. See surface, yield. 

YOUNG’S MODULUS. The ratio of the ten¬ 
sile force per unit cross-sectional area (stress) 

to the extension per unit length for simple ex¬ 
tension (strain) in a longitudinal direction, in 
a rod of isotropic material. (See elastic con¬ 
stants.) Young’s modulus is often denoted by 
the letter E and, when the generalized Hook’s 
law is applicable to the material, given in terms 
of the Lame constants by 

m(3X + 2 m) 
h -- 

X + M 

YULE SCHEME. See autoregression. 

YVON METHOD. In the analysis of the 
Boltzmann transport equation, this method, a 
generalization of the spherical harmonics 
method, is of particular use in the determina¬ 
tion of flux near the boundary in systems hav¬ 
ing plane geometry. It consists in expanding 
the flux <J>(a;, /a, E) in terms of one set of poly¬ 
nomials for n > 0 and in terms of another set 
for fi < 0. (See spherical harmonics method.) 
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ZEEMAN EFFECT. In a magnetic field of 
strength H an atomic or molecular energy- 
level corresponding to a total angular momen¬ 
tum J is split into 2J-\-\ component levels 
characterized by the magnetic quantum num¬ 
ber 

M = J, J - 1, J - 2, •••, -J 

and having the energy 

W = W0 - PhH 

Here W0 is the energy without field and JLH the 
mean value of the component of the magnetic 
moment of the atom or molecule in the field 
direction. (See also space quantization.) 

The different contributions to the magnetic 
moment are: (1) the magnetic moment as¬ 
sociated with the orbital and spin angular 
momenta of the electrons, (2) the magnetic 
moment associated with the nuclear spin, and 
(3) in molecules, the magnetic moment pro¬ 
duced by the rotational motion. The first con¬ 
tribution is of the order of a Bohr magneton, 
the second and third are of the order of a 
nuclear magneton, that is of the order of 
1/1836 of the first. (For more detail on the 
effect of the nuclear magnetic moment see 
hyperfine structure.) 

The selection rules for M are 

AM = 0, dbl and M = 0 <-(-> M = 0 

for Aj = 0. 

Lines corresponding to transitions wdth AM 
= 0 are plane polarized with the electric vec¬ 
tor parallel to the field direction (ir-compo- 
nents), those with AM = ±1 are plane polar¬ 
ized with the electric vector perpendicular to 
the field direction (<r-components). 

I. Atomic Spectra. In a weak or moderately 
strong magnetic field (for very strong fields see 
Paschen-Back effect) 

Ph = —p<Mg. 

Here n<> is the Bohr magneton 

e h 

2me 2ir 

(e and m, respectively, are the charge and mass 
of the electron, h, Planck’s constant, c, veloc¬ 
ity of light), and g, the Lande splitting factor 

J(J + 1) + S(S + 1) - L(L + 1) 
g — 1 +-- 

2J(J + 1) 

(S and L, respectively, are quantum numbers 
corresponding to the resultant electron spin 
and the resultant electronic orbital angular 
momentum.) 

The energy of the component levels is given 

by 

w = W0 — PhH = W0 + hoMg 

where 
1 eH 

2ir 2me 

is the Larmor frequency. 
For S = 0 the g-factor is equal to 1, that is 

the Zeeman splitting is the same for all singlet 
terms. The Zeeman pattern of singlet lines 
(normal Zeeman effect) therefore consists of 
three equally spaced lines with AM = 0, +1, 

V 

Fig. 1. Normal Zeeman effect for a combination 
J = 3-» J - 2. 
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and —1, respectively, and a separation (in 
cm-1) Av = o/c = 4.6699 X 10~r~H (see Fig¬ 
ure 1). 

For S ^ 0 (multiplet terms) the gf-factor, 
and, as a consequence, the Zeeman splitting is 
different for different terms (anomalous Zeeman 
effect). Multiplet lines show a rather compli¬ 
cated, though always symmetrical Zeeman pat- 

M Mg 

Fig. 2. Anomalous Zeeman effect, splitting of 
3S1 -» 3P1 transition. 

tern (see Figure 2). For more details see H. E. 
White, Introduction to Atomic Spectra, McGraw- 
Hill, Inc., New York, 1934, p. 217 ff. 

II. Molecular Spectra, (a) S = 0; A X 0 (*S 
and A, respectively, quantum numbers of the 
electron spin and the electronic orbital angular 
momentum about the internuclear axis of linear 
and diatomic molecules): 

Ph = 

J(J + 1) 

(b) S 9^ 0; A = 0: 

Ph = 2 Msno 

M no¬ 

where 

Ms = S, S - 1, •••, -S 

is the quantum number of the component of S 
in the field direction. 

(c) S = 0; A = 0 (electronic ground states of 
most molecules): 

pH = OrMflon 

where non is the nuclear magneton 

e h 
Uon = ~ ~ 

2mpc 2ir 

(mp, mass of the proton), and gr, the rotational 
g-factor, a number of the order 1, characteristic 
of the particular molecular state. 

(d) S * 0; A ^ 0. 
In this case complicated formulas hold. (For 

details see G. Herzberg, Molecular Spectra and 
Molecular Structure, Vol. 1, Spectra of Diatomic 
Molecules, p. 300 ff., D. Van Nostrand Co., 
Inc., Princeton, N. J., 1950.) 

ZERNIKE’S ORTHOGONAL POLYNO¬ 

MIALS. See circle polynomials. 

ZERO GAP. See zero line of a band. 

ZERO LINE OF A BAND. The line of wave 
number v0 corresponding to the pure vibra¬ 
tional transition with J' = J" = 0 (J' and J", 
rotational quantum numbers of the upper and 
lower state). This line is always forbidden, 
and therefore forms a gap in the regular series 
of lines (zero-gap). The wave number v0 is 
frequently also referred to as “band origin.” 

ZERO-LOAD TEST. In a statically determi¬ 

nate truss under a given set of applied loads 
there is a unique state of bar forces. There¬ 
fore, with zero applied load the bars must each 
have zero force. A test for static determinacy 
is to assume a force in one of the bars despite 
the absence of load on a truss. The equations 
of equilibrium then are applied joint by joint. 
If it is possible to satisfy them, the truss is 
statically indeterminate. 

ZERO PHASE OF LOOP FREQUENCY- 

FUNCTION. See gain margin. 

ZERO POINT ENERGY. The energy still 
present in a system when it is in its ground 
state. This zero-point energy would not be 
present in a classical case, and is thus a typical 
quantum effect. For a harmonic oscillator it 
is equal to one-half of the energy of the oscil¬ 
lator quanta. In solids and liquids with their 
large number of degrees of freedom it will 
contribute an appreciable term to their bind¬ 
ing energy. It is responsible for the fact that 
helium does not solidify under its own vapor 
pressure. 

ZERO POINT FIELD. In quantum electro¬ 

dynamics, the electromagnetic field is quan- 
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tized and, like any other quantum mechanical 
system, has a zero point energy, of one-half 
quantum per state of the field. The field as¬ 
sociated with these zero point energies is 
known as the zero point field. (See also 
vacuum polarization.) 

ZERO POINT FLUCTUATIONS. Fluctua¬ 
tions in the zero point field. (See also vacuum 
polarization.) 

ZEROTH LAW OF THERMODYNAMICS. 
See thermodynamics, zeroth law of. 

ZETA FUNCTION. Discussed under Rie- 
mann zeta function. 

ZITTERBEWEGUNG. In the current due to 
the motion of a wave packet describing the 
state of a single Dirac electron, or in the ex¬ 

pectation value of the coordinates, there is an 
oscillatory term due to an interference of those 
parts of the wave packet which belong to posi¬ 
tive and negative energy states. This oscilla¬ 
tion was called by Schrodinger “Zitterbe- 
wegung.” There is no Zitterbewegung related 
to the motion of a wave packet which corre¬ 
sponds entirely to positive or to negative 
values of the energy. 

ZONAL MAGNIFICATION. If (p0, q0) and 
(pi, qi) are the direction cosines of a ray of 
an axial bundle before and after refraction in 
an axial symmetric optical system and n0, nx 
the corresponding indices, the n0p0/nxpx = 
n0q0/nxqx is the zonal magnification of the 
bundle. 

ZUSTANDSSUMME. See partition function. 





French—English Index 

Aberration de la lumiere. Aberration of light 
Aberrations de fronts d’ondes. Wave front aberrations 
Aberrations de Seidel. Seidel aberrations 
Aberration de sphericite. Spherical aberration 
Aberration de sphericite laterale. Lateral spherical 

aberration 
Aberration de sphericite longitudinale. Longitudinal 

spherical aberration 
Aberrations d’un systeme optique. Aberrations of an 

optical system 
Absorptance. Absorption factor 
Absorptance. Absorptance 
Absorption. Stopping power 
Absorption d’energie radiante. Absorption of radiant 

energy 
Absorptivite. Absorptivity 
Acceleration. Acceleration 
Acceleration absolue. Absolute acceleration 
Acceleration angulaire. Angular acceleration 
Acceleration centripete. Centripetal acceleration 
Acceleration de Coriolis. Coriolis acceleration 
Acceleration de gravite. Acceleration of gravity 
Acceleration geostrophique. Geostrophic acceleration 
Acceleration tangentielle. Acceleration, tangential 
Acoustique par rayons. Ray acoustics 
Action. Action 
Activite absolue. Absolute activity 
Activite specifique. Specific activity 
Addition de tenseurs. Addition of tensors 
Addition vectorielle. Vector addition 
Adjoint de matrice. Adjoint of a matrix 
Adjoint d’operateur. Adjoint of an operator 
Advection. Advection 
Affinite electronique. Electron affinity 
Aile a charge elliptique. Elliptically-loaded wing 
Aile en delta. Delta wing 
Ailes de petit rapport de largeur a hauteur. Wings of 

small aspect ratio 
Aimantation. Magnetization 
Albedo. Albedo 
Algebre. Algebra 
Algebre booleenne. Boolean algebra 
Algebre d’un groupe. Algebra of a group 
Algorithme. Algorithm 
Algorithme euclidien. Euclidean algorithm 
Alienation. Alienation 
Allongement ou extension. Elongation or extension 
Alternance des multiplicites. Multiplicities, alternation 

of 
Alternatif. Alternating 
Amortissement. Damping 
Amortissement magnetomecanique. Magnetomechani¬ 

cal damping 
Amplification. Gain 
Amplification. Magnification 
Amplification angulaire. Angular magnification 
Amplification de conversion. Conversion gain 
Amplification laterale. Lateral magnification 
Amplification longitudinale. Longitudinal magnification 
Amplification normale. Normal magnification 

Amplification radiale. Radial magnification 
Amplitude de courbure normale. Curvature, amplitude 

of normal 
Amplitude de dispersion. Scattering amplitude 
Amplitude d’impulsion. Pulse amplitude 
Amplitude d’onde. Wave amplitude 
Amplitude d’oscillation. Amplitude of oscillation 
Analogic de position. Column analogy 
Analogic de Reynolds. Reynolds analogy 
Analogic de tas de sable. Sand heap analogy 
Analogic hydrodynamique. Hydrodynamical analogy 
Analogies dynamiques classiques. Dynamical analogies, 

classical 
Analogies dynamiques de mobilite. Dynamical analo¬ 

gies, mobility 
Analyse. Analysis 
Analyse de composant. Component analysis 
Analyse de covariance. Analysis of covariance 
Analyse des facteurs. Factor analysis 
Analyse de variance. Analysis of variance 
Analyse du lieu des racines. Root locus analysis 
Analyse numerique. Numerical analysis 
Analyse plastique. Plastic analysis 
Analyse successive. Sequential analysis 
Analyse tensorielle. Tensor analysis 
Analyseur differentiel. Differential analyzer 
Angle azimutal. Azimuth angle 
Angle d’aberration. Aberration angle 
Angle d’azimut principal. Angle of principal azimuth 
Angle d’eboulement. Repose, angle of 
Angle de Brewster. Brewster’s Angle 
Angle de convergence. Angle of convergence 
Angle de deviation. Angle of deviation 
Angle de deviation. Lateral deflection 
Angle de diffraction. Angle of diffraction 
Angle de diffusion. Scattering angle 
Angle de frottement. Friction, angle of 
Angle de Hall. Hall angle 
Angle de liaison. Bond angle 
Angle de Mach. Mach angle 
Angle de phase. Phase angle 
Angle de projection. Projection angle 
Angle de reflexion. Glancing angle 
Angle de reflexion. Angle of reflection 
Angle diedre. Dihedral angle 
Angle d’incidence. Incidence, angle of 
Angle d’incidence principale. Angle of principal inci¬ 

dence 
Angle de refraction. Angle of refraction 
Angles de Russell. Russell angles 
Angle d’ouverture. Aperture angle 
Angles d’un cristal. Crystal angles 
Angle minimum de deviation. Deviation, minimum 

angle of 
Anharmonie. Anharmonicity 
Anisotrope. Anisotropic 
Anneau. Ring 
Anneau circulaire. Annulus 
Anneau de lie. Lie ring 
Anneau infinitesimal. Infinitesimal ring 
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Anticommutation. Anticommutation 
Antiferromagnetisme. Antiferromagnetism 
Antisymetrique. Antisymmetric 
Aplati aux poles. Oblate 
Apochromatique. Apochromatic 
Approche a la limite differe. Deferred approach to the 

limit 
Approximation dans la moyenne. Approximation in 

the mean 
Approximation de Born. Born approximation 
Approximation de champ moleculaire. Molecular field 

approximation 
Approximation de Goertzel-Greuling. Goertzel- 

Greuling approximation 
Approximation de Hartree. Hartree approximation 
Approximation de Kirkwood. Kirkwood’s approxima¬ 

tion 
Approximation de liaison etroite. Tight binding 

approximation 
Approximation quasi-chimique. Quasi-chemical 

approximation 
Arche. Arch 
Arete. Edge 
Arete de rebroussement. Edge of regression 
Armature. Truss 
Armature complexe. Truss, complex 
Armature composee. Truss, compound 
Armature ou support de Vierendeel. Vierendeel truss 

or girder 
Armature simple. Truss, simple 
Arrangement atomique. Configuration, atomic 
Arrangement electronique. Configuration, electronic 
Arrangement par interaction. Configuration, inter¬ 

action 
Arrondissage. Rounding 
Assemblage. Assembly 
Association. Association 
Astigmatisme. Astigmatism 
Astigmatisme d’une surface. Astigmatism of a surface 
Asymptote. Asymptote 
Athermane. Athermanous 
Attenuation. Attenuation 
Attenuation predetermine. Weighting 
Autocorrelation. Autocorrelation 
Autofrettage. Autofrettage 
Audiogramme. Audiogram 
Autoregression. Autoregression 
Axe. Shaft 
Axe de rotation. Rotation axis 
Axe de rotation avec translation. Screw axis 
Axe de rotation-inversion. Rotation-inversion axis 
Axe de rotation-reflexion. Rotation-reflection axis 
Axe de symetrie. Symmetry, axis of 
Axe de symetrie double. Symmetry, dyad 
Axe de symetrie quadruple. Symmetry, tetrad 
Axe de symetrie sextuple. Symmetry, hexad 
Axe de symetrie triple. Symmetry, triad 
Axe elastique. Elastic axis 
Axe faible. Axis, weak 
Axe fort. Axis, strong 
Axe instantane de rotation. Instantaneous axis of 

rotation 
Axe neutre. Neutral axis 
Axe optique. Axis, optic 
Axe principal. Axis, principal 
Axe s’appliquant au centre de gravity. Centroidal axis 
Axes cristallographiques. Crystallographic axes 
Axes mobiles. Moving axes 

Bande. Band 
Bande de conduction. Conduction band 
Bande de conduction degeneree. Degenerate conduc¬ 

tion band 
Bandes fondamentales. Fundamental bands 
Bar. Bar 
Barn. Barn 
Baroclinique. Baroclinic 
Barotropique. Barotropic 
Barre d’accouplement. Tie rod 
Barriere de Coulomb. Coulomb barrier 
Barriere de potentiel. Potential barrier 
Baryon. Baryon 
Base d’un systeme de nombres. Base of a system of 

numbers 
Battements. Beats 
Batterie. Battery 
Binaire. Binary 
Binormale. Binormal 
Biprisme. Biprism 
Birefringence. Double refraction 
Boson. Boson 
Bougie-metre. Meter-candle 
Bougie-metre-seconde. Meter-candle-second 
Bougie-pied. Foot-candle 
Brachistochrone. Brachistochrone 
Branche. Branch 
Brillance. Luminance 
Bruit. Noise 

Cadre. Loop 
Cadre d’inertie. Inertial frame 
Cadre. Frame 
Cadre rigide. Rigid frame 
Calcul. Calculus 
Calculateur. Computer 
Calculateur chiffreur. Digital computer 
Calcul de rotationnels. Spinor calculus 
Calcul des variations. Variations, calculus of 
Calcul differentiel absolu. Absolute differential calcu¬ 

lus 
Calcul operationnel de Heaviside. Heaviside opera¬ 

tional calculus 
Canal de reaction. Reaction channel 
Candela. Candela 
Candela par metre carre. Candela per square meter 
Canonique. Canonical 
Cantilever. Cantilever 
Capacite de rotation. Rotation capacity 
Capacite d’amortissement specifique. Specific damping 

capacity 
Capacite electrique. Electrical capacitance 
Capacite limite (charge). Carrying capacity (load) 
Capillarite. Capillarity 
Caractere. Character 
Caracteristique. Characteristic 
Caracteristique de fonctionnement. Operating charac¬ 

teristic 
Caracteristique de Hamilton. Hamilton’s charac¬ 

teristic 
Caracteristique de surface. Surface, characteristic of 
Caracteristique directionnelle. Directional charac¬ 

teristic 
Caracteristique spectrale. Spectral characteristic 
Cardinal. Cardinal 
Carre integrable. Integrablc square 
Carte. Mapping 
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Carte conforme. Conformal mapping 
Carte conforme du plan complexe. Conformal mapping 

of the complex plane 
Carte de Patterson. Patterson map 
Cas de couplage de Hund. Hund’s coupling cases 
Catacaustique. Catacaustic 
Catastrophe de polarisabilite. Polarizability catastrophe 
Catenaire. Catenary 
Caustique. Caustic 
Caustique par refraction. Diacaustic 
Cavitation. Cavitation 
Cellules de Benard. Benard cells 
Cellule de Hele-Shaw. Hele-Shaw cell 
Centre. Center 
Centre Aerodynamique. Aerodynamic center 
Centre de collineation. Center of collineation 
Centre de courbure spherique. Spherical curvature, 

center of 
Centre de cisaillement. Shear center 
Centre de courbure. Curvature, center of 
Centre de gravite. Center of gravity 
Centre de gravite d’une figure geometrique. Centroid 

of a geometrical figure 
Centre de masse. Center of mass 
Centre de moments. Center of moments 
Centre de percussion. Percussion, center of 
Centre de pression. Center of pressure 
Centre de symetrie. Symmetry, center of 
Centre d’inversion. Center of inversion 
Centre d’oscillation. Center of oscillation 
Centre d’un groupe. Center of a group 
Centre elastique. Elastic center 
Centre instantane. Centrode 
Centre instantane. Instantaneous center 
Centre optique. Optical center 
Centres ponctuels de repulsion. Point centers of repul¬ 

sion 
Cercle de contrainte de Mohr. Mohr's circle for strain 
Cercle de courbure. Curvature, circle of 
Cercle de moindre diffusion. Circle of least confusion 
Cercle de Vieth-Miiller. Vieth-Muller circle 
Cercle d’effort de Mohr. Mohr’s circle for stress 
Cercle d'inertie de Mohr. Mohr’s circle for inertia 
Cercle geodesique sur une surface. Geodesic circle on a 

surface 
Chaine de Markov. Markov chain 
Chaleur. Thermal radiation 
Chaleur de dilution. Heat of dilution 
Chaleur de formation atomique. Atomic heat of forma¬ 

tion 
Chaleur non compensee. Uncompensated heat 
Chaleurs specifiques des gaz. Specific heats of gases 
Chaleur specifique electronique. Electronic specific 

heat 
Champ. Field 
Champ critique. Critical field 
Champ de charge variable dans l’espace. Field of 

moving charge in space 
Champ de Coulomb. Coulomb field 
Champ de force conservatif. Force field, conservative 

Champ de Lorentz. Lorentz field 
Champ de rayonnement. Radiation field 
Champ de vecteurs. Vector field 
Champ de vue. Field of view 
Champ fibre. Field, free 
Champ scalaire. Scalar field 
Champs internes dans les dielectriques. Internal fields 

in dielectrics 

Champ tensoriel. Tensor field 
Champ tensoriel. Tension field 
Champ tensoriel cartesien. Tensor field, cartesian 
Champ vectoriel aperiodique. Lamellar vector field 
Changement adiabatique. Adiabatic change 
Charge admissible. Working load 
Charge axiale. Axial load 
Charge composee. Combined loading 
Charge critique. Critical load 
Charge dynamique. Dynamic loading 
Charge excentrique. Eccentric loading 
Charge laterale. Lateral load 
Charge limite. Limit load 
Charge permanente. Dead load 
Charge proportionnelle. Proportional loading 
Charge radiale. Radial loading 
Charpente. Framework 
Chaudiere. Boiler 
Chi-carre. Chi-square 
Chiffres significatifs. Digits, significant 
Chiffres significatifs. Significant figures 
Choc. Impact 
Choc elastique. Impact, elastic 
Choc non-elastique. Impact, inelastic 
Choc thermique. Thermal shock 
Ciment precontract. Prestressed concrete 
Ciment renforce. Concrete, reinforced 
Cinematique. Kinematics 
Cinematiquement admissible. Kinematically admissible 
Cinetique. Kinetics 
Cinetique de reaction. Kinetics, reactor 
Circuit-C. C-Circuit 
Circuit. Circuit 
Circuit oriente. Circuit, oriented 
Circuits fondamentaux. Circuits, fundamental 
Circulation. Circulation 
Cisaillement. Shear 
Cisaillement horizontal. Shear, horizontal 
Cisaillement longitudinal. Shear, longitudinal 
Classes de symetrie. Symmetry classes 
Clausius. Clausius 
Code. Code 
Coefficient auger. Auger coefficient 
Coefficient binome. Binomial coefficient 
Coefficient d'absorption. Absorption coefficient 
Coefficient d’absorption acoustique des surfaces. Sound 

absorption coefficient of surfaces 
Coefficient d’absorption interne. Internal absorptance 
Coefficient d’absorption spectrale. Spectral absorptance 
Coefficient d’accommodation. Accommodation coeffi¬ 

cient 
Coefficient d’Angstrom. Angstrom coefficient 
Coefficient d’Emission. Emission coefficient 
Coefficient d’extinction. Extinction coefficient 
Coefficient d’isolement du bruit. Noise insulation factor 
Coefficient de Callier. Callier coefficient. 
Coefficient de collision. Collision coefficient 
Coefficient de compressibilite. Compressibility factor 
Coefficient de condensation. Condensation, coefficient of 
Coefficient de contrainte. Restraint coefficient 
Coefficient de determination. Determination, coefficient 

of 
Coefficient de diffusion. Diffusion factor 
Coefficient de dilatation. Coefficient of expansion 
Coefficient de dispersion. Scattering coefficient 
Coefficient de dispersion atomique. Atomic scattering 

factor 
Coefficients de factorielle. Factorial coefficients 
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Coefficient de frottement. Friction, coefficient of 
Coefficient de non-determination. Non-determination, 

coefficient of 
Coefficient de plasticite. Plastic modulus 
Coefficient de poussee. Lift coefficient 
Coefficient de pression. Pressure coefficient 
Coefficient de probability. Coefficient of probability 
Coefficient de Racah. Racah coefficient 
Coefficient de rechauffement. Reheat factor 
Coefficient de recombinaison. Recombination, coeffi¬ 

cient of 
Coefficient de reflexion. Back-scattering coefficient 
Coefficient de reflexion acoustique. Sound reflection 

coefficient 
Coefficient de restitution. Restitution, coefficient of 
Coefficients de rigidite de facteur. Stiffness coefficients, 

factor 
Coefficient de security. Safety factor 
Coefficient de surtension. Q factor 
Coefficient de tension. Coefficient of tension 
Coefficient de trainage. Drag coefficient 
Coefficients de transmission de turbulence. Turbulent 

transfer coefficients 
Coefficient de transmission interne. Internal trans¬ 

mittance coefficient 
Coefficient de variation. Coefficient of variation 
Coefficient de viriel. Virial coefficient 
Coefficient de Wigner. Wigner coefficient 
Coefficient lumineux. Luminous coefficient 
Coefficient osmotique. Osmotic coefficient 
Coefficient stoichiometrique. Stoichiometric coefficient 
Coefficients d’influence. Influence coefficients 
Coefficients de luminosity. Luminosity coefficients 
Coefficients de repartition (optiques). Distribution 

coefficients (optical) 
Coefficients thermiques. Thermal coefficients 
Cofacteur. Cofactor 
Cohesion partielle. Partial coherence 
Coincidence rectiligne. Rectilinear congruence 
Collision directe. Direct collision 
Collision inverse. Inverse collision 
Cologarithme. Cologarithm 
Cologarithme d’un nombre. Antilogarithm of a number 
Colonne. Column 
Colonne modale d’une matrice. Modal column of a 

matrix 
Coma. Coma 
Combinaison. Combination 
Commutateur. Commutator 
Compact. Compact 
Complement. Complement 
Complementarity. Complementarity 
Complement de sous-di^gramme. Subgraph comple¬ 

ment 
Complet. Complete 
Complexe d’un groupe. Complex of a group 
Compliance acoustique. Acoustical capacitance 
Compliance complexe. Compliance, complex 
Compliance de perte. Compliance, loss 
Compliance de verre. Compliance, glass 
Compliance rectiligne. Rectilineal compliance 
Compliance rotatoire. Rotational compliance 
Comportement d’avion. Airplane performance 
Composante de diagramme. Graph component 
Composante d’un vecteur. Component of a vector 
Composants independants. Independent components 
Composition de deux tenseurs. Composition of two 

tensors 

Composition de vecteurs. Composition of vectors 

Composition des forces. Forces, composition of 
Compresseur. Compressor 
Compressibility. Compressibility 
Compression. Compression 
Compteur. Calculator 

Concentration. Concentration 

Concentration spectrale. Spectral concentration 
Concentrique. Homocentric 
Condensateur. Condenser 
Condensation d’Einstein. Einstein condensation 
Condense. Condensate 

Condition asymptotique. Asymptotic condition 

Condition aux limites. Boundary condition 

Condition de Clausius. Clausius’ condition 
Condition de frequence de Bohr. Bohr frequency condi¬ 

tion 
Condition de Herschel. Herschel’s condition 
Condition de Holder. Holder condition 

Condition de Joukowski. Joukowski condition 

Condition de Lipschitz. Lipschitz condition 

Condition de Lorentz. Lorentz condition 
Condition de Petzval. Petzval’s condition 
Condition de rendement. Yield condition 
Condition de sinus de Abbe. Abbe sine condition 
Condition de stability chimique. Chemical stability 

condition 
Condition de Staeble-Lihotzky. Staeble-Lihotzky con¬ 

dition 
Condition elastique de Mohr. Mohr's yield condition 
Conditions aux limites de Neumann. Neumann boun¬ 

dary conditions 
Conditions de stability thermodynamique. Thermo¬ 

dynamic stability conditions 
Condition supplemental. Supplementary condition 
Cone dans ecoulement supersonique. Cone in super¬ 

sonic flow 
Cone de frottement. Friction, cone of 
Cone de Mach. Mach cone 
Cones visuels. Cones, visual 
Confluence. Confluence 
Congru. Congruent 
Congruence de courbes. Congruence of curves 
Congruence normale. Normal congruence 
Conique. Conic 
Conjugation de liens doubles. Conjugation of double 

bonds 
Conjuguee d’une matrice Hermitique. Hermitian con¬ 

jugate of a matrix 
Connexion. Branch point 
Conservation de la masse. Conservation of mass 

Conservation de 1’energie. Energy conservation 

Conservation de 1’energie. Conservation of energy 

Conservation de spin. Conservation of angular momen¬ 
tum 

Conservation du moment. Conservation of momentum 
Consommation de chaleur specifique. Specific heat 

consumption 
Constant(e) Constant 
Constante chimique. Chemical constant 
Constante cryoscopique. Cryoscopic constant 

Constante de Boltzmann. Boltzmann constant 

Constante de chambre. Room constant 
Constante de densite de rayonnement. Radiation 

density constant 
Constante de desintegration. Decay coefficient 
Constante de Euler. Euler constant 
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Constante de Euler-Mascheroni. Euler-Mascheroni 
constant 

Constante de Fermi. Fermi constant 
Constante de gaz. Gas constant 
Constante de Gruneisen. Gruneisen constant. 
Constante de Hubble. Hubble constant 
Constante de Karman. Karrnan constant 
Constante de Kundt. Kundt constant 
Constante de Lamb. Lamb's constant 
Constante de Madelung. Madelung constant 
Constante d'entropie. Entropy constant 
Constante de phase. Phase factor 
Constante de phase acoustique. Acoustical phase con¬ 

stant 
Constante de Planck. Planck constant 
Constante de propagation. Propagation constant 
Constante de propagation acoustique. Acoustical 

propagation constant 
Constante de radioscopie. Screening constant 
Constante de ressort. Spring constant 
Constante de longueur d'onde. Wavelength constant 
Constante de Rydberg. Rydberg constant 
Constante de structure fine de Sommerfeld. Sommer- 

feld’s fine structure constant 
Constante de Verdet. Verdet constant 
Constante dielectrique. Dielectric constant 
Constante d’integration. Constant of integration 
Constante electromagnetique. Electromagnetic con¬ 

stant 
Constante photoelectrique. Photoelectric constant 
Constantes d’elasticite. Elastic constants 
Constantes de symetrie de revolution d'une molecule. 

Rotational constants of a molecule 
Constantes piezoelectriques. Piezoelectric constants 
Contingence. Contingency 
Continu. Connected 
Continuation analytique. Analytic continuation 
Continuite. Continuity 
Continuite absolue. Absolute continuity 
Continuite d’etat. Continuity of state 
Contraction. Contraction 
Contrainte. Constraint 
Contrainte de fibre. Fiber stress 
Contrainte generalisee. Strain, generalized 
Contrainte normale. Normal stress 
Contrainte superflue. Redundant constraint 
Contraste. Contrast 
Controle proportionnel. Control, proportional 
Controle statistique de qualite. Statistical quality con¬ 

trol 
Convection. Convection 
Convection de turbulence. Turbulence convection 
Convention de sommation. Summation convention 
Convergence. Convergence 
Convergence conditionnelle. Conditional convergence 
Coordonnee. Coordinate 
Coordonnee bipolaire. Bipolar coordinate 
Coordonnee cachee. Hidden coordinate 
Coordonnees canoniques. Canonical coordinates 
Coordonnees coniques. Conical coordinates 
Coordonnees cylindriques. Cylindrical coordinates 
Coordonnees cylindriqueselliptiques. Elliptic cylindrical 

coordinates 
Coordonnees cylindriques paraboliques. Parabolic 

cylindrical coordinates 
Coordonnees de chromaticite. Chromaticity coordin¬ 

ates 
Coordonnees de symetrie. Symmetry coordinates 

Coordonnees ellipsoidales. Ellipsoidal coordinates 
Coordonnees et moments generalises. Coordinates and 

momenta, generalized 
Coordonnees geodesiques. Geodesic coordinates 
Coordonnees orthogonales curvilignes. Curvilinear 

orthogonal coordinates 
Coordonnees polaires geodesiques. Geodesic polar 

coordinates 
Coordonnees paraboliques. Parabolic coordinates 
Coordonnees paraboloidales. Paraboloidal coordinates 
Coordonnees polaires. Polar coordinates 
Coordonnees polaires spheriques. Spherical polar 

coordinates 
Coordonnees rectangulaires. Rectangular coordinates 
Coordonnees spheroidales. Spheroidal coordinates 
Coordonnees spheroidales aplaties. Oblate spheroidal 

coordinates 
Coordonnees toroi'dales. Toroidal coordinates 
Corde. Chord 
Corde aerodynamique moyenne. Aerodynamic mean 

chord 
Corde d’aile portante. Chord of airfoil 
Corps gris. Gray body 
Corps noir. Black body 
Corps rigide. Rigid body 
Correcteur. Corrector 
Correction. Correction 
Correction de Eucken. Eucken correction 
Correction de Rydberg. Rydberg correction 
Correction de Yates. Yates correction 
Correction par rapport au vide. Correction to vacuum 
Correction du gamma. Gamma correction 
Correction radiative. Radiative correction 
Corrections de Dancoff. Dancoff corrections 
Corrections de Sheppard. Sheppard’s corrections 
Correlation. Correlation 
Correlation angulaire. Angular correlation 
Correlation biseriale. Biserial correlation 
Correlation canonique. Canonical correlation 
Correlation de degre. Rank correlation 
Correlation tetrachorique. Tetrachoric correlation 
Correlogramme. Correlogram 
Cosinus de direction optique. Optical direction cosines 
Couche de valeur moyenne. Half-thickness 
Couche electronique. Shell 
Couche limite. Boundary layer 
Couche limite de turbulence. Turbulent boundary 

layer 
Couche limite laminaire. Laminar boundary-layer 
Couches electroniques dans un atome. Electron shells 

in an atom 
Couleur. Color 
Couleur de Planck (corps noir). Planckian color 
Couplage. Coupling 
Couplage dans les structures atomiques et moleculaires. 

Coupling, in atomic and molecular structures 
Couplage d’echange. j, j coupling 
Couplage gradient. Gradient coupling 
Couplage pseudoscalaire. Pseudoscalar coupling 
Couplage pseudovectoriel. Pseudovector coupling. 
Couplage Russell-Saunders. Russell-Saunders coupling 
Couple. Couple 
Coupleur. Link 
Constante de couplage. Coupling constant 
Couple. Torque 
Coupure. Cut-off 
Courant de redressement de contact. Contact rectifica¬ 

tion current 
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Courant de rotation. Shear flow 
Courant humide. Wet stream 
Courant naturel. Streamline 
Courant neutronique. Current, neutron 
Courant neutronique. Streaming, neutron 
Courant plastique. Plastic flow 
Courants naturels libres. Free streamlines 
Courbe. Curve 
Courbe. Bent 
Courbe analytique. Analytic curve 
Courbe d’accroissement. Growth curve 
Courbe d’ebullition et courbe de condensation. Boiling 

curve and condensation curve 
Courbe de cristallisation. Crystallization curve 
Courbe de dispersion experimentale. Scattering curve, 

experimental 
Courbe de distribution d’intensite. Intensity distribu¬ 

tion, curve of 
Courbe de Jordan. Jordan curve 
Courbe de Morse. Morse curve 
Courbe d’espace. Space curve 
Courbe de sublimation. Sublimation curve 
Courbe d’excitation. Excitation curve 
Courbe d'interaction. Interaction curve 
Courbe effort-deformation. Stress-strain curve 
Courbe elastique. Elastic curve 
Courbe isobougie. Isocandela curve 
Courbe logistique. Logistic curve 
Courbe ou cable catenates. Catenary curve or cable 
Courbes de Bertrand. Bertrand curves 
Courbes de potentiel de repulsion dans une molecule. 

Repulsive potential curves in a molecule 
Courbes de Sargent. Sargent curves 
Courbes d'intensite sonore. Loudness contours 
Courbe torse. Twisted curve 
Courbure. Bending 
Courbure. Kurtosis 
Courbure. Flexure 
Courbure. Curvature 
Courbure de champ. Curvature of field 
Courbe de deviation. Deflection curve 
Courbe de rendement de fission. Fission yield curve 
Courbure de rayon. Curvature of beam 
Courbure de vis. Curvature, screw 
Courbure d’une courbe en un point. Curvature of a 

curve at a point 
Courbure d’une surface. Curvature of a surface 
Courbure normale moyenne. Curvature, mean normal 
Courbe du spectre. Spectrum locus 
Courbure geodesique. Geodesic curvature 
Courbure normale. Normal curvature 
Courbure scalaire. Scalar curvature 
Courbure totale de lentille. Curvature of lens, total 
Courbure vectorielle. Vector curvature 
Covariance. Covariance 
Covolume. Covolume 
Cracoviens. Cracovians 
Crete d’onde. Wave crest 
Creux d’onde. Wave trough 
Cristallogramme. Crystallogram 
Cristallographie. Crystallography 
Cristaux tetratoedres. Tetratohedral crystals 
Critere de Mach. Mach criterion 
Critere serie de Lundquist. Lundquist’s series criterion 
Criterium de Rayleigh du pouvoir de resolution. Ray¬ 

leigh criterion for resolution 
Criterium de Wilks. Wilks’ criterion 
Crochet de Lagrange. Lagrange bracket 

Crochet de Poisson. Poisson bracket 
Crochets de Gauss. Gaussian brackets 
Cumulateurs. Cumulants 
Curie. Curie 
Cycle. Cycle 
Cycle de Born-Haber. Born-Haber cycle 
Cycle de Carnot. Carnot cycle 
Cycle d’effort. Cycle of stress 
Cycle de Rankine. Rankine cycle 
Cycle de Rankine inverse. Reversed Rankine cycle 
Cycloi'de. Cycloid 
Cylindre rigide. Rigid cylinder 

D'Alembertien. D'Alembertian 
Decalage. Angular displacement 
Decibel. Decibel 
Decimal. Decimal 
Decomposition des forces. Forces, resolution of 
Decomposition d'un vecteur. Decomposition of a 

vector 
Decomposition en facteurs polynomes. Polynomial 

factorisation 
Decouverte d’erreurs tabulaires. Detection of tabular 

errors 
Decrement logarithmique. Logarithmic degrement 
Defaut de masse. Mass defect 
Defaut de Schottky. Schottky defect 
Definition de Strehl. Strehl definition 
Deflation. Deflation 
Deformation. Deformation 
Deformation permanente. Set permanent 
Degeneration d’echange. Exchange degeneracy 
Degradation de l’energie. Degradation of energy 
Degre de liberte. Degree of freedom 
Degre de microreciprocite. Microreciprocal degree 
Degre de repetition d'impulsions. Pulse repetition rate 
Degre. Grade 
Delta de Kronecker. Kronecker delta 
Demi-largeur d’une ligne spectrale. Half-width of a 

spectral line 
Denombrable. Countable 
Dense. Dense 
Densite de charge des noyaux. Charge density of nuclei 
Densite. Density 
Densite de Lagrange. Lagrange density 
Densite de charge magnetique. Magnetic charge 

density 
Densite de courant magnetique. Magnetic current 

density 
Densite d’energie acoustique. Sound-energy density 
Densite de probability. Probability density 
Densite de ralentissement. Slowing-down density 
Densite des niveaux d’energie dans une bande de conduc¬ 

tion. Density of quantum states in conduction band 
Densite lumineuse. Density, luminous 
Densite neutronique. Density, neutron 
Densite optique. Optical density 
Densite optique externe. External optical density 
Densite scalaire. Scalar density 
Densite speculate. Density, specular 
Densite tensorielle. Tensor density 
Derivee. Derivative 
Dephasage pour dispersion. Scattering phase shift 
Deplacement de Lamb. Lamb shift 
Deplacement electrique dans les dielectriques. Electrical 

displacement in dielectrics 
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Deplacement parallele d'un vecteur. Parallel displace¬ 
ment of a vector 

Deplacement temps-temperature. Time-temperature 
shift 

Deplacement. Displacement 
Derivee covariante d'un champ tensoriel. Covariant 

derivative of tensor field 
Derivee de Helmholtz. Helmholtz derivative 
Derivee de vecteur. Vector derivative 
Derivee d’un tenseur. Tensor derivative 
Derivee intrinseque d’un champ tensoriel. Intrinsic 

derivative of tensor field 
Derivee totale. Total derivative 
Desaimantation adiabatique. Adiabatic demagnetization 
Determinant. Determinant 
Determinant de Fredholm. Fredholm determinant 
Determinant de Gram. Gram determinant 
Determinant de Slater. Slater determinant 
Determinant seculaire. Secular determinant 
Determination de courbes empiriques. Curve fitting 
Determination totale. Total determination 
Developpable. Developable 
Developpante d’une courbe. Involute of a curve 
Developpante d’une surface. Involute of a surface 
Developpante osculatrice. Developable, osculating 
Developpante polaire. Developable, polar 
Developpante rectificative. Developable, rectifying 
Developpee. Evolute 
Deviation. Deflection 
Deviation. Straggling 
Deviation de courbure. Deflection, bending 
Deviation moyenne. Mean deviation 
Deviation totale d'un prisme. Prism, total deviation of 
Diagonal(e). Diagonal 
Diagramme complet. Graph, complete 
Diagramme continu. Graph, connected 
Diagramme de Boulvin. Boulvin diagram 
Diagramme de chromaticite. Chromaticity diagram 
Diagramme de correlation. Correlation diagram 
Diagramme de dispersion. Scatter diagram 
Diagramme de Mollier. Mollier chart 
Diagramme d’epaisseur. Thickness pattern 
Diagramme de rayonnement. Radiation pattern 
Diagramme de Rousseau. Rousseau diagram 
Diagramme des moments. Moment diagram 
Diagramme des niveaux d’energie. Energy level diagram 
Diagramme de tirage en degrade. Vignetting diagram 
Diagramme de Williot. Williot diagram 
Diagramme dirige. Graph, directed 
Diagramme double. Graph, dual 
Diagramme en losange. Lozenge diagram 
Diagramme d’entropie. Entropy chart 
Diagramme planaire. Graph, planar 
Diagrammes de regime de signal. Signal flow diagrams 
Diagrammes homeomorphes. Graphs, homeomorphic 
Diagrammes isomorphes. Graphs, isomorphic 
Diagrammes moleculaires. Molecular diagrams 
Diagramme topologique. Graph, topological 
Dialytique. Dialytic 
Diamagnetismc. Diamagnetism 
Diametre apparent. Apparent diameter 
Diapoint. Diapoint 
Diathermane. Diathermanous 
Dichroisme circulaire. Circular dichroism. 
Difference astigmate. Astigmatic difference 
Difference de pression thermomoleculaire. Thermo- 

molecular pressure difference 
Difference de retour. Return difference 

Difference moyenne. Mean difference 
Differences de combinaison. Combination differences 
Differences divisees. Divided differences 
Differences reciproques. Reciprocal differences 
Differentiation covariante. Covariant differentiation 
Differentiation. Differentiation 
Differentiation logarithmique. Logarithmic differentia¬ 

tion 

Differentiation sous le signe integral. Differentiation 
under the integral sign 

Differentiel. Differential 
Diffluence. Diffluence 
Diffraction. Diffraction 
Diffraction de neutrons. Diffraction of neutrons 
Diffuseur. Diffuser 
Diffusion. Angular distribution 
Diffusion de la lumiere. Diffusion of light 
Diffusion de Rayleigh. Rayleigh scatter 
Diffusion des solides. Diffusion of solids 
Diffusion de Thomson. Thomson scattering 
Diffusion potentielle. Potential scattering 
Digramme. Digraph 
Dilatation. Dilatation 
Dilatation. Expansion 
Dimension. Dimension 
Dimensions de reseau. Lattice dimensions 
Diminution de turbulence. Turbulence, decay of 
Dioptrie. Diopter 
Dipole. Dipole 
Dipole. Doublet 
Direction. Direction 
Directionnel. Directional 
Directions conjuguees. Conjugate directions 
Directions principales. Principal directions 
Directions privilegiees. Privileged directions 
Directrice d’une surface reglee. Directrix of a ruled 

surface 
Discontinuity. Discontinuity 
Discriminant. Discriminant 
Dislocation. Dislocation 
Dispersion. Dispersion 
Dispersion. Scattering 
Dispersion anomale. Anomalous dispersion 
Dispersion de rotation. Dispersion of rotation 
Dispersion de rotation. Rotatory dispersion 
Dispersion lineaire reciproque. Dispersion, reciprocal 

linear 
Dispersion partielle. Dispersion, partial 
Dispersion sonore. Scattering, sound 
Dispersivite de refraction. Refractive dispersivity 
Dispersivite moleculaire. Dispersivity, molar 
Dispersivite specifique. Dispersivity, specific 
Disque de Rayleigh. Rayleigh disc 
Dissipation. Dissipation 
Distance de Mahalanobi. Mahalanobi’s distance 
Distance focale. Focal length 
Distance focale reduite. Reduced focal length 
Distorsion. Distortion 
Distorsion geometrique. Geometric distortion 
Distribution arc-sinus. Arc-sine distribution 
Distribution beta. Beta distribution 
Distribution binome. Binomial distribution 
Distribution de Cauchy. Cauchy distribution 
Distribution d’echantillonnage. Sampling distribution 
Distribution de Fisher. Fisher’s distribution 
Distribution de Gauss. Gaussian distribution 
Distribution d’energie radiante par bande de longueurs 

d’onde. Spectral energy distribution 
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Distribution d’energie spectrale relative. Relative spec¬ 
tral energy distribution 

Distribution de Porter-Thomas. Porter-Thomas dis¬ 
tribution 

Distribution de Pascal. Pascal distribution 
Distribution de Poisson. Poisson distribution 
Distribution de probability. Probability distribution 
Distribution de “Student”. Student’s distribution 
Distribution de Wishart. Wishart distribution 
Distribution en energie. Distribution in energy 
Distribution en forme de J. J-shaped distribution 
Distribution en moment. Distribution in momentum 
Distribution en phase. Distribution in phase 
Distribution exponentielle. Exponential distribution 
Distribution gamma. Gamma distribution 
Distribution hypergeometrique. Hypergeometric dis¬ 

tribution 
Distribution logarithmique. Logarithmic distribution 
Distribution normale. Normal distribution 
Distribution rectangulaire. Rectangular distribution 
Distributions de Pearson. Pearson distributions 
Distributions non-centrales. Non-central distributions 
Divergence. Divergence 
Divergence de surface d’un vecteur. Surface divergence 

of a vector 
Division synthetique. Synthetic division 
Domaine. Domain 
Doublage d’inversion. Inversion doubling 
Ductilite. Ductility 
Durcissement du au fonctionnement. Work hardening 
Duree d'affaiblissement d’impulsion. Pulse decay time 
Duree de diffusion neutronique. Diffusion time, neutron 
Duree de reaction. Period, reactor 
Duree d’etablissement d’impulsion. Pulse rise time 
Duree d’etablissement d’impulsion. Pulse time, leading- 

edge 
Duree de vie moyenne. Life, mean 
Duree d’impulsion moyenne. Pulse time, mean 
Duree d’impulsions. Pulse duration 
Durete. Hardness 
Dyadiques. Dyadics 
Dynamique. Dynamics 
Dynamique des gaz rarefies. Rarefied gas dynamics 

Ebullition. Boiling 
Ecart d’energie. Energy gap 
Echantillon. Sample 
Echantillon systematique. Systematic sample 
Echantillonnage des quota. Quota sampling 
Echelle centigrade. Centigrade scale 
Echelle de Pythagore. Pythagorean scale 
Echelle juste. Scale, just 
Echelon. Echelon 
Eclairement. Illumination 
Economies dues a reflecteur. Reflector savings 
Ecoulement de gaz dans tuyere. Nozzle, flow of gas in 
Ecoulement de glissement. Slip flow 
Ecoulement hypersonique. Hypersonic flow 
Ecoulement laminaire dans un canal. Channel, laminar 

flow in 
Ecoulement non-rotationnel. Irrotational flow 
Ecoulements subsonique et supersonique. Subsonic and 

supersonic flow 
Effet Auger. Auger effect 
Effet Bauschinger. Bauschinger effect. 
Effet Debye. Debye effect 
Effet de Coanda. Coanda effect 

Effort de cohesion. Bond stress 
Effet de Compton. Compton effect 
Effet de contrainte normale. Normal stress effect 
Effet de glissement. Slip effect 
Effet de phase binaural. Binaural phase effect 
Effet de taille. Size effect 
Effet de transmission du bruit. Noise transmission 

effect 
Effet d’intermittence. Intermittency effect 
Effet Doppler-Fizeau pour le son. Doppler effect for 

sound 
Effet Faraday. Faraday effect 
Effet inductif et reactivite. Inductive effect and reactivity 
Effet isotope dans les spectres mol6culaires. Isotope 

effect in molecular spectra 
Effet magnetocalorifique. Magnetocaloric effect 
Effet Paschen-Back. Paschen-Back effect 
Effet photoelectrique. Photoelectric work function 
Effet Raman. Raman effect 
Effet rapide d’interaction. Fast effect, interaction 
Effets Doppler. Doppler effects 
Effets galvanomagnetiques et thermomagnetiques. Gal- 

vanomagnetic and thermomagnetic effects 
Effet Slutsky-Yule. Slutsky-Yule effect 
Effet Stark. Stark effect 
Effet volta. Contact potential 
Effet Weissenberg. Weissenberg effect 
Effet Wood. Wood effect 
Effet Zeeman. Zeeman effect 
Efficace. Root-mean-square 
Efficacit6 lumineuse. Luminous efficiency 
Efficacite lumineuse relative. Relative luminous effi¬ 

ciency 
Efficacite neutronique. Collision density, neutron 
Efficacite radiante. Radiant efficiency 
Effort admissible. Stress, allowable 
Effort circulaire. Stress, circumferential 
Effort compose. Stress, combined 
Effort de service. Working stress 
Effort direct. Stress, direct 
Effort generalise. Stress, generalized 
Effort hydrostatique. Stress, hydrostatic 
Effort octaedrique. Stress, octahedral 
Effort principal. Stress, principal 
Efforts d’assemblage. Assembly stresses 
Efforts de reaction. Reaction stresses 
Efforts de Reynolds. Reynolds stresses 
Efforts residuels. Residual stresses 
Eikonal. Eikonal 
Elasticity retardte. Elasticity, delayed 
Electrodynamique de Minkowski pour corps en mouve- 

ment. Minkowski’s electrodynamics for moving 
bodies 

Electrodynamique quantique. Quantum electro¬ 
dynamics 

Electroneutralite. Electroneutrality 
Electrons equivalents. Equivalent electrons 
Electrons non-equivalents. Non-equivalent electrons 
Electron-volt. Electron-volt 
Elementaire. Elementary 
Element de circuit. Element, circuit 
Element de symetrie. Symmetry element 
Element oriente. Element, oriented 
Element. Element 
Elements conjugues d’un groupe. Conjugate elements 

of a group 
Element unite. Unit element 
Elimination de Gauss. Gaussian elimination 
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Elimination. Elimination 
Ellipse. Ellipse 

Ellipse geod6sique. Geodesic ellipse 
Ellipsoi'de. Ellipsoid 

Ellipsolde de moment. Ellipsoid, momental 
Ellipso'ide de Poinsot. Ellipsoid of Poinsot 
Ellipsolde d’inertie. Inertia ellipsoid 
Emetteur selectif. Selective emitter 
Emittance. Emittance 
Emittance. Radiant emittance 
Energie. Energy 
Energie au point zero. Zero point energy 
Energie cinetique. Energy, kinetic 
Energie cinetique d’un mouvement non-rotatoire. 

Kinetic energy of irrotational motion 
Energie complementaire. Complementary energy 
Energie critique. Threshold energy 
Energie d'activation. Activation energy 
Energie d’anisotropie. Anisotropy energy 
Energie d’arete de bande. Band edge energy 
Energie d’echange. Exchange energy 
Energie de cohesion. Energy, cohesion 
Energie de contrainte magnetique. Magnetic strain 

energy 
Energie de correlation. Correlation energy 
Energie de Coulomb. Coulomb energy 
Energie de Debye. Debye energy 
Energie de disintegration alpha. Alpha disintegration 

energy 
Energie de disintegration beta. Beta disintegration 

energy 
Energie de disintigration d’une reaction nucliaire. 

Reaction energy, nuclear 
Energie de dissociation. Dissociation energy 
Energie de dissociation d’une molicule. Dissociation 

energy of a molecule 
Energie de distorsion. Distortion energy 
Energie de Fermi. Fermi energy 
Energie de Keesom. Keesom energy 
Energie de liaison. Binding energy 
Energie de liaison atomique. Atomic bond energy 
Energie de paroi. Wall energy 
Energie de reseau des cristaux. Lattice energy of crystals 
Energie de resonance. Delocalization energy 
Energie de resonance. Resonance energy 
Energie de turbulence. Turbulence, energy of 
Energie d’excitation. Excitation energy 
Energie d’ionisation. Ionization energy 
Energie d’un systeme a w-particules. Energy of n- 

particle system 
Energie disponible. Available energy 
Energie electronique (classique). Electron energy (classi¬ 

cal) 
Energie Iiberee. Q-value 
Energie potentielle. Energy, potential 
Energie potentielle dans un dielectrique. Self energy in a 

dielectric 
Energies de liaison. Bond energies 
Ensemble. Ensemble 
Ensemble. Manifold 
Ensemble canonique. Canonical ensemble 
Ensemble macrocanonique. Macrocanonical ensemble 
Ensemble microcanonique. Microcanonical ensemble 
Ensemble secondaire. Coset 
Enthalpie. Enthalpy 
Entropie. Entropy 
Entropie de gaz monoatomique. Entropy of monatomic 

gas 

Enveloppe. Envelope 
Epaisseur d’6nergie de couche limite. Energy thickness 

of boundary layer 
Equation. Equation 
Equation a deux composantes du neutrino. Two- 

component equation of the neutrino 
Equation adiabatique d’etat. Adiabatic equation of 

state 
Equation a differences. Difference equation 
Equation adjointe. Adjoint equation 
Equation a quatre moments. Four-moment equation 
Equation auxiliaire. Auxiliary equation 
Equation bicarree. Biquadratic equation 
Equation biharmonique. Biharmonic equation 
Equation canonique de mouvement. Canonical equa¬ 

tion of motion 
Equation caracteristique. Characteristic equation 
Equation caracteristique de matrice. Characteristic 

equation of a matrix 
Equation critique. Critical equation 
Equation d’Abel. Abel equation 
Equation de Benedict-Webb-Rubin. Benedict-Webb- 

Rubin equation 
Equation de Bernoulli. Bernoulli equation 
Equation de Bethe-Salpeter. Bethe-Salpeter equation 
Equation de Blasius. Blasius equation 
Equation de Boltzmann. Boltzmann transport equation 
Equation de Boltzmann-Planck. Boltzmann-Planck 

equation 
Equation de Born-Mayer. Born-Mayer equation 
Equations de Burnett. Burnett equations 
Equation de Callendar. Callendar equation 
Equation de capacity de chaleur de Debye. Debye heat 

capacity equation 
Equations de changement de Enskog-Maxwell. Enskog- 

Maxwell equations of change 
Equation de Clairaut. Clairaut equation 
Equation de Clausius-Clapeyron. Clausius-Clapeyron 

equation 
Equation de Clausius-Mossotti. Clausius-Mossotti 

equation 
Equation de continuity. Equation of continuity 
Equation de couleur. Color equation 
Equation de Curie. Curie’s equation 
Equation de Debye. Debye equation 
Equation de Debye-Hiickel. Debye-Hiickel equation 
Equation de deplacement. Transport equation 
Equation de deplacement integral. Integral transport 

equation 
Equation de Dirac. Dirac equation 
Equation de Drude. Drude equation 
Equation de Duhem-Margules. Duhem-Margules equa¬ 

tion 
Equation de Euler. Euler equation 
Equations de Euler-Lagrange. Euler-Lagrange equa¬ 

tions 
Equation de Franklin. Franklin equation 
Equation de Fokker-Planck. Fokker-Planck equation 
Equation de Fredholm. Fredholm equation 
Equation de Gibbs-Duhen. Gibbs-Duhen equation 
Equation de Helmholtz-Lagrange. Helmholtz equation 
Equation de Hermite. Hermite equation 
Equation de Horn. Horn equation 
Equation d’eikonal. Eikonal equation 
Equation d’Einstein pour la capacity de chaleur. Ein- 

„ stein heat capacity equation 
Equations de Karman-Friedrich. Karman-Friedrich’s 

equations 
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Equation de Keyes-Smith-Gerry. Keyes-Smith-Gerry 

equation 
Equation de Kirkwood pour la constante dielectrique. 

Kirkwood's equation for the dielectric constant 
Equation de Klein-Gordon. Klein-Gordon equation 
Equation de Koch. Koch’s equation 
Equation de la constante dielectrique de Onsager. On- 

sager’s equation for the dielectric constant 
Equation de Page. Age equation, Fermi 
Equation de Laguerre. Laguerre equation 
Equation de Lame. Lame equation 
Equation de Laplace. Laplace equation 
Equation de lentille electronoptique. Electron-optical 

lens equation ^ 
Equation de Mathieu. Mathieu equation 
Equation de Mollier. Mollier equation 
Equation de mouvement de Heisenberg. Heisenberg 

equation of motion 
Equation d’energie d’avion. Airplane energy equation 
Equation d’energie de supraconductibilite. Supercon¬ 

ductivity energy equation 
Equation d’energie pour couche limite. Energy equa¬ 

tion for boundary layer 
Equation d’energie pour un flux adiabatique permanent. 

Energy equation for steady adiabatic flow 
Equation de Newton. Newton’s equation 
Equation de Nutting. Nutting’s equation 
Equation de Pauli-Weisskopf. Pauli-Weisskopf equa¬ 

tion 
Equation de Pell. Pell’s equation 
Equation de Poisson. Poisson equation 
Equation de quantite de mouvement pour couche limite. 

Momentum equation for boundary layer 
Equation de Rayleigh-Jeans. Rayleigh-Jeans equation 
Equation de Reynolds. Reynolds equation 
Equation de Riccati. Riccati equation 
Equation de Richardson-Dushman. Richardson-Dush- 

man equation 
Equation de Riemann-Papperitz. Riemann-Papperitz 

equation 
Equation de Rydberg. Rydberg equation 
Equation de Sackur-Tetrode. Sackur-Tetrode equation 
Equation de Schrodinger. Schrodinger equation 
Equation de son de courte duree. Impulsive sound 

equation 
Equation de Sturm-Liouville. Sturm-Liouville equation 
Equation d’etat. Equation of state 
Equation d'etat de Clausius. Clausius’ equation of 

state 
Equation d'etat de Mie-Griineisen. Mie-Griineisen 

equation of state 
Equation d’etat de viriel. Virial equation of state 
Equation d’etat thermique. Caloric equation of state 
Equation de tenseur a valeur propre. Eigenvalue 

equation of tensor 
Equation de tension de vapeur. Vapor pressure equa¬ 

tion 
Equation de Tomonaga-Schrodinger. Tomonaga- 

Schrodinger equation 
Equation de Tomonaga-Schwinger. Tomonaga- 

Schwinger equation 
Equation de Van der Waal. Van der Waal’s equation 
Equation de Volterra. Volterra equation 
Equation de Weiss. Weiss’s equation 
Equation de Weyl. Weyl equation 
Equation differentielle. Differential equation 
Equation differentielle de Clausius. Clausius’ differen¬ 

tial equation 
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Equation differentielle de Laplace. Laplace differential 
equation 

Equation differentielle de Whittaker. Whittaker dif¬ 
ferential equation 

Equation differentielle partielle. Partial differential 
equation 

Equation differentielle partielle de Hamilton-Jacobi. 
Hamilton-Jacobi partial differential equation 

Equation differentielle partielle elliptique. Elliptic par¬ 
tial differential equation 

Equation differentielle ordinaire. Ordinary differential 
equation 

Equation d’onde. Wave equation 
Equation elliptique. Elliptic equation 
Equation hyperbolique. Hyperbolic equation 
Equation hypergeometrique de Gauss. Gauss’ hyper¬ 

geometric equation 
Equation indiciaire. Indicial equation 
Equation integrate. Integral equation 
Equation parabolique. Parabolic equation 
Equation photoelectrique d’Einstein. Einstein photo¬ 

electric equation 
Equations algebriques. Algebraic equations 
Equations d’amplitude finie (acoustiques). Finite ampli¬ 

tude equations (acoustic) 
Equations de Cauchy-Reimann. Cauchy-Reimann 

equations 
Equations de deviation de pente. Slope-deflection 

equations 
Equations de Fresnel. Fresnel equations 
Equations de Gauss et Codazzi. Equations of Gauss 

and Codazzi 
Equations de Gibbs-Helmholtz. Gibbs-Helmholtz 

equations 
Equations de Lagrange. Lagrange equations 
Equations de Laue. Laue equations 
Equations de Legendre. Legendre equations 
Equations de lentille de Gauss. Gaussian lens equations 
Equations de Maxwell. Maxwell’s equations 
Equations de mouvement. Motion, equations of 
Equations de mouvement de Euler. Euler equations of 

motion 
Equations de mouvement fluide. Equations of fluid 

motion 
Equations de Navier-Stokes. Navier-Stokes equations 
Equations de physique mathematique. Mathematical 

physics, equations of 
Equations de Proca. Proca equations 
Equations de supraconductibilite de London. London 

superconductivity equations 
Equations de trace de rayon paraxial. Paraxial ray 

tracing equations 
Equations d’hodographe transonique. Hodograph 

equations, transonic 
Equations d’optique canoniques. Canonical equations 

of optics 
Equations dynamiques des i ayons lumineux. Dynamical 

equations of light rays 
Equations diophantiennes. Diophantine equations 
Equations intrinseques d’une courbe. Curve, intrinsic 

equations of 
Equations collineaires d’optique. Collineation equations 

of optics 
Equations des vents. Wind equations 
Equations du taux de cristallisation. Crystallization 

rate equations 
Equations lineaires. Linear equations 
Equations normales. Normal equations 
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Equations simultanees. Simultaneous equations 
Equicontinu. Equicontinuous 
fiquilibre. Balance 
£quilibre. Equilibrium 
Equilibre chimique. Chemical equilibrium 
Equilibre de forces sur un corps rigide. Equilibrium of 

forces on a rigid body 
Equilibre d'une particule. Equilibrium of a particle 
Equilibre dynamique. Equilibrium, dynamic 
Equilibre gele. Frozen equilibrium 
Equilibre instable. Equilibrium, unstable 
Equilibre neutre. Equilibrium, neutral 
Equilibre thermique. Thermal equilibrium 
Equilibre thermodynamique. Thermodynamic equili¬ 

brium 
Equipartition de l’energie. Equipartition of energy 
Equivalence. Equivalence 
Equivalent mecanique de la lumiere. Mechanical 

equivalent of light 
Ergodicite. Ergodicity 
Erreur. Error 
Erreur d’arrondissage. Rounding error, roundoff 
Erreur de troncature. Truncation error 
Erreur normale. Standard error 
Erreur probable. Probable error 
Erreur relative. Relative error 
Espace d’arrangement. Configuration space 
Espace de Banach. Banach space 
Espace de couleur. Color space 
Espace de Hilbert. Hilbert space 
Espace de moment. A>space 
Espace de phase. Phase space 
Espace Euclidien. Euclidean space 
Espace gamma. Gamma space 
Espace mu. Mu space 
Espace-temps plat. Flat space-time 
Espace topologique. Topological space 
Espace vectoriel. Vector space 
Espece. Species 
Essais. Runs 
Etablissement de supports. Settlement of supports 
Etalon de Waidner-Burgess. Waidner-Burgess standard 
Etat de caoutchouc. Rubbery state 
Etat de contre-reaction. Degenerate state 
Etat de moment angulaire orbital zero. 5-state 
Etat fondamental. Fundamental state 
Etat metastable. Metastable state 
£tat normal. Normal state 
£tat propre. Eigenstate 
Etat vitreux. Glassy state 
Etats correspondants. Corresponding states 
Etats d'energie negative. Negative energy states 
Etats localises. Localized states 
Etat stationnaire. Stationary state 
£tat virtuel. Virtual state 
Etendue de la reaction. Extent of reaction 
Etranger. Extraneous 
Etranglement. Choking 
Evaluation de matrice 5 dans theorie de champ quantify. 

5-matrix in quantified field theory: evaluation of 
^volute de diffraction. Diffraction evolute 
Exact. Exact 
Exaltation. Exaltation 
Excedent. Redundancy 
Exc^dent neutronique. Neutron excess 
Expansion de Chebyshev. Chebyshev expansion 
Expansion de fraction partielle. Partial fraction expan¬ 

sion 
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Expansion de Laplace. Laplace expansion 

Expansion de Prandtl-Meyer. Prandtl-Meyer expansion 
Expansion thermique. Thermal expansion 
Expectative. Expectation 

Experience de factorielle. Factorial experiment 
Exposant. Exponent 
Expression 4 integrer. Integrand 
Extension en phase. Extension in phase 
Extinction. Extinction 

Extrapolation. Extrapolation 

Facteur d’aflfaiblissement. Attenuation factor 
Facteur d’affaiblissement sonore. Sound attenuation 

factor 

Facteur de Boltzmann. Boltzmann factor 
Facteur de conversion de masse atomique. Atomic mass 

conversion factor 
Facteur de charge. Load factor 
Facteur d’ecoulement. Carryover factor 
Facteur de Crete de train porteur. Pulse carrier, crest 

factor of 

Facteur de dissymetrie ou d’anisotropie. Dissymmetry 
factor or anisotropy factor 

Facteur de fission rapide. Fast fission factor 
Facteur de forme. Shape factor 
Facteur de frequence. Frequency factor 
Facteur de geometrie. Geometry factor 
Facteur de luminance spectrale. Spectral luminance 

factor 
Facteur de normalisation. Normalizing factor 
Facteur de perte dielectrique. Loss factor, dielectric 
Facteur de reflexion. Luminous reflectance 
Facteur de reflexion reflectance. Reflectivity 
Facteur de reflectance spectrale. Spectral reflectance 
Facteur de repartition. Distribution factor 
Facteur de r6tablissement de temperature. Temperature 

recovery factor 
Facteur de stabilite. Stability factor 
Facteur de structure. Structure factor 
Facteur de synthese. Build-up factor 
Facteur de transmittance spectrale. Spectral transmit¬ 

tance 
Facteur g de Lande. Lande’s ^-factor 
Facteur-groupe. Factor-group 
Facteur integrant. Integrating factor 
Facteurs de forme et de position de Coddington. Cod- 

dington shape and position factors 
Factorielle. Factorial 
Faisceau. Beam; Cluster 
Famille. Family 
Famille de surfaces. Surfaces, family of 
Fatigue. Fatigue 
Fente. Slit 
Ferme. Closed 
Fermeture. Closure 
Fermi. Fermi 
Fermion. Fermion 
Feuille. Sheet 
Feuille de tourbillon. Vortex sheet 
Fictif. Dummy 
Filtrage. Smoothing 
Fleche. Sagitta 
Flexion asymetrique. Unsymmetrical bending 
Fluage. Creep 
Fluctuations. Fluctuations 
Fluide bien remue. Well-stirred fluid 
Fluide de Newton. Newtonian fluid 



Fluide — Force 1060 

Fluide non-visqueux. Inviscid fluid 
Fluide visqueux. Viscous fluid 
Flux adjoint. Flux, adjoint 
Flux de Helmholtz. Helmholtz flow 
Flux d'energie acoustique. Sound energy flux 
Flux d’energie geometrique. Geometrical energy flux 
Flux de Stokes. Stokes flow 
Flux lumineux. Luminous flux 
Flux neutronique angulaire. Flux, neutron, angular 
Flux neutronique total. Flux, neutron, total 
Flux vectoriel. Vector flux 
Fonction. Function 
Fonction adjointe d’onde. Adjoint wave function 
Fonction analytique. Analytic function 
Fonction analytique d’une variable complexe. Regular 

function of a complex variable 
Fonction beta. Beta function 
Fonction beta incomplete. Incomplete beta function 
Fonction caracteristique. Characteristic function 
Fonction caracteristique d'angle. Angle characteristic 

function 
Fonction caracteristique d’un ensemble. Characteristic 

function of a set 
Fonction caracteristique mixte. Mixed characteristic 

function 
Fonctions caracteristiques en thermodynamique. 

Characteristic functions in thermodynamics 
Fonction complementaire d’une equation lineaire dif- 

ferentielle. Complementary function of a linear 
differential equation 

Fonction continue. Continuous function 
Fonction de Bessel. Bessel function 
Fonction de Bloch. Bloch function 
Fonction de Brillouin. Brillouin function 
Fonction de chaleur specifique d’Einstein. Einstein 

specific heat function 
Fonction de decision. Decision function 
Fonction de densite de probability Probability density 

function 
Fonction de dissipation. Dissipation function 
Fonction de distribution radiale. Radial distribution 

function 
Fonction de Flux. Stream function 
Fonction de Gibbs. Gibbs function 
Fonction de Green. Green’s function 
Fonction de Gegenbauer. Gegenbauer function 
Fonction de Helmholtz. Helmholtz function 
Fonction de Lagrange. Lagrangian function 
Fonction de Langevin. Langevin function 
Fonction de l’importance nucleaire. Importance func¬ 

tion 
Fonction de luminosite. Luminosity function 
Fonction de mesure. Test function 
Fonction de mesure. Measure function 
Fonction de Placzek. Placzek function 
Fonction de Planck. Planck function 
Fonction de Neumann. Neumann function 
Fonction de perte. Loss function 
Fonction de repartition de Fermi-Dirac. Fermi-Dirac 

distribution function 
Fonction d’erreur. Error function 
Fonction de separation. Partition function 
Fonction de separation d’antenne orientable. Rotator, 

partition function of 
Fonction de separation des molecules diatomiques. 

Diatomic molecules, partition function of 
Fonction de separation des molecules polyatomiques. 

Polyatomic molecules, partition function of 

Fonction de separation rotatoire. Rotational partition 
function 

Fonction de separation vibratoire. Vibrational parti¬ 
tion function 

Fonction de transmission. Transfer function 
Fonction de transmission de reacteur. Reactor transfer 

function 

Fonction d’excitation atomique. Excitation function, 
atomic 

Fonction d’excitation nucleaire. Excitation function, 
nuclear 

Fonction d’onde. Wave function 
Fonction d’onde antisymetrique. Antisymmetric wave 

function 
Fonction d’onde de Coulomb. Coulomb wave function 
Fonction d’onde sigma-pi. Wave function, Sigma, Pi 
Fonction d’onde symetrique. Symmetric wave function 
Fondation elastique. Elastic foundation 
Fonction elliptique. Elliptic function 
Fonction en escalier. Step function 
Fonction entiere. Entire function 
Fonction gamma. Gamma function 
Fonction gamma incomplete. Incomplete gamma func¬ 

tion 
Fonction generatrice. Generating function 
Fonction Hamiltonienne d’optique. Hamiltonian func¬ 

tion of optics 
Fonction Hamiltonienne d’un systeme. Hamiltonian 

function of a system 
Fonction harmonique. Harmonic function 
Fonction holomorphe. Holomorphic function 
Fonction hyperbolique. Hyperbolic function 
Fonction hypergeomdtrique. Hypergeometric function 
Fonction implicite. Implicit function 
Fonction inverse. Inverse function 
Fonction meromorphe. Meromorphic function 
Fonctionnel. Functional 
Fonctionnement avec relaxation. Relaxation behavior 
Fonction orthogonale. Orthogonal function 
Fonction propre. Eigenfunction 
Fonction paire. Even function 
Fonctions d’aberration de Nijboer-Zernike. Nijboer- 

Zernike aberration functions 
Fonctions de diffusion de la lumiere. Light scattering 

functions 
Fonctions de Legendre. Legendre functions 
Fonctions de phase minimum. Minimum phase func¬ 

tions 
Fonctions de Wightman. Wightman functions 
Fonctions d’exces. Excess functions 
Fonctions d'impulsions. Impulse functions 
Fonctions d’onde de vecteur spherique. Spherical 

vector wave functions 
Fonctions speciales. Special functions 
Fonction spectrale. Spectral function 
Fonctions potentielles des molecules. Potential func¬ 

tions of molecules 
Fonctions propres moleculaires. Molecular eigenfunc¬ 

tions 
Fonction symetrique. Symmetric function 
Fonctions thermodynamiques de melange. Thermo¬ 

dynamic functions of mixing 
Fonctions thermodynamiques de phases de surface. 

Thermodynamic functions of surface phases 
Fonction trigonometrique. Trigonometric function 
Fonction unit6 de Heaviside. Heaviside unit function 
Fonction zeta de Riemann. Riemann zeta function 
Force. Force 
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Force appliquee. Force, applied 
Force centrale. Force, central 
Force centrale. Central force 
Force centrifuge. Centrifugal force 
Force centripete. Centripetal force 
Force conservatrice. Conservative force 
Force cyclostrophique. Cyclostrophic force 
Force de Bartlett. Bartlett force 
Force de Coriolis. Coriolis force 
Force de faible portee. Short-range force 
Force de Heisenberg. Heisenberg force 
Force de ligne. Line strength 
Force de Lorentz. Lorentz force 
Force de Majorana. Majorana force 
Force dependante des spins. Spin-dependent force 
Force de Wigner. Wigner force 
Force dissipative. Dissipative force 
Force distribute. Force, distributed 
Force d’oscillateur. Oscillator strength 
Force efficace. Force, effective 
Force electromotrice. Electromotive force 
Force externe ou active. Force, external or active 
Force generalisee. Force, generalized 
Force geostrophique. Geostrophic force 
Force interne. Force, internal 
Force ionique. Ionic strength 
Force magnetisante. Magnetizing force 
Force magnetomotrice. Magnetomotive force 
Force mecanomotrice efficace. Effective mechanomo- 

tive force 
Force “perdue”. Force, “lost” 
Forces concourantes. Forces, concurrent 
Forces coplanaires. Forces, coplanar 
Forces d’echange. Exchange forces 
Forces de cohesion. Cohesion, forces of 
Forces de dispersion. Dispersion forces 
Forces de London. London forces 
Forces de valence dans les molecules polyatomiques. 

Valence forces in polyatomic molecules 
Forces de Van dcr Waal. Van der Waal’s forces 
Forces d’inertie. Inertia forces 
Forces d’induction. Induction forces 
Forces en thermodynamique de precedes irreversiblcs. 

Forces in thermodynamics of irreversible processes 
Forces intermoleculaires. Intermolecular forces 
Forces nucleates. Nuclear forces 
Forces subsidiaires de valence. Subsidiary valence forces 
Force sur une surface submergee. Force on a submerged 

surface 
Forces tensorielles. Non-central forces 
Force tangcntielle. Force, tangential 
Foret. Bit 
Foret. Forest 
Formalisme de Lagrange et de Hamilton pour systemes 

continus. Continuous systems, Lagrangian and 
Hamiltonian formalism for 

Formalisme de Lagrange pour systemes de champ. 
Lagrangian formalism for field systems 

Formalisme de Yang-Feldman et la matrice 5. Yang- 
Feldman formalism and the 5-matrix 

Forme. Form 
Forme bilineaire. Form, bilinear 
Forme canonique du principe de Fermat. Canonical 

form of Fermat’s principle 
Forme diflfcrentielle lineaire. Linear differential form 
Forme difierentielle du second degr6. Quadratic dif¬ 

ferential form 
Forme indeterminee. Indeterminate form 

Forme normale de Hess. Hess’s normal form 
Forme pour equation de surface de Monge. Monge’s 

form for equation of surface 

Formes d’equations d’ondes. Wave equation, forms of 
Formule a quatre facteurs. Four-factor formula 
Formule de barometre. Barometer formula 
Formule de Batho. Batho’s formula 
Formule de Breit-Wigner. Breit-Wigner formula 
Formule de Cauchy pour indice de refraction. Cauchy 

formula for refractive index 

Formule de Conwell-Weisskopf. Conwell-Weisskopf 
formula 

Formule de dispersion. Dispersion formula 
Formule de dispersion de Hartmann. Hartmann dis¬ 

persion formula 

Formule de dispersion de Herzberger. Herzberger’s 
dispersion formula 

Formule de Euler-Maclaurin. Euler-Maclaurin formula 
Formule de Euler sur les charges de gauchissement de 

colonnes. Euler buckling loads for columns 
Formule de Eykman. Eykman formula 
Formule de Gibbs pour la tension superficielle. Gibbs 

formula for the surface tension 
Formule de Gregory. Gregory formula 
Formule de Gregory-Newton. Gregory-Newton for¬ 

mula 
Formule de Gruneisen. Gruneisen formula 
Formule de Kelvin. Kelvin formula 
Formule de Klein-Nishina. Klein-Nishina formula 
Formule de Johnson et Lark-Horowitz. Johnson and 

Lark-Horowitz formula 
Formule d’equilibre de Saha. Saha equilibrium formula 
Formule de Heine. Heine formula 
Formule de Helmholtz-Ketteler. Helmholtz-Ketteler 

formula 
Formule de Hicks. Hicks formula 
Formule de Landau. Landau’s formula 
Formule de Masse. Mass formula 
Formule de perturbation de Rayleigh-Schrodinger. 

Rayleigh-Schrodinger perturbation formula 
Formule de quadrature de Chebyshev. Chebyshev 

quadrature formula 
Formule de quadrature de Gauss. Gaussian quadra¬ 

ture formula 
Formule de quadrature fermee. Closed quadrature 

formula 
Formule de quadrature ouverte. Open quadrature for¬ 

mula 
Formule de radiation de Planck. Planck radiation for¬ 

mula 
Formule de recursion. Recursion formula 
Formule de Ritz. Ritz formula 
Formule de Rodrigues. Rodrigues formula 
Formule de secante pour colonnes. Secant formula for 

columns 
Formule de sommation de Euler. Euler summation 

formula 
Formule de Schlafli. Schlafli formula 
Formule de Wallis. Wallis formula 
Formule de Winkler-Bach. Winckler-Bach formula 
Formule d’interpolation de Bessel. Bessel interpolation 

formula 
Formule d’interpolation de Everett. Everett interpola¬ 

tion formula 
Formule d’interpolation de Hermite. Hermite inter¬ 

polation formula 
Formule d’interpolation de Lagrange. Lagrange inter¬ 

polation formula. 
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Formule d’interpolation de Stirling. Stirling interpola¬ 

tion formula 
Formule du diamagnetisme de Langevin-Pauli. Dia¬ 

magnetism, Langevin-Pauli formula 
Formule du point central. Midpoint formula 
Formule integrate de Cauchy. Cauchy integral formula 
Formules de Bredt. Bredt formulas 
Formules de differentiation numerique. Differentiation 

formulas numerical 
Formules de Gauss. Gauss’ formulas 
Formules de quadrature de Newton-Cotes. Newton- 

Cotes quadrature formulas 
Formules de Serret-Frenet. Serret-Frenet formulae 
Formules de reste. Remainder formulas 
Formules de Schwarzschild-Kohlschutter. Schwarz- 

schild-Kohlschutter formulas 
Formules de Weingarten. Weingarten’s formulas 
Formules d’interpolation de Gauss. Gaussian interpola¬ 

tion formulas 
Foyers. Focal points 
Foyer primaire. Tangential focus 
Foyer secondaire. Sagittal focus 
Foyer secondaire. Second focal point 
Fraction continue. Fraction, continued 
Fraction de branchement. Branching fraction 
Fraction de Fechner. Fechner fraction 
Fraction de tassement. Packing fraction 
Fraction impropre. Improper fraction 
Fraction interne. Fraction, internal 
Fraction partielle. Fraction, partial 
Fraction propre. Proper fraction 
Fractions continues. Continued fractions 
Fractions de poids. Weight fractions 
Fractions de volume. Volume fractions 
Fractions moleculaires. Mole fractions 
Frange. Bleeding 
Frange. Fringe 
Frein. Drag 
Frequence atomique. Atomic frequency 
Frequence de battement. Beat frequency 
Frequence de collision. Collision frequency 
Frequence de Debye. Debye frequency 
Frequence de relaxation. Relaxation frequency 
Frequence de repetition d'impulsions. Pulse repetition 

frequency 
Frequence de resonance. Resonant frequency 
Frequence de resonance d’un cristal. Crystal, resonance 

frequency of 
Frequence relative. Relative frequency 
Front d’onde. Wave front 
Front d’onde plane. Wave front, plane 
Front d’onde spherique. Wave front, spherical 
Frottement. Rolling resistance 
Frottement de Peau. Skin friction 
Fugacite. Fugacity 

Gain de regeneration. Breeding gain 
Gamma. Gamma 
Gamme des gris. Gray scale 
Gamme temperee. Scale, equally tempered 
Gaz de Bose-Einstein. Bose-Einstein gas 
Gaz degenere. Degenerate gas 
Gaz electronique degenere. Degenerate electron gas 
Gaz imparfait. Imperfect gas 
Gaz reels. Real gases 
Geodesique nulle. Null-Geodesic 
Geometrie. Geometry 

Geometrie de Luneburg. Luneburg geometry 
Geometrie descriptive. Descriptive geometry 
Gond. Hinge 
Gradient. Gradient 
Gradient de temperature. Temperature gradient 
Grande deviation. Deflection, large 
Graphique d’automorphisme. Graph, automorphism 
Graphique illimite. Graph, infinite 
Graphique lineaire. Graph, linear 
Graphique non-oriente. Graph, non-oriented 
Graphique non-separable. Graph, non-separable 
Graphique oriente. Graph, oriented 
Graphique separable. Graph, separable 
Grossissement. Magnifying power 
Grossissement axial. Axial magnification 
Grossissement lineaire. Linear magnification 
Grossissement zonal. Zonal magnification 
Groupe. Group 
Groupe abelien Abelian group 
Groupe cristallographique. Crystallographic group 
Groupe de Lie. Lie group 
Groupe de permutation. Permutation group 
Groupe de points. Point group 
Groupe de rotation. Rotation group 
Groupe de signaux. Word 
Groupe d’espaces. Space group 
Groupes de transformations generates. Transformation 

groups, general 
Groupe de translation. Translation group 
Groupe diedre. Dihedral group 
Groupe d’ondes de Gauss. Gaussian wave group 
Groupe lineaire complet. Full linear group 
Groupe topologique. Topological group 
Guide d'ondes. Waveguide 

Harmonique. Wave, harmonic 
Haute elasticite. Elasticity, high 
Helice. Airscrew 
Helice. Helix 
Herpolhodie. Herpolhode 
Hertz. Hertz 
Hessien. Hessian 
Holonome. Holonomic 
Homogene. Homogeneous 
Homomorphisme. Homomorphism 
Humidite. Humidity 
Hybridation des orbites electroniques. Hybridization 

of electron orbitals 
Hydrodynamique relativiste. Relativistic hydrodyna¬ 

mics 
Hydrostatique. Hydrostatics 
Hyperbole. Hyperbola 
Hyperbole geodesique. Geodesic hyperbola 
Hyperboloide. Hyperboloid 
Hyperconjugaison. Hyperconjugation 
Hypotheses ergodiques. Ergodic hypotheses 
Hypothese lineaire. Linear hypothesis 
Hypothese statistique. Hypothesis, statistical 

Idealement plastique. Ideally plastic 
Idempotent. Idempotent 
Identite. Identity 
Identite d’Abel. Abel identity 
Identite de Bianchi. Bianchi identity 
Identite de de Moivre. De Moivre identity 
Identite de Ricci. Ricci identity 
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Identity differentielles de vecteurs. Vector differential 
identities 

Image de Heisenberg. Heinsenberg picture 
Image d’interaction. Interaction picture 
Impedance acoustique. Impedance, acoustical 
Impedance acoustique caracteristique. Impedance, 

characteristic acoustical 
Impedance acoustique d’entree. Impedance, throat 

acoustical 
Impedance acoustique specifique. Impedance, specific 

acoustical 
Impedance mecanique. Mechanical impedance 
Imperfection de Frenkel. Frenkel defect 
Impulsion. Pulse 
Impulsion. Impulse 
Impulsion angulaire. Angular impulse 
Incident. Incident 
Incommensurable. Incommensurable 
Independance. Independence 
Independance de charge. Charge-independence 
Independant. Independent 
Indicatrice. Indicatrix 
Indicatrice de diffusion. Indicatrix of diffusion 
Indicatrice de refraction. Indicatrix of refraction 
Indicatrice spherique de tangente a une courbe. Spheri¬ 

cal indicatrix of tangent to a curve 
Indice de cetane. Cetane number 
Indice de coordination. Coordination number 
Indice de deplacement. Transport number 
Indice de probability. Index of probability 
Indice de refraction. Index of refraction 
Indice de valence libre. Free valence index 
Indice libre. Index, free 
Indices de Bravais-Miller. Bravais-Miller indices 
Indices de cristaux de Miller. Crystal indices, Miller 
Inductance. Inductance 
Induction magnetique. Magnetic induction 
Inelastique. Anelastic 
Inegalite d’Abel. Abel inequality 
Inegalite de Bessel. Bessel’s inequality 
Inegalite de Bienayme-Chebyshev. Bienayme-Cheby- 

shev inequality 
Inegalite de Chebyshev. Chebyshev inequality 
Inegalite de Clausius. Clausius’ inequality 
Inegalite de Holder. Holder inequality 
Inegalite de Minkowski. Minkowski inequality 
Inegalite de Schwartz. Schwartz inequality 
Inegalites lineaires. Linear inequalities 
Inertance. Inertance 
Inertie. Inertia 
Inference non-parametrique. Non-parametric inference 
Inference sans repartition. Distribution-free inference 
Infinity. Infinity 
Infinitesimal. Infinitesimal 
Information. Information 
Intygrale. Integral 
Integrate circulatoire. Integral, circulatory 
Integrate d’echange. Exchange integral 
Integrale de chevauchement. Overlap integral 
Integrale de Clausius. Clausius’ integral 
Integrale de composition. Convolution 
Integrale de composition. Convolution integral 
Intygrale de Coulomb. Coulomb integral 
Integrale de Dirichlet. Dirichlet integral 
Integrale de Duhamel. Duhamel’s integral 
Integrale d’energie. Energy integral 
Integrate de Lebesgue. Lebesgue integral 
Integrale de phase. Phase integral 

Integrale de Poisson. Poisson integral 
Integrale de resonance. Resonance integral 
Integrate de Riemann. Riemann integral 
Integrale de Stieltjes. Stieltjes integral 
Integrale elliptique. Elliptic integral 
Integrale impropre. Improper integral 
Integrale indefinie d’une fonction. Antiderivative of a 

function 
Integrale multiple. Multiple integral 
Integration de contour. Contour integration 
Integration de syrie. Series integration 
Intensity de champ magnetique. Magnetic field strength 
Intensity de radioactivity. Intensity of radioactivity 
Intensity de radiation. Intensity of radiation 
Intensity des sons. Pitch level 
Intensity d’un bruit. Loudness of a sound 
Intensity d’une ligne spectrale. Intensity of a spectral 

line 
Intensity d'une onde sonore spherique. Intensity of a 

spherical sound wave 
Intensity d’une source de particules. Intensity of a 

source of particles 
Intensity horizontale moyenne. Mean horizontal in¬ 

tensity 
Intensity lumineuse. Candle power 
Intensity lumineuse. Luminous intensity 
Intensity radiante. Radiant intensity 
Intensity moyenne spherique. Mean spherical intensity 
Intensity sonore. Sound intensity 
Interaction de Fermi universelle. Universal Fermi inter¬ 

action 
Interaction directe. Direct interaction 
Interaction onde de choc-couche limite. Shock-wave 

boundary-layer interaction 
Interaction phonon-phonon. Phonon-phonon inter¬ 

action 
Interference. Interference 
Interpolation. Interpolation 
Interpolation d’intervalle optimum. Optimum-interval 

interpolation 
Interpolation inverse. Inverse interpolation 
Interpolation multiple. Multivariate interpolation 
Interpolation trigonometrique. Trigonometric inter¬ 

polation 
Interpretation de particule. Particle interpretation 
Intervalle de collision. Collision interval 
Intervalle d’impulsions. Pulse interval 
Intervalle d’impulsions. Pulse spacing 
Invariance de jauge. Gauge invariance 
Invariance de jauge et lois de la conservation. Gauge 

invariance and conservation laws 
Invariance relativiste d’une theorie physique. Relati¬ 

vistic invariance of a physical theory 
Invariance relativiste et mecanique quantique. Relati¬ 

vistic invariance and quantum mechanics 
Invariant. Invariant 
Invariant de Poincare. Poincare’s invariant 
Invariant de sommation. Summational invariant 
Invariant differentiel optique. Optical differential in¬ 

variant 
Inversion. Inversion 
Inversion de matrice. Matrix inversion 
Inversion du temps. Time reversal 
Ion complexe. Complexion 
Irradiation. Irradiation 
Isentropique. Isentropic 
Isallobare. Isallobar 
Isobare. Isobar 
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Isolux. Isolux 
Isolux. Isophot 
Isotherme. Isothermal 
Isotherme d’adsorption. Adsorption isotherm 
Isotherme d’adsorption de Langmuir. Langmuir ad¬ 

sorption isotherm 
Isothermes. Isotherms 
Isotrope. Isotropic 

Jacobien. Jacobian 
Joint de grains. Grain boundary 

Lame. Blade 
Lame torsadee. Blade, twisted 
Lambert. Lambert 
Laplacien. Laplacian 
Largeur. Span 
Largeur de bande d’impulsion. Pulse bandwidth 
Largeur de bande efficace (acoustique). Effective band 

width (acoustic) 
Largeur de Doppler. Doppler width 
Largeur effective. Width, effective 
Largeur de ligne naturelle. Natural line width 
Largeur des lignes de resonance magnetique. Magnetic 

resonance, line width 
Largeur de niveau. Level width 
Largeur pratique. Practical width 
La plus petite difference de hauteur de son perceptible. 

