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A. ISOTOIES, CIUIFTS t TA:I,ES

Arl ruclel .re .or.os-ad of z ,rfotons + li leu,rrons. Tre'. A. ! 7 t.. F, . .

: L Ln6 sr .lr
. ,' \Z -. ola.\r r!z -o. :. - r o o z . -i"j.i,,."-

to s.

-r.,1o.,c'"1r11.rNu.l -al rlch.--r. 1. :.l th,rr -"helr. sr.abte rsolar(s) :1r,.

CIIAP'IEF I

lRct5RfrEs OF I'UC,EI*

i .c'"11.., 1.e 7( )A*7 * :( )A * s-
;n1e.-- !- r.!r.se.ts in -alecirol enltt.d fr:on the ructeus.liuclel rel. |l.r.r'r poor 1. N .lr_l--r crit, c+ Dl]fi,1ctes o. -.t so.ariiure or!1'-.t -.tcctrons (Chap. TV).

c-on1re; .rC.54 , ll^n , crn dFcay

o: iire terioCic tabl. also tend to enitin tro (:issjon) . T]lis erniai.ns .,]]hy efe_
noL iounl in nature. sec see',ior c:,

Sore luc1e1, tor
etih.r i .- /r+ or 

^_)_\:clei nc.x l\e end
lariiclcs.r io break

Rl.diof c:1..,e .xct.-.i

Nr1ch, lnl,cta.:l,.d, i11.--s

.ri'- t, lr1.tlcles arcordi.[ --o

r(i) = r(,-.) e'i r.I
xhere n re.|s nui:L-.r olt alrct.it r.e:r.1n1.i: :rfrr,al tirE i.'o I -. ' : :o .l--:.:,ac:rJ coxst.ant .

''-1 ' L:o-r,
_ _.: ,A.69ia Ali..r t,i]r-. ?j t.tL. lrl]:rbi:r oi nuctel :r_-s.rlr I ! , /e

16 .i .; .: ::" "

* Ullch oI thts n.Lerl.r is .ov,=rcC 1| Ch1!. I, !oo...nan_
oolt tt ".,. ar-a t:o con.cLin - .r...,..y ;.: i ;". ;;.i -.?';.liii 

"ill'i..'f '.";" ji. i,l:,,.1 !... 1cre, no,

.l
.r rnot\er t'i-e or:r:rtl.l--, F:,

drl::-;a.ro,lt
d - r I - I I.o1.-" .:

l
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Alrorlc Masses

There .re tr:o unlr: s oi ar,orlc
tne "naL_re_,, .eo o rc t x u 6 ot
.,- p y. , s.e -. eoro Is l\-
unlts).

M:rs

ch. r

Jn.se. In t.he chemlcal lvsiem,
oxvran 1s asel .pd m. ss tt, .!]; on
ihe mass 16.0 anu (atolllc lxase

M -o P-J'' - ]E .OO
Mass on Cnenlca! Scal e

l so .oo- \-i;a--- .: ,o.l sr , ,s_1, llrL-jor -uL'd. . o:.s. ro 't L''
il;i ; ;-" ;; ; ";:"Gft ;r-z- ",;-rn=.*-r-1r-. z at on 1 c e I e c i rons
i":ii."'rl.iiis- "..ray can be.reit.ected - s"e top f'otnote, D' 5)'

Or - ., l'.1 I.',' 0eo_ ll f ios -n-_'
of Eq3 ...ooo. s 31v- 6 .6!Ioro ot A.o d'o d rr'bFn
(N. = 5.021 x ro" ).

Rest Inersv
Ml

Erecrrron (1/1E2: x'1)
t. 9Ja

0.51
Uev660I x 1o-24a

9107 r 1o-27g

AnoNher useflr1 const:Lnt: I l4ev - 1.601 x ro-6 erg A t'r'ble
'rl. olh r ) " '5 Y

ln Io to l 0 "s. oI o'f1.r- - I lara"':
Electron -teo o.ooo548 anu
Prot.or t?l 1.00759

i_I - oo8 -
\6ur /o. oN .OO8o8 MN - v- v 0.79 Mee

Deuterlun rH2 2.01471
Heltun ,He4 4 'ao'gAif,t S onooq

E? Lln-r.ln' r' lo ', E -- t t' lso_ ted
svsi-.m" ariears io decrease 1n mass vhen 1ts ene.gv decreases'
Tiirs the ioial "."1s.7 

and the nass of tvo attractlnc !a?t1c]es
decrease as they alp]'oach one another' losln8 thelr excess enereJ'

B. PACKING TRACTIOI.J AND EINDING ENERGY

Th o c l _. c Io . , I o'll 'd bJ

uG.a -3f = A

rrhere M(A,Z) ls the ress, in tru, of the rucleus of i'ass number
A, charte Z.

E]{!e!'iFenl shorE that f iE very snalf th!'ouf-Xout the lerlod
1c t,.nl; (FrG. 1 .1) .

The nutrerator, M-A' 13 ca1led the lqss Defectt

Iilen rcdods' 61 's. I'"l'DIi!L_ ENEPGY L^ r1 lcl
rne d--sn.-r r' .tl. -" ls e.r'-ed '.e . ' su'.oI"he
;;;,."-?i'_.=;-;-iiyr) ' .s 1. ',.i - ss: r '''
*So&e aut,hors defin6 Eass deiect ee -T
ing Ener€y defined .n !.



ch. T Dc t).rj 4 !8.j' : y

'Jl

\
i:-dt-
""\! - 

";l'lll':"'*a
r-c. P A Cli iL\]C FNTCTIOIiJ

!n = t l!li' - }11

Tot".I Bindir€ Xrergy is Ceijned 's thal anornr !1 l{ork e

' td \---- - -- o- o:"1 ,I: ..1"' .: c 'n ,. =.;;;;";r;;.ir:1.; urirs antl vi.e'rersa rhi' a'iL] be done tue-

Averaqe Elndlni: EnerA',' rer liucleon

A: ".o.. . tl . T. " ' s, 6,--I
cLos. .o A. Sl. .- . ..-. .-r'-_ o' I d
p. -. r-n . OOo A. - e-i.. r"'- LoL"- BE or o' ( oo ) 'A) v \' o-' 01/l'l r
Ir l. "l"ri 3 Mev Fer nucleoa, Tbe o ]aIilcle nas a BE of about
?'Mev per rucleon**. See t1a. I.2, ,raze 4.

The tsE ol any pro.ess (1.e. or the laftlc1es eiritt'ed ln the
procese) ust b€ ;!'Fatl.re for th. process to Frocee'l slorianeous
ly.
nt- , : =i-;- -o I ls o y

3-

Ex

l. L

) Dt'

-7,, )::.

:, tci

necessary io correc! for tlLe orbltal electr.ns ln on' cas''

".r. ". 
-B-. t"s o Fo o:- "o :s

. ,.ool:t .. d t(o I o- r\d

reactlon, N+P + l]'. Foll.xi.4c our rute, ie {ould lr'lie
Bx M\!) - v( -) Ir\). " , oy o' .6 .. I 1l

.!s," J,s.lc' rr '(:1o ).- Fl(\r.
Nor..--,r p- - zt)A-t, t )! , s , l ,oi .' t -'r

"' L - - 'i ,N+P-6 t^ t!) h'
ai{ o , i 

'r-d. f -oor'"E( )'\:(A,z- ) I4(q,z)

Bur for P -+N + F+ 1{e lusi
EE(F+ )

!E(F+)

M(n) + y(B) M(P) -
M(tr) + Ir(:) M(iH1) + m

11(A,z) - M(A,z+l) + 2m

i+llucleF,f bir.iinB cnerli-.s are nuch larger Lh3I1 i,liose ol or'oijj'rl
eLecirons. Acc.raiinfi to tle Ierni-Thcnas sL:-iisii?El 'odeL 

oi
th. aion. ihe -,olal tsI oi all the elec',r.ns ls 1..'j5 Z R.,rdrerg.
+**Negleciifg t]le 15.'J er DI oI rihe o )_biri.rl electrrn.



5.9r

lLndln8 Xneraji and }{ass Delernlnaiiors ch. I

8.5 ue!

100 r'a
Atodc'r,€1s,ht, A

FIG. L2; AVEF,AGE BII':DIIG EIIERGY PEF lruCLnON

Exrerir.nlal Uass Deternln.ltlone

Tbe nost valuable tool 1s 1,he nass sl-lect'ro[r3'-ih This \i1]l
not ne dlscussed, Fudher daia naY be obt,31ned from norenta of
parllcles t.aklna lad 1n nuclear re2ctiols. M(neutron) Jiav be
orillned fro. lhe pho iodl slnt egrai, ion thresholC for deut-'r1un.

?roblem. Conslder the re-"-ct,1on

. , ".0._,-r..r+c)
Q ts ileflned rs the llneiic enerEt (T) of lh" resultant,, nlnus
t,he T of the ln1l1al' larlilcles. In other xords, q Is the
exot,hermic heat ol reactlon.

Assure thaN theriel neutrcns (T+O), relct rrlth a flxed B

larg,et. Calcul."t e the relocllles of t,he rroduct,s. In tbe
reverse reactlon, r.'here d tartlsles 2xe sllot ai:- f17ed L1
target, lrhat lE the reactl;r, ihreshol.l enerSy of the clr e?

Solutlon. Frorn trass t:nles, q - a.aaia4 ailu:2.8f uev
Nex! shoa'Lhat the velocilries lavclved are 4.]n-relat1wlst1c.

R-'letivltv. Ior thle !rcb]e., and for fut,ure reference, \,e set
dovn sotre relallons lror sleclal relatlvlty. Ior r free lar
t1cle, irovln! rlth velocity vr

/= lT+! zr

Throuehoui tlls text r'e sha]l use U as the rest-mass oi a
general larticle, M r' for tl-)e relaNlvletic nass. m is re-

Mtrv

i
t:c: + T (T= l.lr-letlc erer::y
M r.?

Berred for tire elecirron,

Then, lhe no:nentun p

force I
er.eriy fi

],'



n. I

E): . f.r

lirus Tr--t 1s just Lt:,- tG oi.iL.-
. 'lo.. ro t.. - ".-,.:,.,)

:-,r -:.. - o: tc| :-"s-1r- r ..ti te

TLus,

llb.]"i-rn
For t:rc lrobt--ti .,t
Ttlre srrot.l:Ll/7 Q

:in.i1rrr In.rjy pr..t.rn - Ret3+,lrtrr.f
i.r-r !1e i it.--r..+_ion er.r::t/.
r - r,1c:(t, t) -,I|.](1.: +;3rr+ ...)
-St (l * *lr' n ...)
, (A) srxs *,!o.!, s,- a.11,

(l) s.vs r . Tclaesl.ar (r + c.rr)
: '' 1" "".r"-r (r * o r)

'io

(A)

(B)

iass larLJcte',.
ln the tab co-ol t.he bonbard-

-. 1.:''

?- t./t'']t

-1! 
L !t :t ".ri, . r-..ips L tor ,': '*-r9 --- .: l"'''.: ,"oI:oo."
--: '=--ccnsiaer.d sj:ri cttv ctassica _

lgisrc9 !:1r...!it!19 .

Irl r L..o-ioJ/ trojt=r, L,,p o.trrr.to rF .trors is rle {i or rr -j.ss. Thl s Ls easit.,.

l.{r }r.
',there _,ra= I\;I:: = reduced m._se

Ir - r:r ti..r -,rir.^, !r

- rt. of t.tre KE i .r, c_rr -ntertr rrr. -s.et.-1\-e to ih.-

-!:

1s fi 7:e.l
is lhe IG

lit starqs

rtor"r=|u.ij=]nrrr!
for th. m:Lss of the bo.rte.dln,i !:rrtlcte.

r"er -f, r"o..t
. !t" ...- --r I r[rT arLt:]

lT ol _DoJii..r-Jtnr .ar-ricie
handr Tret nusi equet e.

C. LIQUII DROP IIODEI

! -i l2

i;.1: :i$il liii:ili,;*di;iiJ;.i *i,:r;;:niiii:iiil



Atonic !,Ias s Folmula

R = t.i A7' x 10-15 cnr

ch. I
X!uairlon

/u./..n or r'4
Dlere F is defined by ihe s\erch
aid is derived froil Lhe tlre.rv .f
< rlean lives (ch. Irr).
1. Seni-En]rirical Atonic tisss lolnuta r* -l

lJI- s- I."- s o --i,( u - --. .o. e.I. --! "lo . Lo sd , 3- t-
en lrical forrula for the mass oi any .ri.r, M(A,Z) . Thls
fonula can +-hen be used to predlc! the--FtibllLty of nuclel
agafst lafi,lcle enlsslon, dlso -Lhe eaerev retease and stabilll1I
ot nuc1e1 fo. flsslon (ch. VIIT, Sec. J).

ilp-|ufall.r the llrsi'Lerm llLl be tbe iass=s ol ihe con-
st,ltuent.afiicles a.aag).J z + 1.00898 I,l,

Mo:1.0c81.1 z + t.oo898 (A-z).
The iir.-, correction t,erq {i11 be'Lhe bulk i'heai of conder-

c r .--. o. ,fc-;_._ r,- . -
tiiIiET t'rat ihe Bn ler nucleon r,/as about a Mev Thus vre suspec'"
that this correction uiU be of .ri1er of nagniiude 10 Llev = .01€,:tu.

l{l = '4r a

In aselsrlnj lhe sarc .nergy of :ttrrcilon to aLL nucleons,
we havc actuetly over corrected, slnce tLe surface ructeone (11f
be ettr.-cted fror onlX one e1de. de therelore inrrroduce a sur-
face tefslon correciion io ihe larae cornecllon, Ur, vhlch is
o'ooo iTo.r

lt) = +a,. A' )

Ue next, not.lce that. stable 4uclei iend io forn theJnselves
of N-? !o1rs. lte.dd a -osltlve lass correctlon for the nudber
ot unFalred nucleons.

rv = -\l -z)
A

Thls eorn l:, der1ve.1 1r:.!eniliy I.l, p.1r.. Se. !.lso F1r-..
1.i and dlscussion, !]. 8,9,

a.d a !oslt11"e ter: for el:ctrost.aLIc re.ulslon.
..l o'x._/ ' 6o sr 6 6ls

lze)2' ".. = l.: (4€l:".,,
l4-c' 5 R

ro-rJ ,tb ,'
!r4 : u.ulruo2/ IB

co.rectlon teim iilt1 be called t. 1t cierencs ufon
of n'rctel r.1th resFeci io rhether thc nunber of Z

*EnDli1;;r d-1ta 04 ih;-su-.tility oi nucl;t-..,r;e, t-he fotlo'ing

The llnli
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ch. r
nquatlon

I.4

) F1!.

!.L.

_^-"-'"j, bt A,1,) ana

v 4.,/r ='.00a.a 4 .gop: z-.t\, u",',. u=(e: -2r2
0.0006-2 _z: + 5, A.l) _.b

,h
-: .. 1-s-."" ,,1 ,r-l .,.; -*s;l. c..-ciAr..Z-rv"s-- be.ov .. ! .:or of -v" LeL,o. ._ a.,.

".,::" : "-. :: o-- -!L,,e-^;i.."d-4, a = 0: , .- -r E- ... fed c6 5,v- 1,- ^e^a_1
t..IIr\.7\ _ - a - .- t.., -"oo-rol r.e':..rd .-...erioris ],irar, irs oiniur rnust fatr ai the st"blE e refienis. - -riui"--

ve can solve for ar .rirectly by setjrins

ch. I Seri-8trllrical Atoaic Mass lorEula

"i -o.oooo. .".|t .') r o.oooo / -z r.6p ,._,"_ EI
-CorFarlson rlrh trnorrn st.bte .1enen-!s 5lves

al=oo8f
bu' r.r o1.6. A\s.2"u1.o.sLaoleL or -d l. .cr -r1o- 1.

,^
" = ,,.ori o=t;y" r.7

shorlng that A/Z sl"afts out, ar, 2 aid lncreases lecauee ofLl.- -- A'! , r "o -..-oB ".1 1",,,:,.-tern.,vr4.

i:";ll"" 
r t rirecrlct s correctly the steble element,e from I

. rfo .ti )"i ;d-r ./.j"r'"r
oa.d ro L 6 s d ---. s /e, ' .) .,: .j 

"t": 
"":;.,""ar = o.o15o7; a, = 0.014

1.8

Ihl s

tabillty

conde4-

ru u11l

h t:-

t!,(A,Z) = a.99J9r A - o.ocoe5 z + a.e\4 Aa4

* a.oeJ (L- + c.ooo62z f; * to,"l
' *l-o-oE;i€ co;rl4ued

A Z N ConnentL!o.t1tabr;-- {t++
afZ oOe 6(o,e)

J(o,o)
6(e,o)

-f(A)
o
o

+f (A)
eaua 1. nunbers obser.ved

iffi ll;**tilti;*+'*iu;,r;*il$t$*q;il i,'tu
1n6



.:nd, by si et l

l'i1ss lorrl. rn:l Isoririic Echrri.r Cl, - I

J (l! q-.f , z .:1.1)
t(A c.:,1, Z .frt,l',1r,r)j(A..i.r:r. z-odi )

:!Lr.Lion I.: .:e,rc.i:.F irrii. r:.1 I tr1 - r--!cri:ic ,,i:.sses l.r
1> a l.

)' ':. - o
L94!.

T:,e 1cc!r..c:,1 o1 I.3

lictcue 9cl6
l .:.i :rt"l I .a.,,rarc

lLir'rs Ior,.i-.:. - 5.9.1615

1e 1:.!l1c,,r.,.aL l):r th.-. icllo:ir' .litr:

cu
tr.9t6 97.943 r!?. C4 238.r.

it .ttt t7 .t4a r97 .tL .a\.',r

r...n --::.i{al .onecr,lor L!-r.:1 for t,lr.-- l,eavl is.loles, b.se.]
d-.cr.,. rassur.:i e.rte, s.. 5i.rrr, 3.so. I!-:r. &-_9. :1, -16 lr-o+9).'. .. -J.
-- , .Ior I t t

ti,rt.lcur.r" oai AJI.8 is iv..
Ior:, : :r.,rab!]., is r_or.ricd
tl'.t Z-::rilirrrr leed i.t b-- oi

in lla. l, l,--l.rr.

z

ki

FIG. Llr Isoirr!, ODD-A

NL i

ct a4 z

lt
\
\

i
t/,

'/,1'
z
Lrrii. I

Arr.rj.r ef. p.ssi.l.,,.,i,.ri clr.,iirs, r-..t: o:1..: Lel.rx.

:1Ir :5c I

L. 3 ( -
even A r!or:Tg) 1fe rc.i sed or ]ore;e.1 !-r J . Tiris -.iie.t h:i3
!e.rr exria.rr.t.aL. Tl1. aots..r-- iossl,rls ruc ei. l!'ci.r thr,-t,, lil
S.rx.ral, ther-- ls orl.i .re j"!el:lC ..i.]-A iuclclrs, :rii 

"La-1, 
i1

t\: .:.3. o1 t..1-i!, "-l.rc I.,t be i,xo, .. ei.:r ihr.,.. T]tug jr
Fi;. 1..Jr, iir .nd I:l iol i b.ti b.r 3r,ril..

Fit. L4 3lLo s:-r'.-t .rcr-A, ..-.i Z rrr.Lei::re L13t.rn-., rra
3Lr.rut.j !roi, |-- :.rirli irr l.-tr:re. Aclu.lr.i, -,1:.rr.: .i. r. f.rr,, L,Lt

''' 
"4'" ' ')

i v'' .



Cli. T I soL,r.rt c F '-lr.-T1or, Alih. E.1ss1o1

lio sh.-1'l siorr 1| C]]. Il' '"hat. i llfeillres increase ts ll
.ner. ties d..r.:,".j,-. Usin: this infor11'a"1on, r:e s.e that lrhe

i J - 'l'-
o Ar ) ' ls"o otgu

xc ll g ce -1-I* r". !5--5, 1" 1"r.o.--I
''l

) o ' r-
r-" 40 h> c" {"tulr.)

:_ tt 5'
: iron r Ji. curre to a t- .urve,

l"Is c1r: us.'I.E, -'r. i, t.o c.r:u:. th" D! oi ncu'"ron! ln a

Ex(rr) = r.r(A r,z) + 1.00398 - Ii(A,z)

xF 16 s >." l!-i+
6- tr

q/-..:r. s.c.rrn *"r..s1-i.i:r I
riiiil I shof', life.

l. lll rrr:,. E::rls s i orl

Trls .rliiLrtrs turns out ::osi'!ii-e
il..a+- _LL.se ac rot tend'"o -'jit

EE(c) = Ii(A 4,2-!)

for tho sr:..b]e tle!:erts, sho{lnrl
rr€uLrors sloni:..coasly, Ho1,'ever,

+ r. !'r rO - l:(A,Z) r.t0
j,!es rl]irLi.,. ir t,he:i.1.ile ol thc lerloCic tabl., lorf, beiore
al!.r "rr.t,L:r_11 c! .:r1'-:crs" are !..:rcirec. The lltem'erln: elenen'.s

;o (s-- o
.!r r.59, Cli. ITI. )

T|e periodrc t1.!l. --:'.i s 1r! the r:.:ilon Z = 90 l.OO, lecause
of ilr. lr.rr;.s1r1:ly ne::,:L.J-e valle oi th'' EI for d_cnlesion and

4. P,-.iodi. Er:ll St:uciure

Ir:.itilioi Lo';l-e i-.rernl h.hR'.'ior..redlcted by the llquid
dro! 1d--1r rr:. e1 1re obsefied rr. hF-l'e l:er1odl. r,-arlatlons 1n tsE

{hiob ar3 not t-.realcr:,ec nI I"8, ! 7. These variatlons have
nollu.:t to ,1o 1::ith Lhe t:,e;iodic rLor,lc (clen1.,al) !rcpert1es.

The llaJater nucl--i ha.rc '"ol,al 3! r,axlna 1:, A = 4, 8' 12, 16,
e_-c., shoi.ini-: the sat:iJaLe.l ch..a.ier of sub unlts contalnlng
:lil + :?.

A lai'l:er sh.fl stn-L.ture 1s aLso obsea'cC. Aee Ch. VIII,
Se. . K, !./d7,

D. SPIII AIiID IIAG]I-T]C MO}IEIII+

the t.ot,al ..ns!lar mo:rentlin of the Lucleus is ieto+"ec by I
irsieed of J, :lr. 5l,lr.ol risuarl:I aliriei to .torns.

sce Bethe, A, tara. 4 and 5' and
Fox --xierlr.^1'!al reference s, see
Ph"!s1ca", Var llos'Lranii, 1.946 

'

* For nor"e co:1!lei-e dlscl-rsslor,
also clr. VITI; !clle, !, ch. v.
corl., "Re.]ior c Llvil,y aniL Iucl-_ar
!. lfl .



10 Sllr aad Uoment, :tXaerftno Stncture
I:L+ S

cb. I

T : . Tl. - ,,s l.-., or
inllercali tforr-.rriiall f:f'r o: the an4jtjj. trLcr.,;n tun.

As 1 rer-.r1] of n:rai:ur :-acrlnics, an isotat.eds- f dl .sla ,.el o

lor .n -e!cn n ::ier ot ructeons. v!: .xre.t Ir..h...as :or 
^ 

o..lJ ,ie .xr:.tr I : ',/", t a/a, ,..t,o thls i1lte her.s tr-.-.n torirl .

. I. !.r.rr..1, .u.te1 I te a na.n-.i1. no\j--nL,An,.ssoclaled
1i1th L

{. siri: Lr dlsouBsJ i11e11.f, forrr iL.tro.is .L:.tcrnriliji: IJ E?.
1. ilyriq4l!! ql!tql,-Lt!! !l_-!!!l!.-. specr,r.

thrs rlrlses c1 ..:r, iro,i .uc1-.ar maiiei.lc tro:-.rt s or (._.a xe1,t:F.e :li.,rc) nLcLcar qDacxj,.lc rI.r,r-eris o: rrotoDtc rnass dr arer

L.i !5 .r .utni,. trLe Iri.ractl0n .-.ncrqy,rj,:re!r..:r it:elitcn.LL, /u-t, .f the nu.Leus ..rn i,tre :afr:tf; rietd, t{r , of

r , lilo !-r.e!+-l o1s

'"=-ir:]lerc i:e sLr.t t:T +-o sotre f.r,&r, .ri t|,rt,

zt'= l!

FI'. I.:
Ei ..i.t.!i . iI.. i orir

c.rr-ai:1, |r.r ::rst ir. c.tcrrr.rte.l :or eaclL a-_cn1...A
le 3 : - I ts

r.t2

r.ll

r-l
*..F1,,

.:,_"\,!**- \

.:ji--n ir: FL,:. 1.5. '.r's.: Lhe iect.ol aodet, a i.cs,r: c I S ..a|j.a7:t .. ,4e r-otat,es raltity.-r'ru.a qr so :hai lLs .a::!rore|r, rjcrt:,. 1.a J,

,8.."': J L _. + -.
T' -, ''.. - .

i=+"a'll
T- r.14



Ch. I S!1n and Moment, 11

Nex_u, see F1A. I.5, re defirc the totat 3toa1c argrlar
4onentum, L and e:lress l'{ ln lreme oi '!he ouantlzatlor con

/rl=lI + qi= I+J, I+J l, I+J-2 ...1I-J] I.15
.6 1 .

F'-I'+J'+2TJ

.r le(El.l -. tll_-)_ r.,
2 
"/il r;' filJ*r-I

t ).- s l ll -' i T P - o r
rlu1t1 r 1c1ty, y! of r.1]ues

r'IG. 1 6

car be det,ennlned, There lilll be, of course, some llaes iilth an
14 llnlted by a lorr J, but there 1111 atulJrs be soine linee glven
by transltlons t,o or fnom a J 4reater than L

ExFerlrent sho(s thai for
F\F -A - , T l-
Ooo A e, -L'e l :, r ,=,,i,,..t

p-s Fredlcted or ra4e /o. Note thflt. xe roDld not have thls rosult
lf ihe nucleue vere composed oi trotoi€ and el-.ctrone rather than
P + N.

I.{= l(F2 - r:, J:)
To 5et qDaitltetlve, quantuu mechanlcal r-.sulls fron
r model. re mus'L 11xavs reElace i,. s.uares6f an.ule

D1tlerent. aalues ol I il.ie lhc lntcrral
ruL. for hylerflne iu1+.:!1ei siruciure.

Noilce that lrerei.y ':)y coxrt,lna th,.
rLaxlrun M 1n the sF:ct.ruir oI an lsoiole, I

M snirr.r ofI:I + I
[]J+1

8e

Atart i.om Erdroaen, u4fortuEtely,
aboui a'uomlc nave ftnctlons to calculate
than tol, e'r'en r'1th the helF ci erpirical
T.. ra_D-s oa,/,f o r'6r'f 1- s r ' -F
ra%.

rre do not, l{}:or enou&\
A' io r1th1n bette.
flne-structurc datat*x

er. thus uacertaln to

Alternatlon of Iniensi t of BanC S.e.ira .--**

... of dlatomic Dc1ecut.6 contalniaq identlcal nucle1. Thls
wlrt glve I, b1)l na+, An
*This does not. applJ 'Lo other rectors, 11k.,4. Eee aFpendlx,

1. l9l"*+ For nore dlscueslonj see l.{ayer an.l l,layer,',5iati.ticsl Uechanlcsl'
P L72fr,/"Do o o fus- t is r-.1. -.y_oe----ne-sTrL.ru-e de.s, u i . s\rI.t . - se io ob-€ . d .flere.1 e" of ( ._r6),



12 Ai,I1 rii l.joj-.nL C1. t
lI o .:

E (a., x,)
rLrr'L ire e1,r-af sti:r.r.Lri. or ._rrt.ist!r::.t.rtc (,t.Lrr res!c.r, t. .r:

..A. f-. ..0.
ii;:"..,i tr r,roio,1s :ir. n-:urrors Lrdl:ri.,r.tr:"';..;ir: r;,;i ::..i!._

ror er.i A E(,1,*2) _ *I(*;,.1 IEor od.:, -A I(r.1,"2) = -I(x2,*1)
llor, E na-. .rj. rrrirr;.n *

! v.tort l"(r13)*,."-,a-(o,rl)""r cr,,,"r."-

Aliernntioa.i

F"--
:':

. 6t.
l^,- - "":--41!rr1 1 i-:r4 !!?LeqLt=,r E:-!!

Tl,e luoa t..: |uct.Lr.r I s aFr:e;:,:errnerlt, ".ii.:.iii ;,'-;.i; :!':;:;:"i",,1,.",,T;:i.;::il:,:r:"."

oi j o- co

+. Llaa]r.tt c _Fe.r.ra:rce (tluotear rn4u.rionJ

::::.,i:: f::.:! r1erLir.l aL.rls _rro!1r ..:re 4ecourre11 . rd .,.""""" i.ailiJ,.i,..;ii:,ir
*arrroxbetelr. -- s6e i,aulinE End i{it.or,. rl,lrocu.ii.rl

. r-"ur: 4. r ana ;rn ri a r'r:r-;erc1._
.'-o quh.,m Ia.nuic:,

+rE€tFfuor, h.-e:u1!r cua '_ l'o " _' o I-



Cn. I Slin end Moneni 15

,iae' lhele E ls ihe Evromesnetic ratio involaed. !,or I ihis
'"& l^ a o l .na

o -r!^ri. 'I -."1 1Jr
' /r_l . :on of " 'l-
be deiected lecause oi lLs efiect ulon tie ator'!s t,r5j.ctoxn.

!ris tec]1ni.ue of resonanc.-lnductnl a iLl! lrss rece.1,l.'i
leen arplled +.o stationary nucl€i, i.r exdT,le sloil. to 3 ar.!
of iater. Tre iransition ls ob:erved !,f it,s enissio. or lrsorf
ilon of rsdiaiion. The reLe'Lire p's of diflerent nuotci crn tius. .. b, A ^ i- I tp..r6rJ o : -1 , - -rp-_ 0

iurf,:sh the nost lrecise {and a c.iaenien,)netho4 lor deteminl.e
an Dtnoin 4,*

If thc slin ol
p .r /-d.ce,! for

:--rin .l -,hc end-

Exlerln€.t!"1-. Fe sult s

I. the eare ray tnai electlrontc nonenre are n€rs!.e.] ln

_9! - a.9)7J x tO 20 err {euss-1 ,

eo nuclear' romenls are neesuled 1n

t4-= -.4= \ = r.o+ *
2M . LalT

Some oj.--sefred stlns are alv.n

A:16 co.sldered + i.'hen d1.ect,ed a:on. s, Ttle ele.ilcn ror.fr .f
o6,3 .bj.'- ou -DI -

,- i-o1 lo,6 6r.
11. ln tueeon !!:sry.

It ts rather lnt,.resilni ro not,e thal

I,ult_ lt\l ./ |
even thoual t,he devlatlo. fror cne 1s:c11 ouis:t.1e'!r.e tinlts oi
exle.lnentaL euor.

-rr).6 .".-,-.--;;; ,-)Il.r'- ^ de/. Suopos- 1 - .. .-
-- ..r a ") , r,) 4-,oI e.ch seco.d, t ,

r,r,J p + d_

rihere P 1s an'rideal" .roion, litlr,a= I, d.C tr 1s a i.:...,irrc
neson, vlih ras6 ruch tess i.han tr;t or ; p, rorlna orb1aar 1,r.around the P, eo that it,s orbtial ral.eti. n.j..j,,4r ,7sgreater than, ard e.tllatulte1 to, iie u.1t ironert o?'!h. l.leal

rtr
r:/2
1

lruclear nraa.elons,
-^- !

-t.oo2 :-ohr f;.:ret,..
+3.7895 rruc:.ar
-1- 9101
+0.8554?

i(ellogEend Millnsn, 'Molecular BeaE liasrttc iesonsncs Msth.d
lnv6. le, ,2, (j46).

Felctions, Glsa and Beta Deca,i
nlc1eus is kn.ld, end ihen 'Lhere ls

c--n i:h.i tell sorneihine abori tre
Tice versa, 'r'lis is dis.D..--d i.

Itolklns, N.J., Fey. sci. tnor.20, 40r (,49)



€ir1i ana :ioDe1t , l1.so.s C.i. T

lirlte /r-=-/ni .1.j /.tr+ = /un
T:re obseiv-.d ,r,ll. iout.t the! b. ;ivsn -y

hr._ lt - ttn)," T.r6
Slf,rl..Lti, assu:e that 1 "proiorf, sD-.ria s jros., ot lis tile Lr l'r

' ::o _o

p rli + ,r+

I -.. 2E o - t-
,Ltp = (: i) + |/n- j + r(/Ltx _ r)

Eut from I.tr-, (.?-1 r) - aj!

So 'uy= 1 -.4r = I + 1.r.1 -.1.91
1r, ihe above rodcl, a.iular :loren.,L:_"r ts r.t. .o1re.red.

A L.ss la|tasr-1c reratlo]1 1a i-a t,aLt.-- ol ihe :rr.vi.rs3-1" -. 4P,.r.. .,ar. L6.t . .s .,. "1,.- ..-,n 1_ 1: .-.1s!1:: . t-ra1 1 cr ( irc;:,eni- a;rl larerrel ),,;; "";r 
j ;,;i 

" 
t-i' =- z-. i iiZ"l.91ol = c.!7oi, feirlr ct;se to ih,. otrsen-ed rai,,e.- rr'_. r:r

''""E'i"o'- s-. a -. :-." o 4ii. o I .:
lomeri. Other evldence bears ihrs oirl:. See Ch. vr, !. Lt4.

E!-.i-z. B/en I ncl-.i, .ind tjle -.ftcct of .d.Lt.t ole 4rr.teon.

, I1i riris :.eLttor::d b--for. tlai tL-.se au.tel rre rer,, etabt..r r ; ;"
L

lle car tesi, cur ldens or a.r.itci, a.ra +_]1e.,r,riticet10. o-
:'": r' 61 . ;.s-d-

: 6e : . - ,-"j
arourd r,,l:i.l ije .ir.t ru.tcor r.!o1!es t r:re ai .toric etccr,ro.,co:r!1.t. r.,iit s.1r:.

A ;o 6 : - . .rt,', - ) or41 I r'

r/?
r/2
r/2

r.r7
r.r8

I+'.9 udd ?, I: ?+1/r

T+t odd-P, I : 1-

-1.9r
lz I+

{zeits. f. !hy6i,r l9!, t58 (,,)

odirlil, I = t-



ch. r schici Lines
Ir F1 -. I.7 1!r ret./ schen[1c.
noI, to rc ie) .r c|nres f-"_reseni I . t7 ard I .18 , The dotsrF axi ilm o.s_la-d/4?' s forrFd/ nuc1.i. o!. .i.t1f ho.nn,rrJs:y 1,irrr" rFre is ter den;.j to_
iilJ''-lii;'i; ff,ti.lli, . i'""".

!j. ELEcrRjrc eua.DRupor,E *.,lij;rt 
t' oDD PRoroN

'",t 

"."-- 

o:al" ' e.

r'"'' -:-l:","ii:"., .,.: ':-"'" =

rsai,ii"l"jt!i#,ii'*i:=*1":ri:i:rE:;;:g;;j ?i*qi:j'
-- 1.=', .:,; 

":.:' 
s s o :e

4.r.";;': ; :t :: ".".i"-: 'i.: "i "0",0:
o"i ,1, =:;:'," 1-"'.: 

"=, 

-": 
. "j; --J. -''' -i '.

{

lr

Nuclear eton:tailor-, ruch
exaIaer:r.t,ed

g G,a) 3r p" ("os e) r.zo

ilp*ll;+::,fl:"':;;::ii; ::1.*::i:i::";i":ritii,"il
t::^t1i-1 rela,r oi r.?o 1s tbe oirlln._r,r courorb l.

iil,ii";;:":;"i:=1""-.i ""irii ";;.fi :;;ii;""is;lii?l,"l".lii
Iff .li ::l ::::i:-: ;;' 

-i1;iil "{ ;::i""iff "3;';il: J !i"'iii;"";,"*i' )

:ll::'ii+..:{:i:ll"'". -il"-d;;;;i;';";1,. "'; ff:iil:":'''ii:sha_DeFluusLEred","""ro i"i:.-eid. -"r,:i;,'. i.:";:*.":;-,":i

*';$;lllxi*i**Fi:.i[ :;#;ri;tT""]i; il"x irir
In quantur lrecha.tcs lre must reptace z, by t

lrl(xrlx+y,ry+z'Iz)
a aor6 coE!161e dlecuoEion, lee Rosenfold, I'Nucl€sr ForcoE,n p. ,94



16 Quadr.upole uoment

, #, \1 ",rri + x\.r2 + z' 2r. +.'-'',\
of 'Lhe conmutatlon rel1i1ons for

I-I,.+I.,I,:0;

"'2 
+ "'21 + o

- r'2-T
so Q = O b,I I.21

Expexlm.nt all.y r q ran".-.s frcm

I 7o o-4 -o' r u'-6
'o ' -oo - -r - l"f i':'"'

bui e>o ls i:::::i,'..i:i':;,
p.oo_-.. Asq.- , ,_. 1-o 

". I .--..,Dqo.d ofro.a..o,ot,' l i I 1 o ...': I s.,'olre. a sonele of-dtsR- .\ v O- J ^t! Ca c. :: - r- - - a ct o, :A , oihe axlal to the equatorlat eemi-aies.

So1ut,1on, Uslnl I.21, the lnie[ra'Llon over an e1Ii!€oid ts stralAht,forrard. {e :et
a a,[ -\a2 - ) !.2e5

j"-j

/\l le the cbarge oI the nricteus, iez, so I.22 glves

El1n1nat1on of
a = 73 G2 - b2) r.23

* = x3 /"
r'rou1d allear io glve a cublc equat.lon. Before rre bother to
I,-I. u ro -fD- v"ss LaL Ln6 ],.-.us'o sph 1l ar, so !L1L

a = b(r+d) c <<1 L24
11- +.'l oroo -^ " a? c d1: so,ve r'or o. I o -rrs ouLll,r 6d o b6 s_a_l_, o r essu oLto .as luetlfl d, E.d :.e ne\.s-.-d 1.cL elG-bra. Tns-r1,. .,2, T.,

$=!*2a' t.)1

So

ch. r

I, the three tenns
)

t2"=rj=fi=t/+
r(r+\)=3/4
2,,_1+G,z_

for Lu, settlng t2 =R2 - ?,0? n 10-25
u=d$-o.leJ o.re2

{a/b)Lu = r.rg ! a.ait la/b)r = o.9Z ,{lthJesllsrbte



Ch. 1 Pad1oac."1v1ty !7
F- ILADIO.A.CTITITY AND ITS GECLO'ICAL ASPICTS*

Pr's,0 o'y. _- l- o- I rj. o - 11 -rs- {\ '1 t1ony':r' Col:_' I o.olre -do_.. -.olo-cIerso
-lc-. r 1e .o.6.I.o. .o..r-d jL-^ 09 t.

Soroe naturnl:ly occurrlna r.dtoect,lve lsotoDes are trnovnL1rd .-e o ' 
_sol ..: s:

1,(u' ('-. Fr. or K oL,re:i = .-r o8 1):

lzPo8, r:-, 1 6.6 , (i" ): 525r-4 (c, -.4 , o I ,):
. Ft.r u " (H-. ,z ). o" ): 75P-",(: /..-or.J)

i1so, mlnute airounis of C14 rre tonne.t by coeml.c redtatton.
Holrever, t.he three most 1nlortant, redloec-"lve iemtrles .re:

Half tlfe

L *"-:"^. g- .y" ,..,, q anc e- -r.oc-sses.':r- .. I 11j.bs of r.6.F .omte. oron6dsbs.rs'br'' .ttt .". o. h^ d"L-h --.r.oducc- , f -v..cr-r-tyback lnto one another. Thes; chatns end at pb.

Natuially occurrlno uranium con'Lalns U235 sd U238 1. u1.rat.lo of 1:140, ent all thelr.lecar/ Frodjrcts, i{hlch aie Ln radto.cLrv- eoultlbr'Lril. o..e.1 .. _-a "!-iui:r -our_rurrr.'. ir.-"'Et o of di. \t:1-soCU J5a d Um \sL/.

- By meesurlna the .at,lo oi fb2o6 to U2JB in rocks, re candstl ar6 .1- E - ot r; .ct. ?o -.r.s -o - abolr _.5bll_ lon .-a-b. Asrro o y t- ds L. -,o ;- ,hre- dIlferenl UavB'o "hc .ss,-a L on' .1 L te a.bou. J bl:-t.nyears. The earth thue allears t,o have been fomed earty 1n th;ltfe of the un11.eree.i*

Terrestrlal Dl st rlbutlon of Uranlun

On- r' o_ LLra- U roau.6s O.o5 6-r sec I .rhen 1n e.ur.'rriu tt| s o...v .roducts, 0n tne..eia.e- Lhe,e rF ir p
oarLs 1-. ml-- Lo: of U Ir '\- b. r+, . .q_si. O - a T. ..0r.""o. 1 er- s-c l. l. \-rF :- "ourdrr .- "_ ir 

,, :tf_,i 10 5.--i;_.a "a ot ., x 1O-o Fr

l4n - 2) uranlum-Radlun gzuttq 4.49 x ro9
(a.) Thorium 9OIlr232 t.J9 x 1o1o

(4n - r) Uranrum-Ac t tnlun nrU2l5 7.oZ x 1og

T -,t-oi conoLc lvi-\ a,d ta . .Llr- rr.oI-^r of
Ls ro "1-culo-. L 6 6e}- 's -nerrr tose or_educrlo,, vnl j Ls 6 .. -o ? .1 . -c-). e"=uci. . ".: oy

^1s "eoulres a .- -raLlo.r,r_ _,o,. L - .:ot;nnrv h - r^-ll ^-:-I -^^-lonly 4 x lo-8 era A 1 sec-1._
+Co"l,, rr^ad oa L1 . t7 .rd \uc_e l pnuslcs'
+}Saa i tor a 1 r6i itXC B,.t- In No."gO, "tne eg- o1 Lhe Ear-h.,,**+slnce all th; transitions involve a AA = O o" 4, one cancharacterize irhe families i'/ith t,hese forrxutas.
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Thls l.:ctor of .Loul, 2OO Lu iot ver,v s..tlstr.ctorilir .ccount:d for, althou:l ihere 1s some feoct,.mlc11 erl,tence ih._i U shoLrrdiend'!o concenirate 1a the cfu€'L of the .1rth rarher itLru ln tie

IIE ASUFEfE{T,L\D BIi] LOG IC,{], EIIECT5 o T FADIOACTIVII,Y

OlilE CUIUE is dell.ed as 1.71 x tOlO .ilsl:rteGratiors lere o l. -o o.ro.t"' tr _os.-s-..
.e ls s 1',- r --"; :';.;-",-1

!o - o t... r... 1 -_r rt no ts'.' -s' - )xi.t..-ooclslite.re'LlorLe jrer sec. trere rir- rtso ,:" :.,r-" "ioi.,ii.".
_- OIIE ROETEGEU (r) rs thai ..nou.r.- of x- or , rjdiation,,rhlch..rr .. sr. . i. .: _j i: -. :"8 ;. . i.:..-:8..:: 9.r. .:::. ;:;";: i :";.

Tyll.al sofi +":ssue alrsorbs ,a.ernr r.o Nbout t.he s.me ex-Lent.sdos.e.e.. ^..- :o "po!.. c:..d i ;L:.:. " "
s Ys-tc^ (. ).s rd. ,.o. oTch that, ajrai.n, 8l er6 6 1 rs alioi.lea. -

!!!sli

. Plolodcat tr an.,Ce delerds rot only u:cn iLe t.or,rt dose. irlt.Lso. uron tre sr.,.cifLc 1orrza.L1o. ." Li" a.,*ilv ;i;;; ;;;-;.i;"c1' ure .ar+-1ctc. ?.,rttct..s "rt" ni-r,." a"i"ii;-,.;-;;;t;;; i"; -
.' ._ 

" . - , -1 lo o .s .!. -s". J ..
' ,' . :o' o''j

IEL{]]VE BIOI,OGICAL XT'TECTIVET]TSS
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betas* -_r
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Part lcle
r r.trs, :anncs.

Tleri:a:L lieut cns

"11 :".. 9.* of arrrhas anc leqt beras, sone exria
i;:?:'i?"'i: irven'!v the-a;;'r' 'ut;";';(:; ; ")Tolerance Dose:

o,",oI' i:': *;:': jj,. ;.0 1, : "",; :". ,.". o:-,".".
Ior6r a,-6 l:,.o -0. r -r -- .o:.r;,;;; 
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_ t ,:tL t ior- i! !, . , ou ir€ 1:rr:cr; ot flrdi1r,io:1 tr.,,. ti .ciui,rry_l o- - .
r . -. ;-.'-:"'-:o:- o":-

Pro-'.orLr! iLsi, aad storr neuircae, re..ttJr hare i ite s1r1t..rmE. Ac.ior.rlfi tc --rp.r,tej.e *-o a.at.e, :or !rr_..t"-.,],,,..r.r"i",tlls -i'1r1.s irorn j to lO.
Ior oc.1 --rtroeure, c.:. ,Iea :r,-r |..L 1s r,l.oios-i'.

A F.r; 5_u1allj-act 3

rr forr I I :.!/ oI

i.o.:rces of lle ora.r ot tr hr l
ir,. Pb r..1u.. 1ilr1s .Lo or. 'u.r:t.Lf

!h. I Re.tloect initv
O.Cl re.r ... {e.l: Ior f.st r:eui.ojr5.

.!,

1.h. h!rL1e, 11iiit .f.to|L r.!i

tot.rl boCr 1rr:r.i1e'!Lon,

loo'-rote but, i.nsiteft'r, .t.]or-:s
Int.erlret. Ltor oI Ii r.I.?. T*ls oI such I r-a th ihrt, .TorI
i1..r, 1!l s n.xi,lun.ts.n!ii:; co ra4e.t iT r.-i h rI
inL.aer.

Trte ]e.:th ot Ir. ts atTer try
r*! = r (rrr )

r,, = vtlr-*J
TL€ er.r-- .r!Iie. to :t]1e otner1 r1:r ompn+Jm /e.iore, I,.r,l si .

Co snrc r:Liti:rtlor Ls.lrorit, l+.L: rrorcNed .,rL-.].r '/ .rose.

O.e curie of g.mr.a cnit,t.errt I tr.lrcr. I in. .oncrer-..r:l

,o ""r|.;ii"" 
oi r.liirol.r !r,x, .ssurxir,.rl

t:oOOc ooo

A?PIIiIDI]{ I. ,I

11 hllis s..tion, J, ao.r iot j.!_1
. .trr4:rlLr f:chani.:11 .,...1or.

I,IAGIETIC;iOl[E]irT aot CLOSI!- S:JEI L- pr,US-OtE txiciar

/;,r--,-

...7 If, :or er3:Iil:, I \.!. a/..
t:l-Er IJ. ie-t h.ve (:I + r)
ailIf erenit conlron--41,s. .i..rer
i,t'"=! + + ;

\t-'::-- 4*t

FIG. I.7

-mo.lEnlcrt 

rec iior
a4lrrct.i. r"ector

'E^ :d- " " _ :- o-. :e -tano :n E .r"
. .-- -.1or " o- -. Jo A_.. "n,:. :. od - . ". . "....--.,3-., !tt. F r 70. 41' ( ,c).



2A Appendlx I.1r Closed-shel1- plus-one Ch. I
The m.Lsnetlc vectors are ireated dlfferentty. In quait,un

./L op -'" nt a"

Therefore, for the vector nodel,

/@* = trs* = k v/ s ( s+l) 96

vhere :&obse",red = y = (/z)."* = tr(sz)nax=ks
Thus, for a qroton, 2.79 = I

kproton = 5.58; hneutron - -f.82
No+,- -!hat (!")2 * 4(t +t)/

5.58 and -1.82 are ..na1o6ous to the anoinELous eJronaipetlcratlor -2,O, for the electron, Because the spln lart of ihetotel I contrlbutes thls anomafously lar6o n:r5netlc nonenr,(rotlce the flsure) the to-,atlx 1s"nor;aretiel ro r+.
Ii r,..r- ts ..L",,., t".i, l] srav - x-o r- s..c-, s alr,rr1t -o_. - aoo - t"-ii'ir E,r-l rreou- cJ,,, Thp :, - 6,i.f *a,rllf be the co.rlo4ent ofl* aronj Irt.

'1- .:'. L Lhls ui - 4i.* ,li. 
?.

\t.. X!^-t :s rtt-t. T+ u. sL. .bou_ {-_.
: l L "-eo rE5^ry o1.-." -i .-,. (g-^ loo o: ) "

,"rr, lti n..j"".t"" "r1i, .r."3{.{r, t.e. the obtservabte /,
-ov =tt f = "r ft7-f

Ue shall nolr calcufate thls quantlty.
."2-1; /"2= t({+r)
.os . r, -r-) - s{ + r" y'+

2q*T*

cos U *,r*) l*2 + rx2 - s*2

" lxax

],o:a r -"-.fi," "j-l1'"' LO :or nculro.s
^42 T\t)

/: cos (s", 1:r)
27x

FooTN0TE: hu- L,4 i .ter:,ctton; t,e. a - :ro17

o. ,,- "j; d, .,= ,4r. ::4,*
si ce ,"e{{ LL r... a }( < .o u:q. :

ar-- v. st l.. dIffererl-



Nl:. I

tti

i,Ic stlatl

A-ri:e!.ttx I.t;
co. (1Jr, r*) _

C l oseit- c:ie|t -pr i s-ore
l*l + 1+l - ";.:

'.trr,

2I

/" - -1Lt!r: :_qlll r!G*: + r+?- Lt)
2I4

1""" - )ti ]I
I*

1"2 * r": - s*2 1 ;;1.*2 * 1aa 1"2 )
?T*2 hL

l:.,;i:.;:iJ, r.rr(r + i); ,.o.,u,,"*.,,1rr be rlven

- l*2 +u2 - s*2 lrr(s*: + r*: -I *i) r,2,
:(r+ l) ruclerr n...rer.or.

.."1r;'; 1Ut,, 
t.o -r.t 1.rc rlret or the rou. ,,7_

I= l. r.rr.

,!or,,,,,.', . 
(r. j!i 1-bjl + r(rtt.) i/+ +xL1t++

: {r+t )rri+12+r-j+t1;*r:
r (r+t )

=r2(:)+t(r+t)-r+rr
2 (r+t )

-2
- I+2,29 ]irctear

i .o --^. " = .,.?..'':-.: -- "i . -ir- :- _ -=_= ! {ur:!!: it! .rfffrff_i4 l J
APPETDTX r.2: x],".r*. iTt*tttt-ti

?UADRUPOT.E t4olgxT

o!., , "1 r .8. r...
no i,- r'"':',r-.r1 J'ore.o,-,_-J c jo.r_ rne z_axl€.

a,) ii" '
' /t, t\ I.

t,,l'^. " 'a.a LP-
;: --:,'.'{-'u Jnc+h-c ai ?11- :nd
r. r. ;":;"r-!;.::'7FF tr scrles
L -'o-:t.t - ' '. '_ a: -L\1- -- r ;. .i"".1 l:'-"{-'".p'.r*..,"1J r! 12.

FIG. I .B; l ror esJnietr,lc ebout

Ey Coutonirrs
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lai'
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?2 Alr.ldlx I.2: Xfectric quadrurole ]io:rent af . I

For co:r;r.-rison l'r1th the a2 i__rm ln I ?j
.hlr. 1x tlre :{o frlne lx r rJ '

drL-' -, l:- e.. a

I :'- r

..r-- rrt er'esi.i

1!.

axd -,Ihen r l.1L'e rLolc tlle z-axis

lr'ri=r = +J'l'-")("''-
.;ri11.1], by conl-ie.r:so1 rrith 1 25, Justifi€s

.l.')

.'') a''
r.21, t

A?IEIDTX Ll: MASS cOPaEcTIol{ Fol l€UTRoN E,{CESS' Ul' !' 5'

". ""13";:*l-Xill;'X;"i:',"ii"i"3"i"Hi:.l"ii;?' 
r?;l ii"'ili'i;;;1r

tr, = ..i;/
No\', the total enercJ ol the reu'u ro1]5r 'ca 

surei iror '!ne fotl" oi
tlLe ',-r , is + 

4= i,t,,"
_ o.f ; 't r-.-r l-,

." ","':#.T:',i ":;:'"ii:1"';:;11,',!'-,1-,'.i'". 
I n:l' ;il" :'

1'

t ,, E,,z(ni4 = .,rt+ s^"t ' ti - '(i)t I.r 1
trz1!r j= 
-?1^ -|- :

-",\ 
1Fn. 1' .i \:

TalrLor exna4d t,h. :lirst' trio blnonraLs as

2 s 7 -li 1 
_; 

\\ i 
lf^-, .n.. - r f i_-. -

as essumed 1n Mf.

"myer 
a:A !i!],vefl sf i 1sr,1cal Me'h!"n1c s .'' ! J76 '

g l. ,l 2:
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Ch. I PROELE].IS

TLe eolut iols, refere|c.sJ

23

I. Desi|]i .r i: ss s],.c'rlo:rr'. --1 t., !tc..irr-E tlre mrss .li:f"ren.e
D66.6b

the . ro-r lir. s (n2)+ nL D+.

Re Ier-e.,ce. : l.lEl i.1ri cl, 1.,d ElueEge, "liuclear' Pl,l:.ics TabLe:i'r
194?; Far|re1L :nd Lirijn,:locd, nEnlefirefl,al A-Lolric Physics
195:li r,{.G, l|ahle.Ir, cIaT,ter on oder'n llass S!ec'-1'o.conv i!
-ao

' co r'-- _ .1 60 6{

Cal culatc the l-.:ioin[.nerr]Y of !r llrc:or.rrd a lert,ron 1n
:1235 .

Ad? o: o- -6- {, .;'
B (.) ;": (.) . o: A o
ir..sg.si 0.,: F:i.ia3.

Desl::.r 1 ror e.riL:,-r' i:..1 aarrar..i:ri3 to C.L:r.,ire the etoalc
iagnettc ron!-nl ol }la in the .:rourLc ir+"ata, :S1,

Refelencc: FGJ lfase., "rlolecul:'r 3e.re" !9i7.
Coaslier: Teri,^raiure oj runrce, 6l.jt dir.n3lorrs, rnasl.t
dlneriion.J, t r.ssur:, ir--a:! seFl]rairlon alier 3!1itL!r4, xidth

4. Pra.ler: or felaii'/i'!tr. a c.sri. r.rtr n3so1, nr."r3 -:15tr,
lrsse;r LLroLdr tlro Geii.r couiters, 1C r alart. tr/hat efror,
d1i, ix i]le tlre, at, bet,r:eer thc t o !uls-'r, 1s .-lloxab]e !

1l r. nlsh'-he r1ncer,.-lnlr in ererer io b-a l-ass than lof?
consiier the cases rlrer. ttre "ercrJ" (1..e. kirretic er,erry)
of i,he r-.scr is 50, lOC, loA0, Ie1..

Solutioii: Be sure to calcxl.-t,e

l! < to{

l. l o .. - o T
" L : o -,

Ansx.rs: I.r T = 5a lt '-r., .,t : 1.29 1 lO_9 sec.
lOO " O.7l

loco " o.olt'5
-.D-: O - - -o

?olnts to..rsider:.S.a:..f !ol-a Iri.oes (trE.r, !.citlon of
stebl. orb11,), emte:'e lurn. rclulr!'d 3rd io:rer su,r!ll, Jre
c-uea.ti, :i!.ir.t1oa, v.,:!un, c.., n1..s, lri:.iion, e)itraciion.
Referen.!-s: {. ..slen, "let,a--rors," e re'iex, J!!J. E!. Lt!!.,

2a. ,:77 (1946)
D.\.;-. 'a.-' ' : 

-.9-. ---i: -. o ( l
. !-. ___i. aq. \ I )

!J.-. :1 \ 6'

!S!I. f:!. P,lU:. l6,6rr? (r-9rr5). s-'. rlsn !ai:e 581.



24 PROBLE}i S ch. I

i?:.: ;:::i:'."i:::'ii"ioii3'l;;3'l'ill;iiSli"llpliLll'i""
Pre 3e, 1949

D6 ooy .. o \'. " ' -o) n"o
o.e c.]i' ! hom€ ork.

lSil:;.":.:?:i'::;;.:::':i'f : .':5::"?i3i'i.ii;i""iil.!. ii""
aJJ", 

-ir."i.."t"i.c 
:ccus rir;, illccri'4, er:tracii on' lracuun'

iefe?ences: ciaIL.r by llickalilrce in "!r:o;?'u:s in NucLear
lhyslcs, l" bY 0' Ir:Lsch, 1950. The Bcrl:e1-.:,r acl ine is

""-; 
-;:" or r.u: e \o',,a-. o r. ". . a, 12 re \'

r . . " "'---. s) - lcl h. . -
, r-. i-.o o N1 16 -6 Ll

Chic€gc , 1950.

D-.ljl54 a of,. Uer Cochrcft-lialtoi e..e1er"ior.

Rererelces: !Lss. 8!J. !!-! . Lgd 4l-15 519: 6-!9 \'12);i...rr r.'- " /a 'rer. s.r - Ilrst. 13. '16 (l:40)

;";.;""""utlons rn.1 ,lparatus necessarr t! ':Lrr-r 
oui

"i"ii. "L.'1""r 
ol-r-ararrlors upon a one curle eannle'

oe j 1

. r -." 
- '. f

t,iic\ne ss ot snle' d.

9. Tne tc',initX oi a sarlrl_' is the tcNal n'Lr'Ler of lrocesses
..rr lcl .er Lrr,i t titre.

! -A. .Z l,

',rllerc y', ls i:re .1ecav coastant, an'l '1 
the nunicr' of '!h€ i th

t-_
Plot', aaairle" t'f ic' +-hc actl'rltj/ oi a tlio_elercnt radlc-

1c'!iv. chi11rl.

5o]u11on. Tlac eqnat,iors are
- 2,(

--i - )"nL
i,,ttife tt1, t;1 Lh. brh

t:-+r.".It'
4t, + p0",

1L-

QIr]

tI,"ll.' Q/t t cl
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Ch. I

. cl

r c]

e/ A = 4, r 41

iif:i*lii*$ti*.;iri*i{,ii# :riiii ii:ir.l".
t.o

Peren/ Activ; ry, A,

el
eL

'rl

\'

\
o:

{
{

o,t
Daugh/?r AcJiritfi Ar,

2. Fa'r oor4S"r, 2-. /o2

0,3

o.2
?ry.."

2It 2.5
),8

pAmtrT and DAUGHTER AC|.]IVITIES
Tro statenent€ can bc Jiaate :-.b.r.t ihe cur_res aLor/e:
' tle : - o er r , = r

i: '' .=' o s { .. :.. -..a( Li..\-. :.o ,-.rr", n"o -ov ol .'o
. ls s " o.rc.-. e., oi .' "J.:,;o! 

l-rs

'_^ ?,

t^- 1, ^ T,rlnce it. to-. ls a cr. n_ -"-"" t't ;, "; -" 
r ,o' .:.' , . :-l',,. "

s/ow taSAlar,
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PROEI-EIIS

10. At tlne t = a, U2)5 is si,rl:led oi all
Plot the auildut an1 decr.Ji oi Act,iniun

S.fut1on. Th. che1n, ::it,h dec."'1,' c.nstil1ts,,,
;s f;Tlovs \2 = c .69J/T , r','here r Is t1e h5rf

ch.I

, tr sec-], te
llfe).

u2'5;. Thart ".:" Pl' ;. ,' *,')'.:'.1" rh;:.'i" , Rot'i,i-,-.rt\1d'/ 76\/O-+ o.h.O ..

The first dal:,ht.r! Th, 1,i:11 alro11 111i,o gecu:i"ar -_qull ibrlx:r
{1th t}re U litthin a ruiter of i..lls. T] ls ls i llustr.lt--d blr tl're
" ia st-daur;ht er" (t:le l) cun-- oi -roilerr 9. Aft.r |! fer:.]rlrE He
na:r consider the Th r,cl,il'tty equal to the U actltltli ' ard io on

P ros

The Pa

\i

i t s de.ar rroduct s
x ( Ra2?ll.

rrll1 build u! ln a tertod - loll eec (lo! j'.ars).
ne:tlect the conlaratil'3ly siror"] T'.' sro:r'"h lericd, and

i; np. = tunu - tp^,tro

If \re nolr restrict ourse:].'res to :r '"1 e corls!.iera.ly less
I14,,1r ry o....c lr. o sr "'.'ou€L ro 1,'-" Tre
. ii;. r.o he.: rere I eore Io I | _

"- '*t ) lro <' L- .. Tu

Pa has .. / nuch lon[er tha:1 ary af lt,s dau:'.ters. Thuer as
the P:L :rolrs 1n .1rr.dualfy, so do all 1ts daui,hters, ln secltfar
equ1llbr1un. Thls 1s ,.n'.ther ljey of sr.Ilng that the AcX actlTlty
rtl]. alF.r"vs oquaf th-- ?EL .rct1Y1ty.

1,Ie ]la.re norr conrllete.] the lroblern, .rcept for e descrlition
of tne alls:r.roar..nce of the 1J'ro1e .heln (r{lr1ch 1s by ther 1n:er-
fect eauilibriun) .:s the U .lec.i).s.

Durin.r tlrls iine t1o AcX !-ctlfitJ'is :_1ve1 by
.?. I{'"x = 9' €

The conlfete cu1've i.s i:lTen bef.r{.

llotlcF thai the !s,'qitotlc lncreose of the Pa actlYlty alter
-od6ro ;!s l-1. 1 o-- l

ious troblen: 1rr..d1at1on. OlLe .,cconltish.s 11itle by 1rradl-
allirlt . sarnlfe for r tine lo -scr ih.'n, Ealr, tlt1ce *-he half llfe
under coDsidcra'L1on.

)ponro . t,ni (t -

Tlmc/ tt n se..



CHAPTER II. II'TEFII\CTION OE P.ADIATIO]! }IITH I]IATTER

A. ET\ERGY LOSS BY C:IARGE! ?ARTICI,ES

1. A chareted larilcle novlna through natter Losss energJ
by --lectronagnetlc lnt.eractlone r'Ihlch ralse electrorls of lhe
rnataler to -6:{c1ted energy st,ates. If an excl'Led lerrel Is 1n lrhe
contlnuur of st:ltes the electron 1s lorlzedj 1f no'., ihe electrort
ls h.rn exclted bounl star,e. fn elther case the lncrenent of
enerEv Is _!Le-.cj'on 6..6r v of - e .. lo. , c 1 -..
r.l ::' lollort e s-c o 'o-)z 'n';t r'f'r o.
of excltatlor.

Pp-nFe = total dlstance traveled by the partlcLe untll lt,s
klneltc erer$r ls o. Eefore a lornula for the ran3e of F pP-]'_
tlcle can be derlved, the rate of ener&r loss per un1t, lath n'ust.
be cafculateo. T\e flrst such calculatlon 1s cue to Bohr*, and
1s essentls-r1y c1..sslcal, 1.e., non-quantun mech.-nlcal.

2, Bohr lorrnule.. ConBlc.er one electroi of nass n at a
dlstalrce b-Ti6rn ile aeth ol an lrcldent lartlcle :ravlns ch."".8F

?6, nass M dnd velocttl. V.

charse ?eveloclty V

F]G. II.1

Assume the elec'rron ls free :Lrd 1n1t1:.11y at resi, :"nC.

moves so s11e;ht1y durlng the col11s1on that the electrlc fleld
actlng on th; electrcn due to the lartlcle can be calcuLated et
ihe lnltlal locatlon of ihe electrolr. The last lssuFlt1on Lg
not vEl1d for 3n lncldent lartlc1e of veloclty cori,srable to
that acqulred ltry the efectron.

'We shall calcule"te flrst the nonentun acculred by an e'ec
tron dr.rdrg a collls1on, ard frcn tllls llnd the enerqv acqulred.
as .re oal", 1. 4 -s8aa. . - - co3:'
dlr.e.L'or. "J sI1 -.-l . , e- ltr dl 1r l Lo :.'
rsr' 1e za-o, sl: - 'or e"c) oo"t 'd i-
lefi of A, tr1eldlng a :ol"^'ard contrlbrtlon to the ln!'rlse, there
ts a posltlon at equaf dlst.lnce to the rlslrt of A f,tvlrg 4.1 equal
but oploslte contrlbutlon.

The lmpulse-L to the path r" I1=Je.at IIp rlrct p.tlnate
the order of mag,1ltude of I! :

- f- oez n
I1 =Jl-r-dr=(.1-.Lros:'t. "o- -)x( "")-:: 

:

More exact colnputatlonr Conslder a clrcular cJll:der
centered on ihe patb end lasslng through the !os1tloa of the
eleclron, F16, II.2. Let O be the electrtretettc fleld 1n-
ienslty due to the pari,lcre ?e. The erectric ffux 1s

J e.ae = +, V. ( lnderrexdent of v)

rlty

ion

:"'

t-E"h., !!iT. M . ?4, roll9rt);E, E 11er5)

: n (erectron)

eL- lnpact laranreter

27



2t) Ch. II

.r la-sr's lleor. r. I: € - o o .'. . e
.* ti,-,.t - q",e. - tor' l', d,- -t'.

r,-. /_.1 rtonof tt ljlLn I 1-.-6br"o.. le 6ee6
tDncrloa as ^o-1- e fou:rf b. --o'.s le l1x'd a obs'r'vl [ 1'
' oo'. ..ovI.- .^ o l y ilo '' ' J '- sJ'ro '.

11.11'e,csu =l^E,at{ = i !le,a>a" =ezz

The ftpulee
norentun acqulred
el--ct ror 1s then

FIG. I] .2

.- 2+?2 ,

I\=J,_ €\edt= ,lE = F
by the elecircn. The

h' : r'f, 
"+2,.,1 n\Y'b'

',.rhere I ls{Le II.?
e.erflY :r,cririre.1 by one

II .]

The nunner ol colllslor'.s ler unll lat,. lcrijlh 3u.h tlrai b
)'-. I - -or- '_9
p-. -. : .oo ooy y .of 1'. o.o
b ,o (F t. r. ). r % - i" l
216)2bdh. T.e enerJ' lost trer cr. i,o such eiec+-rons 1s

a:.rr; =2#L * II .4

The tot:rl cllar:l-e
bitn io brax 1s

ln e.erc'r t.. alL she1r 3

aE f enon ft; ,."-" ." ', rr.-
The llnii brax: The force on an erec'-rcr as a fllnct,lon oi

tire 1{11-1 te a oiliic .ccuirylnt e. L1ne'V- b/v, no]l rel.l,lvlstlcallv.
It cai be shown ihat lt r/T rs Duch less than ttre l'1:ratlon fre-
q\)e!'!)y / af an elccNron 1r.. atorn, then ihe el-'ctron absorbs io
energ', i.e,, lhl] lrobabtrllly lor '"ra.sLtlon to .. hr+er s_-ale ls
smaLl.

Fer.iivr si.icBl Lu th! elect,rlc fleld ol tae licliert partlcle
L conlrl cted I ' '_ lo I :or' o €.! ) l -' s'd 'i

l-;. .l-- I I Ls' _l /^-

; d.- lo a o oT forc' 1s roh
'or ro'I-- t(a,-V: ' i --a o .6 r o. a 1d o''\N/\''/)
ch3nAed, s:nce Li, CeperC.r essenti.lly on the lroduct (flerd
stre;ith)x(duraiilon) .

+11



ch. JI Bohr Fotlnula . _ 29
olex' -, -, r)r -'f- ,"\.-L-o\er rh-.'r.ted. T .r r .".; ...

L-V"^"-, r, I (c ) Ir'r
\./here z 1s ar.r approlriate a_verage frequency for etectrons lnthe .rbsorbln6 materlat.