Pitch difference, minimum perceptible 
Le Nombre e. e, the number 
Lenteur de phase. Phase slowness 
Lentille de Luneburg. Luneburg lens 
Le plus grand commun diviseur. Highest common 

factor 
Le plus petit cercle d’aberration. Least circle of aberra¬ 

tion 
Lethargie. Lethargy 
Liaison affine fondamentale. Fundamental affine con¬ 

nection 
Liaison coordonnee. Coordinate bond 
Liaison h6teropolaire. Heteropolar bond 
Liaison homopolaire. Homopolar bond 
Liaison de l’hydrogene. Hydrogen bond 
Libre parcours moleculaire. Molecular free path 
Libre parcours moyen. Mean free path 
Libre parcours moyen de deplacement. Transport mean 

free path 
Libre parcours moyen d’un phonon. Phonon mean free 

path 
Libre temps moyen. Mean free time 
Lie. Bound 
Lieu de Planck (Corps noir) Planckian locus 
Ligne asymptotique sur une surface. Asymptotic line 

on a surface 
Ligne d’action de force. Force, line of action of 
Ligne de courbure. Line of curvature 
Ligne de glissement. Slip line 
Ligne de Mach. Mach line 
Ligne de pression. Pressure line 
Ligne des apsides. Apse line 
Ligne de transmission. Transmission line 
Ligne de vorticite. Vortex line 
Ligne de zero de bande. Zero line of a band 
Ligne d’influence. Influence line 
Ligne geodesique. Geodesic line 
Ligne polaire. Polar line 

Lignes d’ecoulement. Lines of flow 
Lignes de Luder. Luder’s lines 
Lignes de Stokes. Stokes lines 
Lignes de superstructure. Superstructure lines 
Lignes de temperature de couleur egale. Isotemperature 

loci 
Lignes d'intercombinaison. Intercombination lines 
Lignes focales. Focal lines 
Lignes isometriques sur une surface. Isometric lines on 

a surface 
Limite. Bounded 
Limite d’elasticite. Elastic limit 
Limite elastique. Yield point 
Limite de Rayleigh pour aberration de sphericite. 

Rayleigh limit for spherical aberration 
Limite elastique. Limit, yield 
Limite proportionnelle. Limit, proportional 
Limites de certitude. Confidence limits 
Lineaire. Linear 
Liquide de Bose-Einstein. Bose-Einstein liquid 
Localement Euclidien. Locally Euclidean 
Logarithme. Logarithm 
Logarithme hyperbolique. Hyperbolic logarithm 
Loi adiabatique de Ehrenfest. Ehrenfest adiabatic law 
Loi adiabatique pour etats quantifies. Adiabatic law 

for quantized states 
Loi associative. Associative law 
Loi commutative. Commutative law 
Loi d’action de masse. Law of mass action 
Loi d’Amagat. Amagat’s law 
Loi de Barba. Barba’s law 
Loi de Beer. Beer’s law 
Loi de Bouguer. Bouguer law 
Loi de Boyle. Boyle’s law 
Loi de Brewster. Brewster’s law 
Loi de Charles. Charles’ law 
Loi de composition de l’acceleration. Acceleration, 

composition law of 
Loi de Cotton-Mouton. Cotton-Mouton law 
Loi de Curie-Weiss. Curie-Weiss law 
Loi de Dalton. Dalton’s law 
Loi de Darcy. Darcy’s Law 
Loi de deperdition de chaleur de Newton. Newton’s 

law for heat loss 
Loi de deplacement de Sommerfeld-Kossel. Sommer- 

feld-Kossel displacement law. 
Loi de diffusion de Fick. Fick’s law of diffusion 
Loi de dilution de Ostwald. Ostwald’s dilution law 
Loi de distribution de Maxwell. Maxwell distribution 

law 
Loi de distribution de Maxwell-Boltzmann. Maxwell- 

Boltzmann distribution law 
Loi de distiibution de Nernst. Nernst distribution law 
Loi de Duane et Hunt. Duane and Hunt law 
Loi de force gravitationnelle normale de Gauss. Gauss’ 

law of normal gravitational force 
Loi de Fourier. Fourier’s law 
Loi de Gladstone-Dale. Gladstone-Dale law 
Loi de Goldschmidt. Goldschmidt law 
Loi de Hauy. Hauy law 
Loi de Hess. Hess Law 
Loi de Hooke. Hooke’s law 
Loi de Kirchhoff. Kirchhoff's law 
Loi de Kutta-Joukowski. Kutta-Joukowski law 
Loi de Lambert. Cosine emission law 
Loi de Lenz. Lenz law 
Loi de limite pour electrolytes forts. Limiting law for 

strong electrolytes 
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Loi de logarithme itere. Iterated logarithm, law of 
Loi de Lorentz. Lorentz law 

Loi de Lorenz-Lorentz. Lorenz-Lorentz law 
Loi de Moseley. Moseley’s law 

Loi de Moutier. Moutier law 
Loi de Ohm. Ohm’s law 
Loi de Planck. Planck law 

Loi de probability composee. Probability, law of com¬ 
pound 

Loi de radiation de KirchhoflT. Kirchhoff’s radiation law 

Loi de reciprocity photographique. Reciprocity law, 
photographic 

Loi de resistance fluide de Newton. Newton’s law of 
fluid resistance 

Loi de Sabin. Sabin law 

Loi des cosinus. Law of cosines 

Loi des etats correspondants. Corresponding states, 
law of 

Loi des gaz parfaits. Perfect gas law 
Loi des grands nombres. Law of large numbers 

Loi de similarity hypersonique. Hypersonic similarity 
law 

Loi de similitude transonique. Transonic similarity law 
Loi des sinus. Law of sines 

Loi des tangentes. Law of tangents 

Loi de Stefan-Boltzmann. Stefan-Boltzmann law 
Loi de Talbot. Talbot law 

Loi de thermodynamique de Zeroth. Zeroth law of 
thermodynamics 

Loi distributive. Distributive law 

Loi du carry du cosinus de Malus. Malus cosine- 
squared law 

Loi du cosinus de Knudsen. Knudsen cosine law 
Loi du quotient pour tenseurs. Quotient law for tensors 
Lois de Kepler. Kepler’s laws 

Lois de la reflexion. Reflection, laws of 
Lois de la refraction. Refraction, laws of 
Lois de radiation de corps noir. Black body radiation 

laws 
Loi(s) de Snell. Snell’s law(s) 
Lois de Stokes. Stokes laws 

Lois de transformation pour intensites de champ. 
Transformation laws for field strengths 

Lois de Wien. Wien laws 

Lois du mouvement de Newton. Newton’s laws of 
motion 

Longueur de diffusion. Diffusion length 
Longueur de liaison. Bond length 

Longueur de melange. Mixing length 
Longueur de migration des neutrons. Migration length 

for neutrons 
Longueur d’entree pour tuyau ou canal. Entry length 

for pipe or channel 
Longueur de ralentissement. Slowing-down length 
Longueur de rayonnement. Radiation length 
Longueur de relaxation. Relaxation length 
Longueur d’extrapolation lineaire. Linear extrapolation 

length 
Longueur d’onde dominante. Dominant wavelength 
Longueur d’onde eflficacc. Effective wavelength 
Longueur d’une courbe. Length of a curve 
Longueur equivaiente de pendule. Pendulum, equi¬ 

valent length of 
Lumen. Lumen 
Lumen-heure. Lumen-hour 
Lumiere de reference. Basic stimulus 
Lux-seconde. Lux-second 

Machine a analogic. Analog computer 
Machine k calculer a programme emmagasine. Stored- 

program computer 
Magneton Bohr. Bohr magneton 
Magneton nucleaire. Nuclear magneton 
Magnetostatique. Magnetostatics 
Magnetostriction. Magnetostriction 
Magnetostriction a saturation d’un cristal. Crystal 

saturation magnetostriction 
Maille. Unit cell 
Mantisse. Mantissa 
Marge d’amplification. Gain margin 
Marge de phase. Phase margin 
Martingale. Martingale 
Masse. Mass 
Masse atomique. Atomic mass 
Masse reduite. Reduced mass 
Masse virtuelle. Virtual mass 
Matiere de Bingham. Bingham material 
Matiere de Burgers. Burgers material 
Matiere de Levy-Mises. Levy-Mises material 
Matiere de Mises. Mises material 
Matiere de Prandtl-Reuss. Prandtl-Reuss material 
Matiere de Saint Venant-Mises. Saint Venant-Mises 

material 
Matiere de Voigt. Voigt material 
Matrice. Matrix 
Matrice de densite. Density matrix 
Matrice de diffusion. Matrix scattering 
Matrice de Jordan. Jordan matrix 
Matrice de transmission. Transmission matrix 
Matrice diagonale triple. Triple-diagonal matrix 
Matrice d’incidence. Matrix, incidence 
Matrice hermitique. Hermitian matrix 
Matrice inverse. Inverse matrix 
Matrice nulle. Null matrix 
Matrice positive definie. Positive definite matrix 
Matrice S. S-matrix 
Matrices de Duffin-Kemmer. Duffin-Kemmer matrices 
Matrice triangulaire. Triangular matrix 
Matrice unite. Unit matrix 
Maxwell. Maxwell 
Mecanique ondulatoire. Wave mechanics 
Mecanique quantique. Quantum mechanics 
Mecanique statistique. Statistical mechanics 
Median. Median 
Melanges de gaz parfait. Perfect gas mixtures 
Melanges polymeres. Polymer mixtures 
Mesure. Measure 
Mesure de caustique de Gaviola. Gaviola’s caustic 

test 
Mesure de convergence de Abel. Abel test for conver¬ 

gence 
Mesure de convergence de Cauchy. Cauchy conver¬ 

gence test 
Mesure de D’Alembert. D’Alembert test 
Mesure de Fisher-Yates. Fisher-Yates test 
Mesure de lieu. Measure of location 
Mesure-Etalon. Standard measure 
Mesure integrate de convergence de Cauchy. Cauchy 

integral convergence test 
Mesure par M de Weierstrass. Weierstrass AZ-test 
Methode Adams-Bashford. Adams-Bashford method 
Methode Bairstow. Bairstow method 
Methode d’analyse de Euler. Eulerian method of analy¬ 

sis 
Methode d’analyse de Lagrange. Lagrangian method of 

analysis 
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Methode de Bernoulli. Bernoulli method 
Methode de Bethe. Bethe’s method 
Methode de biorthogonalisation de Lanczo. Lanczo’s 

method of biorthogonalization 
Methode de Born-Oppenheimer. Born-Oppenheimer 

method 
Methode de charge elastique. Elastic load method 
Methode de charge unite Active. Dummy unit load 

method 
Methode de Chio. Chio’s method 
Methode de Choleski. Choleski’s method 
Methode de convergence de Hoff. Hoff’s convergence 

method 
Methode de Crout. Crout’s method 
Methode de Dandelin. Dandelin's method 
Methode de Doolittle. Doolittle method 
Methode de Euler pour resoudre une equation differen- 

tielle ordinaire. Euler method for solving an ordinary 
differential equation 

Methode de Evjen. Evjen method 
Methode de Feynman. Feynman’s method 
Methode de Frobenius. Frobenius method 
Methode de Gauss-Seidel. Gauss-Seidel method 
Methode de Givens. Givens method 
Methode de Goertzel-Selengut. Goertzel-Selengut 

method 
Methode de Graeffe. Graeffe method 
Methode de Gram-Schmidt. Gram-Schmidt process 
Methode de Hartree-Fock. Hartree-Fock method 
Methode de Henneberg. Henneberg's method 
Methode de Hitchcock. Hitchcock method 
Methode de Holte. Holte’s method 
Methode de Horner. Horner method 
Methode de Jacobi. Jacobi method 
Methode de Jezek. Jezek’s method 
Methode de Jordan. Jordan method 
Methode de Klein-Rydberg. Klein-Rydberg method 
Methode de l’escalier roulant. Escalator method 
Methode de Liebmann. Liebmann method 
Methode de Lobatchevsky. Lobachevskii method 
Methode de Macauley. Macauley’s method 
Methode de Maxwell-Mohr. Maxwell-Mohr method 
Methode de Milne. Milne’s method 
Methode de Monte-Carlo. Monte Carlo method 
Methode de Newton. Newton’s method 
Methode de Oseen. Oseen’s method 
Methode de Picard. Picard method 
Methode de point de selle. Saddle point method 
Methode de Rayleigh-Ritz. Rayleigh-Ritz method 
Methode de Ritter. Ritter’s method 
Methode de Ritz. Ritz method 
Methode de Runge-Kutta. Runge-Kutta method 
Methode des approximations de polynomes. Method of 

polynomial approximations 
Methode des caracteristiques. Characteristics, method 

of 
Methode des charges Actives. Loads, method of Acti- 

tious 
Methode de Schmidt-Hilbert. Schmidt-Hilbert method 
Methode des coefficients indetermines. Undetermined 

coefficients, method of 
Methode des cordes. Chord method 
Methode des differences de variates. Variate difference 

method 
Methode de Seidel. Seidel method 
Methode de Serber-Wilson. Serber-Wilson method 
Methode des gradients conjugues. Conjugate gradients, 

method of 

Metnode des harmoniques spheriques. Spherical har¬ 
monics method 

Methode des images. Method of images 
Methode des inegalites. Inequalities, method of 
Methode des jonctions. Joints, method of 
Methode des liaisons de valence. Valence bond method 
Methode des moments. Moments method 
Methode des orbitales moleculaires. Molecular orbitals 

method 
Methode des ordonnees discretes. Discrete ordinates 

method 
Methode de Spencer-Fano. Spencer-Fano method 
Methodes des racines carrees. Root-squaring methods 
Methode de Stormcr. Stormer method 
Methode de Tamm-Dancoff. Tamm-Dancoff method 
Methode de Verde et Wick. Method of Verde and Wick 
Methode de Wick. Wick method 
Methode de Wick-Chandrasekhar. Wick-Chandra- 

sekhar method 
Methode de Yvon. Yvon method 
Methode d’iteration. Method of iteration 
Methode d’interpolation d'Aitken. Aitken method of 

interpolation 
Methodes d’agrandissement. Enlargement, methods of 
Methodes directes. Direct methods 
Methode simplex. Simplex method 
Methode Sn. Sn■ method 
Methodes operationnelles. Operational methods 
Methode statistique d'entropies. Statistical method of 

entropies 
Mineur. Minor 
Mobilite. Mobility 
Mobility de Hall. Hall mobility 
Mode. Mode 
Mode d’impulsions. Pulse mode 
Mode fondamentale. Mode, fundamental 
Modele cellulaire de I’etat liquide. Cel) model of the 

liquid state 
Modele d’absorbant inAni. InAnite absorber model 
Modele de Kelvin. Kelvin model 
Modele de Kronig-Penney. Kronig-Penney model 
Modele de Maxwell. Maxwell model 
Modele de noyaux de Schmidt. Schmidt model of 

nuclei 
Modele de Reseau. Lattice model 
Modele de resonance etroit. Narrow resonance model 
Modele de Sutherland. Sutherland model 
Modele de Voigt. Voigt model 
Modele de Wigner-Wilkins. Wigner-Wilkins model 
Modele de Wilkins. Wilkins model 
Modele optique du noyau. Optical model of the nucleus 
Modele plastique. Plastic design 
Modeles de diffraction. Diffraction patterns 
Modeles de liaison. Bond types 
Mode optique. Optical mode 
Modes d’oscillation. Oscillation, modes of 
Modes normaux. Normal modes 
Module complcxe. Modulus, complex 
Module de cisaillement. Modulus, shear 
Module de compression. Modulus, bulk 
Module de continuite. Modulus of continuity 
Module de fondation. Foundation modulus 
Module d’elasticite. Modulus of elasticity 
Module d’emmagasinage. Modulus, storage 
Module de perte. Modulus, loss 
Module d’equilibre. Modulus, equilibrium 
Module de relaxation. Modulus, relaxation 
Module de rupture. Modulus of rupture 
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Module de section. Section modulus 
Module de verre. Modulus, glass 
Module de Young. Young’s modulus 
Module initial. Initial modulus 

Module reduit ou double. Modulus, reduced or double 
Moindres carres. Least squares 
Molarite. Molality 

Molecules polyatomiques. Polyatomic molecules 
Moment. Moment 
Moment cinetique. Kinetic momentum 
Moment de cristal. Crystal momentum 
Moment de flexion. Bending moment 
Moment de force. Moment of force 
Moment de produit. Product moment 
Moment des quantites de mouvement. Moment of 

momentum 
Moment d’inertie. Moment of inertia 
Moment d’une distribution. Moment of a distribution 
Moment limite ou plastique. Moment, limit or plastic 
Moment magnetique. Magnetic moment 
Moment magnetique de neutron. Neutron magnetic 

moment 
Moment magnetique nucleaire. Nuclear magnetic 

moment 
Moment quadripolaire. Quadrupole moment 
Moments et produits d’inertie. Inertia, moments and 

products of 
Moment statique. Moment, static 
Monde de Minkowski. Minkowski world 
Monocouches localisees. Localized monolayers 
Momogramme. Nonomgraph or nomogram 
Moteur a reaction. Jet engine 
Mouvement. Motion 
Mouvement curviligne. Curvilinear motion 
Mouvement cyclonique. Cyclonic motion 
Mouvement de grimpement. Creeping motion 
Mouvement d’impulsion. Impulsive motion 
Mouvement planaire. Plane motion 
Mouvement planetaire. Planetary motion 
Mouvement rectiligne. Rectilinear motion 
Mouvements d'origine thermique dans un reseau. 

Thermal motions in a lattice 
Mouvement sinusoidal. Harmonic motion 
Mouvement sinusoidal simple. Simple harmonic 

motion 
Mouvement uniforme. Uniform motion 
Mouvement uniforme dans un cercle. Uniform motion 

in a circle 
Moyenne arithmetique. Arithmetic mean 
Moyenne des differences. Standard deviation 
Moyenne geometrique. Geometric mean 
Moyenne harmonique. Harmonic mean 
Moyenne mobile. Moving average 
Multicollinearite. Multicollinearity 
Multiplicateur de Lagrange. Lagrange multiplier 
Multiplication de tenseurs. Multiplication of tensors 
Multiplication effective. Multiplication, effective 
Multiplication infinie. Multiplication, infinite 
Multiplication vectorielle. Vector multiplication 
Multiplicity. Multiplicity 
Mur adiabatique. Adiabatic wall 

Nabla. Nabla 
Neper. Neper 
Nettete de resonance. Resonance, sharpness of 
Newton. Newton 

Nilpotent. Nilpotent 
Niveau de Bruit. Noise level 
Niveau de Fermi. Fermi level 
Niveau de pression de bande. Band pressure level 
Niveau de pression de bande sonore. Sound band pres¬ 

sure level 
Niveau de pression sonore. Sound pressure level 
Niveau de pression sonore d’une octave. Sound octave- 

band pressure level 
Niveau de spectre de pression sonore. Sound pressure 

spectrum level 
Niveau des signaux. Signal level 
Niveau d’intensite sonore. Loudness level 
Niveau d’intensite sonore. Sound intensity level 
Niveau d'intensite sonore d’une source. Source level 
Niveau sonore. Sound level 
Niveaux degeneres. Degenerate levels 
Niveaux d’energie de vibration d’une molecule. Vibra¬ 

tional energy levels of a molecule 
Niveaux d’energie moleculaire. Molecular energy levels 
Niveaux d’energie nucleaire. Nuclear energy levels 
Niveaux d’energie rotatoire d’une molecule. Rota¬ 

tional energy levels of a molecule 
Nodeus partiels. Nodes, partial 
Nombre. Number 

Nombre atomique effectif. Atomic number, effective 
Nombre complexe. Complex number 
Nombre cyclomatique. Cyclomatic number 
Nombre d’Avogadro. Avogadro constant 
Nombre de Abbe. Abbe number 
Nombre de Froude. Froude number 
Nombre de Grashof. Grashof number 
Nombre de Knudsen. Knudsen number 
Nombre de mach. Mach number 
Nombre de mach critique. Critical mach number 
Nombre de masse. Atomic mass unit 
Nombre de masse. Mass number 
Nombre de Nusselt. Nusselt number 
Nombre de Prandtl. Prandtl number 
Nombre de Rayleigh. Rayleigh number 
Nombre de Reynolds. Reynolds number 
Nombre de Reynolds de turbulence. Turbulence, 

Reynolds number of 
Nombre de Richardson. Richardson number 
Nombre de Rossby. Rossby number 
Nombre d’onde. Wave number 
Nombre rationnel. Rational number 
Nombres conjugues. Conjugate numbers 
Nombres de Bernoulli. Bernoulli numbers 
Nombres de Stirling. Stirling numbers 
Nombres magiques. Magic numbers 
Non-holonome. Non-holonomic 
Normale. Normal 
Normale a une courbe. Normal to a curve 
Normale principale. Principal normal 
Normale unite. Unit normal 
Normalisation. Normalization 
Norme. Norm 
Norme spectrale. Spectral norm 
Notation de Bow. Bow notation 
Notation de position. Positional notation 
Notation indiciaire. Indicial notation 
Noyau. Kernel 
Noyau de deplacement. Kernel, transport 
Noyau de diffusion. Kernel, diffusion 
Noyau de dispersion. Kernel, scattering 
Noyau gaussien. Kernel, gaussian 
Noyau synthetique. Kernel, synthetic 
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Noyaux conjugues. Conjugate nuclei 
Numero atomique. Atomic number 
Nutation. Nutation 

Obliquite. Skewness 
Onde. Wave 
Onde convergente. Wave, converging 
Onde cyclindrique. Wave, cylindrical 
Onde de choc. Wave, shock 
Onde de circulation. Wave, circulating 
Onde de densite d’energie cinetique. Wave, kinetic 

energy density 
Onde de rotation. Wave, shear 
Onde longitudinale. Wave, longitudinal 
Onde P. P wave 
Onde periodique. Wave, periodic 
Onde rectangulaire. Square wave 
Onde reflechie. Wave, reflected 
Onde refractee. Wave, refracted 
Onde simple. Simple wave 
Onde solenoidale. Wave, solenoidal 
Onde spherique. Wave, spherical 
Onde stationnaire. Wave, standing 
Ondes capillaires. Capillary waves 
Ondes de dilatation. Waves, dilatational 
Ondes d’effort. Waves, stress 
Ondes de Helmholtz. Helmholtz waves 
Ondes de Rossby. Rossby waves 
Ondes de sol. S waves 
Ondes de sol. Surface waves 
Ondes de surface de Rayleigh. Waves, Rayleigh surface 
Ondes de torsion dans une tige. Torsional waves in a 

rod 
Ondes elastiques dans les plaques. Waves, elastic, in 

plates 
Ondes elastiques dans les solides. Waves, elastic, in 

solids 
Ondes elastiques dans les tiges. Waves, elastic, in rods 
Ondes longitudinales (electriques ou magnetiques). 

Transverse waves (electric or magnetic) 
Ondes longitudinales dans une tige. Longitudinal waves 

in a rod 
Ondes non-dispersives. Non-dispersive waves 
Ondes plastiques. Waves, plastic 
Ondes progressives. Waves, progressive 
Onde(s) sonore(s) stationnaire(s). Sound wave(s), sta¬ 

tionary 
Ondes stationnaires. Waves, stationary 
Ondes viscoelastiques. Waves, viscoelastic 
Operateur. Operator 
Operateur antilineaire. Anti-linear operator 
Operateur antiunitaire. Anti-unitary operator 
Operateur chronologique. Chronological operator 
Operateur de creation. Creation operator 
Operateur de disintegration. Annihilation operator 
Operateur de destruction. Destruction operator 
Operateur de parite. Parity operator 
Operateur dyadique. Dyadic operator 
Operateur Hermitique. Hermitian operator 
Operateur integral. Integral operator 
Operateur inverse. Inverse operator 
Operateur Laplacien. Laplacian operator 
Operateur potentiel. Potential operator 
Operateurs a differences. Difference operators 
Operateurs de Dirac. Dirac operators 
Operateurs du spin de Pauli. Pauli spin operators 
Operateur unitaire. Unitary operator 

Operateur unite. Unit operator 
Operateur vectoriel. Vector operator 
Operateur viscoelastique. Viscoelastic operator 
Operation de conjugation de charge. Charge conjuga¬ 

tion operation 
Operation de translation. Translation operation 
Optique de Gauss. Gaussian optics 
Optique geometrique. Geometrical optics 
Orbitale. Orbital 
Orbitale d’anti-liaison. Orbital, antibonding 
Orbitales de liaison. Bonding orbitals 
Orbitales moleculaires non-localisees. Nonlocalized 

molecular orbitals 
Orbites de Bohr. Bohr orbits 
Ordo-symbole. Order-symbol 
Ordre a grande portee. Long-range order 
Ordre de faible portee. Short-range order 
Ordre des reactions chimiques. Order of chemical 

reactions 
Orthogonalisation. Orthogonalization 
Orthonormal. Orthonormal 
Oscillateur harmonique. Harmonic oscillator 
Oscillateur non-harmonique. Oscillator, anharmonic 
Oscillation. Oscillation 
Oscillation de regime permanent. Oscillation, steady- 

state 
Oscillations amorties. Vibrations, damped 
Oscillations aperiodiques. Vibrations, non-periodic 
Oscillations forcees. Vibrations, forced 
Oscillations libres d’un systeme non-amorti. Free 

vibrations of undamped system 
Oscillations libres ou propres. Oscillations, free or 

natural 
Ouverture. Aperture 
Ouverture circulaire. Circular aperture 
Ouverture numerique. Numerical aperture 
Ouverture rectangulaire. Rectangular aperture 
Ouverture relative, /-number 

Paires homometriques. Homometric pairs 
Panne. Failure 
Parabole. Parabola 
Parabole de Condon. Condon parabola 
Parabolo'ide. Paraboloid 
Paradoxe de Gibbs. Gibbs paradox 
Paradoxe de recurrence. Recurrence paradox 
Paradoxe d’horloge. Clock paradox 
Parallaxe. Parallax 
Parallelepipede. Parallelepiped 
Paralleles geodesiques. Geodesic parallels 
Parallelogramme. Parallelogram 
Parallelogram me de forces. Forces, parallelogram of 
Paramagnetisme. Paramagnetism 
Paramagnetisme de spin des electrons de conduction. 

Spin paramagnetism of conduction electrons 
Parametre. Parameter 
Parametre de Cayley-Klein. Cayley-Klein parameter 
Parametre de Coriolis. Coriolis parameter 
Parametre de Euler-Rodrigues. Euler-Rodrigues para¬ 

meter 
Parametre de forme pour couche limite a turbulence. 

Form parameter for turbulent boundary layer 
Parametre de reseau. Lattice constant 
Parametre d’impact. Impact parameter 
Parametre d’onde. Wave parameter 
Parametres cristallographiques. Crystallographic para¬ 

meters 
Parametres de cristal. Crystal parameters 
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Parametres de Ramberg-Osgood. Ramberg-Osgood 
parameters 

Parametres differentiels de Beltrami. Beltrami’s dif¬ 
ferential parameters 

Parcours. Path 
Parcours optique. Optical path 
Parfaitement plastique. Perfectly plastic 
Parfocal. Parfocal 
Parite. Parity 

Paroi diathermane. Diathermal wall 
Particularites. Singularities 
Particule de matiere. Particle, material 
Particulier. Particular 
Pas de vis. Pitch of screw 
Pavilion conique fini. Horn, finite conical 
Pavilion conique infini. Horn, infinite conical 
Pavilion cylindrique fini. Horn, finite cylindrical 
Pavilion cylindrique infini (tuyau infini). Horn, infinite 

cylindrical (infinite pipe) 
Pavilion exponentiel fini. Horn, finite exponential 
Pavilion exponentiel infini. Horn, infinite exponential 
Pavilion parabolique infini. Horn, infinite parabolic 
Pendule. Pendulum 
Pendule balistique. Pendulum, ballistic 
Pendule compose. Pendulum, physical 
Pendule compose. Pendulum, compound 
Pendule conique. Pendulum, conical 
Pendule de Foucault. Pendulum, Foucault’s 
Pendule de Kater. Pendulum, Kater 
Pendule de torsion. Pendulum, torsion 
Pendule reversible. Pendulum, reversible 
Pendule simple. Pendulum, simple 
Pendule spherique. Pendulum, spherical 
Pente. Slope 
Periode de deformation. Period of deformation 
Periode de polarisation. Polarization cycle 
Periode de radioactivite. Half-life 
Periode de repetition d’impulsions. Pulse repetition 

period 
Periode de restitution. Period of restitution 
Periode de retour. Return period 
Periode d’onde. Wave period 
Periodogramme. Periodogram 
Periode. Period 
Periode propre. Period, natural 
Permeabilite. Permeability 
Permutation. Permutation 
Permutation cyclique. Permutation, cyclic 
Permutation paire ou impaire. Permutation, even or 

odd 
Perpendiculaire principale. Normal, principal 
Perte par diffraction (son). Divergence loss (sound) 
Perte par dispersion. Scattering loss 
Perte par transfert. Transition loss 
Pertes de paroi. Wall losses 
Perturbations dans les spectres moleculaires. Perturba¬ 

tions in molecular spectra 
Pcrveance. Perveance 
Petites ondes de Huygens. Huygens’ wavelets 
Phase. Phase 
Phase cf onde. Phase of the wave 
Phase d’une grandeur periodique. Phase of a periodic 

quantity 
Phases. Phases 
Phases de cristal. Crystal phases 
Phenomene de cooperation. Cooperative phenomenon 
Phenomene de decouplage en spectroscopie. Un¬ 

coupling phenomena in spectroscopy 

Phenomene de Gibbs. Gibbs phenomenon 
Ph6nomenes de relaxation. Relaxation phenomena 
Phone. Phon 
Phonon. Phonon 
Plan d’Argand. Argand plane 
Plan de courbure. Curvature, plane of 
Plan de Gauss. Gauss plane 
Plan de guidance. Guide plane 
Plan de propagation. Transmission plane 
Plan de reflexion. Reflection plane 
Plan dc symetrie. Symmetry, plane of 
Plan de vibration. Plane of vibration 
Plan focal. Focal plane 
Planimetre. Planimeter 
Plan meridiem Meridion(al) plane 
Plan osculateur. Osculating plane 
Plans aerodynamiques de Joukowski. Joukowski air¬ 

foils 
Plan sagittal. Sagittal plane 
Plans principaux. Principal planes 
Plans principaux. Unit planes 
Plan tangent a une surface. Tangent plane to surface 
Plan tangentiel. Tangential plane 
Plaques circulaires. Plates, circular 
Plaques rectangulaires. Plates, rectangular 
Plasticite. Plasticity 
Plastique-rigide. Plastic-rigid 
Plume. Plume 
Poids. Weight 
Poids atomique. Atomic weight unit 
Poids elastiques. Elastic weights 
Poids statistique. Statistical weight 
Poids statistiques des niveaux d’energie atomique. 

Statistical weights of atomic energy levels 
Poids statistiques des niveaux d’energie moleculaire. 

Statistical weights of molecular energy levels 
Point circulaire sur une surface. Circular point on a 

surface 
Point critique. Critical point 
Point d’appui. Bearing 
Point d’ebullition. Boiling point 
Point de chromaticite de 1’echantillon. Sample point 
Point de Curie. Curie temperature 
Point de stagnation. Stagnation point 
Point de vapeur. Steam point 
Point d’inflexion. Inflection point 
Point d’objet. Object point 
Point elliptique. Elliptic point 
Point hyperbolique. Hyperbolic point 
Point lambda. Lambda point 
Point ordinaire. Ordinary point 
Point parabolique sur une surface, 

surface 
Point particulier. Address 
Point planaire. Planar point 
Points aplanetiques d’une sphere, 

sphere 
Points cardinaux d’un systeme optique. 

of an optical system 
Points conjugues dans un systeme optique. 

in an optical system 
Points conjugues d’un pendule compose. 

points of a compound pendulum 
Points de Bravais. Bravais points 
Points fixes. Fixed points 
Point singulier d’une fonction. Singular point of a 

function 
Points principaux. Principal points 

Parabolic point on a 

Aplanic points of a 

Cardinal points 

Conjugates 

Conjugate 
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Points nodaux. Nodal points(s) 
Point terminal extrapole. Extrapolated end-point 
Poise. Poise 

♦ Polarisabilite. Polarisability 
Polarisation. Polarization 
Polarisation circulaire. Circular polarization 
Polarisation dans un plan. Plane polarization 
Pole. Pole 
Pole d'une fonction analytique. Pole of an analytic 

function 
Polhodie. Polhode 
Polyedre. Polyhedron 
Polygone. Polygon 
Polygone de force. Force Polygon 
Polygone funiculaire. Funicular polygon 
Polymere. Polymer 
Polynome. Polynomial 
Polynome de Bernstein. Bernstein polynomial 
Polynome de Hurwitz. Hurwitz polynomial 
Polynomes de Bernoulli. Bernoulli polynomials 
Polynomes de cercle. Circle polynomials 
Polynomes de Chebyshev. Chebyshev polynomials 
Polynomes de Hermite. Hermite polynomials 
Polynomes de Jacobi. Jacobi polynomials 
Polynomes de Laguerre. Laguerre polynomials 
Polynomes de Legendre. Legendre polynomials 
Polynomes orthogonaux. Orthogonal polynomials 
Polynomes speciaux. Special polynomials 
Portique de butee. Portal frame 
Pose. Exposure 
Postulat. Postulate 
Potentiel cinetique. Kinetic potential 
Potentiel complexe dans un flux hydrodynamique. 

Complex potential in hydrodynamic flow 
Potentiel critique. Critical potential 
Potentiel dans champ inverse du carre. Potential in in¬ 

verse square field 
Potentiel d’arret. Potential, stopping 
Potentiel de Buckingham. Buckingham potential 
Potentiel de convection. Convective potential 
Potentiel de Coulomb. Coulomb potential 
Potentiel de deformation. Deformation potential 
Potentiel de Keesom. Keesom potential 
Potentiel de Lennard-Jones. Lennard-Jones potential 
Potentiel de Morse. Morse potential 
Potentiel de Stockmayer. Stockmayer potential 
Potentiel de vitesse du son. Velocity potential of sound 
Potentiel d’excitation. Excitation potential 
Potentiel d’ionisation. Ionization potential 
Potentiel electrique. Potential, electric 
Potentiel electrochimique. Electrochemical potential 
Potentiel gravitationnel. Gravitational potential 
Potentiel interatomique. Interatomic potential 
Potentiel nucleaire. Nuclear potential 
Potentiel scalaire magnetique. Magnetic scalar potential 
Potentiels chimiques. Chemical potentials 
Potentiel thermique. Thermal potential 
Potentiel vectoriel. Vector potential 
Potentiel vectoriel magnetique. Magnetic vector poten¬ 

tial 
Poussee axiale. Axial thrust 
Poussee et moment sur un plan aerodynamique. Lift and 

moment on an airfoil 
Poutre cantilever. Beam, cantilever 
Poutre composite. Beam, composite 
Poutre continue. Beam, continuous 
Poutre courbe. Beam, curved 
Poutre de colonne. Beam, column 

Poutre en porte a faux. Beam, overhanging 
Poutre fixe. Beam, fixed-ended or encastre 
Poutre sur fondation elastique. Beam on elastic 

foundation 
Pouvoir d’absorption. Absorptive power 
Pouvoir de dispersion. Dispersive power 
Pouvoir de resolution. Resolving power 
Pouvoir de resolution d’un prisme. Prism, resolving 

power of 
Pouvoir de rotation. Rotatory power 
Pouvoir emissif. Emissive power 
Pouvoir emissif spectral. Spectral emissivity 
Pouvoir emissif total. Total emissivity 
Precession de Larmor. Larmor precession 
Precession de relativite. Relativity precession 
Precision. Precision 
Precision. Accuracy 
Predissociation. Predissociation 
Premier foyer. First focal point 
Premiere loi de thermodynamique. First law of thermo¬ 

dynamics 
Premier nombre de Beitti. First Beitti number 
Premier theoreme fondamental. First fundamental 

theorem 
Pression de rayonnement. Radiation pressure 
Pression de stagnation. Stagnation pressure 
Pression d’etalement. Spreading pressure 
Pression dynamique. Dynamic pressure 
Pression normale. Normal pressure 
Pression osmotique. Osmotic pressure 
Pression partielle. Partial pressure 
Pression statique. Static pressure 
Pression thermomoleculaire. Thermomolecular pres¬ 

sure 
Pression totale. Total pressure 
Primitive. Primitive 
Principe d’action. Action principle 
Principe d’Archimede. Archimedes’ principle 
Principe de Babinet. Babinet’s principle 
Principe de Caratheodory. Caratheodory’s principle 
Principe de causalite. Causality principle 
Principe de combinaison. Combination principle 
Principe de correspondance. Principle of correspon¬ 

dence 
Principe de d'Alembert. D’Alembert’s principle 
Principe de Dirichlet. Dirichlet principle 
Principe de Franck-Condon. Franck-Condon principle 
Principe de Gauss de moindre contrainte. Least con¬ 

straint, Gauss principle of 
Principe de Hamilton. Hamilton principle 
Principe de Huygens. Huygens’ principle 
Principe de l’augmentation d’entropie. Principle of 

entropy increase 
Principe de Le Chatelier-Braun. Chatelier (Le)-Braun 

principle 
Principe de moindre action. Least action, principle of 
Principe de moindre energie. Least-energy principle 
Principe de Neumann. Neumann principle 
Principe d’equilibrage. Detailed balancing, principle of 
Principe des etats correspondants. Corresponding 

states, principle of 
Principe des travaux virtuels. Work, principle of virtual 
Principe de Sumptner. Sumptner’s principle 
Principe de superposition. Superposition principle 
Principe des variations et energies de liaison. Variation 

principle and bond energies 
Principe de synthese. Building-up principle 
Principe d’exclusion de Pauli. Pauli exclusion principle 
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Principe d’incertitude. Indeterminacy principle 
Principe impulsion-moment. Impulse-momentum prin¬ 

ciple 

Principe isoelectronique. Isoelectronic principle 
Principes des variations pour etats permanents. Varia¬ 

tional principles for non-equilibrium states 
Prisme. Prism 

Prisme de Glan-Thompson. Glan-Thompson prism 
Probabilite. Likelihood 
Probabilite. Probability 
Probabilite a posteriori. Posterior probability 
Probabilite d'echappement a la resonance. Resonance 

escape probability 
Probabilite de collision. Collision probability 
Probabilite de courant. Current probability 
Probabilite de penetration (penetrabilite). Penetration 

probability (penetrability) 
Probabilite de transition. Transition probability 
Probabilite fondamentale. Fundamental probability 
Probability de transition d’Einstein. Einstein transition 

probabilities 
Probleme Behrens-Fisher. Behrens-Fisher test 
Probleme de Cauchy. Cauchy problem 
Probleme de Dido. Dido’s problem 
Probleme de la masse critique minimum. Minimum 

critical mass problem 
Probleme de Milne. Milne's problem 
Probleme de Pfaff. Pfaff problem 
Probleme de Sturm-Liouville. Sturm-Liouville prob¬ 

lem 
Probleme isoperimetrique. Isoperimetric problem 
Problemes de valeur initiale. Initial-value problems 
Precede additif. Additive process 
Precede de double integration. Double integration pro¬ 

cedure 
Precede delta-carre. Delta-square process 
Precedes naturels et non-naturels. Natural and un¬ 

natural processes 
Precede Umklapp. Umklapp process 
Processus stochastique stationnaire. Stationary sto¬ 

chastic process 
Produit. Product 
Produit de tenseurs. Product of tensors 
Produit de Wallis. Wallis product 
Produit direct (de sous-groupes). Direct product (of 

subgroups) 
Produit interne. Inner product 
Produit interne de tenseurs. Inner product of tensors 
Produit normal. Normal product 
Produit scalaire. Scalar product 
Profil de vitesse. Velocity profile 
Profil logarithmique de vitesse. Logarithmic profile of 

velocity 
Profondeur de champ. Depth of field 
Profondeur de penetration. Penetration depth 
Profondeur effective. Depth, effective 
Profondeur optique. Optical depth 
Programme. Program 
Progression. Progression 
Progression arithmetique. Arithmetic progression 
Progression harmonique. Harmonic progression 
Projection stereographique d’une sphere sur un plan. 

Stereographic projection of a sphere on a plane 
Propagation de l’erreur. Error, propagation 
Proportion de polarisation. Proportion of polariza¬ 

tion 
Proprietes de symetrie des fonctions propres moleculaires. 

Symmetry properties of molecular eigenfunctions 

Proprietes de symetrie ou vibrations normales dans les 
molecules. Symmetry properties or normal vibrations 
in molecules 

Proprietes intrinseques d’une surface. Intrinsic proper¬ 
ties of a surface 

Proprietes molaires. Molar properties 
Propriety thermodynamique. Thermodynamic property 
Pseudoscalaire. Pseudoscalar 
Pseudovecteur. Pseudovector 
Puissance. Power 
Puissance au frein. Brake horsepower 
Puissance d’une surface. Power of a surface 
Puissance effective d’une lentille. Effective power of a 

lens 
Puissance sonore d’une source. Sound power of a source 
Puissance specifique de rotation d’un milieu. Specific 

rotatory power of a medium 
Pulsation. Angular velocity 
Pulsation. Pulsatance 
Purete d’excitation. Excitation purity 

Quadrature numerique. Quadrature, numerical 
Quadripolaire. Quadrupole 
Quadrique centrale. Central quadric 
Quadrivecteurs et quadritenseurs. Four-vectors and 

tensors 
Quadruple produit de vecteurs. Quadruple product of 

vectors 
Quantification. Quantization 
Quantification de champ. Field quantization 
Quantification des signaux. Quantization of signals 
Quantification d’espace. Space quantization 
Quantification d’un champ electromagnetique. Quanti¬ 

zation of electromagnetic field 
Quantifier. Quantize 
Quantile. Quantile 
Quantique. Quantic 
Quantite de mouvement. Momentum 
Quantites moleculaires partielles. Partial molar quanti¬ 

ties 
Quantite transmissible. Transferable quantity 
Quantum. Quantum 
Quantum virtuel. Virtual quantum 
Quasi-niveaux de Fermi. Fermi levels, quasi 
Quaternion. Quaternion 

Racine. Radix 
Racine. Binary point 
Racine principale. Principal root 
Radiance. Radiance 
Radiance. Luminous emittance 
Radiance. Irradiance 
Radiateur. Radiator 
Radiateur selectif. Selective radiator 
Radiation complexe. Complex radiation 
Rang d’une matrice. Rank of a matrix 
Rapport. Ratio 
Rapport air-combustible. Air-fuel ratio 
Rapport d’amortissement. Damping ratio 
Rapport d’amplitude. Standing-wave ratio 
Rapport de correlation. Correlation ratio 
Rapport de la largeur a la hauteur de l’image. Aspect 

ratio 
Rapport de Poisson. Poisson’s ratio 
Rapport de regeneration. Breeding ratio 
Rapport gyromagnetique. Gyromagnetic ratio 
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Rapport magnetomecanique. Magnetomechanical 

ratio 
Rapports de commutation. Commutation relations 
Rapports de dispersion. Dispersion relations 
Rapports d’energie dans un champ de force uniforme. 

Energy relations in uniform force field 
Rapports de reciprocity. Reciprocity relations 
Rattachement de couche limite apres separation. Re¬ 

attachment of boundary layer after separation 
Rayl. Rayl 
Rayon atomique. Atomic radius 
Rayon axial. Axial ray 
Rayon court. Beam, short 
Rayon de Bohr. Bohr radius 
Rayon de champ. Field ray 
Rayon de courbure. Curvature, radius of 
Rayon de courbure spherique. Spherical curvature, 

radius of 
Rayon de giration. Radius of gyration 
Rayon de torsion. Torsion, radius of 
Rayon de Wagner. Wagner beam 
Rayon efficace de barreau d'essai. Radius, effective, of 

control rod 
Rayon electronique (classique). Electron radius (classi¬ 

cal) 
Rayon gravitationnel. Gravitational radius 
Rayon infrarouge. Infrared radiation 
Rayonnement coherent. Coherent radiation 
Rayonnement quadripolaire. Quadrupole radiation 
Rayon oblique. Skew ray 
Rayon principal. Principal ray 
Rayon simple. Beam, simple 
Rayon spectral d’une matrice. Spectral radius of a 

matrix 
Rayon vecteur. Vector, radius 
Reactance. Reactance 
Reaction. Reaction 
Reaction. Feedback 
Reaction endothermique. Endothermic reaction 
Reaction exothermique. Exothermic reaction 
Reaction perpendiculaire. Normal reaction 
Reaction thermique. Heat regeneration 
Reactions chimiques couplees. Coupled chemical re¬ 

actions 
Reactions independantes. Independent reactions 
Reactivite. Reactivity 
Realisation. Realization 
Recirculation. Recirculation 
Reflectance diffuse. Diffuse reflectance 
Reflectance directe. Direct reflectance 
Reflexion diffuse. Diffuse reflection 
Reflexion integree de rayons X. X-ray reflection, inte¬ 

grated 
Reflexion reflex. Reflex reflection 
Reflexion speculate. Specular reflection 
Reflexion totale. Total reflection 
Refraction atomique. Atomic refraction 
Refraction conique. Conical refraction 
Refraction ideale. Standard refraction 
Refraction specifique. Specific refraction 
Refringence. Refractivity 
Refroidissement de diffusion. Diffusion cooling 
Region critique. Critical region 
Region de vitesse reciproque. Reciprocal velocity 

region 
Region jointe simplement. Simply connected region 
Regime laminaire. Laminar flow 
Regime laminaire dans un tuyau. Pipe, laminar flow in 

Regime potentiel. Potential flow 
Regime secondaire. Secondary flow 
Regime turbulent dans un tuyau. Pipe, turbulent flow in 
Regie de Bragg. Bragg rule 
Regie de Cramer. Cramer's rule 
Regie de fausse position. Regula falsi 
Regie de flux. Flow rule 
Regie de Gothert. Gothert’s rule 
Regie de Laporte. Laporte rule 
Regie de Leibnitz. Leibnitz rule 
Regie de L’Hopital. Hospital rule 
Regie de non-croisement. Non-crossing rule 
Regie de permanence g. ^-permanence rule 
Regie de phase. Phase rule 
Regie de Prandtl-Glauert. Prandtl-Glauert rule. 
Regie de Silsbee. Silsbee rule 
Regie de Simpson. Simpson’s rule 
Regie des nombres pairs et impairs de stabilite nucleaire. 

Odd-even rule of nuclear stability 
Regie des signes de Descartes. Descartes rule of signs 
Regie des sommes de vibrations pour transitions elec- 

troniques. Vibrational sum rule for electronic transi¬ 
tions 

Regie de surface transonique. Transonic area rule 
Regie de trapezolde. Trapezoidal rule 
Regie de Weddle. Weddle rule 
Regie d’inertie de Routh. Routh’s rule of inertia 
Regie d’intervalle de Lande. Lande’s interval rule 
Regies d’anticommutation. Anti-commutation rules 
Regies de commutation. Commutation rules 
Regies de commutation covariante. Covariant commu¬ 

tation rules 
Regies de Hume-Rothery. Hume-Rothery rules 
Regies de Hund pour multiplets atomiques. Hund’s 

rules for atomic multiplets 
Regies de selection. Selection rules 
Regies de selection nucleaire. Selection rules, nuclear 
Regies des sommes de rotation. Rotational sum rules 
Regies de super-selection. Superselection rules 
Regression. Regression 
Relation de Geiger-Nutall. Geiger-Nutall relation 
Relation exposition-densite. Exposure-density relation¬ 

ship 
Relations de Cauchy. Cauchy relations 
Relations de Ehrenfest. Ehrenfest’s relations 
Relations de Lame. Lame relations 
Relations de Maxwell. Maxwell’s relations 
Relations de Onsager. Onsager relations 
Relativite generate. Relativity, general 
Relativite speciale. Relativity, special 
Relaxation. Relaxation 
Relaxation de groupe. Group relaxation 
Rendement. Efficiency 
Rendement. Gain ratio 
Rendement collectif. Joint efficiency 
Rendement de fluorescence. Fluorescence yield 
Rendement d’etage. Stage efficiency 
Rendement indique. Indicated efficiency 
Rendement lumineux. Visibility factor 
Rendement mecanique. Mechanical efficiency 
Rendement quantique. Quantum efficiency 
Rendement quantique. Quantum yield 
Rendement thermique de cycle. Thermal efficiency of 

cycle 
Renormalisation de masse. Mass renormalization 
Repartition. Distribution 
Reponse de frequence. Frequency response 
Reponse indiciaire. Indicial response 
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Reponse normale. Normal response 
Reponse transitoire d’un systeme dynamique. Transient 

response of a dynamical system 
Representation. Representation 
Representation de Dyson. Dyson representation 
Representation de Foldy-Wouthuysen. Foldy- 

Wouthuysen representation 
Representation de groupes et mecanique quantique. 

Representation of groups and quantum mechanics 
Representation de Heisenberg. Heisenberg representa¬ 

tion 
Representation de Lehmann. Lehmann representation 
Representation de reponse de frequence. Frequency 

response representation 
Representation de Schrodinger. Schrodinger repre¬ 

sentation 
Representation d’interaction. Interaction representa¬ 

tion 
Representation d'un groupe. Representation of a group 
Representation spherique d’une congruence rectiligne. 

Spherical representation of a rectilinear congruence 
Representation spherique d’une surface. Spherical 

representation of a surface 
Representations du groupe heterogene de Lorentz. 

Representations of the inhomogeneous Lorentz group 
Representations equivalentes de groupes. Equivalent 

representations of groups 
Repulsion de Born. Born repulsion 
Reseau. Lattice 
Reseau. Space lattice 
Reseau actif. Network, active 
Reseau cristallin reciproque. Reciprocal lattice 
Reseau non maille. Tree 
Residu. Residue 
Resilience. Resilience 
Resistance. Resistance 

Resistance acoustique de courant continu. Resistance 
flow 

Resistance a la rupture. Ultimate strength 
Resistance de rayonnement. Radiation resistance 
Resistance electrique. Electrical resistance 
Resistivite acoustique. Resistance, specific acoustic 
Resonance de Fermi. Fermi resonance 
Resonance ferromagnetique. Ferromagnetic resonance 
Resonance magnetique nucleaire. Nuclear magnetic 

resonance 
Resonance mecanique quantique. Resonance, quantum 

mechanical 
Ressort(s). Spring(s) 
Reste. Remainder 
Resultant. Resultant 

Retard. Delay time 
Retard de cisailiement. Shear lag 

Retenue. Carry 
Reticulation. Wrinkling 
Reversibilite microscopique. Microscopic reversibility 

Reversion de serie. Reversion of series 

Rigidite a la flexion. Rigidity, flexural 
Risque du consommateur. Consumer’s risk 

Rosette. Rosette 
Rotation. Curl 
Rotation. Rotation 
Rotation moleculaire. Molecular rotation 

Rotation specifique. Rotation, specific 

Rotor. Rotor 
Routine. Routine 
Rutherford. Rutherford 

Sabin. Sabin 
Sea la ire. Scalar 
Scalaire absolu. Scalar, absolute 
Scalaire relatif. Scalar relative 
Scalene. Scalene 

Seconde loi de thermodynamique. Second law of ther¬ 
modynamics 

Seconde quantification. Quantization, second 
Second theoreme de limite. Second limit theorem 
Second theoreme fondamental. Second fundamental 

theorem 
Section. Bay 
Section efficace. Cross-section 
Section principale d’un cristal. Principal section of a 

crystal 
Section transformee. Transformed section 
Securite de fonctionnement. Reliability 
Sens d’un vecteur. Sense of a vector 
Sensibilite. Responsitivity 

Sensibilite acoustique. Responsiveness, acoustic 
Sensibilite de resolution. Resolution sensitivity 

Sensibilite photoelectrique. Photoelectric sensitivity 
Sensibilite. Sensitivity 

Separable. Separable 
Separation. Partition 
Separation de couche limite. Separation of boundary 

layer 
Separation de variables. Separation of variables 
Separation d’impulsions. Pulse separation 
Serie. Series 

Serie asymptotique. Asymptotic series 
Serie de Brackett. Brackett series 
Serie de composition d’un groupe. Composition series 

of a group 
Serie de Dirichlet. Dirichlet series 
Serie de Edgeworth. Edgeworth’s series 

Serie de Fourier. Fourier series 
Serie de Gram-Charlier. Gram-Charlier series 

Serie de Laurent. Laurent series 
Serie de Liouville-Neumann. Liouville-Neumann series 
Serie de Lyman. Lyman series 
Serie de Maclaurin. Maclaurin series 
Serie de Neumann. Neumann series 
Serie de Paschen. Paschen series 
Serie de Pfund. Pfund series 
Serie de Rydberg. Rydberg series 
Serie de Taylor. Taylor series 

Serie diffuse. Diffuse series 
Serie exponentielle. Power series 
Serie harmonique de sons. Harmonic series of 

sounds 
Serie multinome. Multinomial series 

Serie precise. Sharp series 

Serie principale. Principal series 
Series de Bergmann. Bergmann series 
Series de Enskog pour les solutions de l’equation de 

Boltzmann. Enskog’s series for the solutions of the 
Boltzmann equation 

Seuil d’audibilite. Threshold of audibility 
Seuil de sensibilite photoelectrique. Photoelectric 

threshold 
Signum. Signum 
Sillage. Wake 
Similitude de turbulence. Turbulence, similarity of 
Similitude dynamique. Dynamical similarity 
Simultanement mesurable. Simultaneously measurable 

Singulier. Singular 
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Singularite analytique d’une equation differentielle. 
Regular singularity of a differential equation 

Singularite essentielle d’une fonction analytique. Essen¬ 
tial singularity of an analytic function 

Solide colorimetrique. Color solid 
Solution de Bayes. Bayes’ solution 
Solution singuliere. Singular solution 
Solutions analytiques. Regular solutions 
Solutions athermiques. Athermal solutions 
Solutions conformes. Conformal solutions 
Solutions parfaites. Perfect solutions 
Sommation d’une serie. Summation of series 
Somme de Petzval. Petzval sum 
Somme de reseau. Lattice sum 
Somme de Slater. Slater sum 
Somme de tenseurs. Sum of tensors 
Somme directe. Direct sum 
Sommes de combinaison. Combination sums 
Sommet. Vertex 
Sommet “endormi”. Top, “sleeping” 
Sommet final. Vertex, final 
Sommet initial. Vertex, initial 
Sommet interne. Vertex, internal 
Sommet terminal. Vertex, terminal 
Sommets adjacents. Vertices, adjacent 
Sone. Sone 
Soufflerie. Blower 
Source. Source 
Source de son de surface rectangulaire plane. Plane 

rectangular surface sound source 
Source ideale de tension. Voltage source, ideal 
Source negative. Sink 
Source ponctuelle. Point source 
Source ponctuelle uniforme. Uniform point source 
Source sonore a variation lineaire. Straight line sound 

source 
Source sonore circulaire. Circular ring sound source 
Sources de l’image. Image sources 
Sous-diagramme. Subgraph 
Sous-diagramme propre. Subgraph, proper 
Sous-groupe. Subgroup 
Sous-harmonique. Subharmonic 
Spectre. Spectrum 
Spectre caracteristique de rayons X. X-ray spectrum, 

characteristic 
Spectre continu. Continuum 
Spectre de fission. Fission spectrum 
Spectre d’egale energie. Equi-energy spectrum 
Spectre de puissance. Power spectrum 
Spectre de turbulence. Spectrum of turbulence 
Spectre de Watt. Watt spectrum 
Spectre neutronique. Spectrum, neutron 
Spectres atomiques. Atomic spectra 
Spectres de rotation dans les noyaux. Rotational spectra 

in nuclei 
Spectres de rotation des molecules. Rotation spectra of 

molecules 
Spectres de rotation-vibration des molecules. Rotation 

vibration spectra of molecules 
Spectres electroniques des molecules. Electronic spectra 

of molecules 
Spectres moleculaires. Molecular spectra 
Spectres vibratoires des molecules. Vibrational spectra 

of molecules 
Sphere de courbure. Sphere of curvature 
Sphere de Riemann. Riemann sphere 
Spheres rigides. Rigid spheres 
Spherometre. Spherometer 

Spin. Spin 
Spin. Angular momentum 
Spin electronique. Electron spin 
Spin isobare. Isobaric spin 
Spin isotope. Isotope spin 
Spin nucleaire. Nuclear spin 
Spirale de Cornu. Cornu spiral 
Spirale d’Ekman. Ekman spiral 
Spirale de Taylor. Taylor spiral 
Stabilisation de variation. Stabilization of variance 
Stabilite. Stability 
Stabilite d’avion. Airplane stability 
Stabilite de diffusion. Diffusion stability 
Stabilite de pente. Slope stability 
Stabilite de phases. Stability of phases 
Stabilite de regime laminaire. Stability of laminar flow 
Stabilite d’un corps flottant. Stability of a floating 

body 
Stabilite mecanique. Mechanical stability 
Stabilite numerique. Numerical stability 
Stabilite statique. Static stability 
Stabilite thermique. Thermal stability 
Statique. Statics 
Statique graphique. Graphical statics 
Statiquement admissible. Statically admissible 
Statistique. Statistics 
Statistique Bose-Einstein. Bose-Einstein statistics 
Statistique de Boltzmann. Boltzmann statistics 
Statistique de Gentile. Gentile statistics 
Statistique Fermi-Dirac. Fermi-Dirac statistics 
Statistique quantique. Quantum statistics 
Steradian. Steradian 
Stereospectrogramme. Stereospectrogram 
Stigmatique. Stigmatic 
Stilb. Stilb 
Stochastique. Stochastic 
Stratification. Stratification 
Striction. Reduction in area 
Structure des cristaux. Crystal structure 
Structure determinee. Determinate structure 
Structure fine. Fine structure 
Structure fine de l’hydrogene. Hydrogen fine structure 
Structure hyperfine. Hyperfine structure 
Structure indeterminee. Indeterminate structure 
Structure nucleaire. Nuclear structure 
Structures de la benzine. Benzene, structures of 
Substance d’un tourbillon. Substance of a vortex 
Succion de couche limite laminaire. Suction of laminar 

boundary layer 
Suffisance. Sufficiency 
Suite. Sequence 
Suite de Cauchy. Cauchy sequence 
Suite derivee. Derived set 
Suite de Sturm. Sturm sequence 
Suite nulle. Null sequence 
Super-reseau. Superlattice 
Support. Strut 
Surechange. Superexchange 
Surface aplanetique. Aplanatic surface 
Surface d’aile d’avion. Wing area of airplane 
Surface de centres. Surface of centers 
Surface de chauffage. Heating surface 
Surface de diffusion neutronique. Diffusion area, 

neutron 
Surface de distribution d’intensit6. Intensity distribu¬ 

tion, surface of 
Surface de division de Gibbs. Gibbs division surface 
Surface de Liouville. Liouville surface 



1075 Surface — Temperature 

Surface de migration des neutrons. Migration area for 
neutrons 

Surface de moindre confusion. Surface of least confu¬ 
sion 

Surface de Petzval. Petzval surface 
Surface de ralentissement. Slowing-down area 
Surface de revolution. Surface of revolution 
Surface de Riemann. Riemann surface 
Surface developpable. Developable surface 
Surface isobare. Isobaric surface 
Surface minimale. Minimal surface 
Surface oblique. Skew surface 
Surface quadrique. Quadric surface 
Surface reglee. Ruled surface 
Surfaces applicables. Applicable surfaces 
Surfaces cartesiennes. Cartesian surfaces 
Surfaces figurees. Figured surfaces 
Surfaces inverses. Inverse surfaces 
Surfaces parallels. Parallel surfaces 
Surface vectorielle. Vector area 
Surhaussement. Superelevation 
Susceptibilite paramagnetique. Paramagnetic suscepti¬ 

bility 

Symbole de permutation. Permutation symbol 
Symboles de Christoffel. Christoffel (3-index) symbols 
Symboles de Hermann-Manguin. Hermann-Manguin 

symbols 
Symboles de Schonflies pour description des cristaux. 

Schonflies crystal symbols 
Symetrie des cristaux. Crystal symmetry 
Symetrie et mecanique quantique. Symmetry and quan¬ 

tum mechanics 
Systeme acoustique. Acoustical system 
Systeme afocal. Afocal system 
Systeme anamorphique. Anamorphic system 
Systeme catoptrique. Catoptric system 
Systeme centre de masse. Center-of-mass system 
Systeme condense. Condensed system 
Systeme conjugue de courbes sur une surface. Conju¬ 

gate system of curves on a surface 
Systeme conservateur. Conservative system 
Systeme cubique. Cubic system 
Systeme de bandes. Band system 
Systeme de Chebyshev. Chebyshev system 
Systeme de commande par magnetostriction. Driving 

system, magnetostriction 
Systeme de controle. Control system 
Systeme de coordonnees. Frame of reference 
Systeme de coordonnees rotatives. Rotating coordinate 

system 
Systeme de laboratoire et systeme centre de masse. 

Laboratory system and center-of-mass system 
Systeme de mobilite mecanique. Mechanical mobility 

syste m 
Systeme d’equations. System equations 
Systeme d’oscillation degenere. Degenerate oscillating 

system 
Systeme d’unites. Units, system of 
Systeme-e. e-System 
Systeme electrique. Electrical system 
Systeme electrodynamique de commande. Driving 

system, dynamic 
Systeme electromagnetique de commande. Driving 

system, electromagnetic 
Systeme electrostatique de commande. Driving system, 

electrostatic 
Systeme 61ementaire. Elementary system 
Systeme-epsilon. Epsilon-system 

Systeme ferme. Closed system 
Systeme hexagonal. Hexagonal system 
Systeme L et systeme C. L-system and C-system 

Systeme mecanique rectiligne. Mechanical rectilineal 
system 

Systeme mecanique rotatoire. Mechnical rotational 
system 

Systeme orthonormal. Orthonormal system 
Systeme orthorhombique. Orthorhombic system 
Systeme orthoscopique. Orthoscopic system 
Systeme orthotomique. Orthotomic system 
Systeme ouvert. Open system 
Systeme rhomboedrique. Rhombohedral system 
Systemes azeotropes. Azeotropic systems 
Systemes azeotropiques. Azeotropic systems 
Systemes continus. Continuous systems 
Systemes cristallins. Crystal systems 
Systemes de force equivalents. Equivalent force 

systems 

Systemes discontinus. Discontinuous systems 
Systemes ideals. Ideal systems 
Systemes inversibles et irreversibles. Reversible and 

irreversible processes 
Systemes isoles. Isolated systems 
Systemes lineaires. Linear systems 
Systemes optiques parfaits. Perfect optical systems 
Systemes ternaires. Ternary systems 
Systeme telecentrique. Telecentric system 
Systeme tetragone. Tetragonal system 
Systeme thermodynamique. Thermodynamic system 
Systeme trichromatique. Trichromatic system 
Systeme triclinique. Triclinic system 
Systeme vectoriel reciproque. Reciprocal vector system 

Table de Pade. Pade table 
Taille critique. Critical size 
Talbot. Talbot 
Tangente a une courbe. Tangent to a curve 
Tangente geodesique. Geodesic tangent 
Tantochrone. Tantochrone 
Taux d’activation. Activation rate 
Taux d'amplification d’un projecteur. Magnification 

ratio of a projector 
Taux d’avancement. Degree of advancement 
Taux de changement local. Local rate of change 
Taux de conversion. Conversion ratio 
Taux de minceur. Slenderness ratio 
Taux de recombinaison. Recombination rate 
Taux de rendement Efficiency ratio 
Taux de retour. Return ratio 
Taux des fonctionnements irreversibles. Rates of irre¬ 

versible processes 
Taux d’impulsions. Pulse duty factor 
Temperature. Temperature 
Temperature absolue. Absolute temperature 
Temperature de Boyle. Boyle temperature 
Temperature de brillance. Luminance temperature 
Temperature de couleur. Color temperature 
Temperature de Debye. Debye temperature 
Temperature de degeneration. Degeneracy temperature 
Temperature de Fermi. Fermi temperature 
Temperature de rayonnement totale. Total radiation 

temperature 
Temperature de stagnation. Stagnation temperature 
Temperature de transition de seconde espece. Second 

order transition temperature 
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Temperature d’inversion. Inversion temperature 
Temperature et pression normales. Normal temperature 

and pressure 
Temperature neutronique. Temperature, neutron 
Temperature potentielle. Potential temperature 
Temperature pour la theorie cinetique. Kinetic theory 

temperature 
Temperature virtuelle. Virtual temperature 
Temps de ralentissement. Slowing-down time 
Temps de relaxation. Relaxation time 
Temps de reponse. Response time 
Tendance de pression barometrique. Tendency of 

barometric pressure 
Tenseur absolu. Tensor, absolute 
Tenseur alterne. Tensor, alternating 
Tenseur antisymetrique. Tensor, skew-symmetric 
Tenseur covariant fondamental. Fundamental covariant 

tensor 
Tenseur de courbure. Curvature tensor 
Tenseur de Ricci. Ricci tensor 
Tenseur de Riemann-Christoffel. Riemann-Christoffel 

tensor 
Tenseur d’espace. Tensor, space 
Tenseur de surface. Tensor, surface 
Tenseur double. Tensor, double 
Tenseur isotrope. Tensor, isotropic 
Tenseur metrique. Metric tensor 
Tenseur relatif. Tensor, relative 
Tenseurs associes (champs tensoriels). Tensors, asso¬ 

ciated (tensor fields) 
Tenseurs affines et vecteurs fibres. Affine tensors and 

free vectors 
Tenseur symetrique. Tensor, symmetric 
Tension de surface dynamique. Dynamical surface ten¬ 

sion 
Tension de vapeur dans les solutions parfaites. Vapor 

pressure in perfect solutions 
Tension de vapeur de solutions ideales. Vapor pressure 

of ideal solutions 
Tension diagonale. Diagonal tension 
Tensions secondaires. Secondary stresses 
Tension superficielle de surface limite courbe. Surface 

tension of curved interface 
Tension thermoelectrique. Thermoelectric power 
Terme de Pauli. Pauli term 
Terme d’etat d’energie. Energy state, term 
Terme impair d’un atome. Odd term of an atom 
Terme pair d’un atome. Even term of an atom 
Termes anharmoniques. Anharmonic terms 
Termes Balmer. Balmer terms 
Terme spectroscopique. Term, spectroscopic 
Theoreme acoustique de Thevenin. Thevenin’s acousti¬ 

cal theorem 
Theoreme alternatif. Alternative theorem 
Theoreme binome. Binomial theorem 
Theoreme d’Abel sur les series exponcntielles. Abel 

theorem on power series 
Theoreme d’approximation de Weierstrass. Weierstrass 

approximation theorem 
Theoreme d’Ascoli. Ascoli’s theorem 
Theoreme d’axe perpendiculaire. Perpendicular axis 

theorem 
Theoreme de Abbe-Maxwell. Abbe-Maxwell theorem 
Theoreme de Bayes. Bayes’ theorem 
Theoreme de Bernoulli. Bernoulli theorem 
Theoreme de Beltrami-Enneper. Beltrami-Enneper 

theorem 
Theoreme de Bloch. Bloch theorem 

Theoreme de Bolzano-Weierstrass. Bolzano-Weierstrass 
theorem 

Theoreme de Budan. Budan theorem 
Theoreme de Caratheodory. Caratheodory’s theorem 
Theoreme de Carnot. Carnot’s theorem 
Theoreme de Castigliano. Castigliano’s theorem 
Theoreme de Clapeyron. Clapeyron’s theorem 
Theoreme de Cochran. Cochran’s theorem 
Theoreme de comparaison pour convergence. Com¬ 

parison theorem for convergence 
Theoreme de Crocco. Crocco’s theorem 
Theoreme de decomposition en facteurs unique. Unique 

factorization theorem 
Theoreme de De Moivre-Laplace. De Moivre-Laplace 

theorem 
Theoreme de Duhem. Duhem’s theorem 
Theoreme de Earnshaw. Earnshaw theorem 
Theoreme de Ehrenfest. Ehrenfest theorem 
Theoreme de Euler sur la courbure normale. Euler 

theorem on normal curvature 
Theoreme de Euler sur les fonctions homogenes. Euler 

theorem for homogeneous functions 
Theoreme de facteur algebrique. Factor theorem of 

algebra 
Theoreme de Floquet. Floquet theorem 
Theoreme de fluctuation-dissipation. Fluctuation-dis¬ 

sipation theorem 
Theoreme de Fredholm pour equations integrates. 

Fredholm theorem for integral equations 
Theoreme de Fuchs. Fuchs theorem 
Theoreme de Gauss-Markov. Gauss-Markov theorem 
Theoreme de Gauss sur la courbure. Gauss’ theorem on 

curvature 
Theoreme de Haag. Haag’s theorem 
Theoreme de Hamilton. Hamilton’s theorem 
Theoreme de Hamilton-Cayley. Hamilton-Cayley 

theorem 
Theoreme de Heine-Borel. Heine-Borel theorem 
Theoreme de Jacobi en optique. Jacob’s theorem in 

optics 
Theoreme de Jordan-Holder. Jordan-Holder theorem 
Theoreme de Kelvin. Circulation theorem (Kelvin) 
Theoreme de la chaleur de Nernst. Nernst heat theorem 
Theoreme de Lagrange. Lagrange theorem 
Theoreme de Le Chatelier. Chatelier (Le) theorem 
Theoreme de l’enthalpie. Enthalpy theorem 
Theoreme de limite centrale. Central limit theorem 
Theoreme de limite sinusoi'dale. Sinusoidal limit 

theorem 
Theoreme de Liouville. Liouville theorem 
Theoreme de Maupertuis. Maupertuis’ theorem 
Theoreme de Maxwell pour isothermes. Maxwell’s 

theorem for isotherms 
Theoreme de Meunier. Meunier’s theorem 
Theoreme de moderation. Moderation theorem 
Theoreme de Morera. Morera theorem 
Theoreme d’energie potentielle minimum. Potential 

energy, theorem of minimum 
Theoreme de Norton. Norton’s theorem 
Theoreme de Nyquist. Nyquist theorem 
Theoreme de poids statistique. Statistical weight 

theorem 
Theoreme de polarisation de Stokes. Stokes polariza¬ 

tion theorem 
Theoreme de Poynting. Poynting theorem 
Theoreme de Peciprocite. Reciprocity theorem 
Theoreme de reciprocity acoustique. Acoustical reci¬ 

procity theorem 



1077 Theoreme — Thermicite 

Theoreme de reciprocite electroacoustique. Reciprocity 
theorem, electroacoustical 

Theoreme de reciprocite electromagnetique. Reciprocity 
theorem, electromagnetic 

Theoreme de reciprocite (electromagnetique) Recipro¬ 
city theorem (electromagnetic) 

Theoreme de reciprocite electromecanique. Electrical- 
mechanical reciprocity theorem 

Theoreme de reciprocite electrique. Electrical reci¬ 
procity theorem 

Theoreme de reciprocite mecanique-acoustique. 
Mechanical-acoustical reciprocity theorem 

Theoreme de reciprocite mecanique rectiligne. Mechani¬ 
cal rectilineal reciprocity theorem 

Theoreme de reciprocite mecanique rotatoire. Mechani¬ 
cal rotational reciprocity theorem 

Theoreme de residu. Residue theorem 
Theoreme de Ricci. Ricci’s theorem 
Theoreme de Rolle. Rolle theorem 
Theoreme de Saurel. Saurel’s theorem 
Theoreme de similitude. Similarity theorem 
Theoreme de Sturm. Sturm theorem 
Theoreme de superposition. Superposition theorem 
Theoreme de transfert pour moment d’inertie. Moment 

of inertia, transfer theorem for 
Theoreme de travail-energie cinetique. Work-kinetic 

energy theorem 
Theoreme de Van’t Hoff. Van’t Hoff theorem 
Theoreme de Varignon. Varignon theorem 
Theoreme d'optique geometrique de Kirchhoff. Kirch- 

hoff’s geometric optics theorem 
Theoreme du moindre travail. Least work, theorem of 
Theoreme du point fixe de Brouwer. Brouwer fixed 

point theorem 
Theoreme electrique de Thevenin. Thevenin’s electrical 

theorem 
Theoreme-//. //-theorem 
Theoreme integral de Cauchy. Cauchy integral theorem 
Theoreme mecanique rectiligne de Thevenin. Thevenin’s 

mechanical rectilineal theorem 
Theoreme mecanique rotatif de Thevenin. Thevenin’s 

mechanical rotational theorem 
Theoreme optique. Optical theorem 
Theoreme reciproque. Reciprocal theorem 
Theoremes de Gibbs-Konovalov. Gibbs-Konovalov 

theorems 
Theoremes de la valeur moyenne. Mean value theorems 
Theoremes de limite. Limit theorems 
Theoremes integraux d’analyse vectorielle. Integral 

theorems of vector analysis 
Theorie cinetique. Kinetic theory 
Theorie cinetique de conductibilite thermique. Thermal 

conductivity, kinetic theory of 
Theorie cinetique de diffusion. Diffusion, kinetic theory 

of 
Theorie cinetique de viscosite. Viscosity, kinetic theory 

of 
Theorie classique de (’electron. Classical electron 

theory 
Theorie de bande des solides. Band theory of solids 
Theorie de Born et Von Karman. Born and von 

Karman theory 
Theorie de Born-Infeld. Born-Infeld theory 
Theory de champ. Field theory 
Theorie de champ quantifie relativiste. Relativistic 

quantum field theory 
Theorie de collision de cinetique chimique. Collision 

theory of chemical kinetics 

Theorie de deformation plastique. Deformation theory 
of plasticity 

Theorie de disintegration beta de Fermi. Fermi theory 
of beta decay 

Theorie de deviation. Deflection theory 
Theorie de diffusion neutronique. Neutron diffusion 

theory 

Theorie de distribution. Distribution theory 
Theorie de Enskog. Enskog’s theory 
Theorie de Eyring sur les precedes de deplacement. 

Eyring theory of transport processes 
Theorie de grande deviation de Marguerre. Marguerre’s 

large deflection theory 

Theorie de Heitler-London sur la molecule d’hydrogene. 
Hydrogen molecule, Heitler-London theory of 

Theorie de la ligne de sustentation. Lifting-line 
theory 

Theorie de la perturbation. Perturbation theory 
Theorie de la surface de sustentation des ailes. Lifting- 

surface theory of wings 

Theorie de la valence de Heitler-London. Heitler- 
London theory of valence 

Theorie de ligne de rupture. Rupture line theory 
Theorie de matrice 5 et theorie de champ quantifie. 

5-matrix theory and quantum field theory 
Theorie de Neymann-Pearson. Neymann-Pearson theory 
Theorie de perturbation covariante. Covariant per¬ 

turbation theory 

Theorie de plan aerodynamique. Airfoil theory 
Theorie d’equilibre. Equilibrium theory 
Theorie de renouvellement. Renewal theory 
Theorie de reseau des coefficients d’elasticite. Elastic 

coefficients, lattice theory of 
Theorie des jeux. Games theory 
Theorie des moments de Froude. Froude momentum 

theory 

Theorie des positrons de Feynman. Feynman’s positron 
theory 

Theorie d'estimation. Estimation, theory of 
Theorie des “trous”. Hole theory 
Theorie des quanta de capacite de chaleur. Quantum 

theory of heat capacity 
Theorie des quanta de dispersion. Quantum theory of 

dispersion 
Theorie des quanta des spectres. Quantum theory of 

spectra 
Theorie des quanta du magnetisme. Magnetism, quan¬ 

tum theory of 
Theorie des queues. Queues, theory of 
Theorie de valence des orbitales moleculaires. Molecular 

orbital theory of valence 
Theorie des vibrations de cristaux de Debye. Debye 

theory of crystal vibrations 
Theorie differentielle de plasticite. Incremental theory 

of plasticity 
Theorie d’orbite planetaire. Planetary orbit theory 
Theorie du deplacement neutronique. Neutron trans¬ 

port theory 
Theorie du diamagnetisme de Langevin. Langevin 

theory of diamagnetism 
Theorie du ferromagnetisme de Heisenberg. Heisen¬ 

berg theory of ferromagnetism 
Theorie du second ordre de Busemann. Busemann’s 

second-order theory 
Theorie electronique de Dirac. Dirac electron theory 
Theorie electronique des metaux. Electron theory of 

metals 
Thermicite de neutrons. Thermalization of neutrons 
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Thermodynamique des systemes irreversibles. Thermo¬ 
dynamics of irreversible processes 

Thermostatique. Thermostatics 
Thermostatistique. Thermostatistics 
Thixotropie. Thixotropy 
Topologie. Topology 
Tore. Torus 
Tore de Vieth-Muller. Vieth-Muller torus 
Torsion. Torsion 
Torsion. Wrench 
Tourbillon. Vortex 
Tourbillon de Rankine. Rankine vortex 
Tourbillon spherique. Spherical vortex 
Trace. Trace 
Trace de Kurie. Kurie plot 
Trace de Richardson. Richardson plot 
Trace d’une matrice. Trace of a matrix 
Trace d’un rayon. Ray tracing 
Traitement homogene. Homogeneous process 
Trajectoire. Trajectory 
Trajectoire de contrainte. Stress trajectory 
Trajectoire dirigee. Path, directed 
Trajectoires electroniques dans un atome. Electron 

orbits in an atom 
Transcendant. Transcendental 
Transformation. Transformation 
Transformation affine. Affine transformation 
Transformation canonique. Canonical transformation 
Transformation canonique. Contact transformation 
Transformation de Euler. Euler transformation 
Transformation de Galilee. Galilean transformation 
Transformation de Lorentz. Lorentz transformation 
Transformation de Lorentz propre. Proper Lorentz 

transformation 
Transformation de Schwartz-Christoffel. Schwartz- 

Christoffel transformation 
Transformation heterogene de Lorentz. Inhomogeneous 

Lorentz transformation 
Transformation heterogene orthochrone de Lorentz. 

Orthochronous inhomogeneous Lorentz transforma¬ 
tion 

Transformation homogene de Lorentz. Homogeneous 
Lorentz transformation 

Transformation homogene orthochrone de Lorentz. 
Orthochronous homogeneous Lorentz transformation 

Transformation homographe. Homographic trans¬ 
formation 

Transformation ordre-desordre. Order-disorder trans¬ 
formation 

Transformations homogenes limitees de Lorentz. Re¬ 
stricted homogeneous Lorentz transformations 

Transforme. Transform 
Transforme de Fourier-Bessel. Fourier-Bessel transform 
Transforme de Fourier. Fourier transform 
Transforme de Hankel. Hankel transform 
Transforme de Hilbert. Hilbert transform 
Transforme de Laplace. Laplace transform 
Transforme de Mellin. Mellin transform 
Transforme integrate. Integral transform 
Transition de regime turbulent. Transition of turbulent 

flow 
Transition interdite. Forbidden transition 
Transition permise. Allowed transition 
Transition de supraconductibilite. Superconducting 

transition 
Transitions d'ordre plus eleve. Transitions of higher 

order 
Translation. Translation 

Translation primitive. Primitive translation 
Transmissibilite d’une force. Transmissibility of force 
Transmission. Transmissivity 
Transmission. Transmission 
Transmission du controle. Transfer of control 
Transmission sonore. Sound transmission 
Transmittance. Transmittance 
Transmittance diffuse. Diffuse transmittance 
Transmittance directe. Direct transmittance 
Transmittance totale. Total transmittance 
Transmittivite. Transmittivity 
Transpose d’une matrice. Transpose of a matrix 
Transposition. Transposition 
Travail. Work 
Travaux de sortie electroniques. Work functions, 

electronic 
Triangle de couleur. Color triangle 
Triangle de forces. Forces, triangle of 
Triangle de Pascal. Pascal triangle 
Triangle geodesique. Geodesic triangle 
Trigonometric. Trigonometry 
Trigonometric spherique. Spherical trigonometry 
Triple point. Triple point 
Triple produit de vecteurs. Triple product of vectors 
Troisieme loi de thermodynamique. Third law of ther¬ 

modynamics 
Troncature. Truncation 
“Trou”. “Hole” 
Tube de jonction a pente variable. Exponential connec¬ 

tor 
Tubes courbes. Tubes, curved 
Turbulence. Turbulence 
Turbulence dans tunnels aerodynamiques. Turbulence 

in wind tunnels 
Turbulence homogene. Turbulence, homogeneous 
Turbulence isotrope. Turbulence, isotropic 
Type de tenseur. Tensor, type of 

Unite Amagat. Amagat unit 
Unite Angstrom. Angstrom unit 
Unite arithmetique. Arithmetic unit 
Unite d’accumulation. Storage unit 
Unite Debye. Debye unit 
Unite de chaleur centigrade. Centigrade heat unit 
Unite de gerbe. Shower unit 
Unite de mache. Mache unit 
Unite de quantite de lumiere. Lumerg 
Unite de Siegbahn (unite x) Siegbahn x-unit 
Unite fondamentale. Unit, fundamental 
Unites acoustiques. Acoustical units 
Unites d’acoustique. Acoustic units 
Unites de chaleur. Heat, units of 
Unites electromagnetiques. Electromagnetic units 
Unit6s mecaniques. Mechanical units 
Unites thermiques. Thermal units 
Unites trichromatiques. Trichromatic units 
Unite x. .v-unit 
Utilisation thermique. Thermal utilization 

Valence dirigee. Directed valency 
Valeur calorifique. Calorific value 
Valeur de reference. Reference value 
Valeur d’expectative. Expectation value 
Valeur gamma. Gamma-value 
Valeur moyenne d’une fonction. Mean value of a func¬ 

tion 
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Valeur propre. Eigenvalue 
Valeurs propres. Eigenvalues 
Valeurs singulieres. Singular values 
Valeurs trichromatiques. Tristimulus values 
Vapeur seche. Dry vapor 
Variable d’action. Action variable 
Variable d’angle. Angle variable 
Variables de Lode. Lode’s variables 
Variables extensives. Extensive variables 
Variance. Variance 

Variation de temps de la production d'entropie. Time 
variation of the entropy production 

Variation limitee. Variation, bounded 
Vecteur. Vector 
Vecteur bra. Bra vector 
Vecteur contravariant. Contravariant vector 
Vecteur covariant. Covariant vector 
Vecteur de Burgers. Burgers vector 
Vecteur de Darboux. Darboux vector 
Vecteur de position. Position vector 
Vecteur de Poynting. Hertz vector 
Vecteur de Poynting. Poynting vector 
Vecteur d’etat. State vector 
Vecteur ket. Ket vector 
Vecteur non-rotatif. Vector, irrotational 
Vecteur nul. Null vector 
Vecteur polaire. Vector, polar 
Vecteur principal d’une matrice. Principal vector of a 

matrix 
Vecteur propre. Eigenvector 
Vecteurs associes (champs de vecteurs). Vectors, asso¬ 

ciated (vector fields) 
Vecteurs de base. Base vectors 

Vecteurs lineairement independants. Linearly inde¬ 
pendent vectors 

Vecteurs de flux. Flux vectors 
Vecteurs orthogonaux. Vector(s), orthogonal 
Vent. Wind 
Vent geostrophique. Geostrophic wind 
Ventres. Anti-nodal points 
Verification de preuve. Proof test 
Verification de Wilcoxon. Wilcoxon’s test 
Verifications d’hypothese. Significance tests 
Vibration. Flutter 

Vibration de combinaison. Combination vibration 
Vibrations normales dans les molecules polyatomiques. 

Normal vibrations in polyatomic molecules 
Vie. Lifetime 

Vie moyenne d’un etat atomique. Mean lifetime of an 
atomic state 

Viriel. Virial 

Viriel d’un systeme. Virial of a system 
Viscoelasticite lineaire. Viscoelasticity, linear 
Viscosite. Viscosity 
Viscosite de Newton. Newtonian viscosity 
Viscosite dynamique. Viscosity, dynamic 
Visible. Observable 
Vitesse. Velocity 

Vitesse corpusculaire. Velocity, particle 
Vitesse critique. Speed, critical 
Vitesse de diffusion. Diffusion velocity 
Vitesse de diminution de I’intensite sonore. Rate of 

decay of sound 
Vitesse d’echappemcnt. Escape velocity 
Vitesse de frottement. Friction velocity 
Vitesse de groupe. Group velocity 
Vitesse de groupe d’ondes. Waves, group velocity of 
Vitesse de phase. Phase velocity 
Vitesse de phase d’onde(s) Wave(s), phase velocity of 
Vitesse de reaction chimique. Chemical reaction rate 
Vitesse de recombinaison. Recombination velocity 
Vitesse de volume. Volume velocity 
Vitesse effective. Velocity, effective 
Vitesse moleculaire. Molecular velocity 
Vitesse moyenne. Velocity, average 
Vitcsses generalises. Velocities, generalized 
Vitesse surfacique. Velocity, areal 
Voisin le plus proche. Nearest neighbor 
Vortex. Vortex ring 
Vorticite. Vorticity 
Vorticitt* anticyclonique. Anticyclonic vorticity 
Vorticite cyclonique. Cyclonic vorticity 
Vorticite geostrophique. Geostrophic vorticity 
Vofite en Voussoir. Voussoirarch 

Weber. Weber 
Wronskien. Wronskian 
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Abbe-Maxwell-Lehrsatz. Abbe-Maxwell theorem 
Abbesche Sinusbedingung. Abbe sine condition 
Abbesche Zahl. Abbe number 
Abbeugung. Diffraction 
Abbeugungswinkel. Diffraction angle 
Abbilden. Mapping 
Abbildungskonstante. Madelung constant 
Abbildungsmethode. Images, method of 
Abbildungsoberflachen. Figured surfaces 
Abdrosseln. Choking 
Abelsche Gleichheit. Abel identity 
Abelsche Gleichung. Abel equation 
Abelsche Gruppe. Abelian group 
Abelscher Konvergenzversuch. Abel test for conver¬ 

gence 
Abelscher Satz der Potenzreihe. Abel theorem on 

power series 
Abelsche Ungleichheit. Abel inequality 
Abfall. Slope 
Abfallstetigkeit. Slope stability 
Abfallumlenkgleichungen. Slope-deflection equations 
Abgeleitete Reihe. Derived set 
Abgerundeter Rundungsfehler. Rounding error, round¬ 

off 
Abgesonderte Systeme. Isolated systems 
Abirrungen eines optischen Systems. Aberrations of an 

optical system 
Abirrungswinkel. Aberration angle 
Ablenkungsdeviate. Deviate, deviation 
Ablenkungstheorie. Deflection theory 
Ablenkungswinkel. Angle of deviation 
Abschaltung. Cut-off 
Abschatzung der S-Matrize in der gequantelten Feld- 

theorie. 5-matrix in quantized field theory: evalua¬ 

tion of 
Abschirmungskonstante. Screening constant 

Abschnittsmodul. Section modulus 
Abschutteln. Shakedown 
Absolutbeschleunigung. Absolute acceleration 
Absolutskalar. Scalar, absolute 
Absolutspanner. Tensor, absolute 
Absoluttatigkeit. Absolute activity 
Absolute Differentialrechnung. Absolute differential 

calculus 
Absolute Kontinuitat. Absolute continuity 
Absolute Riickstoflverhaltnistheorie. Absolute reaction 

rate theory 
Absolute Temperatur. Absolute temperature 
Absorption der Strahlungsenergie. Absorption of 

radiant energy 
Abstumpfung. Truncation 
Abstumpfungsfehler. Truncation error 
Abweichung. Divergence 
Abwicklungslinie. Developable 
Abzweigung. Branch 
Achsenbiindel. Axial bundle 
AchsenvergroBerung. Axial magnification 
Adams-Bashford-Methode. Adams-Bashford method 

AderlaB. Bleeding 

Adiabatische Entmagnetisierung. Adiabatic demagne¬ 
tization 

Adiabatischer Gleichungszustand. Adiabatic equation 
of state 

Adiabatisches Ablaufverhaltnis. Adiabatic lapse rate 
Adiabatisches Gesetz fur Quantisierungszustande. Adia¬ 

batic law for quantized states 
Adiabatische Wand. Adiabatic wall 
Adiabatische Wechselung. Adiabatic change 
Aerodynamische Mittelsehne. Aerodynamic mean 

chord 
Affine Grundverbindung. Fundamental affine connec¬ 

tion 
Affine Spanner und freie Vektoren. Affine tensors and 

free vectors 
Affine Umwandlung. Affine transformation 
Afokalsystem. Afocal system 
Ahnlichkeitslehrsatz. Similarity theorem 
Aitken-Methode der Interpolation. Aitken method of 

interpolation 
Aktivierungsenergie. Activation energy 
Aktivierungsverhaltnis. Activation rate 
Aktives Netzwerk. Network, active 
Akustikansprechung. Responsiveness, acoustic 
Akustische Ausbreitungskonstante. Acoustical propa¬ 

gation constant 
Akustische Einheiten. Acoustic units 
Akustische Impedanz. Impedance, acoustical 
Akustische Phasenkonstante. Acoustical phase constant 
Akustischer Wechselseitigkeitslehrsatz. Reciprocity 

theorem, acoustical 
Akustisches Reziprokalgesetz. Acoustical reciprocity 

theorem 
Albedo. Albedo 
Algebra, Buchstabenrechnung. Algebra 
Algebra einer Gruppe. Algebra of a group 
Algebraische Gleichungen. Algebraic equations 
Algorithmus. Algorithm 
Allgemeine Relativitat. Relativity, general 
Allgemeine Umwandlungsgruppen. Transformation 

groups, general 
Alpha-Zerfallenergie. Alpha disintegration energy 
Altersannaherung. Age approximation 
Amagatseinheiten. Amagat unit 
Amagats Gesetz. Amagat’s law 
Ampere. Ampere 
Amperewindung. Ampere turn 
Ampersche Regel. Ampere law 
Amperscher Lehrsatz. Ampere theorem 
Analogenrechner. Analog computer 
Analyse. Analysis 
Analytische Fortsetzung. Analytic continuation 
Analytische Funktion. Analytic function 
Analytische Kurve. Analytic curve 
Anamorphisches System. Anamorphic system 
Anderung. Variance 
Anelastisch. Anelastic 
Anfangsmodul. Initial modulus 
Anfangwertigkeitsprobleme. Initial-value problems 

1081 



Anfiigungsmatrize — Ausrenkungen 1082 

Anfiigungsmatrize. Matrix, adjacency 
Angeschlossen. Connected 
Angewandte Kraft. Force, applied 
Angewiesene Darstellung. Graph, directed 
Angezeigte Wirksamkeit. Indicated efficiency 
Angleichungsbeiwert. Accomodation coefficient 
Angstrombeiwert. Angstrom coefficient 
Angstromeinheit. Angstrom unit 
Anharmonie. Anharmonicity 
Anhaufer. Cumulants 
Anisotrop. Anisotropic 
Anisotroper Nichtleiter. Dielectric, anisotropic 
Anisotropenergie. Anisotropy energy 
Anlenkung. Hinge 
Annaherungsmittel. Approximation in the mean 

Anomale Zerstreuung. Anomalous dispersion 
Anordnung. Assembly 
AnordnungsmaB. Measure of location 
Anregungsenergie. Excitation energy 
Anregungsreinheit. Excitation purity 
Anregungsspannung. Excitation potential 

Ansaugungsisotherme. Adsorption isotherm 
Anschmiegungsebene. Osculating plane 
Anschnitt. Bearing 

Anschrift. Address 
Ansteigungsfunktion. Ramp function 
Anstellmatrize. Matrix, incidence 

Anstellwinkei. Incidence, angle of 
Anstellwinkel. Angle of incidence 
Anstrengung. Straggling 
Anteilprobenahme. Quota sampling 
Antiklastische Oberflache. Anticlastic surface 
Antitryptischer Wind. Antitriptic wind 

Antriebsbewegung. Impulsive motion 

Anweisend. Directional 
Anwendbare Oberflachen. Applicable surfaces 
Anwendbare Weite. Practical width 
Aplanatische Kugelpunkte. Aplanatic points of a sphere 
Aplanatische Oberflache. Aplanatic surface 
Apochromatisch. Apochromatic 
Apodisation. Apodization 

Apsis. Apse line 
Arbeit. Work 

Arbeit-Bewegungsenergielehrsatz. Work-kinetic energy 
theorem 

Arbeitsbetonung. Working stress 
Arbeitslast. Working load 
Archimedesprinzip. Archimedes' principle 

Arcus-Sinus-Verteilung. Arc-sine distribution 
Argandebene. Argand plane 

Arithmetische Einheit. Arithmetic unit 
Arithmetische Reihe. Arithmetic progression 

Arithmetisches Mittel. Arithmetic mean 
Ascolis Lehrsatz. Ascoli’s theorem 

Assoziationsgesetz. Associative law 
Assoziationsspanner (Spannerfelder). Tensors, asso¬ 

ciated (tensor fields) 
Assoziationsvektoren (Vektorfelder). Vectors, asso¬ 

ciated (vector fields) 
Astigmatismus. Astigmatism 
Asymptotische Linie auf einer Oberflache. Asymptotic 

line on a surface 
Asymptotische Reaktortheorie. Asymptotic reactor 

theory 
Asymptotischer Umstand. Asymptotic condition 
Asymptotische Reihe. Asymptotic series 
Atherman. Athermanous 

Atmospharische Drucklinie. Isobar 
Atomanregungsfunktion. Excitation function, atomic 
Atomare Gliedsymbole. Atomic term symbols 
Atomarer Streufaktor. Atomic scattering factor 
Atombildungswarme. Atomic heat of formation 
Atombindungsenergie. Atomic bond energy 
Atomfrequenz. Atomic frequency 
Atomgestalt. Configuration, atomic 
Atomgewichteinheit. Atomic weight unit 
Atomhalbmesser. Atomic radius 
Atommasse. Atomic mass 
Atommasseeinheit. Atomic mass unit 
Atomrefraktion. Atomic refraction 
Atomspektra. Atomic spectra 
Atomzahl. Atomic number 
Attrappe. Dummy 
Atzend. Caustic 
Auflastpaarungstatigkeit. Charge conjugation opera¬ 

tion 
Auflastwiedernormalisierung. Charge renormalization 
Aufbaufaktor. Build-up factor 
Aufbauprinzip. Building-up principle 
Auflosend. Dialytic 
Auflosung der Krai'te. Forces, resolution of 
Auflosungsempfindsamkeit. Resolution sensitivity 
Auflosungskraft. Resolving power 
Aufldsungskraft der Kantensaule. Prism, resolving 

power of 
Aufnahme. Absorptance 
Aufnahmefahigkeit. Absorptive power 
Aufnahmebeiwert. Absorption coefficient 
Aufnahmefaktor. Absorption factor 
Aufnahmevermogen. Absorptivity 
Aufprall. Impact 
Aufprallnebenveranderliche. Impact parameter 
Aufspaltungsspektrum. Fission spectrum 
Auftriebslinientheorie. Lifting-line theory 
Auftriebsbeiwert. Lift coefficient 
Auftriebsoberflachenfliigeltheorie. Lifting-surface 

theory of wings 
Auftrieb-und-Moment auf einem Tragfliigel. Lift and 

moment on an airfoil 
Auf-und-Niederverzeichnisse eines Spanners. Raising 

and lowering indices on a tensor 
Augenblicksachse der Umdrehung. Instantaneous axis 

of rotation 
Augenblicksquantisierung. Quantization, second 
Augenblickszentrum. Instantaneous center 
Augereffekt. Auger effect 
Augerertrag. Auger yield 
Augerbeiwert. Auger coefficient 
Ausbreiter. Diffuser 
Ausdehnung. Dilatation 
Ausdehnung. Expansion 
Ausdehnungswellen. Waves, dilatational 
AuseinanderflieBen. Diffluence 
Ausfallwinkel. Angle of reflection 
Ausgesandtes. Emittance 
Ausgleichender Winkelwechsel. Angle change, balanc¬ 

ing 
Ausgleicher. Equilibrant 
Auskunft. Information 
Auslegerarm. Cantilever 
Auslegerbalken. Beam, cantilever 
Ausloschung. Extinction 
Ausloschungsbeiwert. Extinction coefficient 
Ausrenken. Wrench 
Ausrenkungen. Dislocations 
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Ausschaltung. Elimination 
AuBenoptikdichte. External optical density 
AuBere oder aktive Kraft. Force, external or active 
Ausstrahlen. Irradiance 
Ausstreuungskern. Kernel, scattering 
Ausstromungsbeiwert. Emission coefficient 
Ausstromungsvermogen. Emissive power 
Austauschenergie. Exchange energy 
Austauschentartung. Exchange degeneracy 
Austauschintegral. Exchange integral 
Austauschkrafte. Exchange forces 
Austauschlinearstreuung. Dispersion, reciprocal linear 
Austauschunterschiede. Reciprocal differences 
Auswahlregeln. Selection rules 
Auswertgerat. Computer 

Automorphismusdarstellung. Graph, automorphism 
Avogadrokonstante. Avogadro constant 
Axialbelastung. Axial load 
Axiallangsdruck. Axial thrust 
Axialstrahlung. Axial ray 
Azeothropische Systeme. Azeothropic systems 
Azeotropische Systeme. Azeotropic systems 
Azyklisches Gebiet. Simply connected region 

Babinetsches Prinzip. Babinet’s principle 
Bairstowsche Methode. Bairstow method 
Balken. Beam 
Balken auf elastischer Grundlage. Beam on elastic 

foundation 
Balkenbewegungsgleichungen. Beam equations of 

motion 
Balkenkriimmung. Curvature of beam 
Balmerglieder. Balmer terms 
Banacherraum. Banach space 
Banddruckebene. Band pressure level 
Bande. Band 
Bandkorpertheorie. Band theory of solids 
Bandrandenergie. Band edge energy 
Bandsystem. Band system 
Barbas Gesetz. Barba’s law 
Baroklinik. Baroclinic 
Barometerformel. Barometer formula 
Barotropisch. Barotropic 
Bartlettsche Kraft. Bartlett force 
Baryon. Baryon 
Basis eines Zahlsystems. Base of a system of numbers 
Basisvektoren. Base vectors 
Bathos Formel. Batho’s formula 
Baum. Tree 
Bauschingerwirkung. Bauschinger effect 
Bayesche Losung. Bayes’ solution 
Bayescher Lehrsatz. Bayes’ theorem 
Beanspruchungsumlenkung. Strain deviator 
Bedeutsame Dezimalstellen. Digits, significant 
Bedeutsamkeitsprufungen. Significance tests 
Bedienung. Operator 
Bedienungseinheit. Unit operator 
Bedingungskonvergenz. Conditional convergence 
Bedingungszahl. Condition number 
Beers Gesetz. Beer’s law 
Beforderungsgrad. Degree of advancement 
Begrenzt. Bounded 
Beharrungsvermogen. Inertia 
Behauptung. Postulate 
Behinderte Umdrehung um ein Einzelbindeglied. Hin- 

dred rotation around a single bond 
Behrens-Fischer-Priifung. Behrens-Fisher test 

Beigeordnete einer Matrize. Adjoint of a matrix 
Beigeordnete eines Betriebsmittels. Adjoint of an 

operator 
Beigeordnete Gleichung. Adjoint equation 
Beigeordneten eines optischen Systems. Conjugates in 

an optical system 
Beigeordneter SchmelzfluB. Flux, adjoint 
Beigeordnete Wellenfunktion. Adjoint wave function 
Beiwert der thermischen Ausdehnung. Coefficient of 

(thermal) expansion 
Belastigungen in Molekularspektra. Perturbations in 

molecular spectra 
Belastigungstheorie. Perturbation theory 
Belastungsgrenze. Critical load 
Beleuchtung. Illumination 
Belichtungsebenen. Focal planes 
Beltrami-Enneper-Lehrsatz. Beltrami-Enneper theo¬ 

rem 
Beltramis Differentialnebenveranderlichen. Beltrami’s 

differential parameters 
Bemerkbar. Observable 
Benardzellen. Benard cells 
Benedict-Webb-Rubin-Gleichung. Benedict-Webb- 

Rubin equation 
Benzolgefiige. Benzene, structures of 
Bereich. Domain 
Bereich. Range 
Bereich-Energie-Beziehung. Range-energy relation 
Bergmannreihen. Bergmann series 
Berichtigung zum Leerraum. Correction to vacuum 
Bernoulligleichung. Bernoulli equation 
Bernoullilehrsatz. Bernoulli theorem 
Bernoullimethode. Bernoulli method 
Bernoullinummern. Bernoulli numbers 
Bernoullipolynome. Bernoulli polynomials 
Bemsteinpolynom. Bernstein polynomial 
Bertrandkurven. Bertrand curves 
Beriihrungsspannung. Contact potential 
Beschaffenheitsgesetz der Beschleunigung. Accelera¬ 

tion, composition law of 
Beschaffenheitsreihe einer Gruppe. Composition series 

of a group 
Beschaffenheit zweier Spanner. Composition of two 

tensors- 
Beschaftigungsnummern. Occupation numbers 
Beschleunigung. Acceleration 
Beschrankungsbeiwert. Restraint coefficient 
Beschreibungsraumlehre. Descriptive geometry 
Beschwerung. Weighting 
Beschwerungsfunktion. Weighting function 
Besondere Relativitat. Relativity, special 
Besonders. Particular 
Besselfunktion. Bessel function 
Besselsche Ungleichheit. Bessel’s inequality 
Bessels Interpolationsformel. Bessel interpolation for¬ 

mula 
Bestandigkeit. Stability 
Bestandigkeitsfaktor. Stability factor 
Bestandteilanalyse. Component analysis 
Bestandteil eines Kurvenschaubilds. Graph component 
Bestimmungsbeiwert. Determination, coefficient of 
Bestimmungszahl. Determinant 
Bestrahlung. Irradiation 
Betafunktion. Beta function 
Betatigungsmerkmal. Operating characteristic 
Betatigungsmethoden. Operational methods 
Betaverteilung. Beta distribution 
Betazerfallenergie. Beta disintegration energy 
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Bethe-Salpeter-Gleichung. Bethe-Salpeter equation 
Bethes Methode. Bethe’s method 
Betonung-Beanspruchung-Kurve. Stress-strain curve 
Betonungsablenkung. Stress deviator 
Betonungssteigerung. Stress raiser 
Betonungswellen. Waves, stress 
Betonungswurfbahn. Stress trajectory 
Beugungswinkel. Angle of diffraction 
Bewegliche Bindungsordnung. Mobile bond order 
Beweglichkeit. Mobility 
Bewegung. Motion 
Bewegungsachsen. Moving axes 
Bewegungsdurchschnitt. Moving average 
Bewegungsenergie. Energy, kinetic 
Bewegungsgleichungen. Motion, equations of 
BewegungsgroBe. Impulse 
BewegungsgroBe. Momentum 
BewegungsgroBe. Kinetics 
Bewegungstheorie der Zerstreuung. Diffusion, kinetic 

theory of 
Bezeichnende Akustikimpedanz. Impedance, charac¬ 

teristic acoustical 
Bezeichnende Winkelfunktion. Angle characteristic 

function 
Bezeichnungskreis. Definition circle. 
Bezeichnungsrontgenriickstrahlungsspektrum. X-ray 

spectrum, characteristic 
Bianchigleichheit. Bianchi identity 
Biegung. Bending 
Biegungsablenkung. Deflection, bending 
Biegungsmembranenanalogie. Membrane analogy, bend¬ 

ing 
Biegungsmoment. Bending moment 
Biegungsrohre. Tubes, curved 
Bienayme-Chebyshev-Ungleichheit. Bienayme-Cheby- 

shev inequality 
Bigit. Bigit 
Bildermethode. Method of images 
Bildquellen. Image sources 
Binar. Binary 
Binarpunkt. Binary point 
Bindearten. Bond types 
Bindebetonung. Bond stress 
Bindegliedeigenschaft. Bond character 
Bindekreisbahnen. Bonding orbitals 
Bindelange. Bond length 
Bindungsdarstellung. Graph, connected 
Bindungsenergie. Binding energy 
Bindungsenergien. Bond energies 
Bindungswinkel. Bond angle 
Binghamstoff. Bingham material 
Binormal. Binormal 
Biquadratisch. Biquinary 
Biquadratische Gleichung. Biquadratic equation 
Bilichen. Bit 
Blasius-Gleichung. Blasius equation 
Blatt. Blade 
Blatt. Sheet 
Blattgeschwindigkeitsverhaltnis. Blade-speed ratio 
Blattverwindung. Blade, twisted 
Bleibende Verformung. Set permanent 
Blindwiderstand. Reactance 
Blinkebene. Signal level 
Blinkstromungsdarstellung. Signal flow diagrams 
Blochfunktion. Bloch function 
Blochs Lehrsatz. Bloch theorem 
Bodenformen einer Oberflache. Ground forms of a 

surface 

Bodenzustand. Ground state 
Bogen. Arch 
Bogenanmerkung. Bow notation 
Bogenbalken. Beam, curved 
Bohrsche Kreisbahnen. Bohr orbits 
Bohrsche Frequenzbedingung. Bohr frequency condition 
Bohrscher Halbmesser. Bohr radius 
Bohrsches Magnetron. Bohr magneton 
Boltzmannfaktor. Boltzmann factor 
Boltzmann-Planck-Gleichung. Boltzmann-Planck equa¬ 

tion 
Boltzmanns Konstante. Boltzmann constant 
Boltzmannstatistik. Boltzmann statistics 
Boltzmannuberfuhrungsgleichung. Boltzmann trans¬ 

port equation 
Bolzano-WeiherstraB-Lehrsatz. Bolzano-Weierstrass 

theorem 
Bolzen. Slug 
Booleanalgebra. Boolean algebra 
Born-Haber-Kreislauf. Born-Haber cycle 
Born-Infeld-Theorie. Born-Infeld theory 
Born-Mayer-Gleichung. Born-Mayer equation 
Born-Oppenheimer-Methode. Born-Oppenheimer 

method 
Bornsche AbstoBung. Born repulsion 
Bornsche Annaherung. Born approximation 
Born-Von Karman-Theorie. Born and von Karman 

theory 
Bose-Einstein-Flussigkeit. Bose-Einstein liquid 
Bose-Einstein-Gas. Bose-Einstein gas 
Bose-Einstein-Statistik. Bose-Einstein statistics 
Bose-Einstein-Teilchen. Boson 
Bouguets Gesetz. Bouguer law 
Boulvins Darstellung. Boulvin diagram 
Boylegesetz. Boyle’s law 
Boyletemperatur. Boyle temperature 
Brachistochron. Brachistochrone 
Braggregel. Bragg rule 
Bramme. Slab 
Bravais-Miller-Verzeichnisse. Bravais-Miller indices 
Bravaispunkte. Bravais points 
Bravektor. Bra vector 
Brechungseinhiillende. Diffraction evolute 
Brechungsgesetze. Refraction, laws of 
Brechungsindikatrix. Indicatrix of refraction 
Brechungskennziffer. Index of refraction 
Brechungsmuster. Diffraction patterns 
Brechungsstreuungsvermogen. Refractive dispersivity 
Brechungsvermogen. Refractivity 
Brechungswelle. Wave, refracted 
Brechungswinkel. Angle of refraction 
Bredtformeln. Bredt formulas 
Breit-Wigner-Formel. Breit-Wigner formula 
Bremspferdestarke. Brake horsepower 
Bremspotential. Potential, stopping 
Bremsthermische Wirksamkeit. Brake thermal effi¬ 

ciency 
Bremsvermogen. Stopping power 
Brennlinien. Focal lines 
Brennpunktabstand. Focal length 
Brennpurtkte. Focal points 
Brewsters Gesetz. Brewster’s law 
Brewsters Winkel. Brewster’s angle 
Brillouinfunktion. Brillouin function 
Brouwers Festpunktlehrsatz. Brouwer fixed point 

theorem 
Bruchabstammungsbeiwert. Fractional parentage co¬ 

efficient 
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Bruchlinientheorie. Rupture line theory 
Bruchmodul. Modulus of rupture 

Buchstabenrechnungsfaktorenlehrsatz. Factor theorem 
of algebra 

Bucht. Bay 

Buckinghampotential. Buckingham potential 
Budanlehrsatz. Budan theorem 
Burgers-Material. Burgers material 
Burgersvektor. Burgers vector 
Burnettgleichungen. Burnett equations 
Busemanns Nebenordnungtheorie. Busemann’s second- 

order theory 

Callier-Beiwert. Callier coefficient 
Caratheodorys Lehrsatz. Caratheodory’s theorem 
Caratheodorys Prinzip. Caratheodory’s principle 
Carnotisation. Carnotization 
Carnotscher Kreis. Carnot cycle 
Carnots Lehrsatz. Carnot’s theorem 
Castiglianos Lehrsatz. Castigliano's theorem 
Cauchy-Beziehungen. Cauchy relations 
Cauchy-Formel fur Refraktionsverzeichnis. Cauchy 

formula for refractive index 
Cauchy-Integrallehrsatz. Cauchy integral theorem 
Cauchy-lntegralformel. Cauchy integral formula 
Cauchy-Integralkonvergenzpriifung. Cauchy integral 

convergence test 
Cauchy-Konvergenzpriifung. Cauchy convergence test 
Cauchy-Problem. Cauchy problem 
Cauchy-Reihenfolge. Cauchy sequence 
Cauehy-Reimann-Gleichungen. Cauchy-Reimann 

equations 
Cauchy-Verteilung. Cauchy distribution 
Cayley-Klein-ZustandgroBe. Cayley-Klein parameter 
Cetanzahl. Cetane number 
Charakter. Character 
Charles-Gesetz. Charles’ law 
Chebyshevausdehnung. Chebyshev expansion 
Chebyshev-Polynome. Chebyshev polynomials 
Chebyshev-Quadratformel. Chebyshev quadrature for¬ 

mula 
Chebyshev-System. Chebyshev system 
Chebyshevungleichheit. Chebyshev inequality 
Chemische Konstante. Chemical constant 
Chemische Potentiale. Chemical potentials 
Chemisches Gleichgewicht. Chemical equilibrium 
Chemischer Stetigkeitszustand. Chemical stability con¬ 

dition 
Chios Methode. Chio’s method 
Chiquadrat. Chi-square 
Choleskis Methode. Choleski’s method 
Christoffelzeichen. Christoffel (3-index) symbols 
Chromatikdarstellung. Chromaticity diagram 
Chromatiknebengeordneten. Chromaticity coordinates 
Chronologwirkender. Chronological operator 
C-Kreislauf. C-circuit 
Clairaut-Gleichung. Clairaut equation 
Clapeyrons Lehrsatz. Clapeyron’s theorem 
Clausius. Clausius 
Clausiusbedingung. Clausius’ condition 
Clausius-Clapeyron-Gleichung. Clausius-Clapeyron 

equation 
Clausius-DifTerentialgleichung. Clausius’ differential 

equation 
Clausius-Integral. Clausius’ integral 
Clausius-Mossotti-Gleichung. Clausius-Mossotti equa¬ 

tion 

Clausius-Ungleichheit. Clausius’ inequality 
Clausius-Zustandsgleichung. Clausius’ equation of 

state 
Coanda-Wirkung. Coanda effect 
Cochrans Lehrsatz. Cochran’s theorem 
Coddingtons Gestalt- und Stellungsfaktoren. Codding- 

ton shape and position factors 
Comptoneffekt. Compton effect 
Condonparabel. Condon parabola 
Conwel I-Weisskopf-Formel. Conwell-Weisskopf for¬ 

mula 
Coriolis Beschleunigung. Coriolis acceleration 
Corioliskraft. Coriolis force 
Coriolis Nebenveranderliche. Coriolis parameter 
Cornu-Spirale. Cornu spiral 
Cotton-Mouton-Gesetz. Cotton-Mouton law 
Cramers Regel. Cramer’s rule 
Croccos Lehrsatz. Crocco’s theorem 
Crouts Methode. Crout’s method 
Curie. Curie 
Curiegleichung. Curie’s equation 
Curietemperatur. Curie temperature 
Curie-Weiss-Gesetz. Curie-Weiss law 

D’Alembertsche. D’Alembertian 
D’Alembertsche Priifung. D’Alembert test 
D’Alembertsches Prinzip. D’Alembert’s principle 
Daltons Gesetz. Dalton’s law 
Dampfdruck der idealen Losungen. Vapor pressure of 

ideal solutions 
Dampfdruckgleichung. Vapor pressure equation 
Dampfdruck in vollkommenen Losungen. Vapor pres¬ 

sure in perfect solutions 
Dampfung. Damping 
Dampfungsfaktor. Attenuation factor 
Dampfungsverhaltnis. Damping ratio 
Dancoffsche Verbesserungen. Dancoff corrections 
Dandelins Methode. Dandelin’s method 
Darbouxvektor. Darboux vector 
Darcys Gesetz. Darcy’s law 
Darstellungsfaktor. Diagram factor 
Darstellungsrang. Graph rank 
Darstellungsstatistik. Graphical statics 
Darstellungsverbindung. Graph connectivity 
Dauerbalken. Beam, continuous 
Dauerfunktion. Continuous function 
Dauersysteme. Continuous systems 
Debye-Fluckel-Gleichung. Debye-Hiickel equation 
Debysche Einheit. Debye unit 
Debysche Energie. Debye energy 
Debysche Frequenz. Debye frequency 
Debysche Gleichung. Debye equation 
Debysche Gleichung fur Warmekapazitat. Debye heat 

capacity equation 
Debysche Theorie der Kristallschwingungen. Debye 

theory of crystal vibrations 
Debysche Wirkung. Debye effect 
Debye-Temperatur. Debye temperature 
Deck wort. Code 
Dedekindschnitt. Dedekind cut 
Deformierungspotential. Deformation potential 
Deformierungstheorie der Plastizitat. Deformation 

theory of plasticity 
Dehnbarkeitsmodul. Modulus of elasticity 
Deltafliigel. Delta wing 
Deltaquadratsverfahren. Delta-square process 
De Moivre-Gleichheit. De moivre identity 
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De Moivre-Laplace-Lehrsatz. De moivre-Laplace 
theorem 

Descartes-Vorzeichenregeln. Descartes rule of signs 
Dezibel. Decibel 
Dezimalrechner. Digital computer 
Dezimalstelle. Decimal 
Dezimalstellen. Significant figures 
Diagonalspannung. Diagonal tension 
Diakaustisch. Diacaustic 
Diamagnetismus. Diamagnetism 
Diapunkt. Diapoint 
Diatherman. Diathermanous 
Diatherme Wand. Diathermal wall 
Dicht. Dense 
Dichtbindende Annaherung. Tight binding approxima¬ 

tion 
Dichtheit. Density 
Dichtheitsmatrize. Density matrix 
Dickemuster. Thickness pattern 
Dickfliissigkeit. Viscous fluid 
Didos Problem. Dido’s problem 
Dielektrischer Verlustfaktor. Loss factor, dielectric 
Dienstlich. Functional 
Differential. Differential 
Differentialgleichung. Differential equation 
Differentialzergliederer. Differential analyzer 
Differenzierung. Differentiation 
Differenzierung unter dem Integralvorzeichen. Dif¬ 

ferentiation under the integral sign 
Diffusionsabkiihlung. Diffusion cooling 
Diffusionsgeschwindigkeit. Diffusion velocity 
Diophantingleichungen. Diophantine equations 
Dirac-Elektronentheorie. Dirac electron theory 
Diracgleichung. Dirac equation 
Diractater. Dirac operators 
Direkte Methoden. Direct methods 
Direkter Spiegelungsfaktor. Direct reflectance 
Direktprodukt (von Untergruppen). Direct product (of 

subgroups) 
Direktrix einer Linearoberflache. Directrix of a ruled 

surface 
Direktsumme. Direct sum 
Dirichletintegral. Dirichlet integral 
Dirichletprinzip. Dirichlet principle 
Dirichletreihe. Dirichlet series 
Diskriminante. Discriminant 
Divergenzverlust (Schall) Divergence loss (sound) 
Doolittle-Methode. Doolittle method 
Doppelbindungspaarung. Conjugation of double bonds 
Doppeldarstellungen. Graphs, dual 
Doppelgliedbeiwert. Binomial coefficient 
Doppelgliedlehrsatz. Binomial theorem 
Doppelgliedrige Verteilung. Binomial distribution 
Dopplerintegrationsverfahren. Double integration pro¬ 

cedure 
Doppelkantensaule. Biprism 
Doppellinearform. Form, bilinear 
Doppellinie. Doublet 
Doppelpolige Nebengeordneten. Bipolar coordinate 
Dopplerbreite. Doppler width 
Dopplerschallwirkung. Doppler effect for sound 
Dopplerwirkungen. Doppler effects 
Doppelspanner. Tensor, double 
Doppelstrahlungsbrechung. Double refraction 
D-Quadratstatistik. D2-statistic 
Drallkurve. Twisted curve 
Drallmoment. Torque 
Drehungsfreier Vektor. Vector, irrotational 

Drehungsfreie Stromung. Irrotational flow 
Drei-achtel-Regel. Three-eights rule 
Dreianregungswerte. Tristimulus values 
Dreieckmatrize. Triangular matrix 
Dreieckslehre. Trigonometry 
Dreieckslehrefunktion. Trigonometric function 
Dreifachpunkt. Triple point 
Dreifachschragmatrize. Triple-diagonal matrix 
Dreifachvektorenprodukt. Triple product of vectors 
Dreifarbeneinheiten. Trichromatic units 
Dreifarbensystem. Trichromatic system 
Dreiklinisches System. Triclinic system 
Dreizehnmomentannaherung. Thirteen moment approx¬ 

imation 
Drittes Gesetz der Thermodynamik. Third law of 

thermodynamics 
Druckbeiwert. Pressure coefficient 
Drucklinie. Pressure line 
Druckmittelpunkt. Center of pressure 
Drude-Gleichung. Drude equation 
Duane-und-Hunt-Gesetz. Duane and Hunt law 
Duffin-Kemmer-Matrizen. Duffin-Kemmer matrices 
Duhamelsintegral. Duhamel’s integral 
Duhem-Margules-Gleichung. Duhem-Margules equa¬ 

tion 
Duhems Lehrsatz. Duhem’s theorem 
Dunn-Tragflugel-Theorie. Thin-airfoil theory 
Durchbiegung. Deflection, flexure 
Durchbiegungskurve. Deflection curve 
Durchdringbarkeit. Permeability 
Durchdringungsfahigkeit. Perveance 
Durchgangserwiderung eines dynamischen Systems. 

Transient response of a dynamical system 
Durchhangssteifheit. Rigidity, flexural 
Durch Parallelrohre geleitet. Parallelepiped 
Durchschallkurvengleichungen. Hodograph equations, 

transonic 
Durchschnittsgeschwindigkeit. Velocity, average 
Durchschnittsleben. Life, mean 
Durchstromungsgaze. Gauze, flow through 
Durchwackeln. Wave through 
Durftigkeitsverhaltnis. Slenderness ratio 
Dyadik. Dyadics 
Dyadiktater. Dyadic operator 
Dyadisches Ebenmass. Symmetry, dyad 
Dynamik. Dynamics 
Dynamikahnlichkeit. Dynamical similarity 
Dynamikdruck. Dynamic pressure 
Dynamikgleichungen von Lichtstrahlungen. Dynamical 

equations of light rays 
Dynamikladung. Dynamic loading 
Dynamische Oberflachenspannung. Dynamical surface 

tension 
Dynamisches Gleichgewicht. Equilibrium, dynamic 
Dynamisches Treibsystem. Driving system, dynamic 
Dyson-Vertretung. Dyson representation 

Earnshaw-Lehrsatz. Earnshaw theorem 
Ebenenbewegung. Plane motion 
EbenmaBachse. Symmetry, axis of 
EbenmaBeigenschaften der Molekulareigenfunktionen. 

Symmetry properties of molecular eigenfunctions 
EbenmaBeigenschaften oder Normalschwingungen in 

Molekulen. Symmetry properties or normal vibrations 
in molecules 

EbenmaBelement. Symmetry element 
EbenmaBklassen. Symmetry classes 
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EbenmaB- und Quantenmechanik. Symmetry and 
Quantum mechanics 

Ebenma(3zentrum. Symmetry, center of 
Ebenverlegung in wasserstoffahnlichen Atomen. Level 

displacements in hydrogen-like atoms 
Ebenweite. Level width 
Echter Bruchteil. Proper fraction 
Edgeworth-Reihen. Edgeworth's series 
Effektive Kraft. Force, effective 
Effektive Linsenkraft. Effective power of a lens 
Effektiver Halbmessereines Bedienungsgestanges. Radius, 

effective, of control rod 
Effektive Wellenlange. Effective wavelength 
Effektivgeschwindigkeit. Velocity, effective 
Effektivtiefe. Depth, effective 
Effektivweite. Width, effective 
Ehrenfests adiabatisches Gesetz. Ehrenfest adiabatic law 
Ehrenfests Beziehungen. Ehrenfest’s relations 
Ehrenfests Lehrsatz. Ehrenfest theorem 
Eigenfunktion. Eigenfunction 
Eigenfunktion. Characteristic function 
Eigentliche Masse. Virtual mass 
Eigentlicher Zustand. Virtual state 
Eigentliches Quantum. Virtual quantum 
Eigentliche Temperatur. Virtual temperature 
Eigenunterdarstellung. Subgraph, proper 
Eigenvektoren. Eigenvectors 
Eigenwarme der Gase. Specific heats of gases 
Eigenwert. Eigenvalue 
Eigenwerte. Eigenvalues 
Eigenwertgleichung eines Spanners. Eigenvalue equa¬ 

tion of tensor 
Eigenzustand. Eigenstate 
Eikonal. Eikonal 
Eikonalgleichung. Eikonal equation 
Einbiegungspunkt. Inflection point 
Eindringliche Veranderlichen. Intensive variables 
Eindringungstiefe. Penetration depth 
Eindringungswahrscheinlichkeit (Durchdringungsver- 

mogen). Penetration probability (penetrability) 
Einfache harmonische Bewegung. Simple harmonic 

motion 
Einfacher Balken. Beam, simple 
Einfaches Pendel. Pendulum, simple 
Einfache Welle. Simple wave 
Einfachgittertrager. Truss, simple 
Eingerichteter Kreislauf. Circuit, oriented 
Einheitensystem. Units, system of 
Einheitlich. Homogeneous 
Einheitliche Lorentzumwandlung. Homogeneous 

Lorentz transformation 
Einheitliche Verwirbelung. Turbulence, homogeneous 

Einhiillende. Evolute 
EinlaB. Admittance 
EinschlieBliche Funktion. Implicit function 
Einsteins Eigenwarmefunktion. Einstein specific heat 

function 
Einsteins photoelektrische Gleichung. Einstein photo¬ 

electric equation 
Einsteins Obergangswahrscheinlichkeiten. Einstein 

transition probabilities 
Einsteins Warmekapazitatgleichung. Einstein heat 

capacity equation 
Einsteinverdichtung. Einstein condensation 
Einwertige Bewegung. Uniform motion 
Einwertige Bewegung in einem Kreis. Uniform motion 

in a circle 
Einwertige Punktoberflache. Uniform point source 

Einwirkungsbeiwerte. Influence coefficients 
Einwirkungslinie. Influence line 
Einzelausgleichungsprinzip. Detailed balancing, prin¬ 

ciple of 
Einzelfaktorisationslehrsatz. Unique factorization 

theorem 
Einzigartig. Singular 
Einzigtater. Unitary operator 
Eisenbeton. Concrete, reinforced 
Eisenmagnetischer Widerhall. Ferromagnetic resonance 
Ekmanspirale. Ekman spiral 
Elastische Achse. Elastic axis 
Elastische Nachwirkung. After effect, elastic 
Elastischer Aufprall. Impact, elastic 
Elastische Wellen in Korpern. Waves, elastic, in solids 
Elastische Wellen in Platten. Waves, elastic, in plates 
Elastische Wellen in Stangen. Waves, elastic, in rods 
Elastisches Zentrum. Elastic center 

Elektrische und magnetische Induktanz. Induction, 
electric and magnetic 

Elastizitatsgewichte. Elastic weights 
Elastizitatsgrenze. Elastic limit 
Elastizitatsgrundlage. Elastic foundation 
Elastizitatskonstanten. Elastic constants 
Elastizitatskurve. Elastic curve 
Elastizitatsladungsmethode. Elastic load method 
Elektrische Dielektrikverschiebung. Electrical displace¬ 

ment in dielectrics 
Elektrische Kapazitat. Electrical capacitance 
Elektrische oder magnetische Scherungswellen. Trans¬ 

verse waves (electric or magnetic) 
Elektrischer Strom. Current, electric 
Elektrisches Potential. Potential, electric 
Elektrischer Zweipol. Dipole (electrical) 
Elektrisch-mechanischer Austauschlehrsatz. Electrical- 

mechanical reciprocity theorem 
Elektrizitatsaustauschlehrsatz. Electrical reciprocity 

theorem 
Elektrizitatssystem. Electrical system 
Elektrizitatswiderstand. Electrical resistance 
Elektroakustischer Wechselseitigkeitslehrsatz. Reci¬ 

procity theorem, electroacoustical 
Elektrochemisches Potential. Electrochemical potential 
Elektromagnetische Konstante. Electromagnetic con¬ 

stant 
Elektromagnetischer Wechselseitigkeitslehrsatz. Reci¬ 

procity theorem, electromagnetic 
Elektromagnetisches Treibsystem. Driving system, elec¬ 

tromagnetic 
Elektromagnetische Einheiten. Electromagnetic units 
Elektronische Arbeitsfunktionen. Work functions, 

electronic 
Elektromotorische Kraft. Electromotive force 
Elektronenenergie (klassische) Electron energy (classi¬ 

cal) 
Elektronengestalt. Configuration, electronic 
Elektronenkonfiguration. Electron configuration 
Elektronenmetalltheorie. Electron theory of metals 
Elektronenverwandtschaft. Electron affinity 
Elektronenspinn. Electron spin 
Elektroneutralitat. Electroneutrality 
Elektronische Eigenwarme. Electronic specific heat 
Elektronische Molekiilspektra. Electronic spectra of 

molecules 
Elektronkreisbahnen in einem Atom. Electron orbits 

in an atom 
Elektron-Optik-Linsengleichung. Electron-optical lens 

equation 
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Elektronschalen in einem Atom. Electron shells in an 
atom 

Elektronvolt. Electron-volt 
Elektrostatisches Treibsystem. Driving system, electro¬ 

static 
Element. Element 
Elementar. Elementary 
Elementarsystem. Elementary system 
Elementeeinheit. Unit element 
Ellipsenbelasteter Fliigel. Elliptically-loaded wing 
Ellipsenintegral. Elliptic integral 
Ellipsenpunkt. Elliptic point 
Ellipsenteildifferntialgleichung. Elliptic partial dif¬ 

ferential equation 
Ellipsentragheit. Inertia ellipsoid 
Ellipsenzylindernebengeordnete. Elliptic cylindrical co¬ 

ordinate 
Ellipsoidalnebengeordnete. Ellipsoidal coordinate 
Ellipsoide. Ellipsoid 
Elliptische Funktion. Elliptic function 
Elliptische Gleichung. Elliptic equation 
Empfindsamkeit. Sensitivity 
Endliche Amplitudegleichungen. Finite amplitude 

equations (acoustic) 
Endliches Kegelhorn. Horn, finite conical 
Endliches Potenzhorn. Horn, finite exponential 
Endliches Zylinderhorn. Horn, finite cylindrical 
Endmoment. Moment, end 
Endpunktmethode. End-point method 
Endscheitelpunkt. Vertex, terminal 
Engwiderschallmuster. Narrow resonance model 
Energie. Energy 
Energie des N-Teilchensystems. Energy of n-Particle 

system 
Energiegleichung zum gleichmafligen adiabatischen 

Stromungsverlauf. Energy equation for steady adia¬ 
batic flow 

Energielucke. Energy gap 
Energiendicke einer Grenzschicht. Energy thickness of 

boundary layer 
Energienerhaltung. Conservation of energy 
Energienerhaltung. Energy conservation 
Energiengleichverteilung. Equipartition of energy 
Energienintegral. Energy integral 
Energienmomentumspanner. Energy-momentum tensor 
Energienniveaudarstellung. Energy level diagram 
Energienriickversetzung. Degradation of energy 
Energienverhaltnisse in einem einwertigen Kraftfeld. 

Energy relations in uniform force field 
Energienverteilung. Distribution in energy 
Ensemble. Ensemble 
Ensembledichte. Ensemble density 
Enskog-Maxwell-Anderungsgleichungen. Enskog- 

Maxwell equations of change 
Enskogreihen zur Losung der Boltzmanngleichung. 

Enskog’s series for the solutions of the Boltzmann 
equation 

Enskogtheorie. Enskog’s theory 
Entartetes Elektronengas. Degenerate electron gas 
Entartetes Leitungsband. Degenerate conduction band 
Entartetes Schwingungssystem. Degenerate oscillating 

system 
Entartungsebenen. Degenerate levels 
Entartungsgas. Degenerate gas 
Entartungstemperatur. Degeneracy temperature 
Entartungszustand. Degenerate state 
Entfremdung. Alienation 
Enthiillung. Exposure 

Enthiillung-Dichte-Verhaltnis. Exposure-density 
relationship 

Enthaltsamkeit. Constraint 
Entleerung. Deflation 
Entlokalisierungsenergie. Delocalization energy 
Entropie eines Monatomgases. Entropy of monatomic 

gas 
Entropiekonstante. Entropy constant 
Entscheidungsfunktion. Decision function 
Entspannung. Relaxation 
Entspannungsbenehmen. Relaxation behavior 
Entspannungsfrequenz. Relaxation frequency 
Entspannungslange. Relaxation length 
Entspannungsmodul. Modulus, relaxation 
Entspannungsphanomene. Relaxation phenomena 
Entspannungszeit. Relaxation time 
Entsprechende Zustande. Corresponding states 
Entsprechungsprinzip. Correspondence principle 
Entweichungsgeschwindigkeit. Escape velocity 
Epsilonsystem. Epsilon-system 
Erdachsenschwankung. Nutation 
Erdbebenskalen. Earthquake scales 
Erdbeschleunigung. Acceleration of gravity 
Erdwirkung auf ein Flugzeug. Ground effect on air¬ 

plane 
Erfrieren in Freiheitsgraden. Freezing in of degrees of 

freedom 
Erganzung. Complement 
Erganzungsenergie. Complementary energy 
Erganzungsfunktion einer Lineardifferentialgleichung. 

Complementary function of a linear differential equa¬ 
tion 

Ergiebigkeitsgrenze. Limit, yield 
Ergodische Hypothese. Ergodic hypotheses 
Ergodizitat. Ergodicity 
Erhaltungskraft. Conservative force 
Erhaltungskraftgebiet. Force field, conservative 
Erhellung. Illuminance 
Erlaubter Ubergang. Transition, allowed 
Ermiidung. Fatigue 
Erneuerungstheorie. Renewal theory 
Errechnungsgefiige. Determinate structure 
Erregungskurve. Excitation curve 
Ersatzelektronen. Equivalent electrons 
Ersatzgruppenvertretungen. Equivalent representations 

of groups 
Ersatzkraftsysteme. Equivalent force systems 
Erschtitterung-Ausdehnung-Theorie. Shock-expansion 

theory 
Erschiitterungspunkt. Percussion, center of 
Erschtitterungswelle. Wave, shock 
Erschiitterungswellengrenzschichtzwischenwirkung. 

Shock-wave boundary-layer interaction 
Erste Beittizahl. First beitti number 
Erster Brennpunkt. First focal point 
Erster Fundamentallehrsatz. First fundamental theorem 
Erster Grenzlehrsatz. First limit theorem 
Erster Scheitelpunkt. Vertex, initial 
Erstes Gesetz der Thermodynamik. First law of thermo¬ 

dynamics 
Erstflugentweichungswahrscheinlichkeit. Escape prob¬ 

ability, first flight 
Ertragsbedingung. Yield condition 
Ertragsoberflache. Surface, yield 
Erwartung. Expectation 
Erwartungswert. Expectation value 
Erwiderungsvermogen. Responsitivity 
Erwiderungszeit. Response time 



1089 Erzeugungsfunktion — Franck 

Erzeugungsfunktion. Generating function 
Erzeugungsverhaltnis. Generation rate 
Erzeugungswirkender. Creation operator 
Erzeugungszeit. Generation time 
.E-System. e-System 

Euckenverbesserung. Eucken correction 
Euklidischer Algorithmus. Euclidean algorithm 
Euklidischer Raum. Euclidean space 

Euler-Lagrange-Gleichungen. Euler-Lagrange equa¬ 
tions 

Eulerbewegungsgleichungen. Euler equations of motion 
Eulergleichung. Euler equation 

Eulerknicklasten fur Saulen. Euler Buckling loads for 
columns 

Eulerkonstante. Euler constant 
Eulerlehrsatz fur einheitliche Funktionen. Euler 

theorem for homogeneous functions 
Eulerlehrsatz iiber Normalkrummung. Euler theorem 

on normal curvature 

Euler-Maclaurin-Formel. Euler-Maclaurin formula 
Euler-Mascheroni-Konstante. Euler-Mascheroni con¬ 

stant 

Eulermethode zur LosungeinergewohnlichenDifferential- 
gleichung. Euler method for solving an ordinary 
differential equation 

Euler-Rodrigues-Nebenveranderliche. Euler-Rodriques 
parameter 

Eulersche Analysenmethode. Eulerian method of 
analysis 

Eulersche Summenformel. Euler Summation formula 
Eulerumwandlung. Euler transformation 
Everett-Interpolationsformel. Everett interpolation 

formula 
Evjen-Methode. Evjen method 
Evolvente einer Kurve. Involute of a curve 
Evolvente einer Oberflache. Involute of a surface 
Exothermriickwirkung. Exothermic reaction 
Experimentenentwurf. Design of experiments 
ExponentanschluB. Exponential connector 
Exponentverteilung. Exponential distribution 
Extrapolierung. Extrapolation 
Exzenterladung. Eccentric loading 
Eykmanformel. Eykman formula 
Eyringtheorie der Beforderungsvorgange. Eyring 

theory of transport processes 
F-Zahl. e, the number 

Fagazitat. Fagacity 
Faktorenanalyse. Factor analysis 
Faktorenbeiwerte. Factorial coefficients 
Faktorengruppe. Factor-group 
Faktorensteifheitsbeiwerte. Stiffness coefficients, factor 
Fanglange. Mixing length 
Faradaywirkung. Faraday effect 
Faserbetonung. Fiber stress 
Farbdreieck. Color triangle 
Farbe. Color 
Farbgleichung. Color equation 
Farbkorper. Color solid 
Farbraum. Color space 
Farbtemperatur. Color temperature 
Farbanreizfunktion. Color stimulus function 
Fechnerbruchteil. Fechner fraction 
Feder. Spring(s) 
Federkonstante. Spring constant 
Fedrigkeit. Resilience 
Fehler. Error 

Feingefuge. Fine structure 
Fehlgriff. Blunder 
Feinverteilung. Dispersion 
Feinverteilungsformel. Dispersion formula 
Feinverteilungskrafte. Dispersion forces 
Feldkrummung. Curvature of field 
Feldquantisierung. Field quantization 
Feldstrahlung. Field ray 
Feldtheorie. Field theory 
Feldtiefe. Depth of field 
Fermi. Fermi 
Fermialtersgleichung. Age equation, fermi 
Fermi-Betazerfalltheorie. Fermi theory of beta decay 
Fermi-Dirac-Statistik. Fermi-Dirac statistics 
Fermi-Dirac-Verteilungsfunktion. Fermi-Dirac distribu¬ 

tion function 
Fermiebene. Fermi level 
Fermienergie. Fermi energy 
Fermikonstante. Fermi constant 
Fermion. Fermion 
Fermitemperatur. Fermi temperature 
Fermiwiderschall. Fermi resonance 
Feste Endmomente. Fixed-end moments 
Festpunkte. Fixed points 
Feststehender oder Encastre-Balken. Beam, fixed-ended 

or encastre 
Feuchtigkeit. Humidity 
Feynmans Methode. Feynman’s method 
Feynmans Positrontheorie. Feynman’s positron theory 
Ficksches Zerstreuungsgesetz. Diffusion, Fick law 
Fisherverteilung. Fisher’s distribution 
Fisher-Yates-Prufung. Fisher-Yates test 
Flachenmesser. Planimeter 
Flachraumzeit. Flat space-time 
Flachrund. Oblate 
Flachrunde Kugelkoordinaten. Oblate spheroidal co¬ 

ordinates 
Flattern. Flutter 
Floquet-Lehrsatz. Floquet theorem 
Fluchtlinietafel Oder Nomogramm. Nomograph or 

nomogram 
Fliigel des Kleinaspektverhaltnisses. Wings of small 

aspect ratio 
Fltigelgebiet eines Flugzeugs. Wing area of airplane 
Flugzeugauffiihrung. Airplane performance 
Flugzeugbestandigkeit. Airplane stability 
Flugzeugenergiegleichung. Airplane energy equation 
F-Nummer. /-Number 
Fokker-Plancic-Gleichung. Fokker-Planck equation 
Foldy-Wouthuysen-Vertretung. Foldy-Wouthuysen 

representation 
Form. Form 
Formen der Wellengleichung. Wave equation, forms of 
Formparameter zur Wirbelgrenzschicht. Form para¬ 

meter for turbulent boundary layer 
Fortfiihrer. Continuant 
Fortgesetzte Bruchteile. Continued fractions 
Fortgetragene Warme. Heat carried away 
Fortpflanzung. Convection 
Fortschrittswellen. Waves, progressive 
Fortsetzungsgleichung. Equation of continuity 
Foucaults Pendel. Pendulum, Foucault’s 
Fourier-Bessel-Umwandlung. Fourier-Bessel transform 

Fouriergesetz. Fourier’s law 
Fourierreihen. Fourier series 
Fourierumwandlung. Fourier transform 
F-Priifung. F-test 
Franck-Condon-Prinzip. Franck-Condon principle 
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Franklin-Gleichung. Franklin equation 
Fredholm-Bestimmungszahl. Fredholm determinant 
Fredholm-Gleichung. Fredholm equation 
Fredholmlehrsatz fur Integralgleichungen. Fredholm 

theorem for integral equations 
Freienergie der Keimbildung. Free energy of germ 

formation 
Freie oder natiirliche Schwingungen. Oscillations, free 

or natural 
Freie Stromlinien. Free streamlines 
Freies Wertigkeitsverzeichnis. Free valence index 
Freigebiet. Field, free 

Freiheitsgrade. Degrees of freedom 

Freikennziffer. Index, free 
Freikorperdarstellung. Free-body diagram 
Freimassenpunktdynamik. Dynamics of a free mass 

point 
Freimolekiilstromung. Free-molecule flow 
Freischwingungen von ungedampften Systemen. Free 

vibrations of undamped systems 
Frenkelschaden. Frenkel defect 
Frequenzerwiderung. Frequency response 
Frequenzerwiderungsvertretung. Frequency response 

representation 
Frequenzfaktor. Frequency factor 
Fresnelgleichungen. Fresnel equations 

Frobeniusmethode. Frobenius method 
Froudesche Momentumtheorie. Froude momentum 

theory 
Froudesche Zahl. Froude number 

Fuchslehrsatz. Fuchs theorem 
Ftihrungsrandpulszeit. Pulse time, leading-edge 
Fundamentaleinheit. Unit, fundamental 
Fundamentaler Kovariantspanner. Fundamental co¬ 

variant tensor 

Fundamentalkreislaufe. Circuits, fundamental 

Funktion. Function 
Funktion der Wahrscheinlichkeitsdichte. Probability 

density function 

FuB-Kerze. Foot-candle 

Gabelreihe. Brackett series 
Galileanumwandlung. Galilean transformation 
Galvanomagnetische und thermomagnetische Wirkungen. 

Galvanomagnetic and thermomagnetic effects 
Gamma. Gamma 
Gammafunktion. Gamma function 
Gammaraum. Gamma space 
Gammaverbesserung. Gamma correction 
Gammaverteilung. Gamma distribution 
Gammawert. Gamma-value 
Gaskonstante. Gas constant 
Gasstromung in einem Mundstiick. Nozzle, flow of gas 

in 
Gattung. Species 
Gaussebene. Gauss plane 
Gauss-Markov-Lehrsatz. Gauss-Markov theorem 
Gauss'sche Ausschaltung. Gaussian elimination 
Gauss’sche Eingabeln. Gaussian brackets 
Gauss’sche Formeln. Gauss’ formulas 
Gauss’sche Hypergeometriegleichung. Gauss’ hyper¬ 

geometric equation 
Gauss’sche Interpolationsformeln. Gaussian interpola¬ 

tion formulas 
Gauss'sche Linsengleichungen. Gaussian lens equations 
Gauss’sche Optik. Gaussian optics 

Gauss’sche Quadraturformel. Gaussian quadrature 

formula 
Gauss’scher Kern. Kernel, Gaussian 
Gauss’scher Wolbungslehrsatz. Gauss’ theorem on 

curvature 
Gauss'sches Normalschwerkraftgesetz. Gauss’ law of 

normal gravitational force 
Gauss'sches Prinzip der geringsten Enthaltsamkeit. 

Least constraint, Gauss principle of 
Gauss’sche Wellengruppe. Gaussian wave group 
Gauss-Seidel-Methode. Gauss-Seidel method 
Gauss- und Codazzi-Gleichungen. Equations of Gauss 

and Codazzi 
Gaussverteilung. Gaussian distribution 
Gaviolas Atzpriifung. Gaviola’s caustic test 
G-Dauerregel. ^-Permanence rule 
Gebiet. Field 
Gebiet der bewegenden Zwischenraumladung. Field of 

moving charge in space 
Gebietmoment der Tragheit. Inertia, area moment of 
Gebietsgeschwindigkeit. Velocity, areal 
Gebietsprodukt der Tragheit. Inertia, area product of 
Gebietsverminderung. Reduction in area 
Geblase. Blower 
Gebogen. Bent 
Gebunden. Bound 
Gebundene Veranderung. Variation, bounded 
Gebundener Bogen. Tied arch 
Geburt- und Tod-Vorgang. Birth-and-death process 
Gedampfte Schwingungen. Vibrations, damped 
Gedrangt. Compact 
Geeignete Lorentz-Umwandlung. Proper Lorentz trans¬ 

formation 
Gee-Pfund. Gee-pound 
Gefallekupplung. Gradient coupling 
Gefieder. Plume 
Gefiigefaktor. Structure factor 
Gegenableitung einer Funktion. Antiderivative of a 

function 
Gegenbauerfunktion. Gegenbauer function 
Gegenbindendes Kreisbahnglied. Orbital, antibonding 
Gegeneinheitlicher Tater. Anti-unitary operator 
Gegeneisenmagnetismus. Antiferromagnetism 
Gegenhauptpunkte. Anti-principal points 
Gegenlineartater. Anti-linear operator 
Gegenlogarithmus einer Nummer. Antilogarithm of a 

number 
Gegenmitteilung. Anticommutation 
Gegenresonanz. Antiresonance 
Gegensatz. Contrast 
Gegenstrombauchpunkte. Anti-nodal points 
Gegensymmetrisch. Antisymmetric 
Gegensymmetrische Wellenfunktion. Antisymmetric 

wave function 
Gegenumschaltungsregeln. Anti-commutation rules 
Gegenveranderungsvektor. Vector, contravariant 
Gegenzykloneverwirbelung. Anticyclonic vorticity 
Gehormesserschrieb. Audiogram 
Geiger-Nutall-Verhaltnis. Geiger-Nutall relation 
Gelenkemethode. Joints, method of 
Gemeinschaftliche Wirksamkeit. Joint efficiency 
Gemischte Kennfunktion. Mixed characteristic func¬ 

tion 
Genau. Exact 
Genauigkeit. Accuracy, precision 
Geniige. Sufficiency 
Geodatische Ellipse. Geodesic ellipse 
Geodatische Hyperbel. Geodesic hyperbola 
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Geodatische Linie. Geodesic line 

Geodatische Nebengeordneten. Geodesic coordinates 
Geodatische Parallelen. Geodesic parallels 

Geodatische Polarkoordinaten. Geodesic polar co¬ 
ordinates 

Geodatischer Kreis auf einer Oberflache. Geodesic 
circle on a surface 

Geodatischer Tangens. Geodesic tangent 
Geodatisches Dreieck. Geodesic triangle 
Geodatische Wdlbung. Geodesic curvature 
Geometrie. Geometry 
Geometriefaktor. Geometry factor 
Geometrieoptik. Geometrical optics 

Geometrischer EnergienfluB. Geometrical energy flux 
Geometrieverzerrung. Geometric distortion 
Geometrisches Mittel. Geometric mean 
Geostrophische Beschleunigung. Geostrophic accelera¬ 

tion 

Geostrophische Kraft. Geostrophic force 
Geostrophischer Wind. Geostrophic wind 
Geostrophische Wirbelung. Geostrophic vorticity 
Geradefunktionen. Even function 
Geradeglied eines Atoms. Even term of an atom 

Gerade oder ungerade Vertauschung. Permutation, 
even or odd 

Geradlinig. Linear 

Geradlinige Bewegung. Rectilinear motion 
Geradlinige Schallquelle. Straight line sound source 
Geradlinige Ubereinstimmung. Rectilineal compliance 
Geradlinige Unabhangigkeitsvektoren. Linearly inde¬ 

pendent vectors 

Gerechte Skala. Scale, just 

Geringstpotentialenergienlehrsatz. Potential energy, 
theorem or minimum 

Gesamtabkommling. Total derivative 
Gesamtablenkung der Kantensaule. Prism, total devia¬ 

tion of 

Gesamtaussendung. Total emissivity 
Gesamtbalken. Beam, composite 
Gesamtbestimmung. Total determination 
Gesamtfunktion. Entire function 
GesamtneutronenschmelzfluB. Flux, neutron, total 
Gesamtstrahlungstemperatur. Total radiation tempera¬ 

ture 

Gesamtiibertragung. Total transmittance 

Gesamtwolbung einer Linse. Curvature of lens, total 

Geschlossen. Closed 
Geschlossene Quadraturformel. Closed quadrature for¬ 

mula 

Geschlossener Randzug. Edge train, closed 
Geschlossene Schalen. Closed shells 
Geschlossene Systeme. Closed systems 
Geschmeidigkeit. Ductility 
Geschnittener Scheitelpunkt. Vertex, cut 
GeschoBtreibendes Pendel. Pendulum, ballistic 
Geschwindigkeit. Velocity 
Geschwindigkeitsprofil. Velocity profile 
Geschwindigkeitsschallpotential. Velocity potential of 

sound 
Gesetz der cntsprechenden Zustande. Corresponding 

states, law of 
Gesetz der Verbundwahrscheinlichkeit. Probability, 

law of compound 
Gesetz des wiederholten Logarithmus. Iterated logarithm, 

law of 
GesetzmaBige Einzigartigkeit einer Differentialgleichung 

Regular singularity of a differential equation 

GesetzmaBige Funktion einer Komplexveranderlichen. 
Regular function of a complex variable 

GesetzmaBige Losungen. Regular solutions 
Gesonderte Ordinatenmethoden. Discrete ordinates 

method 

Gesonderte Veranderliche. Discrete variate 
Gestaltanderung. Deformation 
Gestaltfaktor. Shape factor 

Gestalthitzekapazitat. Configurational heat capacity 
Gestaltraum. Configuration space 
Getreidegrenze. Grain boundary 
Getrennte Unterschiede. Divided differences 
Gewandtheit. Routine 
Gewicht. Weight 
Gewichtbruchteile. Weight fractions 
Gewichtsspanner. Tensor, weighted 
Gewinn. Gain 
Gewohnliche Differentialgleichung. Ordinary differen¬ 

tial equation 
Gewohnlicher Punkt. Ordinary point 
Gezwungene Schwingungen. Vibrations, forced 
Gibbs-Duhen-Gleichung. Gibbs-Duhen equation 
Gibbs-Helmholtz-Gleichungen. Gibbs-Helmholtz equa¬ 

tions 
Gibbs-Konovalov-Lehrsatze. Gibbs-Konovalov theo¬ 

rems 
Gibbs-Phanomen. Gibbs phenomenon 
Gibbs’sche Formel zur Oberflachenspannung. Gibbs 

formula for the surface tension 
Gibbs’sche Funktion. Gibbs function 
Gibbs-Teilungsoberflache. Gibbs division surface 
Gibbs-Widerspruch. Gibbs paradox 
Gitter. Lattice 
GittergroBen. Lattice dimensions 
Gitterkonstante. Lattice constant 
Gitterkristallenergie. Lattice energy of crystals 
Gittermuster. Lattice model 
Gittersumme. Lattice sum 
Gittertheorie der Elastizitatsbeiwerte. Elastic coeffi¬ 

cients, lattice theory of 
Gittertrager. Truss 
Givens-Methode. Givens method 
Gladstone-Dale-Gesetz. Gladstone-Dale law 
Glan-Thompson-Kantensaule. Glan-Thompson prism 
Glaseinwilligung. Compliance, glass 
Glasglanzender Zustand. Glassy state 
Glas-Kennzahl. Modulus, glass 
Glatteinwilligung. Compliance, shear 
Glatten. Smoothing 
Gleichdrucklinie. Isallobar 
Gleichebige Krafte. Forces, coplanar 
Gleichentferntc Alleen. Equidistant alleys 
Gleichenergisches Spektrum. Equi-energy spectrum 
Gleichfokal. Parfocal 
Gleichfortlaufend. Equicontinuous 
Gleichgewicht. Equilibrium 
Gleichgewichtskennzahl. Modulus, equilibrium 
Gleichgewichttheorie. Equilibrium theory 
Gleichgultige Umstande. Indifferent states 
Gleichheit. Identity 
Gleichlaufige Alleen. Parallel alleys 
GleichmaBkontrolle. Control, proportional 
Gleichtemperierte Skala. Scale, equally tempered 
Gleichung. Equation 
Gleichungen der flussigen Bewegungen. Equations of 

fluid motion 
Gleichungen der mathematischen Physik. Mathematical 

physics, equations of 



Gleichwertige — Hautreibung 1092 

Gleichwertige Pendellange. Pendulum, equivalent 
length of 

Gleichwertigkeit. Equivalence, parity 

Gleichzeitig meBbar. Simultaneously measurable 

Gleichzeitige Krafte. Forces, concurrent 
Gleichzustandsschwingung. Oscillation, steady-state 
Gleiseck. Parallelogram 

Gleiseck der Krafte. Forces, parallelogram of 
Glied. Link 
Gliedenergienzustand. Energy state, term 
Goertzel-Greuling-Annaherung. Goertzel-Greuling 

approximation 
Goertzel-Selengut-Methode. Goertzel-Selengut method 
Goldschmidts Gesetz. Goldschmidt’s law 

Gotherts Regel. Gothert’s rule 
Goudsmit-und-Uhlenbeck-Voraussetzung. Goudsmit 

and Uhlenbeck assumption 
Grad. Grade 

Gradmatrize. Matrix, degree 

Graeffe-Methode. Graeffe method 
Gram-Bestimmungszahl. Gram determinant 

Gram-Charlier-Reihen. Gram-Charlier series 
Gram-Schmidt-Verfahren. Gram-Schmidt process 
Grashofzahl. Grashof number 
Graukorper. Grey body 
Grauskala. Gray scale 

Greens Funktion. Green’s function 

Gregory-Formel. Gregory formula 
Gregory-Newton-Formel. Gregory-Newton formula 
Grenzanalyse- und Entwurf. Limit analysis and design 

Grenzfeld. Critical field 
Grenzgebiet. Critical region 

Grenzgesetz fiir Starkelektrolyte. Limiting law for 
strong electrolytes 

Grenzgeschwindigkeit. Speed, critical 
GrenzgroBe. Critical size 
Grenzlast. Limit load 

Grenzlehrsatze. Limit theorems 
Grenzmachzahl. Critical mach number 

Grenz- oder Plastizitatsmoment. Moment, limit or 
plastic 

Grenzschicht. Boundary layer 

Grenzschichtenergiengleichung. Energy equation for 
boundary layer 

Grenzschichttrennung. Separation of boundary layer 

Grenzspannung. Critical potential 

Grenzstarke. Ultimate strength 

Grenzwertproblem. Boundary value problem 

GroBdurchbiegung. Deflection, large 
GroBenwirkung. Size effect 

GroBkanonischensemble. Grand canonical ensemble 
GroBkennzahlgesetz. Law of large numbers 

GroBteilungsfunktion. Grand partition function 
Grundanreiz. Basic stimulus 

Grundbanden. Fundamental bands 

Grundlegungsmodul. Foundation modulus 

Grundmodus. Mode, fundamental 
Grundsatz der Entropiezunahme. Principle of entropy 

increase 

Grundschneidevorrichtungen. Cut sets, fundamental 

Grundwahrscheinlichkeitssatz. Fundamental prob¬ 
ability set 

Grundzustand. Fundamental state 
Gruneisen-Formel. Gruneisen formula 
Gruneisen-Konstante. Gruneisen constant 
Gruppe. Cluster, group 

Gruppenformige Phenomena in Gasen. Clustering 
phenomena in gases 

Gruppenentspannung. Group relaxation 
Gruppengeschwindigkeit. Group velocity 
Gruppengeschwindigkeit der Wellen. Waves, group 

velocity of 
Gruppenintegrale. Cluster integrals 
Gruppenkomplex. Complex of a group 
Gruppenvertretung. Representation of a group 
Gruppenvertretung und Quantenmechanik. Represen¬ 

tation of groups and quantum mechanics 
Gruppenzentrum. Center of a group 
G-Summenregel. £-Sum rule. 
Guests Ergiebigkeitsbedingung. Guest’s yield condition 
Gummiahnlicher Zustand. Rubbery state 

Haags Lehrsatz. Haag's theorem 
Haarrohrchenwirkung. Capillarity 
Haftvermogensenergie. Energy, cohesion 
Haftvermogenskrafte. Cohesion, forces of 
Halbdicke. Half-thickness 
Halbleben. Half-life 
Halbmesservektor. Vector, radius 
Halbweite einer Spektrallinie. Half-width of a spectral 

line 
Hallbeweglichkeit. Hall mobility 
Hallwinkel. Hall angle 
Hamilton-Bezeichnung. Hamilton's characteristic 
Hamilton-Cayley-Lehrsatz. Hamilton-Cayley theorem 
Hamiltonische Optikfunktion. Hamiltonian function of 

optics 
Hamiltonische Systemfunktion. Hamiltonian function 

of a system 
Hamilton-Jacobi-Teildifferentialgleichung. Hamilton- 

Jacobi partial differential equation 
Hamilton-Lehrsatz. Hamilton’s theorem 
Hamilton-Prinzip. Hamilton principle 
Handel-Umwandlung. Handel transform 
Hange-Wirbelwiderstand. Trailing-vortex drag 
Harmonische Bewegung. Harmonic motion 
Harmonische Funktion. Harmonic function 
Harmonische Progression. Harmonic progression 
Harmonischer Oszillator. Oscillator, harmonic 
Harmonisches Mittel. Harmonic mean 
Harmonische Welle. Wave, harmonic 
Harte. Hardness 
Hartkugelgas. Hard sphere gas 
Hartmann-Streuungsformel. Hartmann dispersion 

formula 
Hartree-Annaherung. Hartree approximation 
Hartree-Fock-Methode. Hartree-Fock method 
Hauptachse. Axis, principal 
Hauptanstellwinkel. Angle of principal incidence 
Hauptbetonung. Stress, principle 
Hauptebenen. Principal planes 
Hauptkristallabschnitt. Principal section of a crystal 
Hauptnormale. Normal, principal 
Hauptpunkte. Principal points 
Hauptpunkte eines optischen Systems. Cardinal points 

of an optical system 
Hauptreihe. Principal series 
Hauptrichtungen. Principal directions 
Hauptseitenwinkel. Angle of principal azimuth 
Hauptstrahlung. Principal ray 
Hauptvektor einer Matrize. Principal vector of a matrix 
Hauptwurzel. Principal root 
Hautreibung. Skin friction 
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Hauygesetz. Hauy law 

Heavisides Betriebsrechnung. Heaviside operational 
calculus 

Heavisides Einheitsfunktion. Heaviside unit function 
Heidenstatistik. Gentile statistics 
Heine-Borel-Lehrsatz. Heine-Borel theorem 
Heine-Formel. Heine formula 
Heisenberg-Bild. Heisenberg picture 
Heisenberg-Kraft. Heisenberg force 

Heitler-London-Wertigkeitstheorie. Heitler-London 
theory of valence 

Heisenbergs Bewegungsgleichung. Heisenberg equation 
of motion 

Heisenbergs Eisenmagnetismustheorie. Heisenberg 
theory of ferromagnetism 

Heisenberg-Vertretung. Heisenberg representation 

Heitler-London-Wasserstoffmolekiiltheorie. Hydrogen 
molecule, Heitler-London theory of 

Heizoberflache. Heating surface 
Hele-Shaw-Zelle. Hele-Shaw cell 
Helizitat. Helicity 
Helmholtzabkommling. Helmholtz derivative 
Helmholtzfunktion. Helmholtz function 
Helmholtzgleichung. Helmholtz equation 
Helmholtz-Ketteler-Formel. Helmholtz-Ketteler form¬ 

ula 
Helmholtzstromung. Helmholtz flow 
Helmholtzwellen. Helmholtz waves 
Hencky-Prandtl-Netz. Hencky Prandtl net 
Hennebergs Methode. Henneberg’s method 
Herbeigefiihrte Polarisierung. Induced polarization 
Herleitung. Derivative 
Hermann-Manguin-Symbole. Hermann-Manguin sym¬ 

bols 

Hermitebeigeordnete einer Matrize. Hermitian con¬ 
jugate of a matrix 

Hermitegleichung. Hermite equation 

Hermiteinterpolationsformel. Hermite interpolation 
formula 

Hermitepolynome. Hermite polynomials 

Hermitsche Matrize. Hermitian matrix 

Hermitscher Tater. Hermitian operator 
Herpolhode. Herpolhode 

Herschels Bedingung. Herschel’s condition 
Hertz. Hertz 
Hertzvektor. Hertz vector 
Herzbergers Streuungsformel. Herzberger's dispersion 

formula 
Hessesch. Hessian 
Hessesche Normalform. Hesse's normal form 
Hessgesetz. Hess law 

Heteropolarband. Heteropolar bond 

HexadebenmaB. Symmetry, hexad 

Hicks Formel. Hicks formula 

Hilbertraum. Hilbert space 
Hilbertumwandlung. Hilbert transform 
Hingewiesene Wertigkeit. Directed valency 

Hinterwahrscheinlichkeit. Posterior probability 
Hinweiswertigkeit. Reference value 

Hitchcock-Methode. Hitchcock method 
//-Lehrsatz. //-Theorem 
Hochelastizitat. Elasticity, high 
Hochrangiibergange. Transitions of higher order 

HBchster Gemeinfaktor. Highest common factor 

Hochzahl. Exponent 
Hochziichtung der Elektronenkreisbahnen. Hybridisa¬ 

tion of electron orbitals 

Hoffsche Konvergenzmethode. Hoff’s convergence 
method 

Hohlraumbildung. Cavitation 
Hohlungsfeld in einem Nichtleiter. Cavity field in a 

dielectric 
Holderbedingung. Holder condition 
Holderungleichheit. Holder inequality 
Holonomisch. Holonomic 
Holomorphische Funktion. Holomorphic function 
Holtes Methode. Holte’s method 
Holzwirkung. Wood effect 
Homogenverfahren. Homogeneous process 
Homographische Umwandlung. Homographic trans¬ 

formation 
Homometrische Paare. Homometric pairs 

Homomorphdarstellungen. Graphs, homomorphic 
Homomorphismus. Homomorphism 

Homopolarbindeglied. Homopolar bond 
Homozentrisch. Homocentric 
Hookesches Gesetz. Hooke's law 
Hornermethode. Horner method 
Horngleichung. Horn equation 
Horoptos. Horopter 
Horschwelle. Audibility, threshold of 
Hotellings T-Glied. Hotellings T 
Hubblekonstante. Hubble constant 
Hubvolumen. Swept volume 

Hume-Rothery-Regeln. Hume-Rothery rules 
Hunds Kupplungsfalle. Hund’s coupling cases 
Hunds Regeln fur atomische Vervielfacher. Hund’s 

rules for atomic multiplets 

Hurwitzpolynom. Hurwitz polynomial 
Huygensches Prinzip. Huygens’ principle 

Huygensche Wellchen. Huygens’ Wavelets 
Hydrauliksprung. Hydraulic jump 
Hydrodynamikanalogie. Hydrodynamical analogy 
Hydrostatik. Hydrostatics 

Hydrostatikbetonung. Stress, hydrostatic 
Hyperbel. Hyperbola 

Hyperbelfunktion. Hyperbolic function 

Hyperbelgleichung. Hyperbolic equation 

Hyperbellogarithmus. Hyperbolic logarithm 
Hyperbelpunkt. Hyperbolic point 
Hyperboloid. Hyperboloid 
Hyperfeinstruktur. Hyperfine structure 
Hypergeometrische Funktion. Hypergeometric func¬ 

tion 
Hypergeometrische Verteilung. Hypergeometric distri¬ 

bution 
Hyperkonjugation. Hyperconjugation 
Hypermultipletterm. Hypermultiplet 

Ideale Gasmischungen. Perfect gas mixtures 
Idealplastisch. Ideally plastic 
Ideales Gasgesetz. Perfect gas law 
Ideale Spannungsquelle. Voltage source, ideal 
Ideale Stromquelle. Current source, ideal 
Idealplastisch. Perfectly plastic 
Idealsysteme. Ideal systems 
Idempotenzmatrize. Idempotent 
Ignorierbare Nebengeordnete. Ignorable coordinate 
Impedanz. Impedance 
Impedanzumwandlung. Impedance transform 
Impulsdicke der Grenzschicht. Momentum thickness of 

boundary layer 
Impulsfunktionen. Impulse functions 
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Impulsgleichung zur Grenzschicht. Momentum equa¬ 
tion for boundary layer 

Impulsive Schallgleichung. Impulsive sound equation 
Impulsmoment. Moment of momentum 
Impuls-Momentum-Prinzip. Impulse-momentum prin¬ 

ciple 
lndikatrix. Indicatrix 
lndizialanmerkung. Indicial notation 
Indizialerwiderung. Indicial response 
Indizialgleichung. Indicial equation 
Induktanz. Inductance 
Induktionsapparat. Inductor 
Induktionseffekt-und-Riickwirksamkeit. Inductive 

effect and reactivity 
Induktionskrafte. Induction forces 
Induktionslehrsatz. Induction theorem 
Inkremententheorie der Formbarkeit. Incremental 

theory of plasticity 
Inkrementzusammenfall. Collapse, incremental 
Innenaufnahme. Internal absorptance 
Inneneigenschaften einer Oberfiache. Intrinsic 

properties of a surface 
Innenfelder in Nichtleitern. Internal fields in dielectrics 
Innenkraft. Force, internal 
Innenprodukt. Inner product 
Innenprodukt eines Spanners. Inner product of tensors 
Innenreibung. Friction, internal 
Innenscheitelpunkt. Vertex, internal 
Inneniibertragung. Internal transmittance 
Innerlicher Abkommling eines Spannerfeldes. Intrinsic 

derivative of tensor field 
Integral. Integral 
Integralbedienung. Integral operator 
Integralgleichung. Integral equation 
lntegrallehrsatze der Vektorenanalyse. Integral theo¬ 

rems of vector analysis 
lntegraliibertragungsgleichung. Integral transport equa¬ 

tion 
Integralumwandlung. Integral transform 
Integrationskonstante. Constant of integration 
Integrierausdruck. Integrand 
Integrierbares Quadrat. Integrable square 
Integrierfaktor. Integrating factor 
Integrierte Rontgenstrahlungsbrechung. X-ray reflec¬ 

tion, integrated 
Intermolekularkrafte. Intermolecular forces 
Interpolation. Interpolation 
Interpolation der Dreieckslehre. Trigonometric inter¬ 

polation 
Ionenbindungsmerkmal. Ionic bond character 
lonische Kraft. Ionic strength 
lonisierungsenergie. Ionization energy 
Ionisierungspotential. Ionization potential 
Irrungenausbreitung. Error, propagation of 
Irrungsfunktion. Error function 
Isentropisch. Isentropic 
Isobarenoberflache. Isobaric surface 
Isobarentrudeln. Isobaric spin 
Isoelektronischcs Prinzip. lsoelectronic principle 
lsokerzenkurve. Isocandela curve 
Isolux. Isolux 
Isometrische Linien auf einer Oberfiache. Isometric 

lines on a surface 
Isomorphdarstellungen. Graphs, isomorphic 
Isoperimetrisches Problem. Isoperimetric problem 
Isophoto. Isophot 
Isotemperaturorte. Isotemperature loci 
Isothermen. Isotherms 

Isothermisch. Isothermal 
Isotoptrudeln. Isotope spin 
Isotrop. Isotropic 
Isotopwirkung in Molekiilspektra. Isotope effect in 

molecular spectra 
Isotropnichtleiter. Dielectric, isotropic 
Isotropspanner. Tensor, isotropic 
Isotropverwirbelung. Turbulence, isotropic 

Jacobimethode. Jacobi method 
Jacobipolynome. Jacobi polynomials 
Jakobisch. Jacobian 
Jacoblehrsatz in der Optik. Jacob's theorem in optics 
Jagdbares Wild. Fair game 
Jahster Abstieg. Steepest decent 
Jezeks Methode. Jezek’s method 
J-gestalte Verteilung. J-shaped distribution 
y.y-Kupplung. j,j Coupling 
Johnson-und Lark-Horowitz-Formel. Johnson and 

Lark-Horowitz formula 
Jordan-Holder-Lehrsatz. Jordan-Holder theorem 
Jordankurve. Jordan curve 
Jordan-Matrize. Jordan matrix 
Jordan-Methode. Jordan method 
Joukowski-Bedingung. Joukowski condition 
Joukowski-Tragflugel. Joukowski airfoils 

Kalendergleichung. Callendar equation 
Kalkulus. Calculus 
Kalorienwert. Calorific value 
Kanonisch. Canonical 
Kanonische Bewegungsgleichung. Canonical equation 

of motion 
Kanonische Form des Fermatprinzips. Canonical form 

of Fermat's principle 
Kanonische Korrelation. Canonical correlation 
Kanonische Nebengeordneten. Canonical coordinates 
Kanonische Optikgleichungen. Canonical equations of 

optics 
Kanonisches Ensemble. Canonical ensemble 
Kanonische Umwandlung. Canonical transformation 
Kantenreihenfolge. Edge sequence 
Kantenriickgriff. Edge of regression 
Kantensaule. Prism 
Kantenvielfaltigkeit. Edge multiplicity 
Kapazitat. Capacitance 
Kapillarwellen. Capillary waves 
Kardinal. Cardinal 
Karman-Friedrich-Gleichungen. Karman-Friedrich’s 

equations 
Karmankonstante. Karman constant 
Kartesische Oberflachen. Cartesian surfaces 
Kartesianisches Spannerfeld. Tensor field, cartesian 
Katakaustisch. Catacaustic 
Katerpendel. Pendulum, kater 
Katoptrisches System. Catoptric system 
Keesomenergie. Keesom energy 
Keesompotential. Keesom potential 
Kegelbrechung. Conical refraction 
Kegelformig. Conic 
Kegelnebengcordnete. Conical coordinate 
Kegelpendel. Pendulum, conical 
Kegelschnitt. Ellipse 
Kegelschnittdrehkorper. Parabolid 
Kehlakustikimpedanz. Impedance, throat acoustical 
Kehrgitterwerk. Reciprocal lattice 
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Kelvinformel. Kelvin formula 
Kelvinmuster. Kelvin model 

Kennfunktion einer Reihe. Characteristic function of a 
set 

Kennfunktionen in der Thermodynamik. Characteristic 
functions in thermodynamics 

Kenngleichung. Characteristic equation 
Kenngleichung einer Matrize. Characteristic equation 

of a matrix 

KenngroBe. Characteristic 
Kernladungsdichte. Charge density of nuclei 
Kennwertmethoden. Characteristics, method of 
Keplers Gesetze. Kepler's laws 
Kern. Kernel 

Kernanregungsfunktion. Excitation function, nuclear 
Kernauswahlregeln. Selection rules, nuclear 
Kerndrehung. Nuclear spin 

Kernenergieebenen. Nuclear energy levels 
Kerngefiige. Nuclear structure 
Kernkrafte. Nuclear forces 

Kernmagnetenmoment. Nuclear magnetic moment 
Kernmagnetenresonanz. Nuclear magnetic resonance 
Kernmagneton. Nuclear magneton 

Kernruckwirkungsenergie. Reaction energy, nuclear 
Kernspannung. Nuclear potential 
Kerzenstarke. Candle power 

Kettenkurve auf einem Drahtseil. Catenary curve on 
cable 

Kettenlinie. Catenary 
Kettenregel der Differenzierung. Chain rule of differ¬ 

entiation 
Ketvektor. Ket vector 

Keyes-Smith-Gerry-Gleichung. Keyes-Smith-Gerry 
equation 

Kinematik. Kinematics 
Kinematisch zulassig. Kinematically admissible 
Kinetikenergiedichtewelle. Wave, kinetic energy density 
Kinetiktheorie. Kinetic theory 
Kinetiktheorie der Thermalleitungsfahigkeit. Thermal 

conductivity, kinetic theory of 
Kinetiktheorietemperatur. Kinetic theory temperature 
Kinetische Energie der drehungsfreien Bewegung. 

Kinetic energy of irrotational motion 
Kinetisches Momentum. Kinetic momentum 
Kinetisches Potential. Kinetic potential 
Kinetische Theorie der Zahflussigkeit. Viscosity, kinetic 

theory of 
Kirchhoffs Gesetz. Kirchhoff’s law 
Kirchhoffs Lehrsatz der geometrischen Optik. Kirch- 

hoff’s geometric optics theorem 
Kirchhoffs Strahlungsgesetz. Kirchhoffs radiation law 
Kirkwoods Annaherung. Kirkwood’s approximation 
Kirkwoods Gleichung fur die Konstante eines Nicht- 

leiters. Kirkwood’s equation for the dielectric con¬ 
stant 

Klassische Dynamikvergleiche. Dynamical analogies, 
classical 

Klassische Elektronentheorie. Classical electron theory 
Klassischer Elektronhalbmesser. Electron radius (classi¬ 

cal) 
Klein-Gordon-Gleichung. Klein-Gordon equation 
Klein-Nishina-Formel. Klein-Nishina formula 
Klein-Rydberg-Methode. Klein-Rydberg method 
Kleinste Quadrate. Least squares 
Kleinster Abirrungskreis. Least circle of aberration 
Kleinstring. Infinitesimal ring 
Knickaufprall. Buckling, impact 
Knicken. Buckling 

Knickverzug. Buckling lag 
Knotenpunkte. Nodal points(s) 
Knudsen-Kosinusgesetz. Knudsen cosine law 
Knudsenzahl. Knudsen number 
Kochsche Gleichung. Koch’s equation 
Koma. Coma 
Kolumne. Column 
Kolumnaranalogie. Column analogy 
Komatische Kreise. Comatic circles 
Kombinationsschwingung. Combination vibration 
Kombinationssummen. Combination sums 
Komplexeinwilligung. Compliance, complex 
Komplexgittertrager. Truss, complex 
Komplexion. Complexion 
Komplexkennzahl. Modulus, complex 
Komplexpotential in der Hydrodynamikstromung. 

Complex potential in hydrodynamic flow 
Komplexstrahlung. Complex radiation 
Komplexzahl. Complex number 
Kondensator. Capacitor 
Kondensieren. Condensate 
Konforme Abbildung. Conformal mapping 
Konforme Abbildung der Komplexebene. Conformal 

mapping of the complex plane 
Konforme Losungen. Conformal solutions 
Konsequentes Abschatzungsgerat. Consistent estimator 
Konservatives System. Conservative system 
Kontaktberichtigungsstrom. Contact rectification cur¬ 

rent 

Kontaktumwandlung. Contact transformation 
Kontinuitat. Continuity 
Kontrolleiibertragung. Transfer of control 
Kontrollsystem. Control system 
Konvektionanderungsverhaltnis. Convective rate of 

change 
Konvergenz. Convergence 
Konvergenzwelle. Wave, converging 
Konvergenzwinkel. Angle of convergence 
Konzentration. Concentration 
Koordinate. Coordinate 
Koordinationsbindung. Coordinate bond 
Koordinationszahl. Coordination number 
Korperkrafte. Body forces 
Korrespondenzgrundsatz. Principle of correspondence 
Korpereigengleichungen einer Kurve. Curve, intrinsic 

equations of 
Korperdurchwandern. Diffusion of solids 
Korrelation. Correlation 
Korrelationdarstellung. Correlation diagram 
Korrelationsenergie. Correlation energy 
Korrelationsverhaltnis. Correlation ratio 
Korrelogramm. Correlogram 
Kosinusausstrahlungsgesetz. Cosine emission law 
Kosinusgesetz. Law of cosines 
Kovarianz. Covariance 
Kovariantabkommling des Spannungsfeldes. Covariant 

derivative of tensor field 
Kovariantbestiirzungstheorie. Covariant perturbation 

theory 
Kovariantumschaltungsregeln. Covariant commutation 

rules 
Kovariarttunterscheidung. Covariant differentiation 
Kovariantvektor. Covariant vector 
Kovarianzanalyse. Analysis of covariance 
Kovolumen. Covolume 
Kraft. Force, power 
Kraft auf einer Unterwasseroberflache. Force on a sub¬ 

merged surface 
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Kraftbehinderungstabelle. Entropy chart 
Kraftbehinderung. Entropy 
Kraftebeschafienheit. Forces, composition of 
Kraftedreieck. Forces, triangle of 
Kraftdurchlassigkeit. Transmissibility of force 
Kraftegleichgewicht auf einem Steifkorper. Equilibrium 

of forces on a rigid body 
Kraftsmoment. Moment of force 
Kraftsspektrum. Power spectrum 
Kraftvieleck. Force polygon 
Krakowianer. Cracovians 
Krauseln. Curl 
Kreisbahnglied. Orbital 
Kreis der geringsten Verwirrung. Circle of least con¬ 

fusion 
Kreisdichromismus. Circular dichroism 
Kreiselmagnetisches Verhaltnis. Gyromagnetic ratio 
Kreiselnhalbmesser. Radius of gyration 
Kreisende Offnung. Circular aperature 
Kreislauf. Circulation, cycle 
Kreislaufelement. Element, circuit 
Kreislaufintegral. Integral, circulatory 
Kreislauflehrsatz. Circulation theorem (Kelvin) 
Kreislaufmatrize. Matrix, circuit 
Kreisplatten. Plates, circular 
Kreispolarisation. Circular polarization 
Kreispolynome. Circle polynomials 
Kreispunkt auf einer Oberflache. Circular Point on a 

surface 
Kreisringschallquelle. Circular ring sound source 
Kristallelektrische Konstanten. Piezoelectric constants 
Kreisvertauschung. Permutation, cyclic 
Kreiswelle. Wave, circulating 
Kreuzglied. Cross-link 
Kreuzmethode. Cross method 
Kriechbewegung. Creeping motion 
Kriecheinwilligung. Compliance, creep 
Kristallbildungskurve. Crystallization curve 
Kristallbildungverhaltnisgleichungen. Crystallization 

rate equations 
KristallebenmaB. Crystal symmetry 
Kristallgefuge. Crystal structure 
Kristallehre. Crystallography 
Kristallmomentum. Crystal momentum 
Kristallnebenveranderlichen. Crystal parameters 
Kristallogramm. Crystallogram 
Kristallographische Achsenverhaltnisse. Crystallo¬ 

graphic axial ratios 
Kristallographische Gruppe. Crystallographic group 
Kristallographische Mittellinien. Crystallographic axes 
Kristallographische Nebenveranderlichen. Crystallo¬ 

graphic parameters 
Krista! lphasen. Crystal phases 
Kristallsysteme. Crystal systems 
Kristallwinkel. Crystal angles 
Kritikfaktor. Criticality factor 
Kritische Gleichung. Critical equation 
Kritischer Punkt. Critical point 
Kroneckerdelta. Kronecker delta 
Kronig-Penney-Modell. Kronig-Penney model 
/f-Raum. k-space 
Krummlinige Bewegung. Curvilinear motion 
Krummlinige Orthogonalnebengeordneten. Curvilinear 

orthogonal coordinates 
Krummungslinie. Line of curvature 
Krummungsradius. Curvature, radius of 
Kriimmungsebene. Curvature, plane of 
Krummungskreis. Curvature, circle of 

Krummungsspanner. Curvature tensor 
Kriimmungsweite einer Normale. Curvature, ampli¬ 

tude of normal 
Kryoskopische Unveranderliche. Cryoscopic constant 

A'-Statistik. ^-statistics 
Kubiksystem. Cubic system 
Kugelabirrung. Spherical aberration 
Kugelabirrungshalbmesser. Spherical curvature, radius 

of 
Kugelabirrungszentrum. Spherical curvature, center of 
Kugelahnliche Koordinate. Spheroidal coordinate 
Kugeltangensindikatrix an einer Kurve. Spherical indi- 

catrix of tangent to a curve 
Kugelanmessungsgerat. Spherometer 
Kugeldreieckslehre. Spherical trigonometry 
Kugelharmoniemethode. Spherical harmonics method 
Kugelpendel. Pendulum, spherical 
Kugelpolarkoordinaten. Spherical polar coordinates 
Kugelvektorwellenfunktionen. Spherical vector wave 

functions 
Kugelvertretung einer Oberflache. Spherical representa¬ 

tion of a surface 
Kugelvertretung einer rechteckigen Kongruenz. Spheri¬ 

cal representation of a rectilinear congruence 
Kugelwelle. Wave, spherical 
Kugelwellenstirn. Wave front, spherical 
Kugelwirbel. Spherical vortex 
Kundtkonstante. Kundt constant 
Kupplung. Coupling 
Kupplung im Atom-und-Molekiilgefuge. Coupling, in 

atomic and molecular structure 
Kupplungskonstante. Coupling constant 
Kurie-Schaubild. Kurie plot 
Kurtose. Kurtosis 
Kurve. Curve 
Kurvenanpassung. Curve fitting 
Kurve der Spaltungsergiebigkeit. Fission yield curve 
Kurvenkongruenz. Congruence of curves 
Kurvenlange. Length of a curve 
Kurvenlinieschallquelle. Curved line sound source 
Kurvenwolbung an einem Punkt. Curvature of a curve 

at a point 
Kurzbalken. Beam, short 
Kutta-Joukowski-Gesetz. Kutta-Joukowski law 

Laboratoriumsystem und Massenpunktsystem. Labora¬ 
tory system and center-of-mass system 

Ladungsunabhangigkeit. Charge-independence 
Lagereinwilligung. Compliance, storage 
Lagrangesche Analysenmethode. Lagrangian method of 

analysis 
Lagrangesche Dichte. Lagrange density 
Lagrangesche Etagere. Lagrange bracket 
Lagrangesche Funktion. Lagrangian function 
Lagrangesche Gleichungen. Lagrange equations 
Lagrangesche Interpolationsformel. Lagrange inter¬ 

polation formula 
Lagrangescher Formalismus fur Feldsysteme. La¬ 

grangian formalism for field systems 
Lagrangescher Lehrsatz. Lagrange theorem 
Lagrangescher Vervielfacher. Lagrange multiplier 
Lagrangesches und Hamiltionisches Formenwesen fur 

Dauersysteme. Continuous systems, Lagrangian and 
Hamiltonian formalism for 

Laguerre-Gleichung. Laguerre equation 
Laguerre-Polynome. Laguerre polynomials 
Lambdapunkt. Lambda point 
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Lambert. Lambert 

Lambsche Konstante. Lamb’s constant 
Lambsche Verschiebung. Lamb shift 
Lame-Beziehungen. Lame relations 
Lame-Gleichung. Lame equation 
Lamellar-Vektorenfeld. Lamellar vector field 
LaminareinflieBender Kanal. Channel, laminar flow in 
Laminargrenzschicht. Laminar boundary-layer 
Laminarrohrstromung. Pipe, laminar flow in 
Laminarstromung. Laminar flow 

Laminarstromungbestandigkeit. Stability of laminar 
flow 

Lanczos-Methode der Biorthogonalisation. Lanczos 
method of biorthogonalization 

Landaus Formel. Landau’s formula 
Landes G-Faktor. Lande’s ^-factor 
Landes Pausenregel. Lande’s interval rule 
Langevin Diamagnetismustheorie. Langevin theory of 

diamagnetism 
Langevin-Funktion. Langevin function 
Langevin-Pauli-Formel fur Diamagnetismus. Diamag¬ 

netism, Langevin-Pauli formula 
Langenverhaltnis. Aspect ratio 
Langmuir Adsorptionsisotherme. Langmuir adsorption 

isotherm 
Langskugelabirrung. Longitudinal spherical aberration 
Langsscherung. Shear, longitudinal 
Langsstabwellen. Longitudinal waves in a rod 
Langstreckenordnung. Long range order 
LangsvergroBerung. Longitudinal magnification 
Laplace-Ausdehnung. Laplace expansion 
Laplace-Differentialgleichung. Laplace differential 

equation 
Laplace-Gleichung. Laplace equation 
Laplace’sche. Laplacian 
Laplace’sches Betriebsmittel. Laplacian operator 
Laplace-Umwandlung. Laplace transform 
Laporte-Regel. La porte rule 
Larm. Noise 
Larmebene. Noise level 
Larmisolierungsfaktor. Noise insulation factor 
Larmor-Vorausgehung. Larmor precession 
Larmiibertragungseffekt. Noise transmission effect 
Lasteinheitattrappenmethode. Dummy unit load method 
Lastvielfaches. Load factor 
Lastwechsel. Cycle of stress 
Latein-Quadrat. Latin square 
Lathargie. Lathargy 
Laue-Gleichungen. Laue equations 
Laufe. Runs 
Laufer. Rotor 
Laurent-Reihe. Laurent series 
Lautstarke. Sound intensity 
Lautstarkeniveau. Sound intensity level 
Lautstarkeniveau. Loudness level 
Lautstarkeumrisse. Loudness contours 
L’hospital-Regcl. L’hospital rule 
Lebensdauer. Lifetime 
Lebesque-Integral. Lebesgue integral 
Le Chatelier-Braun-Prinzip. Chatelier (Le)-Braun prin¬ 

ciple 
Le Chatelier-Lehrsatz. Chatelier (Le) theorem 
Legendre-Funktionen. Legendre functions 
Legendre-Gleichung. Legendre equation 
Legendre-Polynome. Legendre polynomials 
Lehmann-Vertretung. Lehmann representation 
Lehrsatz der gcringsten Arbeit. Least work, theorem of 

Leibnitzregel. Leibnitz rule 

Leitebene. Guide plane 
Leitungsband. Conduction band 
Lennard-Jones-Potential. Lennard-Jones potential 
Lenz-Gesetz. Lenz law 
Letzter Scheitelpunkt. Vertex, final 
Leuchtbeiwert. Luminous coefficient 
Leuchtdichte. Density, luminous 
Leuchtenausbeute. Fluorescence yield 
Leuchtenbeiwerte. Luminosity coefficients 
Leuchtf.uB. Luminous flux 
Leuchtkraftfunktion. Luminosity function 
Leuchtkraftwirksamkeit. Luminous efficiency 
Leuchtspiegelungsfaktor. Luminous reflectance 
Leuchtstarke. Luminous intensity 
Leuchtstarkeeinheit. Candela 
Leuchtstarkeeinheit pro Quadratmeter. Candela per 

square meter 
Leuchttemperatur. Luminance temperature 
Levy-Mises-Stoff. Levy-Mises material 
Lichtabirrung. Aberration of light 
Lichtaussendung. Luminous emittance 
Lichterscheinung. Luminance 
Lichtzerstreuende Funktionen. Light scattering func¬ 

tions 
Lichtzerstreuung. Diffusion of light 
Liebmann-Methode. Liebmann method 
Lie-Gruppe. Lie group 
Lie-Ring. Lie ring 
Lineardarstellung. Graph, linear 
Lineardifferentialform. Linear differential form 
Linearextrapolationslange. Linear extrapolation length 
Lineargleichungen. Linear equations 
Linearhypothese. Linear hypothesis 
Linearplanen. Linear programming 
Linearsysteme. Linear systems 
Linearungleichheiten. Linear inequalities 
LinearvergroBerung. Linear magnification 
Linearviskoelastizitat. Viscoelasticity, linear 
Linie der Tatigkeitskraft. Force, line of action of 
Liniensehen einer Oberflache. Astigmatism of a surface 
Linienstarke. Line strength 
Linienwirbel. Line vortices 
Linierte Oberflache. Ruled surface 
Liouville-Oberflache. Liouville surface 
Liouville-Lehrsatz. Liouville theorem 
Liouville-Neumann-Reihe. Liouville-Neumann series 
Lipschitz-Bedingung. Lipschitz condition 
Lobachevskii-Methode. Lobachevskii method 
,, Loch “. “Hole” 
Lochtheorie. Hole theory 
Lodesche Veranderlichen. Lode’s variables 
Logarithmithische Differenzierung. Logarithmic dif¬ 

ferentiation 
Logarithmithisches Geschwindigkeitsprofil. Logarith¬ 

mic profile of velocity 
Logarithmithische Verminderung. Logarithmic decre¬ 

ment 
Logarithmithische Verteilung. Logarithmic distribution 
Logarithmus. Logarithm 
Logarithmuswechselbeziehung. Log correlation 
Logikskurve. Logistic curve 
Logit. Logit 
Londonkrafte. London forces 
London-Uberleitungsfahigkeitsgleichungen. London 

superconductivity equations 
Lorentzbedingung. Lorentz condition 
Lorentzfeld. Lorentz field 
Lorentzgesetz. Lorentz law 
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Lorentzkraft. Lorentz force. 
Lorentz-Lorentz-Gesetz. Lorentz-Lorentz law 
Lorentzumwandlung. Lorentz transformation 
Lozenge-Darstellung. Lozenge diagram 
L-R-Umwandlung. L R transformation 
L-System und C-System. L-system and C-system 
Luderlinien. Luder’s lines 
Luftdruckneigung. Tendency of barometric pressure 
Luftfunktionen. Airy functions 
Luftleiter. Antenna 
Luftschraube. Airscrew 
Luftstandardwirksamkeit. Air-standard efficiency 
Lufthorizontalbewegung. Advection 

Lufttreibstoflfverhaltnis. Air-fuel ratio 
Lumerg. Lumerg 

Lumen. Lumen 
Lumenstunde. Lumen-hour 
Lundquist-Reihenanhaltspunkt. Lundquist’s series 

criterion 
Luneburg-Geometrie. Luneburg geometry 

Luneburglinse. Luneburg lens 
Luxnachkommling. Lux-second 
Lyman-Reihe. Lyman series 

Macauleys Methode. Macauley’s method 
Machanhaltspunkt. Mach criterion 
Macheeinheit. Mache unit 
Machkegel. Mach cone 

Machlinie. Mach line 
Machnummer. Mach number 
Maclaurianreihe. Maclaurin series 

Machwinkel. Mach angle 

Magneteninduktion. Magnetic induction 
Magnetische Abspannungsenergie. Magnetic strain 

energy 
Magnetische Einberufung. Magnetic induction 

Magnetische Feldstarke. Magnetic field strength 
Magnetische Ladungsdichte. Magnetic charge density 

Magnetische Resonanzlinienbreite. Magnetic reson¬ 
ance, line width 

Magnetisches Moment. Magnetic moment 

Magnetisches Skalarpotential. Magnetic scalar poten¬ 
tial 

Magnetische Stromungsdichte. Magnetic current den¬ 
sity 

Magnetisches Vektorenpotential. Magnetic vector 
potential 

Magnetisierung. Magnetization 
Magnetisierungskraft. Magnetizing force 

Magnetobewegungskraft. Magnetomotive force 

Magnetokalorieneffekt. Magnetocaloric effect 

Magnetomechanische Dampfung. Magnetomechanical 
damping 

Magnetomechanisches Verhaltnis. Magnetomechanical 
ratio 

Magnetostatik. Magnetostatics 
Magnetostriktion. Magnetostriction 
Magnetostriktion der Kristalisattigung. Crystal satura¬ 

tion magnetostriction 
Magnetostriktionstreibsystem. Driving system, mag¬ 

netostriction 
Mahalanobische Entfernung. Mahalanobis’s distance 
Majoranakraft. Majorana force 
Makrokanonisches Ensemble. Macrocanonical en- 

sembel 
Makrozustand. Macrostate 

Malus-Kosinusquadratgesetz. Malus cosine-squared 
law 

Manigfaltig. Manifold 
Mantisse. Mantissa 
Marguerres GroBablenkungstheorie. Marguerre’s large 

deflection theory 
Markovkette. Markov chain 
Martingale. Martingale 
Masse. Mass 
Massendefekt. Mass defect 
Massenerhaltung. Conservation of mass 
Massenformel. Mass formula 
Massenpunkt. Center of mass 
Massenpunktsystem. Center-of-mass system 
Massenwiedererneuerung. Mass renormalization 
Massenwirkungsgesetz. Law of mass action 
Massenzahl. Mass number 
MaCfunktion. Measure function 
MaBigkeitslehrsatz. Moderation theorem 
Materialdifferenzierung. Material differentiation 
Mathieugleichung. Mathieu equation 
Matrize. Matrix 
Matrizeneinheit. Unit matrix 
Matrizenrang. Rank of a matrix 
Matrizenspur. Trace of a matrix 
Matrizenstreuung. Matrix scattering 
Matrizenumkehrung. Matrix inversion 
Matrizenumsetzung. Transpose of a matrix 
Maupertuilehrsatz. Maupertui theorem 
Maximalverbundene Unterdarstellung. Subgraph, 

maximal connected 
Maxwell. Maxwell 
Maxwell-Boltzmann-Verteilungsgesetz. Maxwell-Boltz- 

mann distribution law 
Maxwell-Mohr-Methode. Maxwell-Mohr method 
Maxwellmuster. Maxwell model 
Maxwells Beziehungen. Maxwell’s relations 
Maxwells Fischauge. Maxwell’s fisheye 
Maxwells Gleichungen. Maxwell's equations 
Maxwells Isothermenlehrsatz. Maxwell’s theorem for 

isotherms 
Maxwellverteilungsgesetz. Maxwell distribution law 
Mechanik-Akustikwechselstetigkeits-Lehrsatz. Mecha¬ 

nical-acoustical reciprocity theorem 
Mechanische Einheiten. Mechanical units 
Mechanische lmpedanz. Mechanical impedance 
Mechanischer Lichtgegenwert. Mechanical equivalent 

of light 
Mechanisches Beweglichkeitssystem. Mechanical mobi¬ 

lity system 
Mechanisches geradliniges System. Mechanical recti¬ 

lineal system 
Mechanisches geradliniges Wechselseitigkeitssystem. 