P'oo-: Dt .1 Laoo L l"ortl <2. ene^gl
i; :;;r "i 

' ' 1 ro ^ (D-tn iol- o- draoc-lc'

co'JIdF- .
,L 6 ' 1 loonr 1. r '^ -. L-t h. .oo,atnaL. ot Lneerecrron be y. y=b + d srnvL. y =J'J """'"-il""ulja."', t.d\'- - vJ - 

_l 
," " o o, or'-)x(v- oc,r. ) dL

e=
t- -. ,1

lf'rd ) ^ Vrnnldt =

? e'z'd (' *'^ 1----T)^-Fy3-
= |e""'d n p-"

V'a
?e'ud t ^-az---1/ c +

os

4r- L,L\=+=-=uL

o
vZ --, >:>7

In:_]l:_tl" o+1"j. ( r ). crassi."rry, rhe .raxr,nun veroclty rhat
;i1"":" il*il:".: :;*'.i',1::':::- ji""::::;'r ::i,ii:';;l- iil *:: :lni:-:Ij",--1!. ener(r Glven "u""ot "*".ua 7,aiivlz. 

"-ir.,"",i.#

Ly, ler colli slon Ls 3+:*.:::'::+il" i::", :'X'"."".*r s a rLr3!1 r 9i . 1 r, i;; 3i,."gr,'iiJ" "iJi.*a
2q"e4 . h'V'b'

of ;i, b1 
:2hv

Values of b sirr"tler 1€.r the sotutlon
nust be er.cLuded tn the lnte:r"atlon.

Thls detenrlnes bntn 
".s/, \ ee'

\tt'-,)u.'= " ,,

rlr
rr,7

(2)
fleld of
etor, I

Thls classical treatrent ts v3ttd onty 1f the Coulonbthe lncldent Dal]rlctle varles nef,tt3lbti- .".. tn.-arr."_of the quElntum nechalrlcal ,,,rv. i""ri.t r.""""."tr"" ir..
easlest to_ see rn tne iest eyiiemr t-lrelnctd;ntEn_
Then the electron app--a.rs to_ coltlate wftn sometftnirlgld ualt.

r

* Thls ls
i1cle.
]1ke a-

= / 
-lef /4-rre /,. 

-T::';"",'il',::.

- 1 '"',



)O

II.3
1 .l

dE +n+'e+? t Fr''
- i;:- ;/, ^ hti't, (.r cm1) rr.'

e Ilr. a11. ri2r,'l.ra_-1, -lre
i1r'!i cl.. h il ii.i,:'Iirr!i,e
i-. 1! a: rest ( ri:, ,,:artt-
r,,s:-.r, fof .r L:-r.1.',. 1iLc1.l.r,+-
lr o: ahou_- I, .:rs!:Itr._ its
1l. T.: IorerNrr of t:'re
ts ,^Vli;3; ari the|etole

ha'rc rii-.31:r:, an.i th-_ref.re" "t b-4

J tr -:t

erectror. L 1!i i'-!rt i:ox1r..
elec'"rcn 1s :-.er r'roi 'LL.l
sXsi!n 1r r:l:1.\ the 1r-c1..
col rcLies i'iLir tl-e ..r+...
par'-:c' e ) , tl:ir i:l.r'clrrol] |
orblt al r-.r o.1i1- is:u.ll
elect.ron 1n ihis co.:.line, t [t-1= _. / Oi I - ru .
lnotl:er .rlterlof Ior rri

1t-l-
"^^/a -

rl-rer-. t 1s a sulta]]Lt ei'-'r.Se of Nhe osclll.-'-ror ire.uelcler
oi ihe electrcn3.

Ilor.,- Iir.c1s.- carculatlon4* 1e3Cs rio ih. iol'-o*i.rj lo.1l3
lor' h.avy i.ax'"1.1.s! 1.e. , n.i el"c+-r.rrs:

dE\ 4\fe+7lN-2\z L
-Tt),,": /..n \"'T*j\

(."', c,. 11

(l--:-:' :,.,-.ait Lcl e s )-/J )
lr.to

v.,.r.-. I 1s tlre alera-c lorriza'-l01 l,ot.-'rtlel ol +-h. -arectrols of
1..:,oe,.

'. L
- ./ ;-----=-;- , ) I

piitic'e :.s !racl,L.ral.1'r- un.lellect:d. Eur. t.. 1nci.1.1i' llrticle
icquifl.s a trans.r.rse coniolc]1t ol rorr:i:ur- r'rr .orlirlo:1 a!!ror-
1n;telti e.-uaL ',o thaL 1:1ve! to ai 

"le.tro. 
i:r i'ie t"nsor_'€r' an..

I Lre In - - :J
. (.1lo

.olllslons b;tTee1 lneri-i.al !ar-!1c ee 
"xclranrl. 

prrerorer- rust
be taLcrr lr]t.c acco!.1+r:*i !!-ihc ** (l"es t.e :.]llor{ina fomula

II.]]

rrerc T rs r-he rlerage 1or:1zat1o. pot,eatlal of th. a'-oi!r cf t'he
ansorber rlnd T - :cl."t,lvls+-1c lilnetlc e]:erili .i lle .f-_ctron'

il I I 6 1. ,' T r,

" 
-"." l*'dE.b T, 1" ls rr"i,lfie. ln "Lacirr. S.rI.s 1. )luclear

PL-.rslca", LA:4, Lcc'-rre XI, l,r1.t.d .a1ilo]r !. 27.
** Eet,he, Uar:dbLrci Cer Prr'-iLk, ! t19-''r: , . P-. s i. I I

for ef,-r.ir Ioss bv slec_-rons:

t+n)+'t-,a')
(e1€ ct ro.s



ch. rr Eoir Fonirula. Etecirons JI
An e.f roxirlatlon ror I lsr

T=(r:.s 7)x t.60 x Lo-'2 (er s) r1 .,.:

""".:":';:;'ii",i:' ti.i:: -'rect'rone, a:r!r1ed to a1r, 1'1erds i.e

r"",u3"t #ffi.,lll -":*;**Ei.,ftA**=,o;"
it:l:;",! I t.it-";"i."i-ra 

=--ffiili,""";:a ,;- .:: "ii ".., ]31 ,:3"
so.e o'"er ', .q v 19. L.o-

:::j:": " 1. :-:;irt:;,;;:."- lSi. ,j:r,ne o1d, The fotto;lnE rableror frotons absorbed 1; air er.
i:r-:"li:l"i:; -:;=' ; i:)/"::;::: i' i:i-:-'.,;r:""i:i.:'jm.
ii"l: . "" ;' ;1"; ": ,i;?%:,, f!,=,;i,;;;::;" 7r ;;:":i,l:r"l:i;,,,.ll-'hl ,,,' o.lj- (-) 'oJ rp.. a..r\ed r.c,n rh,-r::1" ":-"' l - ;lj :.: ::Ji;;', 

"i;;""r i;i"'lY; :';:
-4E-- ' dt

df f dx 11.11
."--- .!. rs - .h,c. -ss 1. :ii.ii. ='l"l 

.',i"t;i;;ii ", "i lir,"'i 
',;t" :!":r"i;,

ro6
to7
tou
to9
rolo

OTON
Enerat',

300

7.6
2.3
2.

roZ
toU
to9 I

lt olo

ls the

to6 150
27.5
5.

.6

.6

i"t :].; "#;' lT53r . l', i:'; l".li--l.ii-;"r*ll; "-;.,"g..
;, , "; -;-r:-"1".:;..:-,'^i-r'i il",::..i }.:" ! ;Iq:'g"'li::ii
ri. f 

:i. 1.;-i" :::'o_"",' i, l'' j:" ; 
" 
; .":,i-*- -:-,",":,i:i\"ao,o-acln r rh- o c-i.,. J-,.-i" " o.r .- r"o-bFr (ro . ir. L: )i*6. I_q1f.. ofren 1n e. prr-rE' -..d-F;; :i. 1...;.-:..:: " l;:,:;: ,i,:, 

";."

2x|A6
2xloJ

2:rrO9
2xtolo z.t l.rtt*tora i.i i+i'ioro i.iii iiiiiii*'T:ifrig'il:

+*See aleo Ltvlnsston and Betie, B€r.Mod.!U!, g, D. 265.



-i Eol'r lor.rrula ' Rante ch' II

e.uatlon of ihe forin .1E/ix - f(E) Int'effatinS' ve tet
a\ t"al O t.

/ - L./E .i-' '

1 r o ::'"':.,"","!;' "..:,;;:'tIit''X a '.
:"-.:: ..'r"(E rti-'"u:o ..t,.11 ", 

":::; , " ii- : ^ ',^ili l
..riv. rro". !l eclse conslder'lt
+ 1on 1s'

-R< E.'* ,' lr. -

b o'rr'a, ":; 
",1"' 

A 5q ;"^ . :l; "
.o .r.,". of sLtha PFriLcrer 1r

rr"ssurt ls .t^
p-.-z(M-)'c"1 (". ."- .r-l r.6

rhls .s cor-,^- Lo Dor. 104.. tL""l'- : 
d1' 

-:--rr -, ',..t,
".iocrt ree. ThF le reral nat'ur'(
shor'm ln lls. II'i'

!ro!osed for electrons :ry "':.::::"1 i:t?;
tlonshl! I h -.0.5418,11,]erg l'*";ni:"::'3:i;3 ';:""';";;.i M;; ' ':':1" 1.1",l|i6t!"u""ili' ;n;'-a;rveu (1ea6 ):::-:'i:'-7".2. E 's ','rs' Mav
lr16- J l !l?:''.:,- 

^.^ .j"; '.rrleo ouLiiljB riij.&4 -!r1rt:?4 qr+-4+es

-o. 
ir, uut iu cro"' n

a--1"" i.t ":=,ir=i 
.o 

" "' "" " ' "l:-b-::"
- "^,;;,,. .r^" ", ecr. Ia r"

i;.:i";j" -. i' - "-;-- ;" '. sr' u '' 'o s no Lo- ol '1 '
li""i.""":: ;. ; -" I : 1,,:.:,:; li-"
1. q reelon:i":,i',:';i"i; ;''lold L b r' " r. re
-.*1" 

";i.:;';; 
or'acr L c'"eao55 \rrLh

i;;;:;"."1:';'-;ia o" -'L'or s rh'
;;";';-i, dr '.r du' -o 'g a.""L 1s

uEuaily sna1r.**

r1gl***14l,g**gl,"*:al:l+i, 
L:*r *' *,,.

FIG. 1r,l

B. Nature of the equatlon for -dB/dx' Equatlon lI .1O hag

ihe fofm

Mev<E < O.E

+ Exlonenis iir vartoue Partl cle e a4d [*1e= rr. Llvlngeton and

--'i"'."e. p. 65. - ,- ra(, oro)

::T;:::"J"ii""19 o&'il':-ffi",rfi a;','r 's :ir' r'' '

P 26t.



t1 ch,

dE
-az

i

II Iorl zat loi oi a Gas l5

I : ''---- '.-_-D
Mc2 oMc'rrc. T1.4

Tl:. .xrre EC! itlves tr. 1./V' (1e!end-.rce, Ai, rer.ailv1lrtlc
. .- - 't " 'D 1" \ Llc o / . Al

. 1. . d (v -- ) ^o. a d
lncr.ajres as V+c, .ivlx* ihe rlse 1n ihe cure from C to E.
Al: v,.ry lor --.er!,res (reslorr AE) equaLrot II lO braaks do'm
be. i:je '-he l..tlcte h.,r lieLocLtv com.-arable t.o that of tbe
orbi+-aI .r.rctrors 1. l.e alreorber, axd t..e efi:clencJ of energy
e).clran;te 1; ru.. lorer. Tie Irartlclo ltself capturee electrons
an.1 s!.rds !af- oi 1+-s tlne rl'"h reduced charEe.

9. lonLzatlon of a.:as. If tonlzatlon l.s -roduced 1n a 8as
thc lorrs:naj be collectcd bt charzed eleclr\)ies, and ihe anount
of charec colleciec rlll be proportlonal to lhe ]]ll!Ler of lons

olj eo. :l _od'q \r' '
o - --: o -.. (a. r ", )a,lo

ij..ef.r. on tl: rrunber ol lons lroduced. Thls vol'la8e -!ulse oay
b-- r::!ll.11ed l|learly ..rn1 n-aasure.l quantltatlveltr, as r1'tth an
osc'-_ liogrftn. A gas ch€.r.ber ior thls lurlose 1s called a1 lon-
I z.r1.r .lr.Therr..

[6)

FTG. II .5

Ir Llre 1rr1a.ererl, 1i F1-4. I]5, elect.rors are c.ilected ai,
i:he to-, Dlate. A neiiaLlre !x-se, ol duratlon de'Lerilned by R
and -l.h-a cala.lly ol the lonlzatlon .hamber a.d assoclatea clrcult'
Le lro.lucei :rt th-o !r1d ()1 t.he l.liear a.pl1f1er,

It turns oui ilai there 1s a close lroportLonarlty betr'ieen
numbei oi lons !.oduced and lot.al energy lost. by the lnclcent

. 6. F 01- lo lr (-- ro I s o lzeo
a o ) I o.u -o lo- a ? 'L 6 oa"!r'16, (a o

trbLe on iollo.rlnl la8e). Althou+ ei!1rlcally the r-'sult ls a
l

t F.f-ar.nc.:r.r iorization charb.rs are:
IucLeer Counl,exs (V.n llosircnc), Ro3si and-ffi5-:-=nn cour.t:rs ( cGas'"-Eill).

Korlf. Electrun anl
st rur, ronjZi:tTon



J4 Scat,t.erlnll ch.

Enerqr for one lon palr+s lnple lrorort,1.:ral lty betrieen
nurnber ol 1ons and energy spent,
the explanatlon 1s ,rery con!]1
cated. Thcor--+.lcat predlctlon
of the averr.no energ,'r per:1on
palr lrvolve s: (1) catculatlne
the % of "ll orlrr"rv colt1slo;e
'r aL -ad
tron 1n order Lo kno!' ho{ much
ener$r 1s 'r'raeted" oi non-lontzIJir,
---"s110 ; ( )culetlng xhet iractlon of ener&v
carrled aivay by prlr:Lry lonlzed etecrrons ts used 1n produclnseA-o.d.": lo Lrc 'a - l. -obt- o.o oa. ylnvestlgated.

Problerc: DeslaI an tontzs.tlon ch:rrber and streclfv the ch:r.re. .rl" ,.s ot f,- ,sso., idd .,.6.- E.n: trl ; o .a, rhosrs'-m l" aul^-1,16 or 6 dar)r/ a. .rf-erence
oerre6n t,' - u;)o (Lr) ..o U/Ja (Ull) a d--.8.

tlt ,\
92u '" *c + o6T' I o6Thc'1+ I - o.U ": o.U')\e* n'tnt 

)v

Th. iollo!'1 .a- 'lacees,1-f conslo.-a lons; ( ) loss
9I.*.-sj of DErr I 6s rh to dL t I l: Lh- e.nl'11ng "rour"r"",(2) "as ro b. rsed, (.) ol0ensto e a d e --rr.oerairc caoacrri

,(f) eern and frpquer J reEoonse 'lecesear} 1n LheanDllfler, ()) 
'a+. oI - 1.sio. o; oarlroree trJ Lhp;olLr,er.

10. Hl€ . -rS/ I oarrtc l6s tose .nr.rgy atnly oJ --olatlon.r-rs e if .c t ]TGt6--o ia--r, 1. rt, s-cr1;n c, l.
B. SCATTERING DLE TO A COULO}M FIE],D

Scattertng due to lnreratlon of charged ljar-tIc1es l{lth theCoulomb ileld of nuclel 1s dlsttngulshed iron- scatterrng in]r'h1ch the lncldent le.rtlcte enter; a nucteus. Onty the fomer1s treated 1n thts sectlor_

Scatterlng due to cottlslons i.rlth nuc.tel ts observed for
.e]1 char -o oa-rl .as I' var/1r. o.q.ree. A. a1p a - rack t'1 a
^roud c, arb6r_ slr -.. .1rL{, 1na,.aLlr / on- lar]ea g e sc Lrarlr -ran . E scaLue:-o uch ,oi- fre.quentlyj End thelr tr€.cks are a.s shown:

B 

- 

c{ 
---1. Claselcal ca.tculatlon for stnate scatterlnq, If the

-s:,^-:nl 
. 01 'ra.nu by r-;rbJ e.cl,ron; re nFstecl,ed,rh6 .tor^. o. d, L.^1oe. I oaFLr.la d.16 Lo o,o nuc eue Is t[ecar.ra^rb for.e 7ge'/,,12 , ,nere Z r" tn" "na"s.-"i ir,.-"i"r"""an'l y Lhe .r xi /- ot o a.rL,^ F. A6".re LhaL La- nu . €.ls ishe.|rJ coropared to the Fartlcte Bo that the center of nass of thesyeten 16 almost at the nucteus. Let, b, t,he lnpact parameter,

eLnd I, the a.nsle of deftectlon be deflned ln Fl-g. II.6, p. 15:
For lnverse square forces be-"Feen parttcteej ctasstcal

II

Gas Eneray speit for
A J'.OHe 27.8
N l5.oo J2.3Ne 27.4
a' 25,4
Kr 22,8
xe 20. B

*Rut.herford,
Subst€-nce s,

Ch€.dvlck and Elt1s; Radlatlons fxcn nadloactlve
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cHARe€ 9'

If {e put
to II.f7 1,'hen

Scatte11na 35

mechanlcB Slves the fol]olrlig foflmfa* I
6 q,?az

lr.7rAr\2-iGv'z
Thls fonnul a 1s ya.l1d at non-rel:ltlvlstlc velocltles, V<< c

A relatlvlEtlcally correci verslon of II.19 ior small angles 0

Ls glven ln ihe paragra!,h conte.lnlna II.20.

Exact quantum r0echanlce.f calculatlon Slves the Eame fonula
provlded th; nuclear fleld 1s exactly a Coulonb f1eld. Both
alasslcally and quentuln nechanlcally th-' fo1llula 1s valld onfv
lf ihe clslrance of neareet atproElcb ol r:he lartlc1e to the
nucleus 1s larger thar the nuclear€d1us.

The cross-sectlon for scatterlng of the lncldent i:'-rt1c1e
at an anile g ln the ra.nge dg ts deilned to be the iotal ar:ea
I to the lnltlal path of the partlcfe stlc.1 that 1l t,he lart1cle
passes throul3h thls area lt ls deffected by an angLe 0 ln de.
Sln.e ror 11l-'1 o-r'1c-6 o u leus, o1"a.fuiclo of 0or I
ttre area coire eponA lns to a glven O ]les al € certaln r.dius t(e),
snC has €.. 1'Lo- d%- zT b(er do. SLbs-'- . l'1S ro" l_ L r
ol Lh- co -- po-d1 - 'g - o: ode - ab(0lo'(e)o€. D1 'd'bl'
the elerrerlt oi .orrii "nare Z?rslngdg to Jlnd the cross B€ct1or' !er
unLi steradlan, ard sut;titute for b(o) 1Ns value fron solvlng
II.l7 for b. Then ihe cross sectlon ler unlt so11d engle at 0

II.]8

Note that noet partlcles are scatt,ered at srall anales.

a relatlvl stlcally correct equailon fcr 0 as a lunctlon of
b {hen I is snall can be d.erlYed eas1lf,, usln0 the same argu-
dents used to derlwe II.l. Slnce nor{ rre deal L'1th nucfear charge
Zand L. C.n a.r' o oI ''a.*- 7. LloJ lI. br
the nuclea.r chaise ln order to gei"the trdnwerse lEpulse lmlar-i
ed to tbe lncldent parttcle tn lhe colflslon. Thls glves

7fk
Lb= zzYe'

' vb
1e the rela+"Ivl3t1c tnomentun
of deffectlon 1s very nearly

II.19

1nc ld ent lartlcle' the

' tf A F'<<4
(e small ) Il .20

,,=Mr' (non-ret.tlr/1stIc) thie
o ls snall €nd ta. 0/2 Y e/2.

tecon--s 1Cent1cal
In th,-se fornulae

do -t(e"27\'z t

dut 4\rtv'/ S'*aozz

TSee, tor e"anpre, --lndsaJi, l)hyslca] Ilechanlcs, p.76



J6 Mlll t.lf le Sc.t,t,.rlng Ch, II
b 1e th,lt.d to.1lsia.ces iro-rl te nicleus r.,,lt.:1l! ihich t.c r:u
clear ch.}"i-A car }-a fe]t., 1.e., lEs not Le.n screen-a.r. r,1 neerLl.

2. ljdltl!]e scat,t.ri!!. ?ariictes, Derilc!l.fl;- electrnls,
nre delleci --a manl. t:nes 1n passlns throxdl 2 folt of m.tal.
Tie net an[le of derl.ect,lo., d:roted @ , ls ti. rc:iu]t, of a sta-I al. .. -6sd-1 s!.r:6rl
'I.d -oIt- o --d-' A.lF,lt- -.L-'.l
;1ver hcre, 'l!'e eser re t.tr."t fo paths are co:..p1et,e 1oops, as ln b
fTC.l .. I 6F.rsLo- a.' - .--sol
Oro s --. -I -a o, O-osei ' .. .1l /:o O - -(O lq

,!(otde =c*". g .@io
I1 .21

s.atterlhg a..1es,
'l:ere @p rs the net lrlre of.' t e b_r ne r: +,h: lver e
t\e rh... h-r 1+*

det L.ct lor lor ! .o111sions
for in.-nlr such tnv€rsate oI

tie lidtrlduel ,.rerts co iroi iLilfer,
62 =6t l-.?)

51nce s irr.t,i ej-1c.tty

('=2rr\

For ldir foi1e, D differs tlrr = r!. rl to s n-.

Uslna IL20 for 6,
a.'rerullnli over 6'z for
values of b fr,on ]],.rn to'bnax, and gurnmlr: for all
collisiols ln the tenAib
ot Fath !, xe obtaln x**rl

4,.l /L4.2...'.\. ''" I \ L. '^. 1""- rr"1:
tile fron tLe iiicliress .i ihe Io11,

lae to s.rcerr1.q of tbe nLclear cr..rte bi e1ectrclu, iLe Zfelt, ,I a iraft,lcle delends on b, ihereiorc Z 1a tire i.te3ral 1B-'lo o \r-: Z o sla-aaed]s "o d6 o o?olceof.b-. 
^ 

s I p d , '

A, -an 
No?'z'e4 L h,^".v "t'k' ^'b-. II.26

Cholce of llnLt.s: q0ax i The equation II.26 woutd b€st.rlctly correct 1f ."t distarces berond bnaa 'Lhe s.re-.nlne of
tlLe lucleus {ere perfect; i.e., ro ecai.tc.1n.. aLd lor dlst.rces
Z tlere le]t.. llo suca rrorild.-rX exists, since screertnf 1n-

creascs []r4d,111.ly r"/i_"h distanceJ but fort.,LEiel_rr t,he fo; --em

1::-r ", !q.!!,.!qt. 4'09 ( ojo)j D -el d--1e , Rry. .'oo. P-:; \ t,9T.9. ).loesi and Gref |o, tr, -**{ ThIs is shoi,r 11 Apper:d1x II"l**+* Silo{n ln 5r-.atcr detail lf -{!!er.1ix II.?

@

FrG.1r.7



-J
ch. II y,.rltlfi.sc.:itef1.i8

.1" o - o, I r d.d E6

A aoro 9'P'" oo

7' Z.
t.l:e i ir:to rc..rrrlt t..l
Z, Ze+t= Z - 

(electro.

-_=-.=-::l
l

7I.27
Thc fect,or ZZ
ze{f tt) .' I'11

..'.r1nt 1o]] oi the tunctLonc:r.r6e ltirlr srhere of
Z&l

0ther c o r: s 1.i c rlir 1o'r s
slze ol th.-- r::.r --r.:(.ai,:.c 6); Q) , eLze
slon*+. T\e resrrr i
1e

\ 2?7e'
".'^= -7e ( frc:n II.20 ) rt .28

rr._ o..-r r h rt.brlr>Atl.tX
of ',,.,ve lact.ei,s

ro r- O, uslnr our

srq: as (r), itle r1,,tre
l0_ tJ, fro,n e rr.i"Lor 1.4of ]]eri,I.tee in t:re cottl_
cholces Ior bain :r.ird birax

T.e
Lol

llur:erLrat :orru] ae:

Iox ex..:rrLc, fr.r II.lt. 1fradlar ln 'rr.sri - rn, io-l

@"= ll.j,f
1s defl:.t,-C about one

6 =*ip#z:tt@ 11.29
rc.irtt te not. i-.:.sitiv. to re c .r.-cc of brlir.!:d bnax; thet.enr 1s oI ih-- or.ior: oi nairi t ,a

;:::lj:it"ji"i:i:*;f;liiiiri;",1.11.. ii.,l! :i:**:"i;
. cleeslcalr-V1' - 2 x (t:lne+-ic ,-reri;,). rr thc --xrrene rel.!_'. Bl p,.t -r' - :;. . - -.o,-. ..ou_: t,

z
1r 'fo

ThlE :or.n:uta -t1!-6r the rost l:nncrtp_nt cheftrctcrlsttcs or II.29.xvlderLty.. 11ror,on ej.r.t r",: eteciror orr ih€ sane;.;;;r,,"irt-;-.
i:al:tclec a:,urt, u,e.s€.ie anolL,,r. prt he ra:r6e ;r'ii.. ;i;";;."I ., .. p l. af 6scati,erirg of I lgit, r.a41ct--. is rore nxo:rlrelt r:"n oI heery

rr.12

FIG. II.8

o'

rrhe Thomr.6
p.226.
br1efly, ln



JA Passa8e of Electl'olisrr.:L. La.lrailor through ]{at't'er Ch'Tl

For]nul.,s for rarri-:e al.i.l'50r?:1on r,usi ne lnt']rlreted rrltil
scat,terlrg 1n +,1e r1ra. The tr.ie .arr: r elrh'! rav be nuch lonler
than the ihickre3s of t.1e atr;ori--er. Tie cqrr't1ons 1or ranire of
part,lcles r.!,p11e.1 to a iomc'lerreous bean .f non'gcattered !art1-
iies passrrl'"hrou8h an absorier xou:Ld :,'l.li 3- curre oi n]inLlrer
of,.aitlcle: enar5l,-.f vs, tllch:r.ss llke FIG. II.9a. Eut' er.-
per1trent3-rly, IIG. I1,9 b 1s nor.e rcarlJ correct for eleclronE'
ind the reas.:: for t:_,e .llffcr.rrc" 1s 3lrag|l:1n5 du" t,o e.aL'"er

'M FrG. rr' 9

There ls ., lirot,len on mrlirlrle scaLLerlng tn APDcrtdlx II'f

C. ?SCEa-SC of Elec'"ro:rrafi1etlc R:alatlon throu'':r Matter

There are three lrocesses b:,' {hlch photons er': eir:h-'r ab-

?hotoeLectrlc :tbsor!iion
Ccn!'Lo. effect
?ai r forrratLon.

1. !4otqel ?s lrl L atrqo r:!!gt:. rlre .-'l€ctl'rs iroun.l "Lo an
.!tom :!al rc ir. ir,ed lrLo e.e.ls accor.Lira to t.relr b1..1:]]:l

-l - o (-- , o tL \z- ) .
here Ry is LLre Rtrd.i--rr-, errout Lf .5 e,r, T.e nsxt shel.s are

the L.ri.1 l"l slells. Zlcctrons li t::e I, ard:{ shells a.e iourd
"Li.r.-.''."+." .o"i.::. F.l it-5 )214 ard R: \z-v )2/ e, resrecLiYerv.
T]1ese LasL tr,o ]lrilers arc r.r::' a!.rorlnat.e, s'r,cc the energr de-
pends or scr..41ng .":i ilre Bl.alc oi the or)11 . The l..si filled
orblts ol t.lre :tor i:,r.r 1.1 e talc.rce orl rts prorl|lcirE ottlcal
slectra. lje:ro:d '!L1s, ihe s'!at.E are lnlll]-eC. ?rovLie.i 1NE

erer-r 1s sul'lic1eft, :, Cholon na'\. elec',ron :?on ar,y
of the rlrells ar_d ]-a...e it eLLher l.! orLe of '!:e lrcl'1o.isl:I u.-
occi..lei Lrunl siar]es, or 1r e-. lorrlzcd st?t. As tl:e freque.cy
7/ .': 'rt.Lt. t !, ot.or3 Ls l.creesed fro:n z--ro, ttrel 1lrs'" bocone
a.l.] to er.i_-e clcc'lroris il oltlcP.l orilis of a lerr e.r. trl.dlnl
ereirf;\r, T'r13 loss oi e_.r:i,- 1s tha flr.-' co.t,rlbr+-1or i,o 3-bsorp-
trorlf rlro'"o.rs bJ !.otoelectric .It.cL. Ary' 1s I'.rrt _er :ncreas
--C, eLcctro:s ir: de,c!er lr'l]lf crblts 1!.:.r ..becrl ,''-').a!. Vlre:]t tl

rcocl.es i.ire lrlr.dir:i, er--r': ir oll a |artictlar: il.elr oi elec'!ro1rs,
t.!rc is a s ati rl"e lrr a_ so.lilon. A r:oulil |lot of tle a:_

T!,- poLnl 1t, r;]l1ci ih-_ a:lioflt1on cl':!rr'es ainl] t.:y due io'
s:-i, absoiii,ro:r !i K.lccl,ror:3 1s .rll..1 ':.he Il a_.:orFtlo'r ec:le,
a:i rs at :1e ere:'i:r ri, r;h,cl' K electroirs ar.e lLi"ed'"o oier:.v
lor.lE > o, r erf-r o rs ihe cr.f:J of ar. lonlzed eleciror riith
zero 'iel-^cllt'.

The l, :trsorp+,: or e.1:''s ar'r i r'3e-Iold' s-rce L.jIe _ silell hae
3r,,-sL-llr f5. .-it- J... 2?, : a\.1.i, dlff:rcl+- _': erGles' T':I1e

(r
(:
IJ



t1 cl1. II

zI
rl
o
€

Photoelectric ,{bsorption 39

enerey splitiinc is due to (t) differenr screenins of the nucterrs|o_ s .d o o"b . lnd -1-c -or ir_o-o.. i-.r. ..on 
"rit,,_-i1. o" p! srd Da .

-AS/,/'

d_

E,E. o{ K oRBll - 35 KlLo e.v f6r TIN , Z=so
.10I'IG. I]

. ln- "oc.---ct:o, for D'1o-o^.a,tri^ €o,o-ption bv o-e Kror tra _. r :or. o th. . o. | .1]-uo I -;"rey > o)
".,^":,:l^^i-r''-l'-!r 'Y" .'jrl In6 n€n : . ;:^; """;;:;s:.:_i: ._-11q: '!_-le:. - -_-. -.; i:.) -i;- ;::.". {;,

,! -^- U . 6 fr6o .6r.J op tn- K ebsorrLio. -oa-. 7,/ ts rnerr.a,Avcy " tt- DhoLo, Era , gr-et-- .t)a^ U. , a.o Cr.lZ
The following sinplified fornuta holds for u rrear la 1/K I

,a t ,B/

6"i-'' Fe. rs e ".r-. -G,31:a 
" lz:\'' )).*, ^ L\7' \ul I1.34

-h- ndss absoror ioo no-ff:^ia-t I ,3 d-r,r-a b/ rna rF.ar.oE,l:-:+--_----_---'rr": "loo_9r' o.o.ro'ls ro ao orb-d rtan ,dss; g r1-o*gr .lljcknF.,\1r'acrf,on Qr pnorons not absorbeii wlien .Dassing through thicknessg 1n g-sin-z oi s-b sorber )= e(FFr). I "r,1iii d";;i;;%"i;;;"#.
+:€_g:4fra coefficient X, 1.e.,' the fr""tion ;;;"iG ;h;;;;;r =ll q -s -qla ro ^-it

Problel0: Derive the reletlon between/, anti o. per atom. Ca1_culate/ for tead.

corsid-r a boan o" z. ohotoos-on-?-sec-l ioolns rq-lon ol ab. ocb-r of .ni.(n--s oz ano -rps,_. e-i oial area S-q! or-a B s v-n br B - o "'?) :.,,r i",:3i-r-i-i"ili x-i"" i,i,,oay D- .or s:der-o -o absorb aL_ pno:ons rii i"n-:-. -n{.1"-'
r'- -!'b-- or oro o.1s ao.oro6o 06r^ .c".a i iEzsi'"^ i-ir-.a3rprg'rs b6srr 1s d-. iry z pF- co? p." ..i. -
.,-.-f n...-4= f . oNl, ...-,\= -"e-o\^

The fraction Dot absorH rn a finlte disrance x (cnl) is
by definltlon.

DECREASE5,

quantun Theory of Raillation, 2nd ed. p. 124
* Eeitter,



phctoetectric Absorpilon
/f \rtereI is the density in g_cm-3. rheret.re

" t.*' "{ N. = 6 * tc2: II.35

Ch. II

'..,.";":' "F;:l;iil,"i,:' i;:,::T" o 1 -'c:,-- s .,,r.e.. :'o c :i,,r. c
ir e;.,: s . r; i;"'ii'ri.i.i,i -.r'J,,;:i,:: 1.,:.1:..;.i.1";;;,li; ;t"
i;:"i"X':::":ll" 

"f "::!' i.'i =#iiiX: ;tl";";;:!';,i,i::":i"l;i:l ;"l.
Al C L.{

\\\ t\
l

3
ENERGY IN UNII5 OF 1"2

S" Pb

t,t
l\ltl\

LOCATIO\ OF K ABsORPIO\ EDGES

Pro;jlen: Clrel] a so.rrcc .f ai t:jtovott I "..t*..r,.". lr_.t
:: ":I:::.:. ll:.-,]:- ror use to f,r;oker i,hlc --"".r.i ..i-'in"" 1"._ro,r e'-erin1.e rtr Dere4nlne i:..'irir"ii"" "!"i., i"-;:.;,1" "ci"::
corsl.lex.,tlon t,o the ar,,.,1-.atri tlty of:he ":.,"". ..r,"""r.--"",'corqounds n.,.:,r -o usec. TLe absorftlon 

"r ._ "."."""r-i."-i""sun of the selarat. p_bsor!",1ons du. to l_- ".""-"ii,i",J 
---

2 . 
- -ae:!rl :"tfglinr- prratoer ecr,1.1c rb scryirlon .iec rea 3e slr.s z/ 1..-;;.;n- s.- #=::":::::.:, soci rrl.e.r i,h. K edire :s ..::ssee ihe "".d".,i_."+.#?:",": ::!"IlT :=:i{, t_" " t".." i" """ti".i.;-t_-., ;i;;;;;:;.

::::*;l:l:_;;jl;;;;i';;..'i,#;.;:;i :i.:ff .:;:"T"';n:"i
i.lilFj, Til?:: \t-<. ";., scar+"erin5 

"ros;_ ;;;ii;:: ";l #-";;:culated crasslcalry ana is si,"" .oy-.,i. rt-,,,"."-i..*]a i

1,:-"*".1^ !l?l:.l:rarl zec or e.--rofl.rictic r.,e lrrirjes on

r.h.;" 1 ",,";;;-i:.,'.,=i".i.ii":n,l i::::,:i:rf"::t::"1.::#.: "1:ie elect,ron. If A

e! =^A

FIG. II. ]]

FIG. II,12



Ch. II Corptor Scat,terUg

The lneta.taneous !o{er
dE - z e' A'
dt - : t'

In this case the averase

radlat,ed fron a ."novlnc electron lsrt

rr .36

lol{er ls ;E z ea F
dT =;a;' "

This energr taken fror the lncldert wave and .€-radlated nay
exlre.sed 1n tems oi a croes-sectlon crr pe. efect,ron deflned

dr x (l:ri"r.rty or racldent """,)-'::lii:;:"ff fi3'3iEl"i3ir
,< i )\c+t xI(."-. s-'')-;:,-- -'l II .--

Thls deflnltlon is equlvalent to sayinG t,hat, att the ener$r ln-
cldeit u-on a surface ct is absorbed ard re-rrdiated. The'.r-rst I o L , : -.- . - .e

r=E-,"- -,*1
AEd L -Lf e'\ 8n ,)"- -l -;\'tl -t. 0.66 '-o-'-(.n )(p'.', 19_r --.'8

'dhere re 1s ihe classlcal radlus of the electrcn, :.8 x rO-ll cm.

-l - T o..so . /o6a. s. Io .-. .6 6nd6nt o- fre_-:-.z t..-: or oo/-1a4\-t.
Thea tbe phenomenon llust be treet,ed as Coml?ton scatterin8. Ir
the Conllon offect, en lncldert fho-Lon hz .ol]ldes r\'1th an
ele.tron. Coiirared r".1tjr tire ener$r of !.-?./ , LI\e biadina energJ
of the electron is neillllDle. The scattercd pho-Lon ffers a
change of ener6i whlch c.,n be cal-cul..-ted by lm.osing consen'!-t,1on
of rc]atlY1stlc enen6r e-nd relativis'!lc nomentun l]4 the cotllslon**.

,\,.",,",; -l "",,"^i =$ (r--, o) rr -)9
6

The frequency of the
frln!P. The f !ctor
C.O.l4 x 1O-o .a.

I)hoi,on 1s less t,han t,hat of the
1s the Conlton l.ravelencth,

Corlton scatte.int 1e [1ver by theThe cro ss- sec'Llon for
Klein-lil1 shln.- f onDrla*** :

dc(h.) tsiere.r-. = r"^2l]VL?:+1

+{*U1*."1-ff*r} ,

- !n-\+z*11
o(=;_ IT.40

*Abr."han- Ee clr.r, !lr€-SI19 49I**Thle i3 done, lor exan.le,
duct lon to Mod€rn Physics.*+*Derlved 1n lieltler, 1.c.,

!lectrlzittr,i., Vo1.
1n Rlch'lneyer and
3rn ea, , -!, 5JJ,
p.149

rl, t. 75
Kemerd, Intro



12 Com:ton S..i'",-rj.ni ch II
Fr ' rsJ rtLtj. e.r re.si;Erf 1.r 'ri,tr erer.ir., pr.r iol II. /rO ior to,^.II.4C rouSljy.

The :rs:/nFt,ot1c extressio.B

ct- 1 I -zq 1- +_".'+.U9I]]!C!: dc = 'J, o..r
!,lj: S 1e:itie s: q +f('t-z*+2;

IleiI ll:shi ia icrr:r r r . i s r,to--t...i 1.er o{.

_f-eor. n.4

FIG. I].1?

;::rlt L 
jlr;.i:ii;,ij,:"r"d ji;l:ij:i;,!; il" t?"ll:. ilrtr:*- .' ,-r "..1, 

" " F

o -,'.^,' : ' - -1- 
o.P€cro\ oF.^ ., . '' ; . -- i", t'lT;.;; 1,

ii. :il,;ii.. jj! :':"*11"";lj;iili ;::T;X
l"' lfi i", ;" i,1i./, ry ":" ai: : 

;:-: 
"; - ::i't:::' i.'"xT,I

iili.i:j;.:'r3'";'l:.i:ili ::.;:;j';# *"""^ tl"X:o

2

6.
c)

'",.,,:i;:,'-i "'";ii-: i:T;i. ::. .,ri u i,lr .i 1 sr.rrlur loi or sc ar t e r€d

+*+ ".. r:t-"a I 5r+#-;;il/ o "' ' -'" " o,-- " 

-l; ; . 
:" '- ":" 

..:" 

iJ;-e;'*



E

ch, TI Radl:-t 1on bJ' Fast Electrons 4l
l. !":4i4r!l 19!! !J fast elac'"ror.s (.rejssir":..hILLrr:),

l1i 3 .1l.rire.h shout.t co:re LLnder II . A; -;EeIi;n Ie, r.ui I s
t,l:.c.i :rer. b.cause our ..-1.:(t..tiof ::._tres rrce .: ttr_- Thorsoni.n:rrla fo. Oy , .lerlrcd 1r ."ie fast sub-sectlon.

Co.si.ler ."rL .lectror oI l,elocttr V -c ,r:-ssln. a nucteus Ze
',', e crlcul1te '!iie e:eri.r a:lron off r:J thp .tc!ir. I ln ltje j.rn oi
atrotors rh.. lt 1s :rcceLeraLed ay the fleli oI i,he nucfe s.

h t,he resl, s:rstcn ci ihc etectron, :h,- 1rcte..is Ze nores r.1ttll.e:loclti ahosL .. The etectrtc fietd € of the nucte,rs Ls co.tr':..ted, a.C '"trc associr-ted na;-netLc fiet.1 l{ 1s I to e .rld l]1abou: tlre sa.le r.!:nitude. Thereforc " .o;r n. .,""r"".-r."i," i"
t]1e el-.cLron lltre a trne etectro4:rti1etic wrv-.; rtrs wttr le-t""^,s:r

s. :- co tf-r 1 J 6 ,o.. T16.6J.tlerE-:ho-ons. th-n .leLjed froir t.::e "r.e st s;r.t,er.i tr-r"-""":"".
o -. oJ I

:- - o A . t: -,
t1.n h's th- :ollo,r1f r,ris:

(a) Lo.cntz ]]r".,"r.r"".,o.-he res-! sjisi,en r]1 ,;h-- etec,iron.
(b) c'....111..1c re .tT_ract,-r1:rtlcs oi the r]u]3. ol.ctectro_

: o . - o.l
(c) lrra-tle .tensi.Ltj of .norons corrssiondlns rro :trc j:rjt.reoi ele.'"rc|xitnetlc rad 1ai,io..
(,1) C:ilcLLl.te the lr"oa:,bir.i'!y ot scar+!erlrr. o! r,hese r\otorrs

(--) T..:ls:or". tr:.cti i,o Nhe t._bora+_or:i :r.rne.
Throuaj]rout +-jr1s r..t4t|'"ioi Ie Le._i.. o.rt mrnerl.at i1c-!ors.:herl in.,lusior: rorr.1 orscure i.,- ldeas in/otved. Tie ,orrcc+,nuinerlc:.] ir-c.-or is tnsort,-d at -!hL- c..it.
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recra .rt r 1,.,r.r. _r l : r d.'-- :, : clfar',icte oi eler:l x (s.e Fii:. , "l _ . T -- --
III-.1), cor:i:,s :.i,'1 u," r"ril''c rl.. n-L I e err;1,. lrto relior11, !ince Io> E. lt s,,rr.t I p

, P) -r);,-" L =,/rl is tlr e tr?.|sr.i tt.d veve.
!he pro,iaL-:til_J or !cn€tratlon or, tjhe

iralsLrir;t e.j i "!-.Jr-s!!i..'a,rsriare.c) = Griiiri inlere.-1i,* =

- o..l' -^ '.

Th.s. ar,e sot,:1,:.rs o:. 
':e 

ii,re" " 
*" -' "i,, t,'pl'. "'- " "* i'd'fer'.e'i r,'ave ecrailor:

Io

#- +@" r')v="
Lct I =LI, E

:-" y:-xg,Ei'*Lp.W'

l_{L'

L =re

. uor the c.iisLar!s 3. tr .li[ rse oi ihe :a.,, i] E. ih;prJsicat..:.
It, arri L vi]l be ieterrxire.t r.r.i n:rk-r-,:r . -:a,eo

rj:Lrs.1, ard jj o,,,-. .o,.,,:n,,.,. .:{ = 1,. cr.s-" bhc lro.i.daries :r = O and



5€

thGi A)

^.Eit'le''
@\,

Thrs )t t- (
,/ -,t o " ll tt4-\"--4 L [ 'r/

sircp p= J, kL- L, r?,f tE

Rectahgular t,a.rter

={+L ,t,.". lro.tr"t
= E+BU'L) l'i) = /;'(")

Le'WBx = t e'n' /" (t) = /-u)

L'@) = 
y'.'to

al.. tTl

(e

.uf

",Fl =i.*te

Eliliinatlng d b€rrveen tne ilrsi tro ol

-t=!'t,5\r't\tt-+)L
Solri.r lrl,e tast i{o of lhese eq!€tlon3

x -! pikbl'* +t a- #}t ./ t
4L

c- | Q " '(t'# )€ \

.iese equa_-j ors Ej reg

a = hl16

for li an.l I- {ires

+ (t' !r)( -

III.]

,a- +t,

#rl

i'.+]

- 13&

-p-'1E6 4!;

Ioiice lhali es h '- 0, thls
eli,roac]]es i.he classical llnii of

' A_. ' e-
larencl ts greaie. r'o: parilcleg
oI sialler nass. Thls exlta:ns {irY
electrons have lLttlc trouble in
gclng lron one aton iro anobi,er !n
dl atonic nolecxles en.1 neia]s.
See FIG 1II.?,

A . J 5 30_

o: ..-
irrar,slarerc X o: ar arlrltrarilX
il arpu J:rrler .e, Le ol teir ad bY
iindi,rl tbe sr e.3 e"heijbt"6rd
tr.ating as a }ectaieular barrier,

nrc lll.2 iiaio:ri c
i ih on.

FIG.I-II.3
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III.l then €lves

r- , " .rl .^ Il-'a."1" ' \ - P-'LriLL

tl'
^- rS l,-u'-r&

ltr.2

!(4

u(r.) = s xrzaz.E4
t+-
/.lur*t a. - 5.3 x 1(,6

^ -11'1 ' tOtt

s1n r('i-a)
3050

t.

\.\ l: L-e, tt .. . u.-a o .l .t 
"r- I.e" " f -. -i4 - co loTo t"_r,-r o. _L,...

of A = I, 3, eO, eid z3s. These ar; ploited as . r;;;;;";-";---rroton enerE.y divided b1. ber"ier energr.

O.t ttl ev

Translarencv to protors of Nuctear Coutonb Barriers



5a Ahha D€cat ch. r1r
C, Senl-clssslcar Aplllcaiion to Ahha Dec{rt.

111,2 wllt now be apptied ro cslcutate the
a1!ha !€rxtlcle pen€trattng ihe Dotentlat
balrler due Uo s nucleus. First, €!ssun-!-- r, f .n's.a- -.
As ar s ola f,E-1l .6 e , o gh

--o 1c)- or - : .. etec ro-c_Etl r'pulslo m. I /-s . - :o -r 'aI
rrr) t4' . L.' R oe
lhe a1!ha lariicle flrst Icolrtscts'r ihenucleus. Then li encorniers ihe srrongshori rarge atlxscilve iorcos untit 1i-lsFlihin the !.rc]eus, once the alFha !ari- ftG r]t.,llc1e 1s 1n tir€ nucreus 1b is constdeied as a f;;; r.i,ii"r". rr,.
!,.i!- 9 ' :" I r1 ' o .' ] .'. ro .- . ., ,- .. ,. .. ,

\3 . ln€ - o. ol .;... - - " . - . : .., -.,.. , . 
- ;. .-.u l11 : l" .9 l.'e\ ri eq. 01 .r. ."-.-6, .. 

".o ol J. -

D-obs : ] q-c.
lronsDarenc...or f*-' " ." v.- - .^'' J-J'/'*-t )

I R v d bP l
d! ce.i nass of atrlu!
ir&riicle :rr't nuc1.1Ls

proba]]l.LliJ of
ulr)

. lo ' .- V - o R ,0 .

- to'' n-c

,,. = Iqry [,'r'l
:.II. F

Ior a lerge b3rrier G has the fclioring atrrroxiixate torr:

Nhcy are stab].e. 0I th-. ncxi rtrr.., Z=ao has the

41

AO
9-/
tt3oagest lJleii:I]e a.d I'if1 l]e ca cutrted tr il.tail

V,

t

fl-rFfl

For ttre I'lrsl iro nr.tei tisted, ,he nass o:the .leughler excee.ls ti.e rras: of ;Lre rrarent, hence

i(2r0, 8oi = x(196, yE) + tie4 + Q

q = r(2oo,Bo) - fx(196,?E) + H64]

q = o,Co258 sn]u = 3.84 r 1C-6ergs

1;0
2QA

300

Id( 20o,ec) =2oo, 044?4('""[!] 
"1:!3533

'X"-",nnxlo-6ergs
t = 9.5? x tJ-f?cn
F - t.r r to-lj /196)5 .. ) to- ... .4



IIT

The
)letJ

pha

rle

Ch. III
II I.3 glves fox G:

slnce 3.15 r 1o7 sec = 1yr.

59

?- g x to35 yrg.
Thus thls nucteus Foul.i

Proll€n: AtT=olnfi;iie burler. -
flntte soluilon 1n

}-IG II1.5

si.rce r' 11.',!' bc -"r in t enrrsi p c ntior, Lr., .F ti.,;.

|/ = pte', n-;e'

c = +.F47ffi t -" *i. zr:g;*1,,-6;;;1.t, N)

127 x f,tg8
152

D. Vlrtuat l€vef Theory of Alpha Decey

"-)." : 
.;,1; : :"3;, t,:;" : : a, p-- e?

"!,::i,,"j],'j,,;:y 
J:";,: i'"":1, t:';j"ir;ii ;" i.;"; ::";,:

,--"il-il..,l:".;"ff i:."#i:^';,:";:":lg;i"":i:. it;l"3oue "ec_

Th6 only

*".. y.- - ror x _. o.
rat p'= #E g2= 

^.2a@,.)rn reslons r and rII #!. p,l=.

inii.ite p.t.ntiat reqirn .inri

qhere the artltrarli constant 1s

liotlce that tirls represents eo!Fr

hr;; t,':ii";;"rf; :'";";,Jji":::;:"';" 
"i",'*, 

;r. :"li; :1" 
",_

l. = c, gqd ") * 6- E-tt' ")

/- = c,gi/'-+> ,6,U-t cG-+)
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The contirnliiy
e"o', e-t?" =

f 1e;t" , e''") =

ret c = 2.1(b-a)

c.... ..e" _. e: ._,)... r

q -.- =*(,,e5-ce e) liu.l-e;,,
c' =! {(t-,pe.)qe, + (t- +).-e'tJ

c. = \!,.5; c.e9 +(t" ft) .- e- +j

/, = 1 .c-gE 9,,7r1 pift'+) * (, L\ g-t 
p('' t'Jl

,: ,_ d. ( .A.,, -, , '- .,..rt r ". 
, ,' 

J

P 'L^"'. t)+1o^h. tt

)3t =t{^

Yl r iru e1 leref t:,eorn

t]le b.un.1ar,1.s glve

si'c. 4'-r=':' '1 2

t',") ="- ": ')

ch. rlr

I II.4

l-=c, . C_e
F r'4P(1 tt1

C'e-J *+-9r...u'a(c: 8+

t"",i:i: iif..:",ri::jii,":;"r. :'.1;";:";:x.it',il:":"s:";j::"
IIr.4 slve! c. = Ltta p,. , 'ir^n t',

f .r. " " :

9:r r..srLl. nt.nsi ' uu!side.
:' r ''..orvi:tu:r1 lei'ets. tr is seer'] ihe out_

ild:..inl:lsltx d.creas e s r€rr shar!]yan -irc eierttr rc!1on oI rjhe vlrh:r1

I! F:LC € , on :i.re l.ot1o{r.nra r
: € o ., - c. r'0. ,l '' 'u ""''I ..-

1or arr ener,sr slis:rrt, :ree.er tr,." tr.," ,-t,i""i-i;;;i";:,-;.



III

II,4

ch. lir ,l,l !1 f-i..1 ,.]r" rr J.

Ttrl: san. !iriurl 1.r.l
a.troach r11l i.r rr. us..l
xii]l th. Il,]t.8. nelhod ir
,r.r.,l ![ '- 1: ]..ir.r4 c_ tr.

!'1i Tl r .7

!jl.ves the p.teltia.t barrier eji!-e.ier:c..1 Ltr i\e at.haSince tLis is a L,rre. aliicnsj o.at trot,rar,, si,rr.ii;alrlt1 b. |eec rrictr:-jre ili.5 for :he ia.1r;t partiun.ti on,

The corlpteire !rarie eq!atio. i.s

vlfu3t ) -'f IE - +') /r".a.at - o

Let l(k,E,t) = //"ty^ret)

aP)nlo =a II I.5

tTc't

't

4j! ,,t-r,,,rz€'\,, --a r. F(-
Let t1 =+G-u)

for re'io|. 11 ard IIr

I I],6

^t:1"a.'l 
- [+e - t=€'t-

q' ,\ 
= 
!: rlze' ,\

5:,

t
:::i: 

r*"" are all losi ve queriit:esJ r , 5", f. , ar,.lf ere all

,:e1

N\ete 4 = n y'1..)

f.r region III= itF -

= -i.L

FIG TT' .6

":... (at- +1.-" *""t be rinite
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The lY.K.B. nethod
,. " ,t- ^L"5.0"*L:L+EV

Vlrtuat levef theory
glves ,for rhe ee-€rat sotuclon Ln -,
* [-fi g'J'e"""

Cb. IIf

The W.K.B, nxethod elves for th6across r = ^t'is"n#r, pie;"i';;s connectlns asvrnptotlc runcNlors

+ P'r,'/"ar - J= cotff"q^a,,q,lbL+@".ue.

-* O-l:'ea" _ L "-rt^-
",."8= 

' 6 c+att, g* i)
.- o{1"%.0^.Si-+1 -eq' \- 

"^ 
'A ? '''(ta&": I 

.r. -re : is ,.s
#P'J"*d4 - 2 ,.*4tzr - 'Ey,c,nu4g_/".7J

rnls elves for uE

^:-,:E ;n't 
*V*^' +l " 6c' €' $-"-"qh^'+J

4'- ,rn, ^-"

Tr-tn6.app€no'x o . ls c. sci--, af-culated t1-he r-E.on 1-s- s .. ';'.-
|.ot-eo wl "-^ 2,"'. l-4(U",t
.1t 4?1gj] 11' b,"\ n, €tL,: 4tLtl - - .' '?Ta,

:*'"r;' i: fl: ::;lFX,:::":i'*; il:l":l; ;iH:X.
fII.? becones

ts. l'e-" + B't'€'
'' -€-. -(f)"e"

. n,:t: *,.".R,stp)wnere " -4&9Et ": t.kt-
Thus excepi ior a smalt enercrtha anp|i-ud- o'.j;: ;";;; ff g: "l:: "i ;1 - ,il . t, _us. Xven at the vlrtuat 1eve1

t1 ,., ,rJ-(?f* '+"JLu: d\:^' ,.,.- "[ 
(#\',.

1s finlte. Thus there is zer6w'rh:n ,h- 1,.i'eLs-'., 
"r'," *.l ,'.! i: ; "- 

:; ,""-,"., ;..;""-s.'a1".. rowe.ar. 
^,-1 E , r';*r "." - ..:?1.^

,i'!!";,1Xl'"" a r = o srves,-ro o_ooao.r..y ;;-,:.,"p l ;:

+4q e J
III.7

6?r C- and c+ Ditl be cal-levef siih tbe re.rt r

T II.8
l'irtual level

III.9
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Slclr E s a. t.n.Lior ns-1 re 6, €-d6d,. r-r:s of o- (noEnelger 'un'i'o'ts u.(r). -.",- l:] l: ":.,,t 

.i. 
"ugion 

r.',._ 
1,1Ji,r,' "o '- r') tn rr,. sir ior--s.o i. ." r.;';;;" :."'A;-

This {1ll turrr out to Alve a nal

:*; l', "i;t';. i:"": :.:;;" 
*1;1I ;i]e:,:;::"li':3ji:",'i;, 

_crFase of totat lrobat triiv insi. -.. .i -,;.-:"i. I "r;;1- 
^r ,e - r-..o-o.s, of cnp

l. sLm-r r.^ (- .o.-- r._ le.t t o;;''l, ';r" 
":",.' 

;.:"" 'o s rn €n- 6:

i.i ;:'t : ?:"::,:l i ",':-:-:j..."i-j;i:.,i:. "'".".tl) A sLl,
":- * El ."s1d:.-_
ro-s. lf6 oro. t- !1.lr .t-s

.r -..r "s o. o ojs .- -.-t,
hY liniti.g reglon III to r< L.fatel L ai]1 e rade to lFFrrachinii.i Itr vhich approachei' 

"rl., ".""r""",.J ;- :? .-" "'" o r- c o5 pte :ns_=L. L.s a-.tr---ro.gr"o rai
,l_u) t >>J.4at

spectrurn sltuatlon.
an lnlinlte barrler ai

( of n half-l|lave

+
For out ! ide, u-
1e.s:hs ) so th;r:

1s effec:1veft, a sine $ave

ii:"J;I':1":""I"17ff ":;li;::""" 
as nornarized whlch elves lt

Now !.'"; u- t^ .= ,

II1,9 glves for ihe anitiru.le tnsi.iel
l!

arplltuce lDside = roe;at*ET
In FIc I the ""-".'l rr"" ,"."""3iun hi.h l,qq , rts 

l!4^(^)un irhich has ar E. sti8trtty betor,".f""""- ..... : -.:r, L^.-"J."the dotted line 1s for ", -.;.",-slightly abore So.

Let ffr) (of al,rtltrde o.e)relre.e4l att these unrs for th;

(see IIc 8) ts es-ihe vlrtual leve1.

E-
^l-rhen u"(rl =JtEE-8.4 f(^) ror r< d rlr.I0
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lf 
^4is 

the {avelenath cf un oulslde: ^*--.

l--:Lr h

f-=4-
- t t'h' .,
-n-.A LL t4

f -F - L !--: h^n

(r ) L.:snslo or Y (-,0)
Up to no r(r) ras lcen deftned onLl- for r< d'
w11L be deflned = 0,

t.--/(,a) r(.) qo
lty lo'Je oulside lhe nucleus al i = o.

l(h,a) = + c^1t_

^ l--- rd
L^= J,4; lA\dr = I u -{, -\t L

Et ^d* .,1,t'p ",6's'6-' L"

slnce f(r) = 0 fcr r> d

by III.10

fr r. f1

III.12

zero ir.ol€.b1f-

!1?,>t^= +
r r.rr =5t" r_e-;'"f .rt^r
, ,, ,) - rf j- 3ll', e ^ .". o"

:. f e'atE eQ" 1t

= f itsr+t2 ,+d*"''
rhrs surinatlon over n arproaches 2ffi$nr-

un(r) ror
fron Itf,l0

of

Wlth the help of III.12 lh€ v€.rlab1e of iliegrailoi:L cal be tians-

Am = ^>i+- 
aL

Slnce the lniegrar.d has large values oirl:r cver a snelf range
n and n ls verJ large, i1 na-i be la,ren outstCe lhe 1nlegra1.

t1 = 8r,.\ --iE::j: f* p-'atL/--.- = z' '( ' 'a"J...ffi+;-.- /,
-F lE t -.DiEJfi'^',ra^-c=r ,.'" " _/_*:;- o €e ,.t . ": J . 1
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iB g

P = A'e- G

L = ;.e r
tt- r.'"'Sln.. / -!-./^ =J- r' a'

i):

Gt y (t ,tt .recre6e -s

r =:f 8" g"

€jter substltDttns the values ofIron pa!:e 62

It
Y (. ,a)

rirhlch 1s t'" fE

AandB
rr1,t3

'-"W=e" Hil.,llu.ig;"y" is the krnetlc ensray 1n-

+=.ffiFg"
=*lffi"e " s,.ce vin

+ , .l! o- G

r-a E^.J;

:ii:";:":'" sme result as rrr.s which used a senl-crassrcal

Conparlscn irjh Ei])erj men!

.. rl I
i;::-::j, ; '::,::"'::"".-:', ":;" ; ": 

",;.,t.:'.i."
ri:r;";":-;,r,i}ri'ir;i":; ;t"i,;l'::"':' ilir l;,"",:*i,i

i"i.i, 
"'l 

t"]l'll.f,"."'.""i".;:, 
i,;. ::',:"-i:;;; :'": ::'

:j":'"" _ -:. """ $",jr " ": ;:-i;:; :i; "li:,t Irir",r"
iF*";*li*::lixl irr:i,:"i:::"":; ::r:i"::;"r:?:.i.r",;;:
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{jii:{:^::iqri!: ::::";:.::x"i:.;:;i".;:1".1" "t;"Tii: .:::t,"*!orrrt_.1 it16 G"|oa ib-rry. T.13

r.-:i;ii.i'il.e r 

ii.;ll";tiu:;:F;il':'';:,::";1i;1;:;ff -

53re ri:a-,..na;:cat trrai:rieri na\. he I t .

b:r a fac,:ol o: IO.

The Ge l Ce x -r.Iri t,j alt Lsv

1n l-aft :ie1. er
fallor]sJ]if b., r] tre;rl

tr=c_.txftq,
..1d ilLttait .liscovered the er.Ferlnenbnl re_ueflers ot ihe sane xadlo_actt;e fa.rity:

lrhere R ls ihc range in air III.I4
r,or ihe 3 radlo_aciic iErlties thls consi. is

'u,anlu,'l] Iafity
fO-44.2 for thor|rh

_ o 
'or ' 

lo-at'i to " 
_ tu

. o. /^ _o-" r",. . o-1',"i1(' ";?,,:)ll:"?1",1"--":r::5 a r-i.rionst_. p eir een + ,: -',: :" ;" ;l"i t"r """" ." 
' 

'- q L" o. r\.d,

t. A]lha Ray Specira

.l'-"" : : : " "":0.T"; ,t - - : - '": - ".:,.:.;:"y 
"l- ," --: ";3'lo";i"';:","::=""1 ;.;:-i,.; " :""'. + ""'"" L '" ,-"'

"t. ."" "^. ,1r. : "" ;: ".' : ,li 
-; : :" ';,.-

C E"r"

/ l '" : -- .- .-o Io .s -,-*Ar, tne
ttl';'.:-";;;: ; ":ii 

::l ,, i"t",",:t;"-;; ::;;r;:l::i il;.ii
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I
Srectra

Relative

The calculaiton
here, See page 62.
€rYatr=Rglve

c++c- =Ed 44 tR

c,-c.-Etd*t""ra

5 -A73 6. 16

r . rq.. a .24 r-.ey'" 7 04"

6./

Llvesl4= 3 x 1O-7
sec.

f = 10-14
r.= 6 x lqF17

Decey of ThC 'FIG 1II.12

€.

FIC lI ls E' 6 --eJ l-\el dlss-s.1 i us.fst:n- _ne Dhehoh-eno' o' aiJscr€ - pner.gJ gr.oupe. cz" s "h" .€r'or u-.ne.rsj al pba
Th- ax. fed, ^ ear eLs-es of -r6 oaupi.!-c d" s, rap,oi;"by'
ga,ma etrlsslon_-o .h- ground s-a.e. E6, lchere ii .11 _ eo,'etc.ilra 6nersl6s o' somo of Ll.ese sinrs -ays rs.- be-. o-bseri"d snd

Lorg Rrnge Alpha Enleston

Two nuclel, RaCr and ThCr, glve an alpha spect].t1n rqhlch

II T.1O FIG III.]1

contains low intenslty eroups of alphas up to 2 Mev above th6raln ar,oup. The lntensltles of -t i,TE C'
conralns row intenslty groups of
naln grou!. The lntensltles of
th6d6 tonr r3r a Aro.
LO-' .o LO-o ol" Lre o.a1 Inren-
sity, Thls ls lrecause both RaCr
and ThCr are lroducts of a beta
dislnteglallon uhlch teaves ihen
in exciled staies. T'hese excited
states have a choice of decaytng
s ganra fa\ 'o he tro .d oer"-n
or else by slpha to th€ darghter

by

nucleus. FIG L2 shows the siiuarton
for ThC'. Slnce the ssil,-Ila ltfetines Eatf
are on the order of 10-5 tlnes snatler
thsn the alpha Lifetldes for the ex-
c li ad o€ -er q-a -q. ha lor - r€r. c
alpha lntensltles are verT r6w.

F, Appendlx to Ch.lII
of C+ and C_ as used ln III.8 wtlt be nxad6
The conilnulty condltlons acxoss the bolmd-

sI\ce traG) = +(R)

c, -sp^s-rt,u"ral

alaughter

t .-89["un-4= c,'trp1-:Ltt&)



Thus t€:^z rhe.e
. - ls6 t ,\--i: ,^-, r,,

?9 =.@Bg -'"dL t,

ch, ItI

II T.1 5

1rl.I 6

6a Appendix

At tLe virtuat levet E = Eo, C+ = O or
t"_rq=-k=.EE {htch 1s tess r;han

ins iabte nucteus

n is er lnteaer

TrF' j

" rJ:tra ,t^ L t, - ],.r2i!:^ EE "

3! -#-
This iay also be erpxessed 1n ierns of gE b:i usina II1.I5.

tEt) -T q-- tf -- {
bur tr =#fF

^- t+-'tthu! tr=iF-

s" ftl,""i6dttli; ..".
c * )-!.1 t

6; - r'o1,r,",,-
4t'l-4 - '

c"{'' 4g(R)



CHATTER IY ELTA DECAY

A. IrLl.oduction
F .lecrl ls the lroc.ss 1n rittch aj efactronron is .11tt,--c Ly a r'ructe,us. The tem ls ext.rrCed toabsorrtion of etectrons.

lnclud.e

The |iosl r.-.r:rarkabt -- fea."ure ol B decay lheno,r0ena. 1s thea.!r.r--nt faiLure of eneriJ. conserwat,ior, i. other nuclea.r pro,
ceesee,. sijch as s decay, .n,-rtv 1s cles.r.f] consen-ed. f,or ix_er'ple, lf nucl,.us A deca-,rs to .uc1e'.rs B, ;roduclne an o, theenFr J Fqultlon ls EAJB+Eo. rf the nuctei e,re i; exclied sta,,.js
li:o.- d "l - . l- - :. c .:o bd-.-.6 enL. El-Lr'Ia. . r I: : - :"". ., e. .. 11..
..er!X -oq,iation lrirohir8 oi.Lr the observ.d lrartlcles cannot beirritL€n. rh€ reason 1s i:.at irre encrl.ies of ei; ir;; i-iii"er.-tile oi froc,-ss .r..ro a coi:lnuo.lLs clstributlo. of rratues. ji,f.nl rlcallJ, 1.e rel€t1ve rnrnf-r oi D's of 6. aiven e.er:ay, l(r), i-i a.!-- -o oL -r: ls ..11- _\- II-. .v.r. \o . ts a . 6
havLrE cn€:r..:y nr€p-ter +"].."rr sore

i enission irllere ls ao [an_na rp"diatlon at all, a.nd ln anv case
' ..1 .. 4,- 6 6 ,.. o06

a y .i a' .s bd a..gar.
Tlreir-. 1s no attcrnatllJe to E!.1ntttt.a the_t the firat ah.i'' .: .-- t-., ,-. .U. -t | - P Lr

ha.r-. arJi enefu b-6tox Ella.x-, I .. _/. o.: ou, O .. f,-. s o.__t'""
!. o . .,og.. :o. , b- -o-s. r.,:". .c-d
.{, '... . t .j, .'le .o.s."n^o o-

c. s-e. 5 o -o. .d .-1-1.
ual Irrot.ion machlnoe of iae first klnd and acconi lrith B deaa}-

varue E[ax.
A Eoacelva.l e exrtanation N(E)

that reLairs the enert!,. conserv-
at:on la".r ie the.t t,he st:.tas of
thc final ]lucl.us are verr ciosetJ
e -1. d .1. ol-s
cor.resro:1d to vaiioLr3 flnal st..i,.rs,
:rt ',re nust accouf.t for the extra
en?rfi. of the finat cx.ited srat,-.
T1e od.l' co.celvabte :node of deca:r'
to t]].-. grourd sta.-e 1s b,r' ranlnacriss:or. Sirrco for sore cas-.c of

The noet favoreil ext-.lanation of thts a|nare]1t non-conserv-:'10.o - .t.o ..o. ":s.l.s- s...-sL-d le
':u', l' I :o -.- -,(or;erhaps-rore trra. ore) ls r)roduced !n 3 iecay and ""r;i;;- "J. :o o 1.. x.-'
'. o, c6 o - .y, , .-.J d ,i ,r o o6,6cr.
T je s oo
''o -.v '1o.. o. . e), a ol- v- - s a1'
nass. Under tf,e neu'lr'ino hi.pothesls, t1e er".er|ir batance equation
1E: EA-EEla+Ezl.