Mechanical rectilineal reciprocity theorem 
Mechanische Stetigkeit. Stability, mechanical 
Mechanisches Umdrehungssystem. Mechanical rota¬ 

tional system 
Mechanischer Umdrehungswechselseitigkeitslehrsatz. 

Mechanical rotational reciprocity theorem 
Mechanische Wirksamkeit. Mechanical efficiency 
Mechanismusmethode der Rahmenanalyse. Mechanism 

method of analysis of frames 
Mehrfachintegral. Multiple integral 
Mehrfachpendel. Compound pendulum 
Mehrfachumanderungsinterpolation. Multivariate inter¬ 

polation 
Mehrkorperkraft. Many-body force 
Mehrkollinearitat. Multicollinearity 
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Mehrzahlreihe. Multinomial series 
Mellin-Umwandlung. Mellin transform 
Meridianebene. Meridion(al) plane 
Meromorphische Funktion. Meromorphic function 
Messen. Measure 

Messungsunveranderlichkeit. Gauge invariance 
Messungsunveranderlichkeit und Erhaltungsgesetze. 

Gauge invariance and conservation laws 
Metastabiler Zustand. Metastable state 
Meterkerze. Meter-candle 
Meterkerzensekunde. Meter-candle-second 
Methode der Polynomannaherungen. Method of Poly¬ 

nomial approximations 
Metrischer Spanner. Metric tensor 
Meuniers Lehrsatz. Meunier's theorem 
Mie-Griineisen-Zustandsgleichung. Mie-Gruneisen 

equation of state 

Mikrokanonisches Ensemble. Microcanonical ensemble 
Mikroumkehrungsprinzip. Microscopic reversibility, 

principle of 
Mikrowechselseitigergrad. Microreciprocal degree 
Mikrozustand. Microstate 
Miller-Kristallkennziffer. Crystal indices, Miller 
Milnes Methode. Milne’s method 
Milnes Problem. Milne’s problem 
Minderwert (oder eine Matrize) Minor (or a matrix) 
Mindestablenkungswinkel. Deviation, minimum angle 

of 
Mindestwahrnehmbarer Steigungsunterschied. Pitch 

difference, minimum perceptible 
Minimaloberflache. Minimal surface 
Minimaxabschatzungsmethode. Minimax method of 

estimation 
Minimaxannaherung. Minimax approximation 
Minimumgewichtentwurf. Minimum weight design 
Minimumgrenzmassenproblem. Minimum critical mass 

problem 
Minimumphasenfunktionen. Minimum phase functions 
Minkowskis Elektrodynamik fiir bewegende Korper. 

Minkowski’s electrodynamics for moving bodies 
Minkowski-Ungleichheit. Minkowski inequality 
Minkowski Welt. Minkowski world 
Mises-Ergiebigkeitszustand. Mises yield condition 
Mises-Material. Mises material 
MiBerfolg. Failure 
Mitfiihrungspotential. Convective potential 
Mitlogarithmus. Cologarithm 
Mittelablenkung. Mean deviation 
Mittelkraft. Resultant 
Mittellebensdauer eines atomischen Zustandes. Mean 

lifetime of an atomic state 
Mittellebensdauer eines Elektrons in einer Falle. Mean 

lifetime of electron in trap 
Mittelkugelstarke. Mean spherical intensity 
Mitteilinie. Median 
Mittelnormalkriimmung. Curvature, mean normal 
Mittelpulszeit. Pulse time, mean 
Mittelpunkt. Center 
Mittelpunktformel. Midpoint formula 
Mittelpunkt einer geomctrischen Figur. Centroid of a 

geometrical figure 
Mittelpunktsachse. Centroidal axis 
Mittelpunktsbahn. Centrode 
Mittelunterschied. Mean difference 
Mittelwert einer Funktion. Mean value of a function 
Mittlere freic Weglange. Mean free path 
Mittlere freic Zeit. Mean free time 
Mittlere Waagerechtstarke. Mean horizontal intensity 

Mittlere Wertigkeitslehrsatze. Mean value theorems 
Mitwirkendes Phanomen. Cooperative phenomena 
Mobiliinderungsdichte in einem Halbleiter. Density of 

mobile changes in semiconductor 
Modalspalte einer Matrize. Modal column of a matrix 
Modus. Mode 
Mohrs Betonungskreis. Mohr’s circle for stress 
Mohrs Ergiebigkeitsbedingung. Mohr’s yield condition 
Mohrs Spannungskreis. Mohr’s circle for strain 
Mohrs Triigheitskreis. Mohr’s circle for inertia 
Molalitat. Molality 
Molareigenschaften. Molar properties 
Molarverteilung. Dispersivity, molar 
Molbruchteile. Mole fractions 
Molekularenergienebenen. Molecular energy levels 
Molekularfeldannaherung. Molecular field approxima¬ 

tion 
Molekularfreie Weglange. Molecular free path 
Molekulargeschwindigkeit. Molecular velocity 
Molekuldarstellungen. Molecular diagrams 
Molekiileigenfunktionen. Molecular eigenfunctions 
Molekiilkreisbahnmethode. Molecular orbitals method 
Molekularkreisbahnwertigkeitstheorie. Molecular orbi¬ 

tal theory of valence 
Molekularumdrehung. Molecular rotation 
Molekularzersetzungsenergie. Dissociation energy of a 

molecule 
Molekiilspektra. Molecular spectra 
Molekiiltermensymbole. Molecular term symbols 
Molliergleichung. Mollier equation 
Molliertabelle. Mollier chart 
Moment. Moment 
Momentendarstellung. Moment diagram 
Momentengebietsmethode. Moment area method 
Momentenmethode. Moments method 
Momenten- und Produkttragheit. Inertia, moments and 

products of 
Momentpunkt. Center of moments 
Momentumerhaltung. Conservation of momentum 
Momentumverteilung. Distribution in momentum 
Momentalellipsoide. Ellipsoid, momental 
Monge’sche Form zur Oberflachengleichung. Monge’s 

form for equation of surface 
Montagebetonungen. Assembly stresses 
Monte-Carlo-Methode. Monte Carlo method 
Moreralehrsatz. Morera theorem 
Morse-Kurve. Morse curve 
Morse-Spannung. Morse potential 
Moseleys Gesetz. Moseley’s law 
Moutiergesetz. Moutier law 
Multiplett. Multiplet 
Multiplettstarkeregeln. Intensity rules for multiplets 
Mu-Raum. Mu space 
MutmaBliche Irrung. Probable error 

Nabla. Nabla 
Nachgiebigkeitspunkt. Yield point 
NachlaB. Residue 
NachlaBIehrsatz. Residue theorem 
Nachster Nachbar. Nearest neighbor 
Nachteilfaktor. Disadvantage factor 
Nachziehen. Drag 
Nahbestellung. Short-range order 
Naherungslinie. Asymptote 
Nahkraft. Short-range force 
NaBstrom. Wet stream 
Natiirliche Linienweite. Natural line width 



Natiirliche — Oberflachenabwicklungslinie 1100 

Natiirliche Periode. Period, natural 
Natiirliche und unnatiirliche Vorgange. Natural and 

unnatural processes 
Navier-Stokes-Gleichungen. Navier-Stokes equations 
Nebenbetonungen. Secondary stresses 

Nebenfaktor. Coefactor 
NebenfluB. Secondary flow 

Nebengeordnete. Coordinate 
Nebengleichung. Auxiliary equation 

Nebengruppe. Coset 

Nebenscheitelpunkte. Vertices, adjacent 
Nebenstatistik. Ancillary statistic 

Nebenwertigkeitskrafte. Subsidiary valence forces 
Negative Energienzustande. Negative energy states 
Neper. Neper 
Nernstverteilungsgesetz. Nernst distribution law 
Nernstwarmelehrsatz. Nernst heat theorem 
Neumannfunktion. Neumann function 
Neumanngrenzbedingungen. Neumann boundary con¬ 

ditions 
Neumannprinzip. Neumann principle 
Neumannreihen. Neumann series 
Neutralachse. Neutral axis 

Neutrales Gleichgewicht. Equilibrium, neutral 
Neutralpunkt. Aerodynamic center 
Neutronenabbeugung. Diffraction of neutrons 
Neutronenalter. Age, neutron 
NeutronenanstoBdichte. Collision density, neutron 

Neutronenbahnlange. Track length, neutron 

NeutroneniibermaB. Neutron excess 
Neutronendichte. Density, neutron 
Neutronenspektrum. Spectrum, neutron 
Neutronenstromung. Current, neutron 
Neutronenstromung. Streaming, neutron 

Neutronentemperatur. Temperature, neutron 

Neutronenthermalisation. Thermalization of neutrons 

Neutronenwanderungsgebiet. Migration area for neu¬ 
trons 

Neutronenwanderungslange. Migration length for neu¬ 
trons 

Neutronenzerstreuungsgebiet. Diffusion area, neutron 
Neutroneniibertragungstheorie. Neutron transport 

theory 
Neutronenzerstreuungszeit. Diffusion time, neutron 

Neutronenzerstreuungstheorie. Neutron diffusion 
theory 

Neutronmagnetischer Moment. Neutron magnetic 
moment 

Newton. Newton 
Newton-Cotes-Ouadraturformeln. Newton-Cotes quad¬ 

rature formulas 
Newtonische Flussigkeit. Newtonian fluid 

Newtonisches Gesetz des Fliissigkeitswiderstandes. New¬ 
ton’s law of fluid resistance 

Newtonisches Gesetz des Warmeverlusts. Newton’s law 
for heat loss 

Newtonische Zahfliissigkeit. Newtonian viscosity 

Newtons Bewegungsgesetze. Newton’s laws of motion 
Newtons Gleichung. Newton’s equation 

Newtons Methode. Newton’s method 
Neyman-Pearson-Theorie. Neyman Pearson theory 

Nichtbestimmungsbeiwert. Non-determination, co¬ 
efficient of 

Nichtgleichwertige Elektronen. Non-equivalent elec¬ 
trons 

Nichtholonomisch. Non-holonomic 
Nichtigkeitsdarstellung. Graph, nullity 

Nichtkreislaufelement. Element, non-circuit 
Nichtleitergrenzformeln. Dielectric boundary formulas 
Nichtleiterhysterese. Dielectric hysteresis 
Nichtleiterkonstante. Dielectric constant 
Nichtlokalisierte Molekiilkreisbahnen. Nonlocalized 

molecular orbitals 
Nichtorientierte Darstellung. Graph, non-oriented 
Nichtparametrische Einmischung. Non-parametric in¬ 

ference 
Nichtperiodische Schwingungen. Vibrations, non¬ 

periodic 
Nichtiiberquerende Regel. Non-crossing rule 
Nichtverbindende Molekiilanderungen. Non-combining 

modifications of molecules 
Nichtverbundene Unterdarstellung. Subgraphs, disjoint 
Nichtzentrale Krafte. Non-central forces 
Nichtzentrale Verteilungen. Non-central distributions 
Nichtzerstreuende Wellen. Non-dispersive waves 
Niederertragbetonung. Yield stress, lower 

Nijboer-Zernike-Abirrungsfunktionen. Nijboer-Zernike 
aberration functions 

Niveaueinheiten. Unit planes 
Niveauwellenstirn. Wave front, plane 
Norm. Norm 
Normal. Normal 
Normalbetonung. Normal stress 

Normaldruck. Normal pressure 
Normalbetonungswirkung. Normal stress effect 

Normale an einer Kurve. Normal to a curve 
Normaleinheit. Unit normal 

Normalerscheinungsformen. Normal modes 

Normalerwiderung. Normal response 
Normalfehler. Standard error 
Normalgleichungen. Normal equations 

Normalisierung. Normalization 
Normalisierungsfaktor. Normalizing factor 
Normalmafl. Standard measure 

Normalprodukt. Normal product 
Normalriickwirkung. Normal reaction 
Normalschwingungen in polyatomischen Molekulen. 

Normal vibrations in polyatomic molecules 
Normaltemperatur und -druck. Normal temperature 

and pressure 
Normaliibereinstimmung. Normal congruence 

NormalvergroBerung. Normal magnification 
Normalverteilung. Normal distribution 

Normalwolbung. Normal curvature 
Normalzustand. Normal state 
Nortons Lehrsatz. Norton’s theorem 
Null-geodatisch. Null-geodesic 
Nullgesetz der Thermodynamik. Zeroth law of thermo¬ 

dynamics 
Nullinie eines Bandes. Zero line of a band 
Null-Ladungspriifung. Zero-load test 

Nullmatrize. Null matrix 
Nullpunktenergie. Zero point energy 
Nullreihen. Null sequence 

Nullvektor. Null vector 
Nusseltzahl. Nusselt number 

Nuttings Gleichung. Nutting's equation 
Nyquist-Lehrsatz. Nyquist theorem 

Oberertragbetonung. Yield stress, upper 
Oberfiache der geringsten Verwirrung. Surface of least 

confusion 

Oberflachenabwicklungslinie. Developable surface 
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Oberflachendivergenz eines Vektors. Surface diver¬ 
gence of a vector 

Oberflacheneigenschaft. Surface, characteristic of 
Oberflachenfamilie. Surfaces, family of 
Oberflachenkraft. Power of a surface 
Oberflachenkriimmung. Curvature of a surface 
Oberflachenspanner. Tensor, surface 
Oberflachenspannung eines gewolbten Zwischengesichts. 

Surface tension of curved interface 
Oberflacheniibertragungsimpcdanz. Impedance, surface 

transfer 
Oberflachenwellen. Surface waves 
Oberhangerbalken. Beam, overhanging 
Oberschallreihen. Harmonic series of sounds 
Oberschwinger. Harmonic oscillator 
Objektpunkt. Object point 
Ofifnung. Aperture 
Oflfnungswinkel. Aperture angle 
Offene Quadraturformel. Open quadrature formula 
Offener Randzug. Edge train, open 
Offene Systeme. Open systems 
Ohmsches Gesetz. Ohm’s law 
Oktahedralbetonung. Stress, octahedral 
Onsager-Beziehungen. Onsager relations 
Onsagers Gleichung zur N ichtleiterkonstante. Onsager’s 

equation for the dielectric constant 
Optikdichte. Optical density 
Optiktiefe. Optical depth 
Optikzentrum. Optical center 
Optimum-Zwischenraum-Interpolation. Optimuminter- 

val interpolation 
Optische Achse. Optic axis 
Optische Differentialunveranderliche. Optical differen¬ 

tial invariant 
Optische Entfernung. Optical distance 
Optische Richtungskosinus. Optical direction cosines 
Optischer Lehrsatz. Optical theorem 
Optischer Modus. Optical mode 
Optischer Pfad. Optical path 
Optisches Kernmuster. Optical model of the nucleus 
Ordnung der chemischen Riickwirkungen. Order of 

chemical reactions 
Ordnung-Unordnung-Umwandlung. Order-disorder 

transformation 
Ordo-Symbol. Ordo-symbol 
Orientierte Darstellung. Graph, oriented 
Orientierte Schneidevorrichtung. Cut set, oriented 
Orientiertes Element. Element, oriented 
Ortbegrenzte Einzelschichten. Localized monolayers 
Ortbeschrankte Zustande. Localized states 
Orthochroneinheitliche Lorentzumwandlung. Ortho- 

chronous homogeneous Lorentz transformation 
Orthochronuneinheitliche Lorentzumwandlung. Ortho- 

chronous inhomogeneous Lorentz transformation 
Orthogonalfunktion. Orthogonal function 
Orthogonalisierung. Orthogonalization 
Orthogonalpolynome. Orthogonal polynomials 
Orthogonalvektor(en) Vector(s), orthogonal 
Orthonormal. Orthonormal 
Orthonormales System. Orthonormal system 
Orthorhombensystem. Orthorhombic system 
Orthoskopisches System. Orthoscopic system 
Orthotomisches System. Orthotomic system 
Ortliches Wechselverhaltnis. Local rate of change 
Ortlich euklidean. Locally euclidean 
Ortslehredarstellung. Graph, topological 
Oseens Methode. Oseen’s method 
Osmotischer Beiwert. Osmotic coefficient 

Osmotischer Druck. Osmotic pressure 
Ostwalds Verdiinnungsgesetz. Ostwald’s dilution law 
Oszillatorkraft. Oscillator strength 

Paar. Couple 
Paarungsanweisungen. Conjugate directions 
Paarungselemente einer Gruppe. Conjugate elements of 

a group 

Paarungsgefallemethode. Conjugate gradients, method 
of 

Paarungskerne. Conjugate nuclei 
Paarungspunkte eines Mehrfachpendels. Conjugate 

points of a compound pendulum 
Paarungssystem der Kurven auf einer Oberflache. Con¬ 

jugate system of curves on a surface 
Paarungszahlen. Conjugate numbers 
Padetisch. Pade table 
Parabel. Parabola 
Parabelgleichung. Parabolic equation 
Parabelnebengeordneten. Parabolic coordinates 
Parabelpunkt auf einer Oberflache. Parabolic point on 

a surface 
Parabelzylindernebengeordneten. Parabolic cylindrical 

coordinates 
Paraboloidnebengeordneten. Paraboloidal coordinates 
Parallelliniengehaltbestimmung. Parallel line assay 
Paralleloberflachen. Parallel surfaces 
Parallelverschiebung eines Vektors. Parallel displace¬ 

ment of a vector 
Paramagnetische Empfanglichkeit. Paramagnetic sus¬ 

ceptibility 
Paramagnetismus. Paramagnetism 
Paraxiale Einzeloberflachegleichung. Paraxial single¬ 

surface equation 
Paraxiale Strahlungsnachspurgleichungen. Paraxial ray 

tracing equations 
Parexische Analyse. Parexic analysis 
Paritatsbedienung. Parity operator 
Pascaldreieck. Pascal triangle 
Pascalverteilung. Pascal distribution 
Paschen-Back-Wirkung. Paschen-Back effect 

Paschenreihe. Paschen series 
Packungsanteil. Packing fraction 
Pattersonkarte. Patterson map 
Pauli-AusschluB-Prinzip. Pauli exclusion principle 
Pauli-Drehungstater. Pauli spin operators 
Pauli-Glied. Pauli term 
Pauli-Weisskopf-Gleichung. Pauli-Weisskopf equation 
Pearson-Verteilungen. Pearson distributions 
Pells Gleichung. Pell’s equation 
Pendel. Pendulum 
Periode. Period 
Periodenreaktor. Period, reactor 
Periodische Welle. Wave, periodic 
Periodogramm. Periodogram 
Petzval-Oberflache. Petzval surface 
Petzvals Bedingung. Petzval’s condition 
Petzval-Summe. Petzval sum 
Pfad. Path 
Pfaflfproblem. Pfaff problem 
Pfeilflugel. Swept-back wing 
Pfortrahmen. Portal frame 
Pfundreihe. Pfund series 
Phase. Phase 
Phase einer PeriodengroBe. Phase of a periodic quan¬ 

tity 
Phasen. Phases 
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Phasenausdehnung. Extension in phase 
Phasenberandung. Phase margin 
Phasenbestandigkeit. Stability of phases 
Phasenfaktor. Phase factor 
Phasengeschwindigkeit. Phase velocity 
Phasengeschwindigkeit der Wellen. Waves, phase 

velocity of 
Phasenintegral. Phase integral 
Phasenlangsamkeit. Phase slowness 
Phasenraum. Phase space 
Phasenregel. Phase rule 
Phasenverteilung. Distribution in phase 
Phasenwinkel. Phase angle 
Phon. Phon 
Phonon. Phonon 
Phononische mittlere freie Weglange. Phonon mean free 

path 
Phonon-Phonon-Zwischenwirkung. Phonon-Phonon 

interaction 
Photoelektrische Arbeitsfunktion. Photoelectric work 

function 
Photoelektrische Empfindsamkeit. Photoelectric sensiti¬ 

vity 
Photoelektrische Konstante. Photoelectric constant 
Photoelektrische Schwelle. Photoelectric threshold 
Photographisches Wechselseitigkeitsgesetz. Reciprocity 

law, photographic 
Physisches Pendel. Pendulum, physical 
Picard-Methode. Picard method 
Placzekfunktion. Placzek function 
Planardarstellung. Graph, planar 
Planarpunkt. Planar point 
Planatenbewegung. Planetary motion 
Planatenkreisbahntheorie. Planetary orbit theory 
Plastische Analyse. Plastic analysis 
Plastischer Entwurf. Plastic design 
Plastische Storung. Plastic flow 
Planckkonstante. Planck constant 
Plancksche Farbe. Planckian color 
Plancksche Funktion. Planck function 
Planckscher Lokus. Planckian locus 
Plancksches Gesetz. Planck law 
Plancksche Strahlungsformel. Planck radiation formula 
Plastischer Modul. Plastic modulus 
Plastische Wellen. Plastic waves 
Plastisch-steif. Plastic-rigid 
fVAnnaherung. Pn approximation 

Poincares Unveranderliche. Poincare’s invariant 
Poinsots Ellipsoide. Ellipsoid of Poinsot 
Poissonsche Gabel. Poisson bracket 
Poissonsche Gleichung. Poisson equation 
Poissonsches integral. Poisson integral 
Poissonsches Verhaltnis. Poisson’s ratio 
Poissonsche Verteilung. Poisson distribution 
Pol. Pole 
Polarabwicklungslinie. Developable, polar 
Polarisation. Polarization 
Polarisierbarkeit. Polarisability 
Polarisierbarkeitskatastrophe. Polarizability cata¬ 

strophe 
Polarisierungsebene. Plane polarization 
Polarisierungskreis. Polarization cycle 
Polarisierungsverhaltnis. Proportion of polarization 
Polarlinie. Polar line 
Polarkoordinaten. Polar coordinates 
Polarvektor. Vector, polar 
Pol einer analytischen Funktion. Pole of an analytic 

function 

Polhode. Polhode 
Polyatomische Molekiile. Polyatomic molecules 
Polymer. Polymer 
Polymerische Mischungen. Polymer mixtures 
Polynomefaktorisierung. Polynomial factorization 
Polynomial. Polynomial 
Porter-Thomas-Verteilung. Porter-Thomas distribu¬ 

tion 
Positivbestimmte Matrize. Positive definite matrix 
Positiver Pol. Anode 
Positronium. Positronium 
Positronvektor. Positron vector 
Potentialenergie. Energy, potential 
Potentialmolekiilfunktionen. Potential functions of 

molecules 
Potentialschranke. Potential barrier 
Potentialstreuung. Potential scattering 
Potentialstromung. Potential flow 
Potenzreihe. Power series 
Plastizitat. Plasticity 
Poyntinglehrsatz. Poynting theorem 
Poyntingvcktor. Poynting vector 
Prandtl-Glauert-Regel. Prandtl-Glauert rule 
Prandtl-Meyer-Ausdehnung. Prandtl-Meyer expansion 
Prandtl-Reuss-Material. Prandtl-Reuss material 
Prandtlzahl. Prandtl number 
Prinzip der eigentlichen Arbeit. Work, principle of 

virtual 

Prinzip der entsprechenden Zustande. Corresponding 
states, principle of 

Prinzip der geringsten Energie. Least-energy principle 
Prinzip der geringsten Wirkung. Least action, principle 

of 
Probenahmeverteilung. Sampling distribution 
Probepriifung. Proof test 
Probepunkt. Sample point 
Probit. Probit 

Proca-Gleichungen. Proca equations 
Produkt. Product 
Produktmoment. Product moment 
Profilwiderstand eines Fltigels. Profile drag of a wing 
Program m. Program 
Progression. Progression 
Projektionswinkel. Projection angle 
Prufungsfunktion. Test function 
Pseudoskalar. Pseudoscalar 

Pseudoskalarkupplung. Pseudoscalar coupling 
Pseudovektor. Pseudovector 

Pseudovektorkupplung. Pseudovector coupling 
Puls. Pulse 
Pulsamplitude. Pulse amplitude 
Pulsbandweite. Pulse bandwidth 
Pulsdauer. Pulse duration 
Pulszerfallzeit. Pulse decay time 
Punktgruppe. Point group 
Pulsierung. Pulsatance 
Pulsmodus. Pulse mode 
Pulspause. Pulse interval 
Pulspflichtfaktor. Pulse duty factor 
Punktquelle. Point source 
Pulssteigcrungszeit. Pulse rise time 
Pulstrennung. Pulse separation 
Pulsubergehen. Pulse spacing 
Pulswiederholungsfrequenz. Pulse repetition frequency 
Pulswiederholungsperiode. Pulse repetition period 
Pulswiederholungsverhaltnis. Pulse repetition rate 
/’-Welle. P wave 
Pythagorasskala. Pythagorean scale 
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(2-Faktor. Q factor 

Quadratdifferentialform. Quadratic differential form 
Quadratwelle. Square wave 

Quadratwellepotential. Square well potential 

Quadrische Oberflache. Quadric surface 
Quadrupelvektorenprodukt. Quadruple product of 

vectors 
Quant. Quantum 

Quantenelektrodynamik. Quantum electrodynamics 
Quantenertrag. Quantum yield 
Quantenhaft. Quantic 

Quantenmagnetismustheorie. Magnetism, quantum 
theory of 

Quantenmechanik. Quantum mechanics 
Quantenmechaniksresonanz. Resonance, quantum 

mechanical 
Quantenstatistik. Quantum statistics 

Quantentheorie der Spektra. Quantum theory of spectra 

Quantentheorie einer Warmekapazitat. Quantum theory 
of heat capacity 

Quantentheorie einer Zerstreuung. Quantum theory of a 
dispersion 

Quantenwirksamkeit. Quantum efficiency 

Quantenzustandsdichte in einem Leitungsband. Density 
of quantum states in conduction band 

Quantil. Quantile 
Quantisieren. Quantize 
Quantisierung. Quantization 

Quantisierung des elektromagnetischen Feldes. Quanti¬ 
zation of electromagnetic field 

Quasi-chemische Annaherung. Quasi-chemical approxi¬ 
mation 

Quasiferminiveaus. Fermi levels, quasi 
Quaternion. Quaternion 
Quelle. Source 
Quellenebene. Source level 

Quellesinkenmethode. Source-sink method 

Querschnitt. Cross-section 
Querunterschiedsgleichheit. Cross-differentiation 

identity 
Q-Wert. Q-value 

Racah-Beiwert. Racah coefficient 
Radialladung. Radial loading 
RadialvergroBerung. Radial magnification 
Radialverteilungsfunktion. Radial distribution function 
Rahmen. Frame 
Rahmenwerk. Framework 
Ramanwirkung. Raman effect 
Ramberg-Osgood-Nebenveranderlichen. Ramberg- 

Osgood parameters 
Rand. Edge 
Randbedingung. Boundary condition 
Randzug. Edge train 

Rang. Rank 
Rankine-Kreislauf. Rankine cycle 
Rankine-Wirbel. Rankine vortex 
Rankkorrelation. Rank correlation 
Rationalnummer. Rational number 
Raumahnliche Oberflache. Space-like surface 
Raumgitter. Space lattice 
Raumgruppe. Space group 
Raumkurve. Space curve 
Raumquantisierung. Space quantization 
Raumspanner. Tensor, space 
Rayl. Rayl 

Rayleigh-Anhaltspunkt zur Auflosung. Rayleigh cri¬ 
terion for resolution 

Rayleigh-Grenze zur Kugelabirrung. Rayleigh limit for 
spherical aberration 

Rayleigh-Jeans-Gleichung. Rayleigh-Jeans equation 
Rayleighoberflachewellen. Waves, Rayleigh surface 
Rayleigh-Ritz-Methode. Rayleigh-Ritz method 
Rayleigh-Scheibe. Rayleigh disk 
Rayleigh-Schrodinger-Belastigungsformel. Rayleigh- 

Schrodinger perturbation formula 
Rayleigh-Streuung. Rayleigh scatter 

Rayleigh-Zahl. Rayleigh number 
Reaktoriibertragungsfunktion. Reactor transfer func¬ 

tion 
Realgase. Real gases 
Rechnungsmaschine. Calculator 
Rechteckebeneoberflachenschallquelle. Plane rectangu¬ 

lar surface sound source 
Rechteckige Kongruenz. Rectilinear congruence 
Rechteckige Nebengeordneten. Rectangular coordin¬ 

ates 
Rechteckige Offnung. Rectangular aperture 

Rechteckige Platten. Plates, rectangular 
Reaktionsfahigkeit. Reactivity 
Rechteckige Verteilung. Rectangular distribution 
Regula falsi. Regula falsi 
Reduzierte Brennpunktlange. Reduced focal length 
Reduzierte Masse. Reduced mass 
Reduzierte oder Doppelmodul. Modulus, reduced or 

double 
Reflexabglanz. Reflex reflection 

Reibungsbeiwert. Friction, coefficient of 
Reibungsgeschwindigkeit. Friction velocity 

Reibungskegel. Friction, cone of 
Reibungswinkel. Friction, angle of 

Reihe. Series 
Reihenfolge. Sequence 
Reihenfolgenanalyse. Sequential analysis 

Reihenintegration. Series integration 

Reihensumme. Summation of series 
Reihenumkehrung. Reversion of series 
Reinbiegung. Bending, pure 
Rektifizierungsabwicklungslinie. Developable, rectify¬ 

ing 
Rektifizierungslinie. Rectifying line 

Rekursionsformel. Recursion formula 

Relativfehler. Relative error 
Relativfrequenz. Relative frequency 
Relativistische Hydrodynamik. Relativistic hydro¬ 

dynamics 
Relativistische Quantenfeldtheorie. Relativistic quan¬ 

tum field theory 
Relativistische Unveranderlichkeit einer physischen 

Theorie. Relativistic invariance of a physical theory 
Relativistische Unveranderlichkeits- und Quantenme¬ 

chanik. Relativistic invariance and quantumme- 

chanics 
Relativistische Unveranderlichkeitswellengleichungen. 

Relativistically invariant wave equations 
Relatiyitatsvorausgehung. Relativity precession 
Relativleuchtwirksamkeit. Relative luminous efficiency 

Relativspanner. Tensor, relative 
Resonanzenergie. Resonance energy 
Resonanzfluchtwahrscheinlichkeit. Resonance escape 

probability 
Resonanzfrequenz. Resonant frequency 

Resonanzintegral. Resonance integral 
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Resonanzkristallfrequenz. Crystal, resonance frequency 

of 
Resonanzscharfe. Resonance, sharpness of 
Restbetonungen. Residual stresses 
Reynolds-Analogie. Reynolds analogy 
Reynolds-Betonungen. Reynolds stresses 
Reynoldsgleichung. Reynolds equation 
Reynoldszahl. Reynolds number 
Reynoldszahl der Verwirbelung. Turbulence, Reynolds 

number of 
Rhombohedralsystem. Rhombohedral system 
Riccatigleichung. Riccati equation 
Riccigleichheit. Ricci identity 
Ricci-Lehrsatz. Ricci’s theorem 
Riccispanner. Ricci tensor 
Richardson-Auftragung. Richardson plot 
Richardson-Dushman-Gleichung. Richardson-Dush- 

man equation 
Richardson-Zahl. Richardson number 
Richtigsteller. Corrector 
Richtigstellung. Correction 
Richtung. Direction 
Richtungsmerkmal. Directional characteristic 
Richtungswinkel. Azimuth angle 
Riemann-Abbildungslehrsatz. Riemann mapping theo¬ 

rem 
Riemann-Cristoffel-Spanner. Riemann-Cristoffel tensor 
Riemann-Papperitz-Gleichung. Riemann-Papperitz 

equation 
Riemannintegral. Riemann integral 
Riemannoberflache. Riemann surface 
Riemannsphare. Riemann sphere 
Riemannzetafunktion. Riemann zeta function 
Ring. Ring 
Ringraum. Annulus 
Ringwulst. Torus 
Ritters Methode. Ritter’s method 
Ritzformel. Ritz formula 
Ritzmethode. Ritz method 
Rodriguesformel. Rodrigues formula 
Rohr- oder Kanaleingangslange. Entry length for pipe 

or channel 
Rollelehrsatz. Rolle theorem 
Rollenwiderstand. Rolling resistance 
Rolltreppemethode. Escalator method 
Rosette. Rosette 
Rossbysche Zahl. Rossby number 
Rossby-Wellen. Rossby waves 
Rotationsvermogen. Rotatory power 
Rotierungszerstreuung. Rotatory dispersion 
Rousseaudarstellung. Rousseau diagram 
Rouths Tragheitsregel. Routh’s rule of inertia 
Riickfall. Regression 
RiickfluB. Creep 
Riickfokalweite. Back focal length 
Ruckkopplung. Feedback 
Riickstrahlungsgesetze. Reflection, laws of 
Riickfiihrungsbeiwert. Restitution, coefficient of 
Riickfiihrungsperiode. Period of restitution 
Riickfuhrungsperiode. Return period 
Riickfiihrungsunterschied. Return difference 
Riickfiihrungsverhaltnis. Return ratio 
Ruckstrahlvermogen. Reflectivity 
Riickstreuungsbeiwert. Back-scattering coefficient 
Riickwirkung. Reaction 
Riickwirkungsumfang. Extent of reaction 
Riickwirkungskinetik. Kinetics, reactor 
Riickwirkungsbetonungen. Reaction stresses 

Ruckwirkungskanal. Reaction channel 
Ruhemoment. Moment, static 
Ruhewinkel. Repose, angle of 
Ruhebestandigkeit. Static stability 
Rundung. Rounding 
Runge-Kutta-Methode. Runge-Kutta method 
Runzeln. Wrinkling 
Russel-Saunders-Kupplung. Russell-Saunders coupling 
Russelwinkel. Russell angles 
Rutherford. Rutherford 
Rydbergkonstante. Rydberg constant 
Rydberggleichung. Rydberg equation 
Rydbergkorrigierung. Rydberg correction 
Rydbergreihe. Rydberg series 

Sabin. Sabin 
Sabingesetz. Sabin law 
Sackur-Tetrodegleichung. Sackur-tetrode equation 
Sagittalbrennpunkt. Sagittal focus 
Sagittalebene. Sagittal plane 
Sagitte. Sagitta 
Saha-Gleichgewichtformel. Saha equilibrium formula 
Sakularbestimmungszahl. Secular determinant 
Sammelgleichungen der Optik. Collineation equations 

of optics 
Sammelpunkt. Center of collineation 
Sandhaufenanalogie. Sand heap analogy 
Sankt-Venant-Mises-Material. Saint Venant-Mises 

material 
Sargentkurven. Sargent curves 
Sattelpunktmethode. Saddle point method 
Saugung der Laminargrenzschicht. Suction of laminar 

boundary layer 
Saulebalken. Beam, column 
Saurels Lehrsatz. Saurel’s theorem 
Schafli-Formel. Schafli formula 
Schale. Shell 
Schallaufnahmebeiwert der Oberflachen. Sound absorp¬ 

tion coefficient of surfaces 
Schallautstarke. Loudness of a sound 
Schallbanddruckebene. Sound band pressure level 
Schalldampfungsfaktor. Sound attenuation factor 
Schalldruckebene. Sound pressure level 
Schalldruckspektrumebene. Sound pressure spectrum 

level 
Schallebene. Sound level 
Schalleinheiten. Acoustical units 
Schalleistungsfahigkeit. Acoustical capacitance 
Schallenergiedichte. Sound-energy density 
SchallenergiefluB. Sound energy flux 
Schallkraft einer Quelle. Sound power of a source 
Schalloktavenbanddruckebene. Sound octave-band 

pressure level 
Schallspiegelungsbeiwert. Sound reflection coefficient 
Schallstreuung. Scattering, sound 
Schallsystem. Acoustical system 
Schalliibertragung. Sound transmission 
Schallzerfallverhaltnis. Rate of decay of sound 
Schar. Family 
Scharfreihe. Sharp series 
Schatzungstheorie. Estimation, theory of 
Schauereinheit. Shower unit 
Scheindurchmesser. Apparent diameter 
Scheinlastmethode. Loads, method of fictitious 
Scheitelmatrize. Matrix, vertex 
Scheitelpunkt. Vertex 
Scheitelpunktgrad. Vertex degree 
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Scherauslenkung. Deflection, shear 
Scherkraftsverzug. Shear lag 
Schermodul. Modulus, shear 
Scherstromung. Shear flow 
Scherung. Shear 

Scherungswellen. Waves, shear 
Scherungszentrum. Shear center 
Scheune. Barn 

Schichtintegration. Contour integration 
Schichtung. Stratification 
Schiefoberflache. Skew surface 
Schiefstrahlung. Skew ray 
Schiefwinkligkeit. Skewness 
Schlafoberschicht. Top, “ sleeping ” 
Schlage. Beats 

Schlangentheorie. Queues, theory of 
Schlankkorpertheorie. Slender-body theory 
Schlegelbalken. Beam, haunched 
Schleifenflug. Loop 
Schlupflinie. Slip line 

Schlupfstromung. Slip flow 
Schlupfwirkung. Slip effect 
Schmelzmittelvektoren. Flux vectors 
Schmidt-Hilbert-Methode. Schmidt-Hilbert method 
Schmidt-Kernmuster. Schmidt model of nuclei 
Schneidevorrichtung. Cut set 
Schneidevorrichtungsmatrize. Cut set matrix 

Schnellspaltungsfaktor. Fast fission factor 
Schonflies-Kristallsymbole. Schonflies crystal symbols 
Schottky-Mangel. Schottky defect 
Schraglinie. Diagonal 
Schrag-symmetrischer Spanner. Tensor, skew- 

symmetric 
Schraubenachse. Screw axis 
Schraubengang. Convolution 
Schraubengrad. Pitch of screw 
Schraubenlinie. Helix 
Schraubenwolbung. Curvature, screw 

Schrodingerbild. Schrodinger picture 
Schrodingergleichung. Schrodinger equation 

Schrodingervertretung. Schrodinger representation 

Schuttemperatur. Bulk temperature 

Schiittkennzahl. Modulus, bulk 

Schiittmodul. Bulk modulus 

Schwache Achse. Axis, weak 
Schwache Ortskommutativitat. Weak local commuta¬ 

tivity 
Schwachung. Attenuation 
Schwachwirkend. Nilpotent 
Schwankung-Vergeudungslehrsatz. Fluctuation-dissipa¬ 

tion theorem 
Schwankungen. Fluctuations 
Schwartz-Cristoflel Umwandlung. Schwartz-Christof- 

fel transformation 
Schwartz-Ungleichheit. Schwartz inequality 
Schwarzkorpcr. Black body 
Schwarzkorper Strahlungsgesetze. Black body radia¬ 

tion laws 
Schwarzschild-Kohlschutter-Formeln. Schwarzschild- 

Kohlschutter formulas 
Schwebe. Poise 

Schwebefrequenz. Beat frequency 

Schwellenenergie. Threshold energy 
Schwerbewegliche Gleichung. Pondermotive equation 

Schwerenhalbmesser. Gravitational radius 

Schwercnspannung. Gravitational potential 

Schwerpunkt. Center of gravity 

Schwimmkbperbestandigkeit. Stability of a floating 
body 

Schwingende Abwicklungslinie. Developable, osculat¬ 
ing 

Schwingung. Oscillation 

Schwingungsamplitude. Amplitude of oscillation 
Schwingungsarten. Oscillation, modes of 
Schwingungsebene. Plane of vibration 
Schwingungsenergieebene eines Molekiils. Vibrational 

energy levels of a molecule 
Schwingungspunkt. Center of Oscillation 
Schwingungsspektra der Molekiile. Vibrational spectra 

of molecules 
Schwingungssummeregel fur elektronische Obergiinge. 

Vibrational sum rule for electronic transitions 
Schwingungsteilfunktionen. Vibrational partition func¬ 

tion 

Secantspaltenformel. Secant formula for columns 
Sechskantensystem. Hexagonal system 
Sehachse. Axis, optic 
Sehkegel. Cones, visual 
Sehne. Chord 
Sehnenmethode. Chord method 
Sehspalte. Diopter 
Sehwinkelabweichung. Parallax 
Seidel-Abirrungen. Seidel aberrations 
Seidelmethode. Seidel method 
Seitenausbiegung. Lateral deflection 
Seitenknicken. Lateral buckling 
Seitenkugelabirrung. Lateral spherical aberration 
Seitenladung. Lateral load 
SeitenvergroBerung. Lateral magnification 
Seitwarts. Sidesway 
Selbstenergie in einem Nichtleiter. Self energy in a 

dielectric 
Selbstgefrett. Autofrettage 
Selbstkonsequentes Feld. Self-consistent field 
Selbstkorrelation. Autocorrelation 
Selbstzuriickdrehung. Autoregression 
Selektivaussender. Selective emitter 
Selektivstrahler. Selective radiator 
Sendungsvermogen. Transmittivity 
Senkrechtachsenlehrsatz. Perpendicular axis theorem 
Senkrechtwelle. Wave, longitudinal 
Serber-Wilson-Methode. Serber-Wilson method 
Serret-Frenet-Formeln. Serret-Frenet formulae 
Sheppards Verbesserungen. Sheppard’s corrections 
Sicherheitsfaktor. Safety factor 
Sichtbarkeitsfaktor. Visibility factor 
Sichtfeld. Field of view 
Siedekurve und Verdichtungskurve. Boiling curve and 

condensation curve 
Siedend. Boiling 
Siedepunkt. Boiling point 
Sieder. Boiler 
Siegbahn-A'-Einheit. Siegbahn x-unit 
Sigma-Pi-Wellenfunktion. Wave function, sigma-pi 
Signum. Signum 
Silsbee-Regel. Silsbee rule 
Simplexmethode. Simplex method 
Simpsons Regel. Simpson’s rule 
Simultangleichungen. Simultaneous equations 
Singularlosung. Singular solution 
Singularpunkt einer Funktion. Singular point of a 

function 
Singularwerte. Singular values 
Sinken. Sink 
Sinusformigkeitsgrenzlehrsatz. Sinusoidal limit theorem 
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Sinusgesetz. Law of sines 
Skalar. Scalar 
Skalardichte. Scalar density 
Skalarfeld. Scalar field 
Skalarprodukt. Scalar product 
Skalarverwandte. Scalar relative 
Skalarwolbung. Scalar curvature 
Skalen. Scalene 
Slater-Bestimmungszahl. Slater determinant 
Slater-Summe. Slater sum 
Slutsky-Yule-Wirkung. Slutsky-Yule effect 
5-Matrize. 5-matrix 
5-Matrizetheorie und Quantenfeldtheorie. 5-matrix 

theory and quantum field theory 
Snells Gesetz(e) Snell’s law(s) 
5jv-Methode. 5n method 
Sommerfelds Feingefiigekonstante. Sommerfeld’s fine 

structure constant 
Sommerfeld-Kossel-Verschiebungsgesetz. Sommerfeld- 

Kossel displacement law 
Sonderfunktionen. Special functions 
Sonderpolynome. Special polynomials 
Sonus. Sone 
Spalte. Slit 
Spalte-Auftragung-Methode. Split-plot method 
Spannerabkommling. Tensor derivative 
Spanneranalyse. Tensor analysis 
Spannerart. Tensor, type of 
Spannerbeifugung. Addition of tensors 
Spannerdichte. Tensor density 
Spannerfeld. Tensor field 
Spannerprodukt. Product of tensors 
Spannersumme. Sum of tensors 
Spannervervielfaltigung. Multiplication of tensors 
Spannweite. Span 
Spannung in einem Umkehrquadratfeld. Potential in 

inverse square field 
Spannungsbedienung. Potential operator 
Spannungsbeiwert. Coefficient of tension 
Spannungsfeld. Tension field 
Spannungskern. Potential core 
Spannungstemperatur. Potential temperature 
Speicherungseinheit. Storage unit 
Speicherungsprogrammrechner. Stored-program com¬ 

puter 
Spektralanhaufung. Spectral concentration 
Spektralaufnahmevermogen. Spectral absorptance 
Spektralaussendungsvermogen. Spectral emissivity 
Spektralebene des Zimmerlarms. Noise, spectrum level 

of room 
Spektraleigenschaft. Spectral characteristic 
Spektralenergieverteilung. Spectral energy distribution 
Spektralfunktion. Spectral function 
Spektralhalbmesser einer Matrize. Spectral radius of a 

matrix 
Spektralleuchtfaktor. Spectral luminance factor 
Spektralnorm. Spectral norm 
Spektralspiegelungsvermogen. Spectral reflectance 
Spektralubertragung. Spectral transmittance 
Spektroskopischer Spanner. Term, spectroscopic 
Spektrum. Spectrum 
Spektrumlokus. Spectrum locus 
Spencer-Fano-Methode. Spencer-Fano method 
Spenderbindung. Donor bond 
Sperrentspannung. Block relaxation 
Spezifische Akustikimpedanz. Impedance, specific 

acoustical 
Spezifische Brechung. Specific refraction 

Spezifische Dampfungskapazitat. Specific damping 

capacity 
Spezifischer Akustikwiderstand. Resistance, specific 

acoustic 
Spezifischer Warmeverbrauch. Specific heat consump¬ 

tion 
Spezifisches Umdrehungsvermogen eines Mittels. Speci¬ 

fic rotatory power of a medium 
Spezifische Tatigkeit. Specific activity 
Spezifische Umdrehung. Rotation, specific 
Spezifische Zerstreuung. Dispersivity, specific 
Spiegeldichte. Density, specular 
Spiegelersparnisse. Reflector savings 
Spiegelruckstrahlung. Specular reflection 
Spiegelungsebene. reflection plane 
Spiegelungswelle. Wave, reflected 
Spieltheorie. Games theory 
Spinabhangigkeitskraft. Spin-dependent force 
Spinnen. Spin 
Spinoidalkurve. Spinodal curve 
Spinorkalkulus. Spinor calculus 
Spinparamagnetismus der Leitungselektronen. Spin 

paramagnetism of conduction electrons 
Spitzenfaktor der Pulstrager. Pulse carrier, crest factor 

of 
Spur. Trace 
Stabsichtiger Unterschied. Astigmatic difference 
Staeble-Lihotzky-Bedingung. Staeble-Lihotzky condi¬ 

tion 
Staffelung. Echelon 
Stampfmomentbeiwert. Pitching moment coefficient 
Standardbrechung. Standard refraction 
Standardablenkung. Standard deviation 
Standschallwelle(n) Sound wave(s), stationary 
Standstochastikvorgang. Stationary stochastic process 
Standwellen. Stationary waves 
Standwelle. Wave, standing 
Standwelleverhaltnis. Standing-wave ratio 
Standzustande. Stationary states 
Stange. Bar 
Starke Achse. Axis, strong 
Starkeffekt. Stark effect 
Starke einer Kugelschallwelle. Intensity of a spherical 

sound wave 
Starke einer Spektrallinie. Intensity of a spectral line 
Starke einer Teilchenquelle. Intensity of a source of 

particles 
Starkeverteilungskurve. Intensity distribution, curve of 
Starkeverteilungsoberflache. Intensity distribution, sur¬ 

face of 
Statik. Statics 
Statischer Druck. Static pressure 
Statisch zulassig. Statically admissible 
Statistisch. Statistic 
Statistische Entropiemethode. Statistical method of 

entropies 
Statistische Gewichte der atomischen Energieebenen. 

Statistical weights of atomic energy levels 
Statistische Gewichte der Molekularenergieebenen. Sta¬ 

tistical weights of molecular energy levels 
Statistische Hypothese. Hypothesis, statistical 
Statistische Mechanik. Statistical mechanics 
Statistische Qualitatskontrolle. Statistical quality con¬ 

trol 
Statistischer Gewichtlchrsatz. Statistical weight theorem 
Statistisches Gewicht. Statistical weight 
Staudruck. Stagnation pressure 
Staupunkt. Stagnation point 
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Stautemperatur. Stagnation temperature 
Steckerstromung. Plug flow 

Stefan-Boltzmann-Gesetz. Stefan-Boltzmann law 
Steifrahmen. Rigid frame 
Steifspharen. Rigid spheres 
Steifwinkel. Glancing angle 
Steifzylinder. Rigid cylinder 
Steifkorper. Rigid body 
Steigung. Gradient 

Stetigkeitsmodul. Modulus of continuity 
Steigungsniveau. Pitch level 
Stellungsanmerkung. Positional notation 
Stellungsvektor. Vector, position 
Steradian. Steradian 

Stereographische Kugeldarstellung auf einer Ebene 
Stereographic projection of a sphere on a plane 

Stereospektrogramm. Stereospectrogram 
Stetig. Constant 
Stetiges. Continuum 
Stichprobe. Sample 
Stiel. Strut 

Stieltjesintegral. Stieltjes integral 
Stigmatisch. Stigmatic 
Stilb. Stilb 

Stirling-Interpolationsformel. Stirling interpolation for¬ 
mula 

Stirlingnummern. Stirling numbers 
Stochastisch. Stochastic 
Stockmayerpotential. Stockmayer potential 
Stoffteilchen. Particle, material 
Stoichometrikbeiwert. Stoichometric coefficient 
Stokes-Gesetze. Stokes laws 
Stokes-Linien. Stokes lines 
Stokes-Polarisationslehrsatz. Stokes polarization 

theorem 
Stokes-Stromung. Stokes flow 
Stormer-Methode. Stormer method 
Storung. Interference 
Storungsnebenveranderlichen. Nuisance parameters 
StoBbeiwert. Collision coefficient 
SloBfrequenz. Collision frequency 
StoBpotentialkurven in einem Molekiil. Repulsive 

potential curves in a molecule 
StoBtheorie der chemischen Kinetik. Collision theory 

of chemical kinetics 
StoBiiberweisung. Collisional transfer 
StoBwahrscheinlichkeit. Collision probability 
StoBzwischenraum. Collision interval 
Strahlenakustik. Ray acoustics 
Strahlennachspiiren. Ray tracing 
Strahlentatigkeitsstarke. Intensity of radioactivity 
Strahler. Radiator 
Strahltriebwerk. Jet engine 
Strahlung. Radiance 
Strahlungsdichtekonstantc. Radiation density constant 
Strahlungsdruck. Radiation pressure 
Strahlungscmittierung. Radiant emittancc 
Strahlungsfeld. Radiation field 
Strahlungslangc. Radiation length 
Strahlungsmuster. Radiation pattern 
Strahlungsstarke. Intensity of radiation 
Strahlungsverbesserung. Radiative correction 
Strahlungswiderstand. Radiation resistance 
Strahlungswirksamkeit. Radiant efficiency 
Strangvieleck. Funicular polygon 
Strehl-Definicrung. Strehl definition 
Streifen. Fringe 
Streuung. Scattering 

Streuungsamplitude. Scattering amplitude 
Streuungsbeiwerte. Scattering coefficients 
Streuungsdarstellung. Scatter diagram 
Streuungsdruck. Spreading pressure 
Streuungsphasenschiebung. Scattering phase shift 
Streuungsverhaltnisse. Dispersion relations 
Streuungsverlust. Scattering loss 
Streuungsvermogen. Dispersive power 
Streuungswinkel. Scattering angle 
Strombiatt. Current sheet 
Stromdichte. Current density 
Stromlinie. Streamline 
Stromungsfunktion. Stream function 
Stromungslinien. Lines of flow 
Stromungspunkt. Steam point 
Stromungsregel. Flow rule 
Stromungstheorie der Plastizitat. Flow theory of plasti¬ 

city 

Stromwahrscheinlichkeit. Current probability 
Studentenverteilung. Student's distribution 
Stufenfunktion. Step function 
Stufenwirksamkeit. Stage efficiency 
Stiirmische Rohrstromung. Pipe, turbulent flow in 
Sturmlehrsatz. Sturm theorem 
Sturm-Liouville-Gleichung. Sturm-Liouville equation 
Sturm-Liouville-Problem. Sturm-Liouville problem 
Sturmreihenfolge. Sturm sequence 
Sublimierungskurve. Sublimation curve 
Summeniibereinkunft. Summation convention 
Summenunveranderliche. Summational invariant 
Sumptners Prinzip. Sumptner's principle 
Sutherlandmodell. Sutherland model 
5-Wellen. 5 waves 
Symmetrieebene. Symmetry, plane of 
Symmetrische Funktion. Symmetric function 
Symmetrischer Spanner. Tensor, symmetric 
Symmetrische Wellenfunktion. Symmetric wave func¬ 

tion 
Synklastikoberflache. Synclastic surface 
Synthetische Einteilung. Synthetic division 
Synthetischer Kern. Kernel, synthetic 
Systematische Probenahme. Systematic sample 
Systemgleichungen. System equations 
5-Zustand. 5-state 

Tafelfehlererkennung. Detection of tabular errors 
Talbot. Talbot 
Talbotgesetz. Talbot law 
Tamm-Dancoff-Methode. Tamm-Dancoff method 
Tangens an einer Kurve. Tangent to a curve 
Tangensbeschleunigung. Acceleration, tangential 
Tangensbrennpunkt. Tangential focus 
Tangensebene. Tangential plane 
Tangensebenc an einer Oberflache. Tangent plane to 

surface 
Tangenskraft. Force, tangential 
Tangensmodul. Modulus, tangent 
Tangentengesetz. Law of tangents 
Tantochron. Tantochronc 
Tatigkeit. Action 
Tatigkeitsprinzip. Action principle 
Tatigkeitsveranderliche. Action variable 
Taylorreihen. Taylor series 
Taylorspirale. Taylor spiral 
Teilbruchstiick. Fraction, partial 
Teilbruchstuckausdehnung. Partial fraction expansion 
Teilchenauslegung. Particle interpretation 
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Teilchengeschwindigkeit. Velocity, particle 
Teilchengleichgewicht. Equilibrium of a particle 
Teildruck. Partial pressure 
Teildifferentialgleichung. Partial differential equation 
Teilknoten. Nodes, partial 
TeilmolargroBen. Partial molar quantities 
Teilung. Partition 
Teilungsfunktion. Partition function 
Teilungsfunktion der diatomischen Molekiile. Diatomic 

molecules, partition function of 
Teilfunktion der polyatomischen Molekiile. Polyatomic 

molecules, partition function of 
Teilungsfunktion des Umdrehers. Rotator, partition 

function of 
Teilverbreitung. Dispersion, partial 
Teilzahlgesetz fur einen Spanner. Quotient law for 

tensor 
Teilzahlunterschiedsalgorithmus. Quotient-difference 

algorithm 
Teilzusammenhang. Partial coherence 
Telezentrisches System. Telecentric system 
Temperatur. Temperature 
Temperaturerholungsfaktor. Temperature recovery 

factor 
Temperatursteigung. Temperature gradient 
Tensor. Tensor 
Ternarsysteme. Ternary systems 
Tetrachlorische ^Correlation. Tetrachloric correlation 
TetradebenmaB. Symmetry, tetrad 
Tetragonalsystem. Tetragonal system 
Tetrahedralkristalle. Tetratohedral crystals 
Tetralitatsprinzip. Tetrality principle 
Thermodynamik der unumkehrbaren Vorgange. 

Thermodynamics of irreversible processes 
Thermodynamikeigenschaft. Thermodynamic property 
Thermodynamikfunktionen der Oberflachenphasen. 

Thermodynamic functions of surface phases 
Thermodynamikgleichgewicht. Thermodynamic equi¬ 

librium 
Thermodynamikkrafte der unumkehrbaren Vorgange. 

Forces in thermodynamics of irreversible processes 
Thermodynamikmischungsfunktionen. Thermodynamic 

functions of mixing 
Thermodynamikstetigkeitszustande. Thermodynamic 

stability conditions 
Thermodynamiksystem. Thermodynamic system 
Thermoelektrische Kraft. Thermoelectric power 
Thermomolekulardruck. Thermomolecular pressure 
Thermomolekulardrucksunterschied. Thermomolecular 

pressure difference 
Thermostatik. Thermostatics 
Thermostatistik. Thermostatistics 
Thevenins akustischer Lehrsatz. Thevenin’s acoustical 

theorem 
Thevenins elektrischer Lehrsatz. Thevenin’s electrical 

theorem 
Thevenins mechanischer geradliniger Lehrsatz. The¬ 

venin’s mechanical rectilineal theorem 
Thevenins mechanischer Umdrehungslehrsatz. The¬ 

venin’s mechanical rotational theorem 
Thixotripie. Thixotropy 
Thomson-Streuung. Thomson scattering 
Tomonaga-Schrodinger-Gleichung. Tomonaga- 

Schrodinger equation 
Tomonaga-Schwinger-Gleichung. Tomonaga- 

Schwinger equation 
Topologie. Topology 
Topologische Gruppe. Topological group 

Topologischer Raum. Topological space 
Toroidalnebengeordneten. Toroidal coordinates 
Torsionmembranenanalogie. Membrane analogy, tor¬ 

sion 
Totaldruck. Total pressure 
Totalspiegelung. Total reflection 
Totlast. Dead load 
Tragen. Carry 
Tragerdichte. Carrier density 
Tragerkapazitat. Carrying capacity (load) 
Tragfahige Duse. Jet, buoyant 
Tragflachensehne. Chord of airfoil 
Tragflachentheorie. Airfoil theory 
Tragflugelkaskade. Cascade of airfoils 
Tragfliigelversagung. Stalling of an airfoil 
Tragheit. Inertance 
Tragheitskrafte. Inertia forces 
Tragheitsmoment. Moment of inertia 
Tragheitsrahmen. Inertial frame 
TraidebenmaB. Symmetry, traid 
Transponierung. Transposition 
Trapezregel. Trapezoidal rule 
Trennbar. Separable 
Trennbare Darstellung. Graph, separable 
Trennung der Veranderlichen. Separation of variables 
Tresca-Ergiebigkeitsbedingung. Tresca’s yield condition 
Trockendampf. Dry vapor 
Tropfchenverdichtung. Drop-wise condensation 

(jberaustausch. Superexchange 
Oberauswahlregeln. Superselection rules 
Uberdeckungsintegral. Overlap integral 
Gbereinstimmend. Congruent 
Oberentspannung. Overrelaxation 
Oberfuhrungsgleichung. Transport equation 
Uberfuhrungs-mittlere-freie-Weglange. Transport mean 

free path 
Uberfiihrungszahl. Transport number 
Uberfiille. Redundancy 
Uberfullezwang. Redundant constraint 
Oberfunktionen. Excess functions 
Obergangsverlust. Transition loss 
Obergangswahrscheinlichkeit. Transition probability 
Ubergitter. Superlattice 
Uberlagerungslehrsatz. Superposition theorem 
Oberlagerungsprinzip. Superposition principle 
Oberleitungsenergiengleichung. Superconductivity 

energy equation 
Oberleitungsiibergang. Superconducting transition 
Ubermultiplett. Supermultiplet 
Oberquerungsentwurf. Cross-over design 
Cberragend. Transcendental 
Oberrest. Remainder 
Oberrestformeln. Remainder formulas 
Uberschallahnlichkeitsgesetz. Hypersonic similarity 

law 
Oberschallstromung. Hypersonic flow 
Oberschallstromungskegel. Cone in supersonic flow 
Ubersetzung. Translation 
Ubersetzungsgruppe. Translation group 
Ubersetzungstatigkeit. Translation operation 
Oberspanntheit. Exaltation 
Oberstrukturlinien. Superstructure lines 
Obertragbare GroBe. Transferable quantity 
Cbertragung. Transmission 
Obertragungsebene. Transmission plane 
Obertragungsfahigkcit. Transmittance 
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Obertragungsfaktor. Carryover factor 
Obertragungsfunktion. Transfer function 
Obertragungskern. Kernel, transport 

Obertragungslehrsatz zum Tragheitsmoment. Moment 
of inertia, transfer theorem for 

Obertragungslinie. Transmission line 
Obertragungsmatrize. Transmission matrix 
Obertragungsvermogen. T ransm issivity 
Oberwellenstromung. Super-undal flow 
Uhrparadoxie. Clock paradox 
Ultrarote Ratiation. Infrared ratiation 
Umdrehung. Rotation 

Umdrehungsenergienebene eines Molekiils. Rotational 
energy levels of a molecule 

Umdrehungsgruppe. Rotation group 
Umdrehungskapazitat. Rotation capacity 
Umdrehungskernspektra. Rotational spectra in nuclei 
Umdrehungskonstanten eines Molekiils. Rotational 

constants of a molecule 
Umdrehungskoordinatensystem. Rotating coordinate 

system 
Umdrehungsoberflache. Surface of revolution 
Umdrehungsachse. Rotation axis 
Umdrehungschwingungsspektra der Molekiile. Rota¬ 

tion vibration spectra of molecules 
Umdrehungsspektra der Molekiile. Rotation spectra of 

molecules 
Umdrehungs-Spiegelungs-Achse. Rotation-reflection 

axis 
Umdrehungssummenregeln. Rotational sum rules 
Umdrehungteilungsfunktion. Rotational partition func¬ 

tion 
Umdrehungsiibereinstimmung. Rotational compliance 
Umdrehungs-Umkehrungs-Achse. Rotation-inversion 

axis 

Umdrehungsverbreitung. Dispersion of rotation 

Umdrehungsverhaltnis. Conversion ratio 
Umfang. Dimension 

Umfangreiche Veranderiichen. Extensive variables 
Umfangsbetonung. Stress, circumferential 

Umfangseinwilligung. Compliance, bulk 
Umgekehrter Rankine-Kreislauf. Reversed Rankine 

cycle 
Umgerechneter Endpunkt. Extrapolated end-point 
Umhiillung. Envelope 

UmkehranstoG. Inverse collision 

Umkehrbare und unumkehrbare Vorgange. Reversible 
and irreversible processes 

Umkehrbares Pendel. Pendulum, reversible 

Umkehrfunktion. Inverse function 
Umkehrinterpolation. Inverse interpolation 

Umkehrmatrize. Inverse matrix 

Umkehroberflachen Inverse surfaces 

Umkehrpunkt. Center of inversion 

Umkehrstundeformel. Inverse hour formula 
Umkehrtreibungsmittel. Inverse operator 
Umkehrung. Inversion 
Umkehrungstemperatur. Inversion temperature 
Umkehrungsverdoppelung. Inversion doubling 

Umklappvorgange. Umklapp processes 

Umrechnungswert der Atommassen. Atomic mass con¬ 

version factor 
Umrechnungszunahme. Conversion gain 

Umschaltcr. Commutator 
Umschaltungsbeziehungen. Commutation relations 
Umschaltungsregeln. Commutation rules 
Umwandelter Abschnitt. Transformed section 

Umwandeln. Transform 
Umwandlung. Transformation 
Umwandlungsgesetze fiir Feldstarken. Transformation 

laws for field strengths 
Unabhangig. Independent 
Unabhangige Bestandteile. Independent components 
Unabhangige Riickwirkungen. Independent reactions 
Unabhangigkeit. Independence 
Unausgeglichene Warme. Uncompensated heat 
Unbestimmbare Form. Indeterminate form 
Unbestimmbarkeitsprinzip. Indeterminancy principle 
Unbestimmtes Gefiige. Indeterminate structure 
Unbestimmungsbeiwertemethode. Undetermined co¬ 

efficients, method of 
Unechte Normalschwingungen der polyatomischen Mole¬ 

kiile. Non-genuine normal vibrations of polyatomic 
molecules 

Unechter Bruchteil. Improper fraction 
Uneinheitliche Lorentzumwandlung. Inhomogeneous 

Lorentz transformation 
Unelastischer Aufprall. Impact, inelastic 
Unendliche Darstellung. Graph, infinite 
Unendlicher Gierfliigel. Infinite yawed wing 
Unendliches Aufnahmemuster. Infinite absorber model 
Unendliches Kegelhorn. Horn, infinite conical 
Unendliches Parabelhorn. Horn, infinite parabolic 
Unendliches Potenzhorn. Horn, infinite exponential 
Unendliches Zylinderhorn (unendliches Rohr). Horn, 

infinite cylindrical (infinite pipe) 
Unendliche Vervielfaltigung. Multiplication, infinite 
Unendlichkeit. Infinity 
UnermeBbar. Incommensurable 
Ungeeignetes Integral. Improper integral 
Ungerade Funktion. Odd function 
Ungerade-gcrade Regel der Kernstetigkeit. Odd-even 

rule of nuclear stability 
Ungerades Atomglied. Odd term of an atom 
Ungleichformigkeitsfaktor oder Anisotropfaktor. Dis¬ 

symmetry factor or anisotropy factor 
Ungleichheitenmethode. Inequalities, method of 
Unharmonische Glieder. Anharmonic terms 
Unharmonischer Oszillator. Oscillator, anharmonic 
Universalfermizwischenwirkung. Universal fermi inter¬ 

action 
Unklebrige Fliissigkeit. Inviscid fluid 
Unkupplungsphanomene in der Spektroskopie. Un¬ 

coupling phenomena in spectroscopy 
Unmittelbare Betonung. Stress, direct 
Unmittelbarer AnstoB. Direct collision 
Unmittelbare Cbertragung. Direct transmittance 
Unmittelbare Wechselwirkung. Direct interaction 
Unniitzbares Gleichgewicht. Frozen equilibrium 
Unscharfe Obertragung. Diffuse transmittance 
Unstetiges Gleichgewicht. Equilibrium, unstable 
Unstetigkeit. Discontinuity 
Unstetigkeitssysteme. Discontinuous systems 
Unsymmetrische Biegung. Unsymmetrical bending 
Unsystematische Veranderliche. Random variable 
Unterdarstellung. Subgraph 
Unterdarstellungskomplement. Subgraph complement 
Untergruppe. Subgroup 
Unterharmonisch. Subharmonic 
Unterordnung. Subroutine 
Unterschall- und Oberschall-Stromung. Subsonic and 

supersonic flow 
Unterschiedsgleichung. Difference equation 
Unterschiedstater. Difference operators 
Unterstiitzungssiedlung. Settlement of supports 
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Untrennbare Darstellung. Graph, non-separable 
Unveranderliche. Invariant 
Unvollkommenes Gas. Imperfect gas 

Unvollstandige Betafunktion. Incomplete beta function 

Unvollstandige Gammafunktion. Incomplete gamma 
function 

Unvollstandige Sperre. Incomplete block 
Unwesentlich. Extraneous 
Ursachlichkeitsprinzip. Causality principle 
Urspriinglich. Primitive 
Urspriingliche Obersetzung. Primitive translation 

Van der Waals Gleichung. Van der Waals’ equation 
Van der Waals Krafte. Van der Waals’ forces 

Van't Hoff Lehrsatz. Van’t Hoff theorem 
Varignon-Lehrsatz. Varignon theorem 
Vektor. Vector 
Vektorabkommling. Vector derivative 
Vektorbedienung. Vector operator 
Vektorbestandteil. Component of a vector 

Vektordifferentialgleichheiten. Vector differential iden¬ 
tities 

Vektorenbeschaffenheit. Composition of vectors 
Vektorenfeld. Vector field 
VektorenfluB. Vector flux 
Vektorengebiet. Vector area 
Vektorenraum. Vector space 
Vektorensinn. Sense of a vector 
Vektorenzerfall. Decomposition of a vector 
Vektorenzusatz. Vector addition 
Vektorenpotential. Vector potential 
Vektorvermehrung. Vector multiplication 
Vektorenwolbung. Vector curvature 
Vena contracta. Vena contracta 
Verallgemeinerte Beanspruchung. Strain, generalized 

Verallgemeinerte Betonung. Stress, generalized 

Verallgemeinerte Geschwindigkeiten. Velocities, gen¬ 
eralized 

Verallgemeinerte Kraft. Force, generalized 

Verallgemeinerte Nebengeordneten und Momenta. Co¬ 
ordinates and momenta, generalized 

Veranderte Unterschiedsmethode. Variate difference 
method 

Veranderungenkalkulus. Variations, calculus of 
Veranderungsanalyse. Analysis of variance 

Veranderungsbeiwert. Coefficient of variation 

Veranderungsbestandigkeit. Stabilization of variance 
Veranderungsprinzipien fur Nichtgleichgewicht- 

Zustande. Variational principles for non-equilibrium 
states 

Veranderungsprinzip und Bindungsenergien. Variation 
principle and bond energies 

Verbindung. Combination 

Vcrbindungsunterschiede. Combination differences 
Verborgene Koordinate. Hidden coordinate 
Verbotencr Obergang. Forbidden transition 
Verbundbetonung. Stress, combined 

Verbundgittertragcr. Truss, compound 

Verbundpendel. Pendulum, compound 

Verdetkonstante. Vcrdet constant 
Verde-und-Wick-Methode. Method of Verde and Wick 
Verdichtbarkeit. Compressibility 
Verdichter. Compressor, condenser 
Verdichtungsbeiwert. Condensation, coefficient of 
Verdichtungsraum. Clearance volume 
Verdichtungssystcm. Condensed system 

Verdrehung. Torsion 
Verdrehungshalbmesser. Torsion, radius of 
Verdrehungs- Oder Verzwirnungsknicken. Buckling, 

torsional or twist 
Verdrehungspendel. Pendulum, torsion 
Verdrehungswellen in einem Stab. Torsional waves in a 

rod 
Verdiinnte Gasdynamik. Rarefied gas dynamics 
Verdiinnungswarme. Heat of dilution 
Vereinigung. Association 
Vereinigungsgrundsatz. Combination principle 
Verfestigung. Work hardening 
Verformungsperiode. Period of deformation 
Verfrachtung. Entrainment 
Verfugbare Energie. Available energy 
Vergeudung. Dissipation 
Vergeudungsfunktion. Dissipation function 
Vergeudungskraft. Dissipative force 
Vergleiche der Beweglichkeitsdynamik. Dynamical 

analogies, mobility 
Vergleichsfolgerung. Fiducial inference 
Vergleichslehrsatz zur Konvergenz. Comparison 

theorem for convergence 
VergroBerung. Magnification 

VergroBerungsmethoden. Enlargement, methods of 

VergroBerungsprojektorverhaltnis. Magnification ratio 
of a projector 

VergroBerungsvermdgen. Magnifying power 
Verhaltnis. Ratio 

Verhaltnisse der unumkehrbaren Vorgange. Rates of 
irreversible processes 

Verhaltnisgrenze. Limit, proportional 
Verhaltnisladung. Proportional loading 
Verkuppelte chemische Gegenwirkungen. Coupled 

chemical reactions 
Verlangertes Sinusverhaltnis. Extended sine relationship 

Verlangerung oder Ausdehnung. Elongation or exten¬ 
sion 

Verlangsamungsdichte. Slowing-down density 
Verlangsamungsgebiet. Slowing-down area 

Verlangsamungslange. Slowing-down length 

Verlangsamungszeit. Slowing-down time 

Verlorene Kraft. Force, “ lost ” 

Verlusteinwilligung. Compliance, loss 
Verlustfunktion. Loss function 

Verlustkennzahl. Modulus, loss 
Verlusttangens. Tangent, loss 
Vermehrungskonstante. Propagation constant 
Vermengung. Confounding 
Vernehmbarkeitsschwelle. Treshold of audibility 
Vernichtungstater. Destruction operator 
Vernichtungswirkender. Annihilation operator 
Verschiebung. Displacement 
VerschluB. Closure 

Vcrschobene Grenzannaherung. Deferred approach to 
the limit 

Versor. Versor 
Verstarker. Amplifier 
VerstoB gegen die Sinusbedingung. Offense against the 

sine condition 

Versuchstreuungskurve. Scattering curve, experimental 
Vertauschung. Permutation 

Vertauschungsgesetz. Commutative law 

Vertauschungsgruppe. Permutation group 

Vertauschungssymbol. Permutation symbol 
Verteilte Kraft. Force, distributed 

Verteilung. Distribution 
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Verteilung der Relativspektralenergie. Relative spectral 
energy distribution 

Verteilungsbeiwerte (optische). Distribution coefficients 
(optical) 

Verteilungsfaktor. Distribution factor 
Verteilungsfreie Folgerung. Distribution-free inference 
Verteilungsgesetz. . Distributive law 
Verteilungstheorie. Distribution theory 
Verteilungsmoment. Moment of a distribution 
Vertrauensgrenzen. Confidence limits 
Vertretung. Representation 
Vertretungen der uneinheitlichen Lorentzgruppe. Re¬ 

presentations of the inhomogeneous Lorentz group 
Vervielfaltig. Factorial 
Vervielfaltigkeit. Multiplicity 
Vervielfaltigkeitswechselung. Multiplicities, alternation 

of 
Vervielfaltigungsexperiment. Factorial experiment 
Verweisungsrahmen. Frame of reference 
Verwirbelte Duse. Jet, turbulent 
Verwirbelung. Turbulence 
Verwirbelung in Windtunneln. Turbulence in wind 

tunnels 
Verwirbelungsahnlichkeit. Turbulence, similarity of 
Verwirbelungsenergie. Turbulence, energy of 
Verwirbelungsgrenzschicht. Turbulent boundary layer 
Verwirbelungskonvektion. Turbulence convection 
Verwirbelungsmikroskala. Turbulence, microscale of 
Verwirbelungsspektrum. Spectrum of turbulence 
Verwirbelungiibertragungsbeiwerte. Turbulent transfer 

coefficients 
Verwirbelungszerfall. Turbulence, decay of 
Verwirklichung. Realization 
Verzehrers Risiko. Consumer’s risk 
Verzerrung. Distortion 
Verzerrungsenergie. Distortion energy 
Verzierungsdarstellung. Vignetting diagram 
Verzogerte Elastizitiit. Elasticity, delayed 
Verzogerungslinie. Delay line 
Verzogerungszeit. Delay time 
Verzweigungsbruchstiick. Branching fraction 
Verzweigungspunkt. Branch point 
V-Gruppe. Dihedral group 
Vieleck. Polygon 
Vierendeelgittertrager. Vierendeel truss or girder 
Vierfaktorenformel. Four-factor formula 
Vielflachner. Polyhedron 
Vierkraft. Four-force 
Viermomentengleichung. Four-moment equation 
Vierpol. Quadrupole 
Vierpolmoment. Quadrupole moment 
Vierpolstrahlung. Quadrupole radiation 
Viertelsehnenpunkt. Quarter-chord point 
Viervektoren-und-Spanner. Four-vectors and tensors 
Vieth-Muller-Kreis. Vieth-Muller circle 
Vieth-Muller-Ringwulst. Vieth-Muller torus 
Virial. Virial 
Virialbeiwert. Virial coefficient 
Virial eines Systems. Virial of a system 
Virialzustandsgleichung. Virial equation of state 
Viskoelastischer Bediener. Viscoelastic operator 
Viskoelastische Wellen. Waves, viscoelastic 
Voigtmaterial. Voigt material 
Voigtmodell. Voigt model 
Volldarstellung. Graph, complete 
Vollkommene Losungen. Perfect solutions 
Vollkommene Optiksysteme. Perfect optical systems 
Vollineargruppe. Full linear group 

Vollstandig. Complete 
Volterragleichung. Volterra equation 
Volumenbruchteile. Volume fractions 
Volumengeschwindigkeit. Volume velocity 
Voraussager. Predictor 
Vorbeanspruchter Beton. Prestressed concrete 
Vorbehaltene einheitliche Lorentzumwandlungen. Re¬ 

stricted homogeneous Lorentz transformations 
VorbeiflieBender Stumpfkorper. Bluff body, flow past 
VorbeiflieBender Umdrehungszylinder. Rotating cylin¬ 

der, flow past 
Vorentmischung. Predissociation 
Vorherrschende Wellenlange. Dominant wavelength 
Vorratsmodul. Modulus, storage 
Vorrechtsrichtungen. Privileged directions 
Voussoir-Gewolbe. Voussoir arch 
V-Winkel. Dihedral angle 

Waagerechtscherung. Shear, horizontal 
Wache. Wake 
Wachstumskurve. Growth curve 
Wagner-Balken. Wagner beam 
Wahllehrsatz. Alternative theorem 
Wahllosigkeit. Randomness 
Wahrscheinlichkeit. Probability 
Wahrscheinlichkeitsbeiwert. Coefficient of probability 
Wahrscheinlichkeitsdichte. Probability density 
Wahrscheinlichkeitskennziffer. Index of probability 
Wahrscheinlichkeitsprobenahme. Probability sampling 
Wahrscheinlichkeitsverteilung. Probability distribution 
Waidner-Burgess-Standard. Waidner-Burgess standard 
Wald. Forest 
Wallisformel. Wallis formula 
Wallisprodukt. Wallis product 
Wandenergie. Wall energy 
Wandverluste. Wall losses 
Warmeaufnahmeriickwirkung. Endothermic reaction 
Warmeausdehnung. Thermal expansion 
Warmebestandigkeit. Thermal stability 
Warmebewegungen in einem Gitter. Thermal motions 

in a lattice 
Warmebeiwerte. Thermal coefficients 
Warmeinhalt. Enthalpy 
Warmeinhaltslehrsatz. Enthalpy theorem 
Warmeeinheiten. Thermal units 
Warmegebrauch. Thermal utilization 
Warmegleichgewicht. Thermal equilibrium 
Warmeerschiitterung. Thermal shock 
Warmeton. Heat tone 
Warmegleichungszustand. Caloric equation of state 
Warmepotential. Thermal potential 
Warmestrahlung. Thermal radiation 
Warmeundurchlassige Losungen. Athermal solutions 
Warmewirksamkeit eines Kreislaufes. Thermal effi¬ 

ciency of cycle 
Wasserstoffbindeglied. Hydrogen bond 
Wasserstoffeingefuge. Hydrogen fine structure 
Wattspektrum. Watt spectrum 
Weber. Coulomb, Weber 
Weberentartung. Coulomb degeneracy 
Weberenergie. Coulomb energy 
Weberfeld. Coulomb field 
Webergesetz. Coulomb law 
Weberintegral. Coulomb integral 
Weberpotential. Coulomb potential 
Weberschranke. Coulomb barrier 
Weberwellenfunktion. Coulomb wave function 
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Wechselnd. Alternating 
Wechselseitigkeitsbeziehungen. Reciprocity relations 
Wechselseitigkeitsgeschwindigkeitsgebiet. Reciprocal 

velocity region 
Wechselseitigkeitslehrsatz. Reciprocity theorem 
Wechselseitigkeitsvektorensystem. Vector system, reci¬ 

procal 
Wechselseitigkeitsvektorensystem. Reciprocal vector 

system 
Wechselspanner. Tensor, alternating 
Wechselstrome. Alternating currents 
Wechselstromkreise. Alternating current circuits 
Wechselwirkende Methoden zur Gleichungslosung. 

lnterative methods for solving equations 
Wechselwirkungsbild. Interaction picture 
Wechselwirkungsgestait. Configuration, interaction 
Wechselwirkungskurve. Interaction curve 
Wechselwirkungsschnelleffekt. Fast effect, interaction 
Wechselwirkungsvertretung. Interaction representation 
Weddle-Regel. Weddle rule 
Weierstrass-Annaherungslehrsatz. Weierstrass approxi¬ 

mation theorem 
Weierstrass M-Priifung. Weierstrass M-test 
Weingartens Formeln. Weingarten's Formulas 
Weissenbergwirkung. Weissenberg effect 
Weiss’sche Gleichung. Weiss’s equation 
Weitlaufige Ruckstrahlung. Diffuse reflection 

Welle. Shaft, wave 
Wellenamplitude. Wave amplitude 
Wellenfunktion. Wave function 
Wellengleichung. Wave equation 
Wellenlangekonstante. Wavelength constant 
Wellenleiter. Waveguide 
Wellenmechanik. Wave mechanics 
Wellennebenveranderliche. Wave parameter 
Wellennummer. Wave number 
Wellenperiode. Wave period 
Wellenphase. Phase of the wave 
Wellenspitze. Wave crest 

Wellenstand. Waves stationary 
Wellenstirn. Wave front 

Wellenstirnabirrungen. Wave front aberrations 

Wertigkeitsbindungsmethode. Valence bond method 

Wertigkeitskrafte in polyatomischen Molekiilen. Valence 
forces in polyatomic molecules 

Wesentliche Eigenheit einer analytischen Funktion. 
Essential singularity of an analytic function 

Weyl-Gleichung. Weyl equation 

Whittaker Differentialgleichung. Whittaker differential 
equation 

Wichtigkeitsfunktion. Importance function 
Wick-Chandrasekhar-Methode. Wick-Chandrasekhar 

method 
Wick-Methode. Wick method 
Widerspruchsrekurrenz. Recurrence paradox 

Widerstand. Resistance 
Widerstandsbeiwert. Drag coefficient 

Widerstandsstromung. Resistance flow 
Wiederanhangung der Grenzschicht nach der Trennung. 