IIG. IV.1

69



?0 Beta Decay

B. Exanples of g ?rocesses
Cb. IV

Hl is rhe

. -'il.l ' a osL .-r'., .1 d D.or or-e.(r-.eo c i J - - -o c -ro 6.1sr .-s a-e L;a r.B- o D, .7J ) --. o-- \- 0..r 01.A-a_. i '. B r -or. ss
Ht !J- r-s),--J,r: /r FFlx{.o.9 D, r. s ro-.ols:

&-& +R-rtt

E\rl.- J oJ - -o ss
'l1 6s. o5s6n6a -ys I. o.; d-,..

A 6xd o.6

": r..5..1 ) .: ."1 .,, -

1s 1,I + P+F-+ y'

' tB"" t gP t'."

@*@-r""
The net lesult is tile transf.r,ration p+N + B+ +U. \Theorbi,ial el,.ci,rons are not shom in these diagx3_ns.)

- A ed'e _ ol B

l-'*? .*. l oL.L'o. !,s 1"--,-.i,ro .roa neb. s'-l ol ts. ts.beo -d 1.,6 L'1- rA6 n.cr-ue. ".d Lhe ree_t11s1t-,' 1u' rs.l D_t .o._6r:, I of a,o. I.6 .c,-o.s. ouL1'r a 6r\-Lj6d o..l^ sL"r- o--esoo ot: 'y 
.. h- Kshe1I.

I'' " € -r 's I / P."-. u,P -t\,a rz, '.s,.1 -.. 1-L'"a elo-.i'o L,c:-,. of 1 st te F r_ron lnto a prot,on, o. ri.e re..'ersn, r'." ".1 r."""-".""-"t-i, .-;.",:-'-a,coIL9 -:".": ."--. . . a , o . : . 
"o 

,- -u o. ;-- o)LE' ._! . r"o .-Bs. O .- s-c: er _.r..'' '

a.-a o. a o\ ( -.j s- ) .-u. o s. l. .s ......r.. .o I 1U l _ o f , 6sar , : -.n e str,rd oj- ocl b 6to- 6
maBl-o o.' .. e rou o. " . a.se- on : is v eo"-r't --v-s o . "... roir -.i". "-lio-'.,.al

Tr '1 ' : -rforr ed :rl .r
. . . !r b I -o.r.-o , a ,1,r1

.r', ar'b -
}trl56 tt-'e. a.""..,

l: o \, -s r.'b "-. z , o" Ie 6.
The net resuli is Ii - +?+p'+7./ . rn" p"56 r.- caiFr).et..
!. x.erqv lrrPrt€4r
. F F.oce,sses iay he etucl.tai,e.t jry dja::ra.iB shoiil.a t,he ..era_rchariies ol the aboj irrotved. Coisl,t-.r a;, a:on h:rvtr:: mctear *'.t - Z- . E t 6 o "s " -. T r L , t._. r. - ' .-: .

r' o -sk- O or r eI to:i.."t2' 
" o -", l: 

", ---,-o.(t'IG. II.l) This n-.!1s tiEi qz+t, itr! tor:.-- ererlJ of .L]rc n.rt-"ratr! Sr.,li ar.l uillerr P'.,,"a. Rer,. ft i..r; tin],a I.---



Cl Trr' ItGr:x Dia rar:s 7I
.1o:::r i.s :ri i i1-; l r o:i C, lr.i !r, :1.ror:r:_- ,rqrinl io -rr.' lirsL 1oI,
izr'!ic. -.r,. 1.irl ol _-h. ..'-.n. ]io. :iil.l to :ie .1r.....anr 1t. en.r[-J
I.--rr':r sclo !- i.r onr.1..1.r.o:r, IIt1. lV.:, 1!-t pr..,i, itrrs eo rtni

.-rL--
' - o s iJr6-

l,r.)i corsi:_r-.r. .l,!n oI .irct!rr
cl,!.r. Z rru-- oi- 1, r. sll. r!ass ..,r:il, , .

:le sa!1. 0 .i .i:..4.., :li- L. nl.+-l-.1
or 1,1-. 5'rr. .'ri.,i-.i:., rrrl _-rlc rar-l.rg
t:oasLirr-.i I trl'oc.ss.s iii r '..,l:r1.r
:LiLe.l bt L,;l. j!Eitior .r' EZ.

a ') :)o" q, , 1S. ). )

Z,
rel -Aas.rrl , Si::r. of i, rs :r.rr.. .rr.-,ss

(- ) " I : -
lirriz..r sl,1 ... - F -, r+ ie rr.,,r-
'itr 1,L. .::i-!i:i I rr.. t,,: r.r,tri .,.
1'.-. 1.r. cl os.r' ll..: a .i t ,) .-,rr-.,1

'...eo
al:

lr: s:fi, ir r ",.._-ic. l r L-: _,1r. :r.i'o:s ,r:r t ,q Ii:.::.c,

:afed -,o th. e.i!i.r -..rt:j .ri:!er.r.,:s

(Tl.is s.hen,: 1s,:.lscxss.dj'r.r . IT (i'I1,rr.13))

i _,_

T

i:-aiar.lre cr.r:trN-

Tlr.r o.,. .1..1.()

J:r.: _.r.ir Lr.:.1 ., .rrr rr:r drn,-ri1 
'r-rci:s 

s|.t ,fa|siLro., Ttrisiirst lili.r rs iir:rirr:Lr.t;- I .rr ssio|, !e 1" ta+11..j+l-t /!osi--r.. ,::rssi.r: L.,..:r_rr:c.llti iLrtrossi.;,1e t,.,cr.rsc EZ) EZ+r.
5 o o ., - :. ' . . /) -t/ )is ir r.ssiblt -;r..c.ri!ir) . -rt:{i:r,.rr si.r:.-s L:,. or: ttr-. iin;r,c-_.ral.r.. l... e.i'. rr l.d* ar(t t11.s:iior i_o e1eci.or, st|t.rs1.or:1,r,is is crer-.:1,,.'rl1,, ;::r!s.rf1e. Ttr.r.1or-. ii:-Fr-A is loal.l,. rilcari . rcc..-- 1,,,(,r :r' t]1., (Z) rLrcr,,rs. Tae t.i,i-rsi-,-t-)

3_,ates ararlrn.: Lr.r 1,r.s. rr ttr: atscr.'L: i..rets, :o th_a e.bsor-:i.:. .L.,ctr.il:rr:st .or .r :r.:. .,tr.rc. JsLlti -_tre E si.rt1 srr,-.ties'"\..r.-..:r.., i1 ii:i.r ..s.r .e'ro..ss js j!tt.rr1 ti ca.|D:o.
' ..: ,- To

8 __ l _ .. . c.
. f 0r -o

I E*'' r'r *o ": "., .:
^r',1'rc.i7. - (a) -o, L
fv

i, t +-l_--. rl,:i:r.rrr .: i ir'.
:t. ' , ' = al "'

), -- :-"'-"-
,:It'"d-) lb)s:a.le. Slrce irhc discr'et3 erer!,ti

r.!e:s o.rir.'/ a sr.lr ..'-.gtr ri..;: .o:i.

+ Th: laurI.rcfLjilo! !rinclrrre or-r..11:eg

Frc v.4



72 Ener6y Dlagr-afls ch.
isobars, such a situation is u_nllkety. In any other case a
bers (Z+1) snd (Z) is st€h]e.

D. Thqqlx gLLqFcv.
rrpsont theor'les are noiatlon here 1s a sumnaI)'. of the

ENEIiGY ATOM
(z+t)

fullJ satl efactory, The present-
most elSnlllcant polnts, ant ts

ATOM
(z)

IV

electron Goes to sone state
1n the cor+"lnuuo (or t,o anenlty bound st,at,e)
g- tEcAY

€-ton 6oes t,o lonlzed (Z+1)

neutrlno accountE Ior thls
enerisr

atoE eoes to nellt€l (Z)
ln exclted atonlc si€1a

K-CAPTLCE

eton (Z) enlts X-ravs Dntlrlt 1s 1n [round etliF

^'1se -s _or Lz, l-5- . . 0 by An.2 or or-. pos:-
''on c. rlc. v.5. :s s!o' iv.-c"D r--;s p;:-l_b1-..- But now the {z+t) nucLeus may tare an irectrin rrom tie-seaof eleci,rons in neeatiye ener.sy staj,es, rhus producing . p".iti.".

neutrlno accourte
for t,h1s dllfe.ence

Ez,

-cIIG. IY. J

(see FTG. rv.5 )
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' d: . .o.t ,- :l
ot 6 6 ,6d er_

ATOIl
(z)

( r-'laLinelt srP-ll b1.dlrtr
erer:S cf --l.ctron laro.ed )

L1]1:ti. e:r-.r5ll

F ,an:r-/ of reulri.o

-t c ru!:T:J.y:::'*
occur areo)FI?, TT.5

IY

i-

+1)

1e

11

CI. IV
ov-^rs1r,.l1f1ed
a) the ratc ot

EIiIERGY ATOII
(z+r)

Ez*t

tha'- tic nucleus 7OA contaros Z lrorons ara (A Z) neut.rons. Thlc," . -..eE o o -..,."..--rir-"-::;,:: ":'-".:. l'"0' .,,o -j.o,
i,Il tje ruct-.us rnust .!. ro tarrcl, r,han rne nf,cteus: ri,"-.:,:.i"."
i3- r+:*,;;"tttttt.l:#,1,: :i::. ?.x" :il[:'.i"':.:-J't" 1,.{1i";i=ta .. 

"..!,.. .{. -., : _

e1-.ctro:1 t€:c :.r a r_.-.cl Iiore.i,tat i;tt, -Lut lr.. lrr1r" r,rr..."-_-
i;i:';;: ;:i:"il;i'.::ii ii"T..'i;"1:l; ;*;:":l"i::.:.;i:.+:*l
1l:::: . "r:^:::-r-::eir1:.r ror er.icrrore dlr:-.rs br.i:!ore t:La. !mc2.' - - :s ose l ' t o. Ir. . 'v _ ! -" . i - _ Il.'"='"1 : ': . : "":': ) f 1" : ,;:"occdrs ria a !.rJ s,rort .ils'La,:c. j r.r.r 1 L^ I...-etirs::t
Lhe i,roriaf,irllr,- or i...,ei.-"1o1 1; for I lYA ." .l;.i.;',

I1L7. Tr,e crcatlcr of e1-.crrorg W'..,to" ti" i,,
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llcld
Beta teca! ThoorT

oil ]arse .lr:a.l1er:+, tLas .o.! rr.en otrselrr,-at,

EM? iY Pos r vE
ENE(G/ S TATF.S

+-'
. , , - peqre ': ros rror'1

Ctr . Ili

'pc I e.t ro duc I,c

a o",foro e e:t.,c

FG.rV.7
(1.) srar,j st.ic.t :1r,.,:.e,.,s r

::.ll:' ::i;:l: j ii: i';:i;,;=r :i:lili;j#i"ij;lil,i{i ;;*"
'"". ': 

"': 
,;,t.' 

=" :'' '" ""
Il --. iroiE- 1::-r-r1cl

A Z el.ct r. f F

Ncuiro]] .rry!o'!h.e1s

A /, - , :, {
i.
h.Irlot;resls, b.rt :1 r-ie- r!. ,,ra.r-^-

. .41 I CIL:S

h.Irlot;resls, b.rt :1 urder r,t--- .:r e.r-.:-r--_
:::::1;':i::r"1,:::'1,:'r,rr'r,.:sis.*l::ilT:.::-t: ror.curar;".",..;;;;;i_r,';:..;:"i,.;.i -irrf"i;:'-:;""E1.sLoln _e-_:r,tsLi"", ,.r., ro"" ;,,-;";| i;,.:, : ia.ri,1ct.s, con-

,b.,t,
Vr = N.e ty, = 1y='t t''1t t

rri.

, !") rl-. etrlI o1.tit. f!cr_-lrjr, r,hettr.r trt.:,.rr..1 or t[::-o..].i.:I,ends o. the :,u:Lr.r: or.t.r:r.,rr,;rrr r.,.ri.t.",.,,,,i ;.,,'";-;:;:,t,:r1ned e{..r-11r.--li,a tv. T'r. .Tia
r-rr_-oLhesj s- .-.cc a:rlirr i.'.;L.r's llr. i.,.:i|on

.. fr"g. |r-- ct.c.r|ol lccs rlo-" €,rrlsr j.n L,t:e jur .r1s, j__ r|.,rsr r--iorired.trL *-h.::role,rli of ;rs .rtsslon .1::st ae r Lr,;:;;'t:-r;;:;..-rt -LlE-qror._,i-" of 1is :,r,isgi.r-r a:.or ..I .-r,.r. It1. f--LrlrirLc i sc.,-E te,:1 nt r.\o ri:o:!er.- .: .rissiLrrrJ rtso. Ttr,rse ,.,._tii r .. ,,.,.' Y . !,4ssr . -!hos: .,r. r,,,!crio's lo. ..,ri.,.," .""._;; 
-,,i 

i r,,-,:";,i.:r"::,,;,'a,,; " .

...5

irh,-r. lit 1 s : Ior,l.tl z. ti l]r f.c t.r. r- 1e _ciiL.: tr- irror.- c!! - , _c,!.:Fi tian , t.i.rr .-!,1,.r r-....rrse ir i" "::-"1.,i't." ,,,,.:' :.--:,i,. '-
- . z: E- tt-

Kl..
Tllc trr.oialrltlL:,r oI:iisslL-n rii 1t ::gsrJr.,:,i j_. at.-,.].' or, r,,l
c ., i
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ch. rv Eetr Decay T]1€o.y

er .rr ron I - -. -o t4q .FL,_t o o o_ lt lhe
.;;--,;, ;..., ;. - -i 'or I e q ( o ) I 

/ lr7 ( o ) I z . rL a.eo aa ads
o. or'-- " r '-_ Je r- r^lEI .

o. ' .or '" r. sq1-a-. oo i.s oI a .-111 '61r1?1L t'c
ta.kcr ;etrreen i,he lnlilai ard flnal ei,ates of t!'e rLlcleus Thls
nalda cfeneft 18 :r.alogous to t"1e nn1,r1:. elenent ln ihe theorT
;r e;1s'1". of l1otons.- l. alroton eF1ss1o4 the:natrlr' element
i. i":iiii.ri tirom ana bae ihe fonn (for dllore radlatlon)

L!* \ 11)

J t,"" --,-.-"--",""'"' dt

1'yL , .'r. I theoryr 1s not hrovn. There are seYeral lossltle
folrls. For the case N+P, thc s1;n.Iest is

m:1,/:,h d'
aesunlnq juei orc lucleoi lari1c1:ates YN relneselts the lrllrta]

ru o'1, t? ' fI I. I. ' roLo e bL' o' ''r'
rucloon. Accorllr.r to;nother fonn ol the Lt\eotv, m 1s a vec-
tor hav1la x .onronert

fl.1
( re1atlv1stlc ) spln oPeralror.

It has
l1tile
1a'!1on
of p.
It 1s
r T.ts Is.
ab !v -- 'r .. 1 "Go.cl' P o -,1s(t'a /. ar 'iln, I . ' )', 'l
9. r.o V. rr- ae 1!e.fu .'I "s: a o fl er s"a's'
"-"p, r'..s ls'- . ,, I S1':". Q.11., 19'. -
1s dlscussed 1n rorc iletaLl 1n ch. VIII, s.c. l.

TV.4

L6 c1 ol'6 " U""." r'as > s6L6'rJo - s' ols )qs a

T ex resslo or _oo'r. ! I ! ot''sslo 1 r'lj s "leo
" .. 

",; 
- ;:;:- s/-1:. t.. " .-" ""' 

. s..-- -r o 1-.o I

lln8 {lTlnz ilsc t.o-enlsslon, and is a unlrersai corstant
Ex.erlmental Ly,

d - ro-48 to ro-49 . ".5 """-2
IV.5

Al+"ofletner, i]le !]robal]illty of erLlsslon per unLt tlne 1si

T I vnr'll;aYn nf a- TV o

vrberc dn/dEerrercy denslty of f14e.1 statesJ and o refers to the
locailoii of the nicreus. 'Tl1e Y fullctions are nornallzed 1n a
vorume J'), so trat 

fv*v dz-1. rherefore N = 14: rv.?

'xd 4 ,. o,+: Pu'4 ! .- L ^'4 
P,4 Tv.8

B- !n\ - tt \3t!

/.*
"m, = I '1, o' Y, L.r

Orls ihE x con-onFrrt ol a

l1nlz = lY1,l2 +Jmrl'+1m7)'?

rl,earing rro say ihe nuc]eus 1s ai T = O onlv 1f Y changes
or-r ri- -'"Lo ot T - -" Lol
or E ts _-1s]-- br ,( h/p a-.A u8udl va L'
Pr r ih- r.,e s ls"a-oLi rO-' cr t: d'aL' (. T 'r^ror'

lernlssil]le ]-o sE!:i t,hat the nucLeus 1s at I = 0'
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lct._ D-.caI Theory

=# '1,'o=#

ch. f[

1r.,o

If.ro

dktf- - .T,tp" .1E . t."- r
9=.1;+*,iisi.L:.d

'""" #=n'ffi"r.
l:1.:... ";,, i- to,!rDr.ss I,'.6, rtr..ro.aniriir_ orcnlsslon ti.r ri:1t rine, r(;:r,1,f)"ipq, ii

rto,,o"loo. =lI(jT li;;,t";);ihqj)'z 
n' P"P; I br

Ir/ , i 4

X:1i;":l:';:'::'?l-.."'-^1lz = rfl'" - r," to .r1,,,,r.!-!e !r', r,d

rr,tar = ftffi (€- -t,)'F ak I !,, ti
1,c .l.:iLrr l-a. IL16Uslna ihe c.ueii.. .i4ar - i#"+ * ".0:"-

e u uo = ffi (,wJ;q.,'6s- Itaf h. + r./ . t;
E. Frt of D .f

- 

I : : ^ " o r.

I s tl e r...lri.-r . ll.iir-. 1,1. r--.r_._..r1
lr! :r.: t..r. . : ijLi:r!: or z as:j!:cd zerc r.r

iihis d..lvaiirn.l

llhE rrl:b?r ot stat,.e tru1.i- r.-,,r1
::,b''nv!'-t ,.'t '

r=l'#.'#l _ l, lel !l**l l.rl=



ci. T1i !eLa Dec."X Thcory
e \.- P-r

T ,t- : !- 'ru-." ''l-'.')p- )b'
Dcfrne nc, = r, nc.ro= pnax.'.r1

I

: - a'zl'ntJ- h" 4 -t --;3 At- r r%r

J
/:

1V. t_9

I1I.20
F (1. ) . Ilec:" 1 ii

Tl" ll
rY.2l

SlrI'. itXtloi'ierd lnt.!mtlon ]eads r..o

F( = 41. - +r: t *1"',+'lt,ij-),*(r.",n;,t,-)
= ,/+tt" itt,' *+r,',+\ti"t! s,"E I"

l-inlLi1. iorr:s ro. F(7" ):

.. - _.71_.;..t

, 
--L'n* 

l /

(.rxt-:rrr.i.i +"1. toi_ L.ra er,:s to r,or;ers oi?...r1:icL.1,r.:t itr.
loirrs ol?" ror:cr tt€. %7 ir: tt:e .tt,r..ssiorr ror l(), ) )

Eetii..1 tr,.:s.-' crr.e...s, F(1" ) trle .-he l.arues i| 'Lhe t ei.ir --:

J"0.j
F (n.)

c. ocot 2
c.ort5
0.557
6.23

2.) "5
F(lo) cnr.rtet.d h..G is i.r;-i..1ale ii.,r. y ior tjr.r.1..trorr.II t]le nliLorti.tr of -!1. ri.rc irrr.1,1!l rr it:. Coirt.rt .i...1 .f
i,he r.icl.1r6 ls L,li.i l,rio ',.""o",,r " :""*,tr t(2,1") ,usr:... irlser'.d iLto t,h. 1n i . 1,.. t.:r-!..'r -roiratri_ i::: fiLr:c i,for p (p ) . tie
i.r..-.- rai,c.:, flrciiorr r(% ) ti:I a..i:r1ils on Z a.i strouta.. re rrriti.rr.F\2,'t)"), F.t e:..1\.1 z, F(2,r" ) - n(%) cs ir.iLr.it ,rrrror--.

Th. i1 [] .r:!r--sslor :orZ is

I

l: n"$Llrn)' tr(2,t") IV.:5

. -l*.2 :

Lse.tlons Il f.:r.l J). Irc: .qlr..tj.o.r Iy.:5 it is se.n i.trt -.1:e ri:--ora
fr.-.,llcts i ji, i, r'Z - corLsi', ii if \1*12 .o.s rro-, !,j.i,r.r.

B .: ; -. (? : - 
-r2* -



! i. StFcir q ct

illrol::_11 :h. fri.c *.or
i{\,GF;4J. 'r+'l
T:1. cri{. at!.o.ct1eB ? = O
Faratioll callr aL C. slj..ta.r. th-. eri,r-.ssi;rl
(r- v--;' is., roct

,ro:rr';ar:t.. lt ar._..o:,ch.s p O1r:-rril .r.. Fr -" - i..i"';"--
corsLr.r:t r- ll I T1r -rr ex.r. ri itr.

h
FIG, IT'.6:lri.l -eflr lboui prj{. Jir€s

c fi'"' t e, - . /;.::E t.##,.

'".t3 0-",{r - r ;-f = fi$r;d*'r;-
r.. :+:.;1:1.],':]1,:,,.:l;'.i:,!.i1.":,1..;,:.i:i*:ul::: .i .... . L.c-

r.+ is snirrler. r:. co,.,c:i.r.. ," ,.l,l.r:i .:;.i;,.i::,.1i..i =":;:",'_"1."
'o' 1 . i \' :

P

Ti. corres rona-i Lri:

Frc.lv 9
'rlo+. 1-.,ii, st .:l.,riilr is

+
ir FIG. I1r.tO.+

( \';;qJ-,',;-rFr)fu.r-), o: ( ij'" e).,,rE Jr rv.26

l. Jx;-! itl-r l! {r jir.
" 

-.' 
:

(n s liands rol r::::eL!.

fcr tt:e ic:.,.,:."-:. t_..r-. .:. ..,i ".,,it,;1-

.i.r.a..r. cj.rm. Ttro]-on::c.'r!=aoi.
tlr. ci:i-r:.,:.rs i"!ii 1..1

t.L. .'.ti .r in:rr+-11 r.-snti,s
I'r rr.t.rrr.-.rt irr .ri:!-Er,-

!!..tra lsre leea er|e.ine.iqi:n r€ritieC.
rlEfe. Tl1!aa fo.!idnen



,a 
a f,, z>o

]V Experlnertlrl Bet,a Slec-"ra

imental t echaaque bas
erlnent an1 t,\-.orT.

The ]:;heor€tlcal
nass of tbe ncutrino.
contact; for neutrino
t\e loint of contact.

IIG. IV,11]{lt,hln erperlnenta] error, the cur.ve for aeutrlro nass O 1s
acslec .o (- .-.7

un1ts.
The olnii at !:h1ctLltre cu1.ve reaches .Lhc lrodzolia] axls 1sdlfflcuft to detcmine exiexlm.ntallr becanse rhe cnrre is i!_nreniito the axls thexe. It 1s thercfore ftfflcut., to aetemine E*di

ol16.r .y. I/o d-.-n...e o. o xA x rs :.. pos r!).
bJ L . i.u 1e D-oL. Fro. -cr-.L on lV. ., ! J. -,s1.I oiat p ls

Iw - t/-rf ,p'q17'bt Tv.c.
\rhe!,e C(Z,t) lncludes ttle constant.e a 1:r.lso tle d,^Dend.nce on

. -Is e o-.-L -.

rv.28

FIG, IY.]O
eo far 14pxb1.cd the ar;reenent hetrreen exl-

s. - ot : .- .,n LL6

fo-.6! -1ro 0e4. o.
'6s / O - /ert-l.al ..:e. rl,

Se-. Be'"he A, F. 191.

radlcat a6ainst, ererl]i sLou].d te a straldrt
{1th the hoilzont,al exis ls easy t,o d-atcF

Kurle Plote
FIG. IV.f2

lilov the plot of the
11ne irhose lrter.ebt
nlne, FTc, Iv.12(a) .

Vrl

r(.b)
)P" c(z,p)

lFi



8C B:ta S--tecrio. ,rrt_-s Ch. IV
Kuri,- ilo'ls i.rriate rore or t.--ss froir a si.ralallt tlne at 1or,cner[;i. T:rcs! d,-i:1.+-iorrs ar-- rr_1r r!-tr.c,-iL b1, ,.ori rerrrc.t i_,,_"- o.7o:.. i1 _t,o: C(2,i,).

. occdsiorall:r a KLrrIc trtor tras 1,trc fonr, 1r.. FIC.r;t(b). This1s 1nt,er!r..,-!ed as the su.-.rncsltlol of tl{o g d--c.ry ,rhe;;;e".
I l " I -r:o - 1Io I "li-.I ls 

-\ 
'-i t '

. \)\ E:"' r-:-so ps6 a.." \\ 1"
Fr .. T.. t.r.. :. ; \__.lr t

p.le.t""r, but, is du,. to t.."errrl.orrr.'rslor, dlscusE..l i.: Ct. 1tr.

Proiile:r: l.,sii,i !_r: cxl.-6r11r.ni to etu.ti, ll .fecav 1i Cur,o elu.ll: ll .reca"t 1r Lju"a. Inll-catr rii:.: tj't. of elc.lror] slecrrroitrair ;nou r,,oita use. Assune.l- o " .i-";'".i--i-.. si:rii.6. s ..'lrac:ln:r for. tlro eo,.rc-- ii1 order rot, +,o have too ;rreat'arstor_
. . D . 'o .a "-gt//*{ s. -ec'1 ihe er--.:":r s:ect rli i s .tue t o"o ,o vffi=(./..4 )

Ii. S.lectior R r.e- ___ 
o__: / 7 .a.o. ,o s. Dl

._il -l.tP -, .

- 1rc io '-.. l '') L/-=\,
f ro 1.. L/i s .-- . o ci o - l./ra.l1ai1or-, r iie s-.corrlr ou:r.dnlrot e,etc, The succcsslve ieme or-t]le FIG. TV.tl
' dq r .,.' 6

o o p /. .. p,<X, : \"'s.o t -. 11 1 .r""{dl o ) .o ls o o-', o. lot . '.' * tei1ne. btr ure h1!b-;r or.l--r tcr"ns. rjL o r"rcr.r a,riser;,. alti.,o-l
_l - s o h- s.r .r- o

'-o' O o t. .i.:o 
". 1.e.. r-netil .F-s. I ',s ro i s;r-n.cessriry cordltlois on the ct€.nie ot et.|te of r,trc .Lto; for the

A si..rllor eit o.!1on ot_.te_tns tr] rlc case of S c--cay. Tt.lei. tr1I cl en,.nt 1s /_.
. 

--.'. 
. " "'J v+rbar'mTrnlt,tat&, and 1t 1s the lqrq,!u4e_Lq! rnl1i 1s 1.t.arut.e1 ov.r: ttre J111to eize of ttre nocLerls. 11the c::.lc.rlatlon oi sectlon D 1r ,:ias ass.,rn--d th:rt re nuctci_te h.1dz.io ex'iersion. This anori.ts ro 1lrorlir (1n rhe unsclrarc.t rnet,rlxelon.n"L) all but 'uhe flrsL te.- 1;.;;;r-";;i.. ;f-l;.:;;;; i;;._tl-on lr forl-re oI R d , rhFrc R rs now the e:rtcnslon or tre :ucrcue.\':. s s l_ro-1. t..,- o, e " -",n. ! en r.-s'ron ol '!.e r.taFlation factoi in-.Ltoiic entsslon. )Ii't,he ilrst tclnl 1e zer.o r th-- hlj1er onier ternre. so lar.

ir 'r
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Thl5 i:11res Lh. folLoirt.f s.tectlor Fr-e ior attoveC .Lraisltlors:
I= Ii, "rro" ru.lo

. r..1 r.:qit,n."itir,r r t:r e. O " ;" ir
-p1er.ren,, e.!e.i!.1ftv .f r:r

/a*
) trtnat
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I :1I
(I=O-;I'=C loriil],ler)
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Tfl! st,lt cralte tr.,Acllic:r.LLor j.s Lhc sane rs rr orl,i.rl (clrjole)
rr: i,,i.i.r a..'r ir :Lr3 resrlts irf.en i1. Inatrix .lener:t is a vec:or.

'rid -,-' .r .i.r:-,. 'l;'r..ie on ii: f.ict tlr.'t il:, 'i"r'.rL'r' i r an E!]
-:I'oo

Io).
: : I ). ;

eajor]: r:n;r (l-T) 3ele.tloir nrr:, r r ls la1'or'.i lrli lrrr:r sc:r'r'r
.rpFii:i--r--'.1 erllil.r1.. ii :.urn,.lta*'ca so f rr.

TL.,.,ist,1.,r';1otr rie_-x!.,rr.'lorrcd !'nai forbt.1d.1 1:'arr'1t'iorrs 1s
. rI

I s e. o O,
.f,(l i r.:reior. i:- fccior 1,/lOo li Lr. ';mlNit,l.l :rloir1il1i'"1-.', 1n'i
i.l]snr.: trr.i.riLlo| r:i l ap.:.r firsL oi':lL_r:ortin"\, tL", in
tr'1.c1f1c, )..lloill 5i1,r._"iors Lite ilLs relic 1t';lit::'ult
io l:rror the r.i-..1,i crl 1a1l-'s lfoD errer1lclt.l drL''.

A.li i.fluea.. ih:1, irlcr'.,ras.r ihe"cura r-L:re'o! tlre rtt're nnlc-
tlon 3t" Lhe lrct.us xill i|crreare Lb-' Elzc ol *J1. s_"orri orie'
ter.ris r.l1ti.re '"o flrs'. ode. ln tllc .r.l Iasi.a oi l'lre 'r:'-c'' 

m:rt-
rix .lc::.ri. Onc srrci lalluen.e, !.filcLl1r1'J irr :''arlr e'rntlts'
ir tl. cor.rromr ileld of tr-1. 11cliiu3.

J. lz !:tl1q9 **-o - .: I -

- t. --" o. 3.rrl!i I /.'1"

nrrf.n',Lr t.l,e rr.il!cL rt is a mc13.rr: rl tre i!ri'ddcr1.ss oI 3
tr,.r'iili.r1. T_. l.a.:l l'' rr1lL.s..rr..'r..C Lc trjr..i+'iol5 ter-
miit.,. r.r Lrhe s.L..ti.:r rflei .:3.u::_c l er.. T\. r.r-r '.ri::rL Iz
!.rl ier, ll)4.)-aJ_,rr r:'rr.i.nt su!.Lrrloaed Lr'rns't1.n!, 3'r. 1re

:c1t .Llrle. t..n:Ir,'.rr. b.i,'..r ru. .i i.i 11tjlE r.:r !irillir
.]

n;:: riif.:e in tLr.:r,j.n.r..!.|: 11.7 !, i'r.li.rr. rI 1,/llll, .:
is u..,;"1"0 !r L e ril.i. co1!ri..ilt:.j'L:r .f s.irr,iop il, t!..-r!!1x

rcue.enli'rc sec.rLi, l1rrlrii.ie! li::nsiiion., 'rn.L -q. l.:ril-. !-.t!r'1Llr
ih. iir:ni:,lo ro- clusl.r ne.rr',r.. nic-aft. Ir ia.i, _'!. .1u.-
i.r!ir: L:r t.,i.r.. aisc-,rniile ii,h i:r.rriari o:r. Fi,ii:l rla;5il'-
cati !r .f th. .i,rrirl c.r }.z 1'r1!,": ..e!rl. a.!.Le::.

+ An erarlle.l in
tIr.+iNorJheii di.croseB Fl

erd t. tte ehe1l nodel

,,.ri.l ri.c':on is .r(',in.1rX rnarllr rn'1en:rLl

ve1ue6 eaa, 1,rei. relrtl.lr to oiner selection nleB
ir P.r. fq, 294 (i9t0).
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K-Capture ch. ]v
K. ReroarLs on K-calture

As descrlbed 1n sectlor B, tr-carture folt olrB the schene
(ALo (z) Lj1 suor o.o.o K-e- . Los)+(N.ut.!l ator (Z l) r,,1tl. ode K she1l orblt enl,tJ, !1us a ncutrlno)
liJo obeerv.r.ble pax't1c1e pones oDt of the aton, bui t5,. exclted
flnal atoin enlls an-X-r.ay 'dhen a bound etectron drons lnto theenpty K-shefl state. Tl1us K ce.lture 1s ot,eer.ve.l bv.ne:nE of thex - s .l i- . I x--.7: r-- dtl" .. 10 ot san-;
thls nalres K-capture hard to obserre. r^CuD4 caa r]nf€rr-o elther
K-cefturer poeltron en1ss1ot, or s- 9:priiron toeznl ieferrln;5'o bt . 1v.,, I - - -: _ v- of cdo" oc. rtes r ost lo o^tyiie c ,Jrt1r 

".=1."r t,ooftr64, bur of type t i;1i[ ".";."i;; ;;2"64.K-c2pture bccon--s nore lnlrorLart at the heavv end of the
!e.1od1c tab1--. T\e re.rsor 1e r-t th.re the X o;'.tts 1r. sn:r.fl
P.n'l the probablflty lor the electron to be a.t the r'rucleus 1s1arce. Or'r the otirer hendj r,he poslLron vave functlor le sral] at
the posltlveti' ch-:ged nucleusr .rnd the !ro:.1b111t1, for posltron
erlsslon 1-E correspordt.trly sna1r.

Dlscuas rethods for otservlng K,capture.
L. Renarks on the lieutrlno HrLjothesis

A 'rromlelng llnc ol reBearch on the reu'Lrtio hrpothesls 1s
L^- 5r oy o- i.6 -a.oJ or.i6 c_-us I:3 d ..1/, o.-(tc t.- r
1n K-capture. If the nuclcus a:rd the 3 partlcle accor:at lor all
dhe monentun, then of course the nuclear reco11 r0onenturo 1s equal
a.nC opposlte to the nomenlun of the B. ExperlnontE to deternlne
the anljlLlar corielatlon betxcer the nucl.ear recolf atuL the einltted
3 lart1clc er,- at the r1rlt o! ava1l:rb1e technloue, The.r shov

Isro'olos l--c'io o,6or _r ^*.
Ix K c.lpture o:rly the neutrlno 1s enltted. If K-cai,trrre

occurs, the rrucfeus rrifl necoil rlth noneniun equaf .rn'l oppoBlte
to that oi thc enit,ted neutrlno. Thrs expedment ie leet pedorm-
'd !l .l,r r '.'-r-s, s.c : B-r, Ii ol-r ':
enertir be as fEr6e as poasl..Le, and therefore e3sy to detact.
Obsenod recoil oi the .ucl.eue 1r K-ca.lture doaq not rule oxt the
hylothesls th:r.t enerity 16 not conser.'re.l ln B.lecay (ro reutrlrro ),piovlded one also postulates non- conscrv.rtl or of nonentun.

Such exlerlnerts c.Ln alscrlnlrl.lte betreen e. one-neutr14o
theor:r and a tlro or nore ne,itrlno theor.r. In a one-neutrfio
theo4r, ln the cas-- ot K-capture, Lhe nu;leus alvaTs rFcolle,r1th
the eane enortry. In a'Lieory 1n,/,t1ch irore t,han ore ]le-utrlno are
onltied, the .uc1ea]" recoil ener;,. ls not :rl,r:ws tle Bane. A
o-, I -. s,. - : .-s ot tc ts .

Assunllit one reutrlno, one slouid ilnd t*Lt
rz = m' c' v ,tvt'c -

conncc+"s +.Jle ereriJ ar.1 thc rjroncntun :rttrllr''rted to the neutrlno.
ExlerlnentrL Cetei'nlnatlor of E an1 p, }'r recoll ex!e!.lne:ts,
';iouLd then d,-tenrhe the nrass of t] e r.eutrilro h a ',ra.v lndeDen-
dent oI tl..r B d,-crli thcory.

ABs!.n1n: r-het e,r-.erinents above ',ro.rlat ,..1e1.1 tjre resuft that
X = c!, 1.e., ]llaEs = O, th--n €- ietF-1led linor".led t-- ol the an.iular
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ch. IY ti.u+_rl.o ltiifotl.sis n5
orr6l-Li. r.i F :rtii- ..!tr, \o.:I.I .liscfi:r,:Iii. ..ro.- Lrl.i

s,ro!t11 t.r.r i.tr. 1rr_r,r.!ri c1. Lj,-- :i..,_u1x 
"r.,,...i i.t;,.r.rii.-'.ii..g:ra!. or r_rr._ s,ec:rri:,ro.s,-t,ri"..i;i,,.r=.. ir,i .i_i..,.i"lt,ril-,r'!ioNF!- r-o 'i' .',r.i.r._-.1 :..,,, r .. ...,"i"". i""; 

"l i,.i."._.i;;,.,
\' ::;.- "-

A rorc.rlf.i.t -r-1rr.,r 1..-.,.1::j r_h. .r:ljrter]ce ot iie !erLtrlno1s ic obe.F e lt jrr..rrtsi., |r:or.ss.,s. Ttlis hlE L(.f "r,t.o1,r_1,uslnt Lhe int,-Is-- 1.utr:ir o I.tu.{ ij -_-, L1..--s.rriirtl is ..1r.:,r oI: lrn f,crrri.r: roJcrL,-.; r-jj r_.. A r.rr.r ,-rr .r.t.r.r"j i ",li't"i ,;i"",_ri"",:-'".1.a rite. Ttr.rre i'.x. r!. cot Lisior-c o _s._r1re,-. i .- ,,,.,"i.t,.., L--r"r ." '. .; -.
11:,:i11 L:e cc,uri---r.. of r9--l 61 1 ,,., ,r_r.
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s,11[ *ir\lir,- + ztz

t,ra n.af tif. fo..,tr1s..r..1,io1 1sZ= 1024 lr'car's, LX iils irll.oril
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ab.sorbed 1n the second:

lr*P + 9- + z
7 + N+ ? + F- {Majorana forn only)

Snl24=* Te124 + 29-
Tlts neut,rlno 1s 'rvlrtual'r; no ne,iirtno cones out. ThIe no.le has
nuch great,er prorrablllt,v l.cauee the vift,uat neutrino has B r ch-€--ir- 

'o 
o -,1."- ""p. i.6 oli .-:._.

'au,rt1o, a -o,. i" -o b .o-- v. -s.
E..o-r' - - _ .l h ? ._ -o !-. .E ls4 1otb. Fo" o6o. o?I-.-s. I t.- . I .-. .Lro

1l-dobl Po-. i.o S z s .oobs-6.+
Tne experlnent nceds fu4llor checklr1. In.!"rrlcrr].r- ir. .:h rle
seen froi the €,]ro./e t,hat ln'Lne rast node, (iilrtuet ncut.iro),
'\- 0 @r' -s.ls o .r L. 1 i. . o 01 l- D

(tne tlcory of double B ceca.,- ad su;.rnnrr ot ihe .lifr-.!enc.sb-rr-a-. L-'.oto-.le '. I'Fr : :".. o.g.(tt1).d-so, M. co ob6*-r1.06., . r..p .. .-g ,:--a.l )).

ch. Iv Doublc Be+,a Decay a7

Problen. Plan an exleilment io tlrd ttle a1n,t6r correta.Nton
b-.trteen nuclear recoil alc er0ltted F, 1]1 B aeca.r bv ge6.
f.- l],LIcl-s tJ A -.. , ..:. r- 3r.,jl .. oJ c: -conialn 14loffrat1oa pefi,1nent ro -!hts troLren.

N.te: Tle neutrino ard antia-.u'Lrino arc :orettues aeline,.

-N+/J* r1/
B t e -!l:,P .! t.L r -O I ye"-o "o, oo o
fg,322 (1q50).

N

P

Note: InEhrb edd te@o1de
tets dec"j .f T6Ir0. F.f.,
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S!o.t3re.u: Eri:s:or ah. ',i.

tlre :r'rerreli!ri_ r.!ieu. Iir a1:,r.::!. re sda 1.oi, !rorer.Iese
!qua;j.nsr Lrt slr1ll discr3s thei ani :rdicate ..or on. r:riclLt

. . )q
v:itr !:o.lers ai llle cir! .i tlie .traptcr. !of a rLore r:tjoro,.rs
treaiJreiL o: ra,liaii!a, :cc Sc1lifl, clirLrtcrr, X ard Iiil.

'iu., :rs. tile i,rllo{:nr aoLiaiiorr
=lI (not. lI,/.) :s :he cur'rent..,,,si!t.J

$

E

'i!, )t3
'l

dl ., jiL!tar:r:a,re.ire io:il !.rer radirtcd

l', sirLitl. ire.rli.le oi ch4.ire e !nd no inl,cieit r.,rrlneriic no-
n.,r r-i-i1tes a..,, r.ilr:. t.rr

l.c,.r:r. ,ii irterferef,ce xi, .amot, in Aeieral,use sinple
r..:ti(-r: l:o iir.r :h-- ir.ref reti3:ea. !,' in. :afii.Ies j(o,J'in.,

p.fi.-.4:. lroli.., ...1 siilr. di:1'l-e:e.i rlre..rei.r, tl-ele is no
iin. r'i.:r'! e irLt.r:.re..e. Th. iirsl sl?p Lriren, ].i sohin; a
r";dir]i:.r !r.r-er, 1s :o an.l;ze the cur:-err di.r.filril.ior lni.l
its lrc.rei.r:i |.rr!,oferls, e.. r .t v.,i.lr cai tlrea -.e ..rr:: .1ered

',1. :ha11 d.rlir e tl e !'.1.f:.r ..rito.er:s, ,iil), as r.11.lrr:

z,:
. .Jt' '') p - :. ..

I'.riL noi^ne srall .leel sitl, .r,1tr o!. i'oLrl.r c..rtr.!eni, 3d .nl-;
i:. :rrscli!li d.

. . .. .,2
1s.dA . ::-itl

!= & E<e
= 

^#,llt't');'!'o

$! .an i'.llo,,i fhe conrcn.i.nal
.rllre f.: - sri t.al: forrur. rhe.(:c

FIG. V.2

r.rleairert of ranial,ion antl
io sii:''; ..rr revi.ri. ir ::re
t4.> 4't a^ >> 4'a),

ll f,21+**

$a.r. L ..:9a (i.re skii.h) .r.r *! :! s:.h

ip::;:::,::ij,+ ;,,1, i"*1:.i"i "to ]i; 1. e.
-i,'' i - (j.er)q,.

rNucleer ndiation nay re trealed .cn-relaiivi3ti.rLlyt sin.e v,/c - a-l f.r
tLe rdrlicleB in a nucLcue,

'+!..rahe and !ecker, rclle.icel Itleciricil!. e.d l,:d:rct !Br,rr Ch, ti, rec.,. 11.**iSee! tor 6naat,1e, :rot16n 2j F. t08.*11*s.irif. \)6.t\) l. 2ir, So&e studente viLi exrecl, en 6 rather trE. 6 2
ia _-ic denobiral,or, lhis djfrer.r.e oi e ia.',.r .f 2a rri6ed ae fo11oxs,(ic.tncte .o.tinued or p. 91)
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l'i. .1. tlLe. xfi t.
q(i',t) =;1"(r',t)

i. the roner Lr irer uiLii lolun.:

ceis ltt i, arn notrL.n-

-{ tiie- irrd€!.n,:lcni ioirclina
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f ' 11', r\ = P

s.. I (:') = fi e -t:'1
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llie :e.eraliz. :. :1]. crs. r, ere 4 .les.t,:be5 ,t !ai.-i:les

7"u'q,I rJ 's= 4k i+ q. .11 I
l

.,/:i,:s ir.:r
f lnir]], , u.

i..i !.r se.. |.r

rel,Ler thdn c.3 dt,
+rh. :re.uer.r. .f ih. radiati.n d =ln. cL3 e:i.e1 !o,,io..

1:i! j,r. :r.ni: i1;,11, tr,e .,"ner
:!Ljl soll.. 1r;fi, .: i|et,reicji
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(ro.'.i.1-e c.a. 1.., F, tL') Fre!L.n--11, 1.1 re xrit'-en diite.enrtyl
J-.r 'l :'l

1,,,,n,ari.cn.i ii: t{o !efiii--ionr 61-.{s ttL:."

-(r) =:q.r).
Ve are r.ing l. ..r.reri ri-2 t. e cuantu !e.nani.e1 eqlaii.n; :Jr this !ur-
!.ee i'- is r.r. ..nre.ie.-- t. x..\ rl+,i q.iaatitles llisl rar:,.es erF (irJt)
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ultipcle ll-:!aisi.n

lor 4tollic a1d nucleer raciaiior p:o.lens, l.he dinerrsicns
of t11c rr.li&tor are snall con-.ared t. t]]e lvrne ler:bl1 oI the
raniaiion, 3! t.e- ue mn breal{:he ebore in-c;rai int. a sm ol
teIl:ls usj.ng tae cxp6is L..

6crr=,1ft,1;Jli

- 1*' al

ani then .clslael' onllr
.t.,-.rl - - |

ri]] va"y

f,+
II the size cl t11e clr.rent disl:r1but1on is denoici by n,

i -:r : I n --I ,(')li- -"
a

'--lL - r n-: e-- r: ; . e- ^R.l -. - - 00. - e
'lroacl r!!rrr, l\r-(t/\t-r J-= - i

:llir: iirst :ern, [1, ls said to cortributc e]e.l::io llpole
racia'jlon. Tire secorid ie]rr re|!.serts elccr,11c quacl!!r!oL. aad
nai}r.titr iiliole ra.lietion. ile siall no cols:der c-ual:ta1i1l'e1)
ilre 5i-riiicarrce c-f ilis ternin.loatJ and &t tho sl:,ae Line lollL
cuL L,hst li,+ rds'! !e alrerd.d to tsk. inio a3coui r:ire ]jrdiaLrion
arisln: i'r:or- the iil:rinsic latne.1o no:lenr:s of lriE jaucl.ors.

i 4..' - L$.L,\' ,...
r'1rs i no.-zero lnreare.L.

' ''l-r
'ii ffir fi ri, + a.l

'Iac st:riic iip.les equil.llent io renotll[ one

t-

In order tc L)e arrle io dlsorss .las:ical n.dels, lct us con-
si.le! noi iI,4, .ut its :rF-croscct lc clesslcel aaalo€. DroppirC

lr i-o "i qr(,,r .clJ(r.rr' =.(:rtr1- .. c

,,T1-, : .r.-.','".. ,:.t:",. _"-"r ; .',', '
(,4 _r .. .:. " ..

-^X-. lo d. o -o o l qo ": J.
.eni reL!,een the tio spleres-!to.rld be I(L)=@Accs or,

FIC. !.i Lpvafds(ihf]l a !le1e sepaxaJi..a rhe spheres) ij: we

:-
: q ,Jj,Jr. r' .- o - o;

Iact 1i w111 .e VAoti;e:' Ior later corperl-
3c. {iih the luadrupole case, norice :h,i: thc anL!-
1:ruce ol [he radiat.d electr:. anc reEleilc -flelca

as sln e, {h.re e is the ansle bei{een d lrnd r"hc obscr-

r)

v.4

las[eai ot' ]etiind lie c.ar;es aarJ ia
ii!.r re .ou-d proirce enotller i-1-le of d:lof,.
radiat::oJ] bJ ke.!in! ! ciiarje +A cl cre bal],
-A on the otlrer, snd ror:at:n{ tlle hlle dunb-
beLl abort t.e vector lrbellca s Ln !:x. V.3.

p. _

(]rIc,r"I./,) bJ suleri.rriosilc t]]e ilelds ci r:he
ofiAi:L:] ilxe|l di!ole an.l 't.rc!e of r.ct1I€r

aa:t ro L,s tins tLe ciher.



ll.rt e exani.c ihe radl3tlo. ot a i:ae:reiic iipol.t tirsin,:.t could s:cn Ircr the tlne variaric ol 3.lt ote i.ir.ed:n;pa.eor froJ' :he phtfsica:L .ot3ti.n ot irc ahcte ..ipoie. Tne iire;-' o. { ".o2{ o . L o.-.
t.e on y diiaerenos t,c:ieen i.e tr. cases. ile h3re nct merrti.rec

, (., ); o' .: - ---- -= ... 5, -
nllcleons .1. have a rernaDeni ne:r,etic ro(eat ih3t car rail:r-e asli.oial:e., {e shafL }rate 1,o incorpora:. a slin operator ti:o!.3 (s. c lace q'i).

So 1.,r,€ rs ei oarser:r,e: is iai ix.r. airag]leLic dilole, lie can.ot tcII rxet:trer the
Iad:ailor: is caus..l b.r an :ntrere.i .i:i :r.i. .r
; .:.. .

lT ii.e that. I he :ecoi.L cas-,

tiat = a

sl) rt:ai rajneLic dipote rali:LLioi ..n.ra,,ed Ly

- .,1 o .

a.courts for tile ere.ilic rad:aii.on .i t1 !,1:...1e.

In siditlorr to a .r"{neri.c diDrtc_ .n er..ij''ic iluadiupole rorlc el.o .cniribute :o ::ie ie:rr l. oj.-n.41.
dr{sn 1es o: ele.tr1. iiua.lrDn.les:ire:iroxn in FIGS. r.r.6 r1.t r,t.

* a l:E.;i:
I/ | nJ

'-{--
I r".,."ri._ ! jonopole

FIG, I., MaEretic

lt. r.' Cla.r'Iicatir.r LI []r1 lpo es

einllar, .ii irole trtr.3c i,ine rei:atior: is n/it our:. fo -.: . :

tt
.i i)1:..e IriI alj

ro ro tld,
-- '6'3^-r-.t. 4t o 0.-9 1o - r: Le o .n, .r.-:.

d-oo--, -o . , tsi,uite differeni,. The !ietds of the .tuadxu_
Trole rrary es sin 0 cos I i,hereas rosc oJthe dilole of lig. V.t vaxy as si O. fhefreqnerctr cieperdtnce of tL; ixo sorrs ofiicld a'lllli tjtdes is afso diiterent+

ronend. So k,r j iB prolortloaal
ol an electric qiadrupole.

Quedru!01e o
IIc. v.6 Frc-

e
),

L ! i = ;! ! i
r e:nc r . 1.1 "e s, -1 e "- .- "; 

_,"

,t.([a + 1P-) - 2! 1r-

{'4r=;!i!.;{.(4a+!a)

=-ii{r! r it* (":;
]iotr;n! ie tle E&enetic r1i!o1e DoEent os6ociat6d rith aa orbitsl curren'!
; .!-. atd.11 lB B e -c .o1sL: olao. 'o "'.dilo.e ri,6 e ie d€r:,s'.-,e

footnote .ontinued .a nexl paee
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-r. . : . , o _' 1.r r':rf ' 1a;-
;, "" ", " ec r'c ?r-oJ^s ! c m 'I'' -ror-".

lilovr let us see l_ ori {e can anend Y.3 so thai jt l,p}'es ir.,o
acc.uni, the radiatiorr of inixinsic n3g1e'1c transii:ions.
(e,/M)t - i = "i 

i" tl'" tire deri.rative oi ar el.ct,ric diloLe
nanent d. It is r'Iaueible that ihe tcnrrfeie oleraioi shouLd be

i'i *.--ir' olor-'oo' ': - 'c
rrif-.. r r-r - ou ' 1 r .-. '; - 1,, ''': -
ra . ri o!'re or_i f'

ao,o = ft;,11j4 e'l!'t''jfr tr "l' \ i
soo -e -s Ll f o l -. s

ll tre :lrrledrete \r.s oler solid en61e, {e shall:et the
iraneition probablll'ij pe: Llnit iine icr ;r1e sJs-er. l'.r sin-
plicj-t-r rve srall consider orlv l:4e electric ditolc cnse, vt,rere
erp frjr,l) 1s sel e,tuat to o!!e ard the in:ejral redLces, r-or
srn:e pJriicular 'ra.:ue o; r:he subscripi 3, io the airir: elenenl
llf'-\... r a c,--!: a- -o:-- . :

i,! - ev''- eaJ '-'r1L
so (:or one paitlcie) r/.5 reduce. l:o

tZ' " l.*'\ Ie (e. /, . -rE(jl(r,I,J
s r l';)r-'l?

l l' 'e i--'
ttre r:.ais o: :Le .1:pcle and tlae clserrer, llte arer3:e.ialue of
. :a -

- q :o J.

r/,5

!/a sianld be calleo the transl-,1on prob:lblliiy ler _Jn1t

ilne; rorever', ofl:en lt ls sirFh called the iransiiicn !ia:E-
Eflfty.

The variors assual)l-ions nade above are justiiied 'lry riuanturi
electrodyranj-cs, zurtlielmo:-e lrle PLarrcl{ rediation lavr f ol:Lo$s
Fo.tnoto continued fron p. 9,

" .7o, l,t

!,"6,t',au = + = i *5lr','l'

if we lre iniereEt6d
rqledrulolerr terD cf v.4

in a! orde!-of-Daenliude exlroeeion on1y, the

a "- *,1!+iGt,"',"" * . { -i) t' U.'l'

Ia dropline ihe e1@Dtlon over the li lartrcle€ t€ hevo aBeMod t'hai ine etate6

" .,, ".;. o- " eoEi s tuv6 LE'-ceo ol-lr? € t!3 €:tio '
LrIe s6euoplior lo :' lne ep'ri1 oC Llo !cI6s_ Eno-- !ooe! o L6l -'

rr v6 436tue thal the int€sral or l+laat over the
€jr!1y the 4c1€a! dlboneion R, ij!e6 a fac-"o! of ordoi

A ^ -!: -'2' *:f .'q*q r ,.( r . ,J.t..- n.r _

of &agnitude on€, then

(A)



a

0L. 1.'

lror..r.al io:e l,lref $iil:
i]il .,: e eLi ! 5ior and ens 241) ,

Dj pol. Enis.lci

ihe farher si ilan eq.ral:i.n
o?prrioi (3chii: (J5.:, ) paite

-, : j) t t,,tl ., 12I n'. - l-t,l
ni..:. 1is -,re electloraAlelic inirexs:'iri !cr \ait 4d.

. - : . D.

Iror 'i,5, ricl uorrsi,]c:irli orrlJ" ttle iirst Ler'- ir ti. cr!.-a_
oi'e.t fjr,r), {e gct, i. acditi.n Lo t.e el.e.-ric d1pc1c l:ern
V.6. als. :,. riatrre[1. ,:]i!o]c 1e.r.

- . 1 -il '2: t "' l''f''l
?ie.ai i.rrerrliz. iI.6 to :e:1x

r.r.1..r-i.lljI'ol5s: ]f ' .r
ro. srin ri].'ores: 11 = Pg

Traa:r Li.rn FaLes 1'.r Slecr:ric lril l"liaCretic IIU:l'ii!olcs

The rate o! r:r1nsi:i cn re.rliing iron an lrtrirsic nagne+"ic
c,itor€ (r"'.e) ard tl,:,r: :1r: or-liLal n:.r!.tic dj!ole (e!. A, fooinole,
r. 94) ar. l.'Ll 11 iiiie .rCe" o: falnjlude

- - ei ,,-"a- t.1 - *.J.".
lrlrich i.s srallcr '.r:an 1.lL: r'ate of Lr'.lt.ition'.1Le to a:, elecrrric

" ' i-!-!':< \: = t''o-r r-''e\ cR t
..,here F = 1." x lr-rr Ai.'

A-
[_! l f

Ii ilni-., t.c!:re:: cotr\'e!:e:rt i. :l'ink cl elccl,:ri c qLadrulioLe and
boi,h -q.rt:i .rl !r.gnetic dj!.1.. irransil,lons as liaring a rean fiie
or rhe ordcr of ioa0 t. 1.0,!.00 'iiiliie3 the'- ol ar elec';1ic dilote.
Sinil:rj|y rc :11!rrr! as .n. oder of it3En:tnae t,rre rtr.en lir.es of
elec'.ric octril.fe :rd r,agnetic tlriadruir.rle r:-dla'"ior, an.l s. on.
lhis Erouting :s ji...al.id lca i,rrcion oncrflles 5ucl a:Ilerent fror'
,.! ttev, as s.er in IIG. v.l,

: ccrlarj-nE V,9 nitir ir.4 and as.i-:lllng*
' o _'o :.'

. ri -,
r., r, tc l./ [(r-r)l]z

!
"*o1t

1''
= : x 5\ro-'A -

? = 1.5 r 1C-15 Ar

tire can now suanarire
that mmerlc4l fact,.r: in

F.r electric zt pores,
( dipol €B 6x.1ud6d)

Ior :iaiietic :0 -1oles ,

+ = i *lY')'

*ii-- i.cll :1,o{ 1!ier thet this Dedur.,ion 1e !@c.6ftsl1 if e:1.

g. t0



96 MuLti!o1e Liletlnes c!, v
1n I'IG. Y.a Mcszkon'skix sh.rls holr tir: experirnentat data IrLt

V.10. The lntegrations in V.4 hsne been dore correct_Ln, trowever,
and the t -depelilence turns oui,
to be no1, L({,)!l-1

{".

lor r,he casc !fot1,ed,
?1,+'"t""' 

spin r irolr t+; ro

Then ihere is e. :dcii_Lonal linitation oj rructeer d:ip.te rrLai_
o..I:. o.o -s

1 Anaular lLlonLenLun

IIeil:,er*:hc{s that a ptrcton .esu-iLi.. i'ron a 2l -roIe efeoLrica I,{il:h res!ecl: to the oriailn io $Lrlcll r]_e i.rt:i!ote is r.i.eri,e.1.
As lllLLs[.a:ed in t]re skel:ch, lve.an iien Lise co.scr./a,i..n oi

anSular nor,e.l,u ljo rr'1te
lr-r'l :l<lr+r'l v.rr

]. SX,I,ECTIOII ]lUL;lS

Or ta:e 92 rc s:rored ihai,
we could preillct -h. -lansitlcl
rate of .1 rediat:oa.rocess bt,
5a-i3 dhE f .3 1. Fcviers oi k. r,
aad ijcn .ors:d.rirrt the jitsT
rro.i-zer! tern. tri -.ri s section
{e shall sjrox tra: it ra;r ir,e-
qlreDLf-v be ie..ssax:r iio io sev
eraf:.rrs dc r trtje err|lr-s:on.eiore fl..ri1ll a non-zero te1l]].
:l:e re.ieorr is lil_aLi r:r.re itraa
hali oi all co.ceir4nle raii-
aiion proce sses are iorbil.er
becau5e .l cor.s€rratiorr of
angurar rlomentr.. or rrecruse orl
lariir colsiceratiors. l,t,e s e
sele.i,io. rutes a.rr..i ;o _!o-h
ar:onic and r.u.le1r r;ola-i.n.

I < r:
l!'l =rr -

l|l=lL - ,.lca. rrke

or 2l+1 ralJesr t,!tt+l-tjItr 2.. I-1
1:

on ?l+l rrrLesr l+Ij !rI-t) !.t-2.. t-I
l-7

@iir'y". n"u. ro re !i!j1i6hed.
S6e alBo 0h. I(II ol a folthconing hook on lucleer !\yEics by V€isskotf
and BLatt, Joln rdlleyj 1911.

**Proc. caeb. t:hrr. s.c. 12, r!2 (tt6)



Clr. I Sclectlor nules: Anflular LlonentunL t1
fit. I.ll is rrot :he oily resirlctioaj otirers vill so.n lre devel-

Ill:stxati.n ri:h s!:rerlcal harmonica, v.ll coLrld be.leriled
..j .___._ _ -__,:. .o "-.Ibt/ extressln; 1n tefds ol sllexical harnonics ell r:lre i:Lctors
ln tilre nstrlx elenents oI V.5

Jqir-t,:) r, +, a"'

- , l-t
Y. L3

Currcrt radlatlon

Spin radlation

:n.n, ushg !:'oduci ar:d ori.lroaoleltiy felatlons of s:-trerlcat hsr-
noni.3, {e ca! prove noi only v.I1, lrut also the larlt-i rules to

llc sha-1 illusirar:e this statenent wlth an electrlc ailpote
rirensli:or |r a one-noay sysr,ei. lie shall lgnore ifierent spin
irlon-orbitaL angrlar nonent!,a ), so thar I becones !+. a! lat
be ,!ri':,en as the prod.rct ci a flcrlon ot r, r(r); sn.1 a lpheri-
cai barnllic. As s.ror,n in l:he derlvatloa of I.6, V,til re,luces

o J?'d. f, t" f:li'J Y- 3 Y_ dr

$h.re cd is an elenert of solld angle, and {e lrar:e used prlnee
to tiicaLe lihe linal si,irerical hamonlc.

The vector r hss lhe prolerties oI a spherlcal hal,llonlc of
..der one; lls .cr-lorents, t,j, atu1 z, nal'be expres|ed as Iol-
l.rsi a=r sii ocos l, 1-= r sin e et-t' b, z =rcos €
(Tb lvil.i n.t rre necessarJ lor tlis:i:Jrile exeille, but these aaJ
tier b. exp.esse.l as Icllovs:

I _41.' ,.,t . )-',r)l.=-i*'e ;Be4
^ tii' ' .,F, dtrJrlj r=;J,-iY-',.l 1"1 lrt'

ilere {e ehail use the sirllpier 3i:1 e end cos 3 extresslons.)
c. o.. s... -" o.- l.- : -.i. l / : ' .".h"-

e r.t J- c . -4al ,. .0.r:
o3 o rL (a ct , c rr-t . .)(,rl

a;el -c-Y ...P
e ior l:hai the produci rPL {1ll give only ter.ns 1n Plr, , so thst
l]r11ess-L' = L1l the :ntesraticn orer € (d! =-d(ccs 3) dp) $1I1
fire zero. Slrrce Lll lnplies Lhai I' can equal I (L' = L for
*Iir is conveniioEl
1en (t) rarher rhan
1ar ooEentu and the

io vrit,e the ortltal angular EoEentb 1n a ooe-tody prob-
(L). Iiero ihie {ould lead to contloion let{een th; ansu-
degree of the duliiFole. Spherical harEonies ri1l !e

ft1l * r.)tL-lhl)J lL' .- i-d
[];J.1;IJ r' ()': (",/)

vhere P l( co, o) i6 an associated !erend.a firr.+,i.n-



SFl..tio_r;.rLtes u]]. v
f i ti.!."",),""",t:"il i:r;,;i:,:"J;;:ll:i,:ll!j*i*j;::,""1:
i" "" i" "T;. 3-i , .o0",_o_ , r.
:. ?ur1t:r'.

il.it*lt.nii.i: ti,i"::,i:iri;:ili1l1;;,;;:1,p;i.::;,ril t:
:fi; ;J"i,:"il:1 

".,11";l;".::":,1,:j;";t 
;.;;;-,i;;, ",t;"Ji;:.u

' -,"tt i--"""tt,".'",:.,1 
:";:i "'"-: -. .: : " 

'^. '

;ilid;r Tilii: if 
i""ni|:lijj:?" ili'if ixt.if 

"i :r.!;o;, i,i, i;"
. -(1,) = H.-:i) ...4

.r i . "r. 
:'" .";i^,, ': i-i:;;;iJ"1"': 

: ..:"' t" .

1,(- ar) = + {(.r.i)
4 (-4;) -_ - 4ei)

:f ..,:cqs u-da ,c co.-o.;.ras-1.a-L lnstcJ.

tven Pari bt
o.id psr:i ijy V ' f5

'iie do not l.ro{ ol any

tert:r of Elsenrulctionl IIxite Schrbdiilel,s cquatlon
tt(:;).{'(:r ) = E"!(4)

llor !..rsider ',rhe s$xe equatlo! rl,r'.r4 Hrsj)"rc.!i) ="';;il,i."'""" 
is -ri' usins

.l t. ; ! -jJ "s " . .- " - -. te o..,1 iJ) d -oo .. on ot_J
.+(?t) = K"l(-/.-)

we cl:ange.!i to -j, tiris tast equab1.. becoiles({-r,) = r.,r (,1,)
ia.-.i: .- "fu_.r.o-sqo r r.l . . .

tl..e Rrdlaiion Opera;ors, p,

IL. o.i-

ail ,he rr il the narl ty oIrr.f3.V.12.nc

F--Lrbs-. n . e ", -.; -.::;-:;,.:' .,'_:; .:";H j:.":":,w1i1 re ain ttB.rorertv ot larirv- ,rl
i- € .-o r,vor ". y : . . . , . . , i ; ; 

" 
, . . . " "'h€ eort o "ls'n!r"ion iBl
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Cir. Lr Sete.ticrl iu

l::_:l:",,',. ."i.:.., " 
=1", ]."'":.":l:,,". ,',." .," .",u",.:. ,, _,._."& - .". . : :. .,", u-;"i"

c':!.f:r1le rr|t e i: 1 _ ..
'.1 ;:.'ii- i;:ll ;''r-";"1 ; ; 

jir;i;***:i"i:l;"iii.;;.."

_ .,oLjlcc r:at Ltre .fo.ru. I .-;" " 
. - - 

. 

" 

o , - :

I r .,1.. Irr.ri I jn t .e ,:

.. -:.!'".q, lii il" 
..:

T5,1=-iitr... T: :i:"::!"'t.;""i:'.r':rr"-;. i:i'";'j.,1".i;l,iii"ij, *"" .un.,e: r, d? is reeri_r _r,",..,ri,,i."i.,,.,.i.oir-
d:. =_"!^,a:, :i 4"..d.. ,.. ai.la^d-^.:j";il: 

',,-"a.,,.," r,o.r11., 1, .,ii .'"",,"'i;":;;i o1.er 3ori.i
= f_ fb;)t.,a-,. . t-^r 'd.int t,r, |.ts r

-!L1...,.tr.tr:s rritten as :tre sLj oi trc in:.i-:ati.rsr

I le
,]

1

I r) - l(-ei)]a.,a.,... a-^,i i

l:ie. Lric D t!.Ie fen:aiio.: .ro!t.j
"";ri1;;i;;'"i';\;'...1i:,;.;ll,,l" i:.::;.:,,].1.!I ",i-:..1:l:.:1.,,:.
"."" ;., ;,.;::"; ;";il';.:;":; .l:,:.'il:; :li':i: il:i t::.1,,. :r:r::"";;r,:;:.: ;:,, l::i: ":";";i"::.,lili;".:l ..i.;.;i """ir "i'.1o I :. - r,i ,.1-.

?.'.1,,*.",,:ll:;:::.:.,-.'"i ri."',""ii ;',1'.ll".ii,l,,3i,1';!,,.i1_b:ion-;i ,:eu_r..-p.. r;;'.,.,,i.;, t.,J-;;;i..',1"1.i1,..,:",1:. ::l.i;



ICO S€tecii.)! Rutes: Radier:i.i tLjo,r.t Cr.ir

eaolr !iir sL:.ki.i[ -i.er]r cl.Eeltr t!Iet:rer. le-he ! Ljreats
trrli problen quantlLatirelrJ ol ir.2tp.

nap.ri)reDtallJj ndc1.j. are ot,rjerr.,j r. eriii s.:xc:le.:ricdiuole r.Ciatio., rut it is seteral thorsa.f tirias ,ess !roba-ble tr.r vhaL roul. be e.!e.tec ircn r./,1i., ;,. !0. tior -ii:
A)!areaili.J tlr.aj 1u.l.i ao rct s.revla: tik. tLomo.ieneciptJ
c:iar!ed bo.les.

Ilcct:1c QuEdrupol€ :arletloi oortar ar:5e :ron Ettlleo:.lat oeci.L_latiorrs rl- tl.e r.dy. T.r::s !or: or !r,];:o. se]rs FtsLsir,le..,1

ll?.:ric ltiulil!.1.e raCletir c.rr.sp.ircs r. n.re c.jrjti.ar:e.l:o o

lia;1eli1. Dipole ra.lia:i.n can .e er taine.t if i r. njjier.iri cc._3t:.ue4:s .i tl:e rrucleus ,ra\re CiI:.fea: i.,,.ronait1et:j ra,ios,so -.t re l.tal mirrLe-:ic iioire.,L .tces lrot rie irr Lre tiaec_ti.r cf the iol,ar an,_Dlsr no:!e.::in.

. n suiiarJ J

otber li.r.F el e.tri .

1'ai]le r,I,J surrtrri.zes l:re serec,.i.):r lltes i,o:. /-rE-.I:1i:i.rl
-El=t!+I-x

telltr .o lr3!c ieal
s1 _,iev - 3s s!on1 in FIG. v. a.

,qhL:ie: rel:-re.a llre sale n.r'.:Ic- .irse:ric:- etrFef :Lren-
sare ordcr oi' ne.i.it:r.i. f.. da,

nay te le: s re:Luc-
{i Lh.se encrgie;r
ian'l elcrentst

lA3Ltr l'.I Sel..ti,r, H,, es

5. Ganrnl ,{bso4)t:.1 at Hielr Brersles

tt e:ergies ArenLcr tharl tO t"lerr, nucfei
'!a1t 1:o abs.i:b and eidL diloLe 

"adiar:i.orl."resonarcer absor--tio: \as bee]] .ol.ser-red in.D.c ". A L/. ,e, p^ oO. o .0,, oe..-,q
f!, 11i ( it0).

iia-r ]lfe, T, sec,

fle c l,xl. iaC:ei:o.lr + r'l:
lr -.'l=

ahx.,rc ln leri:J

Di!ole quatr..

I2 4

T:a-aeii c laii.li i.n

C,l".irat. in !ariti

Dipol.
I

llo
2

Loaidgerj Pars. ier.
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fo2 T'lreory of Ihternal Conversion ch-v
case of K-converslon of elecirlc dlpote xadlatlon. llt€ shaflsketch how ihe problen 1s set up and quote hls resuti,

AssuEe the exisi nce in the nucteus of e electrlc d1boj6polnljed along the z-ax1s, vhose nonent td
=h (e-ie + e*i-t)

Iear ihe nucleus the donlnenr rern tn the poientlat wll1 be
a = _ r,,!,t i . ,a 9_,ir.. r-fr €,,iI v, 16dict decreases as r-2 anO has odd larIiy. (Qn tbe other han;the rtnearfr pctenr:1at of a quacmpot; de";,.,;;" "" ":r--..a i."Jt- 3 J -- s6 a €. ls o.! .---j ce ,a er)jir

o P3l:a 9^' ' oe orn"r 'oo ' "3 rL- s el.^r-on o.tr io srares .r1,h Iand 0 . - o.c o ooable, I Is ,;rc-r.so e LnaL _,o dbe , '- s.ll-'cla , o rsls€ s ( one of rhe e;nj.eo ""al "'3-es. 's.s.ly,.otrp.--, 1,p e ron.Ls rsls-o 'o
e sL*.- oi ' - 9'1' .o- rEr[€ c, e lnsr s s.e'rn 'lo 's (a- --'-1 { - - o <j-.sns- ;ulodo pore, tal)

af =ry|d(*a+ 5) <- e
If we fo1low the usual prccedure of axbltrarity qLrsntiztns thesvsr,enr by surrouldins lt 1,1th e terce s-rhere 

"? i.at"" n.-*.--it.a
thlt the noxnallzin€! factor,

" =G h)r-
nay then be catcufated:The natrix elenen1, Hli

u..b)- \+i "p +. ar

rh.n qG, e) 
= u ! er.,, "1: !;

* f rt"'i9 *,:-' ,:d.L;'*,;*'l

1s th-.E.,/drosenic ls functlon.
Th,. inteEratlon oyer 0 etves 2/2. Catl lrhe radlat iniesrar(includins Ni) r(Ez, Z). Then

H..O) = +.AL(+,2)LI'*' , e'*'lNf
I -idt -.!t r

= Ht,Le +e I

=!rtfiemJ 6t 6 )h6

be substituted
for tl;--Eran-
(Golden Rule No

' | +-= Tl,,'t'#

l^o:i:iT-*:l1i1'l.,"ll" a """ra f,,i'fifJ'B'.!*"Bloa v.12, p. su, or"" ,r**1*'o juga 6. 
'rr6re t- ro r.e v i "-" .,"r.". """". ii," Lr.".l---!'.lll.slrsj'or o. t1j6 ets-eben,: 6".,chd ..",. ,o s 1J!,cBI'uad-uoo 6. T116.e r6 no profe.red o.6crto- a_one rd,re ilon I u- r-t ot€1€. co,".q,-"!ty p(.)=pl_r

the z axi6, no preforleddir-ecild rn rhe x-y plan;. con.6quenrly p(t= pl_il.
*1*0h pase 19, of schifr,6 iquanr@ Mecl;nic;l, ttie;xlreeelon 16 deriv€dror feiiurlation6 t,hat are conBtant except ior bein( €ritclied orr snd.ff.



l

A

ch. Y. Theory of Internal converslon

One night at firsi be tenlted tc urite
f= l{l'"rv. o''aLS6 so c'ar
dE h'v

This oould be wrong because it ilcludes alf ihe states ot the
al l - n '-- - -rgy ,-re 0.. Ba a-sa hd anAL

la! dependence oi the final state has aheady been deternheal by
the perturbing notential, nost of -Lhese states are noi avalfable
to the electron.

Ioa dn/dX l"re uant to rrite onLy the nu,nber of differenh
radiaf staies in i,he enerqv interval, where ihe radial factor
r.rr\/2 is r-'-- -d ov ..e o.a o

f-t - 'Y1r.-,rl - {:-)l u.,.t = oLIr. a.\-, '/ 1r I'r\
Since ,I must be zero at ine

t03

a.= -La, = 3'- arrn fnV
PuttinA dn/dE and Y.f6Airto Golden rule No. ?,

. )_Ll4!.__ " ,rt'.! I,;.. r li."''\",.'l nr,r ,

r-t. r,', .{," : - ln+ "jlr- r'tF,. z) V.t17r 3n-
Tie inter4al coaver sion coefficieni is a raiio ot nean

lives , sc we need afso 1r. ! , tii-El^ans-ilTon lrot;triTitv tor diDole
t e!r.is sion I = i l'l\' l: v.g'1. 3 n!l ll:ll I

- r. - a - e 1-F P 6_6

tr' e_ 'r 
Ia\Ft- z\

i - ---;-;-i--
. Basetti and Bethe B (fornu:La ?35) Aine r\E/,Z) assmins tnat'). |-,>- o o. -r-;.y

, - -\D -. :o : - , /: 1-t... , o. .9

R'

e-

not be c.nfuseil

distant surface ol our quan-

,h_^z

(rlnestructure constant )

-- la: - zr;'-
witb the constut, o.

< i+ -+r,ot ' a
t/+ 

_-;_ii;-:-

Untoriunaiely it has
becoie customery to
usc both o. ard dr:n
irese enuations. tlre
iDctlon, cI., sllortrl-d

lt t8

1{ l9

Segr; and l{elntrolz *r add the con!:]!tlon tl]at
city of the K electron be snall conprred to ihe velocliy
coaverslon electron, enC Aet Z I + -1

o. - :'t'.,. Y'
K

Ioire the rapid lnc.ease wiih Z. TLis indtcates tltat as lve pro-
.--l .'
becone s oI lncreasina in,lortaace.
*This expreogion vill not ne ief6r.ed to aaain in i,hi6 rook. but it is boxed
n- olse o" rs .- .e :n p.o o. l€ 1 -" o u-6t:ons,*+Rev. r4od, FLy6. 21, 282 ('49).



tc4 Int.rrat C.rr.iersi.n C.et l i.i.nt
ol- o

5. Ti. r.a:oi i. nainl.J trrai e i.n-r.1ativlsiic t!.aiient 13
i.a.1e.tna-e beceuse the relco:ii/ ol:he efectrol i3 lrrge b.thir, i1.e icund stete :nd ir iire lonized eiatie. T.yLof ar{ rri.itlare n.de calculatiors uslrLEt:he Dir!. re1?tiristic
t:rn. th. resurt .'-s irle:"rtel] i:, FIc. v.9. Sejr: r1d H. rot!
i_irr. r.or. eia.'" eque:ions arld reie.e.ces. -qn tiea of L:t-. r..e-

:-.

3^.

V.19 aof an. oraer rrrli,ir.ie
l r "., ]l|,5.qi = :'^'r+r {:r' v.zo

A3 lo,,g as af,J t !4diatjor
,Es a .:easurabl. "u":'r:."1.-".ce1'l1.ie|1, se caI r,rat. )sc
of Lhe de|end.n.. o: tl i!
.oerli.:ent upoii t to .i:i.r-
erti at., i'or elrlfc, .e;ree1
.l.cLric itradru!o1. !n.l ,irrr-
1:li. ci!!Le raai.1-i.i11.

aae re.-s!r ior ri.lis ne-
re1.Le,,.e .j ak rlF.r I 1s Ll,e'rar.iati.,, ri:.ir, .r tLe iLilii-
pr 1c U.tertilf.f ilre iucleus
r. s.er: rtr tr. r.-e.1..r.
Tl is as ,:.nti!.r..i in tL.
iis. r:.i.n Le-or r,r.1r.i.

r'li-:. I.9 Clnre..i.n Nceitlciei:
1.r -] o Ii s!.11, Z = 44,
l'l eofeL:cal !:urre iti i,J.tt and
lulnj. !-rperlnent!1 data (x)
LJ rllir rl Aito.. !'ron
]1....tii, I, l;:.

Fr. .urres .i r.1t' ii?.3J
..r. FIC, li. t, jr. 96

2. ie.l.ecti!n ltules.

.o ir .r.r.t!.-e thc nuL)leus.
:rtif-rr.

!:n:r:ra-iL:11 oi -Le lJu.leue

nli 2- :e1.cL,ion r!,e:, laj . r"'.1,

..re!.r, 6r e-e.-jr.n ::..i !.nc-

ili.Lcr;f a rlucletrs .is cslatl-- cf ei::it',lirl: :rl-oLj sr jli rill
also :. eble l,o ercii,e crtital e,cctr..r er.r il . r._ tl.e:.: il.

tr!tee the .u.1.f,3 nLali ie rai!ej
tn a exci l:€:l e::te ..icr tr.u.ih :ddiati.rn is iofirldde.r. As {
:i"L.r1e rrcile!! .{rside. e c..rt.(1 eprterlc:l stcll ,nro:r.r rl.li..r:
.:citlate3 ir tire. / .jj,..i:e rhc:i3rinla railius.: rh. :Je.l.
1-a :r.i,.tr. !)i r .oi1.j!-i, s. :Ler. :s nc rad:.-t:n.. ra:1,]e i. e
r:r1:.i1:ui l]r.:riri:i tJre iields t..rJ iiil :Lre, s. a1 .f..trlrrr jI Llri3
r,.i i,rr cer re:.ire eneratr.

LTi.r feor .l..,rrs :ri,r lL,s lihi r.: er.it.r sla',e i1,1,4 lie!)
i. trr. . ri.rL: si:i:., ri e.e.brrrsj Lrt n!-r /! s5 .-Llr r.e .t,.cra.(1,
:]oi,1 l, r. s,r ,es r.er L.i.rr.d lr:1r.e I = a. Ari.rii.: -. -[]1. t.i)
',rai:itin.:i l'r'.ir I = O t. I = li.1r. s-ri.tl: icrriC:re. li.i.:rin--.

.a rnrlllt,.l. irrii.-ii.j I.. Lrl.L il. irrr.,.,j_s .j:rij. .if z.ro aJ,:.i-
L1r ii!r:r.r1:r!r. tlrr:: -1re l. e e.if.. ]u.t rcrerrrte lie ru.l.us
:a.rro..:. rc.€ire a..r,r'i. a:rlr!11t1!:rs -ire :. r.in 111. .rt

rerr:.. c.--ii'ic:en: is:aliirit,r, ..ier '::r.uiirr ci a| ar!olf,L,t



I

basisJ 7 1s f.lrl-y lonA conpar"ed ulih t,be t fa! th6 ejectlon oI
an efectro. thai can acquire energX {il:hout enierlng ihe nucleus.

ilor f. O to I = O transltlons, even tlou€h the eLlctron
lenetrates the nucleus, it cE1 bc shoa:l ihai iherc is stlll e
seleciion rule l,hat ihe pariljy of the final and lnltiaf siates
be the s.trne (rr orr ).

3. ol:]rer lrocesses.

I=OtoI=0T.ansttions 105

to t:]c E!.uno sia're .ls rare, {e catr
If bo-h so.:s oi ll riys are presenirj
P :1ld p-r colncldence teclDique3.

Ii !' ::nc2 a nuclecr rul'ilpole nonent nay eject ai elec-
tron fron the neqa:iva energi sea rather ttrm a K eleciron. In
this cese ve woulc observe an electron-positron paix leaving the

I:ucL rarer processes, oI inportarce onlJ vhen bot]1 radla-
tlon snC lnterf,al conlersion are forbldden (truslilons between
i{o nuclear siaies, bo;i 1i.. I = O, bui witi dllierent perity)J
ale einulbaieo)s enlssion or t o electrons or of t{o !toLorri.

4. D{!erinentel Deterninai,ton oI Clnversion Coe:f1cier]tj o.
.r.--.: -.t..^/ ..c

preceeded by o- or ir-d.caJ. S,rppose, for lnsiancer tile sequ.ncc
oi ixarsil,ions 1s as !lcliured ii L1e s:r.tch. I: the B'Lranslilon

!i€)

.;,.""r;;r."",""" sup."inp.".aF$o" p sp..trm
- tt. Nalampat: .r:re ^ = w. 6

1"re can tlrer nel.e Lse .a .3-

In any cas., ii ls sir-pler r:c inv.sti:jate73 !j' lrsrnining
',heir ccrvcrsion eleciro.s ln a p spectr'oaer:er ihan ir:1s io
obse!r'e t]ie t! directlt'.



to6 D. ISOI@RIC STATES ch. v

'/F 
-. ..- ,spt. s!.1...Jr I of ". .!.1.ed s,s.- .s 

_.._ -olfr-re, c gror. s .-e, !r-r. ., a.1.r ,-C ' s- - .s not s-.f o .1... .. p. J6. . ". 
.: ds,be ,yeare nefore the nucleus radlaies. Sucn n;tastabte states "

are saic to be tsonerlc,,{ltL the ground state. Abou[ ]OO iso-ners have Z's of ihe order of mlnutes or ireater.
'. 

^ 
l '" o ,p "- .o e.. - e^.r.€d

s;)il oi J/2. 16-!.1e :etlation ls requrreJ for ..e l:ra.sttion,

qeL4rn (A )

tPli Pdt/t

17

A i-ore cor.licate.l cese ls
lrao, SeqrE .nl rlelnn..l ' "r."tir€ etrerri le.iet aiarx1n r;!ro-
duc.C belos on ps€e 291 ort thel.
-c i.d 1rti.re. Rev, ll.d. P rs.
l,als and otner ietccbef.as.s
ol isor,er!sn aad ijlre a codplc,re
1,atrl. oi i s.ners.

IEFXIENCE. An a.rdiirional
revier is 'rsre.iroecofn ol son.
Artilic ially F.dioactiv. Nuc:Lei. 'lritcF 1r, R';v. oc. ?n.s. :2. 56
t,:.).

l A oleBEical ts.tic1e, nlih
a 

= 2 ld .!t bL

E. TI.OEI,I,I'1S

clarse e, noveB 6. thet
<" = r,e-i-t e^ t ,-..

{here xo<< c/d. cercureie irB rediaii.ra ueine (a) lhe fomulq

'lt'dl = !1";)')
o d b) .. ao. (( :

oe(:-ls.o- - o e., tu.o et . .s ,.6.aotD1:on J.--dicted Ly v.9, p, 9r, aereeo xi.,b bor,h cf the oetcutatione (A) 4d (it).

I = , Lu::r-os -t e,
(4)'z= +"* ri .'" "'t
1;f - t.* ti

Jt.d! = ; :, d' 1i
For cobla.i6oi lith
1-o it,6 dotion i. a

lad (C), re el,tribut€ ttre oecillarion oi tne Farr,tclelarbonic poientiel \eL!, I = E\r@,x.. ?t. eneray of itre
e. +M-'(2r,),

v.?t

!i.'t -- v.22



!e-al--9: lo t'm of v. . , oo. 6o! 6-i!':r:
i- roe6 o ehe. '!'or'1g n s e' reedlo' ov6- tle
;.*;..". B.eE L'r', sta o l's L'c 'i'Deo

15',1 - i t" it l J; r:ra'lr
t2

= 1?tlJj'='"1'

ThiE giatenent i6

T!e velociix

r07

h6r€, aB lr6vLou€1y defln6d, lf,(f)l is gne half iho aFsco Pa'i
dl.tributl;! tt''t iu .e"*ea i; "'rv aE-'-@" (-1, '6).

v,23

For tri6 61np1e t..!1.8, Ij(I) d, nav be 'rlt'ter doN! bv in6!ection aB

. -ar 16 -r'x^ee . t'e.er Gr€sE, r' Ena-l verlrv !l!1 s.t -s Y!9 o-! 4:E-
ii.' ". r* i.il.. '." :" ,.rao l:sr vi h tl !6 ora o{ tr€au€n' EEv " nd

iFircrorcree hetptu1 for undsrotanding probloE 2.

Flr6! {e 6xpreeB the chatg. dlsitlbuilon
p(a) = e J(" -^) 5(r) 6(z)

eaailir .hecked, r.."a" tpat eiv66 a charse 6, locat'6d at

cf the Ferti.ie i5
v{!) = -d1r, o' aL !7

5! I.:,rl . -:r\"e)\1-1rJ\t\J\t'e,Jt -e\ : f j-.t't- t 
" ''

ii {e noN EuiiiFly ihis equetion ly .*iot uta integra-"o cla! s cod!1eie Foriod'
r€ I d ,l -i-L

"'= !l .1q1.r)e ttTJ"
!o aot lerfcre ihe integraiion, hut, pui thi6 inieeral tnto i:he inieelal t'i!1r

.le , _ r8d:d_io,
I ^\)a =rr!- - ilJr J,{(3'1re dt

N.r lniograie .t.. t.rmi, ar1d, olce t,h1s Is don€, p6rfo@ ihe Fourier
ana1y6i6. i.e., ihe integ.atlon over iin6.

10 s-mar!z_. {.4 6 E 1es1 Lav !o vort € c aeeica- p-ool6D -li€ ' 10

""" :i--i=iEliiL:, tdr Mo 1.d r-o.,:er sc-v?e. r:.": : .. ib : '': :

malyBis Eay be carrled out iy Inslecilot.

Thu6, for this !rob16E

tJ|,t)d1 - -)-a7,c a; @t e7

s. Dy:.8 - 11 r. L.+,a, = -.r a"e 9r

Substllutl^s into V.2, viaLdg*"""-''- 
.- 

-' 
o -'f ., .. -r I * a e! J"a1li.ar=t t-t7-""

In agleeEent rith V.21

!cI! q, auaniu-EechMical tr€aiEonl,. I. order to havo colreepondenca viih

- 

tt. cLas61ca1 ca6o. w6 ehalL dBsuE€ 1,hEt tho haeonic oBcillato! 16

!n a hiaily oxcited €t.at6 (n"1).



108

To ee'" ihe radlal,ei Po{er, inetoad 'f the
0uet De oultr!1ied bY ld.ji.l".t#'l=r l'
lor 'n p ..--o ,-..: * ,." *, l-r-'' '.'"
It tr, "L rBe.a,:r.J..8).

)1,1u _ !,r
J;.,r - l"il i

ir arreenoni triih V.22. oltained bv clesslcal arg@enta in Padg

!Ro!!q-? coElu"e t.he radiatlon or tto el€c-Lrons ""tavereing a

oplos11je end6 of a di@ter.

(A) and (B).

lL an oe ee€ ovi s"(r'oa_no 'h'
d. o.e rad:a' io def rr ov /. C. r. o

"i11 t. u..o, so {e conceniraie ca iie qusd_

rulo1e t,6rE. Drolling ihe Frlie€ in V 2'
o. o0. rr:e ie ,., ,. t2' 

I\€or=.#--lli'"'t't''l'
Ao€u€ thdl the electrone a'e rcvolving

f a tn" .-v plano (se€ FrG. v.8) The unit
vector€ in ihi6 Irlane vilL be denoted !y 9x
and 9v. l,€i 9r and k dofine a €econd
cedeii&n evatee, ad llluoirsted.

Ve BlE11 follo{ ihe lrccedse diBcus6ed

v. z+

90, vo 6h411 set

cn. v

lreneiLion rete. !.9, n. ri,

I vl' t I ,l' ..a"c'" t'
Substiiutins n)'1d -- E,

of r(t) into v.2, p.
Bolid mgle 2tt Bin e

-.he l,hre€ facicro oi V.24

-- -4- = e,. G&rd"t +q.,o{nd.t

r1'1=11,1,r,+1 4.+ dz = t 1lz)!Jt) 4'2 az

tbl

rrc. v.8

ll {e Bub€iiiute the lourler cmlo@nte
ihe tover radiaied 1nt,o t,he eleneni of
int6$aie ovar e t,o eat the ioial lor€r

Fir€i {6 du€i fird ex!ro661on€ lor

-.6e -1),"6@-+.)i wn"'. a,

Yjt'Yq' = Y|t+ vrt 'o' 
e eL

- e,(u,c aia u,t) + &a eLP,& 6 a"t)i V11 = - Vt2

*f = :, = !:" t ror trre nrL Fourie. conloneni

= ,!!" q*;e

= \t" e 'eL- I .a, e vnore 7 (Y) I o'

Nov €uDgiiiute the€e laei thre6 exlilo€eion€ into v.24:

ae) = ""€': Ibe i )- 5(\'2,)lle,(-4^ @"1\ + e\e' @.t @ elai" e 'ai^t t'

= n.t@: ,t^ efe, L- z,;. -"t) + en:. u,6J o ela; -.t

= tw'l-'l ,; " [rr1-, 
:.dJ - r) . e,, ., ,l'^ ""t1 ]

[e .un then vrite, ty ine!€ction



B).

I

ch. v. rrobl6b 2 (cc.r,.)

l!.e)n' - o t'4 ht2
li.tetu" = etai s;e el

J I,* t:ta' = - i:-g, !; e @r s er
Since ai1 the hamonice exceFt ihe €ec.nd are zeror thi6 nehs thai ihe

frecu€ncX ol'the redial,ion wiil be tric€ ihe frequen.y of r€volution of t,he

F,-i _ ltu"l
.;- 

*1
t2

I "i3'".. '19, 
-i-, " eull e*

in€

z+

- -2e G @q Llr

PROBIEI4 i Con6ido. a nodel of a nuclera in {hich a sinsle f.odon noveB in
e dquare {611 of deF"h 20 l4ev, radiua 6 x lo-r3 cn. The 1o{6et

state will ne oa6 {ith z€ro meu}a. EorentMr call it 16. Th€ next 1o{e6i
6tate thst can decay io 16 ly electric diF.l€ rediation iB h1. Iind the
oner$r Leve1. ol the€e two 6t,ate€ snd the n6an life for radletion.

Soluiion The conlutation is t,edioue, since one ]E€ io &aich tie vetueB djd
€loree ol the ineide an.i ouieid6 jUnc!1on6. The €xrre€sion€ ere

giver ib Schiff, Sec. 15. li6 6ha11 give .n1y tle reBults.

10t

9r

For the 16 state:
fcr the lp Etai,e:

E= -15.95 Mev

E = -11.81 Mev

t = 1.9 x ra'\1 Eec.

Iro$Ell 4 llace a Froton, with naEnet.ic no@enr. A = Z. ?9 nucLear &ae@tons

- - l " o€ -- i .F o. Ir c eeoi s Iy rhe pr lon ": lu"-u"
":t'. y ,. i-e -.- rsroo" r.€;". ,. En. -..1 @e,; ,c oipo.- .so.s-ioJ.
q.anLr b- \... s- y, €.- h 1 o- Lo 6jFoJ6roieB. s,o a orolon jn 1re

!.0.,- -sn6i. o, . -,.".,y1.
i E!€l el io t. . r" (,] n- Fe.o_.e erEre. ]{ z = ,o.ooo "6.Bs.

Solx-lion Il ae cd11 the unlt ca}t6Ela! vectore
Dent oi V.9J !. 9r, hecoE6B

tit,=,"1i)lt,t .{5) a n"L

=rl'r[(i,j)i . (i j)r'

-1, 
j, ts, ih. Eairix ele-

r(i)
("., l{il,l



l:rc Problen 4 (.onr.)

'!11,:.''(r-'l)
l,! !, /'? = r.-'
rhedifi.r.n.e i" "".rgy l.tnu"" 1i1

Equaticn !.9 then becoE6.

r. +ltt.

I

A- Ll

!
3 ht J '
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CHAPTM VI NUCLEAR FORCES

A. I}IIICDUCTlON

r-,e structure of nuclel and of (P,P), (x,P), and (N,N)
lntrractlons v11.1 be a]1al:ie-'d uslng the concept if sr:rong, eh.d-
ran6e ruclear forces. T.e ranBe of these forces 1".111 be oi the
order oi the slze of the nucleons or J x lo-lJcl!. T;le uee ol
thls nuclear force concelt rlth t,he help of qua.ntun mechanlcs
(a]r,.ad.r shoar aDpllcable to some extent, td the nucleus In the
c-se of alrha decal' ) ijlll prove useful ln understandlns and
D!'ed1c+"lnf eorne nuclear pl're]loneaa, allho iheie are soie doubts-
as Lo r:hei4er the usu21 concepts of Seoneiry hold for such snall
rei:1ons of 6!a ce.

l. li.eon Tl:eortr-at lr-. sent tre mesor t,heorles of nuclear forces are the
nalr truldes a.d !1ve vahrablc qlla-lLt,ailve results. Horever'
l.h,.re are serlous d1tl1cultles 1n tlese r:heorL!s rihlch lead
reo.Le 'Lo L,cllerre th.t, the aaslrer to the problen cannot. be found
o.i-t f .---cIo.o 6cE.6 co-c6s
(,."xi re-e) rorF 1s s!id !'rout ih-- meson theory of nuclear forceil
(see FIG. YI.2). In adcltlon the Fext chs.ltei tjlll be devoted
ent.l.el:r' io a dlscusslon of nesons.

2. Saturnllon of Nuclear Forces
Orc. of t..e, reqnlrenerts to be fulfllled bl,'a tleory of

nuclear forces 1s the sai.rra'L1orr rropeit;,r. By sErt,uratlon of
nLclear force,r, lt ls nea4t that t,he b1nd1n5 eneia-7 of t]le
nucleus is directl.[ proportlonal to the slze of the nuc]eus and
thFi t1_. d--rslires of all nucl-el are the same. Tirls Ls ihe case
rrltlr llqulds and sollds 1,'here tie
iorce betl'een iire:artlcLes 1s ug
uallr ma.le uD of a s+"ronB, shoft
ranse relulslvc force ard a longer
ran{e a Ltractlve force. Eolie.rer,
the assunl)r]lon oi a sllort, rance
repulslv-a nucle:Lr force canrot be
:ade to f1t al1 ol the exlstlta Sairiratlon Force
-ai -a,t--an 1 .ala. le le 3llo r t-t'. vl.
I;'";;.;" i,y c. ru","" ard r,. s.hrff, Prr-s. RFv. 74, 15€'4 (1948).

Tlle troblen 13 to -.x!lain rthtr the nucleus doesn't cofl.a!se
Ll onl.l,' a'Lir..c'"1ve forces can be useC. A+- ilrst tiorr.b i, oae
ilitlt '"hlnl! th.t tl:e ?aull exclusioa Dr1ncl.le could ..revext
"orl"p.", 

slrce not rore lhan four :1ucleons (2 lrotons ard 2
neuirons) can tie 1a the sane slace sta'le. liorever' 1i, ca]l be
sho',in tlat then tle mosL slabLe aucleus is oie f,l1ch has
collatsed to a dLaneter equ:rl to t]le ranle of the nuclear

111
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ch VI

T ". r') . : I1\-' ..1o.o -o..L. ..;.
,. 

";.'o b- o o 1,: o A -.. -, A , r -.j 
oi o. -o

the-.ext taae tt llLt be nade r:,ta.rs1bte tt,"t,".r"i"" 
"-t.r.!'_oI fcrce courd reet t.hese reo,irererts,

l. -E!lE.:e Forces
If t.e .ot.eatl!.t ls a tr.cLlor of tle s:,.Lce ;Td s:1r coordl-

r6 clit 6
Io. o rr !. q!

lirt l --t t

ir"i:it;;*:,::t*l ir.i::"::fi ixiii.!*:"Hii.iia:.f #i
I .l ls- o ('..p)

:a.o'1-o.r) -.--o .., orllbetf,ecn 1,iLe |eur,r.,on aixi Dro+_on-N:P+7i p=rirts
- f-.. -o"'ro. b- ..-" : !N '!o P. Theee vlrt,rr,t r--so"s ex;e"r -
:::.! *:r" fror '_rrc ,'!arent,' nucleo| a.l.i FrG. vr.:fre crrsliered as.ua.r,a of +_t-c nucleer t..". ir"ta. 

_S--" 
Cr. Vrrron a :,ore con.,rcie drscussro. or rh1s. r";ii.--.-it.;." ;;-";il,;;t'

* . sl"b l/.b o .l r ....-.
f r-r FF.vl

y(4,,c,&",q -
( 9lt'T, t',o"t

I P ( 3,.q, -4,,q )

L ltr,,1 , r.,,+ s

od

t;i:;::""*".:i.;.;ii, ;;:,;, .if"i::",,;*::ii:i;::;il"::Ti:1:
'he .ilare+"er or .Lr1e nu.rerrs r" ..a"".a i;l;;-;;;i-"';i'r:;" -"'.'o'10' 

1'. . "i 3 - :'"t, i 
t.: ' ": 

.:.stat,--, Ie.:rl s ,eti.ri cr s\.
'1

o . o .'.': ^1, 
""",:., 

, ;"; 
"" -,''"' ?" 

" 
:ro' s: oi'

r,.1.enL1ar e'er;r..... ";,. ""+..jijl.i"il"?:y.,,li;'^'.",99".l.r t.rrqe A the r,oL..iint enerE.r ierfl.an exceed the kineiicenerFl.. Th,an ttL. IrI ii raal-.lur! rhe:: the lot.ntiat enexg, re.chesits tri,{ifirlr anich occllrs y].n lihe lianeter .r r" """t ",iil i" "
arrr.nin.i,eli equ.t i. t.h. r.nre.f iile nucLear to!c:.s.
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Ch, YI nxc'an:e lorcer Lf5

tl€t tL,c Ualorana aad Helse4b.rg l]rpe each2ra€ for.es car glre

: - . .- - -. I- jor. o. .r-
''o Jo ' o . P,ol, ( ,P), (1,.\. r 1.

:. o ." : o. (.,?' (D.P\ ' --l
.a::-rltrents ard fron :ie stLdi"- of '-lrc deuieronr ::l:1ch 11
nucl.rrr' _rht.31cs !1.Is a role .ra_-oito!s +.o1,i11 of '"he hldrogen
atotr 1n atonic.!ir.s1ca. Tl:c iilc: +-lrri n:rcl-.i rr1.il the same
.runl-.er ol lrotors r.d
'"lre elc.tr';el.--ic orr.r.i',. contrlruLlon; :ee ef. t.r) rtlleste
that, (?,r) :-nd (li,]i) rorces (exce-:. ror elcctro,r'-1i,1c forces)

B.:nD_ _ro

1. l!q!!rl!= flq sIln-a,e penient lorces
Th. slin .f t.. deuLerox ls l=l . I . i::ta.L13 no.reni ls

'* frrc. rlair. Acad. s.1.2,6.2 (1915)
Tilg c1r b. iadc !laLslblc bti Lh. 1.1_!oriir1., .-r-ure.r:.:

6L)
: l. I 6

s.-- trr. pnrt.lc es dlle 1,o an -.xclurrtc lorce ls
.(1 )r*(1:)ju(r.) p,.f,(l )r.(rtdrrr dlr-
(1") a*(g1 )r(9 ) airlJ a(-r2)rx(1r) olr2

an.1 b(].r ) hare consldcrfbln dtlferenlr {a./e LenFthe
1s sloirl r rar.1ir,r com!..r-.i]'to ri.e product :L+(4,)b(4J,

- .l \ ) !)'r) ,', : - ,-
to e l:,ox ol t'r-. rlLcl-.ar','or!:ne .rd o.e.r1ra Fer:rl sL1tLst.1.s,
tLei fo.:r:r' ;I',.e. 'r'rcleon, orrr -!l_,osr r.l.or]e 1f :r-.1irll.or1.[
nom--:r.-r_Ln s:-ar,es::1 r il1e..lt otfr '6.laLl-- ],i. TL!s'iLe r:.ot?-]
tu 1s aroror:lcrr.l l,o A.

Ii'"ire c::i:r of:r..i] eLcll.lr:-. ior.-.s, t.e ccntrLbrr'.1on rrllL
b-a r.,r.le s1f ._6

tt: ll \ -, I ,_'r / _ '/
' 'trrccs.

Ir t,111:..s. r.l .:-1rs oI-:rartlclee illl 1llt.,r.-ci, Slvlng a
toill li :ro_ror--1or:,1 to n2.

Act,-i.. l-u tr-- s1'-1r.,--1oi 1s i:ore con:_r 1c:.1.,rd t::an 1r!l1ed here.
Slrce _-r. +-o_-rl i.ref: .c',1.. flrst De :1r,',1-snr..tr11c : 1tlL r€s.eci
1.o t.h-. excll.n c of ai!'r tr:o !rroLc.s or Liio ]leLrtr.nsj both tir'i:,cs
of Iorces .1j.rie bol,lr. i:it.e of i r'!--:rar s. llorrerer tl:e mlxture ol
tl-. dill.r. i l:lnds oi :orces .a'r he aC.lrrsLed so th."t t.ne
=,'.--._r t.eris rr. ortlor,..l to :o,.rs ol A :reater t.l:p-n one dro!

"t 
- IJ1.

alld 1f uii.



114 Non .r-..tmt F.rccs

s- .€. = J'- {L +s.':,

cn

) ( 'I s, (!,(..rp ) ,'r.l
(s sl.ai.e) 1s'-1e resL ir:scrl-+-1oj o:
:.1ri =ub+uF

VI

li = 0.8:rr47. If ttre deut.ro. corsls'-e.1 oI a,rrot,or rrd reul.ro.
;l_ r'-oo.o:( 5 , . . l lr i

' ')-- . 6 . .JI :. L c. I - 1. 6 -. .: . ,- 
_:

.-- L. A ro l
r:o,-r1d :,1r. +"1,. corraclr f.radrufrLe "o'.iit I T]:n". t" "o: "r.t.
:IAt
aocd q.artirn nf,rber s1.ce tt c tlrm1t1,ci1a.r 1! 1r\i:rr,i:.t ro :rl
1r:v.rG1or oi .-Lr tle coodlnar-.s. s-e: n2qe !8.

A -.r - r 'o l
.,(\ -( ,d) -'1"to-

I , ,.. .o I '...a.p)ailch can lre ex-i1ded 1. efhcric.t harnojilcs, 3nd :tLris 1e a
nlx_lLre of v!rlors str+.es. T'!s itr. 111,-.r..tl.r ..t.iii.t .f'\._") ..-. -;,.
5:inc. tnc i.r".e is in..jr:idnt xi',h res!e.i io ais.jta.e:enr.,
rotfiicn, n.a iaversi.n )l the c.\servcr's cooriin.t..tsl,;!r,
It crn 1-r: !f..r. tlil, t...oEt ren.r',.1 f.rrn ol tao rlrticic|otenttal i; nErrorec a.D io three t.rrs.* If .icti.n.-. i: r.

v- tlt') rI'q,!. .U,..)9,R[Ur.l).r4.1,q,.6. rVf S]
, -. ( _- (s {4-'\_L'd.. .";"" .,. '''" _ ___:ar_

The :rotil.D 1s lo dctemlf-. Lt,e Io.: o: rlr.t fof (r,,p).
At ttrst i -a r-on-cenir.'- cor::!.|.rts:riIL r.e reatecr,::.t, aLncett 1s inorjn 1.a'- tle-i er. sralt (de.rL-.ro. 1s 9a{. r-.5 sr:.-te)TL.x tl.. a1.e :rlction rr11t noi Le a -"rtr: iiLre o:. dli:-.r.crt,

r/a {a (i,rN,.-p ) = \l-!,q,q)
P,. 1 k,.r",'"

ie llrnJl._ kr ih t Eo
: . .c!t-ro.-. Jo :or i,l e
-e'" rr (.) ; i" + u; ..a
th,.r vI.1 ij1l'es u - rr(r) + rr(.) -q.q-

g, .q = : :or s:l..r .aralLel
= -l for e.lf,s aLil.ar:ll-.r \1.1

Thls prolcrt:r .i tr-e s!1n ot-rer3r-or. .a. lrosr
qulclrlX be seei froi tie r.ector :odet aafroact:.
Cta::11.. Llv.

1- = st. + s._ +:st.s2 II,V
FIG. VI
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ch. vI Crounil 5r,.1. ol i le D-'r'terorr

err., + i .rEc ..,Lc'Il ,
\ irJ+ ) -s,{t,.r) - )-(,.+,

F!'rhQ= ---=-

+li

- jf"

tlrer :ichr.:.1iiI:'..r' i ei-u'rr'ion

# le - rJ,"tl u,,t =o

';irefe I1s +"1_,-'arer:r.i:e ness oi :1erilrrcn a1d

neasure of ihe
IJA)

*:=+
: F(r + r) - 2s(s + It

for t.1-- rrljrle'! s'!.!te T - I irr.i
- - _)(- .- a-1 =1

for t..e slrglet stEte I - C r'nd
cr. r = Lta,r.a1 --3

L L -.(') o e ' l o

nd ri(r) for t ! s1,, 1et

ur (r) =

Let Lr(r)
d_!

fl

f1

(r),

Far (u,t), p - rt'"

l. Cro rl jjt.r1,e 01_!111Grcjr..l State ot the Dg!94I
iiiii##a;-*...-';rl'ii..t,r."exanln-'d.rorll':.:"T:l

'.',.i;i"ilil"r"i1lil'";r"la;;;i;;tt-: ":-l-':.::lo,1l'r":)"F'*i1""'";ili:*;';; l,"i'i. in. ,'""" .q,"ti"" .r': I :-*.yr..::.1,Y'"ll?:"-'" -'---^"i t'""'" for tlLe-i':roxnd stlt'e oi
tire equatlon ri11l closellr relreg
lii: ::ri::ii1.'-il""si-"i'tr."'d.'t."on c''r: be +"19111::i-19"!"'
l::'"i;";;:;"i",..'il;,;;h;id ;;e;;i;-i;r :"el:1'"'ft :':1:::i,.:l" --'" ,i"ipi rla"e rf'e elf-'rlrertal... 1...,o .Io-. s -i'
resuLi 1s 

EE of H2 - 1'l - l,i8 x 10-6 er:e - ! :l Ii'.'

Tne ltave eque.tlon neconee
lL -L,v.t*u,l* =o

'1aLr-L r^ . o" !(") . ,o-
4* t' I-F -

--. ^-lE r r. - rorl .ra i

Ther l./q = 4.ll x lO-11 cr c..n be
s1?e of t,,e deuterol. T e ex'ct'
.r;.-. of !- (1 ) 1e not crltlcal .

o1l'r h1,.,h -lrerg'r gcatterlnc ex

""rinenis oan qlve scne lrfortra
ilon about, tlle she.le The squar'
'rFr I rg +-ile easlest to r:orl. 1ri'!h

"":rd..PoLeeb.i ilL. lo]Jr €-- a.d e-n- are

for"k.C oui ln Eelhe A, P' llo, and

lo-14 r e +rFEiel 1r lbrl. R.1 .

5J' 99r' rrc. 1/1 .4



tt5 Deri:--rorr Ii.tc F r.li or at r.rT

=:.8: r lc llc: rr:r" L' lscd !l- "'rid-'rtr.,r"' :;.;;-:is;',;r...* ,.. r.,, i,r.: ....tlus or irri:. er.'rt'ro" *:'
ij i; ;,., j; i" i.,.," r,.",r , itr'1'r :,tj b'i ilir"l' - 1r: 'ier;ii;;:;.;;";; ii ir,:l ,,".r.-"."1',r r; ! ;ccr.r:''r''r iiot''.iia1
'el: . See laie laa.

trL t1 - ".,t1u, --a7-a' + 1'( -' r

-J I" ",= t;{l=18:t l.)
4n = Be-""

A+ TlL. o rlif :

e;(44 = utlt )' )

!-'l ) = !'L'O')

"i I - 4i.l
1' k" - 'tt lt"
6(P+F;4h") - -lF- e7=-2 37'to'- ;

u"=
-- f -21 Mtt 

^ 
-\"

. L O !>i.

2I MN

$i-i, - "zs,t" ''^'
SGI$ n'= toz'

Ttrls -r.l,eai121 l_ir-'n '',r': s ?Lllcl,lon ae slo,'n
ln IIG. :. Thls irirctlon
.l !:3 2r .{rccl,.'ilon ol
Ai1, tt!,:.i _,),. ilerrte?cr
1s oLr, =lil. tr'e r3r.-' .J
iirc .r!.' €er iiJrcc.

ll:e ne!1,h Uo lor

a *\ -u' !'r'
i'.u -( ^ /L)/2. -q

TIC. XI..
:i1li1r: iie tlEneloraatloa ' = fi. i"'"

aalt ---, -.1+ ) & -Q.)qr)
,rt - 'd -' L'

-,- .F d, .? o

T.e Loud3rir cor..11:1ons '-re



CL. TII I'lstlroa of Pa11,l.al iirarre 3

ui(D) = e.'t co,rrrenlefr.. !um!.r

'-r. '/.1 1e a A.d

1 p |ieJ tom{=O or= T'

/,*.= i-c,gt,^07 9i1."
Thc -.oL,r -.n Ls to de'-enrl.-- :lr. forr oi il1e
ti -- at Tl'-s 1s ioLc .t. :'1rsl: .r.|.Lr. rll
its _.r._-fu1 r:a-ir.: s :

V(r,a\ - E+,tlt'tEtee)
rhr.q r:lr..n pui 1nt,o II.:r, itlTee

nr',lL:! - '-u') !&J|fi.'"',! L ^'

'/I.4 1s 1L:r!.1c.-r 1X

.r Z /, ,1: .on r.ie,1 rlth

117

= iLfl.

xDn = -a.aa. l,r-a. suci rr.m..ric..r 1.,.-A r;ttoLs sl of,ii be

rriilc1.n: -..o ini.Il].l:|. : = 2.i.a = t..r Thu5 uo=61 Mev.
,4 Es.hlae ul:i ci aLtoDsti.elty tlcte 1be,evL i\nction i.r cn]. gire.
FLr.iilL iE d.3..ibei in a !rt.r it/ i.!.Oa.rin, i S.r. a:.. 4fi lrq

c. irltlrI4ti' - rF0T0L sc !TnI Il'lC

1, i.ictl .d of Prr'-ial ltrn.s
Ilrrii r:- r'1lt _re ec.*:rrl +-c sl-r+,. soae ot:tr. re.iile.t

I 6 a6 
1Ior 1 s:l.rlcarI't s.Irrrerri. rarerit.,t J i.ii.i acts tlle a €jcatt;ringc.r1:e. 1| r: a, T:c t:ro-iro.t- lrolrIln c.r b. tr.irsl.onled lnto1.:r. o-e bod:i lonl b.. rsirl r!aur,,a nrre arL.1 ret|tive coo:d1r..t.B.

{ !s o f

v'/+ *le ui\l(Lt,e)= a.
J,

L1a .,.r^'F-/, e)*C /.- + l(D]tY \",/
is a. r.3J'.r--o',lc goluticr ol --ir...or-..er:aii.r.,.i ts ia i,f,e

' \e:ll - r- r riti
| -_ I

.L . o ) . - . .--.-.
II.7

s..,t t..red rur., or
the com'n.e'!e Y 1nt.o

-r.1s cqlatlorl sho:rs t.lat /q 'ae.n..!ca ee a sire lane lor t._rE,e r
,rn ,I -JLt't lor sra l r, Tlls c.,-ietlo. car .:-s!r-I bc solved
1r th. case of 10 .oter:tlat (rrane raLe) (1+"h t.!e result trat,
Jr-r.,"ar.enau ard l{ur-!l1ti, i,l.,th.matlcs ot ttrrslcs nrra Ct..mlsi ,p.469.
*.I:olr, rLnd lyaas.'i, Ilte Tl:aorv oI 4i!uu! . c,!ll1!1qu! , cL. rr,SclliII. Ea.:e _-O-:



11e Uethod of partlat ],ia1l ch. vr

U = A"ntr,e")\ ''7 / 
" ' 4. ' d tti ai6r b^ s-t rn.

:,1";.;":; shor.n, thar,._+.rese" Beeser ri,irctrons be,ravc a srr:."ot r c?_rry
4 -,.ayf t - !lr) ?_L >> l

lilt]l th-. Dote.tlat, the anXnlt,ot,1c 1.orn rr--cones

.. nI . r."(4, !:.r.a,'
vo o r .s-7 (:Lso S..., ... s- ;o ) _ ow _r:

q = t$:lg&a^ 
yr. eUslxs VI.6, the ftux scatt.*d J

iui;'',.)"=i';:;::i:;T;:: 'irre 
eol1d an;1e dd ts

where o-(0) ls rhe dtffererttat c
,,." o,ns :le;";;:;';'"'aa 

cross sectlor bv derlrl.ron'

;;^!.," "... c..€ .oes qecr! 
1r'

d \o) o'er 
"JLro 

j. l' o t r .- r .-

6 = [6,s,b , 2 .t c, r,- ff e s *" 0"",
J L-, t-a ' JJt t

. =." : F" c,c",- l' gc-t p r,s a*

1.,'?6FG) "" - #,t.,.
trslnq VI.9.

1c"l; = { Atr,)'0,^)a,

YI.]I

::'l;:'*' ::^.r-eai ; ap ;',i;be the ljlase orri."j"}..i"l.rie r ratHoen i";-i.;; -
sotr.Llons. In FIC. ? , cso,1d i1r I re r-senre I .to trtio i t]r +,.r- rot.. ir t, ton. . r d t!.p dorred ti ,e I s
.::. '::""'" m r.1(f ,t).
1Lr -- c fiorertlrt. o1f.

]t car be s ro.1'l1 for pr .r-r -"suclr tr pt \ =tf >.d", | .t a- - " 
_ _

fofl= o.
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'i

ch. vT. lire_,hr.1 ot PaIjiiAl n'3ves tt9

Tiis i-.-ess.nr-i llln tecaus. ,t6 :oes a-. (Ar)''' for snatl r.
It',,)s l,a4'&^t e)- i:r sraiL l.r sn1ll !. For sra:.]] Ft ,

i1l,s irie.,.r.l is .r.rr.ti!a.L +.a A . ..ee Schiff p.1115.
'flris the Cr r. r!.rlC re FLrcsi zer! ence.ft j.. C..

Th 1s !ia.r he
eas:llv,Lsi.r :eLrii -.r i..i..f
c.nc.rt:. T.t ! !c +f.
cle:sicrl ilisia.c,. .t cL..es.
!.r.r.:.cl:, Then i|c rn,lrL.r'
mlrenliNni =b!= lh,
IIb >r., il . rr:.r'iicle
!loesn't e ir:. - th,. r:e.1on
oi:h.rt r.rn.e I.:ce.
I .Bp_

L 'n"
$n.e !. =.

,at -

AP--.

FTal. r'T. 9

1-
,;J"

,* ,".,,.,.
I r.t !>lik.

,,-a-
T\?rL .4 = A 1.. l> la-1.. YI.ll :h.1:i th:1t in
lo is trrn z.r!. rlrris rl.,: Bl. neut:.ni onL-,
is.i,r.r:. r.,.tteri

1,. S. Luii.n 1.T d lor l.v grer!1v,S.ai-,.rinq
An..r-r..xirrale.:rTessiri forl. i:1 l erls

thc r._!...r:rL e11 yil.t .rn ire dev:t.r,eu.
Tl1:i. riil.r ive ',he ,r.:s secii.n n!
a f.rn.ii.n oi t1.r ltell si;e,:rin.e

a =11h r.4t A
T,,e ei.r.tion f.r iire zer.tI aarre
in trle reqion .i r,lre 'r.terti 1 is ,

0fL3il. r.,rhe rare l--nl]'"N is iuch
1.L.ier .n,l t r:s sl r rinc liar.
.trris oril like :he :tr.ldlr I ir.

II. T2

tlis c€.c onlir

.tr tae depir ol

,r 1,. trrN:tr:r. Vl:lL & Lo,/
EIG, VT. L!

,q = c(f - a)
lrhcre c js t\.:1i..:rn. n i.j lIe in*-er'.etL oa tlre r fais.
Th.a ,a "t'^ (ff ,,s) e A (+,F) = .6 ^)

B"= -54



L.rr lin.";r sc..it.ring Cxoss E.r.it.)n

For Lre c1u: .f :r

t4" + t{:,+ 
o

a; l\i 4nere

ch. yI

$crs tron ro by the

yI. t4

fi = ,e k,,-ektt

' '. :. .,
!119611- r- i. t. \f,\\ _.4i*^4"e.r-rz _ 

A_e i/1-
a = ro iilnus hhis listance
r = rr -lt -.ilan kr^rl_--___-==1_
| = .,r 'o rr _ ,i_ten ..-,"):l

f-tr*-"
cf--l

'.fiffif-*ffi:""" 
""i:]?r ror srol' (,,rp) is

":-l:: 
'' --'':l "f''''

d = Ctr: r +d]
ro,: = +(4,9 + 1 di

VI.1i
t=6a=.Lnaf:

3t = :.-it x lo-t? cn.
kl = 5.:E x I o1: 1y1-.1,. 1.., =

IrI = -tLt .5 r,,Fn

i:',iil *";*ir,i:ri:i:i'f jilirii:.i:, i+iii.#;':* i*;tr"
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ch. vI Yiltu.:t Level of tne leuiexon tzl
.vT

the

Since tile r intexcelt is sa f1r i. the teftJ this stale isle-rl -o l. " - . Lo!- o" :--- s ;gr , -9_
' :y- ",'1-- I o . e..- . - o" I o-,- er nrout 0Fl o . |6 in.6 .L ! :. sstate.

4. qi4ence lor lxchanqe Forceir--;llTATn--ffiGiTcn- Elrorerties ot nu3tear fcr.es, ii;
1'ounc adv.rniagco,rs to rosirrl,rt. r,rr" ""i; i.;;; 

-;t- 
";;;-;;;"oi e)ich4nrte lorce (see :. :tt: ). Ttre r,..eni ar!r,i^t av.i r-;ir(see-- !. :tl: ), Ttie r.c-^nr (te,!6) avaitabititvol . -.-. :e - . -i , t-. ,'ir, ,''_ - C /a ' oot .- .-1o..-1-.

Tne older rlol!'r energy scatterint ea.erijlenrs ".n".t ierl .rucr, 
__

alouL ex.hanne t.rces sincE.ntv Lhe s lrrriat,,{ave t".ie"iii""^t( c! ? 0 f.r 1 > o 3s exiJtairer on r.tr! ), r"i .ien"i-"""ie"i"i--"'ulre I s.,rrel,inF .--n*i e. il't.lre rotential ls cf the tor-n:

see r/L lu(r) = ur(r) + u2(x)e

H

U =Ut+Ur ']r errn L

U = Ut - ll2 f.r o.1a { ree {I.5
r. ." - u. E b...^...- t wo.. | ;v. 1

:0,.v-" ./-tr r.r 1. ".,-f;..The theoretlcal resutts for an o1.oin::ry f.rrce (no exc\a;s;i aresuch that Lhe sreater the erlej3x ot [; neuiron 1"uln, irrJ,lroi.-'riill ir, 5e scnlitered in r.tL. i:.1.,,.1.1 tirecl.ion. TIis can be
seen classicatl'/ usinq. trio s:.r.]e.o,.:jaerations of cottisions
(in tiie lab svsien) bet,,ieei r.:rLict.. of equal nassr

1. Tle 1nrle between the iilo tiratL vetociitr vectors is goo.
This i5 ihdeDenden-, lf the nec.inir "f coili"io;.
rroton. Let vN be the finlt reurron veio;iry and-v, its initiarvelocitr. By the conserv.rtior of energ.,..

,Mv-' = +Mu;" * tMvl" u,l- v^,- * u,!'
Thus these three velocitv vecL.rs rake a risht rxiangtc andv. LI ,- v- rB ;.;..;. 'o.-';;;o;";:;
-v. =v, *yP .)
f.- ." \, -r.rL;^1 : .. ..(j^. .-n.

1o6oc d6n' on r. _-; "-. -..r o" rt.- ot j"g .1-greater thn U,

Tn Lhe caseparticfes woutd
nostly scatiered

. . .e ioe -l o- ,,-
o- -r,')1.-.t. .d - ,..,"o-. .,ou o €pp-.-at 9Oo in _"re lRti strsr:ei1.

rt Lu- h--<,
cxchaoge f.xxes onty

Scatiering of Hiqh
IIG Ti:..t,'.*."" Bean ir Lab sysl,en



YI

T;ic er.rcril.r,-r
tlre r:qirlj I -.n,t c|--.

Ttr-..re Licilj! en Neuiron

re3!ll-. i.: :.!
.l IIC. Lr . *

S...ri] rnl;:;
IreT nerlii.ns FrF

l]:.t e -irdFnrr I 11€ rrrr .l

::rii: fillrii;lilij:",:lll":.1,:r;i:.sis,...ll=.:t:r*lll ri".
. 1' .re i. trir- 6vi4c-ice f.. rr.-. ti':".'T;;;'":;';i;;:i!:; ;;.;:;;*:.,7R-.;::*

- '" :' : '' // !\'- \ '"-1*

s"ir"jjrr;r::riil*;ir'i;:"ii:.'""" ((' Il-;*,,
: ..i-' rrrt 1r1t r.1.- te.. ir r.:

- uG) = 3L! e'nk t+?.

R e1-. 7r , rat I t-.a, ) i Ft:;
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Ior trirlet

and E = Laxto "^ (see ch. yrr, !. t35)

...,Ai or+:r (tgal rrecipe" Bhich iirted the data then, but eives6 -' .0 v6. .., r,..6 o.L- js:

u(r) = r(r)[r,:e + 1s(!r1.g: ) +/s]
r'- - . L -) f-'J. v" -' ro - P.a x l0- Jcc.

o =o-,irr 
r> ro

i = urzs
'- l- 1e "01 ,s .:v-- _n p.,vs. F-e.J9, !16 I 9.1 b/ R..jiaI ! , , 'a- -xDLat.i: . .- q ."" :"".i: "^ 

"

' :r-': ,

. -I1 -..-9rd qcno af D..a -, ov--,.,r-rp..bp0' r r') r- : .6., -6 for.e / _1 90 |-;sc:lttexinq resufts.

-t (.tta

D. ?ROTON - PROTON IOICES

'.. P! lli PrinciDle aooLIi.,ri.n"
. lp,!l inr e rE; r, icms- ii "-iEi!-c onrricaied than (N,p) interacriors
. "- -.. Fr- r- o.l .o c- ic.i;J'. I.F.-'' "o. - | -- np, ,- o o_r.--t""-. i,"
:-"": . -. d- " ar o -. - or . :; "" 

. ,". ;"- ;;"' -

J r' aLtefeo ^ ve i c .r

Lr6 "o- t.- o:"-e.enr:at :H \41-
o I 'Er - L.e the \^

'.s'. -d !"r.:..- or . -:-i;-i L-"r.ne
larticle come oft ai an a4ste 0 in ;he oR

Ilo
6" -l^ ol l^rr-slP "/L"r1,. il .' -sb6 r..6, ' \,

Ho{ever, for identicat .articies the
lrDbanilitl is the souare of the suqrthan the sum of ihe sauares.

ITG. Y],15cf the anptl i.udes rather

enersy of the (p,p) naEnericother inieractions , 1h,,5,,4.,5)

d(e) = lr(o) t tl7( - e)l z (for identlcal larticLes )

The rlus or" ninus sign deDenLis Dnaeve fuh*ion i" "y.,"tiii'",."";rt;H:i.l:: "Bii: li.t":l '*
:"ff tii ::"li; "{H"l;L:i.l:: :i':"lx;ili;;;",if";liil"*:":,..'"
?. Arin ]\rnclri.ns

Since eny klnd of interaction
nomen'rs is very weak conlared io
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nav have its s.ace
ll = ut, n-..

Sfin lunctions ch. YI

{l) and srln ($) coordlnates se!arai,ed:
nf(i,,t")

iii-iil"r :i, ir l"i,l"?-iilir i"'ffi ::J$;J'],iExl'!tE"i:?Jirii;"
o' sr = 5., . sr, o^6vc-, tjn6.- co0b ."L: r
-rL. L b- .-:l .-: .-- a s e_g-n--J.cr,ons o l;2.
;r,j. ,:"::.--,r oL - \ :-", .?. :iL ir. fou.r-sL,rL ns sDr-

s" t 2 a 0

o

1

0

a

a

0 0 0

t-ri a

iT

t'+.

a

a -L
ra!l

The four eigen-furcijions sre the
n,Lnbers give the coefticients of

-\ sinsLel, functlon
above four colu0ns where rr]]e
the four lr'lnartr funct,ions

dentical lErticles each of spln 3/2, the
be eitlrer s,ZjI, ar 0. Iind the
each of these and their syrrnet,ry pi'operties

S.ilution: There are the folto}ring t6 lineerly independentprinarn ,.ifen- functions of Sz:

(r j) rr. 1l i,l
(1, :\ li, J) ': -,") 1,. ;)
l!,
f:,,* I

) G"!,.)

q, I ) (i, i) fi,-i)
-: c-" 6 oia rot r-. .Js7.m- :."1r ion a.," 'rJ ,' -- .0u.'r: u. o: . , retfi'la -'- t? o f-o:aao. I . . "ln ^, .; a.O s "n.i-"rnrr:i_ .ror -^E Ln . j ,t -:r-

1+ l ') --r :'
q,1) - ('i 1) anti-svlwe1,ric

Since the 4 dia..onp-I frnctions are atready synnetric, 1,hls
erives 4 + 6 lossible svnnetric functions and'6 possi6teanil svnnetri.c rr-L'lctlo;s.

Uslnq ihe vect,rr r]rdel anfroach, asrir .i S lls : C.:e.erac-.- of :S , lc.rreJfcndina to its nossibte rr.jec'"ions.rir :r qiven (the z) axis. This is :ho.ja|.1
in th. tablc tj the right. Ue aLreadtr
knor,, f.r S - 5 that rh; sii]l funcLion

Problen: IoriElrrffit snir

3

2.

a

f,
3



f

Cr'!. YT Spin 3/: rroblen

s'. 5 6,i
5. I

Q,t)
C,:)
l" r)
( 1", -i)
(\, +)
(l t '.)
();

It

1"., 'i)
cr, 1)
(.r,:)
(t t)
(t, t)
(r,,.1)

Esch.oLunLn represerts r"h e eiAen-ftrnciion
corresronding to lhe elgei-values given ai

nust be s1'nnet,ric since lt xelr_esents sllns F:r2llel. Thus
7 o: the DossibLe 10 svnxreiric funcilons ILUBI be assigned t,o
S - 3. 3 syr.ilretric lrncLions ate lef-, to be assrgned i,o
the renaininF grouxs .f a, 5, or L. Thus S = f itlich has
3 degeneracies js alsc synnetric snd the 0 an*,i-sytr,netrLc
furci:ions go,,{ir,h S = I and S - 0.

several stude.is preferred using the exaci .1latrix operator
fornul?1,ion. Thi3 4ave secular equations fr.i rtLictr i,jre 16
correct sDln functions were determined in terls ol i.he 16
!rinary fu])c'Lions. lileedless iro sa'J, ihj,s procedurc is rather
: engr:h'r and cnly tle results can be given lre1e.

125

(un-nornalized )

3. e.9lr!-9&!,,8s..-!-!--qqi.jre
Tris itill. flrst be wor'{ed out for dlsilnguisha-D1e pa]'iiclrs

v " od o- o 1-. o
fo rn u+ rF

can readilv be seen lr/ e rough p-p.rlcatio:r of Lhe i!.K.8. ftethod
';o the e.uEtio:r of the zerotl .a:tial v;ave (VLA).

c'' ++[E :-JtLt)rt" = o ur,!) = LIJ

b\11_-.- * JJle._.FF 1.,



1:6 Cou].ont Scjiiering

E@ =k(--4'2,^' )
I4l,eeratinA)

CJr. YI

The second terr0 is iLiverelent for n-z L. Ior n > 1' 1t $iL]
contribxte an asynltotic phase angle d.. Thus flr a coufonb
.ltential {n = 1), the asynptotic solution is of the forru:

^.lfa-^e.r) - - 21e'
!'* € '' t. -te .^ 3 7;

Tt is seer t,ha" the l,ern ln( r) glves e slo{lv but ever varvlng
n1r,,,"" ""sr" 

for l.arqe r, Thus lrhe !ar*,141 wave equations nust
b-^ f.rpotten and r!e_nusi return to the conlfete {a!e equatlon.
.o- €'et/: . o omb o -n '- ':.-s e o:rl'- '1r: : :!!'- o-

'I - so lad. s-- rrl -o i'4 . cn. I o_ sc :"1 o.
l14. The co,nlfete l'rave equation Is

v'1 ,/*'-'11t -<"\ v =c

ri, is shorn ior y'' = ei*'f(;"t' t, ik&-z))

uhere I is related to l,he .onfluent hypergeonetric funciion' It
is also shown that this has the esymltotic forn whlch selarates
t\e incident 'rJave from the scattered vave:

vI.lll

This is not a llane wave due to the dist,.riioli b"v l,he long range
.our.rb ..tential.

; "bL 
, i.t )-zk /L

e
{'ro = tiz)rv'

o:?, -rhFrc ! -

;2 It v1.17

o,,,, n lsful'
EI,

dn x Aa - tl:z llzix J n*

is the dlfferentiaL cross secilon in t'he c-n

J,
,a

l^";+

a", - /14:|.--:7. \h'- oro-1 1o be 1'cr'c : a Rrr'6-foro
\7/v"'4- - ..-rr.":ne forn.rre "o- 1' m / "n.

It is interestilrg j,o noire l,hat all tiiree ne1'hods: the er'act
o.." .r- -; " : u r.- Bo n booro 0b -on. nd L'e
.i' ": -: ..r E:v'"rs. L 1; s^o^ -- 'l 'or 'o o:rb

-1, -
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",,il:'",:::.:3lt"i3l,1ji13 Xi'l"li i:i"i:"t"";,ii?: ihe situai;ion

6=id5+itr-r
I :i:. ;: " 

"""3; 
i ""t:";: " i : :":";, ?r" :-io 

":; 
- "'

':;" -" .,._,,

.tt-.; : , 1t,7-o1 since ihe si,in iart i" ei+!$r"y;.t'i"
u,.t)-4t -,..r;). -- bo .ooo ol- ro. r'.-r6 o.t)-. -t-n-a
'4,-t1 

.,t,-,. **r-.r;J bv Yr'lrl

V (4) = r&) tt('t)' sh)tt@tl(r-en
,', 6, q = lfO#t*+l- see discussioil 'a ! f25'

qO -- lt"ql- + ll(z'd- o a &ffatfl,o]
Liker,r'ise -

qb):1+@)" +lkr4l' - 2 R-[fb) ] t" -4J

... 6(0) = llft)l- + lt1Hl' - t,tf@f1,r,dl

fig,- {,tEZ .,A- #:r*?1
:i"'i:.1t...; t1 = \.1/z and 0 is si,irr in the center

YI. LA

17

XxnerirLental xesults cteck rlith thls retatilr4 fo" Iow enereies.
?iI:i"i;ti":;?:t :i tE:":t,3::":"";:'"i::t;:x"i:";;"lli: i:;:::-on r,he scaLterins. rhe catcularion or hoil rhe ;l"ii, .r"i"-"i,,ii".,.
l.r' ?''J ,- a a6 e D.,_ r._e,
:": i ;: ;"- ':i"' i: " . ; :9 "'",,";" 

" 
",:,3- il 

' '" '; :"'oLro.h 1-I ..1- - oo - -,"r. o ..- s..do. :" s ."".--" -

;;":;.';; i ;',"i",1".: l - :1. : !": :'?;" ;" "' ;. g,

''=*"b= ,;,{ ^:;t #Htg.H^,ol
t","/"t t?, ,! z o, "t to,

-." !"."-;":-"3l""ifij:-":q;:-c :;t-e ".l"; _ ..- ."... "'
!-.Q-: .",',:.";"',":" "J- -.; r ,.i '".- ,l; i".'i ';:.""o b- a ':- J-r'0-',: .. ro oo e . :. :ro!..L6dq- o. - ; .i" -",'. ',:-u";".;f '. .. bi",re"- :; -9.r" 

;gu,ij:;g,,, :,"",f;!#.:" "
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re:r.]ts sive 4ror lnfol[ition ol the singlcir jntera'tion only' *

Tn fact. if 3 aectalrqul.1r ell is as:rured' 
"he 

data is
ien L / ' ' -, "

i,: :. ,o -;. -"-- ., e i . o " .^ o. :ai". ::
;;";;"-;i;;-;"r:,'';uii"n ." tr,-' sheire or the,-!oierliieL 'rhe

FTC. 1'.
i.r in. "q""." {eLl are shailn in

on odrelo 1 oo :L 'l '
\.F r r-.^ ^. '- . !: L.

.r ne c.e --o v r I o o- -- .5
Mev. This is quiie close ic ile -10.5 -
Mev fox the 3i;e1et (?,r) interacLlon,
.- , - p,D 

^. : "._d"suterir,ro:red on lrhe coulcEb e'lr, the
Slnct]et (PrP) folennisl

FTC. YI. L6

sulfi'

ir C-Xl

;;;;;;.;i-i; uiuo"t "*,..t.. rhis is rur-tner evidence t'r the
iden"i',.y ol {!,1) anc (N,P) forces

' 9' _

ar_e for 32 l,rlev done ai Berkelel"'.
Tnese unnublished results dc rot
- - a t ' ":
ife rrir.ler inler! c ti^n. 1fe-S
rrFve rhsse ;hifi r lsL = 51,:u.
'r r.-^ tireorel,ical curve could besil
ne nade to Ii'L the noinLs hI
naking 4 = 1o.

Thus our !r:-'seni kno Ledge .!
F^e 6.-"=-3 l)(1) = 1 .
FoR(r.q=rLTrrl-*

6(6)

32 llev
Sys'ier,1 rIc.
the (P,P ) is

(P,r ) Sc€tt€ring

Yl.la

Tlre argulent givel on lase rr8 sh'rrs tnat' Vv>)f; (see Yl'lll)

:.. - .. .- a-.o._,

y.t >t
,{,#"= ",*_

In adalition there is ihe ele8trcs"aiic barrier to be pen:trated

ihjct, ii ';" = D5'v""

Thus I >ll Mev is the linal ans,{er.