Reattachment of boundary layer after separation 

Wiederdurchzug. Recirculation 

Wiedererwarmungsfaktor. Reheat factor 
Wiedererzeugungswarme. Heat regeneration 

Wiederholbarkeit. Repeatability 

Wiederholungsmethode. Method of iteration 
Wiedernormalisierung der Masse. Renormalization of 

mass 

Wiederverbindungsbeiwert. Recombination, coefficient 
of 

Wiederverbindungsgeschwindigkeit. Recombination 
velocity 

Wiederverbindungsverhaltnis. Recombination rate 
Wiengesetze. Wien laws 

Wightmanfunktionen. Wightman functions 

Wigner-Beiwert. Wigner coefficient 
Wigner-Kraft. Wigner force 

Wigner-Wilkins-Modell. Wigner-Wilkins model 
Wilcoxons Priifung. Wilcoxon's test 
Wilkins Modell. Wilkins model 
Wilks Anhaltspunkt. Wilks’ criterion 
Williotdarstellung. Williot diagram 
Wind. Wind. 
Windladung. Wind load 
Windgleichungen. Wind equations 
Windungsintegral. Convolution integral 

Winkelbeschleunigung. Angular acceleration 
Winkelgeschwindigkeit. Angular velocity 

Winkelimpuls. Angular momentum 

Winkelkorrelation. Angular correlation 
Winkelmomentserhaltung. Conservation of angular 

momentum 
WinkelneutronenschmelzfluB. Flux, neutron, angular 
Winkelverschiebung. Angular displacement 
Winkelveranderliche. Angle variable 
Winkelvergroflerung. Angular magnification 

Winkelverteilung. Angular distribution 

Winkler-Bach-Formel. Winkler-Bach formula 
Winzig. Infinitesimal 
Wirbel. Vortex 
Wirbelblatt. Vortex sheet 
Wirbellinie. Vortex line 
Wirbelpaar. Vortex pair 
Wirbelring. Vortex ring 
WirbelstraBe. Vortex street 
Wirbelstromungsiibergang. Transition of turbulent flow 
Wirbelsubstanz. Substance of a vortex 
Wirbelung. Vorticity 
Wirksame Atomzahl. Atomic number, effective 

Wirksame Mechanomotivkraft. Effective mechano- 
motive force 

Wirksame Schallbandweite. Effective band width 
(acoustic) 

Wirksame Vervielfaltigung. Multiplication, effective 
Wirksamkeit. Efficiency 

Wirksamkeitsverhaltnis. Efficiency ratio 

Wirkung auf Hautreibungsrauheit. Roughness, effect 
on skin friction 

Wishart-Verteilung. Wishart distribution 
Wohlgeriihrte Fliissigkeit. Well-stirred fluid 
Wolbung. Curvature 
Wolbungskugel. Sphere of curvature 

Wolbungshalbmesser. Radius of curvature 
Wolbungspunkt. Curvature, center of 

Wort. Word 
Wronskian. Wronskian 
Wurfbahn. Trajectory 
Wurzel. Radix 
Wurzellokusanalyse. Root locus analysis 
Wurzelmittelquadrat. Root-mean-square 
Wurzelnblaser. Roots blower 
Wurzelquadratmethoden. Root-squaring methods 

X-Einheit. x-Unit 
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Yang-Feldman-Formalismus und die S-Matrize. Yang- 
Feldman formalism and the S-matrix 

Yates-Korrigierung. Yates correction 
Young-Modul. Young’s modulus 
Yvon-Methode. Yvon method 

Zahfliissigkeit. Viscosity 
Zahl. Number 
Zahlbar. Countable 
Zahlenanalyse. Numerical analysis 
ZahlenmaBige Differenzierungsformeln. Differentiation 

formulas, numerical 
ZahlenmaBige Quadratur. Quadrature, numberical 
Zahlenoffnung. Numerical aperture 
Zahlenstetigkeit. Numerical stability 
Zauberzahlen. Magic numbers 
Zeemaneffekt. Zeeman effect 
Zeichenahnlichkeiten. signularities 
Zeichenquantisierung. Quantization of signals 
Zeitanderung der Entropieproduktion. Time variation 

of the entropy production 
Zeittemperaturverschiebung. Time-temperature shift 
Zeitumkehrung. Time reversal 
Zelle. Cell 
Zelleneinheit. Unit cell 
Zellmuster des Flussigkeitszustands. Cell model of the 

liquid state 
Zensierend. Censoring 
Zentigradwarmeeinheit. Centigrade heat unit 
Zentigradskala. Centigrade scale 
Zentra'kraft. Force, central 
Zentrumoberflache. Surface of centers 
Zentralgrenze-Lchrsatz. Central limit theorem 
Zentralkrafte. Central forces 
Zentralquadrat. Central quadric 
Zentrierbeschleunigung. Centripetal acceleration 
Zentrifugalkraft. Centrifugal force 
Zerfallsbeiwert. Decay coefficient 
Zerhackter Effekt. Intermittency effect 
Zerstreuter Spiegelungsfaktor. Diffuse reflectance 
Zerstreuungsreihe. Diffuse series 
Zerstreuungsfaktor. Diffusion factor 
Zerstreuungslange. Diffusion length 
Zerstreuungsstetigkeit. Diffusion stability 
Zersetzungsenergie. Dissociation energy 
Zerstreuungsindikatrix. Indicatrix of diffusion 
Zerstreuungskern. Kernel, diffusion 
Ziellose Sperren. Randomized blocks 
Zimmerkonstante. Room constant 
Zitterbewegung. Zitterbewegung 

ZonenvergroBerung. Zonal magnification 
Zuchtgewinn. Breeding gain 
Zuchtverhaltnis. Breeding ratio 
Zufalligkeit. Contingency 
Zugstange. Tie rod 
Zulassige Betonung. Stress, allowable 
Zunahmerand. Gain margin 
Zunahmeverhaltnis. Gain ratio 
Zuriickweisungspunkte. Point centers of repulsion 
Zusammendriickung. Compression 
ZusammenfluB. Confluence 
Zusammenhangende Strahlung. Coherent radiation 
Zusammenladung. Combined loading 
Zusammenziehung. Contraction 
Zusatzlichkeit. Complementarity 
Zusatzlichkeitsbedingung. Supplementary condition 
Zusatzvorgang. Additive process 
Zustandsgleichung. Equation of state 
ZustandsgrdBe. Parameter 
Zustandskontinuitat. Continuity of state 
Zustandsvektor. State vector 
Zustrebekraft. Centripetal force 
Zuverlassigkeit. Reliability 
Zwei-Bestandteilgleichung der Neutrino. Two- 

component equation of the neutrino 
Zweiharmonische Gleichung. Biharmonic equation 
Zweiknoten. Binodals 
Zweiohrige Phasenwirkung. Binaural phase effect 
Zweireihige Korrelation. Biserial correlation 
Zweischrieb. Digraph 
Zweiter Brennpunkt. Second focal point 
Zweiter Grenzlehrsatz. Second limit theorem 
Zweiter Grundlehrsatz. Second fundamental theorem 
Zweite Rang-Ubergangstemperatur. Second order 

transition temperature 
Zweites Gesetz der Thermodynamik. Second law of 

thermodynamics 
Zwischenfall. Incident 
Zwischenatompotential. Interatomic potential 
Zwischenschallgebietsregel. Transonic area rule 
Zwischenschallahnlichkeitsgesetz. Transonic similarity 

law 
Zwischenschallhodographgleichungen. Transonic hodo- 

graph equations 
Zwischenverbindungslinien. Intercombination lines 
Zwischenviertelbereich. Interquartile range 
Zykloide. Cycloid 
Zyklomatische Nummer. Cyclomatic number 
Zyklonenbewegung. Cyclonic motion 
Zyklonenwirbeligkeit. Cyclonic vorticity 
Zyklostrophische Kraft. Cyclostrophic force 
Zylinderwelle. Wave, cylindrical 
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Aberracion de la luz. Aberration of light 
Aberracion esferica. Spherical aberration 
Aberracion esferica lateral. Lateral spherical aberra¬ 

tion 

Aberracion esferica longitudinal. Longitudinal spherical 
aberration 

Aberraciones del frente de onda. Wave front aberra¬ 
tions 

Aberraciones de Seidel. Seidel aberrations 
Aberraciones de un sistema optico. Aberrations of an 

optical system 
Abertura. Aperture 
Abertura circular. Circular aperture 
Abertura numerica. Numerical aperture 
Abertura rectangular. Rectangular aperture 
Absorcion de energia radiante. Absorption of radiant 

energy 
Accion. Action 
Aceleracion. Acceleration 
Aceleracion absoluta. Absolute acceleration 
Aceleracion angular. Angular acceleration 
Aceleracion centripeta. Centripetal acceleration 
Aceleracion complementaria. Coriolis acceleration 
Aceleracion de la gravedad. Acceleration of gravity 
Aceleracion geostrofica. Geostrophic acceleration 
Aceleracion tangencial. Acceleration, tangential 
Acoplamiento. Coupling 
Acoplamiento de Russell-Saunders. Russell-Saunders 

coupling 
Acoplamiento en las estructuras atomica y molecular. 

Coupling, in atomic and molecular structure 
Acoplamiento gradiente. Gradient coupling 
Acoplamiento inductivo. Flux linkage 
Acoplamientoj,j. j,j coupling 
Acotado. Bounded 
Actividad absoluta. Absolute activity 
Actividad especifica. Specific activity 
A cuadrado integrable. integrable square 
Acumulacion. Cluster 
Acustica rectilinea. Ray acoustics 
Adicion de tensores. Addition of tensors 
Adicion vectorial. Vector addition 
Adjunto de una matriz. Adjoint of a matrix 
Adjunto de un opetador. Adjoint of an operator 
Afinidad electronica. Electron affinity 
Agudeza de resonancia. Resonance, sharpness of 
Ajuste de curvas. Curve fitting 
Alabeo. Skewness 
Ala Elipticamente cargada. Elliptically-loaded wing 

Albedo. Albedo 
Algebra. Algebra 
Algebra de Boole. Boolean algebra 
Algebra de grupo. Algebra of a group 
Algoritmo. Algorithm 
Algoritmo cociente-diferencia. Quotient-difference algo¬ 

rithm 
Algoritmo de Euclides. Euclidean algorithm 
Alisadura. Smoothing 

Multiplicities, alterna- 

Effective height (an- 

Magneto- 

Alternacion de multiplicidades. 
tion of 

Alternative. Alternating 
Altura Efectiva de una antena. 

tenna) 
Amortiguamiento. Damping 
Amortiguamiento magnetomecanico. 

mechanical damping 
Amplitud de banda efectiva (acustica). Effective band 

width (acoustic) 
Amplitud de dispersion. Scattering amplitude 
Amplitud de impulso. Pulse amplitude 
Amplitud de la curvatura normal. Curvature, amplitude 

of normal 
Amplitud de onda. Wave amplitude 
Amplitud de oscilacion. Amplitude of oscillation 
Analisis. Analysis 
Analisis de la covariancia. Analysis of covariance 
Analisis de las componentes. Component analysis 
Analisis de la variancia. Analysis of variance 
Analisis factorial. Factor analysis 
Analisis limite y diseno. Limit analysis and design 
Analisis numerico. Numerical analysis 
Analisis plastico. Plastic analysis 
Analisis sucesional. Sequential analysis 
Analisis tensorial. Tensor analysis 
Analizador diferencial. Differential analyzer 
Analogia de Reynolds. Reynolds analogy 
Analogia hidrodinamica. Hydrodynamical analogy 
Analogias dinamicas clasicas. Dynamical analogies, 

classical 
Analogias dinamicas de movilidad. Dynamical ana¬ 

logies, mobility 
Anarmonicidad. Anharmonicity 
Ancho de banda del impulso. Pulse bandwidth 
Ancho del nivel (de energia). Level width 
Anchura de las lineas de absorcion por resonancia 

magnetica. Magnetic resonance, line width 
Anchura Doppler. Doppler width 
Anchura efectiva. Width, effective 
Anchura natural de lineas. Natural line width 
Anchura practica. Practical width 
Anelastico. Anelastic 
Angulo de aberracion. Aberration angle 
Angulo de abertura. Aperture angle 
Angulo de azimut principal. Angle of principal azimuth 
Angulo de Brewster. Brewster’s angle 
Angulo de convergencia. Angle of convergence 
Angulo de desfasamiento. Phase angle 
Angulo de desviacion. Angle of deviation 
Angulo de desviacion. Glancing angle 
Angulo de difraccion. Diffraction angle 
Angulo de difraccion. Angle of diffraction 
Angulo de dispersion. Scattering angle 
Angulo de enlace. Bond angle 
Angulo de friccion. Friction, angle of 
Angulo de Hall. Hall angle 
Angulo de incidencia. Incidence, angle of 
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Angulo de incidencia. Angle of incidence 
Angulo de incidencia principal. Angle of principal 

incidence 
Angulo de mach. Mach angle 
Angulo de proyeccion. Projection angle 
Angulo de reflexion. Angle of reflection 
Angulo de refraccion. Angle of refraction 
Angulo de reposo. Repose, angle of 
Angulo diedro. Dihedral angle 
Angulo mi'nimo de desviacion. Deviation, minimum 

angle of 
Angulos cristalinos. Crystal angles 
Angulos de Russell. Russell angles 
Anholonomo. Non-holonomic 
Anillo. Ring 
Anillo de lie. Lie ring 
Anillo infinitesimal. Infinitesimal ring 
Anisotropia. Anisotropic 
Anticonmutacion. Anticommutation 
Antiderivada de una funcion. Antiderivative of a func¬ 

tion 
Antiferromagnetismo. Antiferromagnetism 
Antilogaritmo de un numero. Antilogarithm of a 

number 
Antisimetrico. Antisymmetric 
Aplicacion. Mapping 

Apocromatico. Apochromatic 
Aproximacion al punto de ensilladura. Minimax 

approximation 
Aproximacion cuasi-quimica. Quasi-chemical approxi¬ 

mation 
Aproximacion de Born. Born approximation 
Aproximacion de Goertzel-Greuling. Goertzel-Greu- 

ling approximation 
Aproximacion de Hartree. Hartree approximation 
Aproximacion de Kirkwood. Kirkwood’s approxima¬ 

tion 

Aproximacion de la edad. Age approximation 
Aproximacion en media. Approximation in the mean 
Aproximacion Pn. P„ approximation 
Arbol. Tree 
Arco. Arch 
Arco Voussoir. Voussoir arch 
Area de difusion de neutrones. Diffusion area, neutron 
Area de migracion de neutrones. Migration area for 

neutrons 
Area de retardacion. Slowing-down area 
Area efectiva (antena). Effective area (antenna) 
Area vectorial. Vector area 
Arista. Edge 
Armadura. Truss 
Armadura. Framework 
Armadura compleja. Truss, complex 
Armadura compuesta. Truss, compound 
Armadura simple. Truss, simple 
Arrastre. Drag 
Ascenso y descenso de los indices de un tensor. Raising 

and lowering indices on a tensor 
Asintota. Asymptote 
Asociacion. Association 
Astigmatismo. Astigmatism 
Astigmatismo de una superficie. Astigmatism of a 

surface 
Atenuacion. Attenuation 
Atermico. Athermanous 
Audiograma. Audiogram 
Aumento. Magnification 
Aumento angular. Angular magnification 

Aumento axial. Axial magnification 
Aumento de fase. Extension in phase 
Aumento lateral. Lateral magnification 
Aumento lineal. Linear magnification 
Aumento longitudinal. Longitudinal magnification 
Aumento normal. Normal magnification 
Aumento radial. Radial magnification 
Autocorrelacion. Autocorrelation 
Autoestado. Eigenstate 
Autofuncion. Eigenfunction 
Autofunciones moleculares. Molecular eigenfunctions 
Automorfismo de un grafico. Graph, automorphism 
Autoregresion. Autoregression 
Autovalor. Eigenvalue 
Autovalores. Eigenvalues 
Autovectores. Eigenvectors 
Avaluo de matrices 5 en teoria de campos cuantificados. 

5-matrix in quantized field theory: evaluation of 
Azimut. Azimuth angle 

Balanza. Balance 
Banda. Band 
Banda de conduccion. Conduction band 
Banda de conduccion degenerada. Degenerate conduc¬ 

tion band 

Bandas fundamentales. Fundamental bands 
Barion. Baryon 
Baroclinico. Baroclinic 
Barotropico. Barotropic 
Barn. Barn 
Barra. Bar 
Barrera de Coulomb. Coulomb barrier 
Barrera de potencial. Potential barrier 
Base de un sistema de numeros. Base of a system of 

numbers 
Biquinario. Biquinary 
Binario. Binary 
Binodales. Binodals 
Binormal. Binormal 
Bloque imcompleto. Incomplete block 
Bloques aleatorizados. Randomized blocks 
Bocina cilindrica finita. Horn, finite cylindrical 
Bocina cilindrica infinita (tubo infinito). Horn, infinite 

cylindrical (infinite pipe) 
Bocina conica finita. Horn, finite conical 
Bocina conica infinita. Horn, infinite conical 
Bocina exponencial finita. Horn, finite exponential 
Bocina exponencial infinita. Horn, infinite exponential 
Bocina parabolica infinita. Horn, infinite parabolic 
Borde de regresion. Edge of regression 
Boson. Boson 
Braquistocrona. Brachistochrone 
Brillo. Luminance 
Bujia. Candle 
Bujia por metro cuadrado. Candle per square meter 

Cadena de Markov. Markov chain 
Calculador. Computer 
Calculador. Calculator 
Calculadora con programa acumulado. Stored-program 

computer 
Calculador de analogia. Analog computer 
Calculador digital. Digital computer 
Calculo. Calculus 
Calculo de espinores. Spinor calculus 
Calculo de variaciones. Variations, calculus of 
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Calculo diferencial absoluto. Absolute differential 
calculus 

Calculo operacional de heaviside. Heaviside operational 
calculus 

Caldera. Boiler 

Calor atomico de formacion. Atomic heat of formation 
Calor de dilusion. Heat of dilution 
Calor especifico de gases. Specific heat of gases 
Calor especifico electronico. Electronic specific heat 
Calor nocompensado. Uncompensated heat 
Cambio adiabatico. Adiabatic change 
Cambio de fase por dispersion. Scattering phase shift 
Camino. Path 

Camino dirigido. Path, directed 
Camino optico. Optical path 
Campo auto-consistente. Self-consistent field 
Campo critico. Critical field 

Campo de cavidad en un dielectrico. Cavity field in a 
dielectric 

Campo de Coulomb. Coulomb field 
Campo de fuerzas. Field of force 
Campo de fuerzas conservativo. Force field, conserva¬ 

tive 
Campo de Lorentz. Lorentz field 
Campo de radiacion. Radiation field 
Campo de tensiones. Tension field 
Campo de una particula en movimiento en el espacio. 

Field of moving charge in space 
Campo de vision. Field of view 
Campo electrico. Electric field 
Campo electromagnetico. Electromagnetic field 
Campo electrostatico. Electrostatic field 
Campo escalar. Scalar field 
Campos internos en dielectricos. Internal fields in 

dielectrics 
Campo libre. Field, free 
Campo tensorial. Tensor field 
Campo tensorial cartesiano. Tensor field, cartesian 
Campo vectorial. Vector field 
Campo vectorial laminar. Lamellar vector field 
Canal de reaccion. Reaction channel 
Canonico. Canonical 
Cantidad de movimiento angular. Angular momentum 
Cantidad de movimiento cinetica. Kinetic momentum 
Cantidad de movimiento cristalina. Crystal momentum 
Cantidades molares parciales. Partial molar quantities 
Cantidad transferible. Transferable quantity 
Capa. Shell 
Capacidad de amortiguamiento especifica. Specific 

damping capacity 
Capacidad de rotacion. Rotation capacity 
Capacidad termica configuracional. Configurational 

heat capacity 
Capacitancia acustica. Acoustical capacitance 
Capacitancia electrica. Electrical capacitance 
Capa limite. Boundary layer 
Capa limite laminar. Laminar boundary-layer 
Capa limite turbulenta. Turbulent boundary layer 
Capa semireductora. Half-thickness 
Capas cerradas. Closed shells 
Capas electronicas en un atomo. Electron shells in an 

atom 
Capas monomoleculares localizadas. Localized mono- 

layers 
Capilaridad. Capillarity 
Caracter. Character 
Caracter del enlace. Bond character 
Caracter del enlace ionico. Ionic bond character 

Caracteristica. Characteristic 
Caracteristica de Hamilton. Hamilton’s characteristic 
Caracteristica direccional. Directional characteristic 
Caracteristica espectral. Spectral characteristic 
Caracteristicas de trabajo. Operating characteristic 
Caracteristicas de una superficie. Surface, characteristic 

of 
Cardinal. Cardinal 
Carga axial. Axial load 
Carga combinada. Combined loading 
Carga critica. Critical load 
Carga de trabajo. Working load 
Carga dinamica. Dynamic loading 
Carga excentrica. Eccentric loading 
Carga lateral. Lateral load 
Carga limite. Limit load 
Carga muerta. Dead load 
Carga proporcional. Proportional loading 
Carga radial. Radial loading 
Carga util. Carrying capacity (load) 
Carnotizacion. Carnotization 

Cascada de pianos aerodinamicos. Cascade of airfoils 
Casos de acoplamiento de Hund. Hund’s coupling cases 
Catacaustica. Catacaustic 
Catastrofe de polarizabilidad. Polarizability catastrophe 
Catenaria. Catenary 
Caustica. Caustic 
Cavitacion. Cavitation 
Cel das de conveccion de Benard. Benard cells 
Celula elemental. Unit cell 
Centro. Center 

Centro aerodinamico. Aerodynamic center 
Centro de colineacion. Center of collineation 
Centro de curvatura. Curvature, center of 
Centro de curvatura esferica. Spherical curvature, center 

of 

Centro de deslizamiento. Shear center 
Centro de Gravedad. Center of gravity 
Centro de inversion. Center of inversion 
Centro de masa. Center of mass 
Centro de momentos. Center of moments 
Centro de oscilacion. Center of oscillation 
Centro de percusion. Percussion, center of 
Centro de presion. Center of pressure 
Centro de simetria. Symmetry, center of 
Centro de un groupo. Center of a group 
Centro elastico. elastic center 
Centroide de una figura geometrica. Centroid of a 

geometrical figure 
Centro instantaneo. Instantaneous center 
Centro optico. Optical center 
Centros puntuales de repulsion. Point centers of repul¬ 

sion 
Cerrado. Closed 
Chi-cuadrado. Chi-square 
Choque elastico. Impact, elastic 
Choque de ondas. Wave, shock 
Choque directo. Direct collision 
Choque inelastico. Impact, inelastic 
Choque inverso. Inverse collision 
Choque termico. Thermal shock 
Chorro turbulento. Jet, turbulent 
Ciclo. Cycle 
Ciclo de Born-Haber. Born-Haber cycle 
Ciclo de Carnot. Carnot cycle 
Ciclo de polarizacibn. Polarization cycle 
Ciclo de Rankine. Rankine cycle 
Ciclo de Rankine inverso. Reversed Rankine cycle 
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Ciclo de tension. Cycle of stress 
Cicloide. Cycloid 
Cilindro de adaptacion. Slug 
Cilindro rigido. Rigid cylinder 
Cimiento elastico. Elastic foundation 
Cinematica. Kinematics 
Cinematicamente admisible. Kinematically admissible 
Cinetica. Kinetics 
Cinetica del reactor. Kinetics, reactor 
Circuito. Circuit 
Circuito-C. C-circuit 
Circuito orientado. Circuit oriented 
Circuitos basicos. Circuits, fundamental 
Circulacion. Circulation 
Circulo de aberracion minima. Least circle of aberra¬ 

tion 
Circulo de confusion minima. Circle of least confusion 
Circulo de curvatura. Curvatura, circle of 
Circulo de deformacion de Mohr. Mohr’s circle for 

strain 
Circulo de esfuerzo de Mohr. Mohr’s circle for stress 
Circulo de inercia de Mohr. Mohr’s circle for inertia 
Circulo de Vieth-Miiller. Vieth-Muller circle 
Circulos comaticos. Comatic circles 
Circunsferencia geodesica sobre una superficie. Geo¬ 

desic circle on a surface 
Clase lateral. Coset 
Clases de simetria. Symmetry classes 
Clausius. Clausius 
Clausura. Closure 
Coeficiente Angstrom. Angstrom coefficient 
Coeficiente binomial. Binomial coefficient 
Coeficiente de absorcion. Absorption coefficient 
Coeficiente de absorcion espectral. Spectral absorptance 
Coeficiente de absorcion sonora de superficies. Sound 

absorption coefficient of surfaces 
Coeficiente de acomodacion. Accommodation coefficient 
Coeficiente de Auger. Auger coefficient 
Coeficiente de Callier. Callier coefficient 
Coeficiente de choque. Collision coefficient 
Coeficiente de condensacion. Condensation, coefficient 

of 
Coeficiente de desintegracion. Decay coefficient 
Coeficiente de determinacion. Determination, coeffi¬ 

cient of 
Coeficiente de dilatacion (termica). Coefficient of 

(thermal) expansion 
Coeficiente de emision. Emission coefficient 
Coeficiente de emision espectral. Spectral emissivity 
Coeficiente de emision total. Total emissivity 
Coeficiente de extincion. Extinction coefficient 
Coeficiente de fijacion. Restraint coefficient 
Coeficiente de friccibn. Friction, coefficient of 
Coeficiente de indeterminacion. Non-determination, 

coefficient of 
Coeficiente de presion. Pressure coefficient 
Coeficiente de probabilidad. Coefficient of probability 
Coeficiente de Racah. Racah coefficient 
Coeficiente de recombinacion. Recombination, co¬ 

efficient of 
Coeficiente de reflexion espectral. Spectral reflectance 
Coeficiente de reflexion sonora. Sound reflection co¬ 

efficient 
Coeficiente de restitucion. Restitution, coefficient of 
Coeficiente de retrodispersion. Back-scattering coeffi¬ 

cient 
Coeficiente de tension. Coefficient of tension 
Coeficiente de variacion. Coefficient of variation 

Coeficiente estequiometrico. Stoichiometric coefficient 
Coeficiente luminoso. Luminous coefficient 
Coeficiente osmotico. Osmotic coefficient 
Coeficientes de dispersion. Scattering coefficients 
Coeficientes de distribucion. Distribution coefficients 

(optical) 
Coeficientes de influencia. Influence coefficients 
Coeficientes de luminosidad. Luminosity coefficients 
Coeficientes de transferencia turbulenta. Turbulent 

transfer coefficients 
Coeficientes de Wigner. Wigner coefficient 
Coeficientes factoriales. Factorial coefficients 
Coeficientes termicos. Thermal coefficients 
Coeficiente virial. Virial coefficient 
Codigo. Code 
Cofactor. Cofactor 
Coherencia parcial. Partial coherence 
Cojinete. Bearing 
Cologaritmo. Cologarithm 
Color. Color 
Color Planckiano. Planckian color 
Columna. Column 
Columna modal de una matriz. Modal column of a 

matrix 
Coma. Coma 
Combinacion. Combination 
Compacto. Compact 
Complejo de un grupo. Complex of a group 
Complementaridad. Complementarity 
Complemento. Complement 
Complemento de un subgrafico. Subgraph complement 
Completo. Complete 
Componente de un vector. Component of a vector 
Componente de un Grafico. Graph component 
Componentes independientes. Independent components 
Comportamiento de relajacion. Relaxation behavior 
Composicion de dos tensores. Composition of two 

tensors 
Composicion de fuerzas. Forces, composition of 
Composicion de vectores. Composition of vectors 
Compresibilidad. Compressibility 

Compresion. Compression 

Compresor. Compressor 

Concentracion. Concentration 
Concentracion espectral. Spectral concentration 
Condensacion de Einstein. Einstein condensation 
Condensado. Condensate 

Condensador. Condenser 
Condicion asintotica. Asymptotic condition 

Condicion de borde. Edge condition 

Condicion de Clausius. Clausius' condition 

Condicion de contorno. Boundary condition 
Condicion de estabilidad quimica. Chemical stability 

condition 

Condicion de Flerschel. Herschel’s condition 
Condicion de Holder. Holder condition 

Condicion de Joukowski. Joukowski condition 

Condicion de la frecuencia de Bohr. Bohr frequency 
condition 

Condicion de Lipschitz. Lipschitz condition 

Condicion de Lorentz. Lorentz condition 

Condicion del seno de Abbe. Abbe sine condition 

Condicibn de Petzval. Petzval’s condition 

Condicion de rendimiento de Tresca. Tresca’s yield 
condition 

Condicion de Staeble-Lihotzky. Staeble-Lihotzky con¬ 
dition 



1119 Condiciones — Coordenadas 

Condiciones de contorno de Neumann. Neumann 
boundary conditions 

Condiciones de estabilidad termodinamica. Thermo¬ 
dynamic stability conditions 

Condicion suplementaria. Supplementary condition 
Coneccion de un grafico. Graph connectivity 
Conector exponencial. Exponential connector 
Conexion afin fundamental. Fundamental affine con¬ 

nection 
Conexo. Connected 
Configuracion atomica. Configuration, atomic 
Configuracion de interaccion. Configuration, inter¬ 

action 

Configuracion electronica. Configuration, electronic 
Configuracion electronica. Electron configuration 
Confluencia. Confluence 
Confundido. Confounding 
Congruencia de curvas. Congruence of curves 
Congruencia normal. Normal congruence 
Congruencia rectilinea. Rectilinear congruence 
Congruente. Congruent 
Conica. Conic 
Conjugacion de enlaces dobles. Conjugation of double 

bonds 
Conjugada Hermitiana de una matriz. Hermitian con¬ 

jugate of a matrix 
Conjugados en un sistema optico. Conjugates in an 

optical system 
Conjunto. Ensemble 
Conjunto canonico. Canonical ensemble 
Conjunto de corte. Cut set 
Conjunto de corte orientado. Cut set, oriented 
Conjunto de probabilidad fundamental. Fundamental 

probability set 
Conjunto derivado. Derived set 
Conjunto macrocano nico. Macrocanonical ensemble 
Conjunto microcanonico. Microcanonical ensemble 
Conjuntos de corte fundamentales. Cut sets, funda¬ 

mental 
Conmutador. Commutator 
Conmutatividad local debil. Weak local commutativity 
Cono de friccion. Friction, cone of 
Cono de Mach. Mach cone 
Cono en flujo supersomco. Cone in supersonic flow 
Conos de vision. Cones, visual 
Conservacion de la cantidad de mouimiento. Conserva¬ 

tion of momentum 
Conservacidn de la cantidad de movimiento angular. 

Conservation of angular momentum 
Conservacion de la energia. Energy conservation 
Conservacion de la energia. Conservation of energy 
Conservacion de la masa. Conservation of mass 
Constante. Constant 
Constante ambieme. Room constant 
Constante crioscopica. Cryoscopic constant 
Constante de acoplamiento. Coupling constant 
Constante de apantalla do. Screening constant 
Constante de Avogadro. Avogadro constant 
Constante de Boltzmann. Boltzmann constant 
Constante de densidad de radiacion. Radiation density 

constant 
Constante de estructura fina de Sommerfeld. Sommer- 

feld’s fine structure constant 
Constante de entropia. Entropy constant 
Constante de Euler. Euler constant 
Constante de Euler-Mascheroni. Euler-Mascheroni 

constant 
Constante de fasc acustica. Acoustical phase constant 

Constante de Fermi. Fermi constant 
Constante de Gruneisen. Gruneisen constant 
Constante de Flubble. Flubble constant 
Constante de integracion. Constant of integration 
Constante de Karman. Karman constant 
Constante de Kundt. Kundt constant 
Constante de Lamb. Lamb’s constant 
Constante de longitud de onda. Wavelength constant 
Constante de los gases. Gas constant 
Constante del resorte. Spring constant 
Constante de Madelung. Madelung constant 
Constante de Planck. Planck constant 
Constante de propagacion. Propagation constant 
Constante de propagacion acustica. Acoustical propaga¬ 

tion constant 
Constante de reticulado. Lattice constant 
Constante de Rydberg. Rydberg constant 
Constante de Verdet. Verdet constant 
Constante dielectrica. Dielectric constant 
Constante electromagnetica. Electromagnetic constant 
Constante fotoelectrica. Photoelectric constant 
Constante quimica. Chemical constant 
Constantes elasticas. Elastic constants 
Constantes piezoelectricas. Piezoelectric constants 
Constantes rotacionales de una molecula. Rotational 

constants of a molecule 
Consumo termico especifico. Specific heat consumption 
Continuante. Continuant 
Continuidad. Continuity 
Continuidad absoluta. Absolute continuity 
Continuidad de estado. Continuity of state 
Continuo. Continuum 
Contornos sonoros. Loudness contours 
Contraccion. Deflation 
Contraccion. Contraction 
Contraccion de la vena fluida. Vena contracta 
Contraste. Contrast 
Control estadistico de la calidad. Statistical quality 

control 
Conveccion. Convection 
Conveccion turbulenta. Turbulence convection 
Convencion de la suma. Summation convention 
Convergencia. Convergence 
Convergencia condicional. Conditional convergence 
Convolucion. Convolution 
Coordenada. Coordinate 
Coordenadas bipolares. Bipolar coordinates 
Coordenadas canonicas. Canonical coordinates 
Coordenadas cilindricas. Cylindrical coordinates 
Coordenadas cilindrico parabolicas. Parabolic cylin¬ 

drical coordinates 
Coordenadas conicas. Conical coordinates 
Coordenadas cromaticas. Chromaticity coordinates 
Coordenadas curvilineas ortogonales. Curvilinear 

orthogonal coordinates 
Coordenadas elipsoidales. Ellipsoidal coordinates 
Coordenadas eliptico-cilindricas. Elliptic cylindrical 

coordinates 
Coordenadas esferoidales. Spheroidal coordinates 
Coordenadas geodesicas. Geodesic coordinates 
Coordenadas parabolicas. Parabolic coordinates 
Coordenadas paraboloidales. Paraboloidal coordinates 
Coordenadas polares. Polar coordinates 
Coordenadas polares esfericas. Spherical polar coor¬ 

dinates 
Coordenadas polares geodesicas. Geodesic polar coor¬ 

dinates 
Coordenadas rectangulares. Rectangular coordinates 
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Coordenadas simetricas. Symmetry coordinates 
Coordenadas toroidales. Toroidal coordinates 
Coordenadas y momentos generalizados. Coordinates 

and momenta, generalized 
Corchete de Lagrange. Lagrange bracket 
Corchete de Poisson. Poisson bracket 
Corchetes de Gauss. Gaussian brackets 
Corona circular. Annulus 
Correccion. Correction 
Correccion al vacio. Correction to vacuum 
Correccion de Eucken. Eucken correction 
Correccion de radiacion. Radiative correction 
Correccion de Rydberg. Rydberg correction 
Correccion de Yates. Yates correction 
Correcciones de Dancoff. Dancoff corrections 
Correcciones de Sheppard. Sheppard’s corrections 
Correccion gamma. Gamma correction 
Corrector. Corrector 
Correlacion. Correlation 
Correlacion angular. Angular correlation 
Correlacion biserial. Biserial correlation 
Correlacion canonica. Canonical correlation 
Correlacion desplazada. Lag correlation 
Correlacion ordinal. Rank correlation 
Correlacion tetracorica. Tetrachoric correlation 
Correlogramo. Correlogram 
Corriente de rectificacion de contacto. Contact recti¬ 

fication current 
Corriente humeda. Wet stream 
Corrientes de neutrones. Current, neutron 
Corrimiento de Lamb. Lamb shift 
Cortadura de Dedekind. Dedekind cut 
Corte. Shear 
Cosenos directores opticos. Optical direction cosines 
Cota. Bound 
Covolumen. Covolume 
Covariancia. Covariance 
Cresta de Onda. Wave crest 
Crista lografia. Crystallography 
Cristalograma. Crystallogram 
Criterio de convergencia de Abel. Abel test for con¬ 

vergence 
Criterio de convergencia de Cauchy. Cauchy conver¬ 

gence test 
Criterio de convergencia de Cauchy mediante la integral 

impropia. Cauchy integral convergence test 
Criterio de D’Alembert. D’Alembert test 
Criterio de la serie de Lundquist. Lundquist’s series 

criterion 
Criterio de mach. Mach criterion 
Criterio de resolucion de Rayleigh. Rayleigh criterion 

for resolution 
Criterio de Wilks. Wilks’criterion 
Criterio M de Weierstrass. Weierstrass M-test 
Cuadrado latino. Latin square 
Cuadrados minimos. Least squares 
Cuadratura numerica. Quadrature, numerical 
Cuadrica. Quadric surface 
Cuadrica central. Central quadric 
Cuadripolo. Quadrupole 
Cuadro. Bay 
Cuadro de entropia. Entropy chart 
Cuadro de Heisenberg. Heisenberg picture 
Cuadro de Mollier. Mollier chart 
Cuadro de Schrodinger. Schrodinger picture 
Cuadro rigido. Rigid frame 
Cuanta. Quantum 
Cuanta virtual. Virtual quantum 

Cuantico. Quantic 
Cuantificacion. Quantization 
Cuantificacion de campos. Field quantization 
Cuantificacion de campos electromagneticos. Quantiza¬ 

tion of electromagnetic field 
Cuantificacion de Senales. Quantization of signals 
Cuantificacion espacial. Space quantization 
Cuantificar. Quantize 
Cuantilo. Quantile 
Cuaternion. Quaternion 
Cuerda. Chord 
Cuerda aerodinamica media. Aerodynamic mean chord 
Cuerda de piano aerodinamico. Chord of airfoil 
Cuerpo. Field 
Cuerpo gris.. Gray body 
Cuerpo negro. Black body 
Cuerpo rigido. Rigid body 
Cumulantes. Cumulants 
Curie. Curie 
Curtosis. Kurtosis 
Curva. Curve 
Curva alabeada. Twisted curve 
Curva analitica. Analytic curve 
Curva catenaria. Catenary curve on cable 
Curva Cuspidal. Spinodal curve 
Curva de crecimiento. Growth curve 
Curva de cristalizacion. Crystallization curve 
Curva de desviacion. Deflection curve 
Curva de dispercion experimental. Scattering curve, 

experimental 
Curva de distribucion de intensidades. Intensity dis¬ 

tribution, curve of 
Curva de ebullicion y curva de condensacion. Boiling 

curve and condensation curve 
Curva de excitation. Excitation curve 
Curva de interaction. Interaction curve 
Curva de Jordan. Jordan curve 
Curva de Morse. Morse curve 
Curva de rendimiento de fision. Fission yield curve 
Curva de sublimation. Sublimation curve 
Curvado. Bent 
Curva elastica. Elastic curve 
Curva espacial. Space curve 
Curva logistica. Logistic curve 
Curvas de Bertrand. Bertrand curves 
Curvas de polencial repulsivo en una molecula. Repul¬ 

sive potential curves in a molecule 
Curvas Sargent. Sargent curves 
Curva tension-deformation. Stress-strain curve 
Curvatura. Curvatura 
Curvatura de una curva en un punto. Curvature of a 

curve at a point 
Curvatura de una superficie. Curvature of a surface 
Curvatura de una viga. Curvature of beam 
Curvatura de un campo. Curvature of field 
Curvatura escalar. Scalar curvature 
Curvatura geodesica. Geodesic curvature 
Curvatura media. Curvatura, mean normal 
Curvatura normal. Normal curvature 
Curvatura total de una lente. Curvature of lens, total 

D’Alembertiano. D'Alembertian 
Debilitamiento de turbulencia. Turbulence, decay of 
Decibel. Decibel 
Decimal. Decimal 
Decremento logaritmico. Logarithmic decrement 
Defecto de masa. Mass defect 
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Defecto Frenkel. Frenkel defect 
Deformacion. Deformation 
Deformacion. Buckling 

Deformacion generalizada. Strain, generalized 
Degeneracion de Coulomb. Coulomb degeneracy 
Degeneracion por intercambio. Exchange degeneracy 
Degradacion de la energia. Degradation of energy 
Delineamiento de rayos. Ray tracing 
Delta de Kronecker. Kronecker delta 
Densidad. Density 

Densidad de carga de los nucleos. Charge density of 
nuclei 

Densidad de carga magnetica. Magnetic charge density 
Densidad de conjunto. Ensemble density 
Densidad de corriente magnetica. Magnetic current 

density 

Densidad de energia cinetica ondulatoria. Wave, 
kinetic energy density 

Densidad de energia sonora. Sound-energy density 
Densidad de estados cuanticos en bandas de conduccion. 

Density of quantum states in conduction band 
Densidad de impacto de neutrones. Collision density, 

neutron 

Densidad de Lagrange. Lagrange density 
Densidad de neutrones. Density, neutron 
Densidad de probabilidad. Probability density 
Densidad de retardacion. Slowing-down density 
Densidad escalar. Scalar density 
Densidad especular. Density, specular 
Densidad luminosa. Density, luminous 
Densidad optica. Optical density 
Densidad optica externa. External optical density 
Densidad portadora. Carrier density 
Densidad tensorial. Tensor density 
Denso. Dense 
Derivada. Derivative 
Derivada covariante de un campo tensorial. Covariant 

derivative of tensor field 
Derivada de Helmholtz. Helmholtz derivative 
Derivada intrinseca de un campo tensorial. Intrinsic 

derivative of tensor field 
Derivada tensorial. Tensor derivative 
Derivada total. Total derivative 
Derivada vectorial. Vector derivative 
Desarrollable. Developable 
Desarrollable polar. Developable, polar 
Desarrollable rectificante. Developable, rectifying 
Desarrollo de Chebyshev. Chebyshev expansion 

DesarroIIo de Laplace. Laplace expansion 

Desarrollo de PrandtI-Meyer. Prandtl-Meyer expansion 

Desatrollo en fracciones parciales. Partial fraction 
expansion 

Descomposicion de un vector. Decomposition of a 
vector 

Desigualdad de Abel. Abel inequality 
Desigualdad de Bessel. Bessel’s inequality 

Desigualdad de Bienayme-Chebyshev. Bienayme- 
Chebyshev inequality 

Desigualdad de Chebyshev. Chebyshev inequality 

Desigualdad de Clausius. Clausius’ inequality 

Desigualdad de Holder. Holder inequality 

Desigualdad de Minkowski. Minkowski inequality 

Desigualdad de Schwartz. Schwartz inequality 

Desigualdades lineales. Linear inequalities 

Deslizamiento horizontal. Shear, horizontal 

Deslizamiento longitudinal. Shear, longitudinal 

Desplazamiento. Displacement 

Desmagnetizacion adiabatica. Adiabatic demagnetiza¬ 
tion 

Desplazamiento angular. Angular displacement 
Desplazamiento de niveles en atomos hidrogenoides. 

Level displacements in hydrogen-like atoms 
Desplazamiento electrico en dielectricos. Electrical 

displacement in dielectrics 
Desplazamiento paralelo de un vector. Parallel displace¬ 

ment of a vector 
Desviacion. Deflection 
Desviacion estandar. Standard deviation 
Desviacion lateral. Lateral deflection 
Desviacion media. Mean deviation 
Desviacion total de un prisma. Prism, total deviation of 
Deteccion de errores tabulares. Detection of tabular 

errors 
Determinacion total. Total determination 
Determinante. Determinant 
Determinante de Fredholm. Fredholm determinant 
Determinante de Gram. Gram determinant 
Determinante de Slater. Slater determinant 
Determinante secular. Secular determinant 
Diacaustica. Diacaustic 
Diadicos. Dyadics 
Diagonal. Diagonal 
Diagrama cromatico. Chromaticity diagram 
Diagrama de Boulvin. Boulvin diagram 
Diagrama de correlacion. Correlation diagram 
Diagrama de Lozenge. Lozenge diagram 
Diagrama de momentos. Moment diagram 
Diagrama de nivel de energia. Energy level diagram 
Diagrama de Rousseau. Rousseau diagram 
Diagramas de flujo con senales. Signal flow diagrams 
Diagramas moleculares. Molecular diagrams 
Diagrama Williot. Williot diagram 
Dialitico. Dialytic 
Diametro aparente. Apparent diameter 
Diamagnetismo. Diamagnetism 
Diatermico. Diathermanous 
Dicroismo circular. Circular dichroism 
Digitos significaiivos. Digits, significant 
Digrafico. Digraph 
Diferencia astigmatica. Astigmatic difference 
Diferenciacion. Differentiation 
Diferenciacion bajo el signo de integral. Differentiation 

under the integral sign 
Diferenciacion covariante. Covariant differentiation 
Diferenciacion logaritmica. Logarithmic differentiation 
Diferencia de presion termomolecular. Thermomolecu- 

lar pressure difference 
Diferencia de retorno. Return difference 
Diferencia!. Differential 
Diferencia media. Mean difference 
Diferencias de combinacion. Combination differences 
Diferencias divididas. Divided differences 
Diferencias reciprocas. Reciprocal differences 
Difraccibn. Diffraction 
Difraccibn de neutrones. Diffraction of neutrons 
Difusion de la luz. Diffusion of light 
Difusion de solidos. Diffusion of solids 
Difusor. Diffuser 
Dilatacibn. Dilatation 
Dimension. Dimension 
Dimensiones reticulares. Lattice dimensions 
Dinamica. Dynamics 
Dinamica de una masa puntual libre. Dynamics of a 

free mass point 
Dinamica de un gas enrarecido. Rarefied gas dynamics 
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Dioptria. Diopter 
Dipolo (electrico). Dipole (electrical) 
Direccional. Directional 
Direccion. Address 
Direccion. Direction 
Direccion de propagacion. Direction of propagation 
Direcciones conjugadas. Conjugate directions 
Direcciones principales. Principal directions 
Direcciones privilegiadas. Privileged directions 
Directriz de una superficie reglada. Directrix of a ruled 

surface 
Disco de Rayleigh. Rayleigh disk 
Discontinuidad. Discontinuity 
Discriminante. Discriminant 
Diseno de experimentos. Design of experiments 
Diseno plastico. Plastic design 
Disimetrico. Symmetry, dyad 
Disipacion. Dissipation 
Dislocaciones. Dislocations 
Dispersion. Scattering 
Dispersion. Dispersion 
Dispersion anomala. Anomalous dispersion 
Dispersion de Rayleigh. Rayleigh scattering 
Dispersion de rotacion. Dispersion of rotation 
Dispersion de Thomson. Thomson scattering 
Dispersion linear reciproca. Dispersion, reciprocal 

linear 
Dispersion parcial. Dispersion, partial 
Dispersion potencial. Potential scattering 
Dispersion rotatoria. Rotatory dispersion 
Dispersion sonora. Scattering, sound 
Dispersividad especifica. Dispersivity, specific 
Dispersividad molar. Dispersivity, molar 
Dispersividad refractiva. Refractive dispersivity 
Distancia de Mahalanobis. Mahalanobis’ distance 
Distancia focal posterior. Back focal length 
Distancia optica. Optical distance 
Distribucion. Distribution 
Distribucion angular. Angular distribution 
Distribucion arcoseno. Arc-sine distribution 
Distribucion beta. Beta distribution 
Distribucion binomial. Binomial distribution 
Distribucion de Cauchy. Cauchy distribution 
Distribucion de energia espectral relativa. Relative 

spectral energy distribution 
Distribucion de Fisher. Fisher's distribution 
Distribucion de Gauss. Gaussian distribution 
Distribucion de Pascal. Pascal distribution 
Distribucion de Poisson. Poisson distribution 
Distribucion de Porter-Thomas. Porter-Thomas distri¬ 

bution 
Distribucion de probabilidad. Probability distribution 
Distribucion de student. Student’s distribution 
Distribucion de Wishart. Wishart distribution 
Distribucion en cantidad de movimiento. Distribution 

in momentum 
Distribucion en energia. Distribution in energy 
Distribucion en fase. Distribution in phase 
Distribuciones de Pearson. Pearson distributions 
Distribuciones no centrales. Non-central distributions 
Distribucion espectral de energia. Spectral energy 

distribution 
Distribucion exponencial. Exponential distribution 
Distribucion gamma. Gamma distribution 
Distribucion hipergeometrica. Hypergeometric distri¬ 

bution 
Distribucion jotaforme. /-shaped distribution 
Distribucion logaritmica. Logarithmic distribution 

Distribucion de muestreo. Sampling distribution 
Distribucion normal. Normal distribution 
Distribucion rectangular. Rectangular distribution 
Distorsion. Distortion 
Distorsion geometrica. Geometric distortion 
Divergencia. Divergence 
Division sintetica. Synthetic division 
Doblete. Doublet 
Dominio. Domain 
Dual de un grafico. Graph, dual 
Ductilidad. Ductility 
Duracion del impulso. Pulse duration 
Dureza. Hardness 

Ebullicion. Boiling 
Economia por uso de reflector. Reflector savings 
Ecuacion. Equation 
Ecuacion adjunta. Adjoint equation 
Ecuacion a dos componentes del neutrino. Two- 

component equation of the neutrino 
Ecuacion auxiliar. Auxiliary equation 
Ecuacion biarmonica. Biharmonic equation 
Ecuacion bicuadratica. Biquadratic equation 
Ecuacion canonica del movimiento. Canonical equation 

of motion 
Ecuacion caracteristica. Characteristic equation 
Ecuacion caracteristica de una matriz. Characteristic 

equation of a matrix 
Ecuacion critica. Critical equation 
Ecuacion de Abel. Abel equation 
Ecuacion de Benedic-Webb-Rubin. Benedict-Webb- 

Rubin equation 
Ecuacion de Bernoulli. Bernoulli equation 
Ecuacion de Bethe-Salpeter. Bethe-Salpeter equation 
Ecuacion de Blasius. Blasius equation 
Ecuacion de Boltzmann-Planck. Boltzmann-Planck 

equation 
Ecuacion de Born-Mayer. Born-Mayer equation 
Ecuacion de Callendar. Callendar equation 
Ecuacion de color. Color equation 
Ecuacion de Clairaut. Clairaut equation 
Ecuacion de Clausius-Clapeyron. Clausius-Clapeyron 

equation 
Ecuacion de Clausius-Mossotti. Clausius-Mossotti 

equation 
Ecuacion de continuidad. Equation of continuity 
Ecuacion de Curie. Curie's equation 
Ecuacion de Debye. Debye equation 
Ecuacion de Debye-Hiickel. Debye-Hiickel equation 
Ecuacion de diferencias. Difference equation 
Ecuacion de Dirac. Dirac equation 
Ecuacion de Drude. Drude equation 
Ecuacion de Duhem-Margules. Duhem-margules equa¬ 

tion 
Ecuacion de energia del aeroplano. Airplane energy 

equation 
Ecuacion de energia de superconductividad. Super¬ 

conductivity energy equation 
Ecuacion de energia para la capa limite. Energy 

equation for boundary layer 
Ecuacion de Energia de un flujo adiabatico estacionario. 

Energy equation for steady adiabatic flow 
Ecuacion de estado. Equation of state 
Ecuacion de estado adiabatico. Adiabatic equation of 

state 
Ecuacion de estado de Clausius. Clausius’ equation of 

state 
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Ecuacion de estado de Mie-Griineisen. Mie-Griineisen 
equation of state 

Ecuacion de estado. termico. Caloric equation of 
state 

Ecuacion de Euler. Euler equation 

Ecuacion de Fokker-Planck. Fokker-Planck equation 
Ecuacion de Franklin. Franklin equation 
Ecuacion de Fredholm. Fredholm equation 
Ecuacion de Gibbs-Duhen. Gibbs-Duhen equation 
Ecuacion de Helmholtz. Helmholtz equation 
Ecuacion de Hermite. Hermite equation 
Ecuacion de Keyes-Smith-Gerry. Keyes-Smith-Gerry 

equation 

Ecuacion de Kirkwood para la constante dielectrica. 
Kirkwood's equation for the dielectric constant 

Ecuacion de Klein-Gordon. Klein-Gordon equation 
Ecuacion de Koch. Koch’s equation 
Ecuacion de la bocina. Horn equation 
Ecuacion de la capacidad termica de Debye. Debye 

heat capacity equation 
Ecuacion de la capacidad termica de Einstein. Einstein 

heat capacity equation 
Ecuacion de la edad de Fermi. Age equation, Fermi 
Ecuacion de Laguerre. Laguerre equation 
Ecuacion de Lame. Lame equation 
Ecuacion de Laplace. Laplace equation 
Ecuacion de la presion de vapor. Vapor pressure equa¬ 

tion 
Ecuacion de Legendre. Legendre equation 
Ecuacion del movimiento de Heisenberg. Heisenberg 

equation of motion 
Ecuacion de Mathicu. Mathieu equation 
Ecuacion de Mollier. Mollier equation 
Ecuacion de momento cuadridimensional. Four- 

moment equation 
Ecuacion de Newton. Newton's equation 
Ecuacion de Nutting. Nutting's equation 
Ecuacion de ondas. Wave equation 
Ecuacion de Onsager de la constante dielectrica. On- 

sager’s equation for the dielectric constant 
Ecuacion de Pauli-Weisskopf. Pauli-Weisskopf equa¬ 

tion 
Ecuacion de Pell. Pell’s equation 
Ecuacion de Poisson. Poisson equation 
Ecuacion de autovalores de un tensor. Eigenvalue 

equation of tensor 
Ecuacion de Rayleigh-Jeans. Rayleigh-Jeans equation 
Ecuacion de Reynolds. Reynolds equation 
Ecuacion de Riccati. Riccati equation 
Ecuacion de Richardson-Dushman. Richardson-Dush- 

man equation 
Ecuacion de Riemann-Papperitz. Riemann-Papperitz 

equation 
Ecuacion de Rydberg. Rydberg equation 
Ecuacion de Sackur-Tetrode. Sackur-Tetrode equation 
Ecuacion de Schrodinger. Schrodinger equation 
Ecuacion de Sturm-Liouville. Sturm-Liouville equation 
Ecuacion de Tomonaga-Schrodinger. Tomonaga- 

Schrodinger equation 
Ecuacion de Tomonaga-Schwinger. Tomonaga- 

Schwinger equation 
Ecuacion de transporte. Transport equation 
Ecuacion de transporte de Boltzmann. Boltzmann 

transport equation 
Ecuacibn de Van Der Waals. Van der Waals’ equation 
Ecuacion de Volterra. Volterra equation 
Ecuacibn de Weiss. Weiss's equation 
Ecuacibn de Weyl. Weyl equation 

Ecuacion diferencial. Differential equation 
Ecuacibn diferencial de Clausius. Clausius’ differential 

equation 

Ecuacibn diferencial de Laplace. Laplace differential 
equation 

Ecuacibn diferencial de Whittaker. Whittaker differ¬ 
ential equation 

Ecuacibn diferencial ordinaria. Ordinary differential 
equation 

Ecuacibn diferencial parcial. Partial differential equa¬ 
tion 

Ecuacibn diferencial parcial de Hamilton-Jacobi. 
Hamilton-Jacobi partial differential equation 

Ecuacibn diferencial parcial eliptica. Elliptic partial 
differential equation 

Ecuacibn Eikonal. Eikonal equation 
Ecuacibn eliptica. Elliptic equation 
Ecuaciones algebraicas. Algebraic equations 
Ecuaciones canonicas de la optica. Canonical equations 

of optics 
Ecuaciones de amplitud finita (acustica). Finite ampli¬ 

tude equations (acoustic) 
Ecuaciones de Burnett. Burnett equations 
Ecuaciones de cambio de Enskog-Maxwell. Enskog- 

Maxwell equations of change 
Ecuaciones de Cauchy-Reimann. Cauchy-Reimann 

equations 
Ecuaciones de Colineacion de la optica. Collineation 

equations of optics 
Ecuaciones de delineamiento de rayos paraxiales. Par¬ 

axial ray tracing equations 
Ecuaciones de Euler del movimiento. Euler equations 

of motion 
Ecuaciones de Euler-Lagrange. Euler-Lagrange equa¬ 

tions 
Ecuaciones de Fresnel. Fresnel equations 
Ecuaciones de Gauss y Codazzi. Equations of Gauss 

and Codazzi 
Ecuaciones de Gibbs-Helmholtz. Gibbs-Helmholtz 

equations 
Ecuaciones de Karman-Friedrich. Karman-Friedrich’s 

equations 
Ecuaciones de la fisica matematica. Mathematical 

physics, equations of 
Ecuaciones de las lentes de Gauss. Gaussian lens equa¬ 

tions 
Ecuaciones de Laue. Laue equations 
Ecuaciones de lentes en optica-electrbnica. Electron- 

optical lens equation 
Ecuaciones del movimiento fluido. Equations of fluid 

motion 
Ecuaciones de Maxwell. Maxwell’s equations 
Ecuaciones de movimiento. Motion, equations of 
Ecuaciones de Navier-Stokes. Navier-Stokes equations 
Ecuaciones de onda relativlsticamente invariantes. 

Relativistically invariant wave equations 
Ecuaciones de Proca. Proca equations 
Ecuaciones de superconductivdad de London. London 

superconductivity equations 
Ecuaciones de velocidad de cristalizacion. Crystalliza¬ 

tion rate equations 
Ecuaciones de viento. Wind equations 
Ecuaciones diofanticas. Diophantine equations 
Ecuaciones dinamicas del rayo luminoso. Dynamical 

equations of light rays 
Ecuaciones intrinsecas de una curva. Curve, intrinsic 

equations of 
Ecuaciones lineales. Linear equations 
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Ecuaciones normales. Normal equations 
Ecuaciones simultaneas. Simultaneous equations 
Ecuacion fotoelectrica de Einstein. Einstein photo¬ 

electric equation 
Ecuacion hyperbolica. Hyperbolic equation 
Ecuacion hipergeometrica de Gauss. Gauss’ hyper¬ 

geometric equation 
Ecuacion indicial. Indicial equation 
Ecuacion integral. Integral equation 
Ecuacion integral de transporte. Integral transport 

equation 
Ecuacion parabolica. Parabolic equation 
Ecuacion ponderomotriz. Pondermotive equation 
Ecuacion sonora impulsiva. Impulsive sound equation 
Ecuacion virial de estado. Virial equation of state 
Edad de neutrones. Age, neutron 
Efecto Auger. Auger effect 
Efecto Bauschinger. Bauschinger effect 
Efecto binaural de fasc. Binaural phase effect 
Efecto Compton. Compton effect 
Efecto Debye. Debye effect 
Efecto de deslizamiento. Slip effect 
Efecto de fision rapida. Fast effect, interaction 
Efecto de induccion y reactividad. Inductive effect and 

reactivity 
Efecto de intermitencia. Intermittency effect 
Efecto del Esfuerzo normal. Normal stress effect 
Efecto de tamano. Size effect 
Efecto de transmision del ruido. Noise transmission 

effect 
Efecto Doppler en acustica. Doppler effect for sound 
Efecto elastico secundario. After effect, elastic 
Efecto Faraday. Faraday effect 
Efecto isotopico en espectro moleculares. Isotope 

effect in molecular spectra 
Efecto magnetocalorico. Magnetocaloric effect 
Efecto ondolatorio. Flutter 
Efecto Paschen-Back. Paschen-Back effect 
Efecto Raman. Raman effect 
Efecto Schottky. Schottky effect 
Efectos Doppler. Doppler effects 
Efectos galvanomagnetico y termomagnetico. Galvano- 

magnetic and thermomagnetic effects 
Efecto Slutsky-Yle. Slutsky-Yle effect 
Efecto Stark. Stark effect 
Efecto terrestre sobre un aeroplano. Ground effect on 

airplane 
Efecto Weissenberg. Weissenberg effect 
Efecto Zeeman. Zeeman effect 
Eficiencia luminosa. Luminous efficiency 
Eikonal. Eikonal 
Eje centroidal. Centroidal axis 
Eje debil. Axis, weak 
Eje del tornillo. Screw axis 
Eje de rotacion. Rotation axis 
Eje de rotacion-inversibn. Rotation-inversion axis 
Eje de rotacion-reflexibn. Rotation-reflection axis 
Eje de simetria. Symmetry, axis of 
Eje elastico. Elastic axis 
Eje fuerte. Axis, strong 
Eje instantaneo de rotacion. Instantaneous axis of 

rotation 
Eje neutro. Neutral axis 
Ejeoptico. Optic axis 
Eje principal. Axis, principal 
Ejes cristalograficos. Crystallographic axes 
Ejes moviles. Moving axes 
Elastancia. Elastancc 

Electricidad. Electricity 
Electrodinamica cuantica. Quantum electrodynamics 
Electrodinamica de cuerpos en movimientos de Min¬ 

kowski. Minkowski’s electrodynamics for moving 
bodies 

Electromagnetismo. Electromagnetism 
Electrones equivalentes. Equivalent electrons 
Electrones no-equivalentes. Non-equivalent electrons 
Electroneutral idad. Electroneutrality 
Electron-volt. Electron-volt 
Elemental. Elementary 
Elemento. Element 
Elemento de montaje. Element, circuit 
Elemento de simetria. Symmetry element 
Elemento orientado. Element, oriented 
Elementos conjugados de un grupo. Conjugate elements 

of a group 
Elemento unidad. Unit element 
Elevador de tension. Stress raiser 
Eliminacion. Elimination 
Eliminacion de Gauss. Gaussian elimination 

Elipse. Ellipse 
Elipse geodesica. Geodesic ellipse 
Elipsoide. Ellipsoid 
Elipsoide de inercia. Inertia ellipsoid 
Elipsoide de Poinsot. Ellipsoid of poinsot 
Elipsoide de Poinsot. Ellipsoid, momental 
El numero e. e, the number 
Elongacion 6 extension. Elongation or extension 
Emisor selectivo. Selective emitter 
Emitancia. Emittance 
Emitancia luminosa. Luminous emittance 
Emitancia radiante. Radiant emittance 
Empuje axial. Axial thrust 
Energia. Energy 
Energia al cero absoluto. Zero point energy 
Energia cinetica. Energy, kinetic 
Energia cinetica del movimiento irrotacional. Kinetic 

energy of irrotational motion 
Energia complementaria. Complementary energy 
Energia de activacion. Activation energy 
Energia de anisotropia. Anisotropy energy 
Energia de cohesion. Energy, cohesion 
Energia de correlacion. Correlation energy 
Energia de Coulomb. Coulomb energy 
Energia de Debye. Debye energy 
Energia de deformacion elastica. Resilience 
Energia de deformacion magnetica. Magnetic strain 

energy 
Energia de desintegracion alfa. Alpha disintegration 

energy 
Energia de desintegracion beta. Beta disintegration 

energy 
Energia de disociacion. Dissociation energy 
Energia de disociacion de una molecula. Dissociation 

energy of a molecule 
Energia de distorsion. Distortion energy 
Energias de enlace. Bond energies 
Energia de excitacion. Excitation energy 
Energia de Fermi. Fermi energy 
Energia de intercambio. Exchange energy 
Energia de ionizacion. Ionization energy 
Energia de Keesom. Keesom energy 
Energia de la union atomica. Atomic bond energy 
Energia del borde de banda. Band edge energy 
Energia de pared. Wall energy 
Energia de reaccion nuclear. Reaction energy, nuclear 
Energia de resonancia. Resonance energy 
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Energia de resonancia. Delocalization energy 
Energia de Turbulencia. Turbulence, energy of 
Energia de umbral. Threshold energy 
Energia de union. Binding energy 
Energia disponible. Available energy 
Energia electronica (clasica). Electron energy (classical) 
Energia potencial. Energy, potential 
Energia propia de un dielectrico. Self energy in a di¬ 

electric 

Energia reticular de cristales. Lattice energy of crystals 
Enfriamiento por difusion. Diffusion cooling 
Enlace coordenado. Coordinate bond 
Enlace dador. Donor bond 
Enlace de hidrogeno. Hydrogen bond 
Entalpia. Enthalpy 
Entropia. Entropy 

Entropia de un gas monoatomico. Entropy of mon¬ 
atomic gas 

Envolvente. Envelope 
Equaciones de Lagrange. Lagrange equations 
Equicontinuo(a). Equicontinuous 
Equilibrante. Equilibrant 
Equilibrio. Equilibrium 
Equilibrio de fuerzas en un cuerporigido. Equi¬ 

librium of forces on a rigid body 
Equilibrio de una particula. Equilibrium of a particle 
Equilibrio dinamico. Equilibrium, dynamic 
Equilibrio inestable. Equilibrium, unstable 
Equilibrio neutro. Equilibrium, neutral 
Equilibrio quimico. Chemical equilibrium 
Equilibrio termico. Thermal equilibrium 
Equilibrio termodinamico. Thermodynamic equili¬ 

brium 
Equiparticion de la energia. Equipartition of energy 
Equivalencia. Equivalence 
Equivalente mecanico de la luz. Mechanical equivalent 

of light 
Ergodicidad. Ergodicity 
Error. Error 
Error de truncamiento. Truncation error 
Error estandar. Standard error 
Error por redondeo. Rounding error, roundoff 
Error probable. Probable error 
Error relativo. Relative error 
Escala centigrada. Centigrade scale 
Escala gris. Gray scale 
Escala igualmente temperada. Scale, equally tempered 
Escala Pitagorica. Pythagorean scale 
Escalar. Scalar 
Escalar absoluto. Scalar, absolute 
Escalas Sismicas. Earthquake scales 
Escaleno. Scalene 
Escalonada. Echelon 
Esfera de curvatura. Sphere of curvature 
Esfera de Riemann. Riemann sphere 
Esferas rigidas. Rigid spheres 
Esferometro. Spherometer 
Esfuerzo de trabajo. Working stress 
Esfuerzo normal. Normal stress 
Eslabon. Link 
Espacio de Banach. Banach space 
Espacio de colores. Colorspace 
Espacio de configuracion. Configuration space 
Espacio de Hilbert. Hilbert space 
Espacio de las fases. Phase space 
Espacio Euclidiano. Euclidean space 
Espacio gamma. Gamma space 
Espacio mu. Mu space 

Espacio tensorial. Tensor, space 
Espacio-tiempo piano. Flat space-time 
Espacio topologico. Topological space 
Espacio vectorial. Vector space 
Especies. Species 
Espectro. Spectrum 
Espectro atomico. Atomic spectra 
Espectro de fision. Fission spectrum 
Espectro de neutrones. Spectrum, neutron 
Espectro de nivel de presion sonora. Sound pressure 

spectrum level 

Espectro de potencia. Power spectrum 
Espectro de rayos X caracteristicos. X-ray spectrum, 

characteristic 
Espectro de rotacion de moleculas. Rotation spectra of 

molecules 
Espectro de turbulencia. Spectrum of turbulence 
Espectro de vibracion de moleculas. Vibrational spectra 

of molecules 
Espectro de Watt. Watt spectrum 
Espectro electronico de moleculas. Electronic spectra 

of molecules 
Espectro molecular. Molecular spectra 
Espectro molecular de vibracion y rotacion. Rotation 

vibration spectra of molecules 
Espectro rotacional en nucleos. Rotational spectra in 

nuclei 
Esperanza. Expectation 
Espesor de energia de la capa limite. Energy thickness 

of boundary layer 
Espesor del campo. Depth of field 
Espesor efectivo. Depth, effective 
Espin. Spin 
Espin del electron. Electron spin 
Espin isobarico. Isobaric spin 
Espin isotopico. Isotope spin 
Espin nuclear. Nuclear spin 
Espiral de Cornu. Cornu spiral 
Espiral de Ekman. Ekman spiral 
Espiral de Taylor. Taylor spiral 
Esquema de interaccion. Interaction picture 
Esquema de radiacion. Radiation pattern 
Esquemas de difraccion. Diffraction patterns 
Estabilidad. Stability 
Estabilidad de difusion. Diffusion stability 
Estabilidad de fases. Stability of phases 
Estabilidad del aeroplano. Airplane stability 
Estabilidad de un cuerpo flotante. Stability of a floating 

body 
Estabilidad de un fiujo laminar. Stability of laminar 

flow 
Estabilidad estatica. Static stability 
Estabilidad mecanica. Mechanical stability 
Estabilidad mecanica. Stability, mechanical 
Estabilidad numerica. Numerical stability 
Estabilidad termica. Thermal stability 
Estabilizacion de variancia. Stabilization of variance 
Estadistica. Statistic 
Estadistica auxiliar. Auxiliary statistic 
Estadistica cuantica. Quantum statistics 
Estadistica D2. D2-statistic 
Estadistica de Boltzmann. Boltzmann statistics 
Estadistica de Bose-Einstein. Bose-Einstein statistics 
Estadistica de Fermi-Dirac. Fermi-dirac statistics 
Estadistica de Gentile. Gentile statistics 
Estadistica-Ar. ^-statistics 
Estado degenerado. Degenerate state 
Estado fundamental. Fundamental state 
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Estado fundamental. Ground state 
Estado metastable. Metastable state 
Estado normal. Normal state 
Estado virtual. Virtual state 
Estado vitreo. Glassy state 
Estado 5. 5-state 
Estados correspondientes. Corresponding states 
Estados de energia negativa. Negative energy states 
Estados estacionarios. Stationary states 
Estados indiferentes. Indifferent states 
Estados localizados. Localized states 
Estatica. Statics 
Estatica grafica. Graphical statics 
Estaticamente admisible. Statically admissible 
Estereoespect rograma. Stereospect rogra m 
Esterracian. Steradian 
Estimador compatible. Consistent estimator 
Estimulo basico. Basic stimulus 
Estocastico. Stochastic 
Estratificacion. Stratification 
Estructura cristalina. Crystal structure 
Estructura determinada. Determinate structure 
Estructura fina. Fine structure 
Estructura fina del hidrogeno. Hydrogen fine structure 
Estructura indeterminada. Indeterminate structure 
Estructura nuclear. Nuclear structure 
Estructuras del benceno. Benzene, structures of 
Estructura superfina. Hyperfine structure 
Eventualidad. Contingency 
Evoluta. Evolute 
Evoluta de difraccion. Diffraction evolute 
Exactitud. Accuracy 
Exacto(a). Exact 
Exaltacion. Exaltation 
Exasimetrico. Symmetry, hexad 
Exceso neutronico. Neutron excess 
Expansion. Expansion 
Expansion termica. Thermal expansion 
Experimento factorial. Factorial experiment 
Exponente. Exponent 
Exposicion. Exposure 
Extincion. Extinction 
Extrano. Extraneous 
Extrapolacion. Extrapolation 

Faces cristalinas. Crystal phases 
Factor critico. Criticality factor 
Factor de absorcion. Absorptance 
Factor de absorcion. Absorption factor 
Factor de absorcion interna. Internal absorptance 
Factor de aislamiento del ruido. Noise insulation factor 
Factor de arrastre. Drag coefficient 
Factor de asimetria. Dissymmetry factor or aniso¬ 

tropy factor 
Factor de atenuacion. Attenuation factor 
Factor de atenuacibn sonora. Sound attenuation factor 
Factor de Boltzmann. Boltzmann factor 
Factor de carga. Load factor 
Factor de compresibilidad. Compressibility factor 
Factor de conversion de la masa atomica. Atomic mass 

conversion factor 
Factor de cresta de un portador de impulsos. Pulse 

carrier, crest factor of 
Factor de desventaja. Disadvantage factor 
Factor de difusion. Diffusion factor 
Factor de disipacion. Dissipation factor 
Factor de dispersion atomica. Atomic scattering factor 

Factor de distribucion. Distribution factor 
Factor de estabilidad. Stability factor 
Factor de estructura. Structure factor 
Factor de fase. Phase factor 
Factor de fision rapida. Fast fission factor 
Factor de forma. Shape factor 
Factor de frecuencia. Frequency factor 
Factor de geometria. Geometry factor 
Factor de perdidas en un dielectrico. Loss factor, 

dielectric 
Factor de recalentamiento. Reheat factor 
Factor de reconstruccion. Build-up factor 
Factor de recuperacion termica. Temperature recovery 

factor 
Factor de seguridad. Safety factor 
Factor de sobrecarga. Carryover factor 

"uEactor de trabajo de impulsos. Pulse duty factor 
Factor de visibilidad. Visibility factor 
Factores de forma y posicion de Coddington. Codding- 

ton shape and position factors 
Factor espectral de brillo. Spectral luminance factor 
Factor g de Lande. Lande's ^-factor 
Factorial. Factorial 
Factor integrante. Integrating factor 
Factorizacion de polinomios. Polynomial factorization 
Factor normalizante. Normalizing factor 
Factor Q. Q factor 
Falla. Failure 
Familia. Family 
Familia de superficies. Surfaces, family of 
Fase. Phase 
Fase de la onda. Phase of the wave 
Fase de onda. Wave phase 
Fase de una magnitud periodica. Phase of a periodic 

quantity 
Fases. Phases 
Fatiga. Fatigue 
Fenomeno cooperativo. Cooperative phenomena 
Fenomeno de agrupacion en gases. Clustering pheno¬ 

mena in gases 
Fenomeno de desdoblamiento en espectroscopla. Un¬ 

coupling phenomena in spectroscopy 
Fenomeno de Gibbs. Gibbs phenomenon 
Fenomeno de relajacion. Relaxation phenomena 
Fermi. Fermi 
Fermion. Fermion 
Fiabilidad. Reliability 
Filtro. Filter 
Flecha. Sagitta 
Flexion. Flexure 
Flexion. Bending 
Flexion asimetrica. Unsymmetrical bending 
Flexion pura. Bending, pure 
Fluctuacion. Straggling 
Fluctuaciones. Fluctuations 
Fluencia. Creep 
Fluido Newtoniano. Newtonian fluid 
Fluido viscoso. Viscous fluid 
Flujo. Flux 
Flujo adjunto. Flux, adjoint 
Flujo angular. Flux, neutron, angular 
Flujo de deslizamiento. Slip flow 
Flujo de deslizamiento. Shear flow 
Flujo de energia geometrica. Geometrical energy flux 
Flujo de energia sonora. Sound energy flux 
Flujo de gas en toberas. Nozzle, flow of gas in 
Flujo de Helmholtz. Helmholtz flow 
Flujo de moleculas fibres. Free-molecule flow 
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Flujo de neutrones. Streaming, neutron 
Flujo de resistencia. Resistance flow 
Flujo de Stokes. Stokes flow 

Flujo irrotacional. Irrotational flow 
Flujo laminar. Laminar flow 

Flujo laminar en canales. Channel, laminar flow in 
Flujo laminar en tubos. Pipe, laminar flow in 
Flujo luminoso. Luminous flux 
Flujo plastico. Plastic flow 
Flujo potencial. Potential flow 
Flujo secundario. Secondary flow 

Flujo subsonico y supersonico. Subsonic and super¬ 
sonic flow 

Flujo supersonico. Hypersonic flow 
Flujo total. Flux, neutron, total 

Flujo turbulento en tubos. Pipe, turbulent flow in 
Flujo vectorial. Vector flux 
Foco Planckiano. Planckian locus 
Foco sagital. Sagittal focus 
Foco tangencial. Tangential focus 
Fon. Phon 
Fonon. Phonon 
Forma. Form 

Forma canonica del principio de Fermat. Canonical 
form of Fermat’s principle 

Forma diferencial cuadratica. Quadratic differential 
form 

Forma diferencial lineal. Linear differential form 
Forma indeterminada. Indeterminate form 
Formalismo de Lagrange y Hamilton para sistemas con- 

tinuos. Continuous systems, Lagrangian and Hamil¬ 
tonian formalism for 

Formalismo de Yang-Feldman y la matriz 5. Yang- 
Feldman formalism and the S-matrix 

Forma normal de Hesse. Hesse’s normal form 
Formas de la ecuacion de ondas. Wave equation, forms 

of 
Formula abierta de la cuadratura. Open quadrature 

formula 

Formula barometrica. Barometer formula 

Forma bilinear. Form, bilinear 

Formula cerrado de la cuadratura. Closed quadrature 
formula 

Formula de Batho. Batho’s formula 

Formula de Breit-Wigner. Breit-Wigner formula 

Formula de Conwell-Weisskopf. Conwell-Weisskopf 
formula 

Formula de dispersion. Dispersion formula 

Formula de equilibrio de Saha. Saha equilibrium 
formula 

Formula de Euler-Maclaurin. Euler-Maclaurin formula 
Formula de Eykman. Eykman formula 

Formulas de Gauss. Gauss' formulas 

Formula de Gregory. Gregory formula 
Formula de Gregory-Newton. Gregory-Newton for¬ 

mula 
Formula de Gruneisen. Gruneisen formula 

Formula de Heine. Heine formula 
Formula de Helmholtz-Ketteler. Helmholtz-Ketteler 

formula 

Formula de Hicks. Hicks formula 
Formula de interpolacion de Bessel. Bessel interpola¬ 

tion formula 
Formula de interpolacion de Everett. Everett interpola¬ 

tion formula 
Formula de interpolacion de Hermite. Hermite inter¬ 

polation formula 

Formula de interpolacion de Lagrange. Lagrange inter¬ 
polation formula 

Formula de interpolacion de Stirling. Stirling interpola¬ 
tion formula 

Formula de Johnson y Lark-Horowitz. Johnson and 
Lark-Horowitz formula 

Formula de Kelvin. Kelvin formula 
Formula de Klein-Nishina. Klein-Nishina formula 
Formula de la cuadratura de Chebyshev. Chebyshev 

quadrature formula 
Formula de la cuadratura de Gauss. Gaussian quadra¬ 

ture formula 
Formula de la dispersion de Hartmann. Hartmann 

dispersion formula 
Formula de la dispersion de Herzberger. Herzberger’s 

dispersion formula 
Formula de la integral de Cauchy. Cauchy integral 

formula 
Formula de la masa. Mass formula 
Formula de Landau. Landau’s formula 
Formula de la radiacion de Planck. Planck radiation 

formula 
Formula de la suma de Euler. Euler summation formula 
Formula de la tension superficial de Gibbs. Gibbs for¬ 

mula for the surface tension 
Formula del diamagnetismo de Langevin-Pauli. Dia¬ 

magnetism, Langevin-Pauli formula 
Formula del indice de refraccion de Cauchy. Cauchy 

formula for refractive index 
Formula de los cuatro factores. Four-factor formula 
Formulas de los restos. Remainder formulas 
Formula del punto medio. Midpoint formula 
Forma de Monge de la ecuacion de una superficie. 

Monge’s form for equation of surface 
Formula de perturbacion de Rayleigh-Schrodinger. 

Rayleigh-Schrodinger perturbation formula 
Formula de recursion. Recursion formula 
Formula de resistencia al pandeo de Euler. Euler 

buckling loads for columns 
Formula de Ritz. Ritz formula 
Formula de Rodrigues. Rodrigues formula 
Formula de Schlafli. Schlafli formula 
Formula de Wallis. Wallis formula 
Formula de Winkler-Bach. Winkler-Bach formula 
Formulas de Bredt. Bredt formulas 
Formulas de cuadraturas de Newton-Cotes. Newton- 

Cotes quadrature formulas 
Formulas de diferenciacion numerica. Differentiation 

formulas numerical 
Formulas de interpolacion de Gauss. Gaussian inter¬ 

polation formulas 
Formulas de Serret-Frenet. Serret-Frenet formulas 
Formulas de Schwarzschild-Kohlschutter. Schwarz- 

schild-Kohlschutter formulas 
Formulas de Weingarten. Weingarten’s formulas 
Fraccion continua. Fraction, continued 
Fraccion de Bifurcacion. Branching fraction 
Fraccion de empaquetamiento. Packing fraction 
Fraccion de Fechner. Fechner fraction 
Fraccion de regeneracibn. Breeding ratio 
Fracciones continuas. Continued fractions 
Fracciones molares. Mole fractions 
Fracciones volumetricas. Volume fractions 
Fraccion impropia. improper fraction 
Fraccion parcial. Fraction, partial 
Fraccion propia. Proper fraction 
Franja. Fringe 
Frecuencia atoniica. Atomic frequency 
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Frecuencia de Choque. Collision frequency 
Frecuencia de Debye. Debye frequency 
Frecuencia de pulsacion. Beat frequency 
Frecuencia de relajacion. Relaxation frequency 
Frecuencia de repeticion de impulsos. Pulse repetition 

frequency 
Frecuencia de resonancia de un cristal. Crystal, reson¬ 

ance frequency of 
Frecuencia de ruptura. Cut-off 
Frecuencia instantanea. Frequency, instantaneous 
Frecuencia relativa. Relative frequency 
Frecuencia resonante. Resonant frequency 
Frente de onda. Wave front 
Frente de onda esferico. Wave front, spherical 
Frente de onda piano. Wave front, plane 
Friccion interna. Friction, internal 
Friccion superficial. Skin friction 
Frontera reticular. Grain boundary 
Fuente. Source 
Fuente de tension ideal. Voltage source, ideal 
Fuente puntual. Point source 
Fuente puntual uniforme. Uniform point source 
Fuente sonora anular. Circular ring sound source 
Fuente sonora curva. Curved line sound source 
Fuente sonora plana rectangular. Plane rectangular 

surface sound source 
Fuente sonora rectilinea. Straight line sound source 
Fuentes virtuales. Image sources 
Fuerza. Force 
Fuerza aplicada. Force, applied 
Fuerza central. Force, central 
Fuerza centrifuga. Centrifugal force 
Fuerza centripeta. Centripetal force 

Fuerza ciclostrofica. Cyclostrophic force 

Fuerza conservativa. Conservative force 
Fuerza cuadridimensional. Four-force 
Fuerza de Bartlett. Bartlett force 

Fuerza de Coriolis. Coriolis force 
Fuerza de enlace. Bond stress 
Fuerza de Heisenberg. Heisenberg force 

Fuerza de Lorentz. Lorentz force 
Fuerza de Majorana. Majorana force 
Fuerza dependiente del espin. Spin-dependent force 
Fuerza de rango corto. Short-range force 

Fuerza de Wigner. Wigner force 
Fuerza disipativa. Dissipative force 

Fuerza distribuida. Force, distributed 

Fuerza efectiva. Force, effective 
Fuerza electromotriz. Electromotive force 
Fuerza exterior 6 activa. Force, external or active 

Fuerza generalizada. Force, generalized 

Fuerza geostrofica. Geostrophic force 
Fuerza interior. Force, internal 

Fuerza magnetizante. Magnetizing force 
Fuerza magnetomotriz. Magnetomotive force 

Fuerza mecanomotriz efectiva. Effective mechano- 
motive force 

Fuerza perdida. Force, “lost” 

Fuerza sobre una superficie sumergida. Force on a 
submerged surface 

Fuerza sobre un conductor. Force on conductor 
Fuerza tangencial. Force, tangential 

Fuerzas centrales. Central forces 
Fuerzas concurrentes. Forces, concurrent 
Fuerzas coplanares. Forces, coplanar 
Fuerzas de cohesion. Cohesion, forces of 
Fuerzas de dispersion. Dispersion forces 

Fuerzas de induccion. Induction forces 
Fuerzas de inercia. Inertia forces 
Fuerzas de intercambio. Exchange forces 
Fuerzas de London. London forces 
Fuerzas de Valencia en moleculas poliatomicas. Valence 

forces in polyatomic molecules 
Fuerzas de Van Der Waals. Van Der Waals’ forces 
Fuerzas en termodinamica de procesos irreversibles. 