*!reii, Thax1,oi, and
Chaliberlein. Seq,re,

Eisenbud; ?hys. Rev. 55
End iegand, Fhys, Rev,

, tofa (195e )J

q, ?:15 (1!51)
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ch. vr l:t 9
X, NEMRON ' IIXUTBON IORCES

At present it is imrossibte to conCuct (N,N) icattcring
exreri.nents iue to the lcl,i iniensities cf ieutrtn beras avaiLabLe.
The conclxslo:1 +iat (N,N) forces are the sane as (l'l,l) rnd (?,P)
is reached lror the svnrnetl.ical roles !La.'/ed by the neuiron 3nc
the iro'"on in ihe yarious nuclel. It has been shcnn o4 tlre
rrevi!Js paec that (1'r!") 1nd (r,r) nu.lear tcr.es ex"rerinentally
are the s re lor! = 0. Calculations can be nade fox ine iiilfer-
ences in blndine energr foruir";; i..;; nuc:;i using t - t.5xd'At
as the radius to give the clecr,rostatic energy. Aseuxring 'ine
(N,l,I), (N,Pl, an.l (l,P) nuclear inter.'r.tions 1,. re the same sines
agr_eenent {i],h t\e observed binding energles.

problen: telrlgn nn experinental setup for detecting deviations
fron lure c.)lo:ll scatLerlnE of L llev trotons.

Th,. articie b.,' Breit, Thax1,on, 3nd xisenbud (lhys. Rev.
il, lola) gives:r suirlarr and lists 1,he lalers of all sucf
._revious l.]o:.1. in the I !,rlev rerge. In i,he same voLu.e on lage
?9e is l ieriinenl, taler.
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CIIAPTER IIII. MESONS

4. PIOPMT]XS ruOII,}I FROM DC'XAIMEIE

. Iri this section ue shaU djs,

T*l;:i, ",;,":;i.+:,;*:'!': ",:""' ' " ''i";[; :1"":r"i:; '

:r. i:".::-:: ::,..y: :."; :"1. 
,..-" o" 0 .ss sc-€,.," n

l;r;:1";'l t.::i"i '";"- i;i- lli ","'","",",""':,".;"e;' "'-"
lr6son. trara .os Ll eo uk€h . oJ. . q.d -oo1 ...ere

:: ;'^:" ;":: -'t-e- r 
-l b:-;' i-o ;r''"

: ?:," # :"',: ..,,"' ,",1,.,.. ":, ii"" '.
".-.,-" ". if. - E ] I, 5 ub.- jig \. .. _

3i- "E'il3 ... ::"'.l:";!1" :,,3-.:".';
o-er Iolx d fo ..6 6.js 6, 6 o.. 6 r^rLrloL;1 rh :s d;scL s-o ru.1 -r or

Productton or ,t's rn a
cXclotron.

So rs o _ v qo-..ol, 6... , ,

l!!t."-o- Lo-. r-r .yoos-
ao.ot. b.

.-- .lrt ^. -s J I.d d

ver:ous-klnds .r,""o" t"u"i""Jr,"".u"o
l:::":+::"i:'.:*"t""-..",.r.gr""rij 6 ;;";ii"il.il;".::::il::.
iff:::+:f,:: I:': rr-:::":;"d ;;'t;'" ;il";i il: ';il";::""ffi]::?";::l::"i:-::" ":rrusrng tecause ;;; ;;ft ;;' ;;i 5;:;:;' ;lil":i"::;::.'#:i",:::.::"1'-",i::i- ;#;".iiJff;o:i :i'*i:;j,il:".. . "" e : -. . .e: . -";""" ." ""' ": ". 

.. l.rl"!.

Xel1er, AE. Jei, lhrF. 17.

*;::i:i:{:ri;it,:r :i;::'*:*":i::rili" iiii"{.:'i:,*#iin"
iilihi:i!1!"::;l:l*: ii$i!:Fr H:*ry:;:,:**r*n*;ii:rl

,."""t": t":::.j;.:i"fi t:;;:ii3:"lt-ii,":t3,:: i..";;:"il1'""
;1., """ se ons s-- ra-e soos.orle" ol
.?: i;:. ::"i'r.":" o ro pae'€ " o r 'o'-,
::::,:" "".' 

31:. ,0 p.Es... ,\.c.-s.!.y"r 
s.eo on o. 19 on .. e book.

(r917); 
"",i

i

1

"ff,::;; :':.;",::::"i#.,,. i 1i3..,'. e o..70('-e\
..-i;:::;':fi ..::t.*::: .;€.5i, ft ,.?1,1 i ?,),



tIt_r. ril .f !rr.1.3 .:
l_.:..,rs:l 11r u1s 1.a.

lrcpertles cl esols Nr. VII

in :or 'i!fi:i3.tr'! - lor' .- sr::::,arr.' ol it: !rolerr,ies,
see IAI,ILE Vlr .1) :

r. Cl ,rqe P Lo,rs. -a.a 
,

:n:re c-i stist.n ci t.e tr. Q.serr€rr ii:1e 1eb.r.-l:.'rr- srr.lej,
r,.1! iine appears cl1.1t..1 l,n a raci.r i,r' / -- i\,.\-'t' = ./if.r.
TLielerlore a rt ior:re.1 {i1,h aa cn.riJ' .I se!eral E.a iurirrai a c.l-
:ilslc..,1 a rii:l e.€r.lt/ .r3mjc r:X !5ri1.lc ard a nicref,. .ortd
trarel, a'r i sF.eC altr.arail: Lliat .ri lialri' ::.-n"i !:.t.,. ..:.r.
:t n:.nirs. 1. i.is .a5e 1t till proa!blJ cecai :-r,:iir cL.r:lli

. t . . o .)

',b.I:-: ii s1.xs iour i. eoout 1.0 I{e'i, iir rai..i]:-!i:zrri.ll
i..r.as.: st.riiy ro ab.rt :1te rjrnes nirinru i.ir::!l::.il, al
dr:1.i;: !rirt ii becoaes nlsii,e etei iI. :rr..rd.r iu.leli' ai n..
!l:e las; 1! liet cl 1Ls ?ath is a.cui l5ao r::i.r.rs I.ri.

-q r+, s:1icl, is reirettea Lr:r nuciel, 3in!lJ ii!r:.s i. ie:1, ard
r'1.caJs. 9r.i : :l!-.r r i: .iLrr^led+++*ar_(1 iIeLir:en:1rr t!!.rLed ni
a r:!.I.r., i:rl|-!_ up lts re31, eier!,n adn !rolral lt :!.ll1.li oli'
serrera.l. rr.1c.rrs, Tlres. :v. :orLB .f tfaok! ..re illu:'rli,eri ill
!l::. !1r.1.

,hen rci caliu:ea L:. .- nc,...,,
e r.eolJs ls l.ll.rs:

l|+'|,
rii:ere 1/r is thnuii: I be
(re s.a11 rei"r tn 1-'3s
:l:rsl|a:etr.in !: c.ler l,
ls h.i\r. to lr. z 1li l,ici'.

:. Neu'-ril tions -- se.

]|!!_I.!9s!f (airaii, see la-l:','[.I fo. nas:, e-c.):

I:l re decat' reaciio. ne1ii1.rer1 .iu-qt !b.ri. t!-.es 1)lrirE trLi e

'-1e ri is ar :esr, ihc fL res : l.::rrei1. e.erEiti of 1,1 J.{-" sr.1 '"ra!-
els a.I::r.t .ractl:: 6rs ricr.,rt:1 :1lo.n em!.]3i.' 5. 0j' cli'rse,
no.i of tie uIe i. ..firi. ..triaii.r: are ior'rie,l nlr.r nI3 le.ajr al:
rirr .n.rrr! sc i !eij rarlre is >: 61,5 nl.ro!r5i:

On:riost liltr ',ae eld oi tre irstlr '.olis .-.lrlii brt ni:Lj
cloud c,raabors, a-n tn.es, or n:.:ru ioilza:i.., ail!, it ras
be.n dctelttneil tlai, {ren :h.!e are n. he3'.:r:i:.lel 1rol,rd, c.e

ol :lre produ.ts .f t^e l1-.l1s1.tc:ra::.r: is :,n el.icli:'o:1 vi]l.h

lreen d.i:.cr,e.] .iuri.il ii€ res.',inn, so ina! ,he j.:L -.-io1t
y'/+ 2./5,8", .t + ).r i:. "-',.) 1.,

Ir:. electron 1-q so it4h: ..n-r!-:ed Lc t1. I rr:iai.,
sreraae, re car lr:ir]k ol tre ener:i:,' a. !eiLi es:e]:'"i:Lr
equally o-nong Lille tlire. lefLlcl.cr all eatr_enei./ r.l
*nicbrdoon, !]x-e. Bel. 7!, 1720 ('48)
**An e.e.gy steol-ro .l cnen'.c ra-v F o is Eiven in FIG. .{,,5. F,tzo
***steinl.rser, !ry!. r . Ir, 1116 ('4t) 4d

r,eiEhton. AndNn, seri-. thys. R . 75. .r4)2 (t49)t cxrrent dat'' i3 in_
adeqret,e fo. dialcr{tistl.n-be'we; 3e;rsl ci..reei enerEie" (a3 for <'B)
end a .ontinuu.

****see ihe di3cuB6ioa et lle t.: of !. Ur,

r i :n.:
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ch. vII Propertles of Mesons

.' - .s li li-s'ion -in \scuo- -he oean rlfe of u's:s !p6d6o b6r6us6, e !os: \- "...161 1s --p.1. -6 6" '
nucl ei, but a negetivejlst as an election does***. ihe orrtts have ;adius 

"]1a 
.".rgv

f33

E.-

T/!EI,E ITl .I

4I1Bfogouslv, the lnteracti ontielfy inter!reied ht the pictureqNFnrlI 1t,i ir j rr jl/Abcorb-.d
o!.ni1 ..e crff.d ne.ons. and rvFthi. disc!s.ior.. 1te relson ro;

Il. uEsoN TraoFx

.-"-.". ', - :: . :,'..j. ,.'i.,, "rr- - "y, ::.--.l- r:.:';.:-.,9::ir-r.
ei 

-"" I 1 " ."il ":": , '-":- r' ?' r s' 'i ' :"' ;'o

"": -'e'""J":.I;-; :i;,": ; -'-; " ""''lil'" ;,"

4=::f
1(-n)2

-l- "-,. or I o L rsclor o! z16,- " , rs .r-.sFd !J _ ss e ,.o_. ior' : a 6st o .a o ! .y --p-, ." r.- "^i._"". t"_3e1l j so t1lai the ]r .pends a ldrge fractron ot tts t1a6 lnslds,n ''.'(" . do s -, tr . t :..-_J .s. .rpo rt trp L._-L.,b- - I .. o ts .-r r"e,. o. Ir--sD rr- oos .- ?,., )r"-, .a- zo.,, dc o Z.. \' - - e .sp rre proo.o .:; .. ".srt-d.9 - - " - :.. R.-.: o-ned liv.e slrlli io Lhe c-. syst€n or rhe ;eso..

ot tro nu.leons can be Dar,of ore nucleon "eiittinq" aby tne second aucleon, TheseshFfI calt th.,al f-oeson. inthis norenctarure is that. ve

1S4Le. E!c. Z! r'7
*iTii6 footndt€ heB
1*|F6rBi a.d ?e1ler,

4, rJ) i' \9)

( 4e)
lr6en ex.and6d and Fut on p.
Phro. ier.72. 199 (,47),

TAFIE r/II.I suimerlzes the :iterlet drscussed 1n urls sec+,ion:

ttt.! spln
m,qN Li fe Interactl.n with Nucr 6i

fl- 2jj.4tr,r
276.1i 1. - 0or1 strong r + erchange forces

2.l5 psec weak, + erch€nge forces
1l

,'476 6 f38 Mev 0 .to-13... Stroag, * ordinary forces

?atr Len5th i1 Enuls: or1

ll -JclJtivl s:ic . ?!C0u, n- ustral1l> sta. 1! 111t

et (-45 rlrr I + i- (r).1!}r(F=riicron)

2r1
J,l. llheolsr, Rev. Mod.PhrE.
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nole s [rons]v nitf irrute nrrctear i.r.e s i^,(.

Meson Theorv

s th8n wlth )],s. If we areone sort of nesonJ we niAht

sine l- efFctrlc ch. ..e
€ 5 (3)

= - 4n e5C)

cn. yII
going to aitrib,

a s ,reit catt it

:-r;*";i;;l+ 
j+,i':iiiJ*itip;t*:iE;,;'i;';;,

lt + P) +
o, P,- tr,.
!n this case it LrLrns our

L915. 3nd loil.l th.ri hc h.o
0r in order to fit the expari_

ll*:i:ji!"*i;;:,1;;j*t.*:iirr:j":"::fi:"i?xii;:",n; "."

If the rr js urcharged i,hen we

N, +xi " r',
can ,rrite the ',reaction"

tr' + Pz+ P:

fl-, fi'a ?. + Na .l

n'- N, - p,
that the r/ lroduces an exchange force

o"r"1f,n" to-"""tut ttotu
obeys La!]ace, s e. uaiion,

t'l - !i

flxed aN the
\|.(

\r,2'
vtt.3'

energy

rsldt(
se.ond craree e 3t a distance r,

! = eo = e-/r.
lilie inieraciion

vrt. +'

vll'l
, A scatar neuj,ral neson tletd genenlted br-- a

-- 
-" ,_ .:c p _ t||e)ooeys thc Klein_GorLton eorL.tJ.n+

o',t -s,4 - ,; = - antJl!)

?<1.t,, ad:-

+Th6 l{1eb-cc;;; oe o s:.eo o_---r_y b/ "Lo6r:., r..r

vtl.2

9rr ,,

.= :"r. p.:t
.c!ation for toral .elEriviEr:1. enersy

tl' = 14t.+ * ot"r
tshe.e l,t i6 the re6t aass and p the boeenru of i!6 ne6on.

- O'r,=. - ira'. t , I'V'c' - o
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it

'i-

tt

?t

I

2

t

T: {e Ii11cc .., seoon. rucleon

u= -gl - -
or i is l,/(

rt r, i i lrra t ie

,' ,
"IL .r l /,]

CI]. YII 1t5

VII.4
r.eo x r0 ll 1! c--*+:

''I I:.t

il is tle ii.ld !1ria|]e (or ore ot it3 ctrlonentsl ana nrrsl noi
n. corlusea. nii.h lh,- schrlJllnier_ rave llrrction. In itie elec'!ro-
Jr1'ilei:. clre, ror' cralrfi,-, Lh-. liel.a rarialrle L.1. le a 4_vecior
(:|. erect.on;,:nct:. 4 r'01;n-:inr l
d.len.l:nli f.ini .i .rieri. Ia tl,c s:i'rlest case ('rlrc
iir:l tha'! one n.uld tlv i.r a i'eso4 iieldl I i:i s ijr.l:,r a sc.llr
or a lseuc.-scalar'. I .c..1.r do.s nol ctarlle sir:n on in'rer:rion

' i r 6 /_,,: I a
. Iserj 1i-. '! LrI l

l,lrei Lr. nor-hor.cenecrL: ri3h1i lr!.nc:ite of VII.2 is 11sc a
r r..Lr I
t f.-e!t^ :c.1.i l.

'lhe r.',e_li:., of VrI.4 :--.res .:1,'a; an.aaoi,Le aild could
n.'" nile!uately erllain ru.]e.: r-orc.:, sifce ii ls noi s!1n de-
tendeni. lllen!Lis hrt-- n.-.a r!.ae ',r. enplolr nor. c.trr!LicaLiea
irL"r.cLio:,: ..nd tc intr.iLuce r.cio1'3nd terscr:i,rLn3. The
.r!.riou: o.u.lir{s ell .iv. ijelds cl the ae:leral foln

Iooir.',e co.timed ir.D !. 1r4:
tr.' iniroduce a Fri.ri.! l(!,1) ']rich:"iel r,,'1 'jjii.h re .l:al1 call ihe fieli

La6 l,e.e lhe ej*Liiicuce of a loten-

4ls' \,,1 = ,,tt' -

(4r'oE M

ud tlic. fl.t vII.2, qld ii 11 : c fo gei v11.2r, t.r r fc.
Si..e ilE nucleer relo.itr ii 1.rJ l,he nin lediure6 of iirc

ut ln tle r:ine irrdere.denl equal:i.n

(r.,K.)l = _ <re3(::)

L4l r'-;1 ttb^t l"- zto,
- "'). = o

tl . 1: . -*r9--''L1
lhe c.nsiqt je eesil!_ jh.n -,o ne g Dt rie:reiirE i.ilL eideo of vII,, .v.i
a sdLl reeio. inciudjg ihe oriBin. ini 1,hea ei,Lal,inE tlre re6u!1a, I. -!LjB

sne11 r€gioi exr(rr) =i, Bo re nare c.D!1ete mLoay Ni'-r ihe electro6teti.
lie discerd tno looilive.ar.neniial .eoe to gei a l.calized ileld.

*'Il,e F.aloCy ie b€i{ee. tnc de6.rl rield Cj dd tn6 .orF.ic.'-s .f ile e1ect,r.-
Eagne1,lc 4'r,otentisl. The 0-r .r VIi.rr ie onlI a faoior ir, rre 4il, .rhForent
id oi '"hiB 4-rectcr. Therei;re in6.e i6 a iifter6nce of E f&ctor of i1= - l

Itr tlE eisi3 of ihe !o'ue^+-Ia1 onergiee VII.4' q.i] l.4.
r*, ).8o r ro-" (r .i r ) = . r- .^-rl

l&.
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--rrl L

' Lt, i.,,-', .l

ch. vlr

with sone directionat ter:ns.

," -"1,.;:,:.^;i1 l" ; :;::'i:-:"e,, " ".;::: 
"?; 

",
'lir"l 

t," :''";., F;1, I ";i,:"i" 
;" ;;3 !.";:;:;j":ri:.

"'",.ii"i5:;.:: lf;'"S:ii';;l:ii: rnere are as yer no selr_con-

*di,riECii*U:i5il,:liili:r;::r1,",#ri.i*:-gi""

'^,,-"i#-->r," 
l, -r,:';."' l: :;

"i",j::,." =".i;';r"i, ='-,::*.,t",:; ' ' ' 
-'.' 

-,
:": ""::" 

'- 
"" 

,' -' 
" : - 1,. t"-.-. . :; _," . " ,t,:"..",;""";-; l' ,-""f ;-:,"'" "', : ";"i-,_;; "

; , 1,;"lt "" 
,,1-- :" -" ti -" - - l"

" : ,..,,, .-; ,".,,,, ",-,-;::- :.,r-""^i", Z E-,-
.:," 

il*:.t"'- :-,,.r" "'' 
-', ,,1,j:. -^,"^ ^

:: -,.:" "'. " , ' - -"",::,i "".t"u":"-'"."

"*,:,r"",, ;,,,_j,';" ".1, . :"-:':1,:: ;.";; .ri -

; ;; :: 
""";; 

1a:, t" "-t -;--"-- ^,. ;;'.t";a -d ; ,; r; - l: .:" : 
-": -' ._-:.'",,":,- ]i: " 

,
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ch. vTT

Meson Ti.-orv and Bet€ Dpcey,
N +? + (I!eson) ;or P- N+ (ueson)+,

tsy writlng in
r37

sequence the reac-
e- + 'r Ltu' tj1t7 1J

r.k w oo-d .o 6role n F-oa'ay. $ou LnsLer- "ro ort.o r-.or. /03/oe oof6r. ontrlnio en e Ie.tr.n
).' + a' - 2y

i j o ftr L jo -6,o.-i_6 F_dc.ay ni,Llires in e quantliatlve wav.

fukaa,a, 8., r.r-sg. Ma@. E]IaE. €9s. [e!.Ln. ',Modets and Methods in eson2L, 414 |t49)
Wentzef, c., 'rquantun Theory of lields,"

it is knol,Jn that there
one of which decays

the knom

lgIggIX A ereat deal of attenrion has been slven iro neson' eo-j-s. - o-r .\\' , n€c .on- .cLor;vet.!, .i Lrt;-;!.. i_t ve r-s Ll-. 0,,l La 1\-lv. hou-!a- r a - -o-r is qa uab ;-- o\vsi.i rs or-o: .-o t - i.r"ac on or r-so,s ";.ii,, r, ii_- '
e.1" sy olII lon o.ro-- o.sons nad .b";;i-;: -M-""""

re-96 sylcJro- -to'ro,s. AJo.raf axeolle of h- qua i,cliv;nl a'io oc m-^on ,.o*. is ,ie oi( "-":"" 
j l 

-o. 
. 
" 

r 
' ii . 

' 
i q 

r.'-re x- ootsin a "-r- .s't-r tr.ro.6 ou, q re :.a-,rerr rieii.- ''Eru6 ro.'ha 'a.r- c mo,eni "f ""- J-";;;""";;;:;il;;s';i.,lart of r:he tirxe P + N + 1T+
N + p +rr-

- '- 'olr o- -'o,ry oay be sr-."y nodf i-d or.b..dor-d. bL' t F drdeo6.tjl :daa- er- lin" y:o survtv-.

IEFERINCES for fudher readlng on oeson iheory.
Bethe D, Ch, aT
" - E-cp, ,{.. "Cos . aao Lion,- 94J. C ao. fO. o! c.v.,\- . ! k-.,

;Ercssy, L,, "Cosnic Fays," 1944
D6L_ - -. . .'vas n J -or) oI Aurl.s r

P_:1. y!-'. !.[s. l. .oJ ..41, .'E]-oen-br.v r"ero
J] eo1 oc F am-n efv Par'-lcl6s.{

I . .,\tu ._-^1- _Fo .es,,. ,94 
7D-imeko'L \:]tl:_9-tj__s 1 2. e;. a8l

lventzel, G., ,tRecent Adyances in Meson Theory," Rev. Mod. phvs.
:.9, I ('47)

u, 48 ('35)
Theory,'i Rev. !g]. phvs.

L94o
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FRCBIE].{ 1 :lo{ aould y.u Cctchi!. ! renge en.r::f reLrl,icn.hi! fo. neBon6
ir! eaLlsicrl CLtline a nethod for (e-"erm.iiq d !!Fcr rtuit
ior ihe nuss cf the rrertrin. (?) i!'"he ..a.tion

-t ,. rr., ]: -,
(l,1o6r .a ',hie rorl: {a: .1.rc Ltr' Lrl.ie3, O..hlaliii. loxeil .., !
see l!4!!9 l!q, 4i, ('47) ".i tute. ruiLi.alicr..)

lRc!Ldi4s

Ii r.,ehe r.aeorlr'.1e'!. a..urtre r.Ldr ."Jffl**. .t Er!i,r: in ! t.q.k is
i.roforii.,raL t. +!r. -Arr.,Fr of ih-=:rrr'-1.!. t.roducirs tLe i.scli, j.e ..nsiant,
.f t,r. .rt1.Eli'-tr. .cr: 1,. de'lerninei rt .rntirF.,ne glaia3 lre 1. ars d
:..tonr .t iin.r-, ene.al,.. !y ul,llizi.! t."h dre a'rd tr.clorcj .rre .!. d.terrinrl
rhe',her the .orBt,ea'! i: actua:ly a..nilaat (ft is). rlen, by.,iur.ting Er!irr3
01 | tricls .t raricis rd,geE one errii.o eri a Enr,.-eaeray r.-1rl,i'r.

or,.e re k!.r lLe kineti. en.rgy.i l,Le F, aIL ina1, renair,s is i. dei.r-
hi.. _,ne tresr .I th.7 ud il€ rl, This can be done ia .i'e of at leejt r!.

I Ueasur€ I, i. a cycr-.iron, For Dot!.n |e.!,e..licrLar t. X- {.i .an {rite
":=lr' Lr=.eo ea .s -.r.i/4

Ki!?ir:'!he enc.ry (rr.n lrala counri..:) and th-- !.n.ntu.i d :ai.tl.le,
{e can e.]v. f.r lt. trls.i

2. Ilah. uFe .: ihe fsci ti!.! rjr. i..izqtioa delenlB ljllx U!!! ! v.1ooiir,
noi u|.n th. naeB, .l e Farti.le I

-; ={('J

lle. tre 16.- , R

=-yftrl,rdv vt.6
t'[=

o! ur crh lrr k !" =

lnterratirr Vli.6 we :et E-^ = I.(I.)

su!r.i. tL{1, r,, l,e!.i e rsir.l rdEe-.rc'S/ :'.r a r;:ti.t..:
kn. n r.dr,,! .re f-r. E F:,rr:ii,L. .l,!.I..m nao. ia\i 6r-l,i,.Ee, !n.identaLl:rj
1 ! {e rere .n1.1 c::..,Ea t. I lol: i.h--s. .ure: on 1.{ ilp.r in tt.e :rrrL
Fi'r.!,). Ce. {e u.e ,r11,7 L. deterrriL-- ti. ral,i. .f th. ara--er t.i canj
taL, raa.ii!:r! is cr f.11.;rs.

There mr-" rc an i.ilnite nkire. o: -.ir. .:' F.intp, .r. r.!r,1 .n r1.ti

tR .. dE
=J" d' = 1.. rrLr

v.{t = Vdf^rryl ' l'l fJi;-y)

,,J"19au = r,1,i",1

.,!l

.,u.re. ,.h Ll,r'" I = !fl, Ml
1.r :f!ee j,jlr:, r. : e!.: 1r.

&=!.,
.iNltan.oLE c.ulli.iB

1F.r n..i detail3, eee Gard€n6r qnd islter. r'r,r... ii.v. lt. 14a8 (Lrt)
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r
ch. vlr Problee 1 (conr,. )

e", 8".
!t Bll , :" 0 . r- lo6r/ ,.- "e_s...o, b€l,een
,- € Porhr. lr 1g o. arv . ilF "ijr rnr.

Irii. .. " ,." E /€. .os P oro. 6ee fjc.
easil / 'n."' 

1'

" "''. ", '- i." ;;11";;;1-I": ;u

lglqgrlrellSr o: rhe neurrino reBr Ernv

. n: . -"- - o or : fo-.oi.or
rlDn or Lenerey + ras,).

\tn = NlL t ttr . l-[= VC
- '1. ,/+':.' - p' .L

=4r,alF,r'.J '"".""-"., ,/- - ". ,€ io, o ooj-.r @.

-u. "i:.,-,i:--i-J'r/'
l.(r < 5 ,4r.. ,-,- F vo.ue e 6--0.0 e.r'e4.18rt-v .J, !, ..

t19

equaiion iol the cone€lva_

r T/. r both knom

}NOBLEM 2 neutron ad a trotoi have o irrteract,iox
U :1q'1;
'. - -.. -- *,o,or.t D..--..1g rose_E-.(.onE
spLr oxiaat 1.,,.

dhe notaiion or schiii (26.IA)
,l(..

'(8p'- -4!,JU(r1< --dr: a-r.or..d Fcs.4n""^'
\,

lbs =

" 1.,01 . l1t",ol2

';: "::.';:,: :,:;:;;"r"" "".';;{= ::f;: "j,:; f",:',:r,,."/:--," ## 1,' +,,. u 
1,,',, 

K",.'.',{-, 
n)

- ua' f' "'*' , 1* K^- Fl" -i-' l" ^
= ++'1l-f "(-^' 

, k)a (-k_ik){1!'K .:,Jc L' -e la.

t- K=l 
^"

*!004'N0TE: oince the
nor-niniI@-lonizatloh
tiart ot the Fath ie
treverded bf the T in
. 10-'"6ec (<. 1:lr ),
n_'3 !t tlie ead.i Bu.!
path! rilI a1&o€t €u.e1v
b€ e-! reEt,-
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1b)

Prohloe 2 ( coat,. )

{t q1.."*. gt * r. tto- ,+ x - 2!,

,1'-i-.,r:;--r, _!-. + e. 91t'
t .2tle) =ltle\l'- I 2 \

' \:Fv!' f^r 'c12' l'F'*;J
rorr-'-r (lo!-6no!Sr co.ti€jon6).,e n€v€ tBoLropr. 6-E-Lc.jns

/ ql \2
\ ))^1 | Mt e/,

"{1th 
the Rutharfo.d ro*rf. ro" Couloab sc&tterlag except thatztz2.

lntemodiate caee, thefe io a olrralsLt_fo ard integradton ovorof rhlch ie
, L-oL126 - A-t^!J I''' \"'i./ ,._!.

i:il il :"f:il:::":o ot'elve th6 rr' produc€d bv a 4oo Mev rror,on

siLl be fouad on t. 1r1, foor,n.re.

IIFIRENCIS or Meson Theory are found on page 187

c2
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4._-lls14! r qrl
Tlr. nlclerr rc!-cLion A + o+! + t + q rs st.iiollzeC ty

A(s,p)B
Particl-s nre s:,.nlo tizeat .r: q cL!h.-, . oroton, d aeut,eron, f
aair. r.y, and f lcr fissloa.

C's.-' . . .".
The lltrqqlp!1 1s 'Li. nl]linrun ener-:x of irhe bonbanlntr.ari-

lcle 11 ordcr for tlle reac|lor io occur. Threshotd ls neasured
ln thc laborator-\..st-sien, .nd t.herefora is not .ecesearltrr equal
1n mai!ltuc.-^ t.a q. If Q is iosl+"rve, lhe thrcsllold 1s, 1r lrin.itle, 0. If Q is neg.tlre, .:nd 1f t.he _oorbarn3d 1rr+-Lclc A 1sallroxlrat-.r r .,t rL-st, tten (see C1... I, na.e 5)

- ( er ' I's-l lh'
MA

for t\e reactloi strnbollzed abore,

VTTT .I

B. GeneraL Fe:-tures of Cross-seqrlons for l'luclear Reactlons.
:._ .. o.., : o . -. jo r i;-i;;-_ . 

-.. s ;_
nucl?ar r.rctlcns i:1 the abs,-rce of rcsonancee. Resolance irhen-

t s-c lo D.
Consl.1er the translilon A + a+B + b + q, -dhore the nuc-

.6 s Arr ,:.- .--,!. s ,p" a.o 1 r, -
"b' "o . L I no lI-" s o-f Lne s. -e ,o.-l r o-f
" t l oi o ta 'lc 6^. a Alore Lo - 'o o -
oi a contlnuo,is dlst.r:lbdi"1on of etates. Tie lnitial state aleo
has a contlnuous r|.n1e of pog:rlt,le enerl:1ee, but the cx-.:rlnert
iiself s,-ccltles a .artlcular l41tle1 ener-y.

ln emisslon oi a fhot.on rry an eaclted atotr, the iraNsltl

CILAPTER VIIT IIUCLXAR REACTIOIIS

a s1n.Le s'!:.i,e to o1e oi e cont,lnuur of stetes:
Corservatlo. of ener$ selccts the firal st,at.e.

Another atoFlc exsmlle ls lhe non-ra.11a,
t,1ve or Au4er: t,rans1t1on. An erclted aton nay
have t,r{o posslbfe modeE of decay. IrT ad.11tton
io photon e'riss1on, the :!to!r na]/ decay 'Dy erle
slon of an elec'Lron. SutloBe, for exanple, the

F

ffi-ffi
ffi

lt ted

There ar.e s1]:1].!r sltuatlons 1r at,onic Dhvslcs.

exclt,atlor corresponds io one r1ssln; cl.ct.on
ln the K shell. The ener:tt aa.1e availELble
tihen an eleitron falls lnto UrLs holc nar be iree"ter tionlzatlon ,-nerIii, 1n iihlch case ar el,-ct.ron iay be em
the ator. A-e1r t.he ilnal s"1-3tem corelets of ti:o unbo
havLni a contLnucr.ls r:.r!e of poesMe eleri1es.

Ret,urrlln: to the nuclear reacilor A + a+B + b, Ire use
a;eneral Dr1nc1Ule ol .tu:r.ntur r.echanics to derlwe
r"la]1y statl,rtlcal results or the vadat,ion of tl1e cross-sect1on.

Fron cua.tua nechanlcs, ihe Frotabllll:i ler ua1t, tLme of
1t+l



-

-

2n , ,tz L\\r:4 |ts, dE
TIII.2

l,,here )d 1s the rstr'lx -'ler.nt of '-llc perturLrt'lon cauel1'a t'he
tra!s1'.lon, ad dnr/.]E = ener(r denslt,lr oi iIn1] sr-aies' countlng

I't'' -y ^ I os
a .; -o' o l - s rro" or 6.ld_
fu.r aer-.rd cr th,- dlic.t1or cf enisslon.) Tacr lxl'z ln the forl-
ul; 1s a sultable al.:ra:r-o over: the possltrle llnal EiatcB '+*

dn/dl = co for e- coatlnutn oi st.--!!es. Eut ln rhat case

)Hl -> o, so '!fEt Lh-. exlrcaelon lHl'dn/dE 'r-as '"ne lrder:er:nln2te
fom O x o. Thls dliilcult]r 1s r-'.ored iI llrii1ne s'acc t'o a

i,.i "r ""r."".rL )Hl ls inen eialr rrut {1nLt' and 'l\ldE 
larse

.rr+" fi1li-.. "IL drops oxi of tne result The r]lnier of iilral
st.:'t:s eqxals t.he axrnl)er ol sr,3t.s oi thc e:rlttc' fartlcl_'' Thls

':
Ironefl,Dm oI !.e sv.rter.

I'- rie-e shor:r ln C.ar'".r I'J, !.76 t]laL 
"lle 

aunb3' of states

""": tlr"'io r, rree mrtlcre, "o", Lrt: ror.eallrm betr""'-'r- ! a'c
D +.1D, corr!in,-.1 1,o N Lox cf "olure -,4, , 1s

drL =
+lhtdhu-tt'

(Ln+'f
YIII . ]

f.is - L, i1 . 
-:"-"iI orln,fo'' I''"Lo (i.'Ll'

{lp-), slor '
il,ii.i't].. LLcl:Lrs. rf r, 1s a l.hoton, ('rl.+l) ls llit e.1u31 to

u - vi dpl (ine reie"lvl'rt1'!"1 lv) vrrr'4
. ' o. L - .-,of

' \ '' 5r 'rB'r i

I-'I - -. Co I

dr 41tE n (z rs + r)(z ru. t)

r42
t r.rrelt.lo. - nur'cer of
'ic.r d en R|le No. 2": *

dE 
= ?;;3^ri

Frcr tlr1i rnd IIIL: a. aet,

Io. traa:i11.ls ler rr.rll +,jne =

Nuclear Reactloae Ch. VTII
lrsrsLtlons pcr ua1', tlme .- ]t ls qlrren by

vl1r .5

'/ \rr7.6r3-n lxl'(zr,-t(zr"-
I h+ trr

Trc fol l
d,r- e

,-qurtlor 1s.sse.tlrlly ! a-'ilrlt1oi oi ihe cross-
rer A rucl.ug:

r De.l1'ei 1n S.hilf, qUqq!!! I,1ech.r1cs, !. l9l ("']o1den Rule No :L'r

1s oa r:._e ,44 .f tris text ).i3. !1r1s is Cisc'rsse.1 rn ircater c-'+-r1l lf s.c't1on C' thls cralter'
*r.* Tlls rolnl, 1s .11scus;"^.1 lr"1 E.Lhe ani ?laczeli' ?hr''s.lev 5l -
450, Afte;dlr, !. 48f. Irl.il:lllc1t,:i is c.- sed }]]f t'hc tr:o loselble
tnc.D.nd ent. tol:1r12.-t,1ons.
li!* See ]!Ae 211+ for nore comPleie discugsld.
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YI]I .7No. irrrslLIo, e/s." - .. "Fer 'rAi' d cl=. s
,,.,,""a.,ro,,4,, x d4*,

r. -- 1 - (a ) { + ) ll
" ." 1 " ol n ra
(one le.rticle 1. '"he volrn:e). Tlea

j,. t. " ,",a..8.. --t+ft,r'-,' -r"' :u '
r/rrr.8

Slnce nucl,.us'A'1s oft.in trasslv-' cctr!3red t.o

t,art, iacLoa. ltrit i.; 1,i'air.t.io'A,' = a'a,

" ,,. ,''" .. .-o,'o.r. es tran 1r-
relat.a: :rlr a conq-

o^-" - 
"f 

I "cxl"ffi ( zro*r)(: r*' r) VIII,9

/a"Yj u Y- ',Ir .nFral, $ i" . r....',r It has !,]1-. {on

r..hexe U is'-he lrNef..ct,1on enerJ"'. If the lrre tulctlons used to
cor.4te X are ronqllzeil 1n 1'ol.unc.Jl- , ..1, tls.r'!!''ars lroj thc
eaDresslon lJ1,Xl 1]1 VIIl.9, Thls 1s seen as iollors: Let Y 13ve
the fcr1r, at laxae clstalces, N erF(1\z). Tjen Jf lvl'1o{t= N'?,l].

56 \-r) ., r- :- '! ld
If Yi"tttut:tni Yflnat nor 1.-_3n -"he ua-.orlmai1z..i !l3ne aarie

flrnct,lols, the nritrlx efement, fector 1r'YIII.9 becornes

nx = !a"Y,,!,vY,^,.'
VTTT . O

(Thls :ray r-.e loolec upoi as takln[!l,= ]J Henccforl,l rie u3.
for Jr* In oraler to shol the ieanLn: ol tlls cxl:.r'-'seicn'

lXl =U tlol,meof nucreos x lY',t-rtfr*,] vtTI.I1

,,h.* lY".V".l ls a srltable 3'r.-.. ie ol t.lle produci of th. x.rue ruac
i,tons over. the voluEe ci Lhe ngcleus. U, .-rd h.nc. the 1nt.:r.nd,
1s ze.o outsi.le itre nucleus. U = averi,:: lat.ra.tio. errerir_I-
depih of !)otentlal ae-]1. lor orr lurlo:res her-_ th. 1:!r!ort,anrl
ieirr,ure of VIII.11 1s lts.lepe:lCefce orr the cl:rf:e oi the r."ri,l-
cl|allre r-a.tlcles. If "a", saX, 1e !os1t.irel,' char-leC, its '':ane
func_-lon lrlll be reduced ln amDlllq= at the nuc]eus bli the
barrl,.r fr.tor exp\-e^/:), 'rh;r-.., qv rrr.1, !' 5t

*9 .)' e' t", beh
dz *= -;;1 o",,* YIII , ]!

U" cenotes ihe charae oI "a'' ttres t.he coflori, !o+-entl.l of rrAr'.

Pfilr'slcallli thls Ilctor r-.!r:eselts coulomb re.ulslo]1. TIe {lrTe
furctlor oi nn olrttoias D:rrtlcl. at, il. itcf-'us 1s afso re.hrce.L
b.r sDch a barrler frctor. The reslllt lof t":re sorlercd ret.rix.le-

t.:
for -Lral ::Lrc.-:r: r"i'^,[ x o o. . J v l.
ro-- 1 . r"-.: l\':4.- x /o-lrx e)(Pf-G"- Gb)

ld



I+4 liluclear FP:'riofs Ci' rIIII
-G="r 

""1o" 
oi .eattlvellr ch'rr-'c t"'rilcle s ( el ect:ols ) 1 3 tr3ated

ln Ch. Iv)
Ior enlotl.r.rlc ltecilons there 1s a i-ireBhori 'rerfi' lor the

".,lb.;i";";;;ii"r e ror -'xottrernrc react'1ole ln 'rhl crr thc .-'ncr5v

rirri"tii", i-"ri"; rr-r;ci' tnan the e-rer',:, of rhe tonb r rr' fartlcle'
i;;;;-":"; i'. ii'rrrri".tro"" rn "q,'arit' vrlr'e: r) t1le 'rrr1-'r- ;, ( G.) o ^o or' ''.. 9: ,"-,-"'o1: " I "'.-'"l 

:'d -.:-.'-:r') , l -,r, _

e - r :sr) r ) I _ o h /'ll o' cbz b' 1

t-.ro!olt1.ral iro 1/'ra.
These resulte rrc .ot

Een.rr-l features oi the O'

.aft.1.1es unciari.-'i )
11-'v.,v.J = (l{"eut )z . - co:rst tr
:. ' _o 

"" 
o

Lr4

r) El'qsrrc (n,n) (tottr
r = v.-. th.r.r'o].
ei ro "' r,n" ' 1)+l

d * cais.,..'t "r'

J)

d - \/a! (r.h. "r/1." la"I)
EXOTHERMIC
(d. d,), (.., t) etc

J

llTLASTIC (r,, ' )
.^

The r:ucrcr:i 1s l.lt. ir-.r" .rc1tet sl"'+-' Thc l-'r'cess 1s enco

',1..";t...t," -q 1s +-l: .::.1Nt'1.1..! e..r:''' of Nie rruclexs' lor
l.c1ieit ..rr"i.i. .reriiij-e 3r i-]]t.lr riolre r-h_Q :lrfes:rol'] , v' ^r;;;;a;"t, .::c. r.r. ir.ct1.l:.r crl.,rr:e 11 1rc1d-'1t -'r'r'-r ls
";,,ii. 

-;.,-.-":, cf:r;cs r:rar1r'er;.,:rc:t1r rr'Lrr1s ..^t1o.:
2 € n""..". of er-cr-l'r ''aore i'lr' i"1'5sl o1'1 Thc]'_'fof:

tlrc elro ld d cC er.ralr ericess:

j

4) ENDorliEFr4lc. cliARGED ouTclrlic !.,r'ri.l'i,
Ex.cf-] r ri lr ",.se l), '-':c:r:, lr:'" '"1'e

ENERGY

: rr ( ,o ), (,.,: )

r."tor :i L( G )

ELA 5T I

INETASTlC (r,n) ENDOTHERM 1C

(h,a). (n,P)

ot-r--rar€s .-n.1 ie .1on:r,e]1". d cc\E ;t;=xce€J x ,..r( cr.)



ch. V]II Inverse ?rocesses :.45
)EXo--F.vTc, c LAf rED -rNcolfl\G a-Lt---, ae r (p.,). (d,n),

(c.Z ). (o, 1 ). Fa" ' la--L -n--€1ee << Q. 1e lacto.
42 /'ravb.a l/va. The barrler fe.ctor ex!(-Ga) operu.tes on
the hconlng parl,tcle.

'ey

t-

O- cc r/va exp (-Ga )

["
In all of the abover no account has been lake4 of resonance

C. lnverse Processes

EXOTHERM C

@.4),(c!,h),(V,t)
(4,!)

Conslder the iransltlon A+a-->B+
are ruclel "b" are, 1n general,
r*o eq . " o Vr-l .o rnF roas s6c Io, to'
( neerectl.. €D1rs ) :

/< - l- lnr*1" /--L

I'oX l', " "n"

The number of !osslble A stat--E

t,1mes the nurber of states ir -A

ea.roe 1n both cases. because the
1s He:rmltLen, L",. \ tL*Xtldrl=l

)h 14 -l I

6e+e Yb
-:i: 

.- " t 60 5. .1
Cf",rr p:

b, r;here 'rA" and "8"
llgiter lartlcles.

thls t ransltlon 1s

vrrr .9 '

The lnverse ree.cllon ls B + b->'A + a., Its cross eectlon 1s

.-lu f ox 1"ffi vrrr.9"

operator ol the

f u^" xY"l"1

n5 spln) Vrrr

The se-ne reeult, nay be looked at trom e. dlfferent aspect,
Suppose.re have a boz fltled Nlth arbltrary nunbers of p._rttctesub'. The t,raneltlons A + ;-B * I oi,""",Stat,Lstlca] nechanlcs asserts t,hat e-t equtlibrlur0 att !osslblestftes of the systen conslstent rlth the spectflcailon of therh- s-.o,-r a "- o.., ,-d ..r"_ .qr,at probab, ,.?. ll E. €'-co."ls, 1. oca o." o-t !a-r' -e A a sc_da - 'rA.'ste ^. . o lor '"" s a .' - \- o... -o e stee 1-t.a d et .t "-."- AE .e/ o- d, ,.to r.-o r,.. L.o : -s, A .. : Bsl. p 1 sr.?.s I l\E - -lu o-ob ..l oc. o -o, .. s a1\-
1s1or 1s such thli

&: .o€eLj.re A sts.tes 1n 4 E .15No. loeslble B statee 1n A

- rna.xlnun number of (A + a)

E ror o.e _"r" =72+xpirr' €rr)" 4t4
nnere ? = nr:.xrnrn
nartlcular nuobers

NE

l1arl

\

nunber of (A + a) larrs iolIabte xlirh the
of lafi,lc]es .ut into the box 1r1t1:r.tty. 6tn-

po""io - P "* . - 7""'h;JL 
^.

t l2n'.)5 4tb -



L46 Iin,erse:roc.33.e
Ito. qf occurtea A states - Fo':uu

Io. cf :rccr:rl,-c E s'!.'tes P;"-

ch. vrrl
r/I1r.r5

Iox a_, oqu111br1ui0 tac nr!rllr of trcrrsi 'r1o'e A '! "u":s t'he
nunbcr oi '"rar:s1+-1o.s 1n rerefs.' l:er tr]]it' :rrre

No. r]r1nsltioae A':'scc = (1.o. A sL3t,es cccr,:!ic.)6a-e 
^ra

I,r-o. trarsltlors e-!./}ec = (ljo. B s-!rt'rs occrliet ) tte+" nru

VIII . 7

Comblrrlni YIII.15 lrrh IIII. 1l,

6,j|4:P: tt,
c'^+tsri Pr" nt"

'/rrr.t 4 '

II lhe ir.rllcree hai'e sllrE' rrhe densl:'y oi eta+-ts 1s-in-
cfe.-sed, Ii the s],Lrs are IA, Ia, IB, Ib, ih. ae.sl+-],' of A

s1,at,es is lrcrei13e(] ltrii the factor (2IA+l) (:Io+l), :r'n'l siiril"rr lr

for ? s'"r',es. Ther i!. ra+,: of tr.-nsltlol] A+E 1s lrorcrllnn1l
to

{.1} )L l.- \, Oa_B

. . .-lt
( l. - )\ J.' )pb oe_r

""_,^ I

VIII.]3

NoL-. tiat 1n ir:1s iorrnxra, O 1e !a L:ili! o 'r t !' - 
'riore l1r's

' s) o A : o q ' o

various to3slbl:e fiaal st..--tes. *

* Thl s :n3v i-- .licldeteC bri ,{r_1il,1lldA-Bnor-_ .r::rl1.it'1:'-. Drtl'le
(' l.'jo clntrl.u:lons ct(s) iue to 'Iarlcus rel rtLt'' oric]lt'el'lc:tB

. l. I-.

.rl 't. tlon' Ls :5+1 , .'L.re S = resrllt.:li arl:1ller: rorontrn of pr'r'!_
1cl ee "A" th1'q rilscrsslor' orbltel an:,111!-r aorrcriun
1g r'.err -.ct.i. It 1s lrrclua€.1 1rr .' dlscussio. ln '-h-.f-!Ij'r1'11r oi
E-.lh.-- rn.:. ?llczeli's -r.'Iier' ?ll:is.Re'i.51 450. The iotal 1!:mlr'r of

I I - l/ r ' ) .ro J s cll
I. !-B _^ .r;--T .'o,

lllch is 4rr silr sLrl,es. (5 ',.'L"s on:I:.+l 1i'lries
I | - ,A: 'Ie-l t. Tq- . .o cr- '
s.cl,1c.r for rr'.r1.ds 11iti.l valr:rs o: S, .fX L.: r:rltter.is .' !4
of cor,l.r1'iu'-1ors Lo 1..r1oi,s :rosslile Ii.r.1 s:-in slates, 1.-' '

61.r =) ot.1 , ' -6 1 - Il
.. . d).

1ty of etotes i! cr-Er..T' ilc ..uar'_C ratrlr.len.,ni 10. ihe 'art1: or- -' 'qj; o o"

terA,I)(21",D k' 6o-, = (zU-r)(zrr+t)tj



Ch. IIIT Contollnd ]{Dcfeus

Be- +

1 -Po f!_ . ... ca -(,d) LL'].tn;r 1I:r t.ir1s case O reaclles :trr-oor_lbarns, arrar '"rr. .o.,ti h.s . r1j, .-
ril .1, = 4,.,43 Fr..

ta" r:. "o ^
l:! '* Io- ' .o I o I Po, s s
: ."-:". 0.o- -i e-.. R''o_, .". o a o. -..:o'=1;

. i] g. .; . t-
l_. s- lo S r-.. dt. D"j.o. L --:rool tr-. oe1,,-c Lor! :-nd d.Lelirt:ria: th. rpTrlr. i ,r.t . t."" 

"i".,i ...'. o.: :o I : -.:: r -- -."
o odp"t.- , .o.." ';.".-:

Li'. _ls o e L I.".o n h --.P.o_. ..9 to.o.r 
^;-i.:-. 

-"; -,,";P_..P _.B2 r -\, ," , .^.9.. 1 ...l"oss s,_'c.-i on for LLe lrr.rer.sc .--.rcLiof lrcieescs rarter.r as l.ho!o ldre oI
t.hcr--r'of. LL 1s.rCrarLlaieous -"o use:tpt:a en.fl1.s ar i,i.n;ro. . r./. ;.;; 

""!e.--irat,-- Lrr-. co,,,- o:nb barrler reai1r.r, .:;;c ;." .i!i"i-i.-,i.ri,"iiA q,FrlLri-"1re cu."'e oi c.oss-Bectio.'ior u,o r.,.;,;;;' ";; ";i;,i" 
"'

'. i o . -..i -': 
r.llod.eh;s. lO ltl . r.2OI-

141
16

17

r4'

t
{t

.8

:-

f
of

D. The aoriorrra thrc leugIn th; a1-n se ct,lo. E 1t i::s :rss,-L:r..r: tl,.- lHl'/,,,eartiioTl[.te]v const.iL, --xce.1_ ror .;tre cor]lo.ntr t."".i." 'i"..1"".
9--l:. " :i;- ?_,;)r'o ",',".1., -.' ... 

"" ",,:a .- o - i "..f. ,' i"' - ^1...'-l ,," J.o, ,". .) .: :' ;
ilTi^"1^l^-l:: e.errr,r hns ."" ,";l T.," ""1': 1,,.1. ",'" ';',:'

in an --:{.-.t irer1
E]* 116 + tr,-4

conil ler ';he res.t1.n rr + l.+o + B. L e

/f )rl l(: (1 - )+t) =

rlir. !ra, i,1 n, t,-;
1'1 - r'rl 1u,rhe..:

al. Iiie j1un.Jef ort tai-
s = z/2 )s lz(.::/z)+r)

',1



t4a ComlounL Nucleus Cl. VIII
The explanal,1o.r of 'Lhls pienonelon ls base.i o. tLe essrDm-'lo A +l I o o rq -o _n t ;--

rcdlat,e st:.i. C;
A+ !-+C + 3+b

gtate C 18 the 'rcorlound nuc-Leusrr. The 1de:r of the coin!.und nuc.lcus ls dxe to !olr.+
Thc ldea of hov reson:rrces h cross sectlon re lt fron thle

assu4qtloa can bc oti'Lal4eC fron the quantun rechantcs of eecond
oder tranaltloas. Tle Frobablllty of transltlon, per uilt t1ne,
ls nlven tt' "C.o1den Rule_No. 1":**

trans . mot ../g"" = 3a
t^

prorided tiexe ar:e no ilrect
sectlon 1s, fr"om VIII.9,

1r:r-e1t1ors fron A to l.

h;
u-aJt

h:
T"wb

x,.^ x".
E.o E.

vI1r.19

YII].:O

| 2l en"rqv 1

lxiden:,t1c;
| \stoles 7

o-": $]''txl'
'..rhlch becones, analocouslYr

- r lH.^X""1"ua+e = fijfr | EA_E l

Near xA: Ec, (resonaace), d tE rarCe. Thls fomula 4tves Inrln-
l'.e d 3t the reson3ice encrFir, but, tl:e fo]llullr- does not take lnto.ccount the shofi, 11fetlrc of the conlourld e+-!.te. A correct,
fornula ls aerlTed ln sectlon F.

The llfe-r,1ne ot ihc co.Dound state 1s long enou& for ttr,.
nucleus c to "for6ct" r.or rt i,'". :ormed,*,*+:'fd ihls r:eutts 1r a
baslc slrnrillflcailo4 1r the lnterl]retailor.

lro - - "- 4"4,: y, - i.-
compou.C xucleus and t.ie rincertalnty I- 1rt 1ts e..rli aL- r,.tated

rl
'i -i-h, n :-r::.

The reasons '.{hy the conloun.i ruclcus haB 1 tticilje ..--at.er
: .. o. l :

1J Fo. char.ed Fartlctc decay, -Ltc r:ar.1er tactor (VIII.t2)
reducae thc ratp oi {..er..

)D- rb d -aol: lo s -I o o - l. -bL r i . .I - or- I L-n: r. e li,:l e."sL6 sslo.'"-O' O sc. l: ch.-.r,lsrt.. €, t.-.. ,
, -:. t -(-':-) (--:o:, .). o ' oc, o- a a-?2 s-..

-J)4 -r: " I o- .so 1"' - ] o -
P:lui-oartltron of enerrir 1n tr'r,- nu.lexs. TtLe cxc--.,e -.r:r|Jl due t,.the absorptlon o: i.lL. borbar.dl.r Da.itcte 1s irlstrlti,ted;n.nc-o s. T Js : . I . Lo L,-r8"-o/ts- 1lr " -or' so

ar.t.lcle h R.Lort,s o! ll4rq:xess. of ]-oi.'.on, 1941.

* Fohr, NFtur€ !17 J44 (tu6)
. r'4, eq. (:9. o)+'r+ Dlscuesed 1n Pr1.rl's re-lelr

ln l1rrslcs YIII (1940), Prys. Soc
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role of an lrt,-n:ed-
kror',,r nrcLear r..rc-

)

L

)

Tire r-.r.ct1on ls bar,'r.-r 'ixoth.rtrlc, Thc Carorr trpori"ni for
,r...r l '!o o's ls 10{ dLLe t. fo:: nlcf-Far .hafce,
s r ro .l)' .'- l. 63 .

r -l L A'
I .r al IOO ..r. Thl3 lln-. is lo,:ir coilare.l r'r1l,h t]le nuclear
clarrctcrre',ic if:"^ or lO-2? sec. i 11.1c" ihc ill..tll of the l-'Yel
1s r1..l l .

J o 1o o _
ro ".o _,- .dl"

L17(!,n)Ee7. Th--Ee rcect.iors ar-'dlscuese,i hefe. TlLe eaer;r
l.rv-. s l].re t,ro'"tear Lrr FIG. VIII.1.

f) s o scat.rerlnt. For tr:o Coulorb centers' ire total sc'"-i-
,t i-m. i- "

o L (o r: ' ls s'J '1

.--,""r -.o"Ls Ln tl-'rr:rlue oi d ith-_r the 1nc1.1ent' ref't'Lve ener|J'
-.;,,,;r; ir," "ri""r.r -.xcl:-r',1o1 oi arr crclteir state For d's
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d s o o 6P 0

o." s ). o-'" B"o o 9
. I -"o J - s i 6 6. . i i.l6i

r- to 1 - l -r y.

ProtleI.'] . DlscLLss ihe losslblll-!:'' ol exlerlJn-'ntalil" obserrll8
I -'I . ' - " J

1I .o Db -o..t ,1.., Ov. L '

c,-ntcr of rase ifan-F.
(Tlr. coLrlor'r bar.l.! keef3 alpras oi thls eir.rrJ at l''ast 5 r
tol: cr r.lart cl.esic.-lly, so thc -'ffcct o: nrrclEr. lorc_'s 1s
trob..N:t riL.l--t.ecta)le. Also t1e .xi.rlN-'nt 1s iliflcrLlr- bcc'-rLse
_.r.. 

".,,i:.t 
of:OO K,-v allh1s 1s 3o s.oir l':'t 1t ls rr'rJ No shoot

',lr--r '"i.; oui'h 1r .lljrtcllhfc nurlrsr oI s...it.r1fi: cent'rs en'L
i--t.--ct tlrc:l. ArrrlrLi-'.r-'t Lc detect .'
br r,he --x..r1reii:.1 'rroc-.'1,rr. of De'ois (Egg.&-L A!-9 4 ill"tat :)..) 5a9 {tE:g)), r::r 1i\'.'stj i..le.. El lfllr h-': lrrL sc3''''-'rl]1i
-lr'l: o -- g' .. - "-,. t.
rl ?, (r.r,r).)

A si--con:L r.sorrarr.e' Lhls o!. .r '.ri :irirt.. I I ir oLe'n'cil, 1s
rt !l llerr. Tne b.,1'1Lrr i_,cto!'is lo:r.rr.t I liorr, ..ic. i"'e
st.at,e h::e sl.o.ter 111-'tl:c .-1L, "rerL.'r rii.ltl: Th. l!..J ;ri'''"lr
1s,rsiin.'".d :o l-.-. O.li liev.

nLrth.r' reso!.,r,ces i.n o o seatt'ir1.i. r.r'r so :r"' :jr:o'De
sofrc.l:i recoaniz.lble ..s r.3o:LacL:s. Al i,he r.sotPn'ee::-"
L1.n-..r ;o lrr lorr.stor. to sNc'res cf 9l!! M!!f. Thls i3 bc-
cIi.:, q's olre:i :ose-El.ns'-L'1n st.Lt13t1cs ann \.-'i-' .l'i11_'tr' '''re

Iler::r.n.Li.t.,r i !rLorr!'4. 1il
R.r, l.1or. P-..s. =! illr:
r'l]..] --. r P\'s.F:.'. !!

:r9qs Ser'ror't LL.r l.:fl_,11 1.1'r e o: i:.1,o_.s,
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NoL a1l stnrr,::r o- te9 :,:o .r.r: or_-d r,L.r,.s oT. IrcS r,r"..,.declil .1r.ctlji 1r:t.o tr:o 1r,s or ljro Ltre e!.r :-.3 slj-_. 
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r:.-r.r r. r:s-,.. Tlr-.s-- .rrol,l ers .,re discues.i 1r "!1,rr'::]r-i!..1a11.)1

.
' .a-' 1 8r"
1r..,.,.r.nm.r.: cf F!-sol rrrc. Tl, eorr; tilcli-l]i:ILF . qL:.. :!i_[!]t :I.-r, rla.

I. llls aisc-issl.r!':.
i ..r . , :-.li:-'.i-i. l:. r]]rrrL' .f

eiT-.rc t1,e (r, Y ) r'ract: or,
n:Lrir.ojs, rrrrlch is !rI Ljr_ort,.rr-- r'.-

p

r"
r.:rt i!-t .!: :l!r l':r.r_-ri]irl1'' 1r itrlr ril-.t..
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Ch, YIII Resonance Theory
glven 1. IlG.VIII.2 l'e shalf ne8lect ne.trlx
q,o.4,,'r 4,,,, t ,

the flnal staire rrlth ltself, and the t.n1tlal
eiate r{lthout tie lnt,eme.llate C stat,e; 1.e.,
ixor A to B.

COMFNND N!c!EU5 C

C

elerrents of the forTr
Etate wlth 1tBelf,

state rlth the flnal
no dlrect transttlons

&i54{ilttnffiwl
qJ,*.1
TIG. vIrr.2

The prollen of comput.ln;i trarsltlon Drobabttltles can be
oo - o! )et !- co., eL. -i-rr --o o, Llr^ a-.
ba 1or ' .o"!. I. s.. .-1, 1t u1 . .- e .r 06 r 0606.dent .ta.-_
:u .L1o s ol '. e o--Lr. d . .1-e .a1-1r ...-, -I-s E.. L,- riue-r .-r- ..c ror to. - p--' ," -: " - i" "

YIII.22

qheie a1 are the arplltudes of the unpert,urbeC st,at,eE 1n thls
exF.slon. lor ttre meLhod to be useftrt, the tme elgenfunctlonrust. .rot dlffer Sreaily lrom one of the unpefi,urbed ;l3enfunctlons.J '-r- 3 .ro.. e.:ofo. I,. .r.!.. ,... o-- ur-
o.'o . q -6 a..o.tr' ,o -o .lo

s., ;lt E-)| VIIT.2f

T'.J B - - b Io.1. .!-a, -.- -..- -. ,E
si". ,-D--s - .J .". L.-.. .r : 5^" . u - eo..- _r - .. -ar' '| 6-6,s so-6 ob b:: ol . I 1. s -s. - ( . !o. s.- .. o1..-,' .

' - oor- o-aLto: oect !t.LicIa!1dly and the chaage 1n an tenCs ro ar.erai,. t-o 0"

Alp]led t,o the rrr.--se:1t :rcbt--n, r{e d-.note er-11tuatee oI Ao- B s .s laF, .. o.a ., ,rtrs 'tE ov dc s (_c.\ lTt. ). ca " , *e r"te' 1. (- e res,LL Le r ..a red
tr.e one level Breti-xianer for]trlula.) The dlfferentlat eouat.lonsIor .E

]E+
V=7o,4e'q-^"

, fu"^-J,Ix,-t);, L

do= 4
qt= -4

a-= - /k

T4e lnliial A

Yr11.24

H^. q*(E"-L) | o"

Ar" e+(E -E )t o"
Lt- -.r _ -Ld

4 *.. 04- 24"1.b* )o

:^. ls :o. r, 6.. 6 1 6_-
Oioral.o.-Ec=ab=0.
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Resonarce Theory
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I r.r.trerlt co'i1rs t'ie re6u]lj

a", -(+".i)\".

( F 1s soneillr-'3 '-'i1rle':f.oL.:11i+-tI oi d L'c:rr' 'rer

r.iItI.lO

r = r- + r; - trz3r,t i1; ",1t"1:.i'i1.":":i:i:l' ii"'i;"ii "lii: :' ",'

";'l:*1? :.;'l3i i:""iill:"4r''
l, ""1'l-"

t'.: r [= ]

'$ - 2'f." h- 2TN
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(rn aerrvrr; thls result nore car--Jully, oac :i]]oulc subsiltute

ac 1;to exDressloas for aa a:rd ah, then uL Lles-. aars ."nd I'b's
lnto the correctlof -.xlreselon for ac, ..na check +"hat the res,rl'!
1s c o-rs1s l e,-t ).' 2r, lH.,.l '

"t-t-Ir'.. Lt. .I_..J
* 2f; 1H."" 'u(a"): hr Tt. tS+

The neri, steri 1s to retl..c-. lXlz.rt:. "ore L:s-.frl .i.1r"':rri:t,ers. li.
use equlirior VIII.26 rirlch rr--y be rrlt'"e]1

t "2 
--)
l1/ L\. = t-.r lp I mco.l rrr YIII.16I

I l, --- o I o. o t L

energy t,o trlt the resorance jr:nc'!l-v = vR, Nhen

- rRl' - -:' - l'{ l'Hz- ',ntl ,J7
.Fir i ooj rv

rrovraeo l)*.".\varlee r-1ttlc ji11 clan-e 1Lr-\.ro.1ty. Rerjr l'"1li
VIII.l5 rn +"e;r:s oi the !.r1:r--t--.s vR r-,i.Ld f R ,

- -,1 ' 2-r' '
''" '--'.. d" N='

', 
,-\'-"6. 

|,.\;.-,*"
Nolr rse the r.1.t1.r q = qi("./"R), i'her. ... 1s, r.s

acturl 1'eloc1t.J of tle rsutfor:. AtEa,f.= l./:w,
11 = ross oI r:.r';.orr.

' 
[n

o.,.4ntt" fa ., 
'

.^ - aF'
v = acluli .r--locittr, rR - r.locl+"rr of nclLr'o| to
.xac1ly. Thc -r-r_:r::1 nrirt cl rlliI.4C fra, rrITI.
FIG. YIII.l. l:o+-. t'1i Ior
:r..r_1.s :,-.1 o r '!,_. r.5.f.r:.i:, d
tle e. _.tio: s :lro'.'. lie'r':.J. irs
.i.scr1\e', 1r, scctlor':, tr. r44.

So ir.r', ..! r,flr r'ro r-.1 r
-rr i,l -r i.1t',. h.,s r:er . lrc_-:4.

I.1l1. t r.ct,-rs, IA
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VIII.44
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where the + ts us-.d 1I
Ther. 1s ]lttte o. |o

e' ! i 
!€"ff :i ::;'jitff-+ffT=ec,ra:

*#{l$ii:.i'*ff i;' i;, ;:ii:ii:i!, iiri';:iil'i:;"#;,
At iho:Jridrte of the..--rlodi- _o - 1. o -j u-,-" :-0" ,?!" 3" ?. , ; d)

;';" lt: "" i : ",t1": J:.: )',j 
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:-" ." ; . -

^ Slrc. 1r r,t is r..lon of the
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;i!;:;i "fi:'3,'!"i":i:ll.i:;,,:""-"'I;";ii. ;,,;lil !:!:r, l:j,, i'"

Tc = re * r/?, .j1.L,t - 1t Ia = r\ - a/2.
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:l:'l,i:il::".;!;l i,T;" lr i:"::":i:iT::1.;"ft'.i"1, ?;"i;.,
i-irc .1 t-o',--t -pr,crfJ a-ear -!o.. t..r;e v._ruc o: erc1,j.-_1.r. Eechcuch set o: il's tlilt i1 i-.r.rra1 3tr" ,,. "ri::1ii,.-.iiir-:.."t"i.ji..erl!rc'/, t,rerelore the a.en;jl,v o: terets rrltt t_.e f..r-.. Ttrl s r"suit'l L- os. l;-. . ;. ,

-',: o '":-uo 'i: ' .-
,.:: " . s 5 .i .i q. ,." . .o"-l- r:_, "". ,:'"" : (. oe--I

15a !\ er1l]ert,.l R:s. p.c- Ir-1.. Clr. r/IIT

, Fo,r.vrr: tri rr 1i rric r-ntLr, ttre d.neity oi t!-r,.ts :rccrssibLeto in,Y ) rrocec.es does .r r...a";'"." "r'i"."0i"-.i': ;";;""'i$:i:ej ''rt'ho ir1::'r A i:r!--.rs iore
tIe blndl r'r- ei1.-r..-,r of ttre rreurrir
:, -. o.-e'-. o o.6uevr and thue irh. srarcs f;r for_

c:t e1 7 1: e 
L-!Rc'

. ::-.. +T- +-: rFsl

t v (.,7 ) lrocess.s. rrr"..-i""--- h.ltron
:.j]]lch +"rre splr of :e conlourd to .dhF&n<t

r;'!ij".';|,;i/;i;::;r;;l''i,;:. \uceu' +

rf Knorr iro]]]:r:.rr]._ errlss1.. s,r.ctr,._.,..1 ::.o.r cor.:L.x.iltra s,.recrrt.

.tL,
lr '. o I /tr]o:
ol' a .1t,he. rr..r,r.
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t,--rirj .r. Tl,J r...i lr elrsor-trcn 1s 'r'1"' ':ro'rt 
ff as rrr:le es In'

;:"i1.;'i. 
-!-'"1.. r\. Er.ir 1il l]'r lor[i:]'s vI11 44 .. r!!-a"

iiit.j l. t:,i,,' 1Ji rr'ti fd - o l - 
" 

- 1 l. ! 10 ' v '

r '. 9 ,'l o

"rr. 
-111..""'"-., r,o,,cr',., (n,l) a:'rt (r,c)
Tr'.. tsr.lrr-iii:rrr +",.:.rI :; - - '/1 : to-r' cti'1e in olv

I
i..il""r r""";",;"- ror !'.rrri.' riove tlre her hi oi NIL'.corlrorb

VII]

rriltr is

lach
toial

)rJ

is i'-r:
:tooo

s. Ttll s

r, ) riig

t-t6 + n +ne4 + El l-.5a rro.a. resonance 'i o'27 u-";'

-*"",,.'tn. tl':'t fr))ftr, :1rrl il:-' lossllrle '1':r'1's 
icr

": 
i-]-. .. ., " I " .)

F or =r' t1.r VIII.45,
t"'

d,l " = z-'.( :*).1.' -rL,{; rir'.r.
e-- rcsoiarccSe = o Th.n r-norrr- lv coirirr.n t.o I^ , {e :iet

o^, =,-lrr{)dl = a(7o (rlt) t**
c l:no;r lLi fi= rOO lr , r:. c.r'. rlso f lnd rc^,l'

idii#-ffirs1ze v'rlous.' 1rier'rrr'
fer trLrc6 oi tlle rucl:uc
.ri.l.ar.ro-.r_f,e5. "
nrodeL. tlr,-n 'i\-' 11q 'L1a
1.1,. mrcf--ar Ell-.11 ro.1el

. Io s11_1-' 31111-' rod'1 er:rla1's rll
elrll conslder t'1. E]].tlstica! 01 :.s

aror roOer .'l_11-'(' r-o i13s1o1, .rl f111 v

The iis riodel I.ict'-L.es !" rrrr]:rI3 :s ' rrs oJ :rot'o ls f|ri
- .. I s - s .'' ' 'i*t

. serrous onrsslor. rlc r.o-.,.,e or Lr . r,.-n 1r 4nll(r.5_:: 19- ll A-

Due to irls.cst,rlction t" " "*ii vor"' tl'" :''r: ]a''l ! 'rr'-
nrn lor a rar'!1c1. h3.s r:rcer.'' sr-c--" le.;'l' * - Urrl:rs rcr1 r'l6h
r.: Llo ' l

. Fo_ '
ii"r.o'i1."-"lt'";, -Lrle rucleor :-€s 1s I r'{'s" cor:!rerrer:i "e:rerieraic '

lie sliall .rse ihc l''e [o']e] 
"o 

coa|!t' al a-!ron1j't: rll:cLc"r'

."t..;;"i";"ir-ri..iri, io "'r"'r-i" s-'rrr-qu:.rlt1i::t1r'1lr the lncre!:ee
i|,uclcrr lc.'rel (re.-:liv "1t]l ''-;it, ;rr r:o co!:1r'r oi:rissi'rr or

!ar+,lc]-.! .'-s :ir .T:!!or.t.ion rro"ss'

"1..t.."-.."" o"".ric,r, .ray t'e ei:! s:'r t tr'1 iti . i+.r urc

i:' ;;: :;: :. "" ;;';;.' rii'"""i.i.-'.' " t'l::i:.!':i: ? -r,r 1 : : 
jl::l

l3.lli"i' i; -"i;',i[;i;;' ;;;i;,',,i',-'l :irt u,.."-' " I -1:, ]. :r::r. "1l:' :::i;;.;""i;;,;'il""i. v'..' iiir i''i t"'r r" iiF :orr-r' 11.)r,-r 
-1' 

r'
i"-';':;:".::;;,'i ii "i.r.t. r"--'."."";". al' I .?^"i:.'-":::,r:. i :e

"t- l:rt or'':h.'-r'r llle l-ro'!ono : Za'A. '.""i"". :.t-"'"r the ias i3 ln qDcstlon
rt 6t.S.r d1. l:afr1s:.rd Lenledorlf,

see E;the B, ch. xIrI' Paa:e
,1"""r"..t 

" -=i"". ro.':ef s . re {:11 sc'rssed. lrlr
Iuclelr For.ces 11, l"i",,. r"."." rr, l. 185, f:r(l Llr:eillc
iii-";i-niii.t ioi -'..rrv .lersr-t'J- or

L. Foscnf.fd'
B. D. 79

s'rr_"es, contains



160 1'r'uc:l-e.'. Gers f.icdel Ch. VIII
The nunber, n, of s'.t"tes of noJrerltrLn lcss r-h.n lr.,- oI a

pro'Lon conllnci io a .ror.uneJz is
^ +nF.[L ,- -' 's I s ' " 42)

J12rL I-
At .onrl.iL. de:erer.,c'i n = Z, -Lhereior"-.

+f : v*i'o(6)'"
51 l1arr y

, .J- -vlA.-Z\-zp* = l:t't t 1r. 7

In the crude alFroxl,nailon, nuirber

z ! 1t.s rs -r'5)3
\,
)

VIII .46

vrrr .47

1.05,o cq: u^ts vIrr.4a
Ll

(?.r')t L (

ru lndepenC.e.t of A. The coffesporaln:: lrlretlc .n.r:"l 1s - 21
ve,r - ,"." ,. 1 l.l - '. -. o

--5n s.,i-. ts '. yle.a- -
potentl11 r:e11, Frrt.er nore,/U.1s """lor1t, B li.t t,-'l-o',J O' .'e shoxn
ln FTG. VTTT-5 Tlrls flxes the detth oi the ri-_1.1 for rauir'o1e
Aciually ther; ofe ier:er lrotons il,er r eutro.c i t tlre .!cl'"s, bui
ihe iop;ost lroto| level rusN haYe .rerl./u" , cth€r.itee ther.
rioiil.l ir-- ,q d;cay. Therefore th..lellt]l of the ,"-efl ior protons 1s
soDerbat l.ss t.haa f.r neLtrolB, t,y this rioael. Aleo, Nhe Cotrlorb
Iiotent lal acts on iro'.,ons,

p*, =

l-'.t'.-.,/,,-l

.rc E( - 
o.

" - o o )e 1 o 
^Tva] . oI nuclear ercl1,.Llon. Fron the

r' | _ -D''lo. ( - s. I Eoo\- I O -t--)

corr--slona 1n. to a usulll
st all st,r c.l irechanics of
t,he tot.l enerqt of exclta-

1s, for neutrors

vrr1.49r . l',r-z 1u;"t' = olxrf o"+ "," a. 
Grc. vlt.6)

St atl s Llcal llechanlce.
of hlnetlc eneralr 13

* Mayer aad vayer,
re3 s\r r--d fron the 0

The toNat energv

t'= iN/"L'. T (F)' * l VIII.5O



'sy

E.**"".: (*)/'*Y l@' )"Qt-f VIII.51

Slnltarly
vrrr.52

Q"r)
vI11,5l

v/-
/rr'\3.ov / z \'f[r )'

t enoerature, a
proton) e'rc 1t
Ep, 1s

*1r".6-"f)

where *CL =nucles.r vo lune,
of e nncleon, The iotal

fIG.VIII.5

Et = ,a7
0"9

( ') r. r''v. T{
A Oo",Z-1,8, (L)-.
Trerr (kT) = I uev cori.elo ds fo
x,. r ue\, ll .- .L 1o e Lo ea-h
t ',e - 'r 1- 6n. ory
o crrsslca- s'd ls r's, L',I_ L-lq

caee t,herc axe onlY 1l detrrees of
^. --do , . a-a -r- .o o oo JA
o c66s of ' 4 js 'l

The lacrease of energy leve-L dersltt tiLth eneray of excltailon
can be coniDuted usl:1a the et4tistlcal-i:echa4lca! deflllilon of

'" F, t opJ - s(-) {( n v(") - ' r.I'o)l VIII.54
l'here i'1s the to'!a] nurber of quantun et,.'t,ee arallable t,o the
system at the specllle.l t,-.mperature. Iror therBodynanlcs,

r'rle l-r"h'Tdr<r1 a - -a h1T 5" vrr-. '

so S= z

deflnltlon of entropy,

u :;]oJ : d.-nriTt
d-.nsli.r of staires ai tei.. T

oi str.tes a-I*r-..-- vrrl .55

'/). ) )Foe :e
to-A tAA".dZ- r (s--- or-). r rr.)2,
L.a I E- g M-.\.lne e^ctLr lon o

'-, '.'::x '," .-r&- r : to8. t.-.to.-,
ilon O t,he lever sta;int, 1s -1oo fev, at I l{ev e:cltatlon lt ls
- I mlfllvoli, by lhls very altroilnate calcul:rt1on. Ti1ls spac
1n:1s pnobabl.r juch too snal1' s.llhough one exlecte thle calcu-
letlor to atve a axe..'Let:]eve] C..si'Ly lhln obs€ e- by reso^ances
o-. re- -so .,6 61 6rl s ilrr 5p' .o..p1'-

Eo kz



162 Nuclear Eva.poratlon
i.:rte uith ttroE-- of +_he ir.lrial ]]artlcles,

Oh. VII1

luclear -'va!!fgl!:. Tle er1ss1.i of e r"ut'ro' fron a nucleus
ran b; coru1.rerei ar eva]or.lilon of a lertlcle frotr a 3t.at1st1caf
cro!! oi Dartlcl.e held Ln . I]ot.ertlal \iell ." ln s'-rch e"r evaloF
ritro.', tt,e l-.artlc1e carrles a1{at/ an ener.y of oder of nagnltude
llT, :rh1ch 1;, 1r t-.ner!-], rlca l.ess thr. the toi!.1 excltallon
ener4v of +-he :rrou. o! ,r:r"rtlcles.r*. Ior examrrl., eufpose a nuc_
leuE ;f A = ra6, z - 44 h..s exciial,lon 

"nergy, 
F= 20 Mew. The blnd-

1n5,-ner"i:U for o.. ]leut,ron ls elroui I Mcv. Tlrs tenperature 'dlll
be-Ebout. i.l l.Icr. A :Leuiron rilll, o. the a1'err"ilc ' lave l.1net'lc
-.nerfl of ltrout 2.5 i:ct lri'!:r -'scrplri. Trerefore the rrucleus 1s
L.f'" :;1th a. .--xcltiLlor' ol r.|oL! 1O l'1ev., r".hlc!l ls sufflclent t'o
erlt ..notler -.r trln. Aitcr tLL- excttaNlor 1B r.auced bolox t,he
t,lfilni ereriy of a.e!Nror, the !ucl.-'us nay decalr !l_ S.'nma enls-

Pro',o.s encoultcr the Coul.nb bar:r1or, 'rirlch has a :l-'l:!t ol
,- 5-lO l,tey ior rcdlun lteiJr'- eler:r-'rt,s. The lronablr-lty ihat' 8-t

- 5 l.lev ls co.centrat,-.1 o. one oiot.on ls srrall lf the i'otal ox-
cltr.t1or e..r:U,. ls ol .+,he olller of 20 l{er', t]ler'.Iore lrotols are
less lllicl:r lo --sca!.. At sra1l Z, tl-' Corloii lrarrler 1e .31a-
tlr'.1:,. sri..l1, r:r.l ! enlssloi pr!c-'sees conle+.e 1i1tlt r emlsslof
lroc.s3cs. For I a.i.r Z, n e-i sslon io:n1.ates

l.]lr.n the e|er:l.r.1--l1Tercn io a iucl-'|e 1e vcrl- ruch l.'r:er
t..n th. trlrraif- e1er^I ol a farrLicle, os 1| nucr.i .-:cli-_.l by
cosilc r.i .ar:lcles, d's a.lj e1'-'f larler r''-Icr e.r 1rr::r.nLs ''re"evatorat..1". h th.',osralpl11c em)131on or ln a cloud cil.'-rLer.
.L '"tar', h..al.: I to --2O" or so pronis, ls oi,sel.r'el,(Sce l. r7Z)

Problen. PLo+- ih. lroiable .rEber of reutrois i.1t ..r er{cll,ei
fri1Eii ,:rr: .11t, .'s a f,rnc Llon of excltr'irc:1 er.rav. rilc
._:oi, shoul.l tal:e tl1. fonn: bhsobL.
I,to+- uf ,"o .ner:jles s|cl n!-]"...r
lh.,t, f;:r ncutr'ans harc h€ut.ns

;'.;;, :ri' ;r;;;t.o.- rr.".''" "-n"dtle t--robabil ltT ior.,|l]ission
oi !. .ro'"o:r e.t this --r.itrtion.
A.r.;ur. A = I1A, Z = i4, lrl.l t,:'.t the
or oI .1 !ro*".f 1s I i{.t.
(T:e ter-erf.'iure of the rucleus charres only a f e |crc"r". i:hcn
r r:ur,ror le.r-.s j so tho error ls rot [r"at, l1 assr]Ji'.rl t]r!.t T

I: co
.. . ,r. . . r i. o B v'v (b b,
tr. 160)- C..s1,,.-_r'1.: .r1ss1.f of r:,utro.s flrst: For t re e"r5r
i.i_lon o I uew, no n.ritro. ci:Ir l)-' erllten. Fcr +-h'' reaisi
B+. f:r: X.1.):o'16 ller,', c.re leut,rol is err:'-teL1' Fnr 16-2{ rier
t'r.re :rrc co :.'-ln.:odcs ol .1ecf.1-, r,r',,er',,: 1) o-. r,-'Lltroi iav
+-:.1 .r.r]r_h.,:rrr-.1.;o -robibl-- iu;_"r.r 

"\'.1-'orat 
rof, :) --r:c n.rl_

Ii. st..:te 'rc.Llalior ir nctlon :for t'l1e nuc-

blr.d I nt .lrri:..r

E"wBI

l. I "s lL - t'r€ :orlr: .-
rr.,.. roi' te ) I

t : lll ' is f ctl r (1
r - +l -l -

I T, i - 1!
s- . = av/tin e- 

E/1r; €>Eb
:4r.r.-- 6 1. .- r_o r 12.-ior
f:l.'"cr .r.i e 1s e.:'rrr-y 'nelsrrred ..'.:o'.t/). ' 

+"11. !er':irl .:r':r'y, the
* Fr.r:l:,1, Pr'.s.Z.t-s.So:je'"u!lor 2 t)j \-:9a4. )
r:,: Acconii. Lc 1i..-eslioirl, !jl!-B!L 5? 49t, L-e

.f .!r-,or.t.e I aeutrorr 1s i-ror:t :1.T.

(r. : r1s )
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r. VIII $uctear Evaloratlon t6g

'"':-,: "l.: "'. o. L- ! E- ;i -=..; "I;';: "- :, ;,'''-"" i,.:"u,t';r" ;-,; i=- *,:., =c 
1 "'. 

i - r;;= ;' ", 0",'r' l',' ot e- 
t L'r. 

( *".::r,:,:, :",;_)
= tt" -tnr-).e & ': hr <<8^av

tr6 t t+'
4 - c'rle-r = c'" i+

Cr .lete.r1rcd lI set.t.ini pr = r "-r f,= o; C, = ,. r, = g-i;

"r 
"." !,. ,r, 

'- " -9;,.' ' ' "1 :o B P P -
Ior t,otat. .,j:cjteLton 24-l? Mev, t,lere 1re t:rxeo con.ctin:-o -s.: )o- . ...o."'.-:-

: . p. _ d(r't) r .o ..bo..-. 1 rs
Ls n.ajl1 :inLe. 2) tL-. first jr.uiron evrlorate.t t--aves enor-h

' l'o :_i:/-
fol trrle ls , L+! -q' ' 1, c,""p-r;_.-3-
-l - o 6.r./ .oi.-. -" I i-J. 'r : ;"; ; ,, i i"-'o^ .^ I vi o r , 

""rf"..,,-.n_o" .6 1'.. 4 r- ''r). I - .oo o. .rv

f!" "."" ,t rilth r'.ro eut sequen'L neu+"ronsJ i.re., r._hree .rto.e-!her,
P P.- -p) po - - --.1r - j-_r

e-c (. *,) P-,.. r

The alot 1,urns orLt, ..s -jvFf: ,+4". ;."i".!. ir,."j,i-i",.'i!' r"",r*' 3

etfect.lve.l.ir l1i itrer, rrr. ar €i,tisl
aac,Lnt +Jr;L 1s rir-J;oitln.1..t.r 2
equal to 0.9 t.ties u1. .--:t.'
he1thl, oi ttre Co]to:jtr ioLen l1,la]. The i,robabit 1tv ior

)tz)

pen!^irat Lon ot n Couronb ba:rri.rbI 1 clar;.a !:rfi,lc]. l:r

" ^-;'lA 7 \?7 elq w. sz
rhere x -. Encr:y,/Ear.r1.r rrei.'it\'. a." t(!)= 

^', 
co;,Yz *; 

^h 
- q, - o;t'(after: E--lllc, n',' :. rffjllt and Zt are noss Li]a ctarie of _rrri1cte, Z, is charfe [irtn:]

.l ": '':. ",'0.?' ,''-". "-- ""i ":ll+:{,.';%Rl'on ior .!r..rec va.ru;s-or Ar for ]:)rot,ons, are'iY.n: P '"
Pl!t!i l h6ld'er.)



164 01. YIII
ol a reri,ron anC of aThe r1'"to c: lrron.-bi:lt1ca for enlsslorl

rrot rri is - llfa@il-9^ ced!,l;|Il)-Nw : 'aoi7

,jher-- 9 ller - 0.9 of r-he LO ]{-.v Cor:lorb
corrcstoraln: to :.n L'xclirtlof of l8 }:ev
neu',rolrs --:,rittc.i = 4.

. o:- "o .. l. t.-lo te
.- t.o - o- (e l

rlts c:llcul:r,11]r oi Lhc ch11ae 1n tot..:1.1 e!er:l,r rJler'. -"11c r.uc
lear .1ro! srlif.rrs er --1:Ll.soidal il;Jon:rtlor fro;.'sFlrcrlc.,-- sklet
If lhe ]roi-.ntLaL ererly 1r]crcases, slherlcr'1 sl]alre 1s e sLrl-rle
co.fli,"Jrat1on.

TlLe *,rro corrlrlbrtlons to irhe !ot,ent1rl .1-'ri:lI arc l)

barxl.er. 1.65 is l.T
, av.r':-lte r'.irnl-ier oI

,:L:cr::r, :) elec*"roslratic en-'riy, ltc rrlll c:rLc)lrte
j.:r tir-sc cor',rlir,:tior13 to tie pot.cr_.ia:L.ncf'J for
nolrL.re t-rrolr-"e elll scidrl deior::rai:on i.1?e]1 b:i 'Lhe

catll l.rI

naj or serl-axLs - a = R(l+€) o* #",iO Vb vrrr,58
miror s.n!-axie = b = R^r+€

lcre R = irlt1.-1. r:..'-hs,e - tara!:eter aiYinf. exi.rt o: defoir.-
.t,1on. (le a.:rro..ches t,:le square oi t]le ccce]1tricity of tne
el1i.tic:.1 s.ctL.,n as Doth:rrr.roach O.) Yolune i.s 1d'trlort:
v = 1.qx/t)c"ri. - (4nb)R1 .

l) Th!- c..Iil.lr.rry cror'J is lroloriLonal to tic siL:'i3co :-rea.

Ellirsoia.rl srrfec-- = 4n R: ( I + 
"/5ez+...) 

vrrr.ig
. r, .

o.o. \'3:.- ( -. c I

ca rriirr,,, ,-n-.r.r - o,oA #O + .)/5 L2+ .) (:l:,ss l-l ris)
.TTTI -5C

2) llh-- €". ect]"ostatlc
sr]lericltt". '"1'. . rert'i 1s,

Fr..ir.sl,1T,l. exsr:r o.ooo5:7(z:/A;) (1 - r/t E'?) .'rtr.61

lhls 1s -.'"'liartlJ iaiil.:uir P,-" s ihrLcll-'. Th. L11.,l .rri.;e Is
2?. ( o.o I a' / aJ .Jr 'Z /rrr) .l

Sriherlc.-l slr...e 1s sirabfe 1f'"111s i3 +; rr.sia_.lc 1f -. Fo!i_] 1y,
e1.ctr1c.-t --fcf.1rr 1s !fo!or.,ior11 to A7:3, c.L!1ll..ry er,er."-,. to A?3,

ThcfcIor. t.lLe electros+-aLlc er.-'.11' -".lJ! ilcrlr,l---'e .rL lrrii:l A. The

-.x!.-.sslon VTII.62 :1v--s.. cdt.rlorr:or st,nbiltl-:r for alt.r Z
aaa. A, nencly, ,2 ' . - -

St-.h.r1cal ruc].ar drcp is st1.le il i <45 '177\.5=)

Pr,.:-s.Rer. .6 46 (!91t) |
.n.s-s.s.F.J,rol. r lio.: (919)

Irp-: I, J. o:(r, : irh)
{*GeiL.ral refcrence:

Porrer,J'l,aacester,
r'l.l. steptren, " r;uc :rr Iissior
1949.
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Tlr€ lo1, of z"/1, s'to.:e thir.t el"rente up to u2J5 at
st,at,le bJ thLs criterlon; thel- are f re.,]1ty.

Thls 61ves the diifcrence In ererSl' for 1ni1n1tel:,r ee:aratei. h.,11-
vo ... r' / - A os s I o- o l h
oL6r,L6106 - l.r-s-s or- rso. T 'a
facts rer'rnlt dr.\:1ri an a!-irox1rr.'te lote1t1.-l encr:J crLrve. For
u2f6 t]].e separatee hsfv,.s have encray -169 Mev relatlve to the
conblned non-erclted n-Lcleus, IIG. VIII.7. In FIG VIII.T, the

A.Lthou:b slllerlc..f sll.pe
o- r .- -.d o
re, iI/- l u of o -l

Aer.er..y (1....
!.^Lentill enerly nr.Ly be cYen
lo:rer for contf eteltr selr:"r."ted
hrlves oI ihe droD. To ifveett-
Xate thls' r:c c.n corl-'LLt,e th.

drots ot eqrL.,l ."-olune ir.'T1....
t,ot,al volure equr.l to 11.-t. oi ihe
comblned st--lrere, ..nd con:-1re llls
r'-lth tle enerrr of tl'.-. ori-1ral

The masE forFxla 1.8,
p. 7 , r,:, h- sei for t, is r.r"-
o.. Ir v(Z,Al 60 i6 seo"'o I-d

are lnterested ln the dlfferelce
),,M,A.z) "(+,+.) o.ol Ar ( ') - o.ooo6i7;'r (r : -)

earl.. D:r.rt of r,he cuF/e E"-ey

lliiiilii:iil!il31i'" "'l A, u'u'
smell ecc 3nt ric lt:L ard l(?
1s linor'In lrom eqlr.ilon
VrrI.62 t it, is quf.drat.lc
1. tho lanrnet,-r E For
f!Ll.r sc.r:rateiL fr.srerts.
|.. " ,*" rs /z\ 2e?.

\zl ;
;i" '.--i; 'l'" ; I \i"""'ij""*. "

;:16, ,t ;i. ,. .". r . , ' ' ',j;J.'e,?,i;E FLGr,j., 
*r'-t.r's;t d"r;""t'n

) I lL - ir
'o l.j oi., ' o : 1o-'.)

The curve 11 the re:,1on reor rc 13 conllic.te.i. C..Lc]::l:-iions of

|IC.VIII. /) oI L e lc .- " 5r;-:;;r" ;" ; ;.sr-1 r. i' , )r' j

D're to zero loirt, ef;.ra;r' cllirrr:ctcrLs'-1c oi .1u. rtunF n"c:l.Ii ce"l
st/steis, tli-- system hss e:.rt'/ slr:.lr'"11r enov-a i_-6 l-'ottoi of t,l'.e
o |. L.- .dl /z-\

I: ere ls -o V
"--;'.; o' :. It' v''

f

)9

52

lhe
L

;)



Ch. V1II
lhroua,h tlle baffl.r. Thc !ror.::r:111T,'., 1s lo:i, b.crxs. illc ::esses
1re lrr:3 and th. s:r.stcm :r|..oecl .s n,-l|.i ct.:rslcal s. lar as
tuna--r lrai l.hrol,tL barrl -prs 1s.olc.rnr.i. TheFi...! .ff,:ctt.j.rtXJt,her. is." ih:.slrol.i o::citp-l1... tor tisslol.

I. 1!'J9 Eo.1r orxl :heelei! .Leduce.l .- 1llc th:r_! las ir-cerl
Tr].iflei .xierin.,rt41r:... I:1s l,l.f,L :he reacl.ior (rrJr') 1E ])ro-d cei 1r e1 --:n.rl--s lE1.in.t ar1 ql! :lurL.f oi nerl_lro.s it- i r.n:r]
rrelrtrons, l:.rt -r,:ll _1.nci'!s havli[j sn .r.]1 numl--r ol .r.'ui:oLs,
Iisslcn 1s Lr.lrrced onrlr LX lrith .a.r:]r reut,rols. Thls ie becrlse
c:llrnil.i:: iro!: iL1 o:lc :r]l-i-ar of .elrtro4s '.o .r: e.rerr ruDb.r of leut
.ors rel-Frses orle or t.rJo l.ticr. Thls ]1]t-a aair!.c ntil: il. t,arrle
!iv,-rr 1r C\. I,., 7 , fLifi, cj rnlcl ts rerro.jrcec her€. ltLe

t 66

U:

il
1."

l.r

The L1

r!: 1i

r.s,rLe 3LnJi"l L_^e-99
lvicrro^ luirJh
RaFovtn Ai/ sd

-5 -7

ZN

oad o

t
I,]

-rli

U:
ftr

'rli

;"

lnil

1.ll

]U|J2

7 't:

ir,.
1r

.t
t,

g. to fissl.r 1s fr.r3,r2.1y
I aI ll

shorf h lIG.VlII.e .-rrd 9- Rei--rr1.rf :o PIG.rr'-II1.a,_"ie :r.irent s, rrl. r fonLii.r,
'.ro.i. r.oriai] rl:r lir. o1' r.r.-
i!!ir st.,l,1rLi. lrr- I dec2-."..
fh.re I ! !o .r"eou:i. 1,l .rafj.
:o. rLs as.r:ret.::,..

5x'-.-'Lg1r. d. :. o:i.rnc-
l.:.r sticci.s IroaLrc..l L!r I1s,
siolr . r..rre'l 1r nlJi "lio.l,Pl:r.s,r5 !rl (1!46 ) .

11ss101 frai,lne4t s
terrd 1,o t,e 11 t,hese
rei:lor.3, ratlc: t!14
mida,.1tr.

I'IG. VlI]Z

8o Llo 
Fl.J vr 1.9 126 r4D

- -IqI:Il!! p! I1!! _r,: Fr. j.!tj:. rleelo! frri)nr...e -.ro(ij.c.r n..rl.
cr ou.L ciar'ier L1:.:s..'(rr'-: cm. ro.-i !1 eir.t ltTp. T. ..rTr.sT' lo o o :licrc d.cr--ases:ii:i. alist.'cc trr.rerr.-pn. .e st:oi:rr 1r I,IG.r,trTT-ro.!r. .rr.rl..-aiioir is '-|..t --)1. Ir1..,1.rrt, i.fiilrtt-i to . tarae c:rt.r.L' '.. o I

t",

e. rorrr :.r! '.iIccler, Irlr.rsi.Fejr. 56 4'.6 (1939)
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zt Gqlar.io\
coi:rsc i i!i r"f..lfecl:ire Z decr:.r s.s

rI.tc, .,30 ). (I I

prrF.l, ls er.l1 r. )

rrr.l 10r1.2.i,1l]' ief 'r.ilso Iiiclrs ul-' clar:le t'l_so,

: - q _. o 3l .:.'

rrllai, l1l:c, a) <.] , eaclr fre:r'':-t

lrnrtdi.N lelr' Li;r,-'r :isslci'

f"::.::":'";;:""I':,li?:l'i::: rrc.rrrrr.fo

iilll;; ..::l :l:""i:iii, :t,iii-1.;, ;;,,i: t,*:,':::,i";! I . .dec.l-r :rc:n . r'Lltr'1-11cLI rrucl' 1si:'", l . ,. .

t- :. 
" 

.. . 
jo . 'l . ;

'"" 
" r ' :,,rr;*' *".o":1.'.-

'-"- t.i'.. rrss1o,,. riesl'n .r i,:":;: -""t*",t;l:r:'li::"
ir.itr-.r-i! _ l,iro r:Njor' ir'-|nt:t's l

r-1.r... 1t.,,, orrtirrtiLat'1l_eLl'' 13 lrel1' rs iroeslble +-he culne

-- -'; 'I li.l'" ii11,,''.i, "-.ii.:,;,t.-"i 
iir."'""'.' rrrent a s.l+'arre

i"ii'; :':";i";ir"'iii'1l3l,"il'll;""."e r-!e .1ero'.3t 1.''. bv suri!'ce

:r: oefiir]elt r-o thls frcnlen'

tii.r.:o.rica, 1.e., r_ a +Zbnsl

: ^",[::^:",,: .y:1, l"ir:i . i. ? r:;: 13'

: -" l'l"r',:.!1, : t.' tlo 
. 
-o '-

":ooto

ii::i:.ljfl::j;::"1;*i :1"':lirl"iil "!"i5!!.""1"i'.:?""i:'"
'ieiorrr.c so..lh'rf rrtc: QO The '1erev 

c''n re Grll'.-'l'

ii';:::;iiirirunit#fr#ti ;qi:p'i!;,,r,!;":;i'""r



164 Nr clc:rr Orblt l,Iodo] ch. rlltI
ln a rucleue, lar'.\L ^t 20 ll.v the n ! sclL'lcfLrrs cr:ose-sectlon

'bl o
I o I'o-

the rucleus. Ilo''i-.ver. +-]ler. r',rc trio factors r".bLch t,h13 calcrlailon
l5rores, ..ra 'lrese rak. "rie or-lili Plcture a!!ear lot so u:Lr,"natile

1) Vhen one nfcleol !3sEes lncthcr, lt lassss t]rrouil\:! pot-
cntlel ael l . If '-]1c nrcl -Fon is corst.-lt1y !ass113 ot,her closcly
npac,ae nucleo:1s , t.he 1iel1s liay be so clos.^l:i s!.,ced so as to
blend toiei1e. to lorn a rouiiln u11tom poteat1a1.

2) The rucf.us 1s a desencrate s'rst,en ln':I:1lch t.h-' loitast
enerlr sta'"es ere, fo. the rost laflr, fltlea-. A co'rr131on can
occur b--tiieen nucle.rs onli, 1i tLe cofllslon res|rts 1r: t,rans
ferrirg both the nucleoas to en!t:/ st,ates. TLc Pauli -aaclrslon
prlncl!]e Iir'-arents tiLo n-Lcleors ol thc s3.r-' hll]d in tlle sane

co111.1orL c..rscs !rc1 to chrr:e
d1recr,lon. Bolir ..--t :rn .oints
nlret represent. trerriorslti .n!ty
s'":,'!-.s. If '"]]ere .-re .o -.nfty
st.,t,es ci ile Lccu: AJ tl',e .o1-
l1s1or coes not occar. Thus'
lf occu.1eC eta+"es descrl!e.1 a
co!:r1,-tel l/ flll.d rerfec_! sli:lereJ
there coulC be ro collisioae at

e-!-cro):ir1te rrounCery of fl1led statc rcailon;
lclir nut so:ire, rinfillcd stat,es h=rE

NcLlhcr oi t,Lese L,io ldcils lras b-'er frrlly 1nvosN15ate.1. To ihe
extert. thai the]. relreser:t 'Ll:-- tmc eltuatlon, ihe or'.11, :nod"L
1s lust.lfled.

Tle orrrlt flodel has beer .:{!lored ':lilr sotre success. 14 th!
aiserce ol a.curate infonrallon' e' squrro 1{e11, or a sqrr:re r:e:I1
r11th rou.ded cornersr 1s 3,loD:cd.s the lon of the lo'rerl1al.
Th-. deli,h of tae potenilrl 1E c.ss'rmec not. to clla.le nuch 1ilth
A. ls l" . o .q lo t[-r,l€
e]lortln:: t....t the ]r1neilc encr.'a of ti.,^ Nl'.4est occulle.1 st.-ie,

,,aao , ls, !"o frlr e:proxi|jl:lt.1on, ir.le .rrdeft oI Ar accoldlrrA to
tle 5rs modef. The reqllreient tli'"i LlLc lrliClir enerly ior a
nel+!ro4 be aLout S Ier t\cn fLx,.s t,le t,ota' L1e!_.h ol L1e irell.

nr--cirf1.c..L calculations ior t.lr-- sq-l..xe i9Ll 61v.
ray !e d--not-ad as lollofjs;

1nlt1a] onent.:r
ol trio .ucleons
!l o L i--.t 1r !ro!r-

ls lp ld 2s lf 2! li ?d ls 111 2f lp 11 2r ld 4E
4 6 rr ro 2 22 \+ 6i. ? --:_:_,/.__ ' - <:_,,/

\\? 16 t

T.e lett--r;l.resI in th-- sral rat-, -ll.it. rs, s:--ansl- o, r
;I]eans I = l, .tc. Tre r-uiber _1r/--s r:.]:e turL.r of rt.1'1.1 rl(]ccs.
"t" neans ]]o i.,de, "2" rode, etc. (This diiJers fron
at.orlc sFect,ra rotation, ::l:er'. tlc ri!it,.r oi r."iiit:l no.:.3s 1s
n -l - 1. )

For a slra.p corn.red ij.lf , Lle states 1i3'-ed !.re abcut ,_qrall:'
sf,.ce.i 1r, "^1erty. 'rhen t.f -- cornelB are fofrd.ir o:f, t -. st,at'_s
shlft eo.,s io clum! lnto the aroL-rs of st.,t-.s ii1.--n ln i|c list
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abover* ior' €r.n]]ler ld shlfts closer to 2s'
169

as nentlored above. the Cepth of the relf 1s aplroxiietely
co s-e .L ^ 'rLoo', '
;i-.' ;, .;' o P -. ) lo l' ar Fo- " -'ar's o 'v
ir"-r" "irt"" a;e Lorrt. As ihe raclus lncreas-'s' t'ourd ste"t's
ot'\\*er 2 lrecon" loss1rle' 11] t-' 'n:er Llst'ed 3bove'

The PaulL ,.:clls1on pflrrcllle lrescrlb_as the n'ixl'oun 4umber
o"oe roo" ' )c r" - " 

.''^9:1 
?l

r.' cr e cLo o l 'L)o o s a be 2\2' L)
r;F;tt.-r o:rrl "1 .j:" r 'l j-1 )ru- / fr6
iector 2 r;presents the tlio posslble slir1 orlentatlonB'

J)

4)

.at atNe.rlt to bu1ld un t1c E!-'cies of nucleus oui of
;i;]]s, i;ei .s tlr-- .eiicdlc laLle ls o.t,alne.l la atonlc

Sr"esur:,.d cor,!liillrat 1on (P ; l' )

L s:1e) - ' -o o I -e, 
'o : Cou-d

'- -'t,r.et oo 1 s 'or'' P r'
ir1rc1;1c. Ac',uaf1l' obsen'rec. slln l.

(rs2; r s) s.1.. l/?
nust Le

(t s;1sr ) s.ln 1/2

(ts2ifgZ) s.1n c,

llec-ass:r.rily' slfce the :roton s!'rrs

lecessarilli, s: n1lar to a rove.

a " clo sec ehe11't iucleus.

2) neJ

tte4

The ls orliLl for bot.l ncutrors rid rrolrons is 'ot fllled'
T - o_' . _. 

,

I '. 16 "

5) He5 do--s not e;.13ti erldertl'r :1 re5, (ls2;1s21p), the
b st:Lte 1:i rot bounal. 9c! ls '.Le cornpounil nucleus

+ Tl LE mrY rr-' Lnd;rst.ood-
rh. Ir, corlFrea sq!'rE P

.erturb.t lol 1i enari:!' oi
i.ourdee can be fourd iror

Filiiif" u

H.

rc -,J""w,t t t"

b- th,- fottor:lna arSur-.nt. Consldel .r.

aavln_ --l''cnstal,e frlct,lole Yr . The
st.,te k lillcn t,l e corrers of tli rell are
frrst. or.l:r pertlrlrat i or theory, usln:l

Y. as tae urFedurned etates The
strl ir" i. ererA'/ 1s

re= lyf,u,Y^d'r
=cJtf;rt1. d'z ,

ltol the 1.a3on t,.at er:.1irs cl hL,_j:rcr ar:lr'lar
Aa ls - lr' lc s 6 3j ' 6 d
- e - , I - o A.

r lo i 6 : l: 3.1'' o'71,
H rs \1 -r L-o"
'.1a] th:,i cccurs rille4 t.e corners
ar"e ro!nd.d. Let H = Hf + II2. fi1

nlr--s the rounaLln. on ibe lns1Ce' at
-[. n. rl','". th-' rounllni orrtslie'
et. B: 

^=!c(w"\'.1( + H,cl t,l'dJr

tlerefore .^E 1s +.
nor.nlrum l]ave lalEer
relathe l-y trore

. . l'rr, r' g,

.tt-a
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for the re.,ctiol n + He4+n + Ee4. A sc:lir,err r.( , oospl6o.L.oo 1

.p I . '). 6I ,616 o .- -c rr iq_._t -j ..- -; ."-
No r1d ba th! !r /. a d p_ 7^ siat:s '^t

':::!) / \r trs
dfr

(Hatt and Koor,tz, P1:,-s.Fev. l? 196)

Thrr- .re t,io i rdFcea,le.t evei-ns.
" !o j. , | (o, 1;a'). o's ..1-. /. (t . "t oic) .
T.6.6,16 v o.Lo o.llar monenta, inctuCiia t!e obsened,narely l.

'f.--". "'- oo".06. r-rs.IL - t O ie rn d. v b. :c.
. o - orbl . .oo- .o" d6 'r 6_ 6 o-oLo. o l Lr'. o.. .-b . 9. .0, . o,-0. . 58,... . r* , - rc er j.

Lo ooba6rJ ,.66
of reutronsr and the nucteus cEnno'L have "ro",.a "r..rrs.r-i"lr.-"t

En!1flca1ty, the ctoelns nubers atrFea. ..,o be*

6) xt5 (1s2,rplte2,rp)

2, 8, ?0, 50, 82, 1:6 (uaslc numbers) VII1.54

lf 2p \6 2d

3lf,,3lI'3i:t.i'""-{
108

(Eighe! I nmberB are
aeE.trled to have 1rrse.
spli"trna)

t6% l6z

NucleL havlL-. -.1ther 6nch a nunber oI piotons, or of nerit,rone,are unusually stable.

+-b. "6c6d n .. -. Ls a,s.F-, r :..p,-;,c
by M.e.Mayer as foltovs. suppose that irln:or-.1r ".";ii;; ;;i1i;. o o1r . .- , / .", 

";L i;:'-'soll's' o - 9, ,1{J'? 
-. AsBum€ - "..' :u :"1--r

J lJ or'c. 6, i.e. T,Ls.esu.-.1() ," o. .o.,..-!
t.o .:nv knof;n tacis about tho nucteus. Then the romer cfosed shelinumber 40, for exanpte, Dust .oe att,ered as foltorr,s:

M.G,Mayer, P\'s.Rey. fu 238 O94B)
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Tre r-:i s,.lie 1r--.
1 is f r 

L i]
82.r,cl,rorlg to 1r...

. l:::-af 2l )? l

i
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.)-

I
a

JI

Thus ihc rlt.,-r.d r'.or.e:r1 sl 3 I t,r-'o1,1' r_1'res .lose'1 s.-'ll |Lr:b're
t.e'. atr:,.-. rilLl t.he rrli:r]]-.r3 ,lL'ihced Iror: .r'ilredr:::nt.

, , ri, cloF::d sll:lls c: "'.t 
r.r

to ',rrEt cxt..r'" '!1.-''i if..: i1r .e

r
,d

.\. C:.trr.r ol 5ro: li.r-:lrons br Ht.lroaen

----.. r " '" o .

leted ri1i,h 3.1i: .r.cl slon.
0.11 t\] S rr:r','-' coi:l'.rrert cI the r_'solrrLlor'oI --lr!' :erLt'ror1

!1:1f. r:ar,'e I r_-o rca,lal. lir:c'iIof.s ljr L!r!ort.'it Irr 1-:1. Ioir rr''r'"ron
;ner_ies'"orr.r .o- slrl.l.d rrc:e, 1 5.r ,l':)atr .r!'.ir.i i_N. -{>o.,r:,:ei :raL, -- :r:.:r:L:rr. :!D;r'--ft.r: i:i:L resl.ci :. t 1. "roLo' sc l:reai
r-s i,! lie--r r:
(Se. cl:-. r-'--r tr'IJ s:.LIo' c , i. s-L{) Tllt orlli 3oirce .i ri::.I
-ar rror:.-..',,i:: ls :-i:,ri:rL,1c si'1r.. !,:t IL,.l s::-_-.: 1s t.. .lerLt-'i'cn

ls" s I ).
n(sro,:) +li --nntt, Ud-:.1! l{!..

lhe co!..lr.1,1e t f..1s1t 1.Ns lrc

_ . L'cb \. rilrrr-l
ls (:o'tl',u, r) 

-- 

ls (l' rrol ro'riLrle,
:..ft.:,r .l . tIII.?8)

Trr. !;.i:i". s.l!,._,1o_ ril. .r.cr r..es tl!'ct.ic .ll ole :'.f S->S
tr..r.s:_!il]rs. Ci. V, n. oo

Tie pii.sic- . r..h|-'- 3n,
lr .lrss'.c.1 r,:n, E. 1s :, -c

lol:criir 51rce -l -' ro:lrct1.
r.1.nts ol +-L. !:olcr.14 .-'u+"-
ror:re rol et'::. ,l'e z.,rq ,
lj. i.1,..!/4 for ll!: i:. r.-.'r'o1l
ao3s :.t i:::r. Llr: s.._:.:, (,Lr:.-
tl.r r.! Ll:: r.- l.r:rror .'-!:::
rector, IIO. IIII .l l. Tlr':r.-
for: ll:. si.-31:r: i3. fo+".rt11r'l
rfirr!-1,1c Ci _.1., qJ::: :.1::.rlf.
for r:r:t,r.lic .Llfolr- flC,i :-rror_
ls ..lJroe_- 1ia---lc.: i,o L!.-1. for
elec'"l.1c dlrrr' ., r:r.il.,i l..,
ilfferl:- or'r" 1' t r::t i-].-'
11_!et1c -.:.rrr, ii:.'.r'i)i 'rl etr.1IL
1s Lr3"il (!.,i ll . I, ':,. e5 )

2.7

r. srl. tllL i:.r_ rr. Li .,uu Y-t.9 .. .r:,.!t , .i.r. .:r'or: r.1

t i. fir.r,r I Lxis
IIG.lII]. I1
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rITII.65oo : llo o" ly' ., '
: ih _'

lhere Lrr = (.rr-.r::. of L|a.ts7'"tat )/t:", The en;r:tii oi Lh., trsn:li1orl
7e ?.23 Me.i, '!lre b1ndln[ ,.feri:i of tlr. de..rteron, ]rrorlicaL ih--
eneri:y c! t.l. llrcldoilt 1eu'Lrcn 1s siall.

T--- ,ii.r. lf r.lri.-s ..e

: (r) is tl:. 5 li..n. .o:rfo,,.r'J olJ i::e r-.solrtio:r o: ii pla.e
r..i. e'311n+"o -oL:rr clt;!-rjurtci-iors, b]-i'r .ertrr'.c.l r:r tr. .ot.rr
tlLjt .:err of rhe rr..'!orr Tt1. -:.i.rii: I ir.tt 1s '"r. , -.e .ot-r-iial
er:1st1i- '-.1: -Eef .-, ne: i-ol Lad i protor 1r r, ei._l-r. ii sta',..
e/Fl r" :1r.,,,1', ron:t:llzed to o.-. t:.,nt.lcr.e :er ! it rcllire 1a
tlc L:rsence .f t1]e ..rt|rbi! 'roi.:rt:1] , -.11. Thc rinnerturlr.li
llare i,Ere c:. l,.e ex.aa.l.a- r.lr loll. re*

.t^ -. ^e''t.>zt ,'l t;)' ,,,^1"' vot aa

r/,E sz = 0

VII].66
ton s..ln up, (+ );
xr.ve l,Lactloas

e.1iai-1on for the
njlroton !,o'!erilal,

vrrr .67

+,he r:.ffte of ruc-
.1.r,_-ero. 11 Cl.lL

. ot2 ca-f

Jll r ls iolerrble,
:.llo js. lr':.n

e r.rlres 1f, lite!
I C uelr" t,lr,- s.ne
co i--ns:,1. . llol1al:-

VIII.68

1.r1rr.59

'/rrr.7o

- /t (t-t 
\

.". .) Yt, 
-J( 

/. ) (l) )

l( )

(1 . ),,_ l.t_, ._ \,
Notatlon lor 'iLe s.Lr-r furcilors: (+ ) re:rs D|oto
leutron s!1a doi:n, ( ), Thc s-ace perts ol '-he x
are l.nief-.i:ier.r, of .ntle, 1-.e11i S irrictlors.

u(r),rr rs --11. !. rL+.1or ci the Scirbdlnrer eq
knorr l)otent.1al, Uf, '!hc lrrlrlet S si..,te r--rtfon-
Tho radlal cqrietlon 1s

1l : /N/ ,): . - -,t" (n., ,2 ,-o
rul , .2. | -

" o: "' o o (

!. rLt .) Lr(-J h:r i e tor:
,.1____--..-..-

v :E- - -- ---:.-k.L
'oF'oIF..o:'o

Th-. error connltt.c.i 1r usir- r(r) = c g&' ro" ,'
slr.. R < l,/1.- .rt :. slr.rr .or.e.1, iarttr,jrs :

- ,G-'-'
re.1,1ore o-r.r r. 1f i:e con.J:te tl:c irorn.l1z.lri.f
elFfoairatlor, e. er.or 13 r..d. ril:1cL 1,cn.1s to co

' " -[,^
) "\ )- "-L e d' l

,e -pt. C=\+

-- 
,.*.,t

sa ,t(tLt='l* -_ -

-,tIr7.7).

rf ;tr. i iror, "El.ctror:r!,neitc Ti.or:r," n.403.



Ch. VIlI Ra.lt:L'llve calture H (n, /)D

€k)"s,.t*,t = 4;o
1- ..r' o. o U --... s :s. I -

I-.oo-rnd ls .-.artl ird-:t:1.1e;1. cr l-.Lrrfol -.r.r-.r, si.ce l,l ...,i"j.
"re.c .r, . ;-.neutrons_ tl:-. t.."r-crt ro Lrre raiilrr rurct.roLr .l (r) ..t it," ".r".t1a1 r,el.1 ed:e R lrtersecrs rhe axls a,! e .tieir_"". ". t""" ," = oT!e:.-for-. j(r) mrst trare jrtrc:.rr:

^'t 
=.lA) Les;n;s o{ iLe {oml o.

vll73
i (r)? (r,/, )s -(r-r + 'd,t)

tnie J(r). j{r)r lar + r
Co:,r!,utat1on ol -!he ira.lrlx -.1,-rient.

/)t
,tt ,v t ),

.),..-.."
Th,. m.._1.11c n.r.rt. vector I s

The i:r.trlx el.nc4'L i s

TT]I.7+

\III.7'

lTia

tr'r r r .72

s;n "{,2-r

Ii 1s evti--lt ]]loi:. the tr.trre t.tr..t
a f3lrly tood.lprorlnrttor to re

'i/'6;L\

t-

,'l,"". o/ .t". o"" u'-^
T1..,-sc c_r,-ra:ors ect, ..s

PaulI ei,i:r o:er.tors for .r.ot.on :.rr: r..Itr.orl
fcllors:

o1(+)-r(-) n(")*r(-l f?(+)*(+) vrr r .76

o.(-)..-(-) ol(-r * r-) 6,.-).-(-)
. o."(__) _ (__). -

Q .., "/'x I ''"" w"'r" v,aa ") \--r''7
For this ire n"c,t lurcrh -rU^ %") , tte s!1!1 r.rts of :rtricl rj...r--

-.( ' - . !.- '|r'):- \ai - -i-/ -
-,,(-- -, '_t - .,- ..-,
)Dr
b - , --\- ..

\ -"u, t t,,6;,.,)b, pt o ,... =V"./, - _
1i::. 1:l:1 lf !, - o:. r r!-r1x er.r,.nt i,o,.Lr. bs o. :,. sic.,r1]
has i-lle satre dlrecttoa .s r-- .,,. r tr - roF. rt.Lqr, . ,i" -," 

t"..."i-,."r.,



et ), cr74
:nd the av.I€ ae

Ch. YTIT

.1.\l lror VIII.55,

*)t vrrr.so

vtrl.8?

inc lual-

F..1larile c:lpturc H(r,t )D
naanetlc nonert ,io.rld be constart,.)

Tir-. terE abo1.e haa th3 sp-ne forr es the sltn lufcttor lor i1ellnal Sz = O Etate, ani ls ]rultlpt1ed .y
s'

","-+l 
-'r

l
( (- -) '>?- -l

D. oo'o j1 :ol et . o.. n- Ln. T-,Sz O -o o i1 o

\,.2.,.1 .u.-., / u"ark- u,ar' /,.," d'
r'60 6s o ./.a /"--. 

""lt--'o''l'u

YII].?8
It cen bc seen ro-,r urat ls(co:rrmrur)* lS (boufn) .roesrot occur, for ln such a '!:rar:s:t1on 'L\,- rat.rlx etcrorL.le-erds

S .€.- r .^L.o
''o lel_0, vo- ooo-1.?o, d:d .r'ra=o -e -. I -...sI .o. ..0.6, 5+ 5!
5 functloas ere lor .tlffe?e..'! pot,-ntLal hrnctl-orrs,

s, .- \d,.. .,u. , ,'r., ,l
\ ttr,l' = 3\W")"\" lrrrl'7e

I
Froa t.t-a ileflnltl oJ tlr.: crose

r tu tr'r,- ' ., /
Q" =;'tr; \tte u") \ l")"o''

"rheaa 
a fact,or t/4 cot,es flor the fact 'Lhat oly l.,/4 of r,h,- 1n1-

tLal conNlniurn states oi -"lre reutron a..C pro,ior are elni]et S.

'"-s. .ta, ' f-Fl ' -t-','"tt.\T ?,,;
o-, = ; '"-":' " n'+ 1,. , r,rlrI.81

UslnA the valuee: lrl=2.26x.Of2-cn-f
a.i --2.32 x l0-:r cn

_+
o'-.,: 6a'r' bo"nt

ve or !,fL_;

Fo''.-r '-o.V-2.2r'o c/s-,A., a,:
The erileilner.tal \..-lue ts O.lO b1rn. Af elairora+.e Ll.leorU.

LOr.'6 . e U.1 () -l-,
Renarlrs qlt rc.J-tl'on clrtur,- ! 11,!! !rql!1. .t6!L)ts f. ih.

ra:1ie ,o0l-.ol barn, rri.th Enne -Fac-4!.!1o:1s. Il, ,;1."t1 qaFrJ = .1,



the
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U. Plioloi.,rcteer R_.rct, ions
,",",-';i::."t,.1"1i;:",!lil);"i.i)li!,',1',,ii).l,,!.,0;11,.:l:.,.."::
li:;";:i;",,"::lli.'r;=;";"; i',i.1i'"i.;:.;i:":'i:j'l'i.;":i..i":'; ;i'#i;',i"Hil,.'irl"::.::i": i;"i.".":T'1,1;i",,,;t: ';,::-:t;,i:::.::".

",,,"";;":"i"1 ": 
;;:i:'i;:,';1;;:':: ". il..i.:i ;:.:: T1 i: u.

Stror:r Y et,so.n
.71 1i3..., resr.cai,'et:1.

.act ..1. a2 i{c.r, .i.r tn :_To.t l5 lt,ar. 
-Oo1,1La.-r,-r arld Tetter r," i.r... t.r.".,.""1.u ,,,.o"o'i"._' ''',--. .-. -i..

lrotors ii Lhe ruc:L-us u!:r lrti:l """"""i r.. iir ii-- ""'-

""",.:**:iE,.li*fr #il,,iili-,-5i.*.!=ii;.:i:i.:.ii,t:":l:'
L -o* r r )o r o .7.:

i) Js (l :rorna sLaie) n"q d,bne , 1s (cortir.!:un)
:) ls (l crorna sNf,-L--) eL€.t d,l,re ' lp (.oLri.L:rE)

lii:;1"151"i.,;!ili:; 1:.,,.1: :":i;"li"l;:";i.ll "ii...,:_..,,"Fo!.itur ol +",o p stare reqirirca 1..o:.r,..:. " ".;""ii,,-1. r,.-"''':- ..e o

.- l' , o -*1 ),i".s_. .: -o- ilcroes sectio]] i.s oLt..ir-.rrfe ir.r
il;;.:".*j:l' ::ilrli1.;i'r:lr*i*iiT.*.ii,:1"'il$i!! ;:, r:

rtrrr.81

\t:eTe h, is t]:e.rjir,t.r: fr-e.uerclr' Lri t..3sho1.t, nr,irl]ttr( - r ) r. ] s - .- o. - .. ..Lj.rB
l:

,r"E';'[i::;.:li j:i,s":"iJ:tu: .atiil,
***x 1[o ls r.r]tl a nal3.r"lier sDch that ii the si1-t€+_ dcut-.rcr

!ii"5-1:!ii"i"ii1:,.t1'";lii"i,,,l',;',1.;:":":i,ii,';.j..::d;;"i;'ri.'.IIGUFE 1n t,his looi.ncr--, i:Ltcrr is con.linue{l o. tl-. 
"nr,t n"rJ.-

r. s8,
(r94s ) .



tl6 :t1ot.o::icr...- R.:rcl iors Ctr. IIII
T ,, .rlrss s.cti. !or itr. srcor! ti..-r. oi ir-:r.:st L !or.. lS *lr..,., r-a ..r,ijrt..r rrs: - lr. r.rJ:r.t:r ror it.r:r. r".';.t;;i_=ii;'.;

a= 
" T+ tut. IIIi.8/r

t

', I ^. .',r r!x1 .te .rp - r"tloL s.
1s :.l, l, Yil.\ n.. :r :p!

;t?po
(A)

(rro::r -.q-rrtlrr,TIII.TO), In |te.rseace ot +"1r. .uct.ar ,.o:.r.ljt:rlE( 
") 

is r. r .. .o,ro :, : .r. . .r..e ,,.,.. i"";';;.i;r,i;-,- -".-,
.. Trr.-r ), r. - s T ,.",+(+3 _ * -n") rroi .r:1. .ro,ertres
.Ji iial: Di-'L Fess.,t ir.r..ri:r s.r:* Ar, ioi, .rcr.-ies, (A) if FIa.l :, P, tr,e) :3 I r :o o ; . '

,l lcl, arc ls ri,."'i,.""i-,-i..".i"" !:::':f ,i;l:.' 
^'i"liljl;i :{""-. t ., " ls . ----

(r, ) 1 FIG. r/III .lt .

r,r-9f tt, ^ l) )*' 7) Tes) / I(' "'
r r ! i,lr. co.rrlira-_.-- of ir: i,r.ot..1 ::1rir resr..T 1,.

''.".l..l Lle st--ei.er 13 1it:. ,att a dlrrot..

1'Y l. . ot-!,.1 i. FT4.
hes'" x:1e:r r..t.i ce,r Lre

IIal. VIII.tl
TIII.I? because t:re her.-Tior of ! 1s sesnrrlrte. 1l! ."rr. forr, oclia?l) z l"tl t_

yrrr.05

YII].86
The t':ro cross

FTX.li]lI.tl

*V

Sc:,1:t, n. 77
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Cj1. VIII

o

Vert/ lllt} Dier&y Reectlons I7',l

urat of,")hAd) rlsce
tl:e tttreshol.l (o excihtron) 1s alnosi crrerv' Ai
can be see. fr.s eql:atlon VIII 8f, 1i 1{o rere zexo, tlere lioul'i
b€ a resorn:.rce .i, O exclirtlor enerrly.

r. P6 'so V6- lJI rvP,od
- --;)-s4l- a -' * J 6- 

"9*-ro to" o s rs. L6 6 s r I a a :

""i"1.1."" 
..id 11 cloud chnr,bers. The trol:is 're .lDc t'o 1orlz1{l

uari,lcles, trotons, ."1-ltrs, or farler fral:r€rt's ll'rut''o'3 leevc
i;-i;;;;.' ir.. q'""trti't.r..'. llter-icri11,1or, 1e rr'ltierltr"rv at'-r

"..e."ir." can )e lrterfrct-'d rou';_lx as ev'"!orot'iorr oi :rari'1c1cs
i;;; " ".r" 

.1:h terDer";ture fucleus, I'i Go1t'b-'rr:er' l '"s r"Led
i. tl.. "".i.".i,i.. 

i;.1c1 co.slderatlo: oi tllc eltuti'or rih'n 
'-

"".,. 
r]iif.;n-.riv nacleor, ol ererSl',.rour'1 100 u'.r ' ra's flr'st

";-i-;- 
- .. s. { rs. r'B.,a. i ...v

6.0 L1 1 e - r': I" "Is 1 d I
' o ", - e o l lo s I

I o'{ V
l6ue 1...6d ty. soo J -.T\o _'1'
nucleols ls dlstrlbul:ed ln tnc ionl oI
stallsi:cal exc1i.ri,1on of ihe mcleus.
T 6 6 69.1 of L. -o s 1s 66'.I 60

bv ihe s1o1,,er rroceBe ol evaloratlon. Goldber8or calcu1'"t'es thal

".L-.i'-t7n 
or ',ile lnltlal loo Mev learres li)edl'ie]v, r'd 

''Lrout'r/2 ls iralled anl lroduces €vapor:riion
r ) D .1.-.ron sL. ol .t{ D - o ", eer OO

r'-! -'.--B-= -.;t rE7-c . o o ) 1 o ,r 'e'
l..c''coLro...(.lc." /r-tl.,41 T - --r 'r''o 1B';;"-." ;; .3 ls ro/

1e-ot-\'.
;;;;:ri'.i ir.. .i"'t""",'. ""'-Ie./er trre .crltror tils ' rerocir:ii rri trl
ii'".L+, t. iir. cc.r,er ot nass o: tll-- deuterorl Aft'rr t'rc !roton;:;:; ' -or', IL9''";i i,;;-;;i;"iiy or',rre co."a:: oi,..ss or tic deLtcroi 1'1!i '-L' 'er
n"rt.. "r tLr. rlutron relalrre t,o the ceit'er of nass 'l' t]le lrstent
;;;'.1";1.; Ls r.noled. rh-'r:efore trle reritrors en-'r.e YLt'h a

spre-e r. eierty lind 1r anrlle.

- 74 126' ( r9r€ ).efi, erq r.P.v. 11 1!cl (1!47)u.L. Golcr!.-rrer, PIILLE9I
Heiiolz, I{cl,Ill l31 ca.i Se



Clr. tI II

trflt..,iIT1,t/r FTG.YTTT.I :

.) 0lr3.rr-!...r eiicir.r..-- i r i- ! .c.::rr:r- . r; .r 1 L-..r:rrr oi
Ia ll.n -ro:o: e lrit.s . 5..t'!.r'er '--l..c.i: i.:eii': rr'',, :.-rr:,1,'.: rrrrcl.,-
Lro., 11e .r.ilII.l:, lri.:;r .r:.r-:l i.lt.ro: s (1. r:.:ll -.r :n],.Ir3)
--re.l:!-. Tllis : .:rs'r'..i ir':r.llt. colli.i.rr :... i.r.lror :.::r
trlot,oi .xchri a_. xo l :s:

b"J^- l

A f|iilrr --i'1.:clr ]'l.s i.:j oirs.:-i.:- i.- r.-rr s.:rr'r.rlrr-.+
Prolrr.:!: ln.r a1',. L :.: ' ii:ri r._Lior ir' :r'...-, .,4 . rtl.r oi ;.rl---.,rlr_ .l i.Lrr:r.olrs r..3r, i'r._ ir.ir i,:-. slr.lpliri. ot i.sir .lcu".r-
o s. .: d
i- :

r'l o r. -D -.-e Or ). .a -o

- ))1' I'
: 7. T,ri s n1', s-.- 1l_. 1iol"i,ion .l co.:r.r-..rtro! a: .rt!tJ,

H.:..r.r, tie n.lo.iLli oj tlr.r rrcutrc- r.)t:tir. r.. t.,re ,.rrorljt;r.tr
lt..j+-eir - ii---u,. *f. 

".t. ircut. , .nd itr. .,r.r.ttr of i le :r.r.-L-:rni:
ir' rrlLr }rr. s'rsl,.): tl ..e:oftis
lv; ' " 1.". ' ' 2' ". .- . - )
r:1 .r. 'r',:, l:rst t.n ie tllr I:_i .o ri.rl: r'rio:r tr. t:r. s.1---..ar.

Flr r s'ii.r1r: ct rerlr
Che{ and cyer, 1{ . J, riys!.q

hi:h .rcr': j.h.rr.no.Lii, s.e
]1r2t-rai, )t r1, l2 2c1.

rTnie ie diBc!ssed rurthe. unCer iExcl:.!e Forces in C]L. Vr, !. 122



Chalier IX
NTLTTFO\ I]]ISICS

A. IIEI]TFOIiI SOURC.ES

L. l..1ioact, ive S..1rcc.-Ti; r1o:, ir om-fi-ab of atory n.otrcn scurce is the radiun-
bervilil]-!r eolr.e. Tris conslsis of ab.ut five Darts oI Be
t..ne.f Il. And n..es use oI ihe r.acjiion:

ie? ]d- Cl.l + n + i.5 r'ev

llrre tc ihe long r€nre o.'s (?.6e Mev) rro.n sa decon:J.sllion
.rrr.lLcr,s, -"ire energ'r sfecirutr oi neLltror:, .nt3:ned er.te:ros
nll ile r1v uD i,. 15 Llev. Sl.u neLrtron.i are u:u.lLi obtained
t,/ i:rro!.dinq the solr:ce ,/.1|h !.1aIfi. (s.-. sectio: B.l.
Tlre djs!dra4'-!lie .: this source is ite sirDng q3-'irla radiati.n
:r.J tlre laa.iLi. In cnses nh,-re :u.h a stron4 bncLlrcund
clnrot |-p i.leratedj . Pl] tse s.lTce cl.tn bc rsed. llre
rel-:.: i'r-. s--r.!r1i1r 3re

l.-Ee o4. curie*(l aj.r. ) !i Fa .i:ellLs lCto ]a x l{.i'i.-rl]m

I,r-rre: .1. .urie of lo
a{*.e)r,/: tu <]],q "( P"
Fd nM tu .]rfuoitu

"tr. ttr.to 5...rccs

i-.e +I +lets'n
H:l ,1 +.i

:, ar x L05rie ds

-ni;-t.---J-...T snlrc,a r0a,res u:e ol (t , n) rcacti.ins. Ilri
.I tlres: :er.ti.rs h:rc 1.".i e:ough tr Llrre:h.ld'" ior use 'lithr..l.L'!l f !our_.e., T.eJ are

an ad va1_'il-e t.
nedl: ljri naf b-.
t.e 'q -.enr:'.h rf
I cir. 1l'n: t ;rrrl
.re t.he strong
reaciiirns, .na
iatrle Ei.re: Lhe

threstold = 1.6 tLl.!,r*

Ihresrold = ". 
j,i lie'/**'

n:- e ol o - .

obiiiied. A rr:i.t1.al rule lor c"l.uL::t:nE
:r ..rii..ul!. :our.e :.s th!i l. Er'. .f Ra ai,

. o: Be ri.ves 3C,!;.r. ]extr.ns/sec. Dissdtln'Lagcs
rtAi i. 0a:.:rr.und, ::!r!lle rield -Lh:rn tr're i.{,n)
tlhi ilre soLrce is b rL.:1e:. 1'.e f.lloring
rorochr.ratic enerlies oD"aineC using r3ri.us

tr Sourcc Liaenlre Tir'fet E in I'I..t

lJe -eoliroriun a. ?ii
!?O .:ai:

,N.a
ll"0 . L:
Dro .Z+

. LA- , .Ai

I Ci. I,ti.e llj*+t,:-"et',i, Ir rqe :atJ
r*+C:. YIII, |ar:e l'/5.

sbl:4

ira:r4
Let.i 0
Nal'!

ilJd
l+ir
t5h

yt9



3. Ariificial Sources x-' -ffi=i-n.JmnGst or 1,hese is ;he bombardaent of
." l!.""-outuffi" vlth a deuteron beara of energv in i'he
.f kes. ihe reaction i5:

Y1sldE lor a lhict lars6t of

ch. rx

l+D +He3+n+3.zMev

D+D+H"+H'
Boih reactl.ons are aboulr equalfy
oroolo e. ano __ _' c io1 , 'o :n
;rtiflcial uodrictlon of ne!lrrons
is a riror,on bean (usuallY fron a
Van d. craai nachine) on a lithluil

T,i? + ttl - le? + tr - L.547Mev

The threshold is
a proton !t tlle

( endothernlc )
c/'1 x1-a41 -1.4d:Mev

th;eshold enersv, irhe co1!is ion Looks
in the 1ab s

D (r,, )H€1

5a
00

500
1000
2000
4000

50
L00
200
300
500

1000
2000

0x10-
o.z
0. 6a
3.C
6.9

19
81

400

Before collision After Co111s1on

C-l'{ S.rst e!1 j-;". s-$ -o

Lan Sys1,en t---''--------*v
L;o r. J-..- !vo-*!.

I have ru zero enerayIn i,he tlxeshold region l,h
th. ;-; 

"y.""", 
bui 30 kev in the forl{ard diiection in t'he lab

sr 1en. I t ..-r./ i i,le -n sJsle0l
a LA ^'I'nir "6 8bIcrem

, ", "ri ^ 
.e oack'l; ' io ^ rL h1v' zero ve-o':1/'

T:e foLlo,,ling reactioII is uselul for
obiaining high energY neutrons:

1n

.0I

.3
2.6
4.5
t.5

.11

.15

Eit.e: a H3 or
In thc case of
is used as ile

+nr L7.5 Mev

a D bean may be usad.
i-he Il" bea,"0, lreavY rce
l,argei, l"Jhile-for r,l1e D beE-or

a chanber ol Eo eas. This
Fr,,,,'hiah can be

Oak Fidse onlv in smalf

Neutrons car be .r.drrced b-v using e deuteron !ea-01 in

"y"l;i';";. rhe data for 10 M;v bearas againsi various tarsets
is

c.iclotrons can give beans of 200/u enns. or -? r( ror2 N/sec.

rlitli enetcy neutron beans {-90 Mev) aae lroduced in the lareesl;

cvcfotr.ns b;-n deuteron s',ripllne (see Ch' rIIII !'L?'/ )'

The s.urce rhich gives the grea+,'st intensit't of neutrons is
.- cl n .e c:,r. D' '. \'o-' ^ l o' ":d €ooL ;_s' oi e'" - .. ; _,: .. .-- / ,.,- F .-.,o s o-t

tev. :!!l,!ry!i. 4' t35 149)

Yie Ln in I'eutron.
rar }1 corlomh oi D



ch. rx I nr

rjss on L:d rllr \'''d abouL 01' _aurron to' _€"n l't x 0-4

"-i., .- o i -o ' -: s' ono fora i 'o^3't '

r.i.re detailec C.'-ta on these and other reactions 1s giver in
""".ifii";;;-n;;;.i-'l+l'ii""i;;. science series, puorished.b/ the
.l ;;.-i;;";i ' M;i;;'atic ir ano Phvsical sciences of the Natlonal
;::;;;;; ;;"ii;ii."-ir'" i"r..t i! tv rt. uanson and R' raschek'

R sl nl^ r N , IJOM\ Ol NEU] PO\S

1. TnelE st ic sclnterlng-fi:-l-;-'s - 'd 'n cr . rI r ' o. 144 '
The general reaction is

-{ + n + A+ r nr
u c.. A' ls - 

61.: LAd -. ' o" {'

r -.,.v.._ 7,v..- er.'a''l]1 Lo"' "- rtre, Eor4r
Thus inelastic sia1,1;ering canrt take
Lf.cP r-Lrv' < excii,e1,io4 enerqv.

A tudotferoic tr
place lor incldent neutx.ns

'' u-***#*!*ffiffirol 
ber!,,een a neui.ron or nass one a,d

",,.r",,.i "i ;a;s A. Tn. cclltsion lr'ill Look as foLfo1ls:

This leaves onry el3siic scatterin€! to
neuril.ns JJhich are in ihe energy riange
;. n ro tf.rnar elLer-sies {l/a0 ev)'

reduce the enelgies of
of t,housands of eYrs

o-.ta
C-1,{ Slisten

'o _ -!V

rx. i

o-v OtA

Lal S'''st en

v, is t,le velocit:r of the

!
!7

T-" - be | '. ''-o.--. i -. !"
trr. re!ultant oi tte tr'o Ypctors
1:r IIG. i,
[r'cru'r]re lar .i cos ires'

alter col lision in il'e

vi' - v,'' (4v)' -,v. (^+v).* (r' o) trc. Ix..l

2

= i'; (t\t+u"e)lv,'\

lv/
1"rl:er-. X is t|e reuLron enercr after
:1nd Io is the .r;rry Lelole the c'll



t!t

'n.'" f#:) E.< E -1 E.