Forces in thermodynamics of irreversible processes 
Fuerzas intermoleculares. Intermolecular forces 
Fuerzas no centrales. Non-central forces 
Fuerzas nucleares. Nuclear forces 
Fuerzas pluricorpusculares. Many-body force 
Fuerzas secundarias de Valencia. Subsidiary valence 

forces 

Fugacidad. Fugacity 
Funcion. Function 

Funcional. Functional 
Funcibn analitica. Analytic function 
Funcion armbnica. Harmonic function 

Funcion beta. Beta function 
Funcion beta-incompleta. Incomplete beta function 

Funcion caracteristica. Characteristic function 

Funcion caracteristica de angulo. Angle characteristic 
function 

Funcion caracteristica de un conjunto. Characteristic 
function of a set 

Funcion caracteristica mixta. Mixed characteristic 
function 

Funcion complementaria de una ecuacibn diferencial 
lineal. Complementary function of a linear differen¬ 
tial equation 

Funcion continua. Continuous function 
Funcion de Bessel. Bessel function 
Funcion de Bloch. Bloch function 
Funcion de Brillouin. Brillouin function 
Funcion de corriente. Stream function 
Funcion de decision. Decision function 
Funcion de densidad de probabilidad. Probability 

density function 
Funcion de disipacion. Dissipation function 
Funcion de distribucibn de Fermi-Dirac. Fermi- 

Dirac distribution function 
Funcion de distribucibn radial. Radial distribution 

function 
Funcibn de error. Error function 
Funcion de estimulo colorimetrica. Color stimulus 

function 

Funcibn de excitacion atomica. Excitation function, 
atomic 

Funcibn de excitacion nuclear. Excitation function, 
nuclear 

Funcibn de Gegenbauer. Gegenbauer function 
Funcibn de Gibbs. Gibbs function 

Funcibn de Green. Green’s function 
Funcibn de Helmholtz. Helmholtz function 

Funcibn de importancia. Importance function 
Funcibn de Langevin. Langevin function 

Funcibn del calor especifico de Einstein. Einstein 
specific heat function 

Funcibn de luminosidad. Luminosity function 
Funcibn de medida. Measure function 
Funcibn de Neumann. Neumann function 
Funcibn de onda. Wave function 
Funcibn de onda adjunta. Adjoint wave function 

Funcibn de onda antisimetrica. Antisymmetric wave 
function 
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Funcibn de onda de Coulomb. Coulomb wave function 
Funcion de onda, sigma-Pi. Wave function, sigma-pi 
Funcion de onda simetrica. Symmetric wave function 
Funcion de particion. Partition function 
Funcion de particion de moleculas diatomicas. Di¬ 

atomic molecules, partition function of 
Funcion de particion de moleculas poliatomicas. Poly¬ 

atomic molecules, partition function of 
Funcion de particion de un rotador. Rotator, partition 

function of 

Funcion de particion de vibracion. Vibrational partition 
function 

Funcion de particion rotacional. Rotational partition 
function 

Funcion de perdidas. Loss function 
Funcion de Placzek. Placzek function 
Funcibn de Planck. Planck function 
Funcion de prueba. Test function 
Funcion de trabajo fotoelectrico. Photoelectric work 

function 
Funcion de transference. Transfer function 
Funcion de transferencia del reactor. Reactor transfer 

function 

Funcion eliptica. Elliptic function 
Funcion entera. Entire function 
Funcion escalonada. Step function 
Funciones caracteristicas en termodinamica. Charac¬ 

teristic functions in thermodynamics 
Funciones de aberracion de Nijboer-Zernike. Nijboer- 

Zernike aberration functions 
Funciones de Airy. Airy functions 

Funciones de dispersion luminosa. Light scattering 
functions 

Funciones de exceso. Excess functions 
Funciones de fase minimal. Minimum phase functions 
Funciones de impulso. Impulse functions 

Funciones de Legendre. Legendre functions 

Funciones de Wightman. Wightman functions 

Funciones especiales. Special functions 

Funcion espectral. Spectral function 
Funciones potenciales de moleculas. Potential func¬ 

tions of molecules 
Funciones termodinamicas de faces superficiales. Ther¬ 

modynamic functions of surface phases 
Funciones vectoriales de ondas esfericas. Spherical 

vector wave functions 
Funcion gamma. Gamma function 

Funcion gamma incompleta. Incomplete gamma func¬ 
tion 

Funcion generatriz. Generating function 
Funcion Hamiltoniana de la optica. Hamiltonian func¬ 

tion of optics 
Funcibn Flamiltoniana de un sistema. Hamiltonian 

function of a system 
Funcibn hiperbolica. Hyperbolic function 
Funcion hypergeometrica. Hypergeometric function 
Funcibn holomorfa. Holomorphic function 

Funcibn impar. Odd function 
Funcibn implicita. Implicit function 
Funcibn inversa. Inverse function 
Funcibn Lagrangiana. Lagrangian function 
Funcibn meromorfa. Meromorphic function 

Funcibn ortogonal. Orthogonal function 
Funcibn par. Even function 
Funcibn ponderal. Weighting function 
Funcibn regular de una variable compleja. Regular 

function of a complex variable 

Funcibn simetrica. Symmetric function 
Funcibn trigonometrica. Trigonometric function 
Funcibn unidad de Heaviside. Heaviside unit function 
Funcibn zeta de Riemann. Riemann zeta function 

Gamma. Gamma 
Ganancia. Gain 
Ganancia de conversion. Conversion gain 
Ganancia de regeneracion. Breeding gain 
Gas de Einstein-Bose. Bose-Einstein gas 
Gas degenerado. Degenerate gas 
Gas electronico degenerado. Degenerate electron gas 
Gases reales. Real gases 
Gas imperfecto. Imperfect gas 
Geodesica nula. Null-geodesic 
Geometria. Geometry 
Geometria de Luneburg. Luneburg geometry 
Geometria descriptiva. Descriptive geometry 
Gradiente. Gradient 
Gradiente de temperatura. Temperature gradient 
Gradiente vertical adiabatico de temperatura. Adia¬ 

batic lapse rate 
Grado. Grade 
Grado de adelantamiento. Degree of advancement 
Grado del vertice. Vertex degree 
Grado de reaccion. Extent of reaction 
Grado microreciproco. Microreciprocal degree 
Grados de libertad. Degrees of freedom 
Grafico completo. Graph, complete 
Grafico conexo. Graph, connected 
Grafico de Kurie. Kurie plot 
Grafico de Richardson. Richardson plot 
Grafico dirigido. Graph, directed 
Grafico infinito. Graph, infinite 
Grafico inseparable. Graph, non-separable 
Grafico lineal. Graph, linear 
Grafico no-orientado. Graph, non-oriented 
Grafico orientado. Graph, oriented 
Grafico planar. Graph, planar 
Grafico separable. Graph, separable 
Graficos homeombrficos. Graphs, homeomorphic 
Graficos isomorficos. Graphs, isomorphic 
Grafico topologico. Graph, topological 
Grupo. Group 
Grupo Abeliano. Abelian group 
Grupo cristalografico. Crystallographic group 
Grupo de Lie. Lie group 
Grupo de ondas de Gauss. Gaussian wave group 
Grupo de permutaciones. Permutation group 
Grupo de rotaciones. Rotation group 
Grupo de traslaciones. Translation group 
Grupo diedrico. Dihedral group 
Grupo espacial. Space group 
Grupo factor. Factor-group 
Grupo lineal general. Full linear group 
Grupo puntual. Point group 
Grupo topologico. Topological group 
Grupos de transformaciones. Transformation groups, 

general 
Guia de ondas. Waveguide 

Haz axial. Axial bundle 
Helice. Helix 
Helice aerea. Airscrew 
Hertz. Hertz 
Hessiano. Hessian 
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Hibridacion de orbitas electronicas. Hybridisation of 

electron orbitals 

Hidrodinamica relativista. Relativistic hydrodynamics 

Hidrostatica. Hydrostatics 

Hiperbola. Hyperbola 

Hiperbola geodesica. Geodesic hyperbola 

Hiperboloide. Hyperboloid 
Hipotesis de Goudsmit y Uhlenbeck. Goudsmit and 

Uhlenbeck assumption 
Hipotesis Ergodica. Ergodic hypotheses 
Hipotesis estadistica. Hypothesis, statistical 
Hipotesis lineal. Linear hypothesis 
Hoja. Sheet 
Holonomo. Holomic 
Homocentrico. Homocentric 
Homogeneo. Homogeneous 
Homomorfismo. Homomorphism 
Hormigon armado. Concrete, reinforced 
Hormigon pretensado. Prestressed concrete 
Hueco. “Hole” 
Humedad. Humidity 

Idealmente plastico. Ideally plastic 

Idempotente. Idempotent 

Identidad. Identity 

Identidad de Abel. Abel identity 
Iluminacion. Illumination 
Identidad de Bianchi. Bianchi identity 
Identidad de De Moivre. De Moivre identity 
Identidad de Ricci. Ricci identity 
Identidades diferenciales vectoriales. Vector differential 

identities 
Iluminancia. Illuminance 

Impacto, choque. Impact 

Impedancia acustica. Impedance, acoustical 

Impedancia acustica caracteristica. Impedance, charac¬ 
teristic acoustical 

Impedancia acustica de entrada. Impedance, throat 
acoustical 

Impedancia acustica especifica. Impedance, specific 
acoustical 

Impedancia mecanica. Mechanical impedance 
Impulso. Pulse 
Impulso. Impulse 
Impulso. Momentum 
Impulso angular. Angular impulse 
Incidente. Incident 
Inconmensurable. Incommensurable 
Independencia. Independence 
Independencia de la carga. Charge-independence 
Independiente: Independent 
Indicatriz. Indicatrix 
Indicatriz de difusion. Indicatrix of diffusion 
Indicatriz de refraccion. Indicatrix of refraction 

Indicatriz esferica de la tangente a una curva. Spherical 

indicatrix of tangent to a curve 

I’ndice de probabfiidad. Index of probability 
I’ndice de refraccion. Index of refraction 
I’ndice de Valencia fibre. Free valence index 
I’ndice fibre. Index, free 
I’ndices cristalinos de Miller. Crystal indices, Miller 
I’ndices de Bravais-Miller. Bravais-Miller indices 
Induccion magnetica. Magnetic induction 
Inductancia. Inductance 
Inercia. Inertia 
Inertancia. Inertance 

Inferencia a fibre distribucion. Distribution-free in¬ 
ference 

Inferencia aparametrica. Non-parametric inference 
Inferencia fiducial. Fiducial inference 
Infinitesimal. Infinitesimal 
Jnfinito. Infinity 
Informacion. Information 
Integracion de contorno. Contour integration 
Integracion de series. Series integration 
Integral. Integral 
Integral circulatoria. Integral, circulatory 
Integral de Clausius. Clausius’ integral 
Integral de convolucion. Convolution integral 
Integral de Coulomb. Coulomb integral 

Integral de Dirichlet. Dirichlet integral 

Integral de Duhamel. Duhamel’s integral 

Integral de fase. Phase integral 
Integral de intercambio. Exchange integral 

Integral de la energia. Energy integral 
Integral de Lebesgue. Lebesgue integral 
Integral de Poisson. Poisson integral 

Integral de resonancia. Resonance integral 
Integral de Riemann. Riemann integral 

Integral de Stieltjes. Stieltjes integral 
Integral eliptica. Elliptic integral 

Integrales rampantes. Overlap integral 
Integral impropia. Improper integral 
Integrale multiple. Multiple integral 
Integrando. Integrand 
Intensidad de campo magnetico. Magnetic field strength 
Intensidad del campo. Field strength 
Intensidad del campo electrico. Electric field strength 
Intensidad del oscilador. Oscillator strength 
Intensidad de radiacion. Intensity of radiation 
Intensidad de una fuente de particulas. Intensity of a 

source of particles 

Intensidad de una linea espectral. Intensity of a spectral 
fine 

Intensidad de una onda sonora esferica. Intensity of a 
spherical sound wave 

Intensidad esferica media. Mean spherical intensity 

Intensidad horizontal media. Mean horizontal intensity 
Intensidad ionica. Ionic strength 

Intensidad luminosa. Candle power 

Intensidad luminosa. Luminous intensity 
Intensidad radiante. Radiant intensity 

Intensidad radioactiva. Intensity of radioactivity 
Intensidad sonora. Loudness of a sound 
Intensidad sonora. Sound intensity 
Interaccion directa. Direct interaction 
Interaccion fonon-fonon. Phonon-phonon interaction 
Interacion seudoescalar. Pseudoscalar coupling 
Interaccion seudovectorial. Pseudovector coupling 
Interaccion universal de Fermi. Universal Fermi 

interaction 

Interferencia. Interference 
Interpolacion. Interpolation 
Interpolacion de intervalo optimo. Optimum-interval 

interpolation 
Interpolacion inversa. Inverse interpolation 

Interpolacion multivariada. Multivariate interpolation 

Interpolacion trigonometrica. Trigonometric interpola¬ 
tion 

Intervalo de choque. Collision interval 

Intervalo de impulsos. Pulse interval 
Invariancia relativista de una teoria fisica. Relativistic 

invariance of a physical theory 
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Invariancia relativista y mecanica cuantica. Relativistic 
invariance and quantum mechanics 

Invariante. invariant 
Invariante de Poincare. Poincare's invariant 
Invariante de suma. Summational invariant 
Invariante diferencial optico. Optical differential in¬ 

variant 
Inversion. Inversion 
Inversion del tiempo. Time reversal 
Inversion de una matriz. Matrix inversion 
Inversion de una serie. Reversion of series 
lnvolta de una curva. Involute of a curve 
Involuta de una superficie. Involute of a surface 
Ion complejo. Complex ion 
Irradiacion. Irradiation 
Irradiancia. Irradiancc 
Isobara. Isobar 
Isoentropico. Isentropic 
Isofotometrica. Isolux 
Isofotometrica. Isophot 
Isoterma de adsorcion. Adsorption isotherm 
Isoterma de adsorcion de Langmuir. Langmuir adsorp¬ 

tion isotherm 
Isotermas. Isotherms 
Isotermico. Isothermal 
Isotropico. Isotropic 

Jacobiano. Jacobian 
Juego equitativo. Fair game 

A:-espacio. A:-space 

Lambert. Lambert 
Laplaciano. Laplacian 
Lazo. Loop 
Lente de Luneburg. Luneburg lens 
Lentitud de fase. Phase slowness 
Ley adiabatica de Ehrenfest. Ehrenfest adiabatic law 
Ley adiabatica para estados cuantificados. Adiabatic 

law for quantized states 
Ley asociativa. Associative law 
Ley cero de la termodinamica. Zeroth law of thermo¬ 

dynamics 
Ley cociente de tensores. Quotient law for tensors 
Ley conmutativa. Commutative law 
Ley de accion de masas. Law of mass action 
Ley de Amagat. Amagat’s law 
Ley de Barba. Barba’s law 
Ley de Beer. Beer’s law 
Ley de Bouguer. Bouguer law 
Ley de Boyle. Boyle’s law 
Ley de Brewster. Brewster's law 
Ley de Charles. Charles’ law 
Ley de composicion de aceleraciones. Acceleration, 

composition law of 
Ley de Cotton-Mouton. Cotton-Mouton law 
Ley de Curie-Weiss. Curie-Weiss law 
Ley de Dalton. Dalton’s law 
Ley de Darcy. Darcy’s law 
Ley de desplazamiento de Sommerfeld-Kossel. Som- 

merfeld-Kossel displacement law 
Ley de distribucion de Maxwell. Maxwell distribution 

law 
Ley de distribucion de Maxwcll-Boltzmann. Maxwell- 

Boltzmann distribution law 

Ley de distribucion de Nernst. Nernst distribution law 
Ley de Duane y Hunt. Duane and Hunt law 
Ley de emision del coseno. Cosine emission law 
Ley de estados correspondientes. Corresponding states, 

law of 
Ley de Faraday de la induccion electromagnetica. Fara¬ 

day law of electromagnetic induction 
Ley de Fick de la difusion. Fick’s law of diffusion 
Ley de Fourier. Fourier’s law 
Ley de Gladstone-Dale. Gladstone-Dale law 
Ley de Goldschmidt. Goldschmidt law 
Ley de Hauy. Hauy law 
Ley de Hess. Hess law 
Ley de Hooke. Hooke’s law 
Ley de imposibilidad de cruzamiento. Non-crossing 

rule 
Ley de Kirchhoff. Kirchhoff’s law 
Ley de Kutta-Joukowski. Kutta-Joukowski law 
Ley de la difusion de Fick. Diffusion, Fick law 
Ley de la dilucion de Ostwald. Ostwald’s dilution law 
Ley de la fuerza gravitacional normal de Gauss. Gauss’ 

law of normal gravitational force 
Ley de la perdida termica de Newton. Newton’s law 

for heat loss 
Ley de la probabilidad, compuesta. Probability, law of 

compound 
Ley de la radiacion de Kirchhoff. Kirchhoff’s radiation 

law 
Ley de la resistencia fluida de Newton. Newton’s law of 

fluid resistance 
Ley del coseno cuadrado de Malus. Malus cosine- 

squared law 
Ley del coseno de Knudsen. Knudsen cosine law 
Ley de Lenz. Lenz law 
Ley del logaritmo iterado. Iterated logarithm, law of 
Ley de Lorentz. Lorentz law 
Ley de Lorentz-Lorentz. Lorentz-Lorentz law 
Ley de los gases perfectos. Perfect gas law 
Ley de los grandes numeros. Law of large numbers 
Ley de Moseley. Moseley’s law 
Ley de Moutier. Moutier law 
Ley de Ohm. Ohm’s law 
Ley de paridad de la estabilidad nuclear. Odd-even rule 

of nuclear stability 
Ley de Planck. Planck law 
Ley de reciprocidad fotografica. Reciprocity law, photo¬ 

graphic 
Ley de Sabin. Sabin law 
Ley de semejanza supersonica. Hypersonic similarity 

law 
Ley de Stefan-Boltzmann. Stefan-Boltzmann law 
Ley(es) de Snell. Snell’s law(s) 
Ley de Talbot. Talbot law 
Ley distributiva. Distributive law 
Leyes de Kepler. Kepler's laws 
Leyes del movimiento de Newton. Newton’s laws of 

motion 
Leyes de radiacion del cuerpo negro. Black body radia¬ 

tion laws 
Leyes de reflexion. Reflection, laws of 
Leyes de refraccion. Refraction, laws of 
Leyes de Stokes. Stokes laws 
Leyes de transformacion de intensidades de campo. 

Transformation laws for field strengths 
Leyes de Wien. Wien laws 
Ley limite para electrolitos fuertes. Limiting law for 

strong electrolytes 
Libre camino medio. Mean free path 
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Libre camino medio del fonon. Phonon mean free path 
Libre camino medio de transporte. Transport mean free 

path 
Libre camino molecular. Molecular free path 
Li'mite de Rayleigh de la aberracion esferica. Rayleigh 

limit for spherical aberration 
Li'mite de rotura. Ultimate strength 
Li'mite elastico. Elastic limit 
Limite elastico aparente. Yield point 
Limites de confianza. Confidence limits 
Linea asintotica sobre una superficie. Asymptotic line 

on a surface 
Linea cero de una banda. Zero line of a band 
Linea de accion de una fuerza. Force, line of action of 
Linea de corriente. Streamline 
Linea de curvatura. Line of curvature 
Linea de deslizamiento. Slip line 
Linea de influencia. Influence line 
Linea de Mach. Mach line 
Linea de presion. Pressure line 
Linea de rectificacion. Rectifying line 
Linea de transmision. Transmission line 
Linea de vortice. Vortex line 
Linea geodesica. Geodesic line 
Lineal. Linear 
Linea polar. Polar line 
Lineas de corriente libres. Free streamlines 
Lineas de flujo. Lines of flow 
Lineas de intercombinacion. Intercombination lines 
Lineas de Luder. Luder’s lines 
Lineas de Stokes. Stokes lines 
Lineas de superestructura. Superstructure lines 
Lineas focales. Focal lines 
Lineas isometricas sobre una superficie. Isometric lines 

on a surface 
Liquido de Bose-Einstein. Bose-Einstein liquid 
Llevar. Carry 
Localmente Euclidiano. Locally Euclidean 
Logaritmo. Logarithm 
Logaritmo hiperbolico. Hyperbolic logarithm 
Longitud de difusion. Diffusion length 
Longitud de extrapolacion lineal. Linear extrapolation 

length 
Longitud del enlace. Bond length 
Longitud del trazo del neutron. Track length, neutron 
Longitud de migracion de neutrones. Migration length 

for neutrons 
Longitud de onda efectiva. Effective wavelength 
Longitud de onda predominante. Dominant wave¬ 

length 
Longitud de radiacion. Radiation length 
Longitud de relajacion. Relaxation length 
Longitud de retardacion. Slowing-down length 
Longitud de una curva. Length of a curve 
Longitud equivalente del pendulo. Pendulum, equi¬ 

valent length of 
Longitud focal. Focal length 
Longitud focal reducida. Reduced focal length 
Lugar espcctral. Spectrum locus 
Lumen. Lumen 
Lumen hora. Lumen-hour 
Lumerg. Lumerg 
Lux-segundo. Lux-second 

Macrocstado. Macrostate 
Magnetizacion. Magnetization 
Magneton de Bohr. Bohr magneton 

Magneton nuclear. Nuclear magneton 
Magnetostatica. Magnetostatics 
Magnetostriccion. Magnetostriction 
Mantisa. Mantissa 
Mapa de Patterson. Patterson map 
Marco. Frame 
Margen de fase. Phase margin 
Margen de ganancia. Gain margin 
Martingala. Martingale 
Masa. Mass 
Masa atomica. Atomic mass 
Masa electromagnetica. Electromagnetic mass 
Masa reducida. Reduced mass 
Masa virtual. Virtual mass 
Material de Bingham. Bingham material 
Material de Burgers. Burgers material 
Material de Levy-Mises. Levy-Mises material 
Material de Mises. Mises material 
Material de Prandtl-Reuss. Prandtl-Reuss material 
Material de Saint Venant-Mises. Saint Venant-Mises 

material 
Material de Voigt. Voigt material 
Matrices de Duffin-Kemmer. Duffin-Kemmer matrices 
Matrix de densidad. Density matrix 
Matriz. Matrix 
Matriz de incidencia. Matrix, incidence 
Matriz de Jordan. Jordan matrix 
Matriz de transmision. Transmission matrix 
Matriz Hermitiana. Hermitian matrix 
Matriz inversa. Inverse matrix 
Matriz nula. Null matrix 
Matriz positiva definida. Positive definite matrix 
Matriz S. S-matrix 
Matriz triangular. Triangular matrix 
Matriz triple diagonal. Triple-diagonal matrix 
Matriz unidad. Unit matrix 
Maximo comun divisor. Highest common factor 
Maxwell. Maxwell 
Mecanica cuantica. Quantum mechanics 
Mecanica de ondas. Wave mechanics 
Mecanica estadistica. Statistical mechanics 
Media aritmetica. Arithmetic mean 
Media armonica. Harmonic mean 
Media geometrica. Geometric mean 
Mediana. Median 
Medida. Measure 
Medida de posicion. Measure of location 
Medida estandar. Standard measure 
Menor de una matriz. Minor (of a matrix) 
Metodo Bairstow. Bairstow method 
Metodo de Adams-Bashford. Adams-Bashford method 
Metodo de aproximaciones polinomiales. Method of 

polynomial approximations 
Metodo de Bernoulli. Bernoulli method 
Metodo de Bethe. Bethe’s method 
Metodo de biortogonalizacion de Lanczos. Lanczos 

method of biorthogonalization 
M6todo de Born-Oppenheimer. Born-Oppenheimer 

method 
Metodo de Chio. Chio’s method 
Metodo de Choleski. Choleski's method 
Metodo de Crout. Crout’s method 
Metodo de Dandelin. Dandelin’s method 
Metodo de Euler de resolucion de una ecuacion diferen- 

cial ordinaria. Euler method for solving an ordinary 
differential equation 

Metodo de Evjen. Evjen method 
Metodo de Feynman. Feynman’s method 
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Metodo de Frobenius. Frobenius method 
Metodo de Gauss-Seidel. Gauss-Seidel method 
Metodo de Goertzel-Selengut. Goertzel-Selengut 

method 

Metodo de GraefTe. GraefTe method 
Metodo de Flartree-Fock. Hartree-Fock method 
Metodo de Henneberg. Henneberg's method 
Metodo de Flitchcock. Hitchcock method 
Metodo de Holte. Flolte’s method 
Metodo de Horner. Horner method 
Metodo de interpolacion de Aitken. Aitken method of 

interpolation 

Metodo de iteracion. Method of iteration 
Metodo de Jacobi. Jacobi method 
Metodo de Jesek. Jezek’s method 
Metodo de Jordan. Jordan method 
Metodo de Klein-Rydberg. Klein-Rydberg method 
Metodo de la carga elastica. Elastic load method 
Metodo de la convergencia de Hoff. Hoff’s conver¬ 

gence method 
Metodo de la cuerda. Chord method 
Metodo de las armonicas esfericas. Spherical harmonics 

method 
Metodo de las caracteristicas. Characteristics, method 

of 
Metodo de las cargas ficticias. Loads, method of ficti¬ 

tious 
Metodo de las desigualdades. Inequalities, method of 
Metodo de las diferencias de las variables. Variate 

difference method 
Metodo de las imagenes. Method of images 
Metodo de las orbitas moleculares. Molecular orbitals 

method 
Metodo de las ordenadas discretas. Discrete ordinates 

method 
Metodo do del delta-cuadrado. Delta-square process 
Metodo de Liebmann. Liebmann method 
Metodo del momento areal. Moment area method 
Metodo de Lobachevskii. Lobachevskii method 
Metodo de los coeficientes indeterminados. Undeter¬ 

mined coefficients, method of 
Metodo de los gradientes conjugados. Conjugate 

gradients, method of 
Metodo de los momentos. Moments method 
Metodo del punto de ensilladura. Saddle point method 
Metodo de Macauley. Macauley’s method 
Metodo de Maxwell-Mohr. Maxwell-Mohr method 
Metodo de Milne. Milne’s method 
Metodo de Monte Carlo. Monte Carlo method 
Metodo de Newton. Newton’s method 
Metodo de Oseen. Oseen’s method 
Metodo de Picard. Picard method 
Metodo de Rayleigh-Ritz. Rayleigh-Ritz method 
Metodo de Ritter. Ritter's method 
Metodo de Ritz. Ritz method 
Metodo de Runge-Kutta. Runge-Kutta method 
Metodo de Schmidt-Hilbert. Schmidt-Hilbcrt method 

Metodo de Seidel. Seidel method 
Metodo de Spencer-Fano. Spencer-Fano method 
Metodo de Serber-Wilson. Serber-Wilson method 
Metodo de Tamm-Dancoff. Tamm-Dancoff method 
Metodo de Wick. Wick method 
Metodo de Wick-Chandrasckhar. Wick-Chandrasekhar 

method 
Metodo estadistico de entropias. Statistical method of 

entropies 
Metodo Euleriano de analisis. Eulerian method of 

analysis 

Metodo Lagrangiano de analisis. Lagrangian method 
of analysis 

Metodo Minimax de estimation. Minimax method of 
estimation 

Metodo simple. Simplex method 
Metodo Sn- -Sjv method 
Metodos de Ampliation. Enlargement, methods of 
Metodos directos. Direct methods 
Metodos iterados de resolution de ecuaciones. Iterative 

methods for solving equations 
Metodos operacionales. Operational methods 
Metro-bujia. Meter-candle 
Metro-bujia-segundo. Meter-candle-second 
Mezclas de gases perfectos. Perfect gas mixtures 
Mezclas de polimeros. Polymer mixtures 
Microescala de turbulencia. Turbulence, microscale of 
Microestado. Microstate 
Minimum diferencia de tono perceptible. Pitch dif¬ 

ference, minimum perceptible 
Modelo absorbente infinito. Infinite absorber model 
Modelo celular del estado liquido. Cell model of the 

liquid state 
Modelo de Kelvin. Kelvin model 
Modelo de Kronig-Penney. Kronig-Penney model 
Modelo de los nucleos de Schmidt. Schmidt model of 

nuclei 
Modelo de Maxwell. Maxwell model 
Modelo de Sutherland. Sutherland model 
Modelo de resonancia estrecho. Narrow resonance 

model 
Modelo de Voigt. Voigt model 
Modelo de Wigner-Wilkins. Wigner-Wilkins model 
Modelo de Wilkins. Wilkins model 
Modelo optico del nucleo. Optical model of the nucleus 
Modelo reticulado. Lattice model 
Modo. Mode 
Modo de impulsos. Pulse mode 
Modo fundamental. Mode, fundamental 
Modo optico. Optical mode 
Modo predominante. Dominant mode 
Modos de oscilacion. Oscillation, modes o 
Modos normales. Normal modes 

Modulo de compresibilidad. Modulus, bulk 
Modulo de continuidad. Modulus of continuity 
Modulo de corte. Modulus, shear 
Modulo de elasticidad. Modulus of elasticity 
Modulo de elasticidad de volumen. Bulk modulus 
Modulo de equilibrio. Modulus, equilibrium 

Modulo de relajacion. Modulus, relaxation 
Modulo de ruptura. Modulus of rupture 
Modulo de section. Section modulus 

Modulo de Young. Young’s modulus 
Modulo inicial. Initial modulus 

Modulo plastico. Plastic modulus 
Molaridad. Molality 
Moleculas poliatomicas,. Polyatomic molecules 

Momento. Moment 
Momento areal de inercia. Inertia, area moment of 
Momento cuadripolar. Quadrupole moment 

Momento de fuerzas. Moment of force 
Momento de inercia. Moment of inertia 
Momento de la cantidad de movimiento. Moment of 

momentum 
Momento de una distribution. Moment of a distribution 
Momento de una fuerza. Torque 

Momento estatico. Moment, static 

Momento flexor. Bending moment 

Momento magnctico. Magnetic moment 
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Momento magnetico del neutron. Neutron magnetic 
moment 

Momento magnetico nuclear. Nuclear magnetic 
moment 

Momento producto. Product moment 
Momentos y productos de inercia. Inertia, moments and 

products of 
Motor a reaccion. Jet engine 
Movilidad. Mobility 
Movilidad de Hall. Hall mobility 
Movimiento. Motion 
Movimiento armonico. Harmonic motion 
Movimiento armonico simple. Simple harmonic motion 
Movimiento ciclonico. Cyclonic motion 
Movimiento curvilineo. Curvilinear motion 
Movimiento impulsivo. Impulsive motion 
Movimiento planetario. Planetary motion 
Movimiento piano. Plane motion 
Movimiento rectilineo. Rectilinear motion 
Movimientos termicos en una red. Thermal motions in 

a lattice 
Movimiento uniforme. Uniform motion 
Movimento uniforme sobre una circunferencia. Uni¬ 

form motion in a circle 
Muestra. Sample 
Muestra puntual. Sample point 
Muestra sistematica. Systematic sample 
Muestreo de probabilidad. Probability sampling 
Muestreo por cuotas. Quota sampling 
Multicolinealidad. Multicollinearity 
Multiplete. Multiplet 
Multiplicacion de tensores. Multiplication of tensors 
Multiplicacion efectiva. Multiplication, effective 
Multiplicacion vectorial. Vector multiplication 
Multiplicador de Lagrange. Lagrange multiplier 
Multiplicidad. Multiplicity 
Multiplicidad de borde. Edge multiplicity 
Multipolos electricos. Electric multipoles 

Nabla. Nabla 
Neper. Neper 
Newton. Newton 
Nilpotente. Nilpotent 
Nivel de Fermi. Fermi level 
Nivel de intensidad sonora. Sound intensity level 
Nivel de la fuente. Source level 
Nivel de presion de una banda sonora. Sound band 

pressure level 
Nivel de presion acustica. Sound pressure level 
Nivel de presion de banda. Band pressure level 
Nivel de presion de octava. Sound octave-band pressure 

level 
Nivel de ruido. Noise level 
Nivel de serial. Signal level 
Nivel de tono. Pitch level 
Niveles de energia molecular. Molecular energy levels 
Niveles de energia nuclear. Nuclear energy levels 
Niveles de energia de vibracion de una molecula. Vibra¬ 

tional energy levels of a molecule 
Niveles degenerados. Degenerate levels 
Niveles energeticos rotacionales de una molecula. 

Rotational energy levels of a molecule 
Nivel espectral de ruido ambiente. Noise, spectrum 

level of room 
Nivel sonoro. Loudness level 
Nivel sonoro. Sound level 
Nomograma. Nomograph or nomogram 

Norma. Norm 
Norma espectral. Spectral norm 
Normal. Normal 
Normal a una curva. Normal to a curve 
Normalizacion. Normalization 
Normal principal. Normal, principal 
Normal unidad. Unit normal 
Notacion de Bow. Bow notation 
Notacion indicial. Indicial notation 
Notacion posicional. Positional notation 
Nucleo. Kernel 
Nucleo de difusion. Kernel, diffusion 
Nucleo de dispersion. Kernel, scattering 
Nucleo de transporte. Kernel, transport 
Nucleo Gaussiano. Kernel, Gaussian 
Nucleo potencial. Potential core 
Nucleos conjugados. Conjugate nuclei 
Nucleo sintetico. Kernel, synthetic 
Nulidad de un Grafico. Graph, nullity 
Numerable. Countable 
Numero. Number 
Numero atomico. Atomic number 
Numero atomico efectivo. Atomic number, effective 
Numero ciclomatico. Cyclomatic number 
Numero complejo. Complex number 
Numero critico de Mach. Critical mach number 
Numero de Abbe. Abbe number 
Numero de condicion. Condition number 
Numero de coordinacion. Coordination number 
Numero de Froude. Froude number 
Numero de Grashof. Grashof number 
Numero de Knudsen. Knudsen number 
Numero de Mach. Mach number 
Numero de masa. Mass number 
Numero de Nusselt. Nusselt number 
Numero de onda. Wavenumber 
Numero de Prandtl. Prandti number 
Numero de Rayleigh. Rayleigh number 
Numero de Reynolds. Reynolds number 
Numero de Reynolds de Turbulencia. Turbulence, 

Reynolds number of 
Numero de Richardson. Richardson number 
Numero de transporte. Transport number 
Numero/. /-number 
Numero rotacional. Rotacional number 
Numeros conjugados. Conjugate numbers 
Numeros de Bernoulli. Bernoulli numbers 
Numeros de ocupacion. Occupation numbers 
Numeros de Rossby. Rossby number 
Numeros de Stirling. Stirling numbers 
Numeros magicos. Magic numbers 
Numeros significativos. Significant figures 
Nutacion. Nutation 

Observable. Observable 
Onda. Wave 
Onda armonica. Wave, harmonic 
Onda cilindrica. Wave, cylindrical 
Onda circulante. Wave, circulating 
Onda convergente. Wave, converging 
Onda cuadrada. Square wave 
Onda esferica. Wave, spherical 
Onda estacionaria. Wave, standing 
Onda guiada. Guided wave 
Onda longitudinal. Wave, longitudinal 
Onda P. P wave 
Onda periodica. Wave, periodic 
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Onda reflejada. Wave, reflected 
Onda refractada. Wave, refracted 
Ondas capilares. Capillary waves 
Onda solenoidal. Wave, solenoidal 
Ondas de Helmholtz. Helmholtz waves 
Ondas de Rossby. Rossby waves 
Ondas de superficie. Surface waves 
Ondas de tension. Waves, stress 
Ondas dilatacionales. Waves, dilatational 
Ondas elasticas en barras. Waves, elastic, in rods 
Ondas elasticas en placas. Waves, elastic, in plates 
Ondas elasticas en solidos. Waves, elastic, in solids 
Ondas estacionarias. Waves, stationary 
Ondas longitudinales en una barra. Longitudinal waves 

in a rod 
Ondas no dispersivas. Non-dispersive waves 
Ondas plasticas. Plastic waves 
Ondas plasticas. Waves, plastic 
Ondas progresivas. Waves, progressive 
Ondas S. S waves 
Onda simple. Simple wave 
Ondas sonoras estacionarias. Sound wave(s), stationary 
Ondas torsionales en una barra. Torsional waves in a 

rod 
Ondas transversales (electricas o magneticas). Trans¬ 

verse waves (electric or magnetic) 
Ondas viscoelasticas. Waves, viscoelastic 
Operacion de conjugacion de la carga. Charge conjuga¬ 

tion operation 
Operacion de traslacion. Translation operation 
Operador. Operator 
Operador antiunitario. Anti-unitary operator 
Operador antilineal. Anti-linear operator 
Operador anulacion. Annihilation operator 
Operador cronologico. Chronological operator 
Operador de creacion. Creation operator 
Operador de destruccion. Destruction operator 
Operador de paridad. Parity operator 
Operador diadico. Dyadic operator 
Operadores de diferencias. Difference operators 
Operadores de Dirac. Dirac operators 
Operador Hermitiano. Hermitian operator 
Operador integral. Integral operator 
Operador inverso. Inverse operator 
Operador Laplaciano. Laplacian operator 
Operador potencial. Potential operator 
Operador unidad. Unit operator 
Operador unitario. Unitary operator 
Operador vectorial. Vector operator 
Operador viscoelastico. Viscoelastic operator 
6ptica de Gauss. Gaussian optics 
Optica geometrica. Geometrical optics 
Orbita. Orbital 
Orbitas de Bohr. Bohr orbits 
Orbitas de enlaces. Bonding orbitals 
Orbitas electronicas en un atomo. Electron orbits in an 

atom 
Orbitas moleculares no localizadas. Nonlocalized mole¬ 

cular orbitals 
Orden de alcance corto. Short-range order 
Orden de largo alcance. Long range order 
Orden de reacciones quimicas. Order of chemical 

reactions 
Ortogonal izacion. Orthogonal izat ion 
Ortonormal. Orthonormal 
Oscilacion. Oscillation 
Oscilador anarmonico. Oscillator, anharmonic 
Oscilador armonico. Oscillator, harmonic 

Oscilador armonico. Harmonic oscillator 
Oscilaciones libres o naturales. Oscillations, free or 

natural 

Pa la bra. Word 

Par. Couple 

Parabola. Parabola 

Parabola de Condon. Condon parabola 
Paraboloide. Paraboloid 

Paradoja de Gibbs. Gibbs paradox 
Paradoja de la recurrencia. Recurrence paradox 
Paradoja de los relojes. Clock paradox 
Paralaje. Parallax 
Paralelas geodesicas. Geodesic parallels 
Paralelepipedo. Parallelepiped 
Paralelogramo. Parallelogram 
Paralelogramo de fuerzas. Forces, parallelogram of 
Paramagnetismo. Paramagnetism 
Paramagnetismo debido al espin de los electrones de 

conduccion. Spin paramagnetism of conduction elec¬ 
trons 

Parametro. Parameter 
Parametro de Cayley-Klein. Cayley-Klein parameter 

Parametro de choque. Impact parameter 

Parametro de Coriolis. Coriolis parameter 
Parametro de Euler-Rodrigues. Euler-Rodrigues para¬ 

meter 
Parametro de onda. Wave parameter 
Parametros cristalinos. Crystal parameters 
Parametros cristalograficos. Crystallographic para¬ 

meters 
Parametros de Ramberg-osgood. Ramberg-osgood 

parameters 
Parametros diferenciales de Beltrami. Beltrami’s differ¬ 

ential parameters 
Parametros enojosos. Nuisance parameters 
Pared adiabatica. Adiabatic wall 
Pared diatermica. Diathermal wall 
Pares isometricos. Homometric pairs 
Parfocal. Parfocal 
Paridad. Parity 
Particion. Partition 
Particula material. Particle, material 
Particular. Particular 
Paso de un tornillo. Pitch of screw 
Patron de Waidner-Burgess. Waidner-Burgess standard 

Pendiente. Slope 
Pendulo. Pendulum 
Pendulo balistico. Pendulum, ballistic 
Pendulo compuesto. Pendulum, compound 

Pendulo cbnico. Pendulum, conical 
Pendulo de Foucault. Pendulum, Foucault’s 

Pendulo de Kater. Pendulum, Kater 
Pendulo de torsion. Pendulum, torsion 

Pendulo esferico. Pendulum, spherical 

Pendulo fisico. Pendulum, physical 
Pendulo reversible. Pendulum, reversible 
Pendulo simple. Pendulum, simple 
Perdida por dispersion. Scattering loss 
Perdida por divergencia. Divergence loss (sound) 
Perdida por transition. Transition loss 
Perdida tangencial. Tangent, loss 
Perfectamente plastico. Perfectly plastic 
Perfil de arrastre de un ala. Profile drag of a wing 
Perfil de velocidad. Velocity profile 
Perfiles de Joukowski. Joukowski airfoils 
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Perfil logaritmico de velocidad. Logarithmic profile of 
velocity 

Performance del aeroplano. Airplane performance 
Periodo. Period 
Periodo de extincion del impulso. Pulse decay time 
Periodo de deformacibn. Period of deformation 
Periodo del reactor. Period, reactor 
Periodo de onda. Wave period 
Periodo de restitucion. Period of restitution 
Periodo de retorno. Return period 
Periodograma. Periodogram 
Periodo natural. Period, natural 
Periodos de repeticion de impulsos. Pulse repetition 

period 
Permeabilidad. Permeability 
Permutacion. Permutation 
Permutacion ciclica. Permutation, cyclic 
Permutacion, par 6 impar. Permutation, even or odd 
Perturbaciones en el espectro molecular. Perturbations 

in molecular spectra 
Perveancia. Perveance 
Peso. Weight 
Peso estadistico. Statistical weight 
Pesos estadisticos de niveles energeticos atomicos. 

Statistical weights of atomic energy levels 
Pesos estadisticos de niveles energeticos moleculares. 

Statistical weights of molecular energy levels 
Pie-bujia. Foot-candle 
Placas circulares. Plates, circular 
Placas rectangulares. Plates, rectangular 
Planimetro. Planimeter 
Plano de Argand. Argand plane 
Plano de curvatura. Curvature, plane of 
Plano de Gauss. Gauss plane 
Plano de polarizacion. Plane polarization 
Plano de reflexion. Reflection plane 
Plano de simetria. Symmetry, plane of 
Plano de transmision. Transmission plane 
Plano de vibracion. Plane of vibration 
Plano guia. Guide plane 
Plano meridional. Meridion(al) plane 
Plano osculador. Osculating plane 
Plano sagital. Sagittal plane 
Pianos focales. Focal planes 
Pianos principales. Principal planes 
Pianos principales. Unit planes 
Plano tangencial. Tangential plane 
Plano tangente a una superficie. Tangent plane to sur¬ 

face 
Plasticidad. Plasticity 
Poder absorbente. Absorptive power 
Poder absorbente. Absorptivity 
Poder de detencion. Stopping power 
Poder de resolucion de un prisma. Prism, resolving 

power of 
Poder de resolucion. Resolving power 
Poder dispersivo. Dispersive power 
Poder efectivo de una lente. Effective power of a lens 
Poder emisivo. Emissive power 
Poder rotatorio. Rotatory power 
Poder rotatorio especifico de un medio. Specific rota¬ 

tory power of a medium 
Poder termoelectrico. Thermoelectric power 
Poise. Poise 
Polarizabilidad. Polarizability 
Polarizacion. Polarization 
Polarizacion circular. Circular polarization 
Poliedro. Polyhedron 

Poligono. Polygon 
Poligono de fuerzas. Force polygon 
Poligono funicular. Funicular polygon 
Polimero. Polymer 
Polinomio. Polynomial 
Polinomio de Bernstein. Bernstein polynomial 
Polinomio de Hurwitz. Hurwitz polynomial 
Polinomios circulares. Circle polynomials 
Polinomios de Bernoulli. Bernoulli polynomials 
Polinomios de Chebyshev. Chebyshev polynomials 
Polinomios de Hermite. Hermite polynomials 
Polinomios de Jacobi. Jacobi polynomials 
Polinomios de Laguerre. Laguerre polynomials 
Polinomios de Legendre. Legendre polynomials 
Polinomios especiales. Special polynomials 
Polinomios ortogonales. Othogonal polynomials 
Polo. Pole 
Polo de una funcion analitica. Pole of an analytic 

function 
Ponderacion. Weighting 
Positron. Positronium 
Postulado. Postulate 
Potencia. Power 
Potencia al freno. Brake horsepower 
Potencia de amplificacibn. Magnifying power 
Potencia de reflexion. Reflectivity 
Potencial cinetico. Kinetic potential 
Potencial complejo en flujo hidrodinamico. Complex 

potential in hydrodynamic flow 
Potencial critico. Critical potential 
Potencial de Buckingham. Buckingham potential 
Potencial de contacto. Contact potential 
Potencial de conveccion. Convective potential 
Potencial de Coulomb. Coulomb potential 
Potencial de deformacion. Deformation potential 
Potencial de detencion. Potential, stopping 
Potencial de excitacion. Excitation potential 
Potencial de ionizacion. Ionization potential 
Potencial de Keesom. Keesom potential 
Potencial de Lennard-Jones. Lennard-Jones potential 
Potencial de Morse. Morse potential 
Potencial de Stockmayer. Stockmayer potential 
Potencial de velocidad del sonido. Velocity potential 

of sound 
Potencial electrico. Potential, electric 
Potencial electroquimico. Electrochemical potential 
Potencial escalar magnetico. Magnetic scalar potential 
Potenciales quimicos. Chemical potentials 
Potencial gravitacional. Gravitational potential 
Potencial interatbmico. Interatomic potential 
Potencial nuclear. Nuclear potential 
Potencial termico. Thermal potential 
Potencial vectorial. Vector potential 
Potencial vectorial magnetico. Magnetic vector poten¬ 

tial 
Potencia sonora de una fuente. Sound power of a 

source 
Precision. Precision 
Predictor. Predictor 
Predisociacion. Predissociation 
Presion de dispersion. Spreading pressure 
Presibn de estancamiento. Stagnation pressure 
Precesion de Larmor. Larmor precession 
Presion de radiacion. Radiation pressure 
Presion de vapor en soluciones ideales. Vapor pressure 

of ideal solutions 
Presion de vapor en soluciones perfectas. Vapor pres¬ 

sure in perfect solutions 
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Presion dinamica. Dynamic pressure 
Presion estatica. Static pressure 
Presion osmotica. Osmotic pressure 
Presion normal. Normal pressure 
Presion parcial. Partial pressure 
Precesion relativista. Relativity precession 
Presion termonuclear. Thermomolecular pressure 
Presion total. Total pressure 

Primera ley de la termodinamica. First law of thermo¬ 
dynamics 

Primer numero de Beitti. First Beitti number 
Primer punto focal. First focal point 

Primer teorema fundamental. First fundamental 
theorem 

Primer teorema limite. First limit theorem 
Primitivo(a). Primitive 
Principio de accibn. Action principle 
Principio de accibn minima. Least action, principle of 
Principio de Arquimedes. Archimedes’ principle 
Principio de Babinet. Babinet’s principle 
Principio de Caratheodory. Caratheodory’s principle 
Principio de causalidad. Causality principle 
Principio de combinacion. Combination principle 
Principio de correspondence. Principle of correspond¬ 

ence 

Principio de D’Alembert. D’Alembert’s principle 
Principio de Dirichlet. Dirichlet principle 
Principio de energia minima. Least-energy principle 
Principio de estados correspondientes. Corresponding 

states, principle of 
Principio de exclusion de Pauli. Pauli exclusion 

principle 
Principio de Franck-Condon. Franck-Condon principle 
Principio de Gauss del vinculo minimo. Least con¬ 

straint, Gauss principle of 
Principio de Hamilton. Hamilton principle 
Principio de Huygens. Huygens’ principle 
Principio de incertidumbre. Indeterminancy principle 
Principio de Le Chatelier-Braun. Chatelier (Le)-Braun 

principle 
Principio de incremento de la entropia. Principle of 

entropy increase 
Principio del impulso-cantidad de movimiento. Impulse- 

momentum principle 
Principio de los trabajos virtuales. Work, principle of 

virtual 
Principio de Neumann. Neumann principle 
Principio de reconstruccion. Building-up principle 
Principio de reversibilidad microscopica. Microscopic 

reversibility, principle of 
Principio de Sumptner. Sumptner's principle 
Principio de superposicion. Superposition principle 
Principio isoelectronica. Isoelectronic principle 
Principios variacionales en estados en desequilibrio. 

Variational principles for non-equilibrium states 
Principio variacional y energia de enlace. Variation 

principle and bond energies 
Prisma. Prism 
Prisma de Glan-Thompson. Glan-Thompson prism 
Prisma doble. Biprism 
Probabilidad. Probability 
Probabilidad a posteriori. Posterior probability 
Probabilidad de choque. Collision probability 
Probabilidad de corriente. Current probability 
Probabilidad de escape a la captura por resonancia. 

Resonance escape probability 
Probabilidad de penetracion (penetrabilidad). Penetra¬ 

tion probability (penetrability) 

Probabilidades de transicion de Einstein. Einstein 
transition probabilities 

Probabilidad de transicion. Transition probability 
Probit. Probit 
Problema a valores de contorno. Boundary value 

problem 
Problema de Cauchy. Cauchy problem 
Problema de Dido. Dido’s problem 
Problema de la masa critica minima. Minimum critical 

mass problem 
Problema de Milne. Milne’s problem 
Problema de Pfaff. Pfaff problem 
Problema de Sturm-Liouville. Sturm-Liouville problem 
Problema isoperimetrico. Isoperimetric problem 
Problemas a valores iniciales. Initial-value problems 
Procedimiento de integracion doble. Double integra¬ 

tion procedure 
Proceso aditivo. Additive process 
Proceso de Gram-Schmidt. Gram-Schmidt process 
Proceso estocastico estacionario. Stationary stochastic 

process 
Proceso homogeneo. Homogeneous process 
Procesos de nacimiento y muerte. Birth-and-death 

process 
Procesos naturales e innaturales. Natural and un¬ 

natural processes 
Procesos reversibles e irreversibles. Reversible and 

irreversible processes 
Procesos Umklapp. Umklapp processes 
Producto. Product 
Producto amplificacion-ancho de banda. Gain-band¬ 

width product 
Producto areal de inercia. Inertia, area product of 
Producto cuadruple de vectores. Quadruple product of 

vectors 
Producto de tensores. Product of tensors 
Producto de Wallis. Wallis product 
Producto directo (de subgrupos). Direct product (of 

subgroups) 
Producto escalar o interior. Inner product 
Producto escalar. Scalar product 
Producto infinito. Multiplication, infinite 
Producto interior de tensores. Inner product of tensors 
Producto normal. Normal product 
Producto triple de vectores. Triple product of vectors 
Profundidad de penetracion. Penetration depth 
Profundidad optica. Optical depth 
Programa. Program 
Programacion lineal. Linear programming 
Progresion. Progression 
Progresibn aritmbtica. Arithmetic progression 
Progresibn armonica. Harmonic progression 
Prolongacibn analitica. Analytic continuation 
Promedio movil. Moving average 
Propagacibn de errores. Error, propagation of 
Propiedades de simetria de autofunciones moleculares. 

Symmetry properties of molecular eigenfunctions 
Propiedades intrinsecas de una superficie. Intrinsic 

properties of a surface 
Propiedades molares. Molar properties 
Propiedad termodinamica. Thermodynamic property 
Proporcion de polarizacion. Proportion of polarization 
Proyeccion estereogrdfica de una esfera sobre un piano. 

Stereographic projection of a sphere on a plane 
Prueba de Behrens-Fisher. Behrens-Fisher test 
Prueba de Fisher-Yates. Fisher-Yates test 
Prueba de la /. /-test 
Prueba de la carga nula. Zero-load test 
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Prueba de Wilcoxon. Wilcoxon’s test 
Pruebas de signification. Significance tests 
Pulsaciones. Beats 
Punto binario. Binary point 
Punto circular sobre una superficie. Circular point on a 

surface 
Punto critico. Critical point 
Punto de ebullition. Boiling point 
Punto de estancamiento. Stagnation point 
Punto de inflexion. Inflection point 
Punto de ramification. Branch point 
Punto de vapor. Steam point 
Punto eliptico. Elliptic point 
Punto hiperbolico. Hyperbolic point 
Punto lambda. Lambda point 
Punto objeto. Object point 
Punto ordinario. Ordinary point 
Punto parabolico sobre una superficie. Parabolic point 

on a surface 
Punto planar. Planar point 
Puntos antinodales. Anti-nodal points 
Puntos antiprincipales. Anti-principal points 
Puntos aplanaticos de una esfera. Aplanatic points of a 

sphere 
Puntos cardinales de un sistema optico. Cardinal points 

of an optical system 
Puntos conjugados de un pendulo compuesto. Conju¬ 

gate points of a compound pendulum 
Puntos de Bravais. Bravais points 
Puntos fijos. Fixed points 
Puntos focales. Focal points 
Punto singular de una funcion. Singular point of a 

function 
Puntos nodales. Nodal points 
Puntos principales. Principal points 
Punto triple. Triple point 
Pureza de excitation. Excitation purity 

Quasi-niveles de Fermi. Fermi levels, quasi 

Radiacion coherente. Coherent radiation 
Radiacion compleja. Complex radiation 
Radiacion de campo. Field, radiation 
Radiacion de un cuadripolo. Quadrupole radiation 
Radiacion electromagntiica. Electromagnetic radiation 
Radiacion infraroja. Infrared radiation 
Radiacion termica. Thermal radiation 
Radiador. Radiator 
Radiador selectivo. Selective radiator 
Radiancia. Radiance 
Radio atomico. Atomic radius 
Radio de Bohr. Bohr radius 
Radio de giro. Radius of gyration 
Radio de curvatura. Curvatura, radius of 
Radio de curvatura esferica. Spherical curvature, radius 

of 
Radio del electron (clasico) Electron radius (classical) 
Radio de torsion. Torsion, radius of 
Radio efectivo de la barra de regulation. Radius, 

effective, of control rod 
Radio espectral de una matriz. Spectral radius of a 

matrix 
Radio gravitacional. Gravitational radius 
Radio vector. Vector, radius 
Ralz. Radix 
Raiz media cuadratica. Root-mean-square 

Raiz principal. Principal root 
Rama. Branch 
Rango. Range 
Rango. Rank 
Rango de una matriz. Rank of a matrix 
Rango de un grafico. Graph rank 
Rango intercuartil. Interquartile range 
Ranura. Slit 
Rayo alabeado. Skew ray 
Rayo axial. Axial ray 
Rayo principal. Principal ray 
Razon de amortiguamiento. Damping ratio 
Razon de correlation. Correlation ratio 
Razon de delgadez. Slenderness ratio 
Razon de ganancia. Gain ratio 
Razon de rendimiento. Efficiency ratio 
Razon giromagnetica. Gyromagnetic ratio 
Reacci6n. Reaction 
Reaccion endotermica. Endothermic reaction 
Reacciones independientes. independent reactions 
Reacciones quimicas acopladas. Coupled chemical 

reactions 
Reaccion exotermica. Exothermic reaction 
Reaccion normal. Normal reaction 
Reactancia. Reactance 
Reactividad. Reactivity 
Realization. Realization 
Recirculation. Recirculation 
Red activa. Network, active 
Redes duales. Dual networks 
Redondeo. Rounding 
Reduction en area. Reduction in area 
Redundancia. Redundancy 
Reflectancia difusa. Diffuse reflectance 
Reflectancia dirigida. Direct reflectance 
Reflectancia luminosa. Luminous reflectance 
Reflexion de rayos X integrada. X-ray reflection, 

integrated 
Reflexion difusa. Diffuse reflection 
Reflexion especular. Specular reflection 
Reflexion total. Total reflection 
Refraccion atomica. Atomic refraction 
Refraccion conica. Conical refraction 
Refraccion doble. Double refraction 
Refraccion especifica. Specific refraction 
Refraccion estandar. Standard refraction 
Refractividad. Refractivity 
Regeneration termica. Heat regeneration 
Regia de Bragg. Bragg rule 
Regia de Cramer. Cramer’s rule 
Regia de diferenciacion de funciones compuestas. 

Chain rule of differentiation 
Regia de Gothert. Gothert’s rule 
Regia de inercia de Routh. Routh’s rule of inertia 
Regia del area transonica. Transonic area rule 
Regia de las fases. Phase rule 
Regia de la suma-^. £-Sum rule 
Regia de la suma rotacional. Rotational sum rules 
Regia de la suma vibracional para transiciones electro- 

nicas. Vibrational sum rule for electronic transitions 
Regia de Leibnitz. Leibnitz rule 
Regia del flujo. Flow rule 
Regia de L’Hospital. L’Hospital rule 
Regia del intervalo de Landti Lande’s interval rule 
Regia de los signos de Descartes. Descartes rule of 

signs 
Regia de Prandtl-GIauert. Prandtl-Glauert rule 
Regia de Silsbee. Silsbee rule 
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Regia de Simpson. Simpson’s rule 
Regia de Weddle. Weddle rule 
Regia trapezoidal. Trapezoidal rule 
Reglas de anticonmutacion. Anti-commutation rules 
Reglas de conmutacion. Commutation rules 
Reglas de conmutacion covariante. Covariant com¬ 

mutation rules 

Reglas de Hume-Rothery. Hume-Rothery rules 
Reglas de Hund para multipletes atomicos. Hund’s 

rules for atomic multiplets 

Reglas de intensidad para multipletes. Intensity rules 
for multiplets 

Reglas de seleccion. Selection rules 
Reglas de seleccion nuclear. Selection rules, nuclear 
Reglas de superseleccion. Superselection rules 
Region critica. Critical region 
Region de velocidad reciproca. Reciprocal velocity 

region 

Region equipotencial. Equipotential region 
Region simplemente conexa. Simply connected region 
Regresion. Regression 
Regula falsi. Regula falsi 
Relacion. Ratio 
Relacion aire-combustible. Air-fuel ratio 
Relacion de aspecto. Aspect ratio 
Relacion de aumento de un proyector. Magnification 

ratio of a projector 
Relacion de conversion. Conversion ratio 
Relacion de Geiger-Nutall. Geiger-Nutall relation 
Relacion de onda estacionaria. Standing-wave ratio 
Relacion de Poisson. Poisson’s ratio 
Relacion de retorno. Return ratio 
Relaciones de Cauchy. Cauchy relations 
Relaciones de conmutacion. Commutation relations 
Relaciones de dispersion. Dispersion relations 
Relaciones de Ehrenfest. Ehrenfest’s relations 
Relaciones de Maxwell. Maxwell’s relations 
Relaciones de Lame. Lame relations 
Relaciones de Onsager. Onsager relations 
Relaciones de reciprocidad. Reciprocity relations 
Relaciones energeticas en un campo de fuerzas uniforme. 

Energy relations in uniform force field 
Relacion exposicion-densidad. Exposure-density rela¬ 

tionship 
Relacion magnetomecanica. Magnetomechanical ratio 
Relacion rango-energia. Range-energy relation 
Relajacion. Relaxation 
Relajacion en bloque. Block relaxation 
Relatividad especial. Relativity, special 
Relatividad general. Relativity, general 
Remanencia. Set permanent 
Rendimiento. Efficiency 
Rendimiento cuantico. Quantum yield 
Rendimiento cuantico. Quantum efficiency 
Rendimiento de Auger. Auger yield 
Rendimiento de etapa. Stage efficiency 
Rendimiento de fluorescencia. Fluorescence yield 
Rendimiento indicado. Indicated efficiency 
Rendimiento limite. Limit, yield 
Rendimiento luminoso relativo. Relative luminous 

efficiency 
Rendimiento mecanico. Mechanical efficiency 
Rendimiento radiante. Radiant efficiency 
Rendimiento superficial. Surface, yield 
Rendimiento termico al freno. Brake thermal efficiency 
Rendimiento termico de un ciclo. Thermal efficiency of 

cycle 
Renormal izacion de la carga. Charge renormalization 

Renormalizacion de la masa. Mass renormalization 
Repetibilidad. Repeatability 
Representacion. Representation 

Representacion conforme del piano complejo. Con¬ 
formal mapping of the complex plane 

Representacion conforme. Conformal mapping 
Representacion de Dyson. Dyson representation 
Representacion de Foldy-Wouthuysen. Foldy-Wout- 

huysen representation 

Representacion de grupos y mecanica cuantica. Repre¬ 
sentation of groups and quantum mechanics 

Representacion de Heisenberg. Heisenberg representa¬ 
tion 

Representacion de interaccion. Interaction representa¬ 
tion 

Representacion de Lehmann. Lehmann representation 
Representacion de respuestas de frecuencia. Frequency 

response representation 
Representacion de Schrodinger. Schrodinger represen¬ 

tation 

Representacion de un grupo. Representation of a 
group 

Representaciones del grupo inhomogeneo de Lorentz. 
Representations of the inhomogeneous Lorentz group 

Representaciones equivalentes de grupos. Equivalent 
representations of groups 

Representacion esferica de una congruencia rectilinea. 
Spherical representation of a rectilinear congruence 

Representacion esferica de una superficie. Spherical 
representation of a surface 

Repulsion de Born. Born repulsion 

Residuo. Residue 

Resistencia. Resistance 
Resistencia acustica especifica. Resistance, specific 

acoustic 
Resistencia de radiation. Radiation resistance 
Resistencia electrica. Electrical resistance 
Resistencia por rodadura. Rolling resistance 
Resolution de fuerzas. Forces, resolution of 
Resonancia de Fermi. Fermi resonance 
Resonancia ferromagnetica. Ferromagnetic resonance 
Resonancia magnetica nuclear. Nuclear magnetic reson¬ 

ance 
Resonancia mecanico cuantica. Resonance, quantum 

mechanical 

Resorte(s). Spring(s) 
Respuesta acustica. Responsiveness, acoustic 
Respuesta de frecuencias. Frequency response 
Respuesta indicial. Indicial response 

Respuesta normal. Normal response 
Respuesta transitoria de un sistema dinamico. Transient 

response of a dynamical system 
Resto. Remainder 
Resultante. Resultant 
Reticulado. Lattice 

Reticulado espacial. Space lattice 

Reticulado reciproco. Reciprocal lattice 

Retroalimentacion. Feedback 

Riesgo del consumidor. Consumer's risk 
Roseta. Rosette 
Rotacion. Rotation 
Rotacion especifica. Rotation, specific 
Rotacion molecular. Molecular rotation 
Rotor. Rotor 
Rotor. Curl 

Ruido. Noise 
Runflas. Runs 
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Rutherford. Rutherford 
Rutina. Routine 

Sabin. Sabin 
Salto hidraulico. Hydraulic jump 
Seccion principal de un cristal. Principal section of a 

crystal 
Seccion transformada. Transformed section 
Seccion transversal. Cross-section 
Segunda cuantificacion. Quantization, second 
Segunda ley de la termodinamica. Second law of 

thermodynamics 
Segundo punto focal. Second focal point 
Segundo teorema fundamental. Second fundamental 

theorem 
Segundo teorema limite. Second limit theorem 
Semejanza de turbulencia. Turbulence, similarity of 
Semejanza dinamica. Dynamical similarity 
Semianchura de una linea espectral. Half-width of a 

spectral line 
Sensibilidad. Sensitivity 
Sensibilidad de resolucion. Resolution sensitivity 
Sensibilidad fotoelectrica. Photoelectric sensitivity 
Sentido de un vector. Sense of a vector 
Separable. Separable 
Separacion de variables. Separation of variables 
Separacion de impulsos. Pulse separation 
Separacion de impulsos. Pulse spacing 
Separacion de la capa limite. Separation of boundary 

layer 
Separacion energetica entre dos bandas. Energy gap 
Serie. Series 
Serie armonica de sonidos. Harmonic series of sounds 
Serie de Bergmann. Bergmann series 
Serie de Brackett. Brackett series 
Serie de Dirichlet. Dirichlet series 
Serie de Enskog para las soluciones de la ecuacion de 

Boltzmann. Enskog's series for the solutions of the 
Boltzmann equation 

Serie de Lyman. Lyman series 
Serie de Paschen. Paschen series 
Serie de Pfund. Pfund series 

Serie de Taylor. Taylor series 

Serie difusa. Diffuse series 

Serie nitida. Sharp series 
Serie principal. Principal series 

Series asintoticas. Asymptotic series 
Series de composicion de un grupo. Composition series 

of a group 
Series de Edgeworth. Edgeworth's series 

Series de Fourier. Fourier series 

Series de Gram-Charlier. Gram-Charlier series 

Series de Laurent. Laurent series 

Series de Liouville-Neumann. Liouville-Neumann series 
Series de Maclaurin. Maclaurin series 

Series de Neumann. Neumann series 
Series de potencias. Power series 

Series de Rydberg. Rydberg series 

Series multinomiales. Multinomial series 
Seudoescalar. Pseudoscalar 

Seudovector. Pseudovector 

Signo. Signum 

Simbolo de permutacion. Permutation symbol 
Simbolos cristalinos de Schonflies. Schonflies crystal 

symbols 

Simbolos de Christoffel. Christoffel (3-index) symbols 

Simbolos de Hermann-Manguin. Hermann-Manguin 
symbols 

Simbolos de terminos atomicos. Atomic term symbols 
Simbolos de terminos moleculares. Molecular term 

symbols 
Simetria cristalina. Crystal symmetry 
Simetria y mecanica cuantica. Symmetry and quantum 

mechanics 
Simultaneamente medible. Simultaneously measurable 
Singular. Singular 
Singularidades. Singularities 
Singularidad esencial de una funcion analitica. Essential 

singularity of an analytic function 
Singularidad regular de una ecuacion diferencial. Regu¬ 

lar singularity of a differential equation 
Sistema acustico. Acoustical system 
Sistema afocal. Afocal system 
Sistema anamorfico. Anamorphic system 
Sistema de bandas. Band system 
Sistema catoptrico. Catoptric system 
Sistema centroidal. Center-of-mass system 
Sistema condensado. Condensed system 
Sistema conjugado de curvas sobre una superficie. 

Conjugate system of curves on a surface 
Sistema conservative. Conservative system 

Sistema cubico. Cubic system 
Sistema de Chebyshev. Chebyshev system 

Sistema de control. Control system 

Sistema de coordenadas rotativo. Rotating coordinate 
system 

Sistema de ecuaciones. System, equations 

Sistema de movilidad mecanica. Mechanical mobility 
system 

Sistema de referencia. Frame of reference 
Sistema de unidades. Units, system of 

Sistema-e. e-System 
Sistema electrico. Electrical system 
Sistema elemental. Elementary system 
Sistema epsilon. Epsilon-system 
Sistema exagonal. Hexagonal system 
Sistema inercial. Inertial frame 
Sistema L y Sistema C. L-system and C-system 
Sistema mecanico rectilineo. Mechanical rectilineal 

system 
Sistema mecanico rotacional. Mechanical rotational 

system 
Sistema motriz dinamico. Driving system, dynamic 
Sistema motriz electromagnetico. Driving system, 

electromagnetic 
Sistema motriz electrostatico. Driving system, electro¬ 

static 
Sistema motriz por magnetostriccion. Driving system, 

magnetostriction 

Sistema ortonormal. Orthonormal system 
Sistema ortorrombico. Orthorhombic system 
Sistema ortoscopico. Orthoscopic system 

Sistema oscilante degenerado. Degenerate oscillating 
system 

Sistema reciproco de vectores. Vector system, reciprocal 
Sistema romboedrico. Rhombohedral system 

Sistemas abiertos. Open systems 

Sistemas aislados. Isolated systems 
Sistemas azeotropicos. Azeothropic systems 

Sistemas azeotropicos. Azeotropic systems 

Sistemas cerrados. Closed systems 

Sistemas continuos. Continous systems 

Sistemas cristalinos. Crystal systems 
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Sistemas de fuerzas equivalentes. Equivalent force 
systems 

Sistemas discontinues. Discontinuous systems 
Sistemas ideales. Ideal systems 
Sistemas lineales. Linear systems 
Sistemas opticos perfectos. Perfect optical systems 
Sistemas ternarios. Ternary systems 
Sistema telecentrico. Telecentric system 
Sistema termodinamico. Thermodynamic system 
Sistema tetragonal. Tetragonal system 
Sistema triclinico. Triclinic system 
Sistema tricromatico. Trichromatic system 
Sobrerrelajacion. Overrelaxation 
Solucion de Bayes. Bayes’ solution 
Soluciones atermicas. Athermal solutions 
Soluciones conformes. Conformal solutions 
Soluciones perfectas. Perfect solutions 
Soluciones regulares. Regular solutions 
Solucion singular. Singular solution 
Son. Sone 
Stilb. Stilb 
Stormer method. Stormer method 
Subarmonico. Subharmonic 
Subgrafico. Subgraph 
Subgrafico conexo maximal. Subgraph, maximal con¬ 

nected 
Subgrafico propio. Subgraph, proper 
Subgraficos disjuntos. Subgraphs, disjoint 
Subgrupo. Subgroup 
Subrutina. Subroutine 
Substancia de un vortice. Substance of a vortex 
Succion de una capa limite laminar. Suction of laminar 

boundary layer 
Suceptibilidad paramagnetica. Paramagnetic suscepti¬ 

bility 
Sucesion. Sequence 
Sucesion de Cauchy. Cauchy sequence 
Sucesion de Sturm. Sturm sequence 
Sucesion marginal. Edge sequence 
Sucesion nula. Null sequence 
Suficiencia. Sufficiency 
Suma de Petzval. Petzval sum 
Suma de series. Summation of series 
Suma de Slater. Slater sum 
Suma de tensores. Sum of tensors 
Suma directa. Direct sum 
Suma reticular. Lattice sum 
Sumas de combinacion. Combination sums 

Sumidero. Sink 
Superconjugacion. Hyperconjugation 
Superficie alabeada. Skew surface 
Superficie anticlastica. Anticlastic surface 
Superficie aplanatica. Aplanatic surface 
Superficie de calefaccion. Heating surface 
Superficie de revolucion. Surface of revolution 
Superficie de Riemann. Riemann surface 
Superficie de centros. Surface of centers 
Superficie de confusion minima. Surface of least con¬ 

fusion 
Superficie de distribucion de intensidades. Intensity 

distribution, surface of 
Superficie de division de Gibbs. Gibbs division surface 
Superficie de equifase. Equiphase surface 
Superficie de Liouville. Liouville surface 
Superficie de ondas de Rayleigh. Waves, Rayleigh 

surface 
Superficie de Petzval. Petzval surface 
Superficie desarrollable. Developable surface 

Superficie equipotencial. Equipotential surface 
Superficie isobarica. Isobaric surface 
Superficie minimal. Minimal surface 
Superficie reglada. Ruled surface 
Superficies aplicables. Applicable surfaces 
Superficies Cartesianas. Cartesian surfaces 
Superficies figuradas. Figured surfaces 
Superficies inversas. Inverse surfaces 
Superficies paralelas. Parallel surfaces 
Superintercambio. Superexchange 
Supermultiplete. Hypermultiplet 
Supermultiplete. Supermultiplet 
Superreticulado. Superlattice 

Talbot. Talbot 
Tarnano critico. Critical size 
Tangente a una curva. Tangent to a curve 
Tangente geodesica. Geodesic tangent 
Teorema acustico de Thevenin. Thevenin’s acoustical 

theorem 
Teorema alternative. Alternative theorem 
Teorema binomial. Binomial theorem 
Teorema de Abbe-Maxwell. Abbe-Maxwell theorem 
Teorema de aproximacion de Weierstrass. Weierstrass 

approximation theorem 
Teorema de Ascoli. Ascoli’s theorem 
Teorema de Bayes. Bayes' theorem 
Teorema de Beltrami-Enneper. Beltrami-Enneper 

theorem 
Teorema de Bernoulli. Bernoulli theorem 
Teorema de Bloch. Bloch theorem 
Teorema de Bolzano-Weierstrass. Bolzano-Weierstrass 

theorem 
Teorema de Budan. Budan theorem 
Teorema de Caratheodory. Caratheodory’s theorem 
Teorema de Carnot. Carnot’s theorem 
Teorema de Castigliano. Castigliano’s theorem 
Teorema de Clapeyron. Clapeyron’s theorem 
Teorema de Cochran. Cochran’s theorem 
Teorema de convergencia por mayoramiento. Compari¬ 

son theorem for convergence 
Teorema de Crocco. Crocco’s theorem 
Teorema de De Moivre-Laplace. De Moivre-Laplace 

theorem 
Teorema de Duhern. Duhem’s theorem 
Teorema de Eainshaw. Earnshaw theorem 
Teorema de Ehrenfest. Ehrenfest theorem 
Teorema de equivalencia. Equivalence theorem 
Teorema de Euler sobre funciones homogeneas. Euler 

theorem for homogeneous functions 
Teorema de factorizacion unica. Unique factorization 

theorem 
Teorema de Floquet. Floquet theorem 
Teorema de fluctuacion-disipacion. Fluctuation-dissipa¬ 

tion theorem 
Teorema de Fredholm sobre ecuaciones integrales. 

Fredholm theorem for integral equations 
Teorema de Fuchs. Fuchs theorem 
Teorema de Gauss-Markov. Gauss-Markov theorem 
Teorema de Hamilton. Hamilton’s theorem 
Teorema de Hamilton-Cayley. Hamilton-Cayley theo¬ 

rem 
Teorema de Heine-Borel. Heine-Borel theorem 
Teorema de Jacobi en optica. Jacob’s theorem in optics 
Teorema de Jordan-Holder. Jordan-Holder theorem 
Teorema de la circulation (Kelvin). Circulation theorem 

(Kelvin) 
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Teorema de la curvatura de Gauss. Gauss’ theorem on 
curvature 

Teorema de la curvatura normal de Euler. Euler 
theorem on normal curvature 

Teorema de la entalpia. Enthalpy theorem 
Teorema de Lagrange. Lagrange theorem 
Teorema de la integral de Cauchy. Cauchy integral 

theorem 
Teorema de la optica geometrica de Kirchhoff. Kirch- 

hoff’s geometric optics theorem 
Teorema de la tangente. Law of tangents 
Teorema del calor de Nernst. Nernst heat theorem 
Teorema del coseno. Law of cosines 
Teorema de Le Chatelier. Chatelier (Le) theorem 
Teorema de Liouville. Liouville theorem 
Teorema del minimo de energia potencial. Potential 

energy, theorem of minimum 
Teorema de los ejes perpendiculares. Perpendicular 

axis theorem 
Teorema de los residuos. Residue theorem 
Teorema del peso estadistico. Statistical weight theorem 
Teorema del punto fijo de Brouwer. Brouwer fixed 

point theorem 
Teorema del seno. Law of sines 
Teorema del trabajo-energia cinetica. Work-kinetic 

energy theorem 
Teorema del trabajo minimo. Least work, theorem of 
Teorema de Maupertui. Maupertui theorem 
Teorema de Maxwell para isotermas. Maxwell’s 

theorem for isotherms 
Teorema de Meunier. Meunier’s theorem 
Teorema de moderacion. Moderation theorem 

Teorema de Morera. Morera theorem 

Teorema de Norton. Norton’s theorem 

Teorema de Nyquist. Nyquist theorem 
Teorema de polarizacion de Stokes. Stokes polarization 

theorem 
Teorema de Poynting. Poynting theorem 
Teorema de reciprocidad. Reciprocity theorem 
Teorema de reciprocidad acustica. Reciprocity theorem, 

acoustical 
Teorema de reciprocidad electrica. Electrical recipro¬ 

city theorem 

Teorema de reciprocidad electroacustica. Reciprocity 
theorem, electroacoustical 

Teorema de reciprocidad electromagnetica. Reciprocity 
theorem, electromagnetic 

Teorema de reciprocidad mecanico-acustico. Mechani¬ 
cal-acoustical reciprocity theorem 

Teorema de reciprocidad mecanico rectilinea. Mechani¬ 
cal rectilineal reciprocity theorem 

Teorema de reciprocidad mecanico rotacional. Mecha¬ 
nical rotational reciprocity theorem 

Teorema de representation de Riemann. Riemann map¬ 
ping theorem 

Teorema de Ricci. Ricci’s theorem 

Teorema de Rolle. Rolle theorem 

Teorema de Saurel. Saurel’s theorem 
Teorema de semejanza. Similarity theorem 

Teorema de reciprocidad electrico-mecanica. Electrical- 
mechanical reciprocity theorem 

Teorema de Sturm. Sturm theorem 
Teorema de superposici6n. Superposition theorem 

Teorema de transferencia para el momento de inercia. 
Moment of inertia, transfer theorem for 

Teorema de Van’t Hoff. Van't Hoff theorem 

Teorema de varignon. Varignon theorem 

Teorema eldctrico de Thevenin. Thevenin’s electrical 
theorem 

Teorema factorial del algebra. Factor theorem of 
algebra 

Teorema-//. //-theorem 
Teorema Limite central. Central limit theorem 
Teorema mecanico rectilineo de Thevenin. Thbvenin’s 

mechanical rectilineal theorem 
Teorema mecanico rotacional de Thevenin. Thevenin’s 

mechanical rotational theorem 
Teorema optico. Optical theorem 
Teorema reciproco. Reciprocal theorem 
Teoremas integrates del analisis vectoriai. Integral 

theorems of vector analysis 
Teorema limite sinusoidal. Sinusoidal limit theorem 
Teoremas de Gibbs-Konovalov. Gibbs-Konovalov 

theorems 
Teoremas del valor medio. Mean value theorems 
Teoremas limites. Limit theorems 

Teorema sobre las series de potencias de Abel. Abel 
theorem on power series 

Teorem de Haag. Haag’s theorem 
Teona absoluta de la velocidad de reaccibn. Absolute 

reaction rate theory 
Teoria cinetica. Kinetic theory 
Teona cinetica de la conductividad termica. Thermal 

conductivity, kinetic theory of 
Teoria cinetica de la difusion. Diffusion, kinetic theory 

of 
Teoria cinetica de la viscosidad. Viscosity, kinetic 

theory of 

Teoria clasica del electrbn. Classical electron theory 
Teoria cuantica de la capacidad termica. Quantum 

theory of heat capacity 
Teoria cuantica de la dispersion. Quantum theory of 

dispersion 

Teoria cudntica del espectro. Quantum theory of spectra 
Teoria de bandas de energia en solidos. Band theory of 

solids 
Teoria de Born-Infeld. Born-Infeld theory 
Teoria de Born y Von Karman. Born and Von Karman 

theory 
Teoria de choque en cinetica quimica. Collision theory 

of chemical kinetics 
Teoria de difusion de neutrones. Neutron diffusion 

theory 
Teoria de distribucion. Distribution theory 
Teoria de Enskog. Enskog’s theory 
Teoria de estimacibn. Estimation, theory of 
Teoria de Eyring de procesos de transporte. Eyring 

theory of transport processes 
Teoria de Heitler-London de la molbcula de hidrogeno. 

Hydrogen molecule, Heitler-London theory of 
Teoria de Huecos. Hole theory 
Teoria de Juegos. Games theory 
Teoria de la desintegracion beta de Fermi. Fermi theory 

of beta decay 
Teoria de la desviacion. Deflection theory 
Teoria de la linea de ruptura. Rupture line theory 
Teona de las perturbaciones. Perturbation theory 
Teoria de las vibraciones cristalinas de Debye. Debye 

theory of crystal vibrations 
Teoria de la Valencia de Heitler-London. Heitler- 

London theory of valence 
Teoria del cuerpo delgado. Slender-body theory 
Teoria del diamagnetismo de Langevin. Langevin 

theory of diamagnetism 
Teoria del electrbn de Dirac. Dirac electron theory 
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Teoria del equilibrio. Equilibrium theory 
Teoria del ferromagnetismo de Heisenberg. Heisenberg 

theory of ferromagnetism 
Teoria de los campos cuanticos relativistas. Relativistic 

quantum field theory 
Teoria del perfil de ala delgado. Thin-airfoil theory 
Teoria del positron de Feynman. Feynman’s positron 

theory 
Teoria del reactor asintotico. Asymptotic reactor theory 
Teoria del transporte de neutrones. Neutron transport 

theory 

Teoria de matrices S y teoria cuantica de campos. S- 
Matrix theory and quantum field theory 

Teoria de Neyman-Pearson. Neyman Pearson theory 
Teoria de orbitas planctarias. Planetary orbit theory 
Teoria de pcrturbacion covariante. Covaiiant perturva- 

tion theory 
Teoria de pianos aerodinamicos. Airfoil theory 
Teoria de renovacion. Renewal theory 
Teoria de segundo orden de Busemann. Buscmann’s 

second-order theory 
Teoria electronica de metales. Electron theory of 

metals 
Teoria cuantica del magnetismo. Magnetism, quantum 

theory of 

Teoria incremental de la plasticidad. Incremental 
theory of plasticity 

Teoria orbital molecular de la Valencia. Molecular 
orbital theory of valence 

Teoria reticular de coeficientcs clasticos. Elastic co¬ 
efficients, lattice theory of 

Temperatura. Temperature 
Temperatura absoluta. Absolute temperature 
Temperatura de Boyle. Boyle temperature 
Temperatura de brillo. Luminance temperature 
Temperatura de Debye. Debye temperature 
Temperatura de color. Color temperature 
Temperatura de Curie. Curie temperature 
Temperatura de dcgcneracibn. Degeneracy temperature 
Temperatura de estancamiento. Stagnation temperature 
Temperatura de Fermi. Fermi temperature 
Temperatura de inversibn. Inversion temperature 
Temperatura de neutrones. Temperature, neutron 
Temperatura de radiacion total. Total radiation tem¬ 

perature 
Temperatura de teoria cinbtica. Kinetic theory tempera¬ 

ture 
Temperatura de transicion de segundo orden. Second 

order transition temperature 
Temperatura de volumen. Bulk temperature 
Temperatura potcncial. Potential temperature 
Temperatura virtual. Virtual temperature 
Temperatura y presion normales. Normal temperature 

and pressure 
Tcndcncia de la presion baromctrica. Tendency of bar¬ 

ometric pressure 
Tension admisible. Stress, allowable 
Tension combinada. Stress, combined 
Tensibn diagonal. Diagonal tension 
Tensibn directa. Stress, direct 
Tension clectromagnctica. Electromagnetic stress 
Tensioncs de reaccibn. Reaction stresses 
Tcnsioncs residuales. Residual stresses 
Tensioncs de Reynolds. Reynolds stresses 
Tensiones sccundarias. Secondary stresses 
Tensibn gcncralizada. Stress, generalized 
Tensibn hidrostatica. Stress, hydrostatic 
Tensibn octaedrica. Stress, octahedral 

Tensibn principal. Stress, principal 
Tensibn superficial de una interfase curvada. Surface 

tension of curved interface 
Tensibn superficial dinamica. Dynamical surface tension 
Tensor absoluto. Tensor, absolute 
Tensor alternado. Tensor, alternating 

Tensor antisimetrico. Tensor, skew-symmetric 
Tensor covariante fundamental. Fundamental co¬ 

variant tensor 

Tensor de campo clectromagnctico. Electromagnetic 
field tensor 

Tensor de curvatura. Curvature tensor 

Tensor de Ricci. Ricci tensor 
Tensor de Riemann-CristofTel. Riemann-Cristoffcl 

tensor 

Tensor de superficie. Tensor, surface 
Tensor doble. Tensor, double 
Tensor energia-impulso. Energy-momentum tensor 
Tensor isotrbpico. Tensor, isotropic 
Tensor metrico. Metric tensor 

Tensor pondcrado. Tensor, weighted 
Tensor relativo. Tensor, relative 

Tensor simetrico. Tensor, symmetric 
Tcnsores afincs y vcctores fibres. Affine tensors and free 

vectors 
Tcnsores asociados (campos tcnsoriales). Tensors, 

associated (tensor fields) 
Tcrccra Icy de la termodinamica. Third law of thermo¬ 

dynamics 

Termalizacion de neutrones. Thermalization of 
neutrons 

Tcrmico atbmico impar. Odd term of an atom 

Tbrmino de Pauli. Pauli term 
Tbrmino cspcctroscbpico. Term, spectroscopic 
Tbrmino par de un dtomo. Even term of an atom 
Tbrminos anarmbnicos. Anharmonic terms 
Tdrminos de Balmcr. Balmcr terms 
Terminos de estados de cncrgia. Energy state, term 

Termodinamica de proccsos irrcversibles. Thermodyna¬ 
mics of irreversible processes 

Termoestadistica. Thermostatistics 
Termostcitica. Thcrmostatics 
Tctrasimbtrico. Symmetry, tetrad 
Ticmpo de difusibn de neutrones. Diffusion time, 

neutron 
Ticmpo de generacibn. Generation time 
Ticmpo de rclajacibn. Relaxation time 
Ticmpo de respuesta. Response time 
Ticmpo de rctardacibn. Slowing-down time 

Ticmpo de retraso. Delay time 
Ticmpo fibre medio. Mean free time 
Tipo de tensor. Tensor, type of 
Tipos de enlace. Bond types 
Tono tbrmico. Heat tone 
Topologia. Topology 
Toro. Torus 
Toro de Vieth-Mullcr. Victh-Miillcr torus 
Torsibn. Torsion 
Trabajao. Work 
Trabajo de cxtraccion. Work functions, electronic 
Transfercncia de control. Transfer of control 

Transfercncia por impacto. Collisional transfer 
Transformacibn. Transformation 
Transformacibn afln. Affine transformation 
Transformacibn canbnica. Canonical transformation 
Transformacibn de contacto. Contact transformation 
Transformacibn de Euler. Euler transformation 
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de Fourier-Bessel. Fourier-Bessel 

Galilean transformation 
Handel transform 
Hilbert transform 
Laplace transform 
Lorentz transformation 

Homogeneous 

Inhomo- 

Lorentz 

Transformacion 
transform 

Transformacion de Galileo. 
Transformacion de Handel. 
Transformacion de Hilbert. 
Transformacion de Laplace. 
Transformacion de Lorentz. 
Transformacion de Lorentz homogenea. 

Lorentz transformation 
Transformacion de Lorentz no-homogenea. 

geneous Lorentz transformation 
Transformacion de Lorentz propia. Proper 

transformation 
Transformacion de Mellin. Mellin transform 
Transformacion de Schwartz-Christoffel. Schwartz- 

Christoffel transformation 
Transformaciones homogeneas restringidas de Lorentz. 

Restricted homogeneous Lorentz transformations 
Transformacion homografica Homographic transforma¬ 

tion 
Transformacion integral. Integral transform 
Transformacion L R. L R transformation 
Transformacion ortocrona homogenea de Lorentz. 

Orthochronous homogeneous Lorentz transformation 
Transformacion ortocrona inhomogenea de Lorentz. 

Orthochronous inhomogeneous Lorentz transforma¬ 
tion 

Transformada. Transform 
Transicion admisible. Transition, allowed 
Transicion del flujo turbulento. Transition of turbulent 

flow 
Transicion de superconduction. Superconducting tran¬ 

sition 
Transiciones de order superior. Transitions of higher 

order 
Transicion permitida. Allowed transition 
Transicion prohibida. Forbidden transition 
Transmisibilidad de fuerzas. Transmissibility of force 
Transmision. Transmission 
Transmision sonora. Sound transmission 
Transmisividad. Transmissivity 
Transmitancia. Transmittance 
Transmitancia difusa. Diffuse transmittance 
Transmitancia directa. Direct transmittance 
Transmitancia espectral. Spectral transmittance 
Transmitancia interna. Internal transmittance 
Transmitancia total. Total transmittance 
Transmitividad. Transmittivity 
Transposition. Transposition 
Transpuesta de una matriz. Transpose of a matrix 
Trascendente. Transcendental 
Traslacion. Translation 
Traslacion primitiva. Primitive translation 
Trayectoria. Trajectory 
Trayectoria de tension. Stress trajectory 
Trayectoria media de chaparron. Shower unit 
Traza. Trace 
Traza de una matriz. Trace of a matrix 
Tren marginal. Edge train 
Tren marginal abierto. Edge train, open 
Tren marginal cerrado. Edge train, closed 
Triangulo de colores. Color triangle 
Triangulo de fuerzas. Forces, triangle of 
Triangulo de Pascal. Pascal triangle 
Triangulo geodesico. Geodesic triangle 
Trigonometria. Trigonometry 
Trigonometria esferica. Spherical trigonometry 
Trisimetrico. Symmetry, triad 

Trompo dormido. Top, “sleeping” 
Truncamiento. Truncation 
Turbulencia. Turbulence 
Turbulencia en tuneles de viento. Turbulence in wind 

tunnels 
Turbulencia homogenea. Turbulence, homogeneous 
Turbulencia isotropica. Turbulence, isotropic 

Umbral de Audibilidad. Audibility, threshold of 
Umbral fotoelectrico. Photoelectric threshold 
Unidad Angstrom. Angstrom unit 
Unidad aritmetica. Arithmetic unit 
Unidad de almacenamiento. Storage unit 
Unidad de Amagat. Amagat unit 
Unidad Debye. Debye unit 
Unidad de masa atomica. Atomic mass unit 
Unidad de peso atomico. Atomic weight unit 
Unidad de Siegbahn. Siegbahn jc-Unit 
Unidades acusticas. Acoustical units 
Unidades acusticas. Acoustic units 
Unidades de calor. Heat, units of 
Unidades electromagneticas. Electromagnetic units 
Unidades mecanicas. Mechanical units 
Unidades termicas. Thermal units 
Unidades tricromaticas. Trichromatic units 
Unidad fundamental. Unit, fundamental 
Unidad mache. Mache unit 
Unidad termica centigrada. Centigrade heat unit 
Unidad x. x-Unit 
Union heteropolar. Heteropolar bond 
Union homopolar. Homopolar bond 
Universo de Minkowski. Minkowski world 
Utilization termica. Thermal utilization 

Valencia dirigida. Directed valency 
Valle de onda. Wave through 
Valor calorifico. Calorific value 
Valor de esperanza. Expectation value 
Valor de referenda. Reference value 
Valores singulares. Singular values 
Valor gamma. Gamma-value 
Valor medio de una funcion. Mean value of a function 
Valor-Q. Q-Value 
Vapor seco. Dry vapor 
Variable aleatoria. Random variable 
Variable aleatoria discreta. Discrete variate 
Variable de action. Action variable 
Variable de angulo. Angle variable 
Variables de Lode. Lode’s variables 
Variables extensivas. Extensive variables 
Variables intensivas. Intensive variables 
Variacion acotada. Variation, bounded 
Variacion temporal de la production de entropia. Time 

variation of the entropy production 
Variancia. Variance 
Variedad. Manifold 
Vector. Vector 
Vector Bra. Bra vector 
Vector campo electrico. Electric field vector 
Vector contravariante. Vector, contravariant 
Vector covariante. Vector, covariant 
Vector de Burgers. Burgers vector 
Vector de Darboux. Darboux vector 
Vector de desplazamiento electrico. Electric displace¬ 

ment vector 
Vector de Hertz. Hertz vector 
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Vectores asociados (campos vectoriales) Vectors, 
associated (vector fields) 

Vectores cuadridimensionales y tensores. Four-vectors 

and tensors 
Vectores de base. Base vectors 
Vectores de flujo. Flux vectors 
Vectores linealmente independientes. Linearly inde¬ 

pendent vectors 
Vectores ortogonales. Vector(s), orthogonal 
Vector estado. State vector 
Vector irrotacional. Vector, irrotational 
Vector Ket. Ket vector 
Vector nulo. Null vector 
Vector polar. Vector, polar 
Vector posicion. Vector, position 
Vector Poynting. Poynting vector 
Vector principal de una matriz. Principal vector of a 

matrix 
Velocidad. Velocity 
Velocidad angular. Angular velocity 
Velocidad areal. Velocity, areal 
Velocidad critica. Speed, critical 
Velocidad de activacion. Activation rate 
Velocidad de atenuacion del sonido. Rate of decay of 

sound 
Velocidad de conveccion. Convective rate of change 
Velocidad de difusion. Diffusion velocity 
Velocidad de escape. Escape velocity 
Velocidad de fase. Phase velocity 
Velocidad de fase de las ondas. Waves, phase velocity 

of 
Velocidad de friccion. Friction velocity 
Velocidad de generacion. Generation rate 
Velocidad de grupo. Group velocity 
Velocidad de grupo, de ondas. Waves, group velocity 

of 
Velocidad de particula. Velocity, particle 
Velocidad de recombinacion. Recombination rate 
Velocidad de recombinacion. Recombination velocity 
Velocidad de repetition de impulsos. Pulse repetition 

rate 
Velocidad de volumen. Volume velocity 
Velocidad efectiva. Velocity, effective 
Velocidades de procesos irreversibles. Rates of irrever¬ 

sible processes 
Velocidades generalizadas. Velocities, generalized 
Velocidad local. Local rate of change 
Velocidad media. Velocity, average 
Velocidad molecular. Molecular velocity 
Ventilador. Blower 
Verosimilitud. Likelihood 
Versor. Versor 
Venice. Vertex 

Venice final. Vertex, final 
Venice inicial. Vertex, initial 
Venice interno. Vertex, internal 
Vertices adyacentes. Vertices, adjacent 
Venice terminal. Vertex, terminal 
Vibration de combination. Combination vibration 
Vibraciones amortiguadas. Vibrations, damped 
Vibraciones aperiodicas. Vibrations, non-periodic 
Vibraciones forzadas. Vibrations, forced 
Vibraciones fibres de sistemas no amortiguados. Free 

vibrations of undamped system 
Vibraciones normales en moleculas poliatomicas. 

Normal vibrations in polyatomic molecules 
Vida media. Half-life 
Vida media. Life, mean 
Vida media. Lifetime 
Vida media de un estado atomico. Mean lifetime of an 

atomic state 
Viento. Wind 
Viento geostrofico. Geostrophic wind 
Viga. Beam 
Viga empotrada. Beam, fixed-ended or encastre 
Viga columna. Beam, column 
Viga compuesta. Beam, composite 
Viga continua. Beam, continuous 
Viga corta. Beam, short 
Viga curvada. Beam, curved 
Viga saliente. Beam, overhanging 
Viga simple. Beam, simple 
Viga sobre cimiento elastico. Beam on elastic foundation 
Viga voladiza. Beam, cantilever 
Viga voladiza. Cantilever 
Vinculo. Constraint 
Vinculo redundante. Redundant constraint 
Virial. Virial 
Virial de un sistema. Virial of a system 
Viscoelasticidad lineal. Viscoelasticity, linear 
Viscosidad. Viscosity 
Viscosidad dinamica. Viscosity, dynamic 
Viscosidad Newtoniana. Newtonian viscosity 
Volumen barrido. Swept volume 
Vortice. Vortex 
Vortice anular. Vortex ring 
Vortice de Rankine. Rankine vortex 
Vortice esferico. Spherical vortex 
Vorticidad. Vorticity 
Vorticidad anticiclonica. Anticyclonic vorticity 
Vorticidad ciclonica. Cyclonic vorticity 
Vorticidad geostrofica. Geostrophic vorticity 

Weber. Weber 
Wronskiano. Wronskian 
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A66e-MaKCBejma TeopeMa, Abbe-Maxwell theorem 
AGGe ycJiOBHe CHHycoB. Abbe sine condition 
AGeneBa rpynna. Abelian group 
AGeneBoe ypaBHeHHe. Abel equation 
AGena HepaBeHCTBO. Abel inequality 
A6eppaitHH onrnuecKOH cucTCMbi. Aberrations of an 

optical system 
AGeppauna cseTa. Aberration of light 
AGconioTHaa aKTHBHOCTb. Absolute activity 
AGconioTHaa HenpepbiBHOCTb. Absolute continuity 
A6cojnoTHaH TeMnepaTypa. Absolute temperature 
A6cojuoTHoe AHcjxjjepeHitHanbHoe HCHHcneHHe. Abso¬ 

lute differential calculus 
AGcojnoTHoe ycKopeHne. Absolute acceleration 
A6cojnoTHbiH cnanap. Absolute scalar 
AGcojiioTHbiH TeH3op. Absolute tensor 
ABapHH. Failure 
ABoraapo nocroaHHaa. Avogadro constant 
ABTOKoppejiHijHH. Autocorrelation 
ABToperpeccHH. Autoregression 
A,aaMca-Eaui4>opAa mctoa. Adams-Bashford method 
Aabckuhh. Advection 
AartHTHBHbiH npouecc. Additive process 
AnnaGaTHMecKan cTeHKa. Adiabatic wall 
AflHaGaTHMeCKHH 3aK0H KBaHTOB3HHbIX COCTOHHHH. 

Adiabatic law for quantized states 
A/tHaGaTHMHoe H3MeHeHHe. Adiabatic change 
A;ma6aTHMHoe pa3MarHHMHBaHHe. Adiabatic demag¬ 

netization 
AmiaGaTHMHoe y6biBaiinc TeMnepaTypbi c bmcotoh. 