Arso yz2 = (|;v) *ri" -'(/nt)v: c&a,

- A6e+)bhich F ives .ras'- Gffi

E = !E"l + q)'l
t = qD- H-t,t,l

Tor A = I (corl.isions ith hvdrosen) E1 =
stands for i,he energy after n colLlsions'

EneleY Scatt eri]rE Ch.I{Di stributions after

since o<e,a7t

Nexl, rhe enelE:,' dist,ribrrtion # 1"ri11 be deierrnined 'xhere
d,r is the |rob€bility [f,at 'L]:e energy lies bet'reen E and I + c'E'

As:r'nnilonI The sc':,i,i.ring is lso-Lrolic in 1,he.c-n-svslen
ir,i" i. 'tt"" for S-4ave sc!.ttering l,tlcl is alllicabLe here'

' '42 )t;td, q'Ie "Q' 4t +x
R-1 - I n 1f,.r. x:.- ' i; aiaaa

E' (A+t) -

thus 4! = 11_/!
ta @it)'

TX,5 FIG. IX,;

rlt. 2

Ilt. 4

ilo , unere lo

lrG. IX,5

l

One rt le.o.r-r. .( Tfoo ip(-rd- np
, .,i_:. 'on 14* Lo. -n - d- "c".- i! . =:- 11,-l-) ,Fa 4. ' r\.!

aEr (n )r €, \ L-/
j ,,-I' .:::-'o - ' -:)/ B:' r co "o , F v . P'!. '-J l9 r ')J6"

Usinq U,a ore can shol'r 1,hat the aver.Ee energv aftFr n 'olllslons
in , , ," " 

B,'

Tn:s ave:rage ho$ever', i3 not verY
useful, slnce flosr, of the neuirons
vrllL have a Euch saal.rel energy.
5 't:. r, - ^_Ei01 i
\.a]ue. The fhyclcla 11o'r LAm

... rron' id -s : : r'e
i1 " ly ol.L' '
1nl nrust be raie foI no.=t of tfe
neritr ons to }each tf. 0al ener4ies?
Clearlv [.0 ili]l not do.

Thc trick is to calculate the averase value of lnlx) after
tle filslr collision and. Lo nse the relaiion

!.nE ^= ha"-2- L4 i.1.6 1r'

(for any .ne neutron after n
collisions )



Ch. :iX Sli,,Jine D.ixn brl llasiic Scaltcring

^ E* = X4E" -Z k i.-
r't l= e',E =lC"J?'Je,o' lu*'' *' "

IA3

! -r .!!tld{.la c(ll aat' [p, .', tir*'i'"),, &
t..tu,.i fti *{"
Al)\M!t 'LU\A!I

T|;.7

}/n ? tE

l-r-ut)'r,q!!\
>-t iaa4ta I t

. .,-l^!. , r: saj
colfisinrs :rd rrnich are in a snail energy aan-qe dE. Bx [.7,

Ut- -o f . .- a' ro or '-_ot -
I !: on 'lu V"-L, (

V^t^ -- ,aE" - 1f -{.

Tfi: IortrrL]. c:n be used directtr io gei an iqea of t.e m]'1lber
.a c l on. 

";. /- -:-; .o -,o n,f ,. I i.
lrrl carlnta' iorL t_!L"g , rx.

tor llrrpre a, I i' arrost - ::/l sinc--

h( _at:)= U[a,a.a-'(-;)'' ] ,.t-(t,i)z *
f = "" --,q ,"- +

'-'-'.A<t"+
Frr dn Eo of I lle-r', Ilt.E sho.r','s tLat 17.6

hvdro:'.en ar. needei i:o rcd'rc.,. In t. i,her:nnl
In .lr'bon, .1 '!lrc oifer hand, ll0 cDlrision,q

li r I r
D2
iL2
l./: 14

rdrre A l*
cne .sr,. 11/40

2t
l;a
t7.:l

it, ,l,:.,),

2

. t5a

Actu:ll-v 'tLis reas.ring breaks.1oin for lo raLr;es of nll,
since tl,e scai:terina nuclei arre.d! ha!. thcrLal enereies riirler ''ri'"1'
1,han l-r.ing at r e5t.- ror sulstances ;ther than nonat6mic gases )'
'!he fornuln bre.rl.s dorn even befone this due to the biadrlng energy
tcl een ar,ons. rr this eners./ leeion (-rl3 ev) the cotlisions b^t/ --.i:
cannot be considered as elaEtic. See sect,ion D.:r..age194. ' 't ' .

.
Let G rie 'ihe scal,lrexinB cro:s seci,ion pe:r unit volutre

fs = atorrjc cxcss se.ticn x no. atons ler unit. volume
(-4 .iloi of the atooic scatt.ring crosE section for bydaogen
a!!e.rs in FiG. Tx.E r] 194 )

Lei tra n. '!l e .buorfiion .r^oss sa.ii.r rFr rrniri v.rlrnc

Let €= lln(E). 6, =rr1(Eo).

Le1, n(E ) d€ !e Lie total iru0ber oI n.uirrons in Lhe enerey
.n,'F dr = {E .

.t =l



Its.l Xie.g"/ Dis,"ribuiion fror irono-erergetlc Source

Le" ) l€l : scalierln6 nean Iree Narh.
) -4

Let A!t) - alsorriion ne.:n iree tath,
,\=if

Ch. U

Lei a (€ ) , the al.nr the E eiiis, - the totat il]tl]ier oIneuir'ons l,al uni" € tines their tine rrte .f change .f € ,

rhen ?(r)= nq + f --ak)vgf TX.:
Let !i be tle:a1ie ii r.oduc+-l.n ii neutrons a1i the source.

Ca.e l: 5L et..rt riLn LC; = C riiG;;(f I = 0

"..)r..Ff*?'r. i - 1- o 11

In rrL.s_. rrf.ilcal 1: lnt.resieit in ihc nouir.n tturnI r".1i.r ttr.1 tae n.utr,rn .1crr.rr.tr.

r "-Fl lt
Oase l: liril: !bs,rr |li :in--- Tt e.urlirrjrr. t, e (.rj,-s:
fltrtii.r .I rerLtr.rs ir.r sr..onl
dt.r

14 _ a]! A.

S l(tw) = + ,-1 \tq 4--

. -t€,

fLt"'";11
)t

At

.,t ,t. , lr r..F 1tt= t.,b. rb.r in ihe er!.r _ . i -.r r,r

^tI'I

I at"J r LL ^vq) = lLr' f ).

I x"ar*) = - ['' *, r', f L(f)

i{- l0

fr!li:-r,: Fi,rh fr err:t, r-auli'!ns :r. rx.:u.:i, ir Lr: lrr:,eJ
nii.r:ilrcr.. 1n L}.e.iEh erreigl' rang-ds rhe'rr ,rr'. :t.r.d l.rib! .t,h i.e,.:iriic ..!'. elaslic scatterl19. L.i e te i,ten::3.1 .l .-Le!e 1,-ritrors .r.ossing E = Lt! cr T.er rec(iLa.
lic{ IX.ltj r.._f ne a-.rjl: ed Lir ir.tet.njine h.il !r1..,, u:ui:r.j!ri, r e rfll

,f: !i:.ll .r!l.e u!e !: th. :oflo{ing !1io,:,1c .r.s. !:cii r::



Thus t,:e +.oial ef:ectr:re c!rs: sectL..; l.r air are
/t , 3'f,'to- e -- .b ! ,-4'-'--- .. n{

o-: t\ta-4mc1. +ll x to-'ht = s2,7xto-r hl
^ ^ - "- 4. + .1 ., =.r\t4 ts-t\.o . ti L) 441 ft

f *.t",

Ch. E

rx.9

1i

ch. TL Errergrr Diel,rit,ullon fron Uoilo-energetic ScrLxce

t
f ?^, =l-'tt ,--

JE 27 ' '''" 
J;? 297,to''I E

-1
7+ .t0.l

- g,+,,o ' t
lrt rV= \'L- _ . O = n oa ay ra..r+,tl7.r) |

. t.3t "lDaQ e- 
L aa

Tlrur.i ihernll e .erg.,,
l/'?.'i .i rihl L iir is at

ile neutron llu:

4. I can Di rian.e lroi: e ,loint S r,r.e r ;. X.prq

L=tiu

r. 7s " ro'e

,n tiis secr,ion I e sh.'1:l
i'r s ta r.. to::11 ihe.e.rtron.

caL.urlte n:Trl , tr".l ener'g,t !] g.neraied
enereet ic roint s orrce.

.l !r 'x'
I: th. reulrons tiarelled :sotr.ri.att.r th. .r3ct .listancc 2
bei,,reer colll.ision.:! -,|i:1!cut.l l,e L.e.rdinary r3ndom !i3tk
rj"obletr rhere tle neal sf!.fe arisr"arce tr,.rettec is fiven by

,r- = r). = +I^(+)^,
,io,rre.i.r ) i! :r dor':ned ,"1,".r, |r -. rr.br0itlt-i oi. ha,,'i:p a c.ltisiorL
in. ais:.nce dr. ls ]{r.

Let I,(r') l. il,e !r.bebitii',. ol:r.'" narirl' h:rd: .oLtisioa ai-!ej.
tr".rel l:r.F i .l i!r-:Ln.e r.
lci 4rlii:_ P(r) 

-
11,.) . rx...

11 j..."1- . t ti,'

ll { I |-:

Prr= g-* ir



-

146 
"D's-s!-- 

Tror s Doi-. So--.- !^. L" er"gy -n. IX
- - I 

^ 
P,t\/L

"-;:l-=\

). P.r)a^ ,/r trhj-l is rhe E-a-r "fe- oaL. o/ d--:n:L_on.
:r ,rr.e'14 ^.aL - jd=i.E =.^

For lsotrolic scattering after n coLtislolls,
Ei = n ,1.-

R-"= t(f t"?^'
::, :":: ' :l-.= :- "l-" " " e- o iL orod:,.j-- R:. s^ fo,tovrs.* 

..-....
'' - t-66 -tf f,4E) \

Using Ix.Z it is easity seen that ,." e = + (e ts no used as
Eo-\'^E :fl-r.jo-." l"o^v'--oao-- ,r.r _, en o.

|l- = =:- I'!(,-a\^ t L _, c1t u. L?' 
'alt J, 4 t')E

+ Let rj be rhe path eI'ter trr6 jtb cofflsion
I = 5 r.

1.o '=at|Since the averaee of i,he nnodu.1.ihe product of the averag;s,
a) nrL,ae ,, = 2t tr caa6,e

l'hB. o-.'l oj.r /.tT.6.. re-" 5,1 L:a-r en"le 0ir ) r.tcn. r.-

^0'o
t(

L4pe11= .<a0 Q).e; 
' ,

:;" :b.": : "r".. 
i;^,ij;l-3'", :--:i, jl,-:.I;.,:. 1,.::

= (^e)'' '

= p1Ey1 r 1n.S

= tu )^' fi - cd4l '

R"-

B2=Err2*5r.,-.
R'=nrr'+g! 'a 2-,

of lndependeni, quanrities equats

the avexaee cosine of
sr.]E of (k - j) deflecti,rns

.""0 +(""od)".(^3)3, I2(ht)'I

-z-tr-t-Z;A



I ch. Tr SPacial tistriluticns i.n7
Ix.l: is not rulte exa.t!r!ss lneL,trons in trvi-! I Fnexlressi rn. tt i; ri.. q. i.

lhysics " (L.A. t55).

10r rlrr c1e5 Lf e.|:
.n execi rJui tenrihr

FIG. TI. T,

t,>t-

W- _ roiietlrocs i.r derelnLiniiL sori i.

: n .L .d/..-o -
: luf '
seen lron th-a ahsorption cros! sc.ii.n
?"- t:- .,_cr. A (1o-l'',"-,:L,rJ

' f llr,. A!r .ros. s..ti^: " rTes , r ir--
:'

., .tt.

I.ei 0(r,€) |e ttie cuirent C.ariiv a ors
'o' :------'---

rlr,aJ = rrlr.rlY l
€ =.!4E 

i r

(.',', I

1,te. ?xls. this is Lne. Ii is 1is. caLle.i t]-e

TIG. I{.5

1..

Ls -rhe. io rn t.te';::;::"i:::, ." r"",".""ri1.8.



198 I)iffu. ion ljcra Lion

D

The rrnber
a ccunulete pex

Since in a steaily state
D VLm(4;) +

usina rx.rb, :! = #'; =

^V -L )1 J;
rL'"" il,,?n 4 - 4F€\;+ = o

l'41+.tt " 1!4,.t

-r4_<'-a)
ot ireutrons in it,e energv interrst d€ ,,rhich
second in a volule elenert l17 is

CI I{
'o. d- l r- - -n, - a. rt Y'r .. .'
to the less c.nrenr:at€(. [inetic ihecin te]ts us thai ihe

16,a : ,6,,.' 
-a \r _ ..- a...-DV o. os :- -;1aioc. -t,o" .;. ;; +.

' .'l e' o-- 3
s - -..-: h -+=r- . , , oo , .:,1 "D d l "-- - a,-o --.\. . -S (" .o. : .'i:6. , t]]en D nust also contain ii qhen t,iere is ncrsistence or

{lDlvina the diver-Aence theorejr, one ob'Lains
Dle,v, "* . t/ - DVz, "", ^1/Thus ihe increase in neuilons ir the inter.vlt d€ ner unit rine

ter unit l.olune bt cilfusiol is D V'ndr Eolrerr;r there icanother rnechiaisn to contribuie to this irclease. Ii, is tre- . -o- a n-. . r--":o o. :1 cotr .o - ^.eI-Lo-ogjrhe- value e ler sec.nd is the r current dessittr. Thus th. _

nufltrer a.clrnulatins rer second f,er unir votu.ne" in ds = ql./r) - q(€)

"#a,

n, fr

T=l'to' 
"'

=,fi,*;|'-s'"' ror conslEn. :.
1{. L3

? is calle{j of the neutr.n. Ajr a = r, , ?= O, and

:: l?.-. 
) increases, eincxease!. \o1,e rhai ? ha; rhe ain."sion"

r;here can be no iotnl n..LDru]aiion,
a,t =o)E

4r- ^'j,t L 3lf, r;\ j

The {ce Equailon rx, l4
eircal1l. ilris ie the sanc as itre heai equation:

K naa-aavT' -;-l
Di.jcussions of its soluiion. fox rarious iniiiat and bouadaryconditions ?re giren in !ooks on treat and diffusion

We slall conside:n tiro such sotuiions her.e. the first ,,.riLl
be the peneral case of an intinite flediun siven the initial'o-. io. I o:,0 _ F,r . I - .u-c;3 - -o-
elflied t.o the roi.t !oL,r.d.nd shcifd give a saussian distributio!



all_, IX Sotlii:.ns oj !:,e lir.Jliion
iD cl:ec r r;1r.it :i. ert.rileai. r..:rrtt: ! h::h .nle b..n

r:...ria-r 11nrr;icutir:.tutjon ff itr. .g. elulijl]n:
f ^ = Q. b\ T^ti)

;rLl. Litr-r.:rs i r: 1., rr.tr,.:,,rF:
vl1 + -

"1 
. 1. - ^1.

/\ .r.J-,1 _ .lj,q- ! L i

-;r_ 4 *:t
*,"= e

ruLy ll.1riiiorL.n]l re exlrle.sed r:r e :rrLnr rt ti.ese cn,s usirr:I.urier,::r1..ar1..
- t1?r *i lL.r"\. tlla4\e,t,y't,.ta.

{ ;;l

f o tl = n- ffa' a {rrr' ) Il d+ g rtt " 
;t' t"'1,

r!3. o-.ner!:.t i.r f,rirrL !iuf.e !t,."r.,,,. 
e[r",: [t",) [t..)

=a"/l/at'[rt''t g+? lll r'* s tnt-*,r' ,)r''t l" " fl,n

tr,*--+,- .f']1

_16;,..lllr,,+.1g-4{

h.n
t',.0 . , . . lllo +1p JB

att .i. - o '.'', JJJ L d'
a r):

lrl' ' etr'?')-r 'r'-[rit-- lJ' t(-*
=rE)'

1tt ,,"1,,,o,a)l

ft, r)i. 6
T

Io. a

r{. 15

!,, .(:' ) :i: the

.l r=0 l{- l 6

I{. t7

il.e flcto:;-A



190 ch. Ttt

Prollemr The second solution to be
ionsTile-red here u,as assienecl es a
trobLem. the boundary condii,lons are
lhat the iiediun is a rectangulax lrlsnof sides a, b, and6. It $tL1 be shoa,n
later (p. f9]) that, c.(l,r) alproaches

the boundary. In this piobfem
q uill be assr.ll0ed zero at the boundaries.
the initiar condition is lhat a nono-
energetlc point source of neut?ons of
strenqth I is located at the cenrrer of

soluiionr Choose tre z axis as one of the edees (see ITG. 6).

rhe lnitial conrlition k 9@,a) =Q[u'rta'+ltt.>
At first the Drisnl liill le considered Es of linit-^ reretlr- -L:.31
Ile. L /: )op od r i_i'i']'r/.

t..t (i4,'D =A C^l}M'{" o^9,1/a#zT",i =tq^8.^I-^n tx.rc
l\here m, n,3nd p are odd inleaer:s only. Thus this exf.,nsion
satifies the boundarv ccnrlition and nakes use of i,be fact that
q nust be syftletric vith r.estrect to the center of the prisn.
9ut:."4 f 6 €- or ja_.s

r rL t T,r, /12.1_ d ta,,L7t' tr 'n--) t-"b' 
-

, d c,*Le. + 6L'z-ttt c

I't-- Y
I-,rul.tipfving bot.h sides cf IN.78 b! b445za;4^*: and intesrating

.lt)l!.a)t'/l -!:-, La "i!J.hp rz d,)" t. -. 4 L.,; " . t *--"-'i: \-,. p. -t'a "

C",+-e+;84;T:,o t-r)ai3 us ia; lne initisl
ql\,7r= 79 Z r')y,o,- 

"^ o-^ :;jp.* t;' .i:lr> 
,,at _r p.\'l- ,

d. " L 
"-- 

',rl l

"*t#e #"', _,rFr",o,tf g.v,z __#e 4!>-

FIG., n{.

Xtt.rt ="ffi- g "2i 2_-. t.,)\ "o,^ * "^ * r ",, r, *



.11 ch. rT I ur l "rt Crr-aitiofJ t!1
..rn'iit1.n assuitu-.d lrasln lhe lrec.dinal L,robten. rie bo.rndlrjr

Ti ir seArs 1!irlr:e.rs.n:rbte since\ = - .ulside ih. r.aiun .n!t ihu:':l-a Ir.,a s.a.e orLsiCe elre,tr, as,i r,-ri':.li !ink. :caerrer. .1 ,iortecrl.rl::i,i1]n" rn.is tt::1i tie reutlirl
aer:r'--.j "L :r borindinc:uri...ce b.hares
as tho nlr, z) is ! tinelr run.riril.f -, 1.:.i:lri.rrr ai x - -:/r 1. beeITrr. 7. Th. c.elricienr, :,/3 is n.t.iiiLc co:r..1i rlue ro I sinrrir.ri,!1
:r:.rurriti.n in tre calcrLtatlon. A

).

:, t8

t

l"

lore e-irrci cil.LtnLion flve: .?1041.
T:ii dilltrsi.l i,trerr.r shouto te exlecied t. ai.ie a aeutr.n

- o..X. \p. d..1 r-cLiroL- tric: have hrd no cottisions goes a: g-*.
T|e ri fir r n tlrE.r. -i,,e: e + 

"s th,. detenatence. But r,trere e]-isr.j
1 lrrL-c r1lu,. oi 1. ritrere tle 0 i tern becofles tar€:er tlar r,:e g-#
ielrL. rr tliis rcgion ttere r;iLt !e rore neuircn. ,j af ,e
, u f-r , lr.- ,r - 1ih: rrc1..sc.ft. Citiusi.n th.r:X.

r, r..o-:r.rretl. neutron scurce h.s ..,i!lue ? :r.:i.c'at.C ri:ittr storirc dc,rn in
'].n

'__ I1-
.L

' .' g
Tlie..lu+,i.n tn i.lilfusi.n nrrbt ai ,,ri:il
F.-Be nr -l;:orirc. lorrta .e tt. ..un of rc
Llre e s.rjli. Lc soluiions.

13C
54rl

L5t

llie .i i:r-Be $ource
!s Seen o-a'. I i.r el.
li.utr.ns i1 ii:aflLite

:. ilisLri.uri.r:- ol T.,.rnat r,reut..,r:r

l,eir "1L) = -,t,e nlllr'.er of t,hexll l i.urrors per c!..i1

D=lJ is i,,e di:'lusi.n cretf:icienrr .t r,trc:.,n?t ncuir.ns.(). :s r:red ri, 1er itrar f5- ror '!tre sa;:-a .t rill'r jicirx.)

l\ = ?ls.rpiion nean tree tath

=f = .... 
^<._4 

v ,

"'j
IL i! !ttrinel f--1Vr=49 q;1";a1=(@,?.).

I v?r ir t.e 1ri.r.,rse.n lensii! !er.e...ue r,o di_ft,usi.r_
:s th. :n.re,:s! 1 iienslL.,..er sec. aue t. sto,!i)r il.rm.
r: ihe Cec:ease in C.ei3; ":r :,er :jec. due -!o :b:.rriion.

+ L. a. '' =,.1. '.rI , rec, : , -{ls. Go.dnan,I]. 9/r.
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Tr. t (:l

f..l: Distritut io. of ilhcrnal
Tlrris aL e!uitibriu,, D V1n141

Le L tle
n(z) inth,. rarar,.iers ), A,t+_j ",r, and q.

d

)'.rJ i .on..s !A* -:_ "

L.r a=E
- -:i l.G)

LeL n' (ri - z' I ire -"he soILtr.n .]1- rite .t.ve e!uati.. ,ljh.re l,he
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n'(z-2i, ) lrer :r tritt be .rr,. corpt.ere srtuticr.'4L.ai :-! L i re t tr,

nr4 - fi,, ,17.
J -, t.:

'. 't, = -Lf.trtll, z

" r' il. zl-\c
a i5 t. :a'rj;,it ihe ..1ii1ii.r iha-, ! (z,l neuir.rls :er .n.:corLe oll :h. llare i - j'.

r1-at)l ' j:
r..t:i.q LlIrL 1s.. cr fer sec.

+,G)
3-t-*i 4 o lt z -11

r:r'r' IX.1:, lihe !t.rn,. !.rJr.ce I it :=0 ) of i i:tr
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l- z : -t!- e-T-
Subr-r itrLtinr in L. IX.i.i,,

-t!()t =

IX. I rl

neri:ron ali.tri

e- r-\
t l'" -lt j"J e 'no1

lt 7' t- ))
mtzt= l* P: P- 71 a - . ),'

J+" \r,.. L

3aO
4 )v"tri

'*[n {,r1 "'"

)t--l?1) -;{ & 1r +:-t: 
o
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I],II Tl Frtu1l C.I Lr-r q

^,-,=pg+{p 4&riler * [.1G,'r\er]
!'h.r: er: (x ) :l
ILll. ,s.

I.r l.rr. z nr:.

n'?): *#pn'
tiot i.]e ilral Lhe

the frctr: Qk'

T.e a.rroxinl-'e

th. e.!o1 functiln thich

nJ" € ,t*
s.l r_Lion nrs -'le lorn
f> -< - 'ttltt\'a o! ," tl r!r-i/.r(_ !

c.ellrcieiri i: '!ne sane as ra
. This ja.tor 'rouLn be unitY
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IX,2l erceP b lcr

The ile.!!1 c.lrir--rn I The nrenious tr''!len
. r_ran. s.rrr.e oi lr1eh .4.i:glI
iLc n.,,sce11-' tl:c1n:rl e\ir!ns ri11 i:o!
.jff i:r a r.,.r.:i?n di;Lr.ibuti!1, l niLe
tlle di:tritiDti.a ol aLl the iierrral
neitr.lrs is in:,re s!read .ut in tlr_' foxn

e-'.. - ..J'_i
is ab.ui 50 cn ior graphil,e. Also [he
r..t ncan.rnulie I,Fi: for *"he n!..cert

;
is .b.Ll tl . s:,re. ( R_ = 6E )

},ra.t-ic5l u.e .f this datn is raie 1!'ihe desiga of tnernaL

""r,;.3. 
-'i-i,i.i.i"-.r'""".pr'ir" 

r ith base of dilersi"r:is r*{ is
' : .,c. 'i' 

.1n i..r" hire,rLl .P ihe m:1.

Assuinq c. = C excerf, in this s:nall
anO usins il.rn, ttt" eoLlatj-on for n(l)

lafer ncxr _'he.i]e

^=++=o
b.].1rlt!r.i c.r,ditlcns

- fx = 0'nr0= ''1 -=0""{ r.9

l5_
mlae)= Cg-h ? ,,."'"

Gll is ":.:rln-rn 
for lhe (Lil) roce

Fitt'.x": , o)4n:o E!P.et\ENr^t REso:rs

-L-
4n=

&'

::ors ih3t it one har

? tLE
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F.r l>>&,!,,-a
!,< a: !,. ./L - -.. :.- :E .. "t' .:. . .- " c.rhe obiect is to qei rer.al rer.tr.ns ;ut'r.i;i iie riEgi.n of

:-.-' j6 !<' r nl. I >a no: :o,ior brildin: a 'Ltr.r'-! I .|lu'n.

I. SCATTEIING OF' IIFI]TIONS

o -1.I '. e "." . :;;:.'
t:,a1 t,.e 1.2 o: i,l:e rl]Lecul.i ri!ration, it .31:..rt ios. an.i e!er3y
.: .:- -o:

,; _"
Lt-r riI trr. !1oling.1o rr .LS ttre ttretrtral re3i.:r is aljt:f.r4ched. -
:oi er.rEi,-i !cf.r1 ir, ti,e -Fnri.Fd rxass a!!roqchcs 1, = r,. raLtn,iha: l- = 1"i/:.

u,, =.1-. 1,1 ";u1"',' \.

Thrls

/- ,:rL. L^;r ": t r:::r e

6o^ : 46p-
,"r1.re s norralized l.rr rLnii .rolure.

Scaiierlrrg Cross S,-clioll for I1

Elc. Tx. e (ir larairin)

The c:iLe.i!r :.r :tre :..r1 .:bitiiy
.1'lihe Born ipt.aif..iioir i-q r.t i)l
fllled r'.r r:her|]a1 enerei... !.rievei,

'''.-c"'!ions, ii.r' !. u:ei b3r,e.

iihe . ?r5.. -h].lroe.n bona in
1i:e I .n.i tu.ir.I rrr'orati.n

cr-1 or ,/il er. T-. t-:-s-
!1aii.a is ai! or-1 oi. t/1a

scatterinq.ross
cu:.ie ir, sh.rrn iir t,IC. a.

F.r
: ir.il:n
ir t-1a- E -.'

. L.r Jr,,rerr.. S..tiEIioq
:: \.- Iean .rnaIo,!:.rLS :olc 1,o x-r.at. in .i.ty3:s .t crystattin. suns:;nc-:s

Con.ia-ar .n in+.er..Li.r !etp.en a neutrr.n and e nucteus.
1d.

tnp>:kz, f * e.*,q*et't?"."
In 5.:::r:, r. ll5, i: is :h.r,r thal

c".!@r'og'4t".O for e lasr, i c col:iision.q
As irJling e l3s-"ic s-vrave s cat-e]ir,g
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uhereA is th-. rL.se siiti .I ihe Fart,ia.L wave.
PL. b far ?^" < ,f; { se. r. ltg )

Taus for slou reulrr.ns ett the C!! excelt Co rlay be negtected.

' -a ! 6 6 4 :s n_ _ 
' .-_ ^prl 1 c t;n.ent .f rp at r;.

' ^'A'r ' ^'ktijljs "=t -Ee
'I 6 - I-And'a s o.r.n rr. e.

'*. a ^. tr+t\ -
e "!( ,1-( - --- :

of lili-lo in ihe sclttered (ave for lositive 4.. lor ne:ativ-. a_.trere 1s no !h3se shitr. rn rnosr ;:-ses a is rouno i""ii"-i,i"rli,"."- : -r'io oe rrirrFi 1:!1e dro neFetive.gI

the sc.itLering.iross section, G, is the outsoinE
"".'.'t'- +\ 1'. )(+ p'h'f v

"J 
_ _ --rF;r- 4 ' 4/.c:c"

Problen: !xpres ir bolih
cros:: secti.ns in terns

The al5o:r,',i on cros! sect.i.n:
T.e in.oirii: riane xF-re carr.r't\o.on"1 slL.rricat aves (s.e

P '-kiFt't' ) i'4ntr\ EtFt@gl

' o 19 : r o ^cf Co,which aay be conFtex.

be ealailded in terns ot
Sci:iff p. 1!5 ) :

is the ast.nptotic {orr.
rr,e 1= 0

tr;#(e'a^-p'k'1
Tie cor:irleie zeroi. co:n!onent ory'i. trr..

+6.d-r)nihr t t 
" 

i*t
rhis flrr: an incoftin{ "r..",rt or +on,,p*-g-'k^l'v
an.r an o.''-Eoin, curreni or 41.h.,1+6id . ql'\/
.l o o .o; : .:1-o
lc "'l'a" v p -.

= iin3orins. curlenr) - (ouL:eoine currerr)
q = 4,.1F- - +-Qa,c)(, .c")

= F ^oo[,i2, *;11(c".,c,)+c,,<f,

'r- = f !^{q? -i;rcf
q = {t-t,"} -o.

Ici:c. i,r'rai, r.ihis chectrs ir the c.se
' = FP'"^a" " D^ t,",'t*".

{here -qa stand: icr "tire
irrL:.3inar.t r?rt oi,

oI eL.stic..lti5ion:
Tren O:a = C.



The neih.d of .rsrr,iat aaves vitt be aNptied to li nucterL.nach nucleus trirr ieh!.v-^ as a scatelinE a;;i;; ;i"],,:-;;"-'q-r-.d .-\.1 ..f ;". r"-i-- ro -. .. _".'a. ^ k, ., ).t-{r
l.ihere ar is the scaLtcrinA lenethrt is rhe di:tance iron ihe jrh nucleuszj' is the z coor.lir.ate oi tfe jth nucteus
If nLulr,ille scatterina and slin (se-- next paj:a€:raphl can b.

: o . ,: ^ x \c ,s
+,!j.,KtI1+2,\

.F t''_F,1r-oDo. I v o'oL - 0. (]1 ,. n .:e-.
-"'1.----:--

' ' l 'r^d o.€ .- ^. b--Lr -; --.: -
-- " " " f - - : r- ,

'n

.- - r : r o. e ,_,I ' , .; -"'r 
","Era{q anctes ttre intensitrr is nucr tess tl::r ir, rourc te iil

-...-,..--.--:.: 
""1"

- !ue t.) trhlsicaL c.as,-derations th.re is ve.L e |,ird .Lv!e.f
€last,ic scatteri!8. rn tie case rtra,. rhe scitrerirL,,_: """i""i- 

--
h?re n.!-zcro srin, rhere is e lrobabirity i.t i i;.ii"i"o-n,.u Lron,ii It tr-..rre r.i irs snin,rri enratiol ;i,;;r:'d : 

- -;; .i;;._

";
:t'^,' . ':-iorr, ts r1-only .ne Frr irt i t, e: ntur.t7, -,h: s13hierei lrave fro!.]i. nrcleus rhictr had jr,: I- ch3nfed, The 1,,rt:11 ..dtt.rr;t'Deam oi :reutr,.ns ahi3h jiarrc lrlroed spi:r t" lt """ 

-i.,. i,,.',:r].""r1.r're s.uarcs .i sucti ave!. tiroLice Lher:,."-r. i.t!"i",.""1 -'
+,en aL, err in irj r c.se. rhis :. rl,e - 

"J t- i"-,i i"""r,.."-rt
L.r 6 .e Lne toti:iL ixiriial ,ave i..rncLi.:jn of riie scarl.r.r.

llrLl lfanrr-todv sc:tterins ch. fi
J. lt!!g:fercnce Ph,.nonena

. Tr're foIlcninj1 L*o rraragrarhs r.rie the dis-"inc+,ion bet eencoherenr- aid:ncoh,-rcnt sc.-Lterir+l ann point. ou,- trrat ir irr.----

et l'r'x ru.Leus lrr" tlrln :d it , T

, ' ,' -
tlre jth nrcteus

', ''
1i:e Jti rri.teus



ch' Tx Tncohorent scariering
Let rhe inconinf ,""" b" etr.(l)

the asyroptoti c sotution
p'k'(i)d,zt ok\'1

he enr,ire Hamiltonian is

*2f,:e'k\i',;)0d
" lt)p

Then

v-
The l:]rlnabllity oi observins a ieui,ron al,
ot l/l' o'ter e I conrisuraiion spaoe.

rhe scarrer€.i part or this = lZtg'e6"";l'

,z) is the integral

, zlI
iilt:rl"' aitt"'""+' f, nus1, be ortloqonal (by definition of a

t-. ^rk,1..2.)1.--ol2 iP ' , :- " .- 3-.o"o:t o"-Ii. " o'd
T- - :-il- ,6 .oo6b_) - o b.--v.-e.-,.o1 j..:
has iliited, and doesn,t haye lntextenence t-. 1s.

. rl ' o e . o/ oro ./ 0 o t, .tr b,^r, -n n-. Je.Fr,.l' ''' . _ u:.ll o: .n o-r-.
Pr_ol f.r : Eind r r^ f ron:lititv-
lr rt i^ r, lr3s -liDriair.

. Befcre c(rllision the iotlo{infj fou. spin combinaiions eachllve r nro'L!hilitv af "'t ^.
' tr ll ll

I - o- r'-r Lo. 1d, j - ..1 - :r :" for_f
. ()1 J. 'f -:v- ' :-"'-

nrut..n tr e.m

t- -- - .6'.62 -:., -j ,i''1,.I s.r Lrprer 3r,.titLrde.f_4r.
T ^ t{ e.:p-, .o

sr n ,1ei :t.r+F
11 = -:)) * 1!-JJ

G. ".') Gt4L'r)

The scntLiereil wave ior itris raix+"rire of sr,atcs is it:e nixtuie:

.e:res _sj4. gi*"/rt)
lio,.rrP)

-".--, +e,kn(++)

-9e''"( y) +e,o'(!+) :- *f *e'o^(,i) -+aq trg,h^(+r)

Thus elcli oi t,!e:. i."..r.s:s c.lx',rriDuL.,l
43;'t, ht neu.;rrn ilinDing anLt - 4*::. ror.

--r
! :.1-tefi nf lengi,h

:1jr:!- a l:pDing.

- -. ' .: .._-- ro hF I u:r.cr bFfo1. r.lin..
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Tbus, reLattve probabilltv of fLippinE = L (k_gaf

Probrhitiiy of

It has been shorn

flipDins =
(4.,2)^

aa.', A..a,\. n (""_*,)"
(n. L:o) that aj=.stq\b.a

&t - 23t\ b-'2.a
Tnus, percentaqe of incoherent scaItering = d0%

Ch. IT

o- "i;""';,,;"'""-" : ;- "' -"""":;"' -:-',;{"";- ii ..?."_
,1":..' "; ""-l"I-; "r;-;.r1"-' 

'' ;'' '; ;r""" .:": ::. -

:I;i,l$r"ff:*i',:+:.i:i;ifr.j.*il*"3"1; :il: si;;:$ ...

relative pror. of scarie:ins lvithour flip - a; -a;* t(".i'')'

-".-,',1 I : l:,:",i ::i'" il, , 1'.los o''or 'I .rs,-
I- 't, . '; .t1";:;;" '"; ll":i,- "i;";-,-,'J.i:-.";'''
i;l"t"i;,jl: .:;;ii i:i'iq: t.."i",*;:i:::t:""Hi.:?H tit*I"1.+

Tire l]xobabitil,y is ,# rat rhe resutranj, spin of r,re
l-,'o- t).- r^ ej_l-2\. T.-,bece,e
.l :-: .:".. 

"1, _ : 1' o-:'; .,'"',; "'. 
't 

".".i ":;":"'"
of e Braeg reffecj,ion from . ...",; ;- - -,tl o ., ,'

";:l-,'' ,";:" 
616 6 fa(v' . --

A= #a++ L(L ior c otrer-nt s-1ttFIin6

Ii:;;:1";"i:"t* lnrensi,,y for I 3rrrstar .: N nucrei al, a

Ta= RL"N'a' n.!r r rnr rcj. Lr4it vrlLl,lle for rn'. d-'b 1...o. 1 ..'

In tlre c.se
nh3ses of e"clr
sh.1"r t.4t tle
ing lenqtir, 4,
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I. t,lre crse.i an isr::.re rixt.r1.e .r r.endr! !r.itio|in2.f:er.r11 ailr'-aireni. Lar,as ii'4Lictci, irle sitLrrrrirn is quiie sini.tri.Trr.r_:nli suin, iir:.r'aerLite coirclcn- !]clt-!.rir. t.retlt 1s
a=Eaat

rjherc 1r, i: +-lre rlbur(lance oi ',rre jtr nr.i,.us. In a.t.lition liher.ailL lc :rn l1er:le i5o'-r.rjc i".c.ijround.f rendor ph:se i;r-
Iros'-'!iJn ) .ciilierLnll, i;h. ssne rs betore.

l1i rill reii lr: .:h.)n ttra: i!l
lel:_1,1 i; in:,u_- the san. ::. []re
.aiius .l ihe au.ltu:. Tlie r.diur

'"0)

n.iLe: ln!lne luclL a L.rEc reIt.
Tire .,,n.e of i1-a .ine,/raxe .r: reell're.r I i::'.re.:. !'etL; (i lt .e
noi. .1 le!s r.1n4oit. This !a,:3:
iL rLnLi-elr'!::a: e rritL t. ne.laLi.ie
:je. lr'lc. I 1.r r!i. !tiqlrtT
airlrl...rrI r.]L slz.s, rl is
e.sil. ;een tl i . * ! for. rr.si. -r. Ir I l;ii ! rr i rr.rrn,rlv !.. .r .: t:rrr,n ,a l
.e q.1 ir.: sc. rl,.rlnr l:n!i.:.
the:: ! . itlii.rLi !n: r:nq,:: e:,e.

ir. - L it re1io:
u

-9

'-
'4r 'o

,, re ieul.r.n)', rrt 1. r:.i t,rtt u. aireitr.l. a,rionle.irrc i. r1.c.s33i.j. rr .r.cer 1,o .ieierline
s1n..1.-- 5L:ri. rrl L.e .e'j1j.r.! ::n cri;t, !r

In I 7 S.rir, ir-ri.r !nc Teller (fh:is. Fe..r. 5:, ?tsa) n.rkedouL r,- coLi n.!tr.r scatter:11: ero:i-.: :criioriror boir oritrc1rd r.rr-i--lr'.-.er .nd s::,:,r,-a r.,i-: i1 .r!er.i!eni3t re:uti; c;;tCbe ol,L.,jneil, llr!r rtrr :.iFn .:4 ,;o tC b; dei.ermineil. rrre.j,rerr"
ir.Li erirlr: i. rirliL.r-

fer-

n].r'. r,rrnl'. I I e.r'rr, etr.i. -:.: | :u.-ri on)
.!1.l iilte :.!1ii rf . irt [u:: hr,is .dC rniitl1i..., .dn ,1n.u1.. r.oncn:u.,l. .rcr rur-lrrn...en.rii is -,nri-raf ttel { arlii -srrr.a. r:-ric s,rir sl-...1 ar!., 1itr. sr..e i I Li r,;"r

.ne.ir r...ii.n,' .- :, at ? ror ,.nrr.r,ririre tl :he.Ie!r:nce ii : c.riiltst rrtrich :r..ls rf rhe
t-6:rr l. refcL:.a rnLc belirfee!.r1ih..nd

_!=o Ptu.

Thr l.utr.n r.ar 'rjL re ..r.1 .n.uEr "l"lflji';;: l:xii:"'* ""t:v.len.Lh is rru.h C:,-aLer tian Lh. s-aDir.Li..r.f t:e ta.
."r l. -

* it, . r.r. n t:i .

lLn.uing ihe BI orl
is ox -. S{h

IIG. IX. 
'T
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d3 - .5t<1x to '?4
tL) = -1 32" to-'z 4

O'= 4 7t !, /7')a t la-4 h-

thich 1s fairlv srtrafl for43 and 4 of oDoosite sisns. TIenar Ll. ion a *L.s o"- o:lr : er-o -- B-r e D. p . o :.j|r''e resuLt t' o*-= L 8(3a,.a)"*2(a3 .,1J * r.ts1a,.a,f 
'

o/,4 _ fts 
pa,*a5"f.p"o"1

r* (4
Pb.6.L 6roa - . .sl -. b/ S,t to. r-o oth-..s in
"r/s. P- .. -. -tt1 1.t- i ir s or:te.4

n.l = ?d coso TN.24
lrhere d is the seDaration ot Bragg planes of identical nuctei

' L r "o Ao"e'' "*
-l o-N ei. o s- , i"r .l - Lothe Flane coniainine the sjih nucfeus.

See tIG. .to.

5. Crvs t?lline liffr..ti.r
:"--:. --;--..-=- a1: y_--v n.-. q,.i-. :1.lal .lJoih ar-. ouir,e useful in determinine crvsr,alline .t.r"i,]"..--'"'x-r3y .lliffractt.n is due to sc!fi,erinE by orbitat 

"r""t"""i.r\:ile neutrcn d.rfrr!cilon is due to siatiering bt;;;i;i:--'
Thus x-xays are usefrrl in gainins knowledee oi eteci"..i.-r' .c ) -. a :,6 .^. s6 .,1 i1 darb lr. . r i""ir "structure or ure .osltions of nuctei. T\us neutro; ;rii;;;;i""1":.v- s o- ob..,.eo; ;.;;,..'",:.!. "" ".: o.-r . -.on .-- ,."_i ;" ;l; """. o,:, i -. ,. ;. ; ,;";' ;. " "

--- s. a: ,";,; o;16. 6o 
^ b6 L. -., .-qL .a.:o. ..

Molecular siructure can be studied b.., observinF the variousnolecular forn factors assoclated r,ith rLe differe;t otri.a"ii."anqr.s an.r orders of diffrsctlon. consider a p".ti""i"i- oiii..",
s.rlsiv the Br?as c rnditi on

a=+a.+ta,

forn factor = a""+ dee

= &N- + a.r

=aL-a<'
ll'he teble io the ri.Eht slo,,1isthe relative forn'a.ci^rq
denendinq Nhether the a s
are oi the sioe or otp. si8n.

i'IG . rlc - to

ror n odd

Size of 1r',D I."m lactorfx.c,



I, II

il.r

l

t,t)
l

ita
lir

750

ch. I{
Tins the re1. Li ve
are r. ioLlo{s:

l"To-e oul.r, Iorm Iactor :01

ol diffr.cti.n

ars of o:D. sign

) lor ?bS uiLich

I = in L.4s i tr.

er..erin.jlL: L result!
tie ser. st.rcture as

IX, f]
( r,I,1) plan.

FIC.

\1Cl ere
l:l !4

l ?:50 l0?0 )

Tr. r-esults I.i the (1,

ri. Index.i Rel raclii.n
Ir *ie c,r:je .I ar or rosition s.irtterinqr it so ha!fensthai lihe se.lj.rj. sc.:1iier.ed ,!a1..s i:ieriere in such : rav -!h3t

if tlre :otal sr:rtt.r-ea ra.re is idded tr'the i]1itial tlve, the
re,quit:nt ,'|1re !.rfe4rs ,;o [4ve a diiier-.rL rave Len4th in thei:e.liu,n. Tj]is is tr. san,. as rivin2 Lhc nediu,r an ind-.x.f re-
t\'here 1,he index of relr:ctlon.i a r.-dirrr11 c.rr t. .o]D!'ued bItakin: "he :un ol il:e ilitis.L b,.ar .iiDLilrud. anC alL ihe sc;rt-.r-
in:". arrli'-udes. ore arifi,.r-ence is r,|a1 neuirol rc:LlLcxinl isi!cLr.IiN rr'rile tic eleclrolrarrre'Lic s.aiie:ing i: iir.re ieradiation b.I ele.irons.

In the f:-llo."rinr Dfo_Dlen tte stos n:rLtr.n inCe]l ofrelracli.n o:. ne.iiun uill be calcLl:ied in rerri, ot LLe:eutron 1,ave lerzth, r,]e densiiy ot !a:ti.te:i, ard thesc?taerinr lenEli. -

3C0

Tris indicar,cs th.t ?! ?nt S l:]ye a's.rf tr're sil1e sign,,rhite
ai and I hare a's .: ornosiLe siEl nh:ich are ,boilt equ;t inna{ituae. I.r n.:e r.esulr. ...d ihe vF-rious .ech1i/ru.s usei

Pr.b1-.n C.nsider an inf iiir,e
alii -o-l ,lcrrlLes. << )o {lere
i\. 1:r 1, re ircide]lt .rexirirn |.'/e

lcn''1ih. Tl:ere 3re N i.ientical
i.rcle: or sclltlier':nr l.ns'Llr a
i,.r cr,13. S..rr th:.i

, ^=!&
rrre.e r is 'ri:c index of refr-."c1iion,

,k2('I
,"&a)

It(.1:

k- <:lihe rrcii.r.Lior corsta]lt rilLt :itrelr as r:rtro
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^,("k{.4t1-l-,. Y : -1..-

Tfe slab is su:rlicientlv ilin sa th:.i rrhe atten.ra-"i_on is
necliqible. The r,rave atter nassinE t\ru the !tab is atso
ecual tc lhe:r-!1 ol tlre incidenL a.rlLitude and scaiiered

, <t 
a.' , l-,o0. Ndrl-/p\- / rL

Eoriariinq the .,,. ""0r..";."" 1nd usjns pdt = t t,r ,.:'e.

^ h,J ^ k,J -. k".C C ,c. .,. "*_J, e,'..ot

- 
[-b 

b 
,'.

ai the ur,Fer lirit. thc usual reneoJ, is to in.lude in ttre
inieqranLl ? iu:1c',ion :hich slor'1]' decre1r:es lrojl urittr :1i
l::r.e r. lfis i.q Dhl.sicall.v re!son:rbteJ :i!ro. L,]ere 3t''la:rs
.rii:t,-xiernal rhcLors rrhich.rusc the iar di!r.nL c,--n1iri iruri.n
to be r,,eo'rened, :hus the fac+-or e f,'2 Iritt be i.chied in the
intee!.nr'.. Altsr int.sratin{, -,le 1:i]it r,!iLt be Latrcn as r.+r_

li o'o;t. 
^ - 

,-| o t., ' -:, "\ " ,t,0" k. t'

c^ f*oL\ o'+ 'o - r n *"2

h.. ,."u * e, 
t",

... €2 
,..L,-, au44 ,\J = € ' a-''

Eiu..liinr ih. inssirI..r !.rts,

'+'bh D=' al+tq

t la 'ENa, 4;* t:"= a ..,./ ,4.: 1Z

Tius it is s.en t,r:i :r < 1. 11 i,hi; cese
total r'eil.cc'Lion lror . surl?.. is Ir.s.jlbl..
Ir'on 9..11'.j 1ar the 3ondition:or LoL"l
reile.iicr is Lh.: cost > n o! for snallt :

'- 'i = {
re ft e.1i i on

€" - .f,.,-A
= fn 

^.a
=t t-t4:)a

"!? (-rl - 1E f :- ?1-

I



rtlt . Tx rr:c ' .r .-trllinb j .ttFr i.r i '.43

7. i,ti cr'!cr.r: L.: I r-nc :-,. L:--r-ir!.
rf :r.irtiinLr..rs .i;; r tui-i .,i r L.i J.cr.rsrFr

it1"'
^ti.r L;.t.) =:d:rin d . :t. -- ,tt t, 

- 

-44 +41!]
rcr sl:.r ,,...je r""''ii ,-,,irL ,,"' -'%t'- *'f'^"

':
:ri: !i f:e r.:r, .rt tl:e !.aa liter-ir.ui tL.4 Er.r,- l-.tet.". A...LrJ,inr, - L.c-.iect .r1.tsL:1i, Ltic :est of!l:e ...i1r car:ri.n.es I -L-.--elirrr_ 

=_-.,,pt rnr. tt,n ."r.r,r"i"oriorr", '!!i Ltre in.ier.r r.:r. ti rr. 1!: i. t"i,".,. _r1 "."i.r.1.".."_i."-o"on
rrr1r1r r:L:.,iti.rn s.,tterin:r rjhjc., in :dnition 1i) Lhe-i:d-.r.f:etri..ii.n .-r!r:.iruLio: , irsa g:rie: rs.rlori; 

"""_]1.r.r,g.

,L . ':-: 
" - 

jr11 :_ ,r firr-r .r1ej r_.r 1:ier. T:-a lral-i nI iirc b:a ahichi: sc.:ter.i .x,r.,. br Br:q,, r.er. .cLi.;; i: ;;.l..-.";.; in tern-., or., t -.4;. n. rl

r ftt !J"'4 " ?+ t ''-
1 re1. ,- r: ilr: 1i!tr:. sciiif rn:1 cro.r.r sc.1it.rrI ir -lri runlr.r or:rt.ft:,'e;..,,,3 ---''--

a' is -:he :er.,rlri on t:eir..n lragc. rt.!n.s
,:':ere r i! rhe .r.,.r. .i (,rri.rcLiil

T!e :rirr !liirrr rna.,. ne casit, visu:.1-i. ..- h1- , ,ilin.r ure .r 1.. r:criro} I

n|irt: 1it-in . :ra.r. ri rl.ius = +
:- t^

(q =o'

Il{ ':i t
cl ..rch 1n.lerLs

Fe.lfr.c:r t L3 hti ce

IIG.I{.13
s!1.r]1 l/V conD-oxLenr

Eiier L l]f Grjlrhite Iitter
rIG. Il{.I,t

\=t

plotl,in.r I{.Zi a.r!.iriE._ V !1ive!JIG.:7. d-@ r,re.,rs l' .j. t/ii:r::,,,,e"tr 
",."n ;:L .]] ,.i::s. As ,Lr F

rr.-!c.d !.|roa:tr.; :lr. 'io une oi L!.srn.:. r:ine: liire ae:sii.,. of !.i.i...Tl i: l,lr. curre lcr,r|,es ;r,.:
l1 1i.!e renioir reri :he oricin it:e1--
ane 1i. ilrir.rpti.n .rnd ill:r]ei:ecLilri.

l .{,
0.irr-a e.r o. t/-4 ro.ri l,.rDerl]-ure.,i is ).s-.ir)ie Lo rlrair a Terr coloneulilon t-ie.J br.:ela:nr t_ ir.rlri i
te ttf rn. I fr r i.jtrr:. _i.t l .

.err,-.ns .f ,he di: irrrbu'i.n aiflgei i,iI'! f:rlch har.e E < t.00r.3 e.r
15ee slr3,l.d Frx- oi' llt. L4).
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q. Pglarization of Neuiron Bea,ns

:. ^ '- nr''--inJ - si 4-c.o .r . -a 1() 061-,a-tv6,u I. r c-,s.tv . att oi L!nrrclei oriented in ihe safle dlrecti.n .till have different c"oss secti.ns {6- >
for tAe t"-,o directions oi the snino- -; d- . I6-.d
9 : 9"'x111 b6 sc€lieled r!a r! te.vin! Itransnir,ted bean which is predofliaanirty

nercentaqe of rjol.rizatlon lqoutd aprro;chtlfu i,he crystat $as increased. EoreverIeasible, since ten.er:tures on the ordern6.- s -. I 1 .-.r. .- r.- I .or s.

116-'9t€

sr.in dorrn. The
lo0l. as the larh

this neihod ia noi
of 0. Ofor voutd be

ttt
3863t a

!'9,'" ls, -a.:1 r a1- c,otuenlo't _ tibd )- oo, €o ,..:-oa,.lI otr' ..v- d -. "o. I - /o!ossible ne,)tron ;rieniarions.
- U tJ 

-,:..!- '6p-. n e -.d.:n oL-., I.F.ro' !" ' ' i - P6 oi r. ol i ,o,erenL ;"'! ' ot-n j3 tr- r. a. ;L -;F - ;, ;;- ..-"""r,. . "- 9: " ''D on- "i lo;' ..;,-":" "-,"'i ".i.!".
-o rror. u E -Bone -o,:na,

*a =o!.o" I f u gxte''+'L r4l'
=;* l!, r /- k"t4) ei(rtP) 4[,],

l';".' -'io io i. - . .. -.tce_>Lr''sw.Lro,.As:n-oloec
of the laitice distan.e a[d i,he er.oneliia] i" _ r- ou., 1._''rePion oI iniesra-Lio:r.

M. /,

not "'o.erly orienred, the "..,t.o"" i"iii ;;;;;"; ;;;;ii#;""
*Phys. Rev. ?J, t:?z (194a)
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rigoodrrdortsins.

Pclariz...r,i.n of Neu,irons

tlr. r^rk n ne hy the rrevi.u.
is .rlc!lsi^d in th6 f rlro.dinc

Proolen Corsider a block oi Ie iihl thc :atlo ot nr'oodn dorains ( rosecorrleieln ril.c up) ro i.e roiarIi)rnbel of donains. Assume tre nb6{ir
o .s 6-6. r:. . od: d

ltha1i e1l dlrains :re t0:4 cn, riick,
: . r.. loo..:arlunt of polariza-

neution be.n .aun Liniie.l iniensittr.

I

c onreni.nc e ye riitl
/ ,.\ /'-,'. , \
\-/-(" ,.,\

4" = -j; (k,.a. + [-a)

le], ft. be the nunber of neutrons {h.se liave funct.:ons areei4!0
,1 !e iiie nunber cf neutrons \rhose.u"" f"n"ti"." u.. e."r(i)
'-+ p -....

Ini1.ia]l"v x = 1. Trc Fe ttoc\ ri1L be considered 5s Drito_ __r, 
-J 

""- 
J ":

ln seneral {,,rili be chals.d sli..r ras:inc r_hru t.ts urir:'':9. h' ' - - o^ :, r'*trrlt it be LrirchanEei ii r'r.ssins. .LlrrD a u.ir "",,t,i"". 
-- --

I-! the qlod d,rnalns:

Tie (ll bean is redjLced br ,r,iql
rhe {") b-.ffr is fedrLoe.l o.i ft,Nl'_.1.

l'ihere N 15 tle nu:nben of re at..rs per cr:Lnd d-h-ro1^

use ihe fclL.1,riat nl]rrix notatiotu:
I.\
\ " ,__ IX,' i

''- -ri;'"'
In ir. bad o.a-rin.

nlne ';hc pr.rbaliliir Lhaii a neutron c..n.jF
oo o :,

Th. use cl .,.rt.rJt:.:i.r theorr.:s jusr,iried
ol ch:.nliinp :!in ltaie is sftrt ia; .rjitt b.JI a, aac 4- 1re the r,ro!abitit.r arrttituies
"-,t lJ

d^= kZ H^^a^e*G^''^Y

ne used to deter-

At - {!= s.szxt 'oe.
1l ihe tronabilltj.
s eer sh.rily) .
ihrh a neutron

qives



206 Percentage oi rolarizar,ion in Ie Ch. U
Consider only one ol ihe /t- neut"ons selsrairely. Initially 4- = f
and a4 = 0.

rhen q, =- +H.,^t
t^t - l1,l"(+f

H,- =1, ".,y_ a.\ (i)

{here s.I=ltlil,.(?:)\ s ince \j,_.
H,- =t"(H,,ix)=l,rt et i

v,-r = h-l'= A'N'
to,t'= lt'-Izi\lr,rrl,

, t Nzt\^
Lei *,=l-.i_)

Thus i,he conl,ribution to n* fron n- is un:,
in !t to (1 - w)n1 rrhere n: is the initlal
vrith sDin d o('rx.

-o4 :n: ia-l\ !ir. sp'

end n- is decreased
nuDrber of neutrlrns

have ihe fo]fol/ing:

,_," , 1:,]2" 
t),= _

so, : c- l" l' l' r'

This gives an eddii,ional coniributlon of !'Jn"* to n-. the total
coniribur;ions to bol,h n+ and n, can be ,/',Titten in the previous
.- r:r "omr b, .a.\ l,* _\tu:j('l=i- ,-/t^',

The totat effect on n. and n- in the unit secticn ill be the
produc'L of this natrix tlnes the nairix in llt.26. lei A be this*' t 

no'"10,,)" \/,- - ) 1, 
.r' - , -','- )- \.,-,rt*,-/ (,,.- ,,,..-/

rhe rrobren is to rind the eiqenvec',or6Jsuch tha.t A@.4:,)

Using n+ = a n_ ,

(,-.",)( -tr^ tr.-.4)'h. =a ta
(t-c6_)sam- +(t-.o-\(t,dta- = a h-

Dividing,



.n

,:l

his

.67

,41a

. tt:

2aI

3i,54,,

19.1y',,

Cir Tt{ IIlrinua Polar:zail.n of Neuirolrs 2a1

<d.)(--)z + L .t.) t
c-)d2+,,.rr., {r

tx. z?

.rle! sicn siT.s ihe tr'o nltlren.tical eisenvafue sclutions.
Since a chcic. of tlre nin.ls si.n nLakes x negatil,er the solut;on
''fhich 1e:i:e s.ekir:. mu.t, tre',hat corresnondinq to the llus 3ign.

=('::t d.. - r0- o- $/ ir. 0 .."

=:-t.ro'=r-.rsr.r,'

I

l

L

F.r i = .99 {!9 qo.d donains ner had

is 4t3.. ihi.
a7 fta:tr 14.27,

is loy'" pcl ar-

Tle soluiio.s 1or tl:r.e.iaLues Df f ale given in the lolLow-
ing i-".b]c.

I,er.entage lol.arization

F. 'llrlr, iI r.F C:AllN FXAI'IIONS

For .ec1irit1. ie..: r.s !r. Ferilli follclved
.rii.re r-..rin1icd be'.\. r..void clesrance
ii.Lirec.lr, lr1' ., rurte!v oi Science.

fair]y 3los e ].v the
dela'rs, . reprirt

l)
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Elementary Theory of the Chain-reacting Pile
(ierrinted it iernis3io. lron scien.e Ju". rO, 1947)

Ch- IX

III] R]]SLLIS AN]J'IIIE II]]THODS DIS,
CUSSnD n, ihc Jollo$ins outhrc .i the ltrcory
oi a chanlrcactils pile {orkinta [irb n.turd

.'J' ' " 6.1 l"\ o 'o txrdy I
rendenrly aDd partlr collaboration by many peoplc
who parti.ipated nr rhe early .lerclopnent rork oD rLe
cldn reacrion. Verr. inFrtanr cdnrriburions 10 lhc'\ ' cJrlJ '.A. l. /l.rlx. t\8.1
llany plrysi.isis contiLuted .xpe.nnctrral rerutrs rhar
helped tol.ad thc$ay, amo|sihon,l{. L. Ande6onand
!v.li. Ziln, d6t at ColuDbia Unive6ityaDdlate.at rhe
11'Jl c'r I lor' !,r r lr v, . or atd_o
R I \\ r",."r,lt .'-r'',J !1. ro. ".. At o,
\\l ra r.",dV., \\r.o.. '.\crrvs .o..0
uEo. Tl" {o'I.|o ,I 'i. Jd.1 F. ,ns".tu"t .

aclieaed in ihc NreLallursicl labo.alory dneckd bJ

\EoqoNAlD . ") \a!!_
qe onsidcr a nrass, .tbe pile, corranrins !raniu!)

slIoan in sone suitabtc arrar!,emenr ttrdusholr. btocrr
ol smDlite. $hcnever a nsior r,kes place in rhis
systdn, an avcnrenunbq(, ol neuirons n edjrted *irlr
a o .ou ,l ' l,'or o '-'B. ol ' 

hro r."p.
..r' t,.!.'0!L\' \"rx.,, ., i ..,1,..,r,

energJ dccEas.s Ly eialiic colhion\ Lyith rtre atornr oJ
@rbon and lo n,nrc cxicntako br inclasLic cottisions ry,rh
,h .,J' ', a.ol L c ,.djo 'r''o' .Ub sl, dt "..se 1,.
prccess lcquires about 100 c.llirions Rith @rbon atoms
AJr* 1Le eneryy oI the neutrotr is reduccd ro tle.ut
value, ine reu&on keeps on difusins und n js turally
absorbcd. In setral ases, ho{er&, ir *ni happen lhat
rhc Deul.on is abs.rLdd beloic rl)e sloNnrs down procc$

1he neutrcn may be alsorbcd b, either tte srbon or
thc uEniun. Tbc absorprion cro${ecli!! oj orb.n
lor ncutroN oi thcnnal ene.sr n quire snait, irs valuc
bcnig approlimately,005 x 10-! @r., ForcEphitc ol
density 16, ihn corrcspond\ io a ne,n trcc parh tor
absorpti.norlbout2sh. IrisbelievedtharrtEabsorp
ti.n crosjccrion tutlops the 1/v lan, aDd .ons.querd,
rhc absorplion co${ccrion, Nhich is alreadr qujte snnl
at rhehal encrsies, Lecomcs practi€tly nestisjbte tdr
nruirons oI hjslLer encrsy. Ii is iherelore a suflciend]'

T[h prper, p.es.nred ai ih€ Chicago neetina ol the
An.ricr! Physical socieg, June 2r, 1946, is baled on\ork p.rfarD.J trod.r Coor,!r Na. w.'4oL-ens.l7
qi,Jr rb. Mmhlfl/n D,nnc. rr rheMerrllulln Lab.ra.
rory,Ln rcdio o( Chi.rao.

soo{l approxination L. a$ume that absorr,tio^ L,y orbon
alrins the slo$ins dou pr.cess oD tre ncglccred

T p Bbo- , old r".r-on yu....,i.yt"..
"\-r'otu ,orro"L,n.o r.) I.o.^s t\e
\.lrL o n!l, oo io !. ." roc., r

nance absorption. :theft htiye importance.!nssionand
rr d 0P' . ^.A.or j" € j.

.or rtP.a. e. I'
tluec ,n .r!.,1

(1) Nelt.ons $il! en.rsy above the n$ion rhrerhotd
oi U,rLWc €n cail rhese conrtrtionauy ',tarr rcu-or. I ',: t!.u. ,, ,"mo- po.D1r do."r.' r oro.". tu.jo1 s ..l.nor"t. rJL-,r"r . ,h,
abuDdht isorope Usi. R6.nancc absorptioD is EmaUd

(2) Neutotrs oI enqsy bctow rhe tusnD ,ueshold ol
U'33 ard abore rhenat cn€ryy \r!'c slall !cte. to th6c
neutrons d r{epirhmal reurrdns,,, Fo. epithemal
neutroN the nost i.rportanr absoqrrion pbcc$ is the
r'o r " - - T\" .,... oi Io Lb t -o.e .

as a iunction of cncrgy js quitc jiregular and prcsenrs a
larse trunber ol resoDancc naiima rhat car bc l,irt, *cll
rclrosenled by the nrcil urigr.r theory. ln practi€l
cases ihc rcsoDance absorlrion becones important ior
neu[.n energy beloly abour 10,000 rjt and i.o€as a
rbe en.rgy of ihclcurrons dcdeases.

(3) NeulroN lavins the.nal asitatiotr cne.{r or'\'nxlr.Lr'o -1. ,.n.a ,Lrbn L.Lhln,..,
b . a d I ior Bl 'o pio , J.. rnpo.,r ..
! I -1, rc '" .s, rotto,. ,rp ori.
'd. l) ,"r\.,.J". .,. rrta... .t {

tance beconres lrdctieuy indepcrdorr ot rhc endryy
L.ra,d,oo.l rl o.,. .r o- r.,r "1d(o.,an,"rl oro,,,, , o ,^11"y\t ".,, ..h-
ave.ase nunrber ol n.Lt.onJ cnirLed ryh.tr a tncn.al
nculron is absorbed bruraniDm Thcn, di1le6lrod 

",sine only rhe ft.didn 4/G, r or) or all rhe $e.ul
n1 'or.d orL"'1

I = vqttq + o) 11r

Tno r,.eceding dis.u\sio. lcads one to conctude rlEr
odyrlracrionof theoiginalfanncut.onJpronuce.twil
c.d up lit producirg a hsior) pfuct$ t.r systcms ol
nnile sizc,lLrthrr to$.s ot n!utrnrs wnl 1,. cir.rr..t tir
lelkaso .utsidc ,rc pile

Lidnios ouAelvri nr rhc Drestni ro s,jrrlr .i rri..
ricaly nrnnire dim.nsions, rre siull mltf ,r. pFLr;ilitj
rhar aJast ncukon ultimaftt' is alsorbcd t' rtrc lilsilr
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prc.rs. Thf a\tralr oLrnlar.t ntutors lrDdr..l in
rl,c' s()nd s.r{ril Di i,r' dir n6i r.utr.o r ill tlM L.

k=rr i?j

UnLally, i;s Lrll.(l t]l. n.Iro.lu.ril', !rctnf .l rhr 'rs
rm ]\ nlt.ushirins tli.ir r.acti,)n lvido,llr' n p.\
sit,h oolr rfh.n i > I li ilns i: rlic c.n', the rxrli.r
a.tu.ll) rill iaLt flr.t lir.ri.l.,l rht Lrakare l.F\.i nru
rr.r: F rLlL.i.iill r,tll 11,n, ot.orrr: !d al"!r.
Lc r.l,i.Lcll,t tl,! si. rl rh. trlt'i: lar8r.ttrlh

209

n.rmallr lrr lo a,ljun ih,.gs sr !s lo hxv. bolh /:nd r'
xs lars. a! priilrl.. lrdnrturaieli. rl,! lrr! rcquln:
niur rr...ri,ad,ctltrr, LrotFc in ornd n, nalejl.rrc.
.n. ;hall rry ro l,rilll a sy:Lc,n vc.! ri.h in Uaniud irl
ord.r io r!1lu.o lh. phbal)ilit]'.i abvnpliDn ol ih.mrl
oruLrors by .rrLi, . Or lhc olh.r hita, in a sJst.m
roniain;,* a rclativcLr' small ndldr t ol carl,.n ihr loir
ing-.1.$ tJr)ce$ r'ill bc r.litirtly ;l.r', ard co.squ.nilt
11,. trL.bllrtr oI rd'mi:c..bsoIpti!i ,lu.ins 1lc slo,v

Ir ii drar. th..dorc ihal onr 'l)all Irvr lo co.ciliare
rf! o|D.sir. r:.1rnernd.c Ly lirdlng an.r)rhlD t.luc
i.r ihr nrni ol uranlln b .arLon.