Adiabatic lapse rate 
AanaGaTHUHoe ypaBHeHHe coctohhhh. Adiabatic equa¬ 

tion of state 
A/tpec HHCTpyKLtHH. Address 
Aacop6itHOHHaH H30TepMa. Adsorption isotherm 
AfltioHKT. Cofactor 
A3hm>t. Azimuth angle 
Aapo^HHaMHuecnaH noA-beMiiaa cnjia. Aerodynamic 

lift 
AncHajibHoe yBejiHneHHe. Axial magnification 
AKCHHJibHbift JiyH. Axial ray 
AKCHHJibHbifi nyuoK. Axial bundle 
AKTHBHan cnjia. Active force 
AKTHBHan ceTb. Active network 
AnycTHHecKaH CMKocTb. Acoustical capacitance 
AKycTHHecKan nocroaHHaa pacnpocrpaHeHna. Acous¬ 

tical propagation constant 
AnycTHMecKaH cHCTeMa. Acoustical system 
AKycTHuecKan TeopeMa b33hmhocth. Acoustical reci¬ 

procity theorem 
AKycTHHCCKan c|)a30BaH nocroaHHaa. Acoustical phase 

constant 
AnycTHMecKHe eaHHHitbi. Acoustical units 
AKycrHHecKHH HMneaanc. Acoustical impedance 
AKycTHuecKHH HHneAaHc ropjioBHHbi. Throat acousti¬ 

cal impedance 
AnreGpa. Algebra 
AnreGpa rpynnbi. Algebra of a group 
Ajire6paHMecKne ypaBHeHHH. Algebraic equations 

AnreGpaHuecKoe aonoAHeHHe. Cofactor 
AnropHTM. Algorithm, program 
AjibGeAO. Albedo 
AMara e/tHHHita. Amagat unit 
AMnep. Ampere 
AMnepa TeopeMa. Ampere’s theorem 
AMnepBHTOK. Ampere turn 
AMnJiHTy/ta BOJiHbi. Wave amplitude 
AMnjiHTyaa HMnyAbca. Pulse amplitude 
AMnjiHTyAa KOAeGaHHH. Amplitude of oscillation 
AMnnHTyaa HopMajibHoir KpHBH3Hbi. Amplitude of 

normal curvature 
AMnnHTyAa pacceaHna. Scattering amplitude 
AHajiH3. Analysis 
AHanH3 KOBapnaHTHocTH. Analysis of covariance 
AHajiH3 cocTaBJiHiomnx. Component analysis 
AHajiHTHuecKaH KpnBaa. Analytic curve 
AHaMopcJmaa CHCTeMa. Anamorphic system 
AHaAMTHuecKaa <J)yHKUHH. Analtyic function 
AHanHTHHecKoe npoaoAHceHHe. Analytic continuation 
AHrapMOHHuecKHH ocuhaahtop. Anharmonic oscil¬ 

lator 
AHrapMOHHMHOCTb. Anharmonicity 
AHrcTpeM. Angstrom unit 
AHH30TponHbiH. Anisotropic 
AHH30TponHbiii Aii3JieKTpiiK. Anisotropic dielectric 
Ahoa. Anode 
AHOMajibHan Ancnepcna. Anomalous dispersion 
AHcaMGnb. Ensemble 
AnTeHHa. Antenna 
AHTHrnaBHbie tohkh. Anti-principal points 
AiiTHKJiHHa.Tb. Arch 
AHTHAHHeapHbifi onepaTop. Anti-linear operator 
AHTHAorapH(})M. Antilogarithm 
AHTHnpoH3BOAHan (JiyHKLtHH. Antiderivative of a 

function 
AHTHpe30HaHc. Antiresonance 
AHTHCHMMeTpuHHaa BOAHOBaa cJ)yHKUHa. Antisym¬ 

metric wave function 
AnTHCHMMeTpHMHbiH. Antisymmetric 
AHTHyHHTapHbiH onepaTop. Anti-unitary operator 
AHTH(})eppoMarHCTH3M. Antiferromagnetism 
AHTHitHKAOHaAbHaa 3aBHxpeHH0CTb. Anticyclonic vor- 

ticity 
AncpnoAHHecKHc KOAcGaHiia. Non-periodic vibra¬ 

tions 
AnepTypa. Aperture 
AnnaHaTHHecnaa noBepxHOCTb. Aplanatic surface 
AnnaHaTHHecKHe tohkh mapa. Aplanatic points of a 

sphere 
AnocrepnopHa BepoaTnocTb. A posteriori probability 
AnoxpoMaTHuecKHH. Apochromatic 
AnnpoKCHMauHa MoneKynapnoro noAa. Molecular 

field approximation 
AnnpoKCHMauna CHAbHoit cbh3h. Strong coupling ap¬ 

proximation 
Apran;ta nAOcnocTb. Argand plane 
ApucJjMeTHHecKaa nporpeccHa. Arithmetic progres¬ 

sion 
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ApncJ)MeTHMecKHH 6jiok. Arithmetic unit 
Api<a c 33th>kkoh. Tied arch 
ApxiiMe.ua 33koh. Archimedes’ principle 
AcHMnTOTa. Asymptote 
AcHMriTOTimecKaH jihhhh. Asymptotic line 
AcnMriroTimecKaH Teopnn pecKTopoB. Asymptotic re¬ 

actor theory 
AcHMirroTrmecKHH pa#. Asymptotic series 
AcHMnTOTHnecKoe ycjioBne. Asymptotic condition 
Ackojih TeopeMa. Ascoli’s theorem 
AccounauHH. Association 
AcTHrMaTH3M. Astigmatism 
AcTHrMaTH3M noBepxHOcra. Astigmatism of a surface 

AcTHrMaTmiecKaH pa3HocTb. Astigmatic difference 

ATOMHan e/jHHHua Maccw. Atomic mass unit 

ATOMHaa KOHcJairypaqua. Atomic configuration 

ATOMHan pecJjpaKqiiH. Atomic refraction 

ATOMHan TenaoeMKocTb. Atomic heat of formation 

ATOMHan nacTOTa. Atomic frequency 

ATOMHoe micao. Atomic number 

ATOMHbie cneKTpbi. Atomic spectra 

Ay^HorpaMMa. Audiogram 

AcJxJaiHHoe npeo6pa30BaHne. Affine transformation 
A(JxJ)HHHbiH TeH3op. Affine tensor 
AapoqHnaMHuecKaH Tpyoa. Wind tunnel 
AapoflHHaMHHecKaH xop/ja. Aerodynamic chord 

AapoflHHaMHnecKnii qeHTp. Aerodynamic center 

Eabima npHHunn. Babinet’s principle 
Ba3Hc cHCTeMbi HOMepoB. Base of a system of numbers 
Eaheca TeopeMa. Bayes’ theorem 
Bajina. Beam 
BaajiHCTHMecKHH M3HTHHK. Ballistic pendulum 

BanbMepa cepiia. Balmer series 
BaHaxa npocrpaHCTBO. Banach space 
Bap. Bar 
EapnoH. Baryon 
EapH. Barn 
BapoKanHHbiH. Baroclinic 
BapoTponHnecKHH. Barotropic 
BaTapea. Battery 
BayiuHHrepa 3(J)4)eKT. Bauschinger effect 
Beepa 33koh. Beer’s law 
Beryujaa BoaHa. Progressive wave 
Ee3BHxpeBoe TeneHne. Potential flow, irrotational 

flow 
Ee3BHxpeBbiii BeKTop. Irrotational vector 
Ee3BHxpeBbift noTOK. Potential flow, irrotational 

flow 
Ee3pa3JiHMHoe cocTonmie. Indifferent state 
EepHyjuiHeBbi noaHHOMbi. Bernoulli polynomials 
BepHyaan MeTO/t. Bernoulli method 
BepHinTeHHa noamroM. Bernstein polynomial 
BecKOHeaHaa Tpyba. Infinite pipe 
BecKOHeMHo Maaoe noabuo. Infinitesimal ring 
BecKOHenHo Maabifi. Infinitesimal 
BecKOHeaHoe pa3MHoa<eHne. Infinite multiplication 
BecKOHeaHocTb. Infinity 
BecKOHeaHbiH rpafl)HK. Infinite graph 
BecKOHeMHbiH pynop. Infinite horn 
BecceaeBaa cjiyriKmiH. Bessel function 
Becceaa HepaBeHCTBo. Bessel inequality 
EeTa cjjyHKUHa. Beta function 
EeTe MeTOfl. Bethe’s method 
BeTe-CaabneTep ypaBHemie. Bethe-Salpeter equation 
BeTOH, apMupoBaHHbiH. Concrete, reinforced 
Em'apMOHHMecKoe ypaBHemie. Biharmonic equation 

BneHne. Combination vibration 
BHeHiia. Beats 
EHKBaapaTHoe ypaBHeHne. Biquadratic equation 
EHKBHHapHbiH. Biquinary 
BnaHHeiiHaa fltopMa. Bilinear form 
BiiHopMaab. Binormal 
BuHOMnaabHaa TeopeMa. Binomial theorem 
EnHOMnaabHoe pacnpeaeaeHHe. Binomial distribution 
BiiHOMHanbHbiH KoacJxJamneHT. Binomial coefficient 
BimoaapHaa KoopamiaTa. Bipolar coordinate 
BaHacaiiuiHii coce/uum. Nearest-neighbor 
Ban>KHHH nopaaoK. Short-range order 
Bah3koaeiictnytomah cnaa. Short-range force 
BaoK naMHTH. Storage unit 
Baoxa TeopeMa. Bloch theorem 
Bo3e-3HHiirreiiHa ra3. Bose-Einstein gas 
Bohan 33koh. Boyle’s law 
EoKOBaa KpiiBH3Ha. Lateral buckling 
EoKOBaa c^epnaecKaa abeppamm. Lateral spherical 

aberration 
EoKOBoe cMemeHne. Sidesway 
Bokoboh npornb. Lateral deflection 
BoabuaHo-BenepmTpacca TeopeMa. Bolzano-Weier- 

strass theorem 
BoabUMaHHa nocroaHHaa. Boltzmann constant 
EoM6apanpyiomnii. Incident 
BopoBcnaa opbHTa. Bohr orbit 
BopoBCKHH paanyc. Bohr radius 
EopHa npiibniiweHHe. Born approximation 
BopHa-flH(J)eabaa Teopna. Born-Infeld theory 
EopHa-OnneHreHMepa mctoa. Born-Oppenheimer 

method 
BopHa-<t»OH KapMaHa Teopna. Born and Von Karman 

theory 
BopHOBCKoe oTTaaKHBaHHe. Born repulsion 
Bocoh. Boson 
Bpa BeKTop. Bra vector 
BpaBe tomkm. Bravais points 
EpaBe-Mnaaepa HHaencH. Bravais-Miller indices 
EpaxncToxpoHa. Brachistochrone 
BpenT-BurHepa 4>opMyaa. Breit-Wigner formula 
BpnaaioaHa <J)yHKmia. Brillouin function 
Bparra npaBHao. Bragg rule 
Epiocrepa 33koh. Brewster’s law 
Byrepa 33koh. Bouguer law 
EyaeBan aarebpa. Boolean algebra 
EyHaKOBcrcoro HepaBeHCTBo. Schwartz inequality 
Eyprepca BeKTop. Burgers vector 

BanyyMHaa nonpaBKa. Correction to vacuum 
Baa. Shaft 
BaaeHTHaa cBa3b. Valence bond 
BaaeHTHaa cnaa. Valence force 
BaH-aep-Baaabca ypaBHemie. Van der Waals’ equa¬ 

tion 
BapnauHOHHoe licmicaeHiie. Calculus of variations 
BapHaunoHHbiH npuHimn. Variational principle 
Bebep. Weber 
BeaoMaa Boana. Guided wave 
BenepuiTpacca TeopeMa. Weierstrass theorem 
Behan ypaBHeHne. Weyl equation 
BenoBOH onpeaeaHTeab. Secular determinant 
BeKTop. Vector 
BeKTop HanpHH<eHHocTH 3aei<TpnuecKoro noaa. Elec¬ 

tric field vector 
BeKTop riaomaaKH. Area vector 
BeKTop noao>KeHHH. Position vector 
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BeKTop noTOKa. Flux vector 
BeKTop coctohhhh. State vector 
BeKTop 3.ieKTpnuecKoro c.MemeHHH. Electric displace¬ 

ment vector 
BeKTopnaH npoH3BOflHa«. Vector derivative 
BeKTopHoe none. Vector field 
BeKTopHoe npocrpaHCTBo. Vector space 
BeKTopHoe cnonceHHe. Vector addition 
BeKTopHbie AH(J)(J)epeHnHajibHbie TOHmecTua. Vector 

differential identities 
BeKTopHbin onepaTop. Vector operator 
BeKTopHbiii noTeHnnaJi. Vector potential 
BeHTHJiHTop. Blower 
BepeBomibiH MHoroyrojibHHK. Funicular polygon 
BepoHTHan omiioKa. Probable error 
BepoHTHOCTb. Probability 
BepoHTHocTb Bbixo^a (b nepBOM iioneTe). Escape 

probability (first flight) 
BepoHTHocTb n36en<aHHH pe30HaHCHoro 3axBaTa. Re¬ 

sonance escape probability 
BepoHTHocTb nepexoAa. Transition probability 
BepoHTHocTb npoxo>KACHHH. Penetration probability 

(penetrability) 
BepoHTHocTb CTOJiKHOBeHHH. Collision probability 
BepoHTHOCTHbiii KoacJxJjnuHeHT. Coefficient of prob¬ 

ability 
BepoHTHOCTHbiH OTfiop, Probability sampling 
BepmnHa. Vertex 
BepmHHa boahm. Wave crest 
Bee. Weight 
Beaman cfcyHKHHH. Weighting function 
Becbr. Balance 
BeTBb. Branch 
Beiep. Wind 
BeTpoBan Harpy3Ka. Wind load 
B3anMHocTb. Reciprocity 
B3anMOAencTBne. Interaction 
B3aHM03aMemeHHH 33koh c})OTorpacJ)HH. Reciprocity 

law, photographic 
B3BeuiHBaHHe. Weighting 
B3BemnBaHHbiH TeH3op. Weighted tensor 
Bramepa KoacjxJmimeHT. Wigner coefficient 

Bha. Species 
Bha KOAefiaHHH. Mode of oscillation, mode 
BnHa 3aK0H. Wien law 
BnuTOBan KpHBH3Ha. Screw curvature 
BnpHan. Virial 
BnpHaji cncreMbi. Virial of a system 
BHpnaAbHoe ypaBHeHne coctohhhh. Virial equation 

of state 
BnpHajibHbiH K03(J)cJ)HUHeHT. Virial coefficient 
BHpTyaAbHan Macca. Virtual mass 
BupTyaJibHan TeMnepaTypa. Virtual temperature 
BHpTyaAbHoe coctohhhc. Virtual state 
BnpTyanbHbiH KBaHT. Virtual quantum 
BHCKoajiacTHMHaH BOJiHa. Viscoelastic waves 

Bhtok. Loop, turn 
Bwxpb. Vortex, curl 
BHxpeBan c{x>pcyHi<a. Turbulent jet 
BHxpeBoe KOJibito. Vortex ring 
Bjiara. Humidity 
Bna>KHOCTb. Humidity 
BnancHbiit nap. Wet steam 
BjiHHHHe 0Tpa>KaTejiH peaKTopa. Reflector savings 
BHeneHTpeHHaH Harpy3na. Eccentric loading 
Buemnan oriTHuecnaH nnoTHOCTb. External optical 

density 
BHemHan enna. External force 

BHemHbifi. Extraneous 
BHyTpeHHan nornomaioman cnocofinocTb. Internal 

absorptance 
BHyTpeHHan npo3pamiocTb. Internal transmittance 
BHyTpeHHan enna. Internal force 
BHyTpeHHoe none b AHaneKTpHKe. Internal field in 

dielectric 
BHyTpeHHoe TpeHne. Internal friction, 
BoAopoAHan cBH3b. Hydrogen bond 
BoAopoAHan TOHKan cTpyKTypa. Hydrogen fine struc¬ 

ture 
Bo3BpaTHan pa3H0CTb. Return difference 
Bo3AyruHbiH bhht. Airscrew 
Bo3MymeHHe. Perturbation 
Bo3pacT HeHTpoHOB. Age, neutron 
Bo3pacTHoe npHfijiHnceHHe. Age approximation 
Bojina. Wave 
BojiHa Hanpn>KeHHH. Stress wave 
BoAHa pacmupeHHH. Dilatational wave 
BoAHa cABHra. Shear wave 
BoAHOBan MexaHHKa. Wave mechanics 
BoAHOBan 4)yHKimH. Wave function 
Boahoboa. Waveguide 
BoAHOBoe ypaBHeHHe. Wave equation 
BoAHOBoe hhcao. Wave number 
BoAbTeppa ypaBHeHHe. Volterra equation 
Boo6pan<aeMbiH hctomhhk. Image source 
BocnpoH3BOAHMOCTb. Repeatability 
BpamaTeAbHan AncnepcHH. Rotational dispersion 
BpamaTeAbHan MOiimocTb. Rotary power 
BpamaTeAbHan noAaTAHBocTb. Rotational compliance 
BpamaTeAbHan nocTOHHHan. Rotational constant 
BpamaTeAbHan cyivma coctohhhh. Rotational parti¬ 

tion function 
BpamaTenbHO-KoneGaTenbHbiH cneKTp. Rotation- 

vibration spectrum 
BpamaTeAbHbiH ypoBeHb. Rotational level 
Bpamaiomancn cncTeMa KoopAHnaT. Rotating co¬ 

ordinate system 
BpamaiomHH momcht. Torque 
BpameHHe. Rotation 
BpeMH AHcJ)(})y3HH HeHTpoHOB. Neutron diffusion time 
Bpeivm >kh3hh. Lifetime 
BpeMH >kh3hh, cpeAHee. Mean life 
BpeMH 3aAcp>KKH. Delay time 
BpeMH 3aMeAAeHHH. Slowing-down time 
BpeMH 3aTyxaHHH. Decay time 
BpeMH HapacTaHHH HMnyAbca. Pulse rise time 
BpeMH oSpaTHoro xoAa. Return period 
BpeMH Ha6eraiomero cjjpoHTa. Pulse leading-edge time 
BpeMH penaKcaijHH. Relaxation time 
BpeMH cpafiaTbiBaHHH. Response time 
BpoHCKoro onpeAeAHTeAb. Wronskian 
BcacbmaHHe. Suction 
BcnoMaraTenbHoe ypaBHeHHe. Auxiliary equation 
Brapan ocHOBHan TeopeMa. Second fundamental 

theorem 
Brapan npeAeAbHan TeopeMa. Second limit theorem 
Brapan npoH3BOAHan AanAacnaHa. Buckling 
Brapan <j)OKycHan rauKa. Second focal point 
Brapoii 33koh TepMOAHHaMHKH. Second law of 

thermodynamics 
BrapHHHoe KBaHTOBaHHe. Second quantization 
BrapHHHoe TeneHne. Secondary flow 
BxoAHan aahh3 (Tpy6bi hah KaHaAa). Entry length 

(for pipe or channel) 
BbiAepnma. Exposure 
BbiOopouitan Touna. Sample point 
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Bbi6opoMHoe pacnpeAeJieHHe. Sampling distribution 
BbinrpHin. Gain 
BbiKaMHBaHHe. Deflation 
Bbmy>KAeHHbie KoneGaHHe. Forced vibrations 
BbinpHMHTejibHaH ahhhh. Rectifying line 
Bbipo>KAeHHe. Degeneracy, confluence 
Bbipo>KAeHHaH 30Ha npoBOAHMOCTH. Degenerate con¬ 

duction band 
Bbipo>KAeHHaH KOJieoaxeJibnaH cncTeMa. Degenerate 

oscillating system 
BbipowAeHHoe coctohhhc. Degenerate state 
BbipowAeHHbie ypoBHH. Degenerate levels 
BbipowAeHHbiii ra3. Degenerate gas 
Bbipo>KAeHHbiH ajieKTpoHHbiH ra3. Degenerate elec¬ 

tron gas 
BbicoTa TOHa. Pitch 
Bbixoa (J)Jiyopeci;eHLiHn. Fluorescence yield 
BbmeT. Residue 
BbiMHCJiHTeJibHaa MauiHHa. Calculator, computer 
BH3Kan wHAKOCTb. Viscous fluid 
BbiHHcnHTenbHan MauiHHa HenpepbiBHoro achctbhh. 

Analog computer 
Bn3K0CTb. Viscosity 

radapHTHbiii o6i.eM. Clearance volume 
raenHbiH union. Wrench 
Ta3 HcecTKiix mapuKOB. Hard-sphere gas 
Ta30BaH nocTOHHHan. Gas constant 
raAHJieeBoe npeo6pa30BaHHe. Galilean transforma¬ 

tion 
r ajibBaHOMarHeTHnecKHH acJ)cl>eKT. Galvanomagnetic 

effect 
raMHJibTOHa (JiyHKiiHH onTHKH. Hamiltonian function 

of optics 
TaMHAbTOHHaH cHCTeMbi. Hamiltonian function of a 

system 
TaMMa. Gamma 
TaMMa (JiyHKUHH. Gamma function 
rapMOHHMecKan Bojma. Harmonic wave 
rapMOHHHecKan nporpeccHH. Harmonic progression 
rapMOHHHecKan cjiyHKUHH. Harmonic function 
rapMOHHMecKHH ocimnnHTop. Harmonic oscillator 
rapMOHHnecKHH p«A 3BynoB. Harmonic series of 

sounds 
rapMOHHnecKoe ABH>KeHHe. Harmonic motion 
rapMOHHMecKoe cpeAHee. Harmonic mean 
Taycca-MapKOBa TeopeMa. Gauss-Markov theorem 
HaHMeHbman cBH3b. Least constraint 
Taycca-CeHAeJiH mctoa. Gauss-Seidel method 
TayccoBaH onTHKa. Gaussian optics 
TayccoBoe pacnpeAeJieHHe. Gaussian distribution 
TayccoBbie cko6kh. Gaussian brackets 
rameHHe. Extinction 
reiirepa-HyTaAAa cooTHOiueHiie. Geiger-Nutall rela¬ 

tion 
TeKcaroHajibHaH cHcrreMa. Hexagonal system 
reHeanorHqecKHH K03(jxi>HMHeHT. Fractional parentage 

coefficient 
reoAe3HnecKaH rnnepGona. Geodesic hyperbola 
reoAe3HnecKaH KacaTenbHan. Geodesic tangent 
reoAC3HnecKaH KpHBH3Ha. Geodesic curvature 
reoAe3HMecKa« ahhhh. Geodesic line 
r eoAe3HnecKHH nonnpHbie KoopAHHaTbi. Geodesic 

polar coordinates 
FeoAe3HnecKHe KoopAHHaTbi. Geodesic coordinates 
FeoAe3HnecKne napannenn. Geodesic parallels 
reoAC3HnecKHH upyr. Geodesic circle 

reoAe3HHecKHii TpeyroAbHHK. Geodesic triangle 
reoAe3HMecKHH annnnc. Geodesic ellipse 
reoMeTpunecKaH ahctopchh. Geometric distortion 
reoMeTpimecKaH onriiKa. Geometrical optics 
reoMeTpHnecKHH MHOHCHTeAb. Geometry factor 
reoMeTpunecKHH noTOK 3HeprHH. Geometrical energy 

flux 
reoMeTpimecKoe HCKauceHHe. Geometric distortion 
reo.MCTpHMecKoe MecTo. Locus 
r eoMeTpHH. Geometry 
reocTpocJjHMecKaH 3aBHxpeHHocTb. Geostrophic vor- 

ticity 
reocTpocJ)HHecKaH cuna. Geostrophic force 
reocrpo<J)HHecKHH BeTep. Geostrophic wind 
reocrpo(})HHecKoe ycKopeHiie. Geostrophic accelera¬ 

tion 
Tepu. Hertz, cycle per second 
Tepua BeKTop. Hertz vector 
reTeponoAHpHaH cBH3b. Heteropolar bond 
rH66ca-reAbMroAbua ypaBHeHHH. Gibbs-Helmholtz 

equations 
rHflflca-XfioreMa ypaBHemie. Gibbs-Duhem equation 
rn66ca-KoHOBaAOBa TeopeMbi. Gibbs-Konovalov 

theorems 
TuGBca 4>yHKUHH. Gibbs function 
rH6KOCTb. Ductility 
rHopHAH3auHH 3AeKTpoHHbix opGHTanen. Hybridiza¬ 

tion of electron orbitals 
TuBeHca mctoa- Givens method 
rHApsBAHnecKHH cKanoK. Hydraulic jump 
T HApoAHHaMnnecnaH aHanornn. Hydrodynamical ana¬ 

logy 
THApocTaTHKa. Hydrostatics 
THAbdepTa npocTpaHCTBO. Hilbert space 
rnnepflona. Hyperbola 
TunepboAHAHaH TonKa. Hyperbolic point 
runepboAHMecKan cjiyHKUHH. Hyperbolic function 
runepboAHHecKoe ypaBHeHHe. Hyperbolic equation 
runepdoAHnecKOH norapncJiM. Hyperbolic logarithm 

rHnep6oAOHA- Hyperboloid 
runepreoMeTpHnecKan cjiyHKUHH. Hypergeometric 

function 
THnepreoMeTpHnecKoe pacnpeAeneHHe. Hypergeo¬ 

metric distribution 
THnepreoMeTpHnecKoe ypaBHeHHe. Hypergeometric 

equation 
rHnepMynbTHnneT. Hypermultiplet 
rnpoMarHHTHoe cooTHomeHHe. Gyromagnetic ratio 
TnaBHaH HopMaAb. Principal normal 
TnaBHaA ocb. Principal axis 
TAaBHan nnocKOCTb. Principal plane 
TAaBHoe HanpHHceHHe. Principal stress 
TnaBHoe ceneHHe KpncTaAAa. Principal section of a 

crystal 
TnaBHbie HanpaBAeHHH. Principal directions 
rAaBHbie nnocKocra. Principal planes 
TAaBHbie pyMflbi. Principal compass points 
TnaBHbiH 33HMyTaAbHbiH yroA. Angle of principal 

azimuth 
TnaBHbiH KopeHb. Principal root 
rAaBHbiii nyn. Principal ray 
TAyfiHHa noAH. Depth of field 
rAyfinna npoHHKHOBeHHH. Penetration depth 
ToAorpa^HHecKHe ypaBHeHHH. Hodograph equations 
ToAOMopcjiHaH cjiyHKLtHH. Holomorphic function 
r oAOHOMHnecKHH. Holonomic 
roMeorpacjAinecKoe npeo6pa30BaHHe. Homographic 

transformation 
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roMeoMeTpMMecKHe napbi. Homometric pairs 
r*oMeoMop(J)H3M. Homomorphism 
ToMeoMopcJjHbie rpacjiHKH. Homeomorphic graphs 
ToMeono^apHaH cBH3b. Homopolar bond 
roMoreHHbift. Homogeneous 
r OMOiteHTpHMecKHH. Homocentric 
ropn30HTanbHbiH cabht. Horizontal shear 
rpaBHTaitHOHHan CHJia. Gravitational force 
rpaBHTartHOHHbiH noTeHimaji. Gravitational potential 
rpaBHTauHOHHbiit pa^Hyc. Gravitational radius 
rpajmeHT. Gradient 

TpaAneHT TeMnepaTypbi. Temperature gradient 
Tpa/tHeHTHaH HHEapnaHTHOCTb. Gauge invariance 
Tpaayc. Grade 
TpaHHita. Bound 
TpaHHLta 3epna. Grain boundary 
TpanHUHaH 3aAaua. Boundary-value problem 
TpaHHUHoe ycnoBHe. Boundary condition 
TpaHHMHbie (JropMyjibi AHSJieKTpHKOB. Dielectric 

boundary formulas 
TpaHb. Edge 
Tpaccxocjia mhcjio. Grashof number 
Tpac})HK aBTOMopc})H3Ma. Automorphism graph 
TpacJnmecKaH craTHKa. Graphical statics 
TpHna c})yHKUHH. Green’s function 
TpoMKocTb 3ByKa. Loudness of a sound 
Tpynna. Group 
Tpynna BpameHHH. Rotation group 
Tpynna jih. Lie group 
TpynnoBaH pejiaKcaunn. Group relaxation 
TpynnaBan cnopocTb. Group velocity 
Tyna 33koh. Hooke’s law 
TypBHna nojiHHOM. Hurwitz polynomial 
T ycTon. Dense 
TyoroTa. Density 
TionreHca npHHnnn. Huygens’ principle 

JHaBneHne H3jiyneHHH. Radiation pressure 
JfanaM6epa npurnmn. D’Alembert’s principle 
JJajiaMbepnaH. D’Alembertian 
JfajibnocTb. Range 
jTajibHbin nop«AOK. Long-range order 
XfaAbTOHa 33koh. Dalton’s law 
JfaHKOBa nonpaBKH. Dancoff corrections 
JXap6y BeKTop. Darboux vector 
.IfBHJKeHHe. Motion 
TfBHH<yureecH cpeAHee. Moving average 
JlBOHHoe HHTerpnpoBaHHe. Double integration 
JlBOHHoe jiynenpejioMJieHne. Double refraction 
JlBOHHbin TeH3op. Double tensor 
JXBoncTBeHHaH cxeMa. Dual network 
JlBOHCTBeHHbiH rpatJiHK. Dual graph 
XfBOHHHaH Tonna. Binary point 
JfBOHMHoe hhcao. Bit 
JfBOHMHbin. Binary 
J^ByxaTOMHaH MoneKyna. Diatomic molecule 
JlByxKOMnoHenTHoe ypaBHenne HeihpHHo. Two-com¬ 

ponent equation of the neutrino 
XfcGaencKaH TeMnepaTypa. Debye temperature 
TfeGan-TioKHejiH ypaBHeHHe. Debye-Hiickel equation 
JfeBHaitHH. Deviation 
XferpaAHpoBaHHe 3Heprwn. Degradation of energy 
^feAeKHHAa ceueHHe. Dedekind cut 
JleHCTBHe. Action 
JJeiicTByiomaH BbicoTa (aHTeHHbi). Effective height 

(antenna) 
JleficTByiomaH AriHHa BOJiHbi. Effective wavelength 

JJ,cHCTByioiua>i MexaitHuecKaH ABiOKymaa CHJia. Effec¬ 
tive mechanomotive force 

JI, eHCTByK)maH nnomaAb (aHTeHHbi). Effective area 
(antenna) 

/TcHCTByiomaH CHJia. Effective force, 
JieiicTByioinaH miipima nonocbi. Effective band width 
XleHCTByiomHe yBe/mHemie jiHH3bi. Effective power 

of a lens 
JfeKapxa npaBHJio 3h3kob. Descartes rule of signs 
Jfei<apTOBbi KoopAHHaTbi. Rectangular coordinates 

XfeMmJmpoBaHHe. Damping 

JfepeBO. Tree 

JlecHTHHHbiir. Decimal 
JletJieKT Maccbi. Mass defect 

T(e(}iJiHHHH. Deflation 
XfecJiopMaxtHOHHaH Teopmi rmacTHMHOCTii. Deformation 

theory of plasticity 

JIc^opMauMH. Deformation 
iJeimGeji. Decibel 
T(>KOHCOHa h JlapK-TopoBuna (JiopMyjia. Johnson and 

Lark-Horowitz formula 
JjHaAHoe HCMHCJienHe. Dyadics 

UnaAiibiH onepaTop. Dyadic operator 

JjHaroHaabHoe pacTHwcmie. Diagonal tension 
JIuaroHaJibUbiH. Diagonal 

JlnarpaMMa H3JiyneHHH. Radiation pattern 
JfnarpaMma KoppeAHAHH. Correlation diagram 

JJnarpaMMa momchtob. Moment diagram 
JJnarpaMMa pa36poca. Scatter diagram 

JXnajiHTHHHbiH. Dialytic 
JjHaMarHeTH3M. Diamagnetism 

HHana30H. Band, span 
JjHHaMHKa. Dynamics 

JJ, HHaMHi<a cboGoahoh ToueuHOH Maccbi. Dynamics of 

a free mass point 

JJ,HHaMHHecKaH B«3KOCTb. Dynamic viscosity 
JjHiraMHHecKaH MOAenb noABHHtHOCTH. Dynamical 

analogy of mobility 
JfHHaMHMecKan Harpy3na. Dynamic loading 

JfHHaMHuecKHe moacjih. Dynamical analogies 

JI,HHaMHHecKHe ypaBHeHHH. Dynamical equations 

JjHHaMHHecKHH B036yAHTenb. Dynamic driving system 

JjHHaMHuecKHH npHBOA- Dynamic driving system 

jjHHaMHuecKoe AamicHHe. Dynamic pressure 

JfHHaMHHecKoe noBepxHOCTHoe HaTHweHHe. Dynami¬ 

cal surface tension 

JjHHaMHHecKoe noAoSne. Dynamical similarity 

JjHHaMHHecKoe paBHOBecae Dynamic equilibrium 

JJnonTp. Diopter 

JfHnojib (ajieKTpHHecKHii). Dipole (electrical) 

JjHpai<a onepaTopbi. Dirac operators 
JUnpHXJie npHHHHn. Dirichlet principle 

JjHCKpHMHHaHT. Discriminant 
J],HcnoKai;HH. Dislocation 
JfHcneprHpyiomaH cnoco6HocTb. Dispersive power 

)J,HcnepcHH. Dispersion, variance 

JjHcnepcHH BpameHHH. Dispersion of rotation 

JjHcnepcHOHHaH CHJia. Dispersion force 

JHHcnepcHOHHan cJiopMyna. Dispersion formula 

^HcnepcHOHHbie coothoihchhh. Dispersion relations 

JffHcnepcHOHHbiii anajuia. Analysis of variance 

JlHCCHnaijHH. Dissipation 

JjHcjKjjepeHUHaJi. Differential 

JjHtjKjiepeHUHanbHoe ypaBHenne. Differential equa¬ 
tion 

JI.H(t)(t)epeHUHajibHoe ypaBHerme b uacnmix npo- 
H3BOAHbix. Partial differential equation 
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JlHcjjcJjepeHUHajibHbiH aHajuoaTop. Differential ana¬ 
lyzer 

JlwtJjc^epeHUHpoBaHHe. Differentiation 
JI, H(})(}3epeHLtnpoBaHne non 3H3kom HHTerpana. Dif¬ 

ferentiation under the integral sign 
JfHfjK^paKUHa. Diffraction 
JJ, H(})(J»paKHiiH HertTpoHOB. Diffraction of neutrons 
JlH(j3(i)paKUH0HHaH KapTHHa. Diffraction patterns 
Xfncjjc})paKHHOHHaH OBOJUOTa. Diffraction evolute 
JfncJ)(})y3H0HHaH Annua. Diffusion length 
J],Hcj3ct)y3HOHHaH ycTOHHHBOcTb. Diffusion stability 
,II,n4)c})y3H0HHaH (JjyHKUHH bahhhhh. Diffusion kernel 
XfHt}x})y3HOHHoe oxjia>KAeHHe. Diffusion cooling 
Xfnc}34)y3HH CBeTa. Diffusion of light 
JlH(J)4)y3HH TBepAbix Ten. Diffusion of solids 
Jl,Hc})c})y3HOHHaH nnoipaAb ncfiTponoe. Neutron dif¬ 

fusion area 
jI,H(t)4>y3HaH oTpa>KaTCJibnocTi> Diffuse reflectance 
J],H4)(})y3HaH npo3pauHocTb. Diffuse transmittance 
J3,H(J)4)y3HaH cepuH. Diffuse series 
JI,H4)4)y3Hoe oTpaweHne. Diffuse reflection 
^H(})4)y3op. Diffuser 
XI,H3ApHMecKaH rpynria. Dihedral group 
JfHOApHnecKHH yron. Dihedral angle 
j],H3JieKTpHMecKHH rncTepe3nc. Dielectric hysteresis 
XI,H3JieKTpHueci<aH npoHimaeMocTb. Dielectric con¬ 

stant 
JJjtHHa 3aMeAnettHH. Slowing-down length 
JfjinHa KpHBoii. Length of a curve 
j],jiiiHa JiHHeftHoit HHTepnoJiHUHH. Linear extrapola¬ 

tion length 
XfjiHHa MHrpauHti. Migration length 
JfjiHHa pejiaKcamtH. Relaxation length 
JLimta CBH3H. Bond length 
JJjiHHa cnena HeitTpona. Neutron track length 
JlnuHa CMeniHBaHMH. Mixing length 
JLaHTejibHOCTb HMnynbca. Pulse duration 
JIoflpoTHOCTb. Q factor 
XfoBepuTejibHbiH nHTepsaji. Confidence limits 
,II,OAHHa BOAHbi. Wave trough 
XfoMeH. Domain 
J3,OMHHHpyiomaH BOAHa. Dominant wavelength 
^.OMHHupyiomHH pe>KHM. Dominant mode 
JIoHopHaH cB«3b. Donor bond 
JXonoAHeHHe. Complement 
J^onoAHHMoeTb. Complementarity 
JlonoAHHTeAbHoe HanpHHceHHe. Secondary stresses 
JfonoAHHTeAbHoe ycAOBHe. Supplementary condition 
,D,onnnepa acix^eKT. Doppler effect 
JfonnAepoBCKaH tnnpHHa. Doppler width 
JI,onycTHMoe HanpHwenne. Allowable stress 
JfocTaTouHocTb. Sufficiency 
XlpofcaHHe. Flutter 
JIpocceAHpoBaHite. Choking 
.IfyGneT. Doublet 
Jlyra. Arch 
JXbipna. “Hole” 

UbipouHan TeopHH. Hole theory 
XlioreMa-MapryAeca cooTHouieHHe. Duhem-Margules 

equation 
JXiore/vta Teopevia. Duhem’s theorem 

HBKAHAa anropncJ)M. Euclidean algorithm 
EBKAHAOBoe npocrpaHCTBo. Euclidean space 
EAHHHtta aTOMHOBo Beca. Atomic weight unit 
Eahhhum TenAa. Units of heat 
EAHHUMHaa MatpHua. Unit matrix 

EAHHHAHaH HopMaAb. Unit normal 
EAHHHAHan nAOCKOCTb. Unit plane 
EAHHHMHaH (JjyHKitHH. Step function 
EAHHHMHan HAeHKa. Unit cell 
Eahhhmhuih onepaTop. Unit operator 
EAMHHMHbiH 3AeiweHT. Unit element 
EMKOCTb. Capacitance 

>KecTKa« paMa. Rigid frame 
zKcctkhh. Rigid 
>KecTKnft UHAiiHAp- Rigid cylinder 
>KecTKHH map. Rigid sphere 
>KecTHoe peryAHpoBaHne. Proportional control 
>KecTi<ocTb. Hardness 
>KecTKocTb npn H3rn6e. Flexural rigidity 
zKopnana mctoa. Jordan method 
>KopAaHa-XeAAepa TeopeMa. Jordan-Holder theorem 
>KyKOBCKoro aapoAimaMUMecKaH noBepxHOCTb. Jou- 

kowski airfoil 

3aBncHHtnfl ot cnuHa. Spin-dependent 
3aBHxpeHHocTb. Vorticity 
3arnyuieHne. Damping 
3aAeAaHHaH Ganna. Beam, fixed-ended or encastre 
3aAHnfi (JjoKyc. Back focal length 
3aAHHH (J)oKaAbHaH aahh3. Back focal length 
3aKaAKa cTeneHit cboGoabi. Freezing-in of degree of 

freedom 
3aK0H accoquaraBHocTH. Associative law 
3aKOH Gonbinnx AHcen. Law of large numbers 
3aK0H AeflcTByiomHx Macc. Law of mass action 
3ai<0H HAeaAbHoro ra3a. Perfect gas law 
3anoH H3AyueHHH. Emission law 
3aKOH HTepupoBaHHoro norapncjjMa. Law of iterated 

logarithm 
3aKon KOMMyTaTHBHocTH. Commutative law 
3aK0H KocHHycoB. Law of cosines 
3aK0H nepecTaHOBOMHocTH. Commutative law 
3at<OH pacnpeAeAHTeAbHocTH. Distributive law 
3aKOH cHHycoB. Law of sines 
3aKOH CAoweHHH ycKopeHitH. Composition law of 

acceleration 
3ai<oH cooTBeTCTBeHHbix coctohhhh. Law of corre¬ 

sponding states 
3aKOH TaHreHcoB. Law of tangents 
3aK0Hbi npeo6pa30BaHH«. Transformation laws 
3aKpbiTaH CHCTeiwa. Closed system 
3aKpbiTbiH. Closed 
3aMeAAeHHe. Moderation 
3aMeAAeHwe hchtpohob. Thermalization of neutrons 
3aMeAAetmoe BpauteHHC. Hindered rotation 
3aMeAAeHHoe npnGAHHcenne k npeAeAy. Deferred 

approach to the limit 
3aMbiKanne. Closure 
3anac no ycMAemno. Gain margin 
3anac no (})a3e. Phase margin 
3anac ycHAeHHH. Gain margin 
3anepTbin. Closed 

3anoAHennaH oGonouKa. Closed shell 
3anpeuteHHbin nepexon- Forbidden transition 
3apHAHaH nuBapHHTHocTb. Charge-invariance 
3apHAOBaa riAOTHOCTb HyKAeonoB. Charge density of 

nuclei 

3apHA0uaH peHopMaAH3amiH. Charge renormaliza¬ 
tion 

3apHnoBaH conpH>KeHHocTb. Charge conjugation 



1153 3apHflOBoe — IIcnbiTamiH 

3apHaoBoe conpHweHHe. Charge conjugation 

3aTyxaHHe. Attenuation, damping 

3aTyxaHHe 3ByKa. Sound attenuation 

3aTyxaHne TypoyjieHTuocTH. Decay of turbulence 

3aTyxaiomne KOJiefiaHHH. Damped vibrations 

3aTH>KKa. Tie rod 
3bcho. Link 

3ByKOBan MotuHOCTb. Sound power 
3eeMaHa 3(jic})eKT. Zeeman effect 
3eHAejiH a6eppapHH. Seidel aberrations 
3epKa.ibHo-noBopoTHaH ocb. Rotation-reflection axis 
3epKaJibHoe OTpaweHne. Specular reflection 

3Ha^amaH umjjpa. Significant digit 

3Ha^aman uncjipa. Significant figure 

3HaMeHHe SHeprun HAepHOH peaKijHH. Q-Value 

3oMMep(J)ejibfla-KoccenH 33koh CMemeHHH. Sommer- 
feld-Kossel displacement law 

3oHa npoBOflH/wocTn. Conduction band 
3oHHan TeopHH TBepAoro Tena. Band theory of solids 
3oHajibHoe yBejinneHne. Zonal magnification 

IlrteajibHaH onTHHCCKan CHCTCMa. Perfect optical sys¬ 
tem 

IlfleajTbHO njiacTimecKHH. Ideally plastic 
IlAeajibHbie cHcreMbi. Ideal systems 

lI/reajibHbiH reHepaTop HanpnweHHH. Ideal voltage 

source 

HfleanbHbiH reHepaTop Tona. Ideal current source 
H,aeMnoTeHTHbiH. ldempotent 
HAeHTHHHoeTb. Identity 
M3ajijio6apa. Isallobar 
If36HpaTejibHbiH. Selective 
M36npaTeJibHbiH H3JiyMaTejib. Selective radiator 
H36biTOK HeHTpoHOB. Neutron excess 
Id36biTOK cJ)a3bT. Phase margin 
H36biTOMiiocTb. Redundancy 
Id36bITOHHbIH KOacjxJlHItHCHT BOCnpOH3BOACTBa Hflep- 

Horo ropionero. Breeding gain 
H3BpameHHe. Inversion 
Il3rn6. Bending, bending deflection, flexure 
H3rn6 6ajiKH. Curvature of beam 

H3eHTponHbm. Isentropic 

H3JiHiiiHaH cBH3b. Redundant constraint 

Ll3jiHmHbie 4>yHKUHH. Excess functions 
H3JiyMaeMa MoutHocTb. Emissive power 
H3JiyHaTejib. Radiator 
H3JiyqeHHe. Emittance 
H3JiyMeHHe aScojnoTHo MepHoro Tena. Black body 

radiation law 
M3MeHeHne. Fluctuation, change 
H3o6apa. Isobar 
H3o6apHaH noBepxHOCTb. Isobaric surface 
H3o6apHbifi cnHH. Isobaric spin 
H3o6pa>«eHHc 'racTOXHOti xapaKTepncTHKH. Frequency 

response representation 
H3o;ihhhh rpoMKocTH. Loudness contour 
H3o^HpoBannbie cHCTCMbi. Isolated systems 
H3ojiiokc. Isolux 
H30MeTpHMeci<He jihhhh na noBepxHocTH. Isometric 

lines on a surface 
H30Mopc})Hbie rpac}3HKH. Isomorphic graphs 
H3onepuMCTpHHect<aH npo6.aeMa. Isoperimetric prob¬ 

lem 
H30TepMa. Isotherm 
H30TepMMMecKHH. Isothermal 
H30TonnuecKHH cnHH. Isotope spin 

Ll30TonHbiH acjxjieKT. Isotope effect 
Ll30TponHbifi TeH3op. Isotropic tensor 
Ll30TponHaH TypfiyjieHTHOCTb. Isotropic turbulence 
M30TponHbiH. Isotropic 
Ii30TponHbiH AH3JieKTpnK. Isotropic dielectric 
Il30(j)0T. Isophot 
H303jieKTpoHHbiH npuHAnn. Isoelectronic principle 
H303HepreTHuecKHH cneKTp. Equal-energy spectrum 
Il/nrie/iaHC. Impedance 
IiMnyjibc. Impact, impulse, pulse, momentum 
H/vmyjibCHoe ABUHcemre. Impulsive motion 
IdMnyjibCHbie (jiyHKUHH. Impulse functions 
HivinyjibCHbiH pe>KHM. Pulse mode 
IlHBapiiaHT. Invariant 
HHAHKaTopnaH MouiHOCTb. Indicated efficiency 
IlHAHKaTpiicca. Indicatrix 

HHAnnaTpHcca ;picjx})y3nn. Indicatrix of diffusion 
liHAHKaTpncca nepeAOMAeHHH. Indicatrix of refrac¬ 

tion 
IlHAn<t>(jiepeHTHoe coctohhhc. Indifferent state 
HHAHUHaJibHoe ypaBHemie. Indicial equation 
IlHAyKTHBHocTb. Inductance 
IdHAykthbhbic cttnbi. Induction forces 
HHAyKTop. Inductor 
LlHAyKttHH. Induction 
IlHepunajibHaH CHCTCMa oxcucTa. Inertial frame 
IlHepqHH. Inertia 
IlHKpeMeHTajibHaH Teopun njiacrauHOCTH. Incremental 

theory of plasticity 
IlHxerpan. Integral 
HHTerpajT CBepTKii. Convolution integral 
IlHTerpaji 3HeprHH. Energy integral 
IdHTerpajibHoe OTpaweHne peHTreHOBCKiix JiyneH. In¬ 

tegrated X-ray reflection 
IdHTerpajibHoe npeo6pa30BaHnc. Integral transform 
IdHTerpajibHoe ypaBHeHite. Integral equation 
IiHTerpa/ibHoe ypaBHemie nepeHOca. Integral trans¬ 

port equation 
IlHTerpanbHbie TeopeMbi BeKTopHoro hchhcjichhh. 

Integral theorems of vector analysis 
IlHTerpajibHbiH onepaTop. Integral operator 
IlHTerpaTop. Differential analyzer, integrator 
HHTerpHpyioutHH MHOKHTejib. Integrating factor 
IlHTeHCHBHOCTb 3ByKa. Sound intensity 
IlHTeHCHBHOCTh H3JiyueHHH. Intensity of radiation 
IlHTeHCHBHOCTb HCTOHHHKa MacTHq. Intensity of a 

source of particles 
IlHTeHCHBHOCTb jihhhh. Line strength 
IlHTeHCHBHOCTb paAHoaKTHBHocTH. Intensity of radio¬ 

activity 
IlHTeHCHBHOCTb CBeTa. Luminous intensity 
IlHTeHCHBHOCTb cneKTpajibHOH jihhhh. Intensity of a 

spectral line 
IlHTeHCHBHbie nepeMeHHbie. Intensive variables 
IdHTepnojiHUHH. Interpolation 
MHTepnoAHttHH no onTHMajibHOM HHTepBajie. Opti¬ 

mum-interval interpolation 
IdHTepnoAHUHOHHaH cjiopMyjia. Interpolation formula 
IlHTepiJiepeHHHH. Interference 
HHcjiopMauHH. Information 
HmJipaKpacHoc H3JiyHeHHe. Infrared radiation 
IdoHHHHOCTb. Ionic strength 
LIoHnaa CBH3b. Ionic bond 
IIppaAHauHH. Irradiation 
IIcKa>KeHHe. Distortion 
IIcKAioHCHHe. Elimination, exclusion 
IdcnpaBJieHHc. Correction 
HcnbiTaintH 11a xojioctom xoac. No-load test 
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Hctohhuk. Source 
HcMHCJieHHe. Calculus 
HTepaTHBHbie .vieTOAui. lnterative methods 

KaBHTauHH. Cavitation 
KaJin6poBouHaH HHBapnaHTHOCTb. Gauge invariance 
Kanaji peaKquu. Reaction channel 
KaHOHHMecKaH KoppeJiHUHH. Canonical correlation 
KaHOHHuecKHe KoopAunaTbi. Canonical coordinates 
KaHOHHuecKne ypaBHeHHH onraKu. Canonical equa¬ 

tions of optics 
KaHOHHuecKHH. Canonical 
I-CaHOHHHecKHH ancaMGjib. Canonical ensemble 
KaHOHHMecKoe npeo6pa30BaHHe. Canonical trans¬ 

formation 
KaHOHHMecKoe ypaBHeHue aeuwchuh. Canonical 

equation of motion 
KanejibHan KOHAeHcauun. Drop-wise condensation 
KanHJiJiapHOCTb. Capillarity 
KanHJiJiapHbie BOJiHbi. Capillary waves 
KapAHHajibHbiH. Cardinal 
KapAHHajibHbie tohkh ormmecKOH CHCTeMbi. Car¬ 

dinal points of an optical system 
Kapbcac. Framework 
KapiwaHa nocronHHan. Karman constant 
KapivsaHa-OpHflpwxca ypaBHeHHH. Karman-Fried- 

rich’s equations 
KapHo hhkjt. Carnot cycle 
KacaTejibHan. Tangent 
KacaTeJibHan nnocKocTb. Tangent plane 
KacaTejibHan chjih. Tangential force 
KacaTejibHoe ycKopemie. Tangential acceleration 
KacnaA aapoAHHaMHuecKHX npocjmjieu. Cascade of 

airfoils 
KaTepa MaHTHHK. Kater pendulum 
KaTyuina UHAyKTUBHOCTU. Inductor 
KauaHHe. Oscillation, rocking 
KBaApaTHUHan noBepxHOCTb. Quadric surface 
KBaApaTHan AH(})c{)epeHUHaAbHaH cJiopMa. Quadratic 

differential form 
KBaAparao HHTerpupycMbiH. Square integrable 
KBaApynojib. Quadrupole 
KBaApynoAbHoe u3JiyueHue. Quadrupole radiation 
KBaApynojibHbifi MOMeHT. Quadrupole moment 
KBa3nxnMHMecKoc iipn6jin>KeHHc. Quasi-chemical 

approximation 
KnanT. Quantum 
KBaHTOBaHHc. Quantization 
KBaHTOBaHHc noAH. Field quantization 
KBaHTOBaTb. Quantize 
KBaHTOBan MexaHHKa. Quantum mechanics 
KBaHTOBan cTaTHCTHKa. Quantum statistics 
KBaHTOBan Tcopun Aucncpcun. Quantum theory of 

dispersion 
KBaHTOBan Teopun MarneTH3Ma. Quantum theory of 

magnetism 
KBaHTOBan Teopun cncKTpoB. Quantum theory of 

spectra 
KBanTonan Teopun tchjiocmkocth. Quantum theory 

of heat capacity 
KBaHTOBan ajicHTpoAUHaMiiKa. Quantum electro¬ 

dynamics 
Kb3htoboh BbixoA. Quantum efficiency, quantum 

yield 
KBanTOBOMexaHHMecKHH pe3onanc. Quantum-mecha¬ 

nical resonance 
KnaTepHHOH. Quaternion 

KejibBHHa Teopewa itupKyjinuHu. Circulation theorem 
(Kelvin) 

Kennnepa 3ai<oHbi. Kepler’s laws 
KeT-BeKTop. Ket vector 
Kn30Ma noTeHiuian. Keesom potential 
KiiHeMaTHKa. Kinematics 
KHHCMaTiinecKH pa3pemnMO. Kinematically admis¬ 

sible 
KHHeTHKa. Kinetics 
KuHeTHKa peaKTopa. Reactor kinetics 
KHHeTimecKan TeopHn. Kinetic theory 
KHHeTunecKan Teopun b«3koctu. Kinetic theory of 

viscosity 
KuHeTunecKan Teopun AucJx})y3UH. Kinetic theory of 

diffusion, 
KuHeTHHecKan SHeprun. Kinetic energy 
KuHeTunecKan 3Heprun 6e3BuxpeBoro ABuncenun. 

Kinetic energy of irrotational motion 
KuneTHHecKHu HMnyjibc. Kinetic momentum 
KuHeTunecHuu noTeHLtuaji. Kinetic potential 
KuneHue. Boiling 
KupKByAa npubniiHieHun. Kirkwood’s approxima¬ 

tion 
Kupxroijia 3anoH. Kirchhoff’s law 
KnaneupoHa ypaBHeHue. Clapeyron’s theorem 
Knacc cuMMeTpuu. Symmetry class 
KnaccunecKan Teopun ajieicrpoHa. Classical electron 

theory 

Knay3uyca AH(Ji4)ePeHltllaJlbHoe ypaBHeHue. Clausius’ 
differential equation 

Kjiay3nyca-KjianeupoHa ypaBHeHue. Clausius-Clapey- 
ron equation 

Kjiay3uyca-MoccoTu ypaBHeHue. Clausius-Mossotti 
equation 

KncuHa-TopAOHa ypaBHeHue. Klein-Gordon equation 
KjieuHa-HmnHHbi (JiopMyna. Klein-Nishina formula 
KneuHa-PuA6epra mctoa- Klein-Rydberg method 
Knepo ypaBHeHue. Clairaut equation 
KHyAceHa 3ai<oH KocuHycoB. Knudsen cosine law 
KoBapuaHTHan npou3BOAHan. Covariant derivative 
KoBapnaHTnan Teopun B03MymeHuu. Covariant per¬ 

turbation theory 
KoBapuaHTnoe AU(})(J)epeHuupoBaHHe. Covariant dif¬ 

ferentiation 
KoBapuaHTHocTb. Covariance 
KoBapuaHTHbie upaBUJia nepecraHOBOHHOcTH. Co¬ 

variant commutation rules 
KoBapuaHTHbiu. Covariant 
KoBapuaHTHbiu BeKTop. Covariant vector 
KoBKocTb. Ductility 
KorepeHTHoc U3AyueHue. Coherent radiation 

Koa- Code 
Kojifiowa ccTuaTKu. Cone, visual 
KoneGanuc. Oscillation, vibration, fluctuation 
KoAefiaTenbiibiu ypoBCHb. Vibrational level 
KonefiaTeAbUbiu cnei<Tp. Vibrational spectrum 
KoAAHHeapHocru ypaBnenun onTunu. Collineation 

equations of optics 
Koaumcctbo abuhcchhh. Momentum 
Konorapuc})M. Cologarithm 
KonoHKa. Column 
Kojiomia. Beam, column 
KojibitcBou hctohhhk 3Byna. Circular ring sound 

source 
Kojibno. Ring 
Konbuo Jin. Lie ring 
KoMa. Coma 
KoMbuHanuonHoe paccennue. Raman effect 
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KoM6HHOUHOHHbie pa3HocrH. Combination differ¬ 
ences 

KoMGHHaqnH. Combination 
KoMMyTaTHBHocTb. Commutativity 
KoMMyTaTop. Commutator 
KoMnaKTHbin. Compact 

KoMneHcauHH raMMW. Gamma correction 
KoMnjienc rpynnbi. Complex of a group 
KoMnneHCHan noAaTAHBocrb. Complex compliance 
KoMnneHCHoe H3nyueHHe. Complex radiation 
KoMnneHCHoe mhcjio. Complex number 
KoMnjieKCHbiii MOAyAb. Complex modulus 
KoMnnencHbiH noTeHunan. Complex potential 
KoMno3HuiiH AByx TeH3opoB. Composition of two 

tensors 

KoMnoHeHTa rpacJmKa. Graph component 
KoMnpeccop. Compressor 
KoMnTOHa-3(})({)eKT. Compton effect 
KoHBeKUHOHHaH cKopocTb. Convective rate of change 
KoHBeKUHOHHbin noTeHLman. Convective potential 
KoHBeKUHH. Convection 
KourpyaHTHocTb KpnBbix. Congruence of curves 
KoHrpyaHTHbiH. Congruent 
KoHAeHcaT. Condensate 
KoHfleHcaTop. Capacitor, condenser (elec.) 
KoHAeHcop. Condenser (steam) 
KoHAeHCHpoBaHHan cncTeMa. Condensed system 
KoHenHbie aMnJiHTyAHbie ypaBHeHHH (aKycr.) Finite 

amplitude equations (acoustic) 
KoHenHbiH rpacJ)HK. Finite graph 
KoHeHHbin pynop. Finite horn 
KoHHnecKHe KoopAHHaTbi. Conical coordinates 
KoHHnecKHH. Conic 
KoHHuecKHH MaHTHHK. Conical pendulum 
KoHHHecKHH pynop. Conical horn 
KoHnnecKoe nepejioMJieHne. Conical refraction 
KoHcepBaTHBHaH cmia. Conservative force 
KoHcepBaTHBHan cncTeMa. Conservative system 
KoHcepBaTHBHoe cnnoBoe none. Conservative force 

field 
KoHco.ib. Cantilever 
KoHCOjibnan Gajina. Cantilever beam 
KoHCTaHTa. Constant 
KoHCTaHTa B3aHM0AcncTBHH <J>epMH. Fermi constant 
KoHTaHTHoe npeo6pa30BaHne. Contact transforma¬ 

tion 
KoHTaKTHbin noTeimnaji. Contact potential 
KoHTaKTHbin tok BbinpHMneHHH. Contact rectifica¬ 

tion current 
KoHTHHyyM. Continuum 
KoHTpaBapnanTHbiH. Contravariant 
KoHTpaBapnaHTHbin BeKTop. Contravariant vector 
KonTpacT. Contrast 
KoHTyp. Circuit, resonant circuit, contour 
KoHTypnoe HUTerpuponaHHe. Contour integration 
KoHyc b cBepx3Byi<oBOM noTOKc. Cone in supersonic 

flow 

Koiiyc tpchhh. Cone of friction 
KoH^nrypauHOHHaH TennoeMKoerb. Configurational 

heat capacity 

KoH(}3HrypannoiiHoc npocrpaHCTBo. Configuration 
space 

Kon(j)HrypanHH B3anMOAencTBHH. Interaction con¬ 
figuration 

I<oh(J)opmhoc H3o6paH<enHC. Conformal mapping 
KoH<}>opMHoe pemeHHe. Conformal solution 
KoHueBoii MOMeHT. End moment 
KoHqeHTpauHH. Concentration 

KoopAHnaTa. Coordinate 
KoopAHHaTa ajuimiTHMecKoro pnAHHApa. Elliptic 

cylindrical coordinate 
KoopAHHaTHan cBH3b. Coordinate bond 
KoopAHHaTbi cHMMeTpHH. Symmetry coordinates 
KoopAHHauHOHHoe ahcao. Coordination number 
KormaHapHbie chaw. Coplanar forces 
KopneBOH roAorpacJ). Root locus 
KopHOAHca napaiweTep. Coriolis parameter 
KopnoAHca cmia. Coriolis force 
KopnoAHca ycKopeHHe. Coriolis acceleration 
KopHy cnnpaAb. Cornu spiral 
Kopnyc. Frame, framework 
KoppeAHpHH. Correlation 
Kocan noBepxHocTb. Skew surface 
KocBeHHbiir BbiBOA- Fiducial inference 
KocMHnecHaH cnopocTb (paneTbi). Escape velocity 
Kocoh Jiyn. Skew ray 
KococHMMeTpHnHbifi TeH3op. Tensor, skew-symmetric 
KorroHa-MyTOHa 33hoh. Cotton-Mouton law 
Koxa ypaBHeHne. Koch’s equation 
Korun KpHTepnn cxoahmocth. Cauchy convergence 

test 
Ko34)4)Hi;HeHT aKKOMOAaunn. Accomodation coeffi¬ 

cient 
KoacJxJiHruieHT aKycTHuecKoir h30aaphh. Noise insula¬ 

tion factor 
Ko3(J)4)HpHeHT aMruimyAbi mvmyjibca. Crest factor of 

a pulse 
Ko3tjjci>nuneHT AHrcTpeMa. Angstrom coefficient 
Ko3(J)(J)nirHeHT aHH30TponuH (acHMMeTpuH). Dissym¬ 

metry factor (anisotropy factor) 
KoacjjcJjnpHeHT aTOMHoro paccenHHH. Atomic scatter¬ 

ing factor 
Ko3fJ)(J)HpHeHT aapoAHnaMHuecKoir chabi. Lift co¬ 

efficient 
Ko3cJ)cJ)HpHeHT 6e3onacuocTH. Safety factor 
Ko3(J)4>nuneHT bhahmocth. Visibility factor 
KoacJxJwpneHT BocnpoH3BOACTBa HAepHoro ropionero. 

Breeding ratio 
Ko3cjx})MUHeHT BoccTaHOBAeHHH. Coefficient of restitu¬ 

tion 
I<03(jKj3HpHeHT BoccTaHOBAeHHH TeMnepaTypw. Tem¬ 

perature recovery factor 
Ko34)(J)imHeHT rauieHHH. Extinction coefficient 
Ko34>4)HUHeHT AaBAeHHH. Pressure coefficient 
Ko34>4)HpHeHT Auc})cJ)y3HH. Diffusion factor 
Koa^cJwmieHT ah3acktph<jcckhx noTepb. Dielectric 

loss factor 
Ko3(jD(})HpHeHT wecTKocTH. Stiffness coefficient 
Ko3(j5(})Hi;HeHT 3anoAHeHHH. Pulse duty factor 
Ko3cJ)cJ)npneuT 3aTyxamin. Attenuation factor, damp¬ 

ing ratio 
Ko3(Jx|)HUHeHT 3ameMAcuiiH. Restraint coefficient 
Ko3cJ)cJ)HUHeHT H3AyMCHHH. Emission coefficient 
Ko34xJ)HUHeHT H3MeneHHH. Coefficient of variation 
Ko3(JxJ>HHHenT KOHACHcapHH. Coefficient of conden¬ 

sation 
Ko3(J)(J)nuneHT KpHTHMuocTH. Criticality factor 
Ko3(J)(J)HueHT AoGoBoro conpoTHBAeiniH. Drag co¬ 

efficient 
KoacJxJwuHeHT uarpy3KH. Load factor 
Ko3(})c})Hi;HeHT onpeACAeHHH. Coefficient of deter¬ 

mination 
KoacJxJmpHenT OTpa>i<eHHH. Reflectivity 
Ko3(j)cj)HpHeHT oTpaAccimoro pacceHHHH. Back-scat¬ 

tering coefficient 
KoatJxJiHpHeHT nepcnoca. Carryover factor 
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Ko3(})(J)jihhcht norjiomenHH. Absorption coefficient 
Ko3cj)cj)HmieHT norjiomeHHH cnon eAHHHHHoit mnutHHbi. 

Absorptivity, absorption power 
I<03cJ)c})nuHeHT noAorpeBa. Reheat factor 
Ko3(j)4>HUHeHT nojie3Horo flencTBHH (n.n.A.)- Effi¬ 

ciency 
K.n.A- B03ayutHoro nunna. Air-standard efficiency 
K.n.A- Kacrcana. Stage efficiency 
Ko3(JxJ)HLtHeHT nponycKaHHH. Transmissivity 
KoacjjcjjiiitHeHT pa3MHO>KeHHH tra 6bicTpbix HeitTpoitax. 

Fast fission factor 
Ko3<J)4)HitHeHT pacnaAa- Decay coefficient 
Ko3(J)(J)imHeHTbi pacnpeaejieHHH (onTHnecKHe). Distri¬ 

bution coefficients (optical) 
KoacJxJiHUHeHT pacceHHHH. Scattering coefficient 
Ko3cJ)cJ)HitHeHT pacTHweHHH. Coefficient of tension 
Ko3<|)(J)nitHeHT peKOMfiHHaunH. Coefficient of recom¬ 

bination 
KoacJjcjnmHeHT caMoriHAyKitnii. Inductance 
Ko3(J)c|)HitneHT cBeuioTbi. Luminous coefficient 
Ko3cJ)(J)HitHeHT chothh. Compressibility factor 
Ko3(J)(J)nmteHT CTonnefi BOJiHbi (k.c.b.) Standing-wave 

ratio 
Ko3tJ)(J)HUHeHT cTOJiKHOBeHHH. Collision coefficient 
Ko3(J)c{)HitHeHT TennoBoro pactuHpeHHH. Coefficient of 

(thermal) expansion 
Ko3(J)cJ)HitHeHT TpeHHH. Coefficient friction of 
Ko34>(j3HitHeHT ycTOHHHBocTH. Stability factor 
Koa4)c})nitneHT (J)a3bi. Phase factor 
Ko3(£>c})Hi;HeHT smhchh. Emission coefficient 
Ko3(J)(j)HitHeHT SHepronoTepn. Dissipation factor 
Ko3(J)cj3nnHeHTbi BJiHHHHH. Influence coefficients 
KpaeBan 3aAana. Boundary value problem 
KpaeBbte ycjioBHH. Edge condition 
Kpafi. Edge, boundary 
Kpaiwepa TeopeMa. Cramer’s rule 
KpaTHOCTb. Multiplicity 
KpHBan. Curve 
KpnBaH B036y>KAeHHH. Excitation curve 
KpnBan B03roHKH. Sublimation curve 
KpHBan B3aHMOAeHCTB3H. Interaction curve 
Kphbch Bbixoaa npoAyKTOB nenemiH. Fission yield 

curve 
KpriBan KHneHHH. Boiling curve 
Kpiman KOHAeHcauHir. Condensation curve 
KpHBan KpHcrajuiH3attHH. Crystallization curve 
KpHBan HanpHHteHHe-fletJjopMaitHH. Stress-strain 

curve 
KpriBaH oTKJiOHeHHH. Deflection curve 
KpHBan pacnpeAeneHHH hhtchchbhocth. Intensity- 

distribution curve 
KpriBan pocra. Growth curve 
KpHBan ynpyrocra. Elastic curve 
KpnBH3Ha. Curvature, bending, flexure, buckling 
KpHBH3Ha KpHBoft b TOHKe. Curvature of a curve at a 

point 
KpHBH3Ha noBepxHocTH. Curvature of a surface 
KpHBH3Ha nonH. Curvature of field 
KpHBOJiHHertHoe ABHHteHHe. Curvilinear motion 
KpHBO.nHHeiiHbie opToroHajibHbie KoopAnnaTbi. Cur¬ 

vilinear orthogonal coordinates 
KpHBOJTHHeHHbifl hctomhhk 3ByKa. Curved line sound 

source 
KpHcrajiJiHMecKHe cncreMbi. Crystal systems 
Kpucraji.-iHuecKoe crpoeHHe. Crystal structure 
KpHCTajuiorpaMa. Crystallogram 
KpHCTannorpatJnmecKaH rpynna. Crystallographic 

group 

KpncraJi;iorpa(|)nuecKue i<oop;uiHaTHi.ic och. Crystal¬ 

lographic axes 
Kpncraji;iorpa(t)HHec!<ne napaMeTpbi. Crystallographic 

parameters 
KpncTajutorpacJjHH. Crystallography 
KpnTcpiin cxoahmocth. Test for convergence 
KpHTHnecKan Macca. Critical mass 
KpiminecKaH Harpy3Ka. Critical load 
KpimmecKaH oonacTb. Critical region 
KpHTHnecnan cnopocTb. Critical speed 
KpimmecKaH TOHKa. Critical point 
KpHTHMecKHe pa3Mepbi. Critical size 
KpHTHMecKHH noTeHitnaji. Critical potential 
KpHTnnecKoe none. Critical field 
KpriTHHecKoe ypaBHeHrie. Critical equation 
KpitTHnecKoe hhcjio Maxa. Critical Mach number 
KpoKKO TeopeMa. Crocco’s theorem 
KpoMKa. Edge 
KpoHeKepa chm6oji. Kronecker delta 
Kpyr KpnBH3Hbi. Circle of curvature 
Kpyrnoe oTBepcTBiie. Circular aperture 
KpyroBan nepecraHOBKa. Cyclic permutation 
KpyroBan nojiHpn3aunH. Circular polarization 
KpyroBan nacTOTa. Pulsatance 
KpyroBofi nnxpon3M. Circular dichroism 
KpyncoK onpeAeneHHOCTH. Definition circle 
KpyTHJibHbie BOJiHbi. Torsional waves 
KpyTHJibHbift ManTHHK. Torsion pendulum 
KpyneHne. Torsional buckling, twisting, torsion 
Kpbuio c nojioHCHTenbHOH cTpenoBHAHOcTbio. Swept- 

back wing 
Kpbuio c aJuranTHnecKOH Harpy3Kofi. EUiptically- 

loaded wing 
KproneHan KpitBan. Twisted curve 
KyfiHnecKaH cnereMa. Cubic system 
KynoH. Coulomb 
KynoHa 33koh. Coulomb’s law 
KynoHOBCKoe none. Coulomb’s field 
KyMynHHT. Cumulant 
KyHflTa nocTOHHHan. Kundt constant 
KyTTa->KyKOBCHoro 3anoH. Kutta-Joukowski law 

Kropn. Curie 
Kiopn-Beficca 33koh. Curie-Weiss law 
Kropn AttarpaMMa. Kurie plot 
Kropn TeMnepaTypa. Curie temperature 

JlafiopaTopHan CHCTeMa KoopnnHaT. Laboratory 

system 
JIareppa nonmtoMbi. Laguerre polynomials 
JIarpaHHca TeopeMa. Lagrange theorem 
JlarpaHHtHaH. Lagrangian 
JlafiMaHa cepna. Lyman series 
Jl3M6a nocTOHHHaH. Lamb’s constant 
JlaMfiAa-TOMKa. Lambda point 
JIaMfiepT. Lambert 
JIaMe cooTHomeHHH. Lame relations 
JIaMHHapHoe BercropHoe none. Lamellar vector field 
JIaMHHapHoe TeMemte. Laminar flow 
JIaMHHapHbiH norpaHHHHbin cnofl. Laminar boun¬ 

dary-layer 
JlaMHHapHbin noTOK. Laminar flow 
Jlan/tay c})opMyna. Landau’s formula 
JlaHne MHOHtHTenb. Lande’s ^-factor 
JIaHHteBeHa TeopHH AnaMarHeTH3Ma. Langevin theory 

of diamagnetism 
Jlanuoca MeTOA 6nopToroHann3aitHn. Lanczos method 

of biorthogonalization 
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JIannaca npeo6pa30BaHne. Laplace transform 
Jlan.iacnan. Laplacian 
JIanopTa npaBHAO. Laporte rule 
JlapMopona npeiteccriH. Larmor precession 
JlaTcpajiHaa ccJicpimecKaH afleppamin. Lateral spheri¬ 

cal aberration 
Jlaya ypaBHeHHH. Laue equations 
Jleflera HHTerpan. Lebesgue integral 
Jle3BHe. Blade, edge 
JIe>naH,ipa nojiHHOMbi. Legendre polynomials 
JleHOHima npaBH.no. Leibnitz rule 
JleMaHa n3o6pa>«eHne. Lehmann representation 
JIeHHapAa-Jl>KOHca noTeimnan. Lennard-Jones poten¬ 

tial 
JleHita npaBH.no. Lenz law 
Jlec. Forest 
JleTaprtiH. Lethargy 
JleTHoe KanecTBO ca.MoneTa. Airplane performance 
JleTyMecTb. Fugacity 
JliiBHeBan fljiHHa. Shower unit 
JInHeftHaa BHCK03JiacTHMH0CTb. Linear viscoelasticity 
JlHHei'tHan rnnoTe3a. Linear hypothesis 
JlHHeHHaa AHtJxjiepeHmtanbHaH cf50?'’"3- Linear dif¬ 

ferential form 
JlHHefiHaH CHcreMa. Linear system 
JlHHefiHO He3aBHcnMbie BeKTopbi, Linearly inde¬ 

pendent vectors 
JlHHeitHoe HepaBeHCTBO. Linear inequality 
JlMHeftHoe nporpaMMHpoBaHHe. Linear programming 
JlHHeitHoe yBeJinqeHHe. Linear magnification 
JlHHeitHoe ypaBHeHne. Linear equation 
JlHHeHHbifi. Linear 
JlHHefiHbiH BHxpb. Line vortex 
JluHeftHbifi rpa(})HK. Linear graph 
JlHHeftHbiit hctohhhk. Straight line source 
JIhhhh bahhhhh. Influence line 
JIhhhh AaBJteHHH. Pressure line 
JIhhhh achctbhh CHJibi. Line of action of force 
JIhhhh 3aaepH<KH. Delay line 
JIhhhh KpuBH3Hbi. Line of curvature 
JIhhhh ofiTenaHHH. Streamline 
JIhhhh nepeAann. Transmission line 
JIhhhh cKOAbHceHHH. Slip line 
JIhhhh Tona. Line of flow 
JInHOBaHHan noBepxHocTb. Ruled surface 
Jlnnuuma ycAOBne. Lipschitz condition 
JIhct. Sheet 
JlHyBHJi.iH-HeHMaHHa pHA- Liouville-Neumann series 
JlnyBHAJia TeopeMa. Liouville theorem 
JIoflaHeBCKoro mctoa- Lobacevskii method 
JIoByiUKa. Trap 
JIorapnc})M. Logarithm 
.lorapucJjMHHecKaH KoppejtHUHH. Log correlation 
JlorHCTHHccKaH KpHBan. Logistic curve 
JlorapHtJj.MHHecKHH AenpeMenT. Logarithmic decre¬ 

ment 
JIorapiic})MHHecKHH npocjmnb cKopocreH. Logarithmic 

profile of velocity 
JIorapucJjMtmecKoe AncJxtiepeHHHpoBaHHe. Logarith¬ 

mic differentiation 
JIorapn(})MHHecKoe pacnpeAencuHe. Logarithmic dis¬ 

tribution 
JIoa3 nepe.MeHHbie. Lode’s variables 
JIoKa.iH3npoBaHHbie coctohhhh. Localized states 
JIoKanbHaH CKopocrb H3.MenenHH, Local rate of 

change 
JIoKa.’ibHo eBK.iHAOBOH. Locally Euclidean 
JIoKanbHbie cAHHiibie caoh. Localized monolayers 

JIoHAOHa ypaBHeHHH cBepxnpoBOAHMOCTit. London 
superconductivity equations 

JloHAOHOBan cnna. London force 
JIonaTrca. Blade 
JIonHTanH npaBHAO. L’hospital rule 
JIopaHa pha. Laurent series 
JIopeHita npeoopa30BaHHe. Lorentz transformation 
Jlyn. Beam, ray 
JlynenaH anycTHKa. Ray acoustics 

JlyHHcrocTb. Radiance 
JIsMfloncKoe CMemeime. Lamb shift 
JIoHmioHpa H30TepMa. Langmuir adsorption iso¬ 

therm 
JIioAepa ahhhh. Luder’s lines 
JltoKc-cenyHAa. Lux-second 
JIiOMen. Lumen 
JltoMeH-nac. Lumen-hour 
JIioHeflypra ahh33. Luneburg lens 

MantuecKoe hhcao. Magic number 
MaraeTOH Bopa. Bohr magneton 
MarHHTHan AecJjopMamiH. Magnetic strain 
MarHHTHan HHAyKUHH. Magnetic induction 
MarHHTHan nnoTHOCTb 3apHAa. Magnetic charge 

density 
MarHHTHan nnoTHOCTb Tona. Magnetic current den¬ 

sity 
MarHHTHan npoHHitaeMOCTb. Permeability 
MarHHTHbin BeKTop-noTeHunaji. Magnetic vector 

potential 
MarHHTHbin MOMeHT. Magnetic moment 
MarHHTHbin MOMeHT HeicrpoHa. Neutron magnetic 

moment 
MarHHTHbin momcht HApa. Nuclear magnetic moment 
MarHHTHbin pe3onaHC. Magnetic resonance 
MarHHTHbin CKajmpHbin noTeHunan. Magnetic scalar 

potential 
MarHiiTOABHHcyiomaH cnna. Magnetomotive force 
MarHHTOKaAopHHecKHii a^iJieKT. Magnetocaloric 

effect 
MarHHTOMexaHHHecKoe cooTHomeHne. Magnetome¬ 

chanical ratio 
MarHHTOMexaHHnecKoe ACMncJinpoBaHne. Magnetome¬ 

chanical damping 
MarHiiTOCTaTHKa. Magnetostatics 
MarHHTOcTpnKUHOHHbiH B036yAHTeAb. Magnetostric¬ 

tion driving system 
MarHHTocrpuKUHH. Magnetostriction 
MaAeAyHra nocTOHHHan. Madelung constant 
ManopaHa cnna. Majorana force 
ManeT. Dummy 
MaKAopaHa pha. Maclaurin series 
MaKpoKaHOHHHecKHH aHcaMflAb. Macrocanonical en¬ 

semble 
MaKpococTOHHHe. Macrostate 
MaKCBeAA. Maxwell 
MaKCBeAAa-EoAbUMaHna pacnpeAeAeHne. Maxwell- 

Boltzmann distribution 
MancBeAAa-Mopa mctoa- Maxwell-Mohr method 
MaKCBenna ypaBHeHHH. Maxwell’s equations 
MaKCBeAAOBeKoe pacnpeAeAeHne. Maxwell distribu¬ 

tion 
MaAioca 33Koh. Malus law 
MaHmcca. Mantissa 
MapnoBa uenb. Markov chain 
Macca. Mass 
Macca aTOMa. Atomic mass 
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MaccoBoe hhcjio. Mass number 
MaccoBbie CHJibi. Body forces 
MaTeMarauecKoe o>KHAaHHe. Expectation value 
MaxepnajibHaH uacTnua. Material particle 
MaTprma. Matrix 
MaTpuua na^eHUH. Incidence matrix 
MaTpnita njiOTHOCTH. Density matrix 
MaTpupa nponycKaHHH. Transmission matrix 
MaTpnna pacceHHHH. Scattering matrix 
MaTpnua ajieKTpHuecKOH i;enH. Matrix, circuit 
Marbe ypaBHeHHe. Mathieu equation 
Maxa uHcno. Mach number 
MaHTHHK. Pendulum 
MrHOBeHHan ocb BpameHHH. Instantaneous axis of 

rotation 
MrHOBenHbiu ueHTp. Instantaneous center 
Me^HaH. Median 
Me>KaTOMHbiH noTeHLtHan. Interatomic potential 
MoKMoneKynnpHbie cunbi. Intermolecular forces 
MennHHa npeo6pa30BaHHe. Mellin transform 
Mepa. Measure 
Mepa MecTononoweHHH. Measure of location 
Mepa cJjyHKUHH. Measure of a function 
MepHAHOHanbHbift nyu. Meridional ray 
MepoMopcJwaH cfiyHKAHH. Meromorphic function 
MeTacTabHnbHoe coctohhhc. Metastable state 
MeTOA annpoKCHMauHH nonHHOMaMbi. Method of 

polynomial approximations 
MeTOA Boo6pa>KaeMbix Harpy30K. Method of fictitious 

loads 
MeTOA rpaHHUHOH toukh. End-point method 
MeTOA H3o6pa>KeHHH. Method of images 
MeroA HTepauHH. Method of iteration 
MeTOfl MOMeHTHOH nnomaAH. Moment area method 
MeTOA MOMeHTOB. Moments method 
MeTOA HeonpeAejieHHbix K03tfi(J)HUHeHT0B. Method of 

undetermined coefficients 
MeTOA HepaBeHCTB. Method of inequalities, 
MeTOA 0T,ie.nbHbix op;umaT. Discrete ordinates 

method 
MeTOA ceAJioBOH tomkh. Saddle point method 
MeTOA cjiyuafiHbix HcnHTaHHH. Monte Carlo method 
MeTOA conpH>KeHHbix rpaAHeHTOB. Method of con¬ 

jugate gradients 
MeToa ynpyrofi Harpy3KH. Elastic load method 
MeTOA xapaKTepHCTHK. Method of characteristics 
MeTOA xopA- Chord method 
MeTOA ucKyccTBeHHOH Harpy3KH. Dummy unit load 

method 
MeTp-cBeua. Meter-candle 
MeTp-CBeua-cenyHAa. Meter-candle-second 
MeTpHuecKHH TeH3op. Metric tensor 
MexaHH3M0B0H aHanH3 cj)epM. Mechanism analysis of 

frames 
McxaHHuecnaH BpamaTeAbHan B3aHMH0CTb. Mechani¬ 

cal rotational reciprocity 
MexanHuecKaa BpamaTejibnaa cucTCMa. Mechanical 

rotational system 
MexaHHuecKaa CAHHHita. Mechanical unit 
MexaHHuecnaa AHHennaH B3anMH0CTb. Mechanical 

rectilineal reciprocity 
MexaHHuecKaa jiHHefiHaH cucTCMa. Mechanical recti¬ 

lineal system 
MexaHHuecnaa ycToftuHBocTb. Mechanical stability 
MexaHHuecKHi't HMneAaHC. Mechanical impedance 
MexaHHuecKHH K.n.A. Mechanical efficiency 
MexanHuecKHH aKBHBajieHT cncTa. Mechanical equi¬ 

valent of light 

MexaHoaKycTiiMecKaH B3aHMHOCTb. Mechanical- 
acoustical reciprocity 

MH-TproHeH3eHa ypaBHeHHe coctohhhh. Mie-Griin- 
eisen equation of state 

Mri3ecaycAOBHeBbixoAa Mises yield condition 
MiiKpoKaHOHHuecKHH aHcaMfijib. Microcanonical en¬ 

semble 
MunpocKonHuecnaH o6paTHMocTb. Microscopic re¬ 

versibility 
MHKpococTOHHHe. Microstate 
MHAAepa HHAencbi. Miller crystal indices 
Mhjihc MeTOA. Milne’s method 
MuHHMajibHaH noBepxHOCTb. Minimal surface 
MHHHMyM yroA otkjiohchhh. Minimum angle of 

deviation 
MiiHKOBCKoro MHp. Minkowski world 
MuHop. Minor 
MrHOBeHHan uacTOTa. Instantaneous frequency 
MHoroaTOMHbie MoneKyjibi. Polyatomic molecules 
MHoroaTOMHbifi. Polyatomic 
MHoronpaTHbiH HHTerpaji. Multiple integral 
MHoroo6pa3iie. Manifold 
MHoroyrojibHHK. Polygon 
MHoroHJieHHbiH pHA- Multinomial series 
MHOj+cecTBeHHocTb. Multiplicity 
MoAeAHpyromaH MauiHHa. Analog computer 
MoAeAb 6ecKOHeuHoro nornoTHTejiH. Infinite absorber 

model 
MoAeJib y3Koro pe30HaHca. Narrow resonance model 
MoAyJib ynpyrocTH. Modulus of elasticity 
MoAyJib nAacTHHHOCTH. Plastic modulus 
MoAyJib pa3pbiBa. Modulus of rupture 
MoAyJib pejiaKcattHH. Relaxation modulus 
MoAyAb CABHra. Shear modulus 
MoAynb ynpyrocTH. Young’s modulus 
Mo3ah 33koh. Moseley’s law 
MejieKyjiHHan op6HTanb. Molecular orbital 
MojieKyjiHpHan cBofioAHan A-aima. Molecular free 

path 
MoAeKyAHpHan cKopocTb. Molecular velocity 
MojieKynHHoe BpameHHe. Molecular rotation 
MojieKyjinpHaH AwarpaMMa. Molecular diagram 
MojieKyjinpHbie coficTBeHHbie (JiyKUHH. Molecular 

eigenfunctions 
MoAeKyjiHpHbie 3HepreTHHecKHe ypoBHH. Molecular 

energy levels 
M.oAeKyjiHpHbifi cneKTp. Molecular spectrum 
MojinpHan AHcnepcHOCTb. Molar dispersivity 
MoAHpHaa aojih. Mole fraction 
MoAHpHbie cBoficTBa. Molar properties 
Momcht. Moment 
Momcht 3ameMJieHHoro KOHua. Fixed-end moment 
Momcht H3rHfia. Bending moment 
Momcht HirepuHH. Moment of inertia 
Momcht HHepuriH nnomaAH. Area moment of inertia 
Momcht KOJiHHccTBa ABHH<eHHH. Angular momentum, 

moment of momentum 
Momcht pacnpcACJiciuiH. Moment of a distribution 
Momcht CHJibi. Moment of force 
Momcht conpoTHBJieHHH. Section modulus 
Momcht TaHra>i<a. Pitching moment 
MoMeriTbi h npoAyi<Tbi HuepuHH. Moments and 

products of inertia 
Mopepa TeopeMa. Morera theorem 
Mop3a KpHBan. Morse curve 
Moct. Arch, bridge 
MouiHocTb. Power 
AlomHoeTb H3AyueHHH. Emissive power 
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MyaBpa-JIannacca TeopeMa. De Moivre-Laplace 
theorem 

MyaBpa c^opMyjia. De Moivre identity 
MyjibranjieT. Multiplet 

Ha6na. Nabla 
Ha6moflaeMbiH. Observable 

HaBefleHHan noJinpn3auHH. Induced polarization 
HaBbe-CTOKca ypaBHeHne. Navier-Stokes equation 
HarpeBaTejibHan noBepxHOCTb. Heating surface 
HaAOKHocTb. Reliability 
Ha^crpoHKa. Superstructure 
HaHKBHcra TeopeMa. Nyquist theorem 

HanMeHbmue KBa/ipaTbi. Least squares 
HaHMeHbuiHH Kpy>KOK abeppamiH. Least circle of 

aberration 
HaKjien. Work hardening 
HaKJioH. Slope 
HajimmaH 3HepriiH. Available energy 
Hajio»ceHHe. Superposition 
Hajio>j<eHHoe none. Impressed field 

HaMarHHMeHHoeTb. Magnetization 
HaMarHunHBaiomaH cnna. Magnetizing force 
HanpaBJieHne. Direction 
HanpaBjieHne BeKTopa. Sense of a vector 
HanpaBJieHne pacnpocrpaHeHHH. Direction of propa¬ 

gation 
HanpaBJieHHan nyn>. Directed path 
HanpaBjieHHbin. Directional 
HanpaBJieHHbin rpacjjHK. Directed graph 

HanpaBjinyinan. Directrix of a ruled surface 

HanpaBjnuoinne nocnHycbi. Direction cosines 
Hanpn>KeHHe BOJioKHa. Fiber stress 

HanpH>Kenne ofiparaon cnjibi. Reaction stress 

HanpnnceHne npn npeaene TenyMecTH. Yield stress 
Hanpn>KeHHOCTb MaranTHoro nojin. Magnetic field 

strength 
Hanpn>KeHHOCTb iioah. Field strength 
HanpnnceHHOCTb ajieKTpnnecKoro iioah. Electric field 

strength 
HapyuieHne ycnoBHH cnHycoB. Violation of sine 

condition 
HacbiineHHan MarHHTocTpiiKUHH KpncTajuia. Crystal 

saturation magnetostriction 
HaTypajibHan mnpnHa jihhhh. Natural line width 
HaTypajibHbin nponecc. Natural processes 

HanajibHbin Moayjib. Initial modulus 
HanepTaTejibHan reoMeTpnn. Descriptive geometry 

HeB3anMHbin aneMeHT. Oriented element 
HeBH3Knn. Inviscid 

HerojioHOMHbin. Non-holonomic 
HenncneprnpyioinaH BOJiHa. Non-dispersive wave 
He3aBHCHMOCTb. Independence 

He3aBncHMbie peaKnnu. Independent reactions 
He3aBHCHMbie cjiaraiomne. Independent components 
He3aBHCHMbiit. Independent 
He3aMKHVTaH KBa/ipaTypHan cjiopMyna. Open quadra¬ 

ture formula 
He3aMKHyTaH cHCTCMa. Open system 
HeHAeajibHbifi ra3. Imperfect gas 
Hen3MeHHbiH. Invariant 
HeftMana rpanHWHbie ycjioBHH. Neumann boundary 

conditions 
HeftTpajibHoc paBHOBecne. Neutral equilibrium 
HeHTpoHHan AH<J)4)y3HH. Neutron diffusion 
HeHTpa-ibHan jihhhh. Neutral axis 

HenoMfinHupyiomHe MOAHcJjHKamiH MOJienyji. Non¬ 
combining modifications of molecules 

HejioKajiH3HpoBaHHbiH. Nonlocalized 
HeoGpaTHMbin npoqecc. Irreversible process 
HeoAHopoAHoe npeo6pa30BaHHe. Inhomogeneous 

transformation 
HeonpeAeJieHHan crpyKTypa. Indeterminate structure 
HeonpeAeJieHHan 4>opMa. Indeterminate form 
HeopneHTHpoBaHHbin rpa4>HK. Non-oriented graph 
HenoAJiHHHbin. Non-genuine 
HenocpeACTBeHHbie MeTOAbi. Direct methods 
HenocpeACTBeHHoe coyAapeHHe. Direct collision 
HenpepbiBHan Apofib. Continued fraction 
HenpepbiBHan cncreMa. Continuous system 
HenpepbiBHan (JiyHKiiHH. Continuous function 
HenpepbiBHOCTb. Continuity 
HenpepbiBHOCTb coctohhhh. Continuity of state 
HepaBHocropoHHbiH. Scalene 
Hepa3AejiHMbin rpacJjHK. Non-separable graph, 
Hepa3pe3Han fiajiKa. Continuous beam 
Henep. Neper 
HepHCTa 33koh pacnpeACAeHHH. Nernst distribution 

law 
HecHMMeTpHHHbifi H3rn6. Unsymmetrical bending 
HecoficTBeHHan Apofib. Improper fraction 
HecoficTBeHHbifi HHTerpaji. Improper integral 
HecoBepmeHHaH cfiyHKLiHH. Incomplete function 
HecoBepmeHHbiH 6jiok. Incomplete block 
HecoH3MepnMbiH. Incommensurate 
Heynpyroe ctojikhobchhc. Inelastic impact 
HeycToiiHHBoe paBHOBecne. Unstable equilibrium 
HeqeHTpajibHaH CHJia. Non-central force 
HepeHTpajibHoe pacnpeAeJieHHe. Non-central distri¬ 

bution 
HeneTHan 4)yHKi;HH. Odd function 
HeneTHO-HeTHoe npaBHAO. Odd-even rule 
HeneTHbifi TepM b aTOMe. Odd term in an atom 
HeaKBHBajieHTHbie ajieKTpoHbi. Non-equivalent elec¬ 

trons 
HeHBHan (JjyHKiiHH. Implicit function 
HHJibnoTeHTHbiH. Nilpotent 
HoMep HaKonHTejiH. Address 
HoMep HHeHKH naMHTH. Address 
HoMorpaMMa. Nomograph or nomogram 
Hopiwa. Norm 
HopMajib k npHBOH. Normal to a curve 
HopMajibHan KOHrpyaHTHOCTb. Normal congruence 
HopMaAbHan KpHBH3Ha. Normal curvature 
HopMaAbHan peaKUHH. Normal reaction 
HopMaAbHan xapaKTepncTHKa. Normal response 
HopiwaAbHoe AaBAeHHe. Normal pressure 
Hop/vianbHoe HanpnweHHe. Normal stress 
HopMaAbHoe npoH3BeAeHHe. Normal product 
HopMaAbHoe pacnpeAeAeHHe. Normal distribution 
HopMaAbHoe coctohhhc. Normal state 
HopMaAbHoe yBeAHHeHHe. Normal magnification 
HopMaAbHoe ypaBHeHHe. Normal equation 
HopMaAbHbie KOAefiaHHH. Normal vibrations 
HopMaAbHbin bha KonefiaHHH. Normal mode 
HopMaAbHbiii. Normal 
HopMHpoBaHne. Normalization 
HopMHpoBOHHbin MHo>KHTeAb. Normalizing factor 
HopTOHa TeopeMa. Norton’s theorem 
HyneBan ahhhh noAocbi. Zero line of a band 
HyAeBan MaTpnua. Null matrix 
Hynenan nocAeAOBaTeAbHOCTb. Null sequence 
HyneBan 3HeprHH. Zero point energy 
HyAeBott BeKTop. Null vector 
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HyjieBOH rpacj). Nullity graph 
HyjibreoAe3HuecKHH. Null-geodesic 
Hyccejn/ra KpHTepun. Nusselt number 
HyTapuH. Nutation 
HbioTOH. Newton 

HbKiTOHa 33koh. Newton’s law 
HbfoTOHa-KoTeca KBaApaTypHbie (fjopMyAbi. Newton- 

Cotes quadrature formulas 
HbjoTOHOBa BH3KOCTb. Newtonian viscosity 

ObjiacTb. Domain, region 
OGiiacrb obpaTHoii CKopocra. Reciprocal velocity 

region 
OGjiyBeHHe. Exposure, irradiation, bombardment 
ObMeHHaH CHAa. Exchange force 

OGjweHHoe BbipowAemie. Exchange degeneracy 

OGMeHHbni HHTerpaji. Exchange integral 
06Han<eHHe. Exposure 
Of)Hapy>KeHne Tao.iHMHbix norpeuiHocTeii. Detection 

of tabular errors 
OGoGiueHHan Ae<t>opMauHH. Generalized strain 
06o6meHHan cHAa. Generalized force 
OGoGmeHHaH cnopocTb. Generalized velocity 

OGoGujeHHoe Hanpn>KeHHe. Stress, generalized 

OGoGmeHHbie noopAHHaTbi. Generalized coordinates 
OGo3HaueHne perncTpa. Address 
OGoAOBKa. Shell 
06pa3eA. Sample 
OGpaTHMbiH MaHTHHK. Reversible pendulum 

OGpaTHMbift npouecc. Reversible process 
OGpaTHan BeKTopHan cncTeMa. Reciprocal vector 

system 
OGpaTHan HHTepnonnuHn. Inverse interpolation 
OGparaaH MaTpnua. Inverse matrix 
OGpaTHan pemeTKa. Reciprocal lattice 
OGpaTHan CBH3b. Feedback 
OGpaTHan TeopeMa. Reciprocal theorem 

OGparaan (JjyHKUHH. Inverse function 
OGparaoe ctoakhobchhc. Inverse collision 
OGpaTHbie noBepxHOCTH. Inverse surfaces 
OGpaTHbie pa3HHUbi. Reciprocal differences 

OGpaTHbiH onepaTop. Inverse operator 
06paTHbiH hhka. Reversed cycle 
OGpameHHe BpeMeHH. Time reversal 

OGpameHne MaTpHUbi. Matrix inversion 
OGpameHHn pnAa. Reversion of series 
OGpe3aHHe. Truncation 
06TeKaHHe. Flow past 
OGTenaHHe KpyTOBo Tena. Flow past bluff body 
OGman rpynna npeo6pa30BaHHH. General transforma¬ 

tion group 
OGman KpHBH3Ha AHH3bi. Total curvature of lens 
OGman oraocHTeAbHOCTb. General relativity 
OGmee pemeHHe (oahopoahoto AHHeapnoro AHcJxbe- 

peHHHaAbHoro ypaBHeHHn). Complementary function 
(of a linear differential equation) 

OGiahh HaiiGoAboiHH AenuTenb. Highest common 
factor 

OGbiKHOBeHHan TOMKa. Ordinary point 
OGbiKHOBeHHoe AHcJxJjepeHUHaJiHoe ypaBHemie. 

Ordinary differential equation 
OGbeMHan noAaTAHBocrb. Bulk compliance 
OGbCMnan cnopocTb. Volume velocity 
OGteMHan ynpyrocTb. Bulk modulus 
OGiweHHan 3Heprnn. Exchange energy 
06i.eMHbie cHAbi. Body forces 

OraGaioman. Envelope 
OrpaHnueHHan Bapnaimn. Bounded variation 
OrpaHHueHHbiH. Bounded, restricted 
OAHOBpeMeHHO H3MepHMbiH. Simultaneously measur¬ 

able 
OAHopoAHan TypGyAeHTHocTb. Homogeneous turbu¬ 

lence 
OAHopoAHoe npeo6pa30BaHiie nopeHua. Homogenous 

Lorentz transformation 
OAHopoAHbiH. Homogeneous 
Oahopoahwh npouecc. Homogeneous process 
On<e atfx^eKT. Auger effect 
0>KHA3Hne. Expectation 
03eHa MeTOA- Oseen’s method 
OKOA03ByKOBoe noAoGne. Transonic similarity 
OKOA03ByKOBoii. Transonic 
OKOA03ByK0B0i“i roAorpacj). Transonic hodograph 
OnpyrneHMe. Rounding 
OKTaaApaAbHoe HanpnnceHne. Octahedral stress 
Oiwa 33koh. Ohm’s law 
OHcarepa cooTHomeHnn. Onsager relations 
OnepaTop. Operator 
OnepaTop aHHHrHAnunn. Annihilation operator 
OnepaTop BHCKoanacTHMHocTH. Viscoelastic operator 
OnepaTop noTeHUnana. Potential operator 
OnepaTop pokachhh. Creation operator 
OnepaTop ymiUTomemin. Destruction operator 
OnepaTop bcthocth. Parity operator 
OnepaTopHbie mctoabi. Operational methods 
OnopHoe 3HaneHne. Reference value 
OnpeAeAeHHan crpyKTypa. Determinate structure 
OnpeAeAHTeAb. Determinant 
OnTHuecKan BeTBb. Optical mode 
OnTHBecnan rnyGHHa. Optical depth 
Oirnmecrcan MOACAb. Optical model 
OnTunecKan ocb. Optical axis 
OrmmecKan nnoTHocTb. Optical density 
OnTHnecKan nyTb. Optical path 
OnranecKan TeopeMa. Optical theorem 
OnTunecKHH Anc{)c})epeHUHaAbHbiH HHBapnaHT. Opti¬ 

cal differential invariant 
OnTHuecKHH KyG. Biprism 
OnTHBecKHH ueHTp. Optical center 
OrmmecKoe paccTonHne. Optical distance 
OpGirranb. Orbital 
OpneHTupoBaHHbin rpacJmK. Oriented graph 
OpToroHaAH3annn. Orthogonalization 
OpToroHaAbHan (byHKunn. Orthogonal function 
OpToroHanbHbie BeKTopbi. Orthogonal vectors 
OpToroHanbHbie noAHHOMbi. Orthogonal polynomials 
OpTOHopMaAbHan cncTeMa. Orthonormal system 
OpTopoMCnnecKan cncTeMa. Orthorhombic system 
OpTocKonnuecKan cncTeMa. Orthoscopic system 
OpToxpoHHbin. Orthochronous 
OcaAKa onop. Settlement of supports 
OcBeureHne. Illumination 
OcBemuMOCTb. Illuminance 
OceBan Harpy3i<a. Axial load 
OceBan Tnra. Axial thrust 
OcnaGneHHe. Attenuation 
OcMOTHMecKHH Koecj3c|)HUHeHT. Osmotic coefficient 
OcMOTHuecKoe AaBnemie. Osmotic pressure 
OcHOBaHHe cHcreMbi cmhcachha. Radix 
OcHOBHan a4)(f)HHHan cB«3b. Fundamental affine con¬ 

nection 
OcHOBHan BeponTHocTb. Fundamental probability 
OcHOBHan BOAHa. Fundamental mode 
OcHOBHan eAHHHua. Fundamental unit 
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OcHOBHoe cocTOHHiie. Fundamental state, ground 
state 

OcHOBHbie nonocbi. Fundamental bands 
OcHOBHbiii KOBapnaHTHbiH TeH3op. Fundamental co¬ 

variant tensor 
Oco6eHHaH TOMKa. Singular point 
Oco6eHHoe 3HaueHHe. Singular value 
Oco6eHHoe pemeHiie. Singular solution 
OcoSeHHoeTb. Singularity 
OcoSeHHbiH. Particular, singular 
OcraHaBJiHBaioiuHH noTeHUHan. Stopping potential 
OcraTOK. Remainder 
OcraTOMHan rtecfiopMauHH. Permanent set 

OcraTOMHoe HanpnweHHe. Residual stress 
OcTaTOMHbie (JjopMyjibi. Remainder formulas 
OcTBanbaa 33koh. Ostwald’s dilution law 
Octob. Frame, framework 
OcTporpaacKoro-Taycca TeopeMa. Gauss theorem 
OcrrpoTa pe30HaHca. Sharpness of resonance 
Ocijhaahhhh. Oscillation 
OcymecTBJieHHe. Realization 
Ocb BHHTa. Screw axis 
Ocb BpameHHH. Rotation axis 
Ocb CHMMeTpriH. Symmetry, axis 
Ocb ynpyrocTH. Elastic axis 
Ot6op napa. Bleeding 
OTBepcTHe. Aperture 
OT3biBUHBocTb. Responsiveness 
OTKJioHeHHe. Deflection, deviation 
OTKJiOHHTbCH. Deviate 
OraocHTejibHaH norpemHOCTb. Relative error 
OTHOCHTejibHan CBeTOBaa OTflaua. Relative luminous 

efficiency 
OTHocuTejibHan uacTOTa. Relative frequency 
OTHOCHTejibHoe pacnpeAeJteHHe. Relative distribution 
OraocHTejibHoe yrtJiHHeHHe. Aspect ratio 
OTHocHTejibHbift TeH3op. Relative tensor 
OTHomeHne. Ratio 
OTHomeHHe BepoHTHOCTeft pacria;;a. Branching frac¬ 

tion 
OTHoineHHe B03BpaTa. Return ratio 
OTHomeHHe BbiaepwKn k noMepHeHmo. Exposure- 

density relationship 
OraomeHne AanbHocTH k aHeprun. Range-energy rela¬ 

tion 
OTHomeHHe KoppenHUHH. Correlation ratio 
OTHomeHHe npeo6pa30BaHHH. Conversion ratio 
OTHomeHHe ycnneHUH. Gain ratio 
OTHomenne 3(J>4>eKTHBHOCTeH. Efficiency ratio 
OTo6pa>«eHHe. Mapping 
OTpanteHHe. Reflection 
OTpanreHHe 3Byi<a. Sound reflection 
OTpanceHHan BOJiHa. Reflected wave 
OTpbiB norpaHHMHoro cjioh. Separation of boundary 

layer 
OTceMKa. Cut-off" 
OrraAKHBaiomHH noTeHUHan. Repulsion potential 
OmnAna onpyrneHnn. Rounding error, roundoff 
OmHflna. Error 

riaAaroiitHH. Incident 
Elapa. Couple 
riapabona. Parabola 
IlapafloAHMecKHe noopAHHaTbi. Parabolic coordinates 
IiapaDOJiHuecKHc HHJiHHApnHecKHe noopAHHaTbi. Para¬ 

bolic cylindrical coordinates 

riapaflojiHHecKHH pynop. Parabolic horn 
napaflojiHHecKoe ypaBHeHHe. Parabolic equation 

IlapaflojiOHA- Paraboloid 
riapafloAOHAHbie KoopAHHaTbi. Paraboloidal coor¬ 

dinates 
IlapaAOKC peKyppeHTHOcTH. Recurrence paradox 
IlapaAOKc nacoB. Clock paradox 
riapaKcuajibHbiH nyu. Paraxial ray 
IlapajuiaKc. Parallax 

riapaAAeAemmeA- Parallelepiped 
riapajiAenorpaMM. Parallelogram 
IlapannenorpaM cha. Parallelogram of forces 
IlapaAAeAbHoe nepeMemeHHe BeKTopa. Parallel dis¬ 

placement of a vector 
IlapaAAeAbHbie noBepxHocTH. Parallel surfaces 
FIapaMarHeTH3M. Paramagnetism 
ElapaMarHHTHaH BocnpHHMHHBocTb. Paramagnetic sus¬ 

ceptibility 
FlapaMeTp. Parameter 
IlapaMeTp boahh. Wave parameter 
IlapaMeTp ctoakhobchhh. Impact parameter 
IlapaMeTp yAapa. Impact parameter 
IlapaMeTp cJ)opMbi. Form parameter 
IlapaMeTpbi KpncTaAAa. Crystal parameters 
IlapoBOH KOTeA. Boiler 
IlapuHaAbHaH norepeHTHOCTb. Partial coherence 
ElapitHaAbHoe a^bachhc. Partial pressure 
FlapuHaAbHbie MOAHpHbie BeAHmiHbi. Partial molar 

quantities 
riacKaAA TpeyroAbHHK. Pascal triangle 
IlayAH-BancKoncJja ypaBHeHHe. Pauli-Weisskopf equa¬ 

tion 
IlayAH TepM. Pauli term 
IlameHa-BaKa atJx^eKT. Paschen-Back effect 
IlameHa paA- Paschen series 
IleAeHr. Bearing 

IlepBan npeAeAbHan TeopeMa. First limit theorem 

IlepBaH ocHOBHaa TeopeMa. First fundamental 

theorem 

riepBaa (J)OKaAbHaH TOMKa. First focal point 
IlepBbiH 33koh TepMOAHHaMHKH. First law of thermo¬ 

dynamics 
IlepeBaA. Steepest decent 
ElepeBOAHbiH K03(J)c{)HUHeHT. Conversion factor 

IleperopoAKa. Partition 

FlepeAaTOMHaH (J)yHKUHH. Transfer function 
ElepeAaMa ynpaBAeHHa. Transfer of control 
IlepeAaMa ctoakhobchhcm. Collisional transfer 
flepeAaMa rnyMa. Noise transmission 
ElepeKpbiTHe. Overlap 

IlepeAOMAeHHe. Refraction 
IlepeAOMAeHHaH BOAHa. Refracted wave, 
IlepeAOMAHioniaH cnocofluocTb. Refractivity 
IIepeMe>KeBaHHe MHOHcecTBemrocTeH. Alternation of 

multiplicities 
IlepeMeHHaH achctbhh. Action variable 
IlepeMeHHbiH. Alternating 

IlepeMeHHbiH tok. Alternating current 

IlepeMeHHbiH TeH3op. Alternating tensor 
ElepeMemeHHe. Translation 
nepeHopMHpoBKa Maccbi. Renormalization of mass 
nepeHOC. Carry 
nepeHOc HeHTpoHOB. Neutron transport 
nepeHocHMaa BeAHHHHa. Transferable quantity 
nepepenaKcauHH, Overrelaxation 

IlepecraHOBKa. Permutation 

IlepecrraHOBOMHaH rpynna. Permutation group 
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riepecTaHOBo^Hbic cooTHomenHH. Commutation re¬ 
lations 

Ilepexofl. Transition 
IlepexoA BToporo nop«AKa. Second order transition 
Ilepexofl Bbicmero nopnAKa. Transition of higher 

order 
nepexoAHaH noTepn. Transition loss 
riepexoAHan xapaKTepHCTHKa. Transient response 
riepeMHCAHMbiH. Countable 

IlepHOA- Period 
IlepnoA BOJiHbi. Wave period 
llepHOA BoccTaHOBJieHHH. Period of restitution 
IlepnoA Ae4)opMauHH. Period of deformation 
HepHOA nMnynbca. Pulse interval, pulse spacing 
riepHOA noBTopeHHH HMnyjibcoB. Pulse repetition 

period 
llepHOA peaKTopa. Reactor period 
IlepHOArmecKan Bonna. Periodic wave 
IlepnoAorpaMMa. Periodogram 
IIepri(J)epajibHoe Hanpn>KeHHe. Circumferential stress 
FleTJiH. Loop 
rieTUBaAH nopepxHocTb. Petzval surface 
ririKapa mctoa. Picard method 
IlnpcoHa pacnpeAeJieHHe. Pearson distribution 
IlHcJiaropoBa nii<ajia. Pythagorean scale 
IljiaBaiomee Teno. Floating body 
OAaHeTapHoe ABHweHHe, Planetary motion 
FIjiaHHMeTp, Planimeter 
IljiaHKa 33KOH. Planck law 
njiacTHHa. Slab, plate 
IlAacTHHecKan AecJjopMaiuiH. Plastic flow 
njiacTHMHoeTb. Plasticity 
I IjiacTH^Hbie BOJiHbi. Plastic waves 
riAHTa. Plate, slab 
IljioByuaH CTpyn. Buoyant jet 
njiocKan BOJiHa. Plane wave 
FIjiocKaH nojiHpH3aunH. Plane polarization 
IIjiocKoe ABHH<eHHe. Plane motion 
riAocKocraoH rpaijiHK. Planar graph 

Plane of vibration 
Curvature, plane of 
Meridional plane 
Guide plane 
Reflection plane 

FIjiocKocTb nponycnaHHH. Transmission plane 
IlAOCKocTb cHMMeTpHH. Symmetry, plane of 
njiOTHOCTb aHcaM6Aeft. Ensemble density 
IlAOTHocTb BepoHTHocTH. Probability density 
IlAoraocTb 3aMeAAeHHH. Slowing-down density 
ri/ioTHocTb 3ByKOBOH 3HeprHH. Sound-energy density 
IljioTHocTb H3AyMeHHH. Radiation density 
FIjioTHOCTb KBaHxoBbix coctohhhh. Density of quantum 

states 
rijioTHOCTb JiyuncToro noTona. Irradiance 
FIjioTHOCTb HeMTpoHOB. Neutron density 
IljioTHocTb HocHTeAeii TOKa. Carrier density 
IlAOTHocTb noTona obAyueHHH. Radiant emittance 
FIjioTHOCTb noABHH-CHbix HocHTeAeii Toi<a. Density of 

mobile charges 
flAOTHocTb pacnpeACAeHHH BepoHTHocTH. Probability 

density function 
IlAOTHocTb coyAapeHHfi HeinpoHOB. Neutron collision 

density 
rijioTHOCTb Tona. Current density 
FIjiomaAb 3aMeAAeHHH. Slowing-down area 
FIjiomaAb KpbiJia. Wing area 
FIjiomaAb MurpauHH. Migration area 
IloBepxHocTHaH BOAHa. Surface wave 

FIjiocKocTb KoneflaHHH. 

FlAOCKOCTb KpHBH3HbI. 

IlnocKocTb MepHAwaHa. 
FlAOCKOCTb H3BeACHHH. 
IlAOCKOCTb OTpa>KeHHH. 

FIoBepxHocTHaH pacxoAHMocTb. Surface divergence 
rioBepxnocTHaH (J>a3a. Surface phase 
FIoBepxHOCTHoe H3TH>KeHHe. Surface tension 
noBepxriocTHbiH TeH3op. Surface tensor 
IIoBepxHocTb BpameHHH. Surface of revolution 
FIoBepxHOCTb pacnpeACAeHHH hhtchchbhocth. Surface 

of intensity distribution 
HoBepxHocTb ueHTpoB. Surface of centers 
rioBpe>KACHHe. Failure 
IloracaHHe. Extinction 
FIoraiiieHHe. Extinction 
nomoTHTejib. Sink, absorber 
I IorjiomaiomaH cnoco6nocTb. Absorptance 
IForAomeHHe 3ByKa. Sound absorption 
IIorAomeHHe AyuncTOH OHeprHH. Absorption of 

radiant energy 
norpaHHUHbiH caoh. Boundary layer 
FIorpeiiiHOCTb. Error 
FIoAaBAeHHe. Elimination, suppression 
FIoAaTAHBocTb k noA3yMecTH. Creep compliance 
FIoAaTAHBocTb k cABHry. Shear compliance 
FIoABn>KHaH ocb. Moving axis 
IloABHACHOCTb. Mobility 
IIoArpynna. Subgroup 
IIoA3ByKOBOH. Subsonic 
FIoAHHTerpaAbHaH cjjyHKUHH. Integrand 
FIoakoc. Strut 
rioAHHTHe h onycnaHHe hhackcob T3H3opa. Raising 

and lowering indices of a tensor 
rioAoSne. Similarity 

IIoAnporpaMiwa. Subroutine 
FIo3HTpoHHH. Positronium 

IloKa3aTeAb BepoHTHocTH. Index of probability 
FIoKa3aTeAb nepeAOMAeHHe. Index of refraction 

IIoKa3aTeAb CTeneHH. Exponent 
FIoAe. Field 
IIoAe 3peHHH. Field of view 

FIoAe H3AyAeHHH. Radiation field 
noAeBott Aym Field ray 
IIoAe3naH MomHocTb. Brake horsepower 
I Ioji3yuecTb. Creep 
HoA3yMHe ABHweHne. Creeping motion 
FIoAHMep. Polymer 

IIoAHMepHbie CMecH. Polymer mixtures 
FIoahhom. Polynomial 

IloAHSAp. Polyhedron 
IdoAnaH AHHeiiHaa rpynna. Full linear group 
IloAHaa npo3pauHOCTb. Total transmittance 
IIoAHan npoH3BOAHaH. Total derivative 
rioAHoe AasAeHHe. Total pressure 
FIoAHoe onpeAeAeHHe. Total determination 

IIoahoc oTpaweHHe. Total reflection 

rioAHbiH. Complete 
IIoAHbiH rpacfiHK. Complete graph 
IIoahi>ih K03cJ)(j)HUHenT H3JiyMeHHH. Total emissivity 
IIoAHbiH noTOK HeiiTpoHOB. Total neutron flux 
IIoAowHTejibHaH onpeAejieHHaa MaTpnua. Positive 

definite matrix 

IloAoca. Band, fringe (interference) 

IIoAynepHOA pacnaAa. Half-life 
IIoAyuiHpuHa cneKTpaAbHoii ahhhh. Half-width of a 

spectral line 
rioAioc. Pole 

IIoaioc aHajiHTHMccKOH 4jym<nnH. Pole of an analytic 
function 

FIoAiocHaH ahhhh. Polar line 

FIoAHpH3auHH. Polarization 
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IIojiHpn3auH0HHaH KaTacTpo<J)a. Polarizability cata¬ 
strophe 

riojiHpH3yeMocTb. Polarizability 
HojiHpHbie KOopfliiHaTbi. Polar coordinates 
IIojinpHbiH BeKTop. Polar vector 
FIoMexH. Noise, interference 
IIoHaepoMOTHBHbiH. Pondermotive 
IlonepeMHaH Harpy3Ka. Lateral load 
IlonepeMHaH BOJiHa. Transverse wave 
Ilonepemioe ceueHiie. Cross section 
IlonepeHHoe yBejimieHHe. Lateral magnification 
IIonpaBKa. Correction 
Ilopor. Threshold, cutoff 
Llopor cjibimiiMOCTH. Threshold of audibility 
Ilopor cJjoToac^cJjeKTa. Photoelectric threshold 
IloporoBaH SHepriiH. Threshold energy 
TIopoAa- Species 
LIopTajibHaH paMa. Portal frame 
IlopTepa-ToMaca pacnpeAeueHne. Porter-Thomas dis¬ 

tribution 
IIopHAKOBbiH HOMep aTOMa. Atomic number 
LIopHAOK xHMHHecKHx peanuHH. Order of chemical 

reactions 
IIocne/roBaTejibHOCTb. Sequence 
riocjieAOBaTejibHbiii aHajm3. Sequential analysis 
riocraHOBKa 3KcnepHMeHTOB. Design of experiments 
LIocTopoHHbiH. Extraneous 
riocTOHHHaH. Constant 
riocTOHHHaH HHTerpupoBaHHH. Constant of integra¬ 

tion 
LIocTOHHHaH npyn<HHbi. Spring constant 
riocTOHHHaH pacnpocTpaHeHHH. Propagation constant 
riocTOHHHaH peuieTKH. Lattice constant 
IIocroHHHaH cbh3h. Coupling constant 
LIocTOHHHaH aHTponiTH. Entropy constant 
IlocTpoeHHe jryueBbix ;inarpaMM. Ray tracing 
IlocTyjiaT. Postulate 
IloTeHUHaji B036y>HAeHHH. Excitation potential 
rioTeHUHaji Ae<J)opMaHHH. Deformation potential 
IloTeHUHaji H0HH3aitHH. Ionization potential 
IloTeHUHaji CKopocTefi. Velocity potential 
iroTeHitnajibHaH TCMnepaTypa. Potential temperature 
IIoTeHimaribHaH 3Heprnn. Potential energy 
noTeHUHaiibHoe paccenHue. Potential scattering 
EIoTeHUHa.ibHbiH Gapbep. Potential barrier, Coulomb 

barrier 
rioTeHttHajibHbiH octob. Potential core 
rioTeHitHajiHbiH noTOK. Potential flow 
IIoTepH b cTeHKax. Wall losses 
IIoTepn ot pacxo>i<AeHHH (3ByKa). Divergence loss 

(sound) 
IIoTepH ot pacceHHHH. Scattering loss 
noTOK. Flux 
IIotok BeKTopa. Vector flux 
IIotok 3ByKOBOH 3HeprHH. Sound energy flux 
IIotok HeitTpoHon. Neutron current 
IIoTOKocuenjienHe. Flux linkage 
IIpaBAonofloGHe. Likelihood 
IlpaBHjia HHTeHciiBHocTH nnn MyjTbTHnneTOB. Intensity 

rules for multiplets 
IlpaBHjia KOMMyTaTHBHOCTM. Commutation rules 
IlpaBHjia OT6opa. Selection rules 
IlpaBHjia cBepxoT6opa. Superselection rules 
IlpaBHJio jiohchocth. Regula falsi 
IlpaBHJio noTona. Flow rule 
IlpaBHJio TpaneuHH. Trapezoidal rule 
IlpaBHjTo c})a3. Phase rule 
IlpaBHJio uacroT Eopa. Bohr frequency condition 

IIpaKTuuecKaH uinpuHa. Practical width 
IIpaHATJiH-FjiayapTa npaBmio. Prandtl-Glauert rule 
IIpaHATAH-MeHepa pa3AO>KeHHe. Prandtl-Meyer ex¬ 

pansion 
IIpaHATJiH hhcjio. Prandtl number 
IIpeABapHTejibHo HanpHHceHHbiu 6eTon. Prestressed 

concrete 
IIpeAAHCcoitHamiH. Predissociation 
IlpeAeJi. Bound 
IlpeAeJi npoHHOCTii. Ultimate strength 
IlpeAeJi TeKyuecTH. Yield point 
IlpeAeJi ynpyrocTH. Elastic limit 
IlpeAeJibHaH Harpy3Ka. Limit load 
IIpeAejibHan TeopeMa. Limit theorems 
IIpeAeJibHbiH 33koh. Limiting law 
IlpHKocHOBeHiie. Impact, contact 
IIpeAeJibHbiH MOMeHT. Limit moment 
IIpeACTaBJieHiie. Representation 
IIpeACTaBJieHHe B3aHMOAeHCTBHH. Interaction repre¬ 

sentation 
IIpeACTaBJieHHe rpynnbi. Representation of a group 
LIpeHMymecTBeHHoe HanpaBJieHiie. Preferred direc¬ 

tion 
IIpeo6pa30BaHHe. Transform, transformation 
IIpeo6pa30BaHiie conpoTHBJieHHH. Impedance trans¬ 

form 
EIpeo6pa30BaHHoe ceuemie. Transformed section 
IIpepbiBHCTbie cHCTeMbi. Discontinuous systems 
IlpHGjiHHceHHe b cpeAHeM. Approximation in the 

mean 
IIpHBeAeHHaH Macca. Reduced mass 
IlpHBeAeHHaH (JioKycHaH AJiHHa. Reduced focal length 
IlpH3Ma. Prism 
LIpHJio>KeHHaH cHJia. Force, applied 
IIpHMHTHBHoe nepeMemeniie. Primitive translation 
IIpHMHTHBHbiH. Primitive 
IlpHHyH<AeHHe. Constraint 
IIpHHUHn BHpTyaJIbHOH paSoTbl. 

work 
FIpHHUHn AeTajibHoro GanaHca. 

balancing 
IIpHHUHn HMnyjibca-MOMCHTa. 

principle 
IIpHHUHn HCKJiioHeHHH. Exclusion principle 
IIpHHUHn KOMGHHamiH. Combination principle 
IIpHHUHn HauMeHbuiero achctbiih. Least-action prin¬ 

ciple 
IIpHHUHn HaHMCHbiueft SHepruu. Least-energy prin¬ 

ciple 
IIpHHUHn HaKonueHHH. Building-up principle 
IIpiiHUnn HeonpeAeJieHHocTH. Indeterminancy prin¬ 

ciple 
IIpHHUHn npHUHHHOCTH. Causality principle 
IIpHHUHn cooTBeTCTBHH. Correspondence principle 
FIpHHUHn cooTBeTcTBCHHbix coctohhhh. Principle of 

corresponding states 
IIpHHunnajibHaH cepun. Principal series 
IIpHHUHnajibHbie cxeMbi. Fundamental circuits 
IIpHHUHnaubHbiH BeKTop MaTpnubi. Principal vector 

of a matrix 
IIpHoceBon Jiyu. Paraxial ray 
IIpupamcHHC H3rn6a. Incremental collapse 
UpoGa. Sample, test 
IlpoGer. Range, path 
IIpofljieMbi c HauaubHbiMH 3HaueHHHMH. Initial- 

value problems 
IIpo6HaH (JjyHKUHH. Test function 
IlpoSHoe HcnbiTanne. Proof test 

Principle of virtual 

Principle of detailed 

Impulse-momentum 
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npoBo^HMocTb. Admittance 
ripoBOAHMOCTb JiaMnbi. Perveance 
IIporpaMMa. Routine, program 
riporpeccHH. Progression 
IIpoAOJibHan BOJina. Longitudinal wave 
IlpoflOJibHan c(J)epnnecKaH aGeppauwn. Longitudinal 

spherical aberration 
IlpoAonbHoe yBenrmeHHe. Longitudinal Magnification 
LIpoaoJibHbie BOJiHbi. Longitudinal waves 
ripoaojibHbiH cABHr. Longitudinal shear 
LlpoAyKT HnepuMH nnomaAB- Area product of inertia 
npo>KeKTop. Projector 
LIpo3paMHocTb. Transmittance 
LIpoH3BeAeHHe. Product 
LIpoH3BeAeHHe TeH3opoB. Product of tensors 
LIpoH3BeAeHne ycmiemiH h umpHUbi nonocbi. Gain- 

bandwidth product 
ripoH3BeAeHite weTbipex BeKTopoB. Quadruple pro¬ 

duct of vectors 
LIpoH3BeAeHHoe MHonrecTBo. Derived set 
LIpoH3BOAHaH. Derivative 
LIpoH3BOABu;aH (})yHKi;HH. Generating function 
LlponeT. Span, bay 
IlpoMe>KyTOK cTOAKHOBeHHH. Collision interval 
LIponeAJiep. Airscrew, propeller 
nponopuHOHajibHan Harpy3Ka. Proportional loading 
LIponopuHOHajibHbiH KOHTpojrb. Proportional control 
LIponopuHOHaAbHbiH npeAen. Proportional limit 
IlponopuHH nojmpH3auHH. Proportion of polarization 
LIponycKaHe. Transmission 
LIponycKHaH cnocofiHocrb. Carrying capacity (load) 
LIpocTaH BOJiHa. Simple wave 
IlpocTaH <j)epMa. Simple truss 
LIpocTo cBH3aHH3H oGnacrb. Simply connected region 
LIpocTOH M3HTHHK. Simple pendulum 
ripocTpaHCTBeHHaH rpynna. Space group 
LIpocTpaHCTBeHHaH KpriBan. Space curve 
ripocTpaHCTBeHHaH noBepxHOCTb. Space-like surface 
ripocTpaHCTBeHHaH pemeTKa. Space lattice 
ripocTpaHCTBeHHO-BpeMeHHbiH KOHTHHyyM. Space- 

time 
ripocTpaHCTBeHHoe KBaHTOBaHHe. Space quantization 
ripocTpaHCTBeHHbiH TeH3op. Space tensor 
rrpoc})HJib CKopocrew. Velocity profile 
IIpocfinjibHoe conpoTHBjicHne. Profile drag 
ripoxo>KACHHe. Transmission 
Ilpoitecc nepeGpoca. Umklapp process 
PIpy>KHHa. Spring 
ripHMan 0Tpa>naTeJibHaH enocoGHoerb. Direct reflec¬ 

tance 
ripHMaH npo3paHHocTb. Direct transmittance 
ripHMan cyMMa. Direct sum 
npHMoe B3aHMOAeHCTBHe. Direct interaction 
LIpHMoe HanpH>neHHe. Direct stress 
npHMoe npoH3BeAeHne (noArpynn). Direct product 

(of subgroups) 
PIpHMOAHHeHHaH KOHrpyaHTHOCTb. Rectilinear con¬ 

gruence 
ripHMO.THHeHHaH noAaTJiHBocTb. Rectilineal compli¬ 

ance 
PIpHMOAHHeHHoe ABHHceHHe. Rectilinear motion 
npHMoyrojibHaH BOJiHa. Square wave 
IIpHMoyroAbHaH nma. Square well 
IIpHMoyro.nbHoe OTBepcTHe. Rectangular aperture 
LIpHMoyroAbHoe pacnpeAenenwe. Rectangular distri¬ 

bution 
riceBAOBeKTop. Pseudovector 
IlceBAOBeKTopHaH cBH3b. Pseudovector coupling 

riceBAocKaAHp. Pseudoscalar 
riceBAOCKajinpHaH cBH3b. Pseudoscalar coupling 
Ilya3. Poise 
LlyaHKapa HHBapnaHT. Poincare’s invariant 
riyaccoHa HHTerpaji. Poisson integral 
riyjibcaitHH. Flutter, pulsation 
n.TOTHocTb. Density 
IlyTb. Path 
riyuHocTb. Anti-nodal point, loop 
IfywoK. Beam 
Flcfiacfia npo6jieMa. Pfaff problem 
LIcjjyHAa pha- Pfund series 
LIbe303AeKTpHHecKHe nocroHHHbie. Piezoelectric con¬ 

stants 

PaboTa. Work 
PaSoTa BbixoAa. Work function 
PaGonah Harpy3Ka. Working load 
PaGowan xapaKTepucTHKa. Operating characteristic 
PaGowee HanpHHceHne. Working stress 
PaGoHHH oGteiw. Swept volume 
PaBHOBecwe. Equilibrium, balance 
PaBHOBecne cha. Equilibrium of forces 
PaBHOBecwe HacTwuw. Equilibrium of a particle 
PaBHOMepHoe ABwweHwe. Uniform motion 
PaBHOMepHoe pacnpeAeneHHe SHeprww. Equipartition 

of energy 
PaBH0(j)a3HaH noBepxHOCTb. Equiphase surface 
PaBHOiteHHOCTb. Equivalence 
PaAwaAbHan Harpy3Ka. Radial loading 
PaAwajibHoe pacnpeAeAeHwe. Radial distribution 
PaAwajibHoe yBenwweHwe. Radial magnification 
PaAwauwoHHaH Anwna. Radiation length 
PaAwauwoHHaH nonpaBna. Radiative correction 
PaAwyc aTOMa. Atomic radius 
PaAwyc BeKTop. Radius vector 
PaAwyc HHepHHw. Radius of gyration 
PaAwyc KpwBH3Hbi. Radius of curvature 
PaAwyc KpyweHHH. Radius of torsion 
Pa36poc. Straggling 
Pa3BepTKa kphboh. Involute of a curve 
Pa3BepTKa noBepxHOCTH. Involute of a surface 
Pa3BepTbiBarourwHCH. Developable 
Pa3BepTbiBaromaHCH noBepxHOCTb. Developable sur¬ 

face 

Pa3BepTbiBaiomwwcH, BbnpHMWTeAbHbiw. Develop¬ 
able, rectifying 

Pa3BepTbiBaiomwHCH, noAHpHbiw. Developable, polar 
Pa3BepTbiBaK)mwwcH, conpHiracaioutHHCH. Develop¬ 

able, osculating 
Pa3AeAeHwe. Partition, separation 
Pa3AeneHHe nepe.MeHHbix. Separation of variables 
Pa3AejieHHbie pa3HocTH. Divided differences 
Pa3AeJiwMbiw. Separable 
Pa3AeAHMbiw rpacjjwK. Separable graph 
Pa3AOH<eHHe BeKTopa. Decomposition of a vector 
Pa3Jio>KeHHe Ha mhohchtcah. Factorization 
Pa3Ao>KeHHe Ha 3AeMeHTapHbie apo6h. Partial fraction 

expansion 
Pa3.To>KeHMe nonwHOMOB. Polynomial factorization 
Pa3A0>neHHe cha. Forces, resolution of 
Pa3Mep. Dimension 
Pa3Mepbi pemeTKw. Lattice dimensions 
Pa3nocTHoe ypaBHeHwe. Difference equation 
Pa3HocTHbiii onepaTop. Difference operator 
Pa3pe>«eHHe. Dilation, expansion 
Pa3peujaioutaH cnocoGHOcrb. Resolving power 
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Pa3pe>KeHHbiii ra3. Rarefied gas 
Pa3peuieHHbiH nepexofl. Allowed transition 
Pa3pbiB HenpepbiBHocTn. Discontinuity 
Pana KoacJxJjmtHeHT. Racah coefficient 
PaMa. Frame, framework 
PaMHaH onopa. Bent 
PaHr. Rank 
PaHr MaxpHitbi. Rank of a matrix 
PaHKHHa LtHKJi. Rankine cycle 
PacKpbiB. Aperture 
PacnpeAeJieHHe. Distribution 
Pacnpe/tejieHHe bcpobthocth. Probability distribution 
PacnpocrpaHeHHe. Propagation, transmission 
PacnpocTpaHeHHe 3Byna. Sound transmission 
PacnpeAejieHHe no nMnyjibcaM. Distribution in 

momentum 
PacnpeAejieHHe no (J)a3aM. Distribution in phase 
PacnpeAeneHHe no 3HeprHHM. Distribution in energy 
PacnpeAeJieHHan cnjia. Distributed force 
PacnpocTpaHeHHe oluh6ok. Propagation of error 
Paccejia-CoHAepca cbh3b. Russell-Saunders coupling 
PacceHHue. Scattering, dissipation 
PacceHHne 3ByKa. Scattering of sound 
PacceHHHan OTpai+taTejibHocTb. Diffuse reflectance 
PacceHHHoe OTpanreHne. Diffuse reflection 
Paccemoman cnjia. Dissipative force 
PacTBop. Aperture 
PaccAoeHHe. Stratification 
PacTH>KHMOCTb. Ductility 
PacxoAHMocTb. Divergence 
PacxojKACHHe. Divergence 
PacHCT no MHHHMajibHOMy Becy. Minimum weight 

design 
PacTHH<eHHe. Expansion, tension 
PacinupeHHe. Dilatation, expansion, broadening 
PacuinpeHHe coothouichhh cHHycoB. Extension of sine 

relationship 
PayTa npaBHJio. Routh’s rule 
PamioHaAbHoe hhcjio. Rational number 
PeaKTHBHoe conpoTHBAeHHe. Reactance 
PeaKTHBHOCTb. Reactivity 
PeajibHbiii ra3. Real gas 
PeaKTHBHbin ABHraTejib. Jet engine 
PeanitHH. Reaction 
Pefipo. Edge 
PerpeccHH. Regression 
PeryjiHiiaH ocofieHHOCTb. Regular singularity 
PeryjiHpnaH (JiyHKitHH. Regular function 
PeryjinpHoe pemeHHe. Regular solution 
PeryjiHpyiomHH cTepweHb. Control rod 
Pokhm. Mode 

Pe3ep<t>opA. Rutherford 
Pe3HHOBoe cocroHHHe. Rubbery state 
Pe3Ka« cepHH. Sharp series 
Pe3onaHCHaH nacroTa. Resonant frequency 
Pe30HaHcnaH uacTOTa KpHcranna. Resonance fre¬ 

quency of crystal 
Pe30H3HCHaH 3HeprHH. Resonance energy 
Pe3onaHCHbin HinerpaA. Resonance integral 
Pe3yjibTaHT. Resultant 
PeKynepaitHH Tenjia. Heat regeneration 
PenyppenTHaH (JiopMyjia. Recursion formula 
PejiaKcamioHHoe noBeAeHHe. Relaxation behavior 
PejiaKcaitHOHHbie hbachhh. Relaxation phenomena 
PeAaKcauHH. Relaxation 
PeAHTUBHCTCKan ruApoAHnaMhHa. Relativistic hydro¬ 

dynamics 
PeAHTHBHCTCKHH HHBapHaHT. Relativistic invariant 

PejiHTHBHCTCKaa HHBapHaHTHOCTb. Relativistic in¬ 
variance 

PejiHTHBHCTCKan npeueccuH. Relativity precession 
PeJiHTHBHCTCKaH TeopHH. Relativistic theory 
PeHTreHOBCKHH cneKTp. X-ray spectrum 
Penep. Fixed point, reference point 
PetfjjieKCHoe OTpanceHHe. Reflex reflection 
PecfipaKTHBHaH AHcnepcHBHocTb. Refractive disper- 

sivity 
PeuHpKyjuimiH. Recirculation 
PemeTKa. Lattice, frame, framework 
PemeTnaTaH MOAejib. Lattice model 
PnAfiepra nocTOHimaa. Rydberg constant 
PHKKaTH ypaBHeHHe. Riccati equation 
Phm3H3 noBepxHOCTb. Riemann surface 
PiiTita tjjopiviyna. Ritz formula 
PiinapACOHa-JfyujMaHa ypaBHeHHe. Richardson-Dush- 

man equation 
PunapACOHa KpHTepHH. Richardson number 
Phhh TO>KAecTBO. Ricci identity 
PoApnra (JjopMyjia. Rodrigues formula 
Po3eTKa. Rosette 
Pojijih Teopeiwa. Rolle theorem 
PoMbosApaJibHaH CHCTeMa. Rhombohedral system 
Pocc6h hhcjio. Rossby number 
PoTaTop. Rotator 
P oTaqHOHHbie npaBHJia cyMMHpoBaHHH. Rotational 

sum rules 
PoTaitHOHHbiH cneKTp. Rotational spectrum 
PoTop. Rotor, curl 
PyHre-Kyrra mctoa. Runge-Kutta method 
Pynop. Horn 
PaHHOJiAca KpHTepHH. Reynolds number 
PaneeBa noBepxHocTHan Bojma. Rayleigh surface 

waves 
P3AeH-JJ,H<HHca ypaBHeHHe. Rayleigh-Jeans equation 
Pajien ahck. Rayleigh disk 
Pha- Series 

CafinHa. Sabin 
CabHHa 3aKOH. Sabin law 
CarHTTa. Sagitta 
CarnTTaAbHaa nnocKocTb. Sagittal plane 
CarHTTajibHbin (})OKyc. Sagittal focus 
CaKypa-TeTpoAa ypaBHeHHe. Sackur-Tetrode equa¬ 

tion 
CaMocorjiacoBaHHoe none. Self-consistent field 
Caxa (JjopMyna. Saha formula 
CBepTHBaHHe. Convolution 
CBepTKa. Convolution 
CBepx3B0K0B0H. Supersonic, hypersonic 
CBepx3ByKOBoe TeneHHe. Hypersonic flow 
CBepx3ByKOBOH 33koh noao6na. Hypersonic simi¬ 

larity law 
CBepxMyjibTHnjieT. Supermultiplet 
CBepxnpoBOAHMocTb. Superconductivity 
CBepxnpoBOAHutHH nepexoA- Superconducting transi¬ 

tion 
CBepxpemeTKa Superlattice 
CBepxconpn>KeHHe. Hyperconjugation 
CBepxTOHKan CTpyKTypa. Hyperfine structure 
CBeTonan oTpawaTeAbHan cnocoBHOCTb. Luminous 

reflectance 
CBeTOBoe H3AyneHHe. Luminous emittance 
Cbctoboh BbixoA- Luminous efficiency 
Cbctoboh noTOK. Luminous flux 
CBeHHOCTb. Candle power 
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CboGoaho onepTan Ganna. Simple beam 
CBoSojiHoe none. Free field 
CBo6oAHoe TeneHne Monenyn Free flow of molecules 
CBofioAHbie KonefiaHHH. Free or natural oscillations 
CboGoahmc KOJieoaHiiH He3aTyxaiomefi CHcreMbi. Free 

vibrations of undamped system 
CboGoahmc jihhhh ofiTeKaHHH. Free streamlines 
CboGoahmh BeKTop. Free vector 
CboGoahmh hhackc. Free index 
CBoncTBa cuMMeTpHH. Symmetry properties 
CBH3aHHbin rpa<$>HK. Connected graph 
CBH3H0crb rpacfiHKa. Graph connectivity 
CBH3b. Coupling 
Crna>KHBaHHe. Smoothing 
CrycTOK. Cluster 
CflBnr. Shear 
Cash™ ypoBHen. Level displacements 
CeMencTBo. Family 
Ce.vieficTBo noBepxHocren. Family of surfaces 
Cepfiepa-BmibcoHa mctoa. Serber-Wilson method 
CeTb. Network, net, circuit 
CnoToe ceneHne. Vena contracta 
C>KHMaeMOCTb. Compressibility 
C>KaTne. Compression 
CnrfiaHa X-eAHHHna. Siegbahn x-unit 
CnrayM. Signum 
Cnna. Force 
Cnna Ha norpynteHHOH noBepxHocTH. Force on a sub¬ 

merged surface 
Cnna Ha npoBOAHHK. Force on conductor 
Cnna ocnujuiHTopa. Oscillator strength 
Cnna cnenneHHH. Force of cohesion 
CnnoBoe none. Field of force 
Chaoboh nojmroH. Force polygon 
Chaoboh TpeyrojibHHK. Triangle of forces 
Chum HHepunn. Inertia forces 
Cmibi Me>KAy MHortiMH TejiaMH. Many-body forces 
Cnjibi nepeceKaiomne b oahoh TOHKe. Concurrent 

forces 
CwAbHaa ocofiaH Tonna. Essential singularity 
Chmboa nepecraHOBkH. Permutation symbol 
Chmboam MoneKyAHpHbix Tep.woB. Molecular term 

symbols 
CnMMeTpHHHan boahob3h (jjyHKttHH. Symmetric wave 

function 
CnMMeTpHHHaH cJjyHKUHH. Symmetric function 
CHMMeTpHHHo-noBopoTHaa ocb. Rotation-inversion 

axis 
CHMMeTpuHHbiH TeH3op. Symmetric tensor 
CHMMeTpHH npHCTajuia. Crystal symmetry 
CnMncoHa 4)opMyna. Simpson’s rule 
CnHTeTHHecKoe hapo. Synthetic kernel 
CHHycoHAajibHan npenenbuaH TeopeMa. Sinusoidal 

limit theorem 
CHCTeiwa eAHHHit. System of units 
CncTeMa oGpaTHbix BeKTopoB. Reciprocal vector 

system 
CiicTeMa oTcweTa. Frame of reference 
CucreMa perynHpoBaHHH. Control system 
CncTeMa ypaBneHHH. Simultaneous equations 
CHcreMa neHTpa HHepunn. Center-of-mass system 
CncTeMaTHnecKaH npo6a. Systematic sample 
Cnajiap. Scalar 
CwajinpHaH KpnBH3Ha. Scalar curvature 
CKaunpuan nnoTHocTb. Scalar density 
CnaAnpHoe none. Scalar field 
CnajiapHoe npoH3BeAeHHe. Inner product, scalar 

product 

CnnaAKa. Wrinkling 
CKOJibHceHHe. Slip 
CnopocTb. Velocity 
CnopocTb aKTHBaunH. Activation rate 
CnopocTb BbixoAa. Escape velocity 
CnopocTb AHf{)4)y3HH. Diffusion velocity 
CnopocTb 3aTyxaHiiH 3Byna. Rate of decay of sound 
CrcopocTb pei<oiw6HHauHH. Recombination rate 
CnopocTb nacTHitbi. Particle velocity 
CrcopocTb xHMHHecKon peaKitnn. Chemical reaction 

rate 
CnocHocTb. Skewness 
CnpyunBaHiie. Twisting, torsional buckling 
CupbiTan KoopAHHaTa. Hidden coordinate 
CjiaraHne BeKTopoB. Composition of vectors 

CneA- Trace, wake 
CjiHHHne. Confluence 
Caobo. Word 
CjionceHHe cun. Composition of forces 
CAOHceHne TeH3opoB. Addition of tensors 
CAo>KHaH BepoHTHocTb. Compound probability 
CAoncHaa 4>epMa. Complex truss 
CAo>KHoe HanpHH<eHHe. Combined stress 
CAynaiiHaH nepeMeHHaa. Random variable 
Civtecb HAeaAbHbix ra30B. Perfect-gas mixture 

CMemaHaH Harpy3na. Combined loading 
CiweuiaHaH xapaKTepHCTimecKaH cjjyHKmiH. Mixed 

characteristic function 

CMeiuaHoe npon3BeAeHne Tpex BeKTopoB. Triple 
product of vectors 

CMeniHBaHHe. Confounding 

CMemeHHe. Translation, displacement 
CHeAAHyca 3anoH. Snell’s law 

CoScTBeHHaH Apofib. Proper fraction 
CoGcTBeHHaH npoH3BOAH3H TeH3opHoro noAH. Intrin¬ 

sic derivative of tensor field 
CoGcTBeHHaH (jjyHKUHH. Eigenfunction 
CoGcTBeHHaH 3HeprHH. Self energy 
Co6cTBeHHoe 3HaueHHe. Eigenvalue 
CoGcTBeHHoe npeo6pa30BaHHe. Proper transformation 
CoGcTBeHHoe coctoahhc. Eigenstate 
CoGcTBeHHoe ypaBHeHne TeH3opa. Eigenvalue equa¬ 

tion of tensor 
CoGcTBeHHbie 3HaneHHH. Eigenvalues 
Co6cTBeHHbie cbohctb3 noBepxHocTH. Intrinsic pro¬ 

perties of a surface 

CoGcTBeHHbiH BeKTop. Eigenvector 

CoGcTBeHHbiu Bee. Dead load 

CoGcrBeHHbiH nepnoA. Natural period 
CoBepmeHHO nnacruHecKHH. Perfectly plastic 

CoBepmeHHoe pememie. Perfect solution 

CoeAHHeHHbiH. Connected 

ConpameHHe. Contraction 
CooTBeTCTBeHHbie coctohhhh. Corresponding states 
CooTHomeHHH KpHCTaAAorpa(J)HHecKHx ocefi. Crystal¬ 

lographic axial ratios 
ConAO. Nozzle 
ConpuKacaioman nAocKocTb. Osculating plane 
ConpoTHBAeHHe. Resistance, impedance, drag 
ConpoTHBAeHne BToporo poua. Rolling resistance 
ConpoTHBAeHHe whakocth. Fluid resistance 

ConpoTHBAeHHe H3AyneHHio. Radiation resistance 
ConpoTHBAeHHe k noBepxHocTHOMy nepeHOcy. Sur¬ 

face transfer impedance 

ConpoTHBAeHHe chothio. Bulk modulus 

ConpHH<eHHe abohhoh cbh3h. Conjugation of double 
bonds 
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ConpH>KeHHaH bojihob3h cJjyHKUHH. Adjoint wave 
function 

ConpH/KeHnan MaTpnua. Adjoint of a matrix 
ConpHwteHHaH cHCTCMa kphbhx. Conjugate system of 

curves 
ConpHHteHHan TOHKa. Conjugate point 
ConpHHteHHoe ypaBHeHne. Adjoint equation 
ConpH>neHHbie nanpaBneHHH. Conjugate directions 
ConpH>KeHHbie tohkh onTHnecKoii cHcreMbi. Conju¬ 

gates in an optical system 
ConpH>KeHHbie xn.\umecKHe peaKitnu. Coupled chemi¬ 

cal reactions 
ConpH/KeHHbie HHcna. Conjugate numbers 
ConpHH<eHHbie aneMeHTbi rpynnbi. Conjugate ele¬ 

ments of a group 
ConpH>H-eHHbie napa. Conjugate nuclei 
ConpH/KeHHbiii onepaTop. Adjoint of an operator 
ConpH/KeHHbiit noTOK. Adjoint flux 
Copenh Teope.Ma. Saurel’s theorem 
CopT. Grade 
CocraB roptoneH c.MecH. Air-fuel ratio 
CocTaB.iHiomaH BeKTopa. Component of a vector 
CocTaBnaa Ganna. Composite beam 
CocraBHOH MaHTHHK. Compound pendulum 
Co6cTBeHHbie ypaBHeHHH kphboh. Intrinsic equations 

of curve 
CocraBHaH 4>epMa. Compound truss 
Coctohhhc c OTpHLtaTejibHOH 3HeprHeM. Negative 

energy state 
CoxpaHeHHe HMnvabca. Conservation of momentum 
CoxpaHeHHe Maccbi. Conservation of mass 
CoxpaHeHHe MOMeHTa KoaHHecrBa jBH>KeHHH. Con¬ 

servation of angular momentum 
CoxpaHeHHe 3HeprHH. Conservation of energy 
Cneicrp. Spectrum 
CneKTp aeneHHH. Fission spectrum 
CneKTp moiixhocth. Power spectrum 
CneKTp HeitTpoHOB. Spectrum, neutron 
Cneicrp rypSyneHTHOcTH. Spectrum of turbulence 
CneKTpa.ibHaH KOHiieHTpaitHH. Spectral concentration 
CneKTp a_ibHaH nyqencnycKaeMocn.. Spectral emis- 

sivity 
CneKTpajibHaH Hop.via. Spectral norm 
CneKTpanbHaH OTpaHOTeabHan cnocooHOCTb. Spectral 

reflectance 
CneKTpa-ibHan nor-iomaroiitaa cnocooHocrb. Spectral 

absorptance 
Cnetcrpa_ibHaH npo3paHHocrb. Spectral transmittance 
Cnetcrpa-ibHan (JnnKitHH. Spectral function 
CneKTpanbHaH xapaKTepncTHKa. Spectral characteris¬ 

tic 
CneKTpa-tbHaH HpKocrb. Spectral luminance 
CneKTpa-ibHoe pacnpeaeneHHe. Spectral distribution 
CneKTpa-tbHbiH paanyc. Spectral radius 
CneicrpocKonHHecKHH TepM. Spectroscopic term 
Cneuna-ibHaH oTHOCHTe.ibHocrb. Special relativity 
Cneuna-ibnan cJjvhkuhh. Special function 
CneitHa.TbHbiH no.tHHOM. Special polynomial 
Qihh. Spin 
CnHH 3.ieKTpoHa. Electron spin 
CnHH napa. Nuclear spin 
CnHHOBHe onepaTopbi. Spin operators 
CnHHOBoii napa>iarHeTH3M. Spin paramagnetism 
CnHHopHoe HCMHcneHHe. Spinor calculus 
CnHpanb. Helix 
Cnupa-ibHOCTb. Helicity 
CnjnouteHHbiH. Oblate 
CnnjomeHHbiH aJ>epoHa. Oblate spheroid 

CnyTHaH crpyH. Wake 

Cpe/tHHH cBoGoaHan .'ihhhh nepeHoca. Transport mean 
free path 

CpeaHHH cKopocTb. Average velocity 
CpeaHee apHcJjMCTHHecKoe. Arithmetic mean 
CpeaHee bpcmh >kh3hh. Mean lifetime 
CpeaHee reoMeTpunecKoe. Geometric mean 
CpeaHee 3HaneHHe. Mean value 
CpeaHee oTtcioHeHHe. Mean deviation 
Cpeanee ceoGoanoe BpeMH. Mean free time 
CpeaHeKBaapaTHHHoe. Root-mean-square 
CpeaHHH. Average, median 
CpejHHH cBoboaHbiH npoGer (JjoHOHa. Phonon mean 

free path 
CpeaHHH ropH30HTa:ibHaH HHTeHcuBHocrb. Mean hori¬ 

zontal intensity 
CpeaHHH HopManbuaa KpHBH3Ha. Mean normal cur¬ 

vature, 
CpeaHHH pa3Hocrb. Mean difference 
CpeaHHH o-'iHHa cBoboaHoro npooera. Mean free 

path 
CpeaHHH c4>epHuecKaH HHTeHCHBHoerb. Mean spheri¬ 

cal intensity 
CpeaHHH Te.MnepaTypa Maccbi. Bulk temperature 
CpeaHHH TOHKa. Midpoint 
CpoacTBo c aaeKTpoHOM. Electron affinity 
CTa6H.iH3attHH ancnepcHH. Stabilization of variance 
CraHaapTHan Mepa. Standard measure 
CraHaapTHaH otuHOKa. Standard error 
GraHaapTHoe OTKaoHeHHe. Standard deviation 
CraHaapraoe nepeao.MaeHHe. Standard refraction 
CTaTHKa. Statics 
OraTHCTHKa. Statistic 
CTaTHCTHHecKHH KOHTpoab KanecTBa. Statistical 

quality control 
CTaTHCTHHecKaa rHnoTe3a. Statistical hypothesis 
CTaTHCTHMecKaa MexarotKa. Statistical mechanics 
CraTHCTHHecKH pa3pemeHHbiH. Statistically admissible 
CTaTHCTHHecKHH Bee. Statistical weight 
CraTHHecKaa ycTOHHHBOcTb. Static stability 
CTaTHHecKHH Mo.vieHT. Static moment 
CTaTHHecKoe aaBaeHHe. Static pressure 
CrattHOHapHaH Bo.iHa. Stationary wave 
CraiiHOHapHaH 3ByK0Ban BOJiHa. Stationary sound 

wave 
CTattHOHapHoe KoneoaHHe. Steady-state oscillation 
CraitHOHapHoe coctohhhc. Stationary state 
CTeK.*iooopa3Hoe coctohhhc. Glassy state 
CTeneHHbift pna. Power series 
CTenenb MaTpnubi. Degree of a matrix 
CTeneHb noBepxHOCTH. Power of a surface 
CTeneHb npojBHHteHHH. Degree of advancement 
CTeneHb peaKttHH. Extent of reaction 
CTeneHb CBooo.tbi. Degree of freedom 
CrepaanaH. Steradian 
CTepeorpa^iHHecKaH npoeKiniH. Stereographic projec¬ 

tion 
CrepeocneKTporpaMMa. Stereospectrogram 
CTepeotJwHHHecKHH 4>a30B0H 3(})<t)eKT. Binaural phase 

effect 
CTetJjana-Bo.TbavtaHa 33Koh. Stefan-Boltzmann law 
CTexHOMeTpHHecKHH. Stoichometric 
CTHr.waTHHHbiH. Stimgatic 
Cth.t6. Stilb 
CnciTbeca HHTerpaa. Stieltjes integral 
Cthp.THHra HHTepno.iHttHOHHaH (Jjop.viyjia. Stirling 

interpolation formula 
CroHKa. Strut, column 
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CTOKca TeopeMa. Stokes theorem 
Ctoji6. Column 
GroxacTHHecKHH. Stochastic 
CTOxacTHMecKHH npouecc. Stochastic process 
CronnaH BOJiHa. Standing wave, stationary wave 
OrpoeHHe Hjtpa. Nuclear structure 
CrpyKTypa. Structure, frame, framework 
GrpyKTypHbiH 4>aKTop. Structure factor 
CTpyKTypbi 6eH30Jia. Structures of benzene 
CTy^eHTa pacnpe/teJieHne. Student’s distribution 
CybrapMOHHKa. Subharmonic 
CyMMa KOJieGaTeubHbix coctohhhh. Vibrational parti¬ 

tion function 
CyMMa coctohhhh. Partition function 
CyMMa TeH3opoB. Sum of tensors 
CyMMa pn/ta. Summation of series 
CyMMapHbiH K03f})(J)Hi;HeHT nojie3Horo achctbhh. Joint 

efficiency 
Cyxofi nap. Dry vapor 
CcJjepa KpHBH3Hbi. Sphere of curvature 
CfjDepHMecKan a6eppaitHH. Spherical aberration 
C^epnnecKaH BOJiHa. Spherical wave 
C^epunecKaH HH/tHKaTpHcca. Spherical indicatrix 
CtJjepHnecKaH KpnBH3Ha. Spherical curvature 
C(j)epHnecKaH TpnroHOMeTpHH. Spherical trigono¬ 

metry 
CcJjepunecKiie rapMOHHKH. Spherical harmonics 
CtjjepHHecKne nojinpHbie Koop/tHHaTbi. Spherical 

polar coordinates 
CcJ)epHHecKMH BHxpb. Spherical vortex 
Cc})epnMecKHH MaaTHHK. Spherical pendulum 
Cc})epHHecKoe H3o6pa>KeHHe. Spherical representation 
CcJ)epoHflajibHbie Koop/tnuaTbi. Spheroidal coor¬ 

dinates 
CcJ^epoMCTp. Spherometer 
CxeMa. Circuit, scheme, diagram 
CxeMa ypoBHeft .aHepran. Energy level diagram 
Cxo^HMocTb. Convergence 
CxoxtHiijaHCH BOJiHa. Converging wave 
CneTHbiH. Countable, enumerable 
CbipocTb. Humidity 

TaMMa-JJanKOBa mctoa. Tamm-Dancoff method 
TanreHc yrua noTepb. Loss tangent 
TanreHttHajibHaH nnocKocTb. Tangential plane 
TaHrenuHajibHaH cnjia. Tangential force 
TaHreHuwajibHbiH (Jjonyc. Tangential focus 
T BcpxtocTb. Hardness 
TeBenHHa TeopcMa. Thevenin’s theorem 
TeMnepaTypa. Temperature 
TeMnepaTypa Bbipo>i<jteHHH. Degeneracy temperature 
TeMnepaTypa 3aTopMOH<CHnoro cjioh. Stagnation tem¬ 

perature 
TeMnepaTypa hhbcpchh. Inversion temperature 
TeMnepaTypa HeiiTpoHOB. Neutron temperature 
TeMnepaTypa no KHueTHnecKOH TcopHH. Kinetic 

theory temperature 
TeH/teHUHH SapoMeTpHMCcKoro /taBjienHH. Tendency 

of barometric pressure 
TcH3op ]<pnBH3Hbi. Curvature tensor 
Teii3op aneprHH h HMnyjibca. Energy-momentum 

tensor 
TeH3op a.ieKTpoMarHHTHoro nojiH. Electromagnetic 

field tensor 
TeH3opHan n.TOTHOCTb. Tensor density 
TeH3opHaH npoH3BoaHan. Tensor derivative 
TeH3opHoe none. Tensor field 

TeH3opHbifi aHa.iH3. Tensor analysis 
TeopeMa B3anMHocTH. Reciprocity theorem 
TeopeMa BbmecTOB. Residue theorem 
TeopeMa nuccunauHOHUoro KOJicfiaHHH. Fluctuation- 

dissipation theorem 
TeopeMa HHAynitHH. Induction theorem 
TeopeMa MHHHMyMa noTeHitnajibHOH 3Hepi*HH. Theorem 

of minimum potential energy 
TeopeMa HaHMeHbiueft pafioTbi. Least work, theorem 

of 
TeopeMa HanoHceHHH. Superposition theorem 
TeopeMa o cpejtHeM. Mean value theorem 
TeopeMa nepneHAHKyjinpHOH och. Perpendicular axis 

theorem 
TeopeMa conocraBJieHHH /yin cxoahmocth. Compari¬ 

son theorem for convergence 
TeopeMa craTHCTHnecKoro Beca. Statistical weight 

theorem 
TeopeMa 3KBHBajieHTHoro reHepaTopa. Thevenin’s 

theorem 
TeopeMa 3KBHBajieHTHOCTH. Equivalence theorem 
TeopHH aficoJiioTHOH cnopocTH peaKLtHH. Absolute 

reaction rate theory 
Teopitn aapojtHHaMimecKiix npocJwjieH. Airfoil theory 
Teopiia 6eTa-pacnaaa. Theory of beta decay 
TeopHH B03MymeHHH. Perturbation theory 
TeopHH flbipoK. Hole theory 
TeopHH Hrp. Games theory 
TeopHH OTKJiOHeHHH. Deflection theory 
TeopHH oueHOK. Theory of estimation 
TeopHH nnaHeTapHbix opfiHT. Planetary orbit theory 
TeopHH njiacTHHecKoro TeneHHH. Flow theory of 

plasticity 
Teopna no3HTpoHa. Positron theory 
TeopHH noun. Field theory 
Teopiin paBHOBecHH. Equilibrium theory 
TeopHH pacnpejteneHHH. Distribution theory 
Teopun coynapeHHH. Collision theory 
Tenjio pa36aBJieHHH h pa3BefleHHH. Heat of dilution 
TemioBaH e/tHHHLta. Thermal unit 
TennoBan ycTOHHHBocTb. Thermal stability 
TenjioBoe flBHweHHe. Thermal agitation 
TennoBoe H3JiynenHe. Thermal radiation 
TennoBoe paBHOBcenc. Thermal equilibrium 
TennoBoe pacuinpeHiic. Thermal expansion 
TennoBoe ypaBHCHiie coctohhhh. Caloric equation of 

state 
TenjioBon Koacji^iHuneHT. Thermal coefficient 
TcnjioBOH K.n.A. Thermal efficiency 
TcnnoBOH noTemtuaji. Thermal potential 
TenjioBon y/tap. Thermal shock 
TennoeMKocTb. Specific heat 
Tenjionpo3Ha'iHaH CTena. Diathermal wall 
Ten.nonpoH3BOAHTeJibiiocTb. Calorific value 
TcpM aneprcTHMCCKoro coctohhhh. Energy-state term 
TepMnnecKHH CKanoK. Thermal shock 
TcpMO/tHHaMHKa ncofipaTHMbix npotteccoB. Thermo¬ 

dynamics of irreversible processes 
TcpMo/tHnaMH'iecioH cHCTeMa. Thermodynamic sys¬ 

tem 
TepMOAHnaMnnecKaH cTaTiicTHKa. Thermostatistics 
TcpMoflHnaMH'iecHaH ycTOHHHBocTb. Thermodynamic 

stability 
TepMOAHHaMHHecKan (J>yHKHHH. Thermodynamic 

function 
TepMOMaruHTHbiH 3({x{)eKT. Thermomagnetic effect 

TepMOAHHaMH'iecKoe paBHOBecne. Thermodynamic 
equilibrium 
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TepMOAHHaMimecKoe cbohctbo, Thermodynamic 
property 

TepMOMoaeKyjiapHoe aaB.iemte. Thermomolecular 
pressure 

TepMocraTiiKa. Thermostatics 
TepMoaneHTpimecKan MOutHOCTb. Thermoelectric 

power 
TeTparoHa.ii.HaH cHcreMa. Tetragonal system 
To.ihok. Impact, jar 
To.wcoHa pacceHHiie. Thomson scattering 
ToHKan CTpyKTypa. Fine structure 
ToHKoe Te.io. Slender body 
Tono.iornMecKaH rpynna. Topological group 
Tono-iornnecKiifi rpactiiiK. Topological graph 
Tono.ionmecKoe npocrpaHCTBo. Topological space 
Tono.iomH. Topology- 
Top. Torus, annulus 
TopMomemte. Drag, braking 
TopM03Han MOutHOCTb. Brake horsepower 
Top.M03HaH cnocooHOCTb. Stopping power 
TopoHja.ibHbie KoopmmaTbi. Toroidal coordinates 
ToneiHan rpynna. Point group 
ToweMHbift hctohhhk. Point source 
Tonna BeTB.ieHHH. Branch point 
ToHKa KuneHHH. Boiling point 
ToHKa napa. Steam point 
Tonna neperttoa. Inflection point 
ToHHocTb. Accuracy, precision 
TonHbiii. Exact, accurate 
TpaeKTopitH. Trajectory 
TpaeKTopitH HanpamemtH. Stress trajectory 
TpaHC-iHitnoHHaH rpynna. Translation group 
TpaHciHUHH. Translation 
TpaHcnoHupoBaHiie. Transposition 
TpaHcnoHitpoBaHHan .waTpttua. Transpose of a matrix 
TpaHcneH.ieHTHbin. Transcendental 
Tpemte oouihokh. Skin friction 
TpeyTo.ibHan waTpmta. Triangular matrix 
Tpeyro.tbHHK ubctob. Color triangle 
TpeyTo.ibHoe Kpbi.io. Delta wing 
T pHroHOMeTpnnecKaH HHTepnojiHUHH. Trigono¬ 

metric interpolation 
TpHroHowerpHHecKaH 4>yhkiuih. Trigonometric func¬ 

tion 
TpuroHOMeTpitH. Trigonometry 
TpHK-iHHHaH citcre.Ma. Triclinic system 
TpHxpo.waTHMecKaH cucreMa. Trichromatic system 
TpHxpo.waTHHecKHe enmumbi. Trichromatic units 
Tpotman cucreMa. Ternary system 
Tpotman Tonna. Triple point 
Tpy6a. Tube 
Typfiy.ieHTHan KOHBeKituH. Turbulence convection 
Typoy.ieHTHoe Tenemie. Turbulent flow 
Typoy.ieHTHocn.. Turbulence 
Typ6y.ieHTbift norpammubiii cjioft. Turbulent boun¬ 

dary layer 
T3H.iopa pnj. Taylor series 
TnrywecTb. Ductility 

^ Be.umeHJie. Magnification, gain, enlargement 
YBe.iHmrre.ibnaH CH.ia. Magnifying power 
VB-ienaHHe. Entrainment 
^'r.ioBan Kope-t-inium. Angular correlation 
Vr.ioBaH nepe.weHHan. Angle variable 
YrnoBaa cKopocTb. Angular velocity 
Vr.ioBaH xapaKTepucTHwecKaH 4>vhkiihh. Angle 

characteristic function 

^'r.ioBoe pacnpeae.ieHiie. Angular distribution 
YrnoBoe CMememie. Angular displacement 
Vr.ioBoe yBeJiHHeHHe. Angular magnification 
Vr.ioBoe vcKopeHite. Angular acceleration 
Vr.iOBon it.Mnyjibc. Angular impulse 
VrjioBofi noTOK HeirrpoHOB. Angular neutron flux 
Vr.ibi KpiicTan.ia. Crystal angles 
Vron aoeppamm. Aberration angle 
yro.i .attcjxJtpaKmm. Angle of diffraction 
yro.i ecrecTBeHHoro OTKoca. Angle of repose 
Vrou OTKJiOHeHUH. Angle of deviation 
Vroji oTpamemin. Angle of reflection 
Vro.n naaemin. Angle of incidence 
Vron nepe.io.M.ieniiH. Angle of refraction 
Yro.i npoeKUHit. Projection angle 

Yro.i pacceHHiiH. Scattering angle 
Yro.i pacTBopa. Aperture angle 
Yro.i cbh3h. Bond angle 
Vrojib cKoribHceHHH. Glancing angle 
Vroji cxoaHMOCTH. Angle of convergence 

Yro.i TpeHHH. Angle of friction 
Yro.i (J)a3bi. Phase angle 
Yro.'i afficjjeKTa Xojuia. Hall angle 
Yaap. Impact, shock 
YjapHan BOJrna. Shock wave 

VaapHan BH3KOCTb. Resilience 
VaapHoe pacumpeHiie. Shock expansion 

YaapHbiH nportto. Impact buckling 

VaejibHan aKTiiBHOCTb. Specific activity 
VaejibHan ;mcnepcHOCTb. Specific dispersivity 
Y.ie.ibHan 3aTvxaiotitaH cnocooHOCTb. Specific damp¬ 

ing capacity 
V;te.ibHaH npo3paHHocrb. Transmittivity 
Yae.ibHan TenjionpoBOAHOCTb. Thermal conductivity 
V.'te.'ibHoe BpameHne. Specific rotation 
YaejibHoe nepe.io.M.iemte. Specific refraction 
Y.ie.ibHbiii aKycTHHecKHH ttMneflaHC. Specific acous¬ 

tical impedance 
yaejibHbm pacxo.i Tenia. Specific heat consumption 
y.tJiHHCHHe. Elongation or extension 
Y3JioBan Tonna. Nodal point 
Vkjioh. Grade 

yKJioHemie. Error, deviation 

yMeHMiieHtte nnontaan. Reduction in area 
YwHomemte bcktopob. Vector multiplication 
Y.MHOKemte Ten3opoB. Multiplication of tensors 
yMOBa-IIoftHTHHra BeKTop. Poynting vector 
VuHnepca.ibHoe BaaitMo.ieiicTBue. Universal inter¬ 

action 
ymiTapHbttt onepaTop. Unitary operator 

yHoctiMoe Ten.no. Heat carried away 

>'naKOBOMHbin MHOHtHTejib. Packing fraction 
ynopHaoneHtte. Order-disorder transformation 
Ynpyran noma. Elastic waves 
ynpyrtie KoatJxjjtimteHTbi. Elastic coefficients 

ynpyrne nocroHHHbic. Elastic constants 

Ynpyroe ocHOBaHiie. Elastic foundation 
ynpyroe nocieieiicrBite. Elastic after effect 
Ynpyroe CTO.iKHOBemte. Impact, elastic 
Ynpyrocrb napa. Vapor pressure 
ypaBHemte. Equation 

YpaBHemte B03pacTa. Age equation 
ypaBHeHtte HenpepbiBHOCTH. Equation of continuity 
ypaBHemte nepeHOca. Transport equation 
YpaBHemte cocTaB.imoimix BeTpa. Wind equation 
ypaBHemte coctohhhh. Equation of state 
ypaBHeHtte Ten.ioeMKOcrtt. Heat capacity equation 
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YpaBHeHHe SHeprau ujih norpaHHHHoro cjioh. Energy 

equation for boundary layer 

YpaBHeHHe 3HeprHH ;yiH ycTOHMHBoro aanaGaraMHoro 

noTona. Energy equation for steady adiabatic flow 

YpaBHeHHH ABH>neHHH. Equations of motion 

YpaBHeHHH flBHweHHH hchukocth. Equations of 

fluid motion 

YpaBHeHHH J,HocJ)aHTa. Diophantine equations 

YpaBHeHHH MaTeMaTHMecKOH <J>h3hkh. Equations of 

mathematical physics 

YpaBHeHHH cHcreMbi. System equations 

YpaBHeHHH CKopocTH KpHCTajuiH3auHH. Crystalliza¬ 

tion rate equations 

YpaBHeHHH yrnoBOH uecJiopMauHH. Slope-deflection 

equations 
YpaBHOBemaioutHH. Equilibrant 
YpaBHOBeuiHBaHHe. Balance 
YpoBenb rpoMKOCTH. Loudness level 
YpoBeHb ^aBJieHHH 3ByKa. Sound pressure level 
YpoBenb aasjieHHH 3ByKOBOH nojiocbi. Sound band 

pressure level 
YpoBeHb 3ByKa. Sound level 
YpoBeHb 3HaHHMOCTH. Significance level 
YpoBeHb HHTeHCHBHOCTH 3ByT<a. Sound intensity level 
YpoBeHb HCTOHHHKa. Source level 
YpoBeHb CHrHana. Signal level 
YpoBeHb my .via. Noise level 
YceKaHHe. Truncation 
YcHHeHHe npH npeo6pa30BaHHH. Conversion gain 
YcHJieHHe. Gain 
YcHJiHTejib. Amplifier 
YcKopeHHe. Acceleration 
YcKopeHHe CHJtbi THroTeHHH. Acceleration of gravity 
YcjioBHe Bbixoaa. Yield condition 
YcnoBHan cxoaHMocTb. Conditional convergence 
YcnoBHe XHMHHecKoro paBHOBecHH. Chemical 

stability condition 
YcnoKoeHHe. Damping 
YcTanocTb. Fatigue 
YcTOHHHBOCTb. Stability 
YcTOHHHBocTb jiHMHHapHoro noTOKa. Stability of 

laminar flow 
YcroHHHBOCTb caMOJieTa. Airplane stability 
YcTOHHHBocTb <})a3. Stability of phases 
YcTpaHeHHe. Elimination 

Oa3a. Phase 
Oa3a BOJiHbi. Phase of a wave 
Oa3a pacceHHHH. Scattering phase shift 
<t>a30BaH CKopocTb. Phase velocity 
<t>a30Boe npocrpaHCTBO. Phase space 
Oa3bi KpHCTajuia. Crystal phases 
OaKTop rpynna. Factor-group 
OaKTop HanonjieHHH. Build-up factor 
OaKTopHan. Factorial 
OaKTopnanbHbiH ko34>4)huhcht. Factorial coefficient 
OaKTopnajibubifi BHcnepHMenT. Factorial experiment 
Oapauefia scjxJieKT. Faraday effect 
OacoHHbie noBepxHOCTH. Figured surfaces 
OeHHMaHa MeToa. Feynman’s method 
OepMa. Truss 
OepMH. Fermi 
Ocpmhoh. Fermion 
OeppoiviarHHTHbiH pe3onaHc. Ferromagnetic reson¬ 

ance 
<t>H3HHecKHfl MaHTHHK. Physical pendulum 
Onna 33koh AH(J>4)y3HH. Fick’s law of diffusion 

<t>HJibTp. Filter 
Oorra Moaejib. Voigt model 
OoKajibHan n.'iocKocTb. Focal plane 
<t>0Ka.ibHbie jihhhh. Focal lines 
OonajibHbie tohkh. Focal points 
OoKycHoe paccTOHHHe. Focal length 
Ooh. Background 
<J>ohoh. Phonon 
Oop.via. Form 
Oop.viaT H3o6pa>KeHHH. Aspect ratio 
OopMyjia GapoMeTpa. Barometer formula 
OopMyaa rayccoBOH npHBH3Hbi. Gaussian curva¬ 

ture formula 
OopMyjia Macc. Mass formula 
Oop.Myjia neTbipex MHO>KHTejieH. Four-factor formula 
OopMcJiaKTop. Shape factor, form factor 
OoToajieKTpHHecKaH nocTOHHHan. Photoelectric con¬ 

stant 
OoToajieKTpoHHaH paGoTa Bbixoaa. Photoelectric 

work function 
OoT03JieKTpHnecKaH HycrBHTejibHOCTb. Photoelectric 

sensitivity 
OpearojibMa onpeaejiHTejib. Fredholm determinant 
OpaHKa-KoHaoHa npHHunn. Franck-Condon prin¬ 

ciple 
OpeHe {JjopMyabi. Frenet formulae 
OpHKijHOHHaH CKopocTb. Friction velocity 
Oporn- BOJiHbi. Wave front 
OyraTHBHocTb. Fugacity 
OyKo MaHTHHK. Foucault’s pendulum 
OyHKUHH MHHHMajibHoro caBHra (fja3. Minimum 

phase functions 
OyHKUHH pacceHHHH cBeTa. Light scattering functions 
OyHKUHOHaji Functional. 
OyHKUHOHajibHbiH, Functional 
<t>yHKUHH. Function 
<T>yHKUHH B036y>KaeHHH. Excitation function 
OyHKUHH AHccnnauHH. Dissipation function 
OyHKUHH 3aKJiioHeHHH. Decision function 
OyHKUHH omHGoK. Error function 
OyHKUHH noTepb. Loss function 
OyHKUHH pacnpeaeneHHH. Distribution function 
OyHKUHH CBeTJioTbi. Luminosity function 
OyHKUHH TenaoeMKocTH. Specific heat function 
OyHKUHH Toua. Stream function 
Oypbe npeo6pa30BaHHe. Fourier transform 
Oypbe-EeccejiH npeo6pa30BaHHe. Fourier-Bessel 

transform 
OyTocBeua. Foot-candle 

XaoTHHHocTb. Randomness 
XapaKTep cbh3h. Bond character 
XapaKTepncTHKa. Characteristic 
XapaKTepncTHKa HanpaBJieHHOCTH. Directional 

characteristic 
XapaKTepncTHKa noBepxHocru. Characteristic of sur¬ 

face 
XapaKTepHCTHHccKan (JiyHKUHH. Characteristic func¬ 

tion 
XapaKTepucTHuecKaH (JiyHKUHH rpynnbi. Characteris¬ 

tic function of a set 
XapaKTepHCTHuecKHH aKycTHuecKHH H.Yineuanc. 

Characteristic acoustical impedance 
XapaKTepHCTHHecKoe ypaBHeHHe. Characteristic equa¬ 

tion 
XapaKTepHCTHuecKoe ypaBHeHHe MaTpHUbi. Charac¬ 

teristic equation of a matrix 
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3iuiepa KpiiTimecKaH narpy3i<a KOAOHHbi. Euler buck¬ 
ling loads for columns 

Siijiepa-JIarpaHHO ypaBHCHHH. Euler-Lagrange equa¬ 
tions 

SitJiepa-MaKJiopaHa (})opMyjia. Euler-Maclaurin for¬ 
mula 

3fijiepa-PoApnra napa.weTep. Euler-Rodrigues para¬ 
meter 

SftHmTeriHa BepoHTHOCTH nepexoAa. Einstein transi¬ 
tion probabilities 

Sfipn (|)yHKUHH. Airy functions 
SitpriHra Teopnn. Eyring theory 
SimceHa MeTOA HHTepnojiHitHH. Aitken method of 

interpolation 
SKBiiBajteHTHaH AJtHHa MaHTHHKa. Pendulum, equiva¬ 

lent length of 
3KBHBajteHTHoe H3o6pa>KeHHe rpynn. Equivalent re¬ 

presentations of groups 
3KBHBajieHTH0CTb. Equivalence 
SKBHBajteHTHbie CHcreMbi chji. Equivalent force 

systems 
SKBHBa/ieHTHbie 3/ieKTpoHbi. Equivalent electrons 
SKBHnoTeHUHHJibHaH o6/iacn>. Equipotential region 
SKBHnoTeHLtHajibHan noBepxHocTb. Equipotential sur¬ 

face 
3K3ajiTauHH. Exaltation 
3K30TepAumecKaH peamtHH. Exothermic reaction 
3KpaHHpoB3HHe. Screening 
SKcnepHMeHTajibHaH npuBan pacceHHMH. Experi¬ 

mental scattering curve 
3Kcno3HUHH. Exposure 
SKcnoHeHUtiajibHoe pacnpeAejieHHe. Exponential dis¬ 

tribution 
3KcnoHeHLtnajibHbiH pynop. Exponential horn 
SKcnoHeHunajibHbiH coeAHHHTejib. Exponential con¬ 

nector 
SKCTpanojutpoBannaH rpaHimHaa TOMKa. Extrapol¬ 

ated end-point 
SncTpanojiHitHH. Extrapolation 
SneKTpHBecKan CMKocTb. Electrical capacitance 
3jieKTpHHecKaH HtecTKocTb. Elastance 
3jieHTpHneci<aH cHCTeiwa. Electrical system 
3jiei<TpHqecKaH Tcopc.Ma b33hmhocth. Electrical reci¬ 

procity theorem 
3jieKTpHHecKHe MyjibTunonH. Electric multipoles 
3jieKTpimecKHH noTcmtHan. Electric potential 
3jieKTpH>tecKnit tok. Electric current 
3jieKTpnnecKoe none. Electric field 
3.neKTpHMccKoe eMemeHHe b AH3JieKTpHKax. Electrical 

displacement in dielectrics 
3jieKTpnnecKoe coripoTMBJieHHe. Electrical resistance 
3jieKTpH<jecTBO. Electricity 
3jieKTpo/tBHH<ymaH cwjia. Electromotive force 

3jteKTpoMarHeTH3M. Electromagnetism 
3jieKTpoMantttTHaH Macca. Electromagnetic mass 
3AeKTpoMarmtTnaH nocTonmiaH. Electromagnetic 

constant 
3jieKTpoManiHTitoc n3JiyMeitne. Electromagnetic 

radiation 
3jieKTpoMarnnTnoc nanpH>Kcmic. Electromagnetic 

stress 
3neKTpoMarHHTnoc none. Electromagnetic field 
3neKTpoMarHHTHbie cAHnnitbi. Electromagnetic units 
3 jreKTpoMarii hth bi it B03f)y;iHTe:ib. Electromagnetic 

driving system 
3jieKTpoMexaHHMCCKaH TeopeMa b33hmbocth. Electri¬ 

cal-mechanical reciprocity theorem 
3.icKTpoH - bojit. Electron-volt 

3nei<TponefiTpajibHocTb. Electroneutrality 
3jiei<TpoHHaH KOH(})HrypauHH. Electron configuration 
SneKTpomiaH o6onom<a. Electron shell 
3neKTpoHHa« opfima. Electron orbit 
3;iei<TponHaH Teopun MeTannoB. Electron theory of 

metals 

3jieKTpoHHaH TennoeMKOCTb. Electronic specific heat 
SneKTpoHHbie cneKTpbi MOJieKyji. Electronic spectra 

of molecules 
SneKTpoHHbiH pannyc (KJiaccHMecKnfi). Electron 

radius (classical) 
3jieKTpoonTHueci<aH jiHH3a. Electron-optical lens 
3jieKTpocTaTnnecKnii B036yAHTejib. Electrostatic 

driving system 
SjieKTpocTaTHnecKoe none. Electrostatic field 
SneKTpoxHMimecKHU noTeHitnan. Electrochemical 

potential 
SneiweHT. Element, cell 
Sne.MeHT CMMMeTpHH. Symmetry element 
SneweHTapHan cncTCMa. Elementary system 
SneMeHT cxeiwbi. Circuit element 
SneMeHTapubin. Elementary 
3nnnnc. Ellipse 

SnnnncoHA- Ellipsoid 
SjuiuncoHA HHepnnu. Inertia ellipsoid 
3nnnncoHA momchtob. Momental ellipsoid 
SnnnncoHAHan Koop/uiHaTa. Ellipsoidal coordinate 
SnnnnTunecKaH t})yHKUHn. Elliptic function 
SnnnnTHMecKHH HHTerpan. Elliptic integral 
SnnnnTnnecKoe ypaBHeHne. Elliptic equation 
3nnnnraHecKoe ypaBHeHne b nacrabix npoH3BOAHbix. 

Elliptic partial differential equation 
3HA0TepMHMHan peaKUHH. Endothermic reaction 
SHepreTHMecKan iwoutHOCTb riorpanHMnoro cjioh. 

Energy thickness of boundary layer 
3HepreTHMecKne cooTHOineHHH b oahopoahom none. 

Energy relations in uniform force field 
3nepreTHMecKHH K.n.A- ncTOMHHKa. Radiant efficiency 
SHeprHH CBH3H. Bond energies 
SHeprHH. Energy 
3HeprnH aKTimauHH. Activation energy 
SHeprun ajTb(J)a-pacnaAa. Alpha disintegration energy 
SHeprHH aHH30Tpomin. Anisotropy energy 
SHeprHH aTOMHofi cbh3h. Atomic bond energy 
SHeprHH 6eTa-pacnaAa- Beta disintegration energy 
SHeprHH B036y>KAeHHH. Excitation energy 
SHeprHH AHccoiiHaitHH. Dissociation energy 
SHeprHH H0HH33HHH. Ionization energy 
SHeprHH Hci<a>KeHHH. Distortion energy 
SneprHH peuicTKii KpHCTa.iJta. Lattice energy of 

crystals 
SHeprHH cbh3h. Binding energy 
SHeprHH cucTCMbi n nacTHtt. Energy of n-particle 

system 
SHeprHH ctchkh. Wall energy 
SHeprHH cuenjicHHH. Energy, cohesion 
SHeprHH Typ6yjieHTHocrH. Energy of turbulence 
SiiCKora-MaKCBCAAa ypanHCHUH. Enskog-Maxwell 

equations 
SHCKora pha- Enskog’s series 
SHeprHH 3ACKTpona (K/iacciiHccKaH). Electron energy 

(classical) 
SuTajibitHH. Enthalpy 
SiiTpomiH. Entropy 
SiiTpomiH OAHoaTOMHoro raaa. Entropy of monatomic 

gas 
SproAit'iccKaH rnnoTC3a. Ergodic hypothesis 
SproAHMHocTb. Ergodicity 
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SpemJjecra coothoiuchiih. Ehrenfest’s relations 
3pMHTa ypaBneiute. Hermite equation 
3pMHT0BCKaH conproKCHHan MaTpuubi. Hermitian 

conjugate of a matrix 
3pMHT0BCKHfi onepaTop. Hermitian operator 
Severer Gbiirrpbix HeitTpoHOB. Fast effect, interaction 
3(})(})eKT o>ne. Auger effect 
3(})(})ckt iipepbiBitcTocrii. lntermittency effect 
3(})c})eKT pa3MepoB. Size effect 
3cj)(j)eKTHBHaH BbicoTa (aHTcitubi). Effective height 

(antenna) 
3c}xt)eKTHBHaH rjty6nna. Effective depth 
3cjx{)eKTHBHaH n^omajtb (aHTCHHbi). Effective area 

(antenna) 
3cj)4)eKTHBHaH CKopocTb. Effective velocity 
ScJxJjeKTHBHaH umpiiHa. Effective width 
3(j>tj)CKTHBHaH LunpnHa nonocbi. Effective band width 
3c})(J)eKTHBHoe pa3MHOH<eHne. Effective multiplication 
3(})cj)eKTHBHocTb. Effectiveness, efficiency 
3(})(j)eKTHBHbiH aTOMHbitt HOMep. Effective atomic 

number, 
SinejioH. Echelon 

Jlrcoba TeopeMa b ormiKe. Jacob’s theorem in optics 
■Hbjichhh crymemiH b ra3ax. Clustering phenomena in 

gases 
flAepHan peaKUHH. Nuclear reaction 
flAepHbie CHJibi. Nuclear forces 
■H/tepubiii MarHeTon. Nuclear magneton 
•ff/tepHbiH MarHHTHbiH pe30HaHc. Nuclear magnetic 

resonance 
.HxtepHbiit noTeHttnaa. Nuclear potential 
HAepubiii ypoBeHb. Nuclear energy level 
Jf;tpo. Kernel, nucleus 
JfApo pacceHHiiH. Scattering kernel 
.ffApo nepeHoca. Transport kernel 
Hko6h MeTOA- Jacobi method 
HKoGrtaH. Jacobian 
JfpKocTHan TeMnepaxypa. Luminance temperature 
flpKocTb. Luminance 
HneitKa. Cell 
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