Iir x homgeofnu: n,irlur. .r ,,.inium fud cirbon the
rdu.s oll an.l ? dq,tnJ dLy or ll,. i.lztLrr c. ..rft.
t,.o! .t lh. r$o .londt; IJ $c .10 rot rcrlr.i our

s.L!ci. ho\.r.r Lo h!mo*....u! Diitu.e' onl!, onc can

t! L. olr.il a nor h'rnllc simatl.n hJ fr.r)er aF
lan3.nrnl oI thc.!con].r,l.rl di:tiLution ol th. ro
.lrltioftr,t! Ili: rdully js posible !) ! .!n:i,:l.rablc
!xr..t, b.caui. nr rhr.n)ll in! circund!3.es Thc
i.s.nri(o rLlorJJlion 1rhl.h ii r$rrrtriLh Ioi th. los! oi
r.rr.!i durirg il,e slorri,g .lolrr ha; r.rl Jri crosr
iecLr.r inxirn! ol rhr !r!lt {risn.r r}?. Iher!lorc,
il th. uruniLdr, irN(.nd ol L!i.g sJtr.ad tlr!qh d,e

lrathii. nn+, i: (,,t!rLnr.d ltr raih.r Ll! l!n,pi. 11:

trillrr!t.L rh.l th. rnrirm in dt nrL.riorot a lunll, rrill
Lcshn,llL(lbra Ll,ii suriacc lay., n d Ll,ea.lionol teu
ron: n irh.rrE] cll,Jo Lo n r.s!iar..nraiin,ud Th(c
tu.. Ll,E tusnnanc. aLrs.rno, ol r unnnrn at.m tLid.
tll.lumt)\rLl lirD ch l.s thar it F,ulll lie Io.an isolaied

aLoir Ol c.u,i, stli aliirritior lr a lumt) reilu.cs noi
.nLl tl,e tusonrlcc abrorn.n t,ut al:o th. th.mal ab

nLqrli.o oI uraniu r. lir. can oit,e.t Llror.ri.rllt,
l,onrr.r. an.l .ip.rLn!.r l,a! funfinnd, that 2i ledsL rp
r. a ({tain s:i. oI lumPs tnc gain obanrcd try rcdurins
th. ni.nan.. l.r; oI r!ul.or: oY.rhlances Ly I c.n
.nlrnU. an,luri fi: lo$ du! to a lc$cr arrsort,tn,n ol

Th. typi.al {,udu.! oi a !il.li a laitne oi u.diLu
lum|s .dl.dd.d jn a nar,,x ol sral)hitc Thc lrLice
n,ar Lr,Ior.ianu,lr. a cuLi.latti( oi ludr)r o.alxtiicc
.r tuds !I uraniun ihir [lter lrrads.:ncni is lishlly
l.ss.ilirieotri.n rlrc poiirt ol vi.\.oJ the neuttur absorp

ril)n Lalxnc. bui olten rrc.eJ,ls :oFc pi..iical alvan
raBei, sin.e iL naLes .asicr rh1' removxL oi rhc h.ai pm
.luc.d by th. pile. ln dt p.cscnt diicurn,n {e shnll

lLidd o.ly larti..s of lumps
ft is uleful n, sive suDr. t)pical hqurei ldr rh. Frob

aLiliLicsol thcvariousat,n,4,tirn!occ$cs lhdreptub
ahiliiie;, oI rduGe, arc not corstani Lur d!!cnd or rhe

dctaih ol ibc nrurtur or di. lalticc. A\.erasd nglr.r
nn a so.d larlic. rvill be siven rs an euDplc. $hdn x

ncurro. ii 6rst truJu.ed by a islion irking plac. iI a

llmp oi unniun, it Da} !d'e a proLabilltt of the.rdcr
!f 3 per .e ol bcinS ablorb{l, Sivn,g risc io 6ssn'r

I xill

l-n. llrsr!R\ or { Nr.rRD\

\\'hrn a ran noLtr)n it riFr 1nnfu{l in ou rJih lh.
tlldrin! .\.n1i mI lrkr rrLx(

ll) lh.rt n r ir.U tJrtDl,iiry Lh.l lLc rrutor rvill
l,erbs.rlrlLt r2)irm l,rnr ic u.rgl l,ai been d|t,(
cirl,lr,l.(r,r.rl IL rl,ir L. ih..nir. tl,raL:or|{ion lrad'
ott.r t,, is.ili .l Lrr' l h. |rol)abilnt .I su.l, Iasi
fisr.n!.ti....rrr.i.r{!llr.rL!aI$ prrc.rl. hnlcdL,

it Lljr:rit.n ..,irai,Lr lltrl('t,xfiD rn,ln l!ryr anouni
!i.arli,r. rlir(ll.ln .'llisi,r,r \\ ill, .rnrn nin 1..!11..
1L. .n.r*y rrrJ !ar)rllr n, r nlut b.Ld\ th. nsrnt
ih.sholi oJ 1.2t! 11, .i tL ilhrr haili, rhr !1sLoi is

rc'-a rl.h io ur.rnm. Lh! n.Lrtic colLi:l!n Dr.16:es
blclur !.rr-' r),ol,r|Lr.in m'rllr rdu.r th. rnrql .l
1l,.or rLnrLixst rvr:n', r, r IilnJ loualuc brifft ir Ias
! cl[![ r.Iirl .t x Ji.iilrl iI U'2-]

il) l LlL. r.rljr rujorty ol th. .a;r' drrtnr.. 1r,.

Nulro. i. nor alilrl)rC a\ a l!.1 r.rro\ arrl ra|nllJ
L,aL.iGc1.r!r.nrrtl! ht'1o.ol lsn[qjan,r thr.fuhrl

l,rn! an .lrlrilirr'\x1 tlul t
ak: .l,.ui r)3 rfllniot; 3{an}1 th! ..nrr xllrr: Ll
rtalucr llL. ri.rav li\ at ar cras. Iacr., ot,. CrF.
qucntLr. i1 \rili tak. atr.uL 11a colli:i.ns ii.nld lo
rtrlLce lhr.or,!r lr a Iact, oi 10, anl rL,oLt 111r colli
llons ri r..luc. ihr u,t.sr lrln 1,i101,000 ll! b thc

ll,.rn,al .orqr ralur .l 1 10 v Wl,iLr rliii sl.Nro!
,lo$nrtr.c$r n ir l)..!t$. lli. n.rtrol mry heaL,sorL..i

Ll rh. r$r!.r |ru.G. ir unrium \1. drall .rLl 1,

ihc J)robal)Liir 11,a1 . n.utron A f.t at,!trli.d Lr.lok
rcachirs ilL.dnal .R'!-f O,,e .l rh. .rost lnll!trtrnl
tar!$ ir dr;isri,,! r tiil. c.Dsnti ,o t.rins b rnrinltt
thc pobabilirr lha! r.(rnL rt ron!!.d lrom rhc sr's

iem t,J r.ro.an.'al,!trttio. durlng th. lorrins .loN.
(3) ll the r.Lrron i; n.r rLirLcd durnrr ih. sl.\ins

dosn p..tis. ii $onualll n:2.h.s thenral ...rgy ar(l
ulrnn,l.ly (ill b. ahnrr,etl Ly.ilh.ruranlurn !r drLrr'
II uranirm rnd orboi $.r m,i(l uninrnly.lhr FDll
rLil;rr ior ihcs. ivr r!e.6 {oula b. i. the turi. ol lh.
aLsorlrrnn.rtrs s.cliots oI ura.ilni hd *nrorlorlher

'Jl..'oihe h\o clcnlcnl! s,n.e a.tually rhc mixtrtf ir .ol
,. tor. .,. \\".n,l rl._

't" 
ro .rit: " I b)

uranium. Il dcsigntrg a cl\ain.eaclnis pil. one will
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lerorc loosins anr appNiable,h.unr ot erers),. In rT
". ., r.. t- , r./,

'''''' I 3 1..r' , ,,
r', . r rl<

slo*irs d.rn o. reach thcn.,l en.rsy rh.proLni,lrl
'i ,:,.,,1 tr,. i"'p,, t.^...0.. ,"r ""o \-or, U ,. o'tJ 07 ro .,
{g'Jl -,,0' , r.t.n,
',.,,j.
.l,.. I - .i,,_-: .. trl

asiumc l.r ihc prry.se ol cramrrte rhar / = 2, ly. shrll
hav. jr o.c soneErion 1l! rroc.trses sum.rari,e.l nl
-"1 - l ^,v "1. .' 't 

,,tr.i", .. .,,0

1.,

Conse.ruentlr, a Intti.e ol rh. tyrjc dcscr'bca rvoul{t ljavr
a rprllu.torL rsltir hrrer rhr I I I ro\ .t d I , rrsrr

ln order 10 evalu.Lc ihc rcprcauciton Inct.r or.,nulr

'"l' "": "-.."'

! ali oci, 
'",P. 1'.,, 1 ..:,r,t I,

'-lnrl t! ,.J t ,rrt, indr'. {rpJ

Pr.Brnr.rry or Ftsyotr llrmRx SrorrrN{r t).wtr
Thc vrh,r ol rl,is quanrtty n re.J easily €lcutahlc r'or

" 1"ll I,r ,' 1 .: , 
'

rr = q,nd, (.11

{hcre q. is tle:rerasc lalue oI ihc ns:nrn cro$ sr.rnr
Jor lissn,n neuironsr r ii rhc corcenlErior oi !ru.iun
. , r'1".:. . .",,".,',,o 1 I.
tancc thar rIE neurror pbauc.d ir rI! tu.rl] must rakt
berue .ezrhir8 thc su ac. ol LLe lump. 1.he carc ol .
lump ol Iarger sir. i5 rrorc..mpliaL!d, sincc ttrod nul
ridc collni.n processes h.conre nportanr ana b.rh
dasL,c and nr.hnic safi.rins play a considerabl. roh.
ln paliiculnr, the last pro.6s tor a lunp ot t.r!! ,izr
tdcctiv.ly slows do{n rhe ncurn,ns bctore the nsiior
lhr.shold ol Uli! and trrinss rleo down r. an cnc4ry

ch. rx
level in rhich thcy arc icadilrahsorb.l lj,ib.r!$.ancc

Rrsor^Nc. {rs.^rrro\
II tro had a trn,sle aro.r !i lranilnr ir a gnphiro ,fu-

diln Nhe.c Iast neurnrE ard rr.duc.l an,l \lo\re,la.trr,
to rlermal c.ersr. tI! ptul,abilitr |er unir linrc ot a

13 r" -" ', .

,.,/,'
'' , ,. " ,",
tcm po unit rim.. d unir yoluJnr, r h drc ncan llcr
palL, ana "iD) is Ll,e r.sorh.e abso4jt n cross srciio!
al tn.rBy L 1h{: i,rcgrrt muii tr. latd, trrsreo I l,*r
limit jutrr rl,ove rhcnnaLu0rBI x.d 3n upt)rr limjl elrual
ro Lhe are'r8. cre.sy or rfu li$jon ncuLtuns. One {ill
.xlir.i rhar rll. h.9(rr corr.l)ution b Lh. ir rgDt rjll
b! duc ro rlt Brcir-$iljnd pcals oI d(r)

\' ,r L.
', "1. \ " "r. ,. I

nu. to dle lacfthat nsiJe a lu'.p ti!r. is ar j.uorlant
L ,D, ,.r, J .l 1-

1., , -lir. -,. 1 :,.,..

T "r''o.l ,.i.:. ,: '.', ,,oo
l.nr is thcrcior. a dind nr.asu.eD.nt dt ihc numb.r ot
nrutrons aLvrl..l by F!,.aoc. tumps of urxtrjum

trLrsurcn,.nc oi this rr1rl I['e b..! I,crlorm&] nnl
.l lrincotdr Unrv.riitr, arJ th. rcs!lL\ have Lecn strn
marired practi.al ntrmulns rh,r arc rad jn tlre ol

l- BAo , \B .p.,io 4, ,i- !q |..o.i-

II ura.nrnr xnd crrl,on $cn unrtonntl mrxd, I dr.r
nral r.ulron {oDl.l hxr! x p()habjlir\

N, o,. + N,.".

to b. aLsonrta l,r'ur.riun. ln this njmulx N.'. a.n N,.
repr.sd.t ihc numLeA oiaroDs ot.arbotra.dot urx.iun
p.r unii lolu e, aDd q! and d! r.present rhc .r,j\:.c
tiors oI carl,on and LBnia lor thrnral n.urons

\1,'. conrpliucd is rhc c$e oi a talrr.c dntriLuroo of
lLrnrI^ oi u.aniu'n in !rarhirc, sir.e ihc dcnsry ot tht.
n,ai .eutroN llrrcuBhout rlie sr\L.m n not urin,.m butj! laryc ai rh. placss ta. nom dre uraniun lumps xnd
smll.r ncu and msnlc ftc uraniun luhl!, du. r. rhe
fa.t rhat rhe absotrrion oi thdniat nluroG js r.uch
gr.atr unriln iha! nr srat,hnr. LeL t aDd ;; Le
th. alcmsr ,lenriti.s ol drrmalr.urnrG in ihe gulrhie



IX cn. rx

and nr ine uraniu i hnps. Ihc ntnlno ol lhcinlal
nculrons .hsorbed l,y urartun an.l LJ €rthn .iill !c
prorF.tidLl to N, "r ir; and \. ". ;i, and 1'. ll
h.ye, tnde{.rc, insL.a.i or I'l.turlior (6), th! .on-t.d

N"",,;
N!d!nq + N!,.n,

For pBctical puroses il is usuallI sunici.rilt a..untr
ro olalate nc and n(, usnis dic dil:lt:i.n ihcory. fbe
apfn,rinialion is radc to substiluLc rhe lattice crll lI a

sph.i.al 6ll hali.s volu'.c cqual tl, llrl ol th{: rcrual
.eil, with tnd bourdarr.ondirion rhat the radial deiva
tirc or tlle dcNitr ol r.urrons varisl,es at the su acc ol
the spn.E. ll h also assutrtd that thc nunb.. of neu

rrons that..e slo(cd doqn to thcmd crcrsies pe. Dit
r- c JLI 

'dirgdphite palt ol tlc cell. TIIG aplrorination is hj.l)
.oa4 ,l.olil^ | I 'o o. o l "r' '.
l:.". \\L' rl 'l I ro 

"for"Jford l ni 'o. b'

r=", t.
l rr "' 

"rc+ !- kl(r ririci " (el-!Iklri"

.t.. ..,tD 1r . ' l ' 
l

ndius oJ th. celL elpr.$..] talirg ih. (liliu:io l.r8tb
i. Eret i_.

' \,/3 t j

wher€ t is thc tullcclion ..rilci.nr ol iho lu.rD Iortir.mal

t,Amr6 Co\rlrrlNc a Llrcr NlinnR .r CELLS

rl ,:,o o o ', )i'." i

, 1r '3ardr6^ ' o' , -r. "', i,p ,i

'..,a..'i 
.0 ."b' o r'd ^

n.gl.crirg iD fiLl approxinhLion tln loal vaiation of

, ".o.'_ 
,tr'' 5I'

and substitutinrj Ior the a.Luallv inhodr.a.ncous \vsteD

''o l o.

, , o. 6t I
ior.ll acrsni.s.l.cttF's ralu.s obtainrd L!lt.raling

':
ri.s rill lhen hd qrrccnreLl l,r'srooihlLrdiDr:!uch $
.n. ,{nrlJ .\oc.t in I h.mo!.1(tr6 urariuDr lral)lit.

i..t Qir \.1r Lr rIr i,rmbr.dliast.lrtrrmrr!dr.dl
I

211

latricc Tlr.se ncuttun' dlduse tl,r,u!h the Dlss d.d
a!: sh{cd dory. lur:J,s thi; Proc.si !,ri ol lh..fr
rtuN ar aLirbcd at icinxn.!. l.i qix,t,r) rr. ar
.unL.r ol r.utrons ter unit tine anll unit rolumo,vhlclr
L.comd llern,al 2t rhe r.sitioD r, y, , q is .all{i thr

".lensirr oJ tl,e nrs.crt thcntnl ne!lr.!s'
ws shall a$ume drt ii ar orisinal lar neuhrn ,i s.r

erot.d at a point,0, thcrrtrl,ilirr rhat it becoD.r ih{
rnal ararncn pla.{: h:!! Ganssian dntiluti.n aturnd 0

1hi a*uqnion.rar b.justinod Ly consid.riis that rlt
,lifusion proccss .i slovirls dor. ...snls oi ver! nranl
Ircc p3ths Itxpcrinrc.tallr orc lirdr ihat the nnLriLu

tn curyr: or thc nasccrt thenrd fultrons arDrsd a

ponrt $urccol Ia+ neutro ris r.i,rsrted oal]'rpJrroi
mar.ly l,y a Cru$ian di"tribuli.r, and lonulas hrvd
bcdn us.d nr wl:cl\ rh. actual dirtribution ir describ{l
as a slpdposilion ol xro .r thee CaL$ian curvcs rilh
difent rang.s. lior th. pul])o:e .t the pftscrt dn
cusioo, Lo{cvcr, \t slall rakc odyoDc. For ach la:r
n.ut..n FtlduceJ oDlylrcutro.s roa.h tldnial cDcryv

Tl. distribuliotr oi .ns..rl tlcnal ntut.o.s prcduc.d

br,. souu ot drcnsth i, r,hcod at thc orisin.r tl.
coonlimLc, shall ih{:n L. r.Prs.ntil hy

" 
: -l-" "'l ,,,

lirlrd|hir oi ftrsiry 1.. il,r rD!r, t, is ol ihs order ot
.ij cLn. lhr adNir! ol rasctnt therdd ncutron\ rl
l[irl I' rn L..rD,rs.!1i rn tris ol Q Ly.ddinq Lp lh.
.intiiLutron oI ill th. inrn,it.!ntrl nr.ces, Q(!'),1-
(ih nTrG.ns ts.roluiiot enredl around th.r,oirl P'l

- !-I,, " '.lr.r Lr'' "'i.r 
'

Thc densilr. n(x Lz), .l Llt thrrnal neuir.n: i. .oi
necled ro q br. LLe diflcroi ldquaiion,

lnr - r+c-0,

rvher r ir th! colliiion m.xn ire. trth ol lhcmal tcu-
ttunr, ! i tLen v.locity, and 1 ir Lhc m.nn ftce FllI Ior

ab:o4nion oi a therdal n.utron. Lqualion (12) n ob

lanr.d l,y eiprc$ins a ldal LalatrcinB of all !roc.$c:
!vl,d.by ih. numbe. ol ihcnlnl neuttuns al cx.n llr.e
tfl i tl, i crcasc or dccrtdse. Thc liFr nJc rcl r.:.nts
d,enrcrcan in nun$dolr.ntrons d!.lo difiLbion (rr,i.r

G rhs JiilusiDr cocft.ie.l dl thnnal r{1..i9; ti. rr
ord, rh.L.\! rr !cLlroN dnc to dbs.4niDr: and tl,r LLiid

tln {:d..L.l ihc riic$t lhdnnaL D.utr..i
It s!,oulilbs Ntcd lhat th.abru)li!n.lea. rrrr fath

I inLqmrnrr (11) i;Duchsh!Ii., thrn lh. con.rn'rd
iii( qrxrhlr I,, iri frr. {rlphil.. Irlr.lL, rl,t al 3tr
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tion nr a hfiice is duc mostly ri $e uradun. tn hr{
apprornnarion r\ is siren by

(r3)

Ch. IX

Equation (16) vaDishes tu ihe 1,1,1 harholjc, sirce in
tbis qsc lhe dcnsny oJ rhe DeulroN be@m6 ininitely
larye. Tle criti@l condiri.n en be exprcssed, Llcrctore,

lD practjdl sse\ .\ nay bc oI lhe odcr ot naA rude oI
300 @., $hcrcas rl{ in sq)bitc rrirhorl unnird n

'\! hen a tncnal rcutbn G absorbcd by uraniun, r ne\y
neurbns arc produced by nssion. This nunbe. shodd
be incr4ed by a Jew pcr cort in o.dcr ro tate into ac-
couni rhc cflect of dE snall proMbnity ol iasr Gsion.
Lct q be l])e tolal nunb.r ol last neutrcns so onccred.

The nunbc. ol thernal neutrons absorb€d per unit

"olun. lrd !n{ tdnc E a. OI lh6c ihc lncn.. / is
,\

rbso.beJ by unnium. lve ha!e, thoelore,

a:,,.:"+0"

(npQo/n sin or: si',.,y si,, ":?"= l;T4""i"*"'"
,rhde ", - .: + "1 + "j.Who thc dime.sions o1 dr r)ile ar. turiLe bur very
larsc conpa.e,l $ith the mean iicc rath, ihc boundar]
cordnion n rhat all aensitics nusr Enisl ar thc ndacd.
IJ rhc pilc,lo. da.lde, is x.ube oI side d and r]re o.isnj
oI the.@.dinatei is iahcn in one ot thc.or.crs, it ir:

rh.rc,il a, a are Dosilivc nrtaa.al DumL,r6 thaL d.6n.
the nnous t ourio comro.errs. I'ne oftid di,nen
sions ol the systclr ar mch thrr thc J.nonriiard ot

The rjsht-hud side ir tbis lomula is th€ reproduction
factor, i, lo. a s)6to of ibinite s;e. We @! rheldole
{rite thc clitical ondition rs foll.ws:

In most Bses bolh the.Iponent oI e&d the ren added
to I in tle paEntldes are smatl conpaed witi I, and so
the p.evious erpGsion 6r be sinplined b:

ll r.o x ro ,;.ro x ur rvn {ss/cm.i s.c {.jrJ

Naiurrllyr lhepoNci is norprcduced uDiloinly tnrousb
olt rle pilc bcause r n n na:inu'n at the ccnter nnd
dccrcascs to 0 nt rrc cdrjc ol thc pite. For..ubical pite
, is represenftd appr)ainat.t.y Lt

" = ,,, "rlol*1, t,)

(hci. ,o is Lhe dcNitr- .r Dcuto'J at rh. .rn!.r ot the
pile. Ini.sratinq th. lrcvil)ut rxrre$ion (21) ovd all
the lolunre oI thc tJih,.n. obtxirL drc iolto$in{ionuh

w =)+o x ro-.'.,= r2 x ro ?..va!. 
{23)

(' *$i)'",*':,, = 
" '" .s)

.=(+$i)*-'*'r (1e)

, _ ,.i5(i'g
"hekt,. I reDresrnrs lhcnumbErur rrsL n.trF.,Lr nn, llrs rormuta on bc used in order to €tcutare rhe .rtrcal

dtr.€,, in,bc cna! rcac,ion rm(s, atrd Q, reprt$n$ :i*""i":j$:1ilifi::li,n-i:ji1ifl"l";lif,
the nrnbs oI lasl neut.ons pnduc€d by u outsidc 

^ 
= 350 @.j ri : 1,2o0d.,,and k = 1.06, se 6nd lor

source il one is liresent. In nost @$s, oi cou6e, eo wilt rhc critiot siite ol a obiel pilc, a : Ss4 @. Naiunuy,
be equal to 0. lron EqurtioN (lt), (12), and (14) wc rhae constanrs arc nuely trypdrheri€t, and itbush n.
oD climinate all unLnowns except,, ud {e nnd a,a.a ,,i*i" rt* po*ibt" onge, an li practiat-Gs

1. - ,' -;eE- 1.,,!c (F o',;di "1?il'"XlT1'""::.:lj';'Jff*::'-'l;'i:ii::'ff;:
$ r'i'ri r\ J

\l5r t$cdr thepo\dptuduced by alnc and tle inteuity .I
.lp I ^ ,_,. ,", " r,, . , 

thernal neutrons insidc ir. RouslJy 50 p.r @nr or the
'r'r:,3NJ v., . "". tle.mat rcutrons absorhed in apilc sivc ri:e ro trsior,

ard dE ene.sy rclc$ed ler nssion n ot ihe order ot
r.lolutiotr ol &n equatioD isoLtained radilybydorelop 200 \fEV. This contrponds to about 1.6 x 1l]-i crs:
ils.bolh Q. end, nr a Fourier s&ies. Thc gcneol rcm pcr thcnal neltron xb$rbed. Since the nu'rber .l
of thn developneDl, coEesp.ra;c to Q, or rh.to- Q. tlem3l neutrons abnrbcd pc. u.it rol*" i. './i,sin -rrsin "'ysin a!2, h: the encrgy prod!.ed is.pproxinatell



:

ch. Ix

I

531 .d, . N. ntr.l \\ - ll rr ! erss,i... Nhd rh. pit.
r lL\ rn,o ,

ir.ns nr tlrr..ii.r n rh.r.lon at).ur niy : L tor

ljr.:.rrpn.\ or 
^ 

CAptrrrr t rL rr
\rGo\rE L{..Flrorr

lh. 6ri lrilo rra, drcr.d un([r nt \\'.jt Slxndj on
thc oDr)Li oI th. Lrifr6nt oi crica!. ar dn: frt ol
l9ll AIlqh.\iris b..r.p.ralel tlnrc id anrr Donth
it nas nL\..1 {1, rhr,\rgoror hL.rinry, tr..r Chnxqo.
\hrrr n h,i L..r u,il lnril rd ntr rari.ur n.r.arch

Tlr.lxrli.! oi rhal lrll. i. nor th. iarrr ttrturiih!trr rhrl
ilru.t!tu Sii,.c..lr i ll an.ulL.r uranirm nrrial
{as xf.ilxlifu ar thar t]i]r, rtr,rrl hrj Lru u:..r] ir llir
.r.tal iitrrri ol 11. J)rlr I rl Lrrirltrnr dri& ln t][ !uif

1|o i,,t4!rr .l orrrnli.r or I r I l( ir r.conlrl Lr a
nuo,ll,r.l Ill]. i.!r/1!or .raDLrri ..okdt1l 1. rrLlrli
lics rr u lrLran.irnf.
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Sn,( thn pr . has no cooliljg .leric.s built irh it. rh.
p!\re.J,nhrc.d n lintcd t,r'rb. r..cs:jr, oI a,oi:Ltrg ai
exc$in. rDJ)darar. risc rhc rrih coutd h. oJ,rrat..l
rDd.nrirdr ir a Doirr ol I L{ ann i: orr,n op!rull.t ior
J,rriols ol the orlo ri ont or t{i hourj up io,r)out

a)r! Iulrn: r\al is !at.n Lql Ior n.utroD rt,rarch
tr.'k ii.th. rlldal cDlLmr. a coludn Dt s.rrtir. ha!l.s
slncs !l rl,olr j r s Lror, rrhi.L jr Lunt on th. ccor.r.l
1l,r lrl).1 lhr Lilc anrl!Dr! rhr.u!tr rh. roD sni.l.t. Thd
ncutros ih3r liriun jtuD th. )jitr irj!) rhis oltrih ak
ral,illt (du..d t0 ${:rcraL c:ruAy j) ihat llnr f.utr.Ds
Dsilc rhr c.luirn airr n1r nbrro h! t.p ot lhc Jritr xrr
J)ra.Li.allt Iurc lhtrnal r.trrtun!

ThrJ,ilr i..h. truiUrrn \riti i r!ibrjot L.lcj rn th.
shi.ld.n l ftmorrbl. sLrnqrrr !I {LphiL. thai.raic it
lxijilill l. rxrld. ph.r.rn.in in'i]. tLo fitc or to i01r.-
,luc. ;an,t)l.s i.tr neLrnin lnrdiriintr.

\fhcr rl].l)ilc iJ ot)dar<l ar r0D t.x j rL.ltui ot ihor
nal neur.r.3t dt {:!nt.r n nb.ut 4 X t0Li nlu

gh

23)
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NOIrE ,ANIID IN IFOO!' CONCIRNING E4U-ATION V]II.2I
Accordine io lagel42, the mtrix elebenir ln icolden Rule ii2r ' 

elb' \I\I' 2 '
i" . """it""ri .-r.."i"" r- variouB final 6teteB. To lnitcat6 Dor€ e'Plic1i1v
rr.rt i" t"""i bX '.uitahle averlger, ccnsld6r a itan6ition in Yhich stai6 A

co.e1ed6 of !"ii"r.e I ed a, a;d these @v ir€nsfoln io lariiclaB B and Er

A+a+ B+b
The retrix olenent xill be the EM cf eLl tat'ix el€rcntd beiYeen iniirlal and

ii""i 
"lrt"" 

of all losoible valreB ol Yecio! anguler Eoa€niw (t'ot'el nomentu
aao ilB lro e orj. drr'roa br (ne 'rJo€'o" letus:n tc 6u ne aro'' or
te.o€ !- s r 'lA1 li\?Ia -1)\ -IBr "l( TlL-). .\or" lA. ro. ex@o e. 16 he 6F 1

or pe.L' _e r, 
_'ro, oci mBLr'v-e eo_-i6 o! "h cr'ia ro- snella' Dob' E

ie conocrvaa It 16 ihle faci ihai akes l'he nai'1x eleeen1'
d6pend on iL6 flnal Etate in ihiB !a!ticullf exMFlo' (In oiher lionlene'
tn; EEtrix eleEent ray depend on ddditioEL va.ieb16B, 6uch ae direcilon of
eEiBsion of larticle a.) Writing out ihto aveiage,

i* 7':.L: t> I ..- r2 v".* !-r.-ra e!-
// "r.Br ,\ Jr i? .E ;, 'a4. B R? N.?-.....?L.r lle...(lt"_n

and thl€ i6 ihe iEuliahle average'r t,o !e insertod,ii iLi6 parilcula' ca6''
Noie irhat foi tho lnvero€ reactionr te ge'" in a siEilar manrc!:

'" ''--->in. .'trr.- ;;JN ; ",6+r^
Ln lccoldanc€;lth tho siai:oBent on page i45.
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.AflEf x. coSr,u c lALs

lil"i'"..1'li: :::.Hf;iT: l: :'i;:;i;'"i;i';'Btic enc io :c/v'1in6' itB

cne!ry if i1, ie ron retar"iv!o'"i''

,')

tB,.

r: i ! i.ier.1 i s expan.li ri,...' 
" 1 :" i::i.."1':: ";ii':"fl :ril:]",Lut '.11e ,r.es.Li tr e'i'ice tc cxl1

liii' ;:'li"::,:lili-i:*;"r;::.lr:::3".i:l i1'r.:" ";"'ush 
b"h

.,,.,',:i;: ; ;:l.ii ::'.'i:":";::;;,'::::" ft:':l.i;'":i?:;'i'1.'11""

. ,. '' . ' i : - .t.''

::; "

""". :. 
"-'"' 

"ilii.ll""i't ii'" ."."':..rrr,"-"r-li'; ""liili;"* i: a r{i and thai'

. ' ' o u' - l ' r''

" '",, . *o

'' ',- " 
t " :" I :'"" 

"-l;;:' :;1"';: ii;li'l"i"ii'i;ii.;":,;::l*;1: i::"lil.;;::lm:""
:l:;,,1:i";':"i"i'li;! "li;'ii.";';;'iii' ""0''r n''' 11'1i't*'

A. ?lrl'lARL lA!-ATrOii

A c, 3r:e.1 co e'!i. -r- .llt:li.i!!'!iiili,li":":,':i,:"":i:ii, ":ii:;.i:';?"::'";i I:::,:1.;'i';'::::!:1. ;*;:tii ::";i:"";*".-"":l . lf tie ...r4ri oI r're Par

4"tii;" ;:.:1,";"i;tl, ir':";,:;';:":.::,"::'"":ih" ft 1:rlll!i; t-:-
rn.!r1r;1. 1.1.3.

-..D.r:
- -.;, . ,-

'.,1.:.r'f,inelr br !ot! i]1e €:]1'
, i'''i.,,"ii"-"".i:.ic's veroc:rir arld :! vcctof !cintec resi:' t'or

;:' ::'r:i:';1,;;i:;-;::l:l",lr ::'l: ;i::"""'':"';::-i3i3'i!"iii'""
ii ;r:;i:,;';:";:""-rr;; (tr,e pran€ rdclNdi'!r rorin' sonthr

errnr tlt zclith)' liii = ls Y *'n ) x l

21 a)



215 ?rillarY Fadiation ch. x

0bservatiors ol ihe Zeenan ellect in il:Le !!ecirunL 'f solaI
!2 n o a: - _ 1' : o n'1
..". "a. ' ...-.f'j
i;. s t" .' -- ?l

""- - :,1',.: ",:'i:;: :"::":'T"";,":;:i,
1""" 1""" stl'onger l0 lears aso thsn it' is aol''

'' 9 ." ' 1:, -'_' o b '
'.6. P

.."'""..
;i"-:;;i;;;"; or fr::i,1ra r!rt.icres fith enersr as ro'
Llr! 

"-".
1 o :o - ^ 

- 
-t'r,r eo ; '. p -o ,: "

. .00I " ,o = o-'q : d- 'o
' :"".""t ,,

r!i. i,rre t,o. of t,he
ijcles, rosr-lY .rotons,
iiofs oI outer s!.ce ai
iii r:r t.lirc bY rore t:1r
r.ri. E > 10 Eev.

.ir.srhere it a|.ears that lriJir3r t I.r_
.frive is'rtro!icallvl+** lror nll direc-
A rrte tlel aitarc4ti]' dces not var'.'t

. ler tcaLts oi a rercent :.r lariicl'3

effect ir:1s i:todani t. stecify
T ABT,U I sives 'LLe toial rerticaf
- _:' 

,

Bcc.trse oi 1.". latitude
, rrcn sivinl i4t ens i'!ies.
intersit.r of larLiclcs ol alL

l.rragnet ic llti nrce , ,rt = a:o 1'; ,-5aoN

a<239

0.15

(l.l: 0

?l
?)
:) I
l) n 10-4

0.06

(:.. l i.r)
(1.0 r 0.31

';'!i-f

'T aELI {.I n:11i'!l int..!:ii/
f'.r. cF.-i ci -r :t"r:di.n_' t

+A 1i6i of refere.ceB i. llter eL the 6rd 
'i 

tle crafier (! 216)

; :-'-';-;
o"s:r..i'-"'''"

{.s.hein er er., Pnx.. F.a. t9,615 (tl)
u"i'i,.' '", Fo3ri " tLIlrEr. l:, lrrc2 ( '48)

str anl !.iesco'-e 7, 1/1 (L4e)j Pl]e Rer' lt, t7 { 49)

*-*tltl.ere thiu is ererg'ticslly ''6ribLe aa itscuBrei ir socti'! lr'

.y !
' e'-. 't'

"' - - .. B o P' s

;. -- o

of .ri_"raxv r.die Lion
i. e. .cr nnil, sl,lin nn.r e )++++*



Thc enersv srec Lrun iIIG.
(lage 14? jn rel"rence I ai lhe

T.2l is discussed bt llontgonery
b.cL of this chsl-'ter). The

srectrufl oI Fie. l{ 2 coulo not
b; observed Et anrf Point on earth
orher i.an at ihe nalnetic PoLes
For' other l:.iliudcs and fcr a
olven d lre ciion oi incidence,
;nlv ihat raxt of tne sleci,rm to
l..."sno
(rhF tot 3c1fe .f the FiL . elves
s sneciEL case of ttris -- ihe
eenlral eouatton is 4.14, ! ?30)
errives at irhe to! of the e.troos-

I]. SECO]'!'DARY R,!'],1TION

UlorL enterLng tie atnosPhere,
the.rinarv nartlcles colride {lth
nuol;i. fr;eina or creatins all
rhe knorn fllrd a.mentel !art,icles
(.nd nayre nore ! ) .

The heavv !r:n€rl' nuclei ere ne,hsorbed (broken uI) more
."lioiv't1,." tn; Itii""" rn". nnc:Lei al r Z > 12 dise|pear*

". c-x/ZA liher-aas the sort of lroions that lro'luce snall siars
s p6e. . or - rl "s '- :0.

Of the inierestins heavy-nuclear !'llj'iions in ihe lo! fe\'{
-. -; ; o '-.!'s,r '.. : ^rt

I.d'c :1o _ Dlotv

Ileat e stralL discuss the seouence of events {tcn a tigh-

".".qr. "i.r""" isay a a Bev lroion) colrides lJit! a nucLeus of
nitroi;.en or oxtrge11 and lroduces a larEc siar.

Iirst, .resu-rebllr a:ier about 1o-23 sec, a fe DaxtlcLes,
n rions iri'mesons) rtirs one or ia'o nucleons' lor er'amlle, are
."i. l." t" irt cEs; of neutrons, sulposed) to cone ofl nearlv

iootnote conti.nued froE leet page:

In none oi lne hiFn eltiirde neasureeent'e froft vhich the prilarv lni€n-
...:;"; eo o oe.:o-' EF'' erde
:i ;" 

". -;- 
.- "' e o' aI t *.BlF ' i/ 'd- B o 

'ora16o
,; :;""i: : '",.,-. 

"- " ; 
" .", .- oL, o' ivc .€ oi,-

.,... u-.t_ e " . jelP/ o -o)) f o'v eridcr's l/' Br !\'
urraido rraciion i6 ne61i!:iDIX 6Ea1I'

+9radt and !'etere, lhYs Rea. 15, 1779 ('49)

a*!iar.lEk, rhr6. Rev. 76, 11t6 (.t49)) Lelrince-Ri.slei, I!X!-&LI!' lilir)

r,iruleizer, rhYe. re!. ?r, 12r, i'48)

1,:1.bN , for e la.i,icte coliig
in verilcalty xit,h 'oDentm !'

IioDerttu, tsev/ c

FIG. X,2 DiiferentLal BFectnu
of !.i@iy lrotols lirifi.g ai
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straight iorr,lard*.
un.lers Ioodl*sannas,
lni,o cascade sho ers

ch, i(

fnltilly

Se condarJ Radiaiion

also credted, ly ne.rs
electrons, llhich then

(p.4!).

A!.rt irotr: crea'Lins !i.r:rs and cailr-rinq oIf Loc..1 nucleons,
ihe ligh-enexey p,-riicle a!r.renr,1 larter troriions of
t|e nucleus. Pe.ri of ihis energv rav erentuaLl-r be dispersed

f1G. X.4a A nuclear iiterectioD cceurinE in a lhoioe.athic
erulsion ex!.eed in tlLe etretosfherc shoving the

!atLrB of 611 cjarged !a.iic1eB (neut161 f!fi,i.lee, of ccur€e,
do no-, leave any tracli) , The liEl:l, track A of deaeloped Ig
eralns ie lroduced bt' a proton oi eeveral Bev hinetic energy
and ie inderFreied a6 tle incidenl, Fdrticle rhich ccllidee
wilh an atoE.! C, N, or 0 in the eNleior, The tnree heevt
tra.kB ar€ due to lov-enerEy cvaloration rrucleond. Nire
liAht trecLc are lroduced by laitic1e6 enitted in '!he eene.aldire.ii.n ol l,ravel of the in.ident perticle Dd e.e al1 re!a-

Tiese !ar'!iclee oat be ide4tified bI exsaininE 'ureir 3ra11-
ongle B.aiterinE. In 6i!,i1ar caBeB it ha6 Leen sloNn tia:!!
day, 1/\ ar the cherged reletivi6tlc !orttc1e6 ar€ Fior6, l,he
.est Ii.otcns. lhotoAralh lry J,i, Lord r.i Mercel S.hein.

o) o'or - e: .j.'o

I * rll
',/t , t Bou

I

\(,r
e,38cv

I
I

i-'*

I rl. i..cident larticle ie o

/' N.h zrea\er, \^ae d
ln r e Lee E

''e. din:Eu 
-( 

t 
'

*I'here is coneiderahle iniereBt in del,eminins the rela',ive ib.ortsnce of
'd l-r!o'r!€ Fio ro-D o.. A,.i p.,o1_u. :"..- """""8--aeral plon6 are foeed Bjaltaneoxely, a !1urat collisioa d.sciilee the
Bucce6sive encounler oi 1,\e high-enersr perticte {ith differe.t nuoleonE a€
it passe€ throlgh'!hc dcleus, one llon beine credled fer encoEt€r, Recent,
dEta faror altille prodrction vjth 1ov 'Nltip]tcity" (Loxd, Fainhere. and
s -:n. o !e. "-..80. o7o f,rt): Fe oi. p\r6. oe.. or, "U t':_),.

!ro'o - dr'-d L .- (-al n6ge. ,6oio.6. 0!-. ".0 4i_Bon (fro.. P \e. so.. -o d. o t-0.{,. , ). .6p;r-
a lrloBitive exc6B.t af r,fr +,. 2r/. d.p6nd.ine upoo tire proton energy.

1*See footnot€ pp, 22la-b.
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Fomatlon of secondary Fediation

9 
q : - - - - : L .F . L ) - . o 1 I.-. ,.-o.,.'rleo-- ,. l_viL F r loro: vel .n{j: -o.. r: o o!0 Mev) evalorate isotrolical]lr'*ts discussed-or pp tO: :t. sorLe

^ . 
r C.. t.4n -o b e t .o- oi s-e-..aev klnetl c energy) .

Or _ _ - : o o:: --d ro I tow. n s._ane r" fotu.rr -{n
- 3 :u .'-q .,1 o...t...s6 o s.3-t ..q-. t.-...o.o lo - ..-o.. -o- " to-

t r. Dl c a 1ft:-
A given collidon r.ar have ctr.racterlstics so:eahere berueen

r.-|.'.06'.'6ddoo!6..\o'''.''
ba .dD r'F1 Lv - - oe- ; _' .' c o ' db n.. aer . ;,;.i' -'"

Yhl1e in th6 nid6t of definltion6, ie Digii ds welt 6x.Leir oobe other-osdo ",.t 6. .,n " ., inu u*r".".
{ burE! ls s sldd€n 1o.al incr6ao6 tn ionlzaiion. obsorr6d in an i.ni-.s to, ..eDoo-. Eve, s dslr eta. o"y.ag:6 -. se s b,r, .

. .In a Fure leretr.lins shorer, a r,ube. of Fa.rtc16e having a comon.rigln lravore€ on l,he ordor ot 10 @ Fb or bore,ithoui a"y (;lecrronic)
!asced6 EuLtirllcrtiotr. A Fure p6n6tr&tiig stoer i6 of .u"f.u. o"igi";
hoy€ver Ea@aa ar6 cre&r6d in 6one o: triese !i-Eh+.orBr (r6v rang6) 

_

shor€r€j 6o th6re @y be an ac.oaF6r.ytng *"""a". s"* n ",urt i"itio"o"'}o Lo.g€ se sd€ a t€s- soov€ bJ be .o,.eo a !e.-_traiing enor€r.

. 6 -rave. ih6n a h6avt ionizins lariicte, laftic!1sr1y s ato, one,toniz6s an stob, lt bey elve the etecrron an iElu1e€ euffi:i."i, r,. all;vit to produoo secondary i..izariotr, Thue re oee rrdcks (, _reys) ,hr.hpolnt a{ay fron the ra1,h o? s non-r61at ividric hcD,y larrlole b;r have a
coDponent alonr thie fe1,tr il. the heavy partlcl€ iB r€1stiviBl,ic.

So far in our chronoLogicat lurr€v of {trai harien: Lo our
-? ".' -o ao v o r o -nd.o- " ", " ". 

.,.
stratlng our renarks./riit iie curves on.!:l!:t_3, {herc rhe ;;at_ation 1s conveni-"nrLv analys-"d into,,conpoirents.,,' rie !;;de;"--should be {araed, ho{ever,-1ih3t ttr. toliorinE ,.nar""i. 

"i_ir"o i"-"oq: o" -,..o. ".:.".,
-'_o- i/-o. -- .4.;.,'..: :l-dp

o r "-o- 9 :-..- .. o . Lor- _-an ly al_!ios. ^"1 \ ".. -jr,,,r,' ot no b- o- .o. .o :_-. e.! of - "-- -" ;; . 
-.-.:";-' .a).

dnd Perklns, P.oc. nox. sod. A196, ,2' ('49).

*rlr€tle!, Prrys. Rev, 76. 9l' ( 49).

***In tfF ch, ey6ten of tie nucLeue, Dt 1,hio is a.acticelit ihe lab. 6yets4,
Bince. ao ca. be seen froE the lhoioE.atnB, the rucleuo iB not obeervec to



2,2 A Secondary ladiation ch. x

As dra n by Rossi on FiE. f,.a, p. ?22, the inieilsity ot r,he
N -o l or-- r :a l r.:.. .'0'o. !; er;c d'o| r
w.. an'.aD..-.- ab6 o|o c!--ss, ror jL.. .o. o"pr:on 

^- i^k e , l'o_ s o_i of g c- -h' Fxo_ :n'nia -€'' or
absorption nay be considerably fess i\an the collision rate,
. .1^- Lie-- ai- ^o ,: e' only . 4n6ray o- rr p
.u.tpo s r.a. g- o- Ln1 ol' .. o .oo _r'
actulf Lv increases.

t'!e d€! a'a e€oocllica_ o r'e on 1! '6Es
'...r. - i siL g @

trhere M1 i6 one atonic Eeeo unit and d i6 the cross-€eciio@l

ar6a of an rairn nucleu6! : f lt., I' x 1o-r3 )2, ve iind
Tco1r. = ,7 s/e2, 6\.\1 one lFlr of ihfbeorpiton thiclore€€

€ho{n in Fi g. X.6.
For fuiure referenc6 *e alEo cElculaie Tcoll. fo! nucleona

ls€6ine through Pb. It i5 140 e/d2.

Bot| F:rinary and secondary protons itl produce
stars if their energy is 2 o.L Bev. Befov lhis

r3te of ionization increases rspidly (see lie. 11.4,
ihe lroton is usually brought io rest.

These will cause nuclear eveni,s until their energy
drops to the ker range. ,{fter this they 111 con-

p. 53) and

tinue to lose energv by scatlering, untll they get do,rn to abouti
f Fe, 

^ ete F\ ^ _ - ao o,ocd b7 r:lroge". l-s- ne lLro"s
rroolc- 4 tn'r "', n,pt r-a r:a-. t n"".a'tl:...-,N'' it, OO y, .a { .'! -sl:o _n i!j1[ s 'i -o-l-
fibriw! j/rith the air) wilf be sfiahtly hlgher l,han the ratlo in
dead organlc matter*, ,{ delrerininal,ion of this xei,io gives a
good indic.tlon of the age of Fn.rcheoloPical sr€cimen.

Recent data on the neulrxon conlorent €re Dxesenired in IIG.
x,3. nDon whlcl v,e shau nake a fel'r cor rLents:' t. 'rhe variation of srole (absorltion ihickness) vlth latt-

tuae is to be exrecl,ed, lnd l'Jould also have sho n up in lie.
1.6 (p. 2:2) if eouatorial tntensities had been llorrted. This
variatlon results silrrl)]Y because the hlgher average-energy
Drinary Drotons at snall latitudes produce longer chains of
nucleax even1,s, hence are !bsorbed ]ess ralid]v.

2, In an aloclypha ai the end of ],he chapter we discuss how
1if-. enlerimenial left-hand scale is calibrated to p.ive i,he ab-
soluie scale a! r,he righlr, and 'e loini, out the connection be-
i"""" t1".. neutron pr;du;tion rates e-nd rrhe prol,on intensliles
of Fis. X.6, p. 222.

slow neur-o' .nprs/ dpns-,v Af-F- ! e en"gv ol a neL -
ron i=-5€r::?n--iEtru-Ce;l- .t'=;:F-IF
Lhen 1'le cnera/ dis r-b lior o'-n'"lo/ b'del'r_
nineo ov Trlfdi p. la4. r \\' :- c uo' n E "1,.roe-d-p--o'nl-
s rl' ui. r"ctor, -ha F1er.l-disr -ioufon r^111 oD'v Lo e cmo oC
ai,nosphere and nv vilf be siven exllicltlv bv Ix.loa.

E:'p'r'ne a1]J, lor '.e'e os ene-g:es:
-scat. = o.ro cnrz e-1. tnus i,he nean free .E1:h, L = I/a -

*Llbby, q1fg!!9_1f9, 678 (r4e)
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ch. r lle ltro.-s in Sec.nt.r] q! 11ation 221

^rad"'.rr. 
DEfia t

flc. L3 AT r-: re.t il-qo.tii.n.I
rldi!iio:r;rt r!rto..L. na:neti c:er,i, t. 2i:ll.

I
5

T

i
9

!
5

.i

aeu Lron-rircduc iag
L3ti*"uqes*. See

a: r =

Frc. X,4 Di6triblti.n ci ihe quen-
ttiy n! fo. lor e.erCJ neutrona.

2-,tt gic::,2. To ex.res;r --his in-r-.n:s oj 4 lengih,rse p air - t.:t:15 x r0-3 s//.r3. Ther L - ::ec cL.
o.l

:.155, s. .. energ.. ir reducei r! 1/: inar.rt 1' colli sio:rs.
.ll0t15 jt 7. crl g-, , in eir. E is cr.ressed in ev.

:h-a!e values :nro IX.tOa, vJe rt:rd

| '-/-
'l(E)V = Ah) E e '- voll F,' -

i'here E is ir ev. The tor.n
.rl 1,his Ce.en.leicc is itl r-
sLr-..red in ihe st.e:ctr.'! fett.

A iore coln t.ie ai s.ussl oris f.ive: 1.,. tsetlre. ;:o.J't. :ni-24 o 12 3 4

iog neul,roiL one.Ar, ov

, .irrri llran, !|r..s, te.r. 74,



secondary Radiatlon
3. V-. o-- D:o,s osy 06 roou .-d Ina,.dF. o -, . .l- q.. I.s st:ted in Ct, VIt,

an:/ star caused iv ar> 5.5 to 4.0 Bev: Eui,

ch. x

T*t,
nith a .nean life T =t0-A sec in

. (1)

tli.r rest srrF,!em ot the

"."::",;""?i,l'i::$"i.:".i5.u::..i";33",ii".."'^"rr,us. a iair traci,ion of rh€ nuons oitt *t;i i;"'.
;:i:l ffis :,Ti.::':"";;: ::ff;t". roo0 n of vai:er

to-7 szc. 1or uz t4nlt - l g.,
ebort J0 0, dtic,! 1s nes-
the aio,rj!dere.

- 2,15 x 10-6
w/Iu -.2 ,

:l
,,,|

i

6

Feletivtstic muons are nuchiore !eneirarjng than retativisti.
lrotons. The .rain reascn is rh:rthe r!o. nucfeon coflision crosssectiorr is smrU ( - tO-2? c02tcon -r"d wirh the lroton_nucte;ncross s--ctiotr. In .{idition the

1os5 _dE/d-{ stavsclose to itr. retDtivistlc ;inlnu.iorm to energies tower th.n e HevoI so fhere s lroton starts.r,nslo\ do,rn and aonseflentlv toIo41re iniFdsefv. The sr--.t di f_lerence in rre renetrattns oower01 uo.s lnd lrotods is itlustrot_Pd lry Fi:. X.6, Tr. 22!, !.rticu_l.rfy for farse vatles oi x_

- FIe. jl,5 rire: the ext erlmen_lrL nomPntulr slectru tor nuons .r

Mon€ntu, p, t. l"levlc

IIC. X., Difforentiat Dorent@
6be.trD ofrrro at €ee 1ov61H

4. Electrrns and qamas (the t,electronic con

.:...oi6.. .. re e'o_.s :;1;; 
=6 

rrol

: r,^i,il " -"",; "'' "":";": :-": - ":". "-1."i;.i""..
;- ";':::- :..": 

"". "": -:? .,- "' "',oo'''i:.'..'"'"''o.ool .o. " ," r '" . " -.- .. , ." 0;",..-, "- 
:, .: ' ::";:":" "-

'" "::: 
"- t'u 

"- --".' :J, 
" ;jl:,l.il; . 

; ."-:r ';';"

"." .i:T;:i,:5":::':i":lTi;:":-**nt are i'knock-od" erec*ons

t-1r)r(1
as discussed at the beginning of Ch. v.Lr.

"f,,1':::":";l: .:re:."': !l-"'=; :"'"r. 'or "re r, "ns -y

.:;*;;,r': !i,'r;1. : ".'i,. i" ,; ];":"ii"";l"I;{;,xl:"
:.'-:._ -u -_t i ' v-rv- oi - L -s ! ac- n L, auliper one querier of ihe atnosDhexe

Tho oolllsion thlckn€ds s;6Es r,o b6 sboul, thei-.1, Flq € . Loc{. a,dj,tL:-r.sd. pht1.r4aq. !J,..J.G. Vi1sm. N"tur€ r5e, 4rt ( 461.
4r) ( 5a).

"'As vl I b6 o€iliored or F. )r,, hr. Jro dov p-o1on6 ".o! lhe Berielsv.ycr!,ron ere !n.loen ,Fon s .s.s-r, s€mss D,€ ob:.rsd onl. _ ** ;a")



0i1. { 2:tn
., r]:!'ALIS]S ]]iTO .]AHD A]!D SOFT COI{IOi.E::TS

To.trcte nossl: rrli is {eff knovm iilrt the curvc {trlch reDre_sents tnc colnciderrce rete between tno or nore E_r iu.,es arraD;;ain:r stralg.t llie as a lurciioi of r:r1c t.:icl.n€;s.i:r tead tb:so:beI Jlaccil bei e.n thei sho{s a ratlrer sudden ch!]l!.e in st..ea'i e thick.ess.car 1o cjrl bei.1r steeper for snatt tlii",-"""""i-This flcl: is due to iae presenc. ia r]]e ccsr-ic radiariol of elec_
I o_ :ti :-..-

.r: s-rs-€ :o oi L .l ."..hiclcs into a ,rero ccin-roiert, tILich i,r.rrd!! ar, u'rricrcs" cal_atr,o. -1. : .: -- "..a s so. .o po

.1ric! Ll the criLrl.El ihirL-rq- 1s, ol,course, sone$,hai arbit:rarJa.d Ljire subdi!l.si.1 of cosnic-ral trerrlctss irrio a har;..a " ".iicon,Do]reni tias a ner.lnC onal i,ecause i]le retatlve l.tenEltles ofiLe t{o con:po.enis .lepeids onlt sli.trtty on l:ris ctroice,I
Rossi d.ij..es.:he criilcat thictr.ess of tead as tO? g/on?(1.a.7 cn), Itren the tcac ls rerrorec, tte sort pa:trcres i;ve torrralerEe the.Ltliivat.nt ai a A/cit of brase ln ioins i,et""en tin. .-. s. tv-

' ' I . " - - l'.- - ro". .s o-oer tn- "",";i\.1r secoldarles) (ay pe.eirate i6?;/ 1.2 !b ann 5 .. 
"-,? or'rr"."".

Lrt,erir-€ntallJ, r:he situailon is stlo,,lrr in TAALX X.IT.

for dLft of the ete.ircnlc codpoiext

A t'nost .robe!1y las a r€ai
inroe€ib1e ior it t,o aecav int. a
the I bd !- eay act a6 a virtual

: -----> (foctnote continueq fro& last !ag6)4a- Eorl.l naetly ln the for,ard and hack;a;d-
directicne. tor )OO !ev lrotono.d= 0.5 x 1o-"c@1. hut d .iE.Fs hv
by a lactor af 1, 7. !., y rO-,1,'
at t A e!. lf ih6 cro!€-eecti.n
..rtln!es to r i€6 .vt1d ralidty Hifh
lncreeelng eners/, lltt e..ount

in t,l,e upler atnoerhole.

oi aboLt l0O a, eo ihat it ts enersericalty
rro_o.1. s d s, s., Fro:o..otei6 iol the reactlon

ThiB prcce6E of erisaion could be dxttein€d viih dhe help of a neutral&aeon,r' (These neec.E can be ttolaht of aE *pL,i,i", -"*,ir.""* i",.".-1n r.he eue {ay r,har, ,/ andr-exllain- excrroge i:;;;;.j" 
--"-'

n"-:,f* ?-- Lr.
:l:.: ,"- *- . -:" . . ",.p i..--e- .o .D:. rooL"l:01. rJe aean rc

r"i.i ',,i ii.:":: ' :"": :: ::,:;" , :; i;; i-;1":";; :l"i::.,";.;:: ; : -

":*"i; .""'" : ';"# ,l'l :: ;:;;:;";t,ru:g';.;;": i;" :":";";'f;

Ar e.ti, ely differe.t rroce!s iha+

1,,. ! : . :"1.", ";'i;:;:,,t:..,' 
t,",.rt ii.; "i!.'i, ii",l"i;' :"+,'^I: i,.

;";: ; " "::;;.;: i.,lt" ; :i-l,il"";i3"";;i:i;;"i"j:].:':'; :- 1;.,

;li;";':l:,i".;:",::{'nverv dudelv' tret th6 F1;e 'iuu "o"ti""" "ro.-s it"
*At lov alt itrdcs
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ilard and Soft Components ch. x

E

!91. !9j1. !!yq.
29, 6 (t948)

'rc hirr llmDoreiLr ri^

600

!IC. X.5

) > 450 .

aoo t2aa

TAII,E X- TT MonentiLn of Hard and Soft Componentj

Fron ihe T4BIJ ir rilt be s{essentia[y rclativisti. """"-",'::-l::t ]:e hard conrronent ls

E.1ergT *\- 16? s/ c,112 pb

1 Bev/c
0,3 tr

!.o

.":

l,Lod.niu,n to !
?enetra te i
5 e,/cnz rras s Ft, ,d
l.4,lev/c -io. oJ n

ro rLrevlc I
Electroric Conp.

l. o Bev
0.1 Bev
0.5 lle v

OL. o i"" , -e o. TABIC --i

ftl .f'6 oooelrs aF.esEa.y -o ersb € ..-s. .,,"-_o "..: 
.e. o,en-1.s1€9'o 'b cob€s l",ob.-ts.tvi6.i" ton ua_tor toee *r"rr",:o-". 

..-'-
by cil1, scrEl";;d yneae, !nv€. F6v. 7a, 7r, (,4r.



Th. x

6)

0,1. x Il.i 1 !ol Sr:i f.r-orel s

- ,0. t6-7TGIs)

b,o"

tl

rrc. x.7
Vertical Intenoity

400 600 800 to00 t2oo

g

Curves .f'!f,. .esuttE oi Lese caiculatr..darX be icunc al the le.hof Uo.ig.ke.y,s bo.k. Ci ..uree the.e rey {;1t tre e r,L.leur ..1_':6 o - .. .- -. 
". "

ror trctone i,rir.:En tL i! 140 /@2, -""i"h i" ,".r_ "r.," i._ti"''"'!llickne6s of ri !r.ier ...-.ide.;ti,

" o -"o l'"F ^

'o o . -"
"" .__.- :-. _, ;'4") o .- o:". .: ----- .--d.

, ,.- .o..-0 .:. -o . ", -..,.;,inio sc.cu.d r.he iiener r.reir;ti.A foser of,letucs at lovrer e.er-'.-" ,.", :1. .. O

Tq"'o-a ri r.rirllr.u, uei,er! anc i.i.keri.s, pt:t.. -r.e!. a,r, 2)4 ( 4)).

s
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$
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224 ch. x
Tn€ E@enlb redulrod by s (soft) .h!"seo parr:cL6 to perrEL6
, A/d{ nra.6 c8n b6 proo:^to.l E.r6It by u66 of tbe res6 eErgr
equat1o.6 laEed on lonizatlon rooB (1I.16, !. ,2; F6altErrE tu1e,
on tho 6aDe pase, vork6 flne fo! 6lectloitr).

th1le dt6ds.Ing hor Euch energr an olectron rould lev6 1,o
hare to 16 ihqrdrJ 16 bisht polnl, @i that Poberancr0* Qr:lqq.q!!!_3, 6, ('40)) Ias conglde'6d ih6 ladlarlo^ ry ao erEiii6i-
irelelLing 1a tho ,t of th6 ealth anil concludos ihst an eI€ctran
can relor reach tne 6srth ,lLh sn onol$r r IO]T a.,^ Aroo
ho yo ld rcL oxppct o ob66rv6 !hoto!6 vlth E r lort ee.

We are now able iro sunnarize all i:he discussion of Sec. B
and of this section by presentlne IIGS. X.6 and I.?, whlch are'€!-o fToo Co. sl s psle-, p. 566. ,1e ossbed .u-vF eL the LoDof '). so_r--omoone"- flg--F is sioplv tne ba-d ,omponenl in;of 11€. r.6 redra$n for comlaTison.

These curves appty for,t 450 and for radiatlon fron thezenith, For lrhe hard conlonent at sea tevet. the radiatlon frons d:recc-on "ra(in_ a- anAle O rLLr Lr.7e-ith ear:-s roLrhty es

A few poj-ts Iortn noL;.i-g:
A' s.a lalel '- rsa'st:on :s ouc ma'nlv -o fE.. n Lo1 : '6 roLa

i-Eers'rv ls rouphlv 110 of -he.,rlnary inr,^ns'ty, ond
sbo!r l/r or Ll ls oLBl 's "sofrr.At IOO to zOO g cnP. ,he -"rr-ns.itv oJ .he -,ecLrontc componeoL
1s 2 to 3 times grealrer than tha1, of the prilosry radi;tlon.

Upon closer exandnatlon of these curves, the reader vtfL
discover oany oi,hei lEportant racts,

(Duxing thls discussion Dr, tr'e rai had no tlne to nentlon-h- rLer-s-:ne ro!ic o_ e(L-nslle ehow-fs. tarse
'.eo]v:ns uD'o lob pe-rri-Ls-nd--=or;T-;n'e -sl-s oT lolD ev. 1nc
IFedc" : "6rarfcd ro yo-.ao1en o- to h. syolostun of rre
lqreriolv-r-lrv.osm:c Rav raboieror,e^. l -; iak-, Jr.n- t929,which is to be published soon, )

D. MOTION OT CI]TXGED PIXTICI,XS IN TIII TARIHIA MAGNITIC FIII,D

Silce h:s chapr,.f is on.v 24 p€ses lo1s, rh- B oases oe-!oLed Lo parts 1.. 2., e-d 3. of th,s secLfon ar- 10f .lrr-t:",edbe L'e:r sm€11 -.lati!- looor-.€.ce ln .osm:. -sys. W. we-e u.-
ab1e, howeve", to give a sal,isfactory derlvation of X.f4 aoreconcisely. The reaaler who is v1,'i111ng 1:,o aLceot thls equai;1on
nay omlt parts 1, and 2., reading only the resutts at the topof paee 230. The notal,ion used thero is as fotlous:

ls the geonagnetic latltuile ils the anAle that the trajectory of a cosnlc ray pari:iote
nakes wtth a yectoT polnted westi

is Ih" chErge o" -he D-lmery oarLlcle,
's Lbe nooFnLun o ' -h- lfl.4afy part _c te-

sunxmary

)
/
z
p



ct-. {

l. !r1ie.ior1eg--'------'z-- F c ..1o o ,t (16 . .o I . -:: _o. -
":-.. ._11a capo6o- l, . o
ero,/eerss l.cated scveral hundred niles fron the cen-er .if the

""iir,- "*r polnting roug.1"r Eouthf Iorth is r.e!e detlren as the
i:ilrccti.n iowar'ds i1]e earih's Iorth i{ainetic I'c,le, located 1.
th€ Naradian aloti c reglon.

FIG. X.a sli.vrs the coor-
dinate sJ.ster- ve slEll Lse;
notc that lr,ro z-aris Lies
along :ie eartl r: nacne:ic
axis, L,rat the anrl€s are de-
iine.1 sonelatrair ciifereltly
fron thos e colve.liionallJ usec
in phf,iics, eid that icr a
palnr (t,),4) orl the earthJs
s!r:!.e Lr = fe = ..= x loL
.n ), 1 a.d ! a-'. rest ectirelT
the neona[netic ]a [ttude end
resL lonF,itude. Ihe I'e c'i or s/ , ,, t,, i"o :"'p":,,., """p."-[lve].r, 1o ' e :.-1. , i tr"
north, and io ire l.losl. ltrote
aisc thai the velociitr ls
u = Leo, nit2 * '"a2 f :, l,s

The vec l:or Potential of
r.ie €arth's nagne',lc fleld ls

A = -.4 -
9+-- 9,x 9a

k = ers;nl+g^Cosl

I]G. X.g

g\

zL
x.6

rhile ihe magnetic I'ield ltsell is
e6)e. - a'^).

x.7

X 6..ssa6 b- o - 1 r-, ll "o.,
: -- - ' r - O'
ai trle .quat;r, c.El) A pa.'iicle nsv ie co'slde"e' :rs rela-.
fir:elx lnalrecte,l rv r. iI th. ranius of crr\ature, 7', of 1ts crbjlj
le -c 

_11--F r, ' a. 'rl.n \" _ 'lC 3 r'-

"i".rrl". roi notion p;r' endicular iro a uifol1:l Tr we;o'w r:tat the

silxe of eneflY lcr crrerae l
*Becau€€ of loca1 variation6, this aFlroxtualion is !o.r .ear the BurfEce of
the earth, lut it jlproveE at ligh artitudeB.
+* Tbe €queiion or eotion 16, i-= *y'&.II V is .,er-erdi.rlar i.
" .":r..,i l. ir,." + = ri = zj"tt,

?=r-*f



226

Thus we canthat i4e partlcle

Equatlons ot Uoilor ch. x
-.'1or 

,6 L'11d1!d o4ae,o. _€f. l .rr- p _.wtl be .el€':.-,J Lr a .-. :o. :" -.: 
i-, .

- 
p> re = O.Ot x 6.4 r tOB = 2 ]( toa Causs cn1,For Z.l, thls correslonds to ar energy ol about 60 tcv.

3 n.e s s(s.,c raq € r . -,-1 . sr o pe_ o,apaltlcle mder 1ts lnfiuerr.-. m.n,coneran.. ,,e .as s ,,. " ",.'""";";:i,!-F';ll' 
-o r r - i

t = -n"",a:T , T t.yuslng X.5 and X.6 rhls becomes

= -M""-7.y*f!*'i
Tr 's exoresston :s 1r deo-_ ,-." ir a, so wa r ay ,o1,._.d- frontbe Ladranglen eqraLlon o- !orr n

a2L - zt
aL &2O ,O
; 1s a const8nt of the dotlod.

= -Alc':- h--Ll! z. c6 1\ t!' r tta . 7r -^ ,

Ftu^ x.t, v'=;" * .,)" t ^'-t) i^,- "l!," _-V"\ 1, ,:it ; + T" ,+ - Fl .z,:,,1;- r= .tlLv P'. 1

'/-ii

We now d6f1.e / as the anEte berl.,e rrai-crory."r." ^:1,'; :;ij_";"f:,96=l:, :".*"i an" e \"'
oot.-4 - +a:26

-

- l"l=4urt-,t,l gj =,--,n=,1
,-,- !!, , ,, P " - I x't

,- "l::..i-:q:.r"o l. oLr". 15.o;*n-;;=;I;r
T*: ::#i::t:l":. :l b,!::::"" "r.""' *r'"- ;; ;;;;l;;' t:T:;i:" i,,
fl? i:"i::,i::"t+,::-Jt:l:t ;" ;;;ir-;;;,;,,.;;; iii.;,,i.1:;l:"":1"
lil "*;,*:"-::ll:l^ei:;1:!:.1. i":ili'";':::"'";;:" i+dl i:;:'l;I*:":":l: f:::r:]: .1 I p"""*i"a to -t" -nt" 

;;i',"' i"!"i ji.ui:i;ll,-_
th€ earrh that the nas;et1c i".,"r"-xlg i:";";rifi;r,":

x.8

Erc. x,9 HOTION
IN EqUATORIAi TI,AIIE

(c.5r=r)

:y,::t::g":* t.. u,. ir,-.y "iffiility,,, aeb. 7..6
l:".1:."i:i:"":".I:.1-."t tr. i,.*"."ii." "i,i*"Jit,l"i".r "*"".u:",,::'-:::l'-:: :r-:"','' 4 a,l-.ffi . i; ;;; tr;;;'* ;:';fr:fi;to u6o th6€e equatloao to e4faii-G_nortlorn rrgrrte.



ch. t{

aIl

II

)(.8

f.9

I1x

Ch. x Atto{ec and Forbidden Regions Zz7

.t.. - .rf;,, e1 o- o.r. x.ebut all oux e.luetlons witf becor(e ai.,"""i,J,i:""". r,]" t".,." ,E's sr-.Bs6--:,:= E-"",..8.- - vlPr

J,p I p. , p<(.- 6.,, .
(rr tle cxtre:ne retaiivistlc caser !c is just r€ tarticle en€rgy)

- rE J.
,i- s L .- ..r, e' 

"' ! r? | 5 o*'r"

... ;,'j ;4.;J

!. (!ev) = 1f,aL, Rl : noi- ,i
- 1. r s s o p" :

l;;";;" 
" 
ll.:;*";;. ;' ;;' ;";il' ;:' ti. :: jl.':i:'::";;

X.S rro bec.ieg

(For !osttlve partlctes 
)

R cos I os r . .d.l _ q
I s"a. r.* ''..

(Po r

x.10

of n Stdr'-

negativ6 parrlctes 
)

aot/- &!'2 -r X.|

et>: V ,-.,B R

," " ",lPI*-f*:.*,, ". 1,." ;:.: :_" *2: .. -..,:tll:"':ri*i;-::i:i, ;1rr.'lr;liji!;"":ti"'l: ;;.:::.Jii',::":'il"'
.. ,., , " = "-,--"'^:^-, ::: ,lll'.1- ":.-:'""i""9ii.iof B, c€rtaln areas 1r

ij;;.i;l".iljlj!'"*: ::::""1::I;";;-;;;i;;"';.;': iff;i:i:'.,iiil;,ii illl.gi;" :1.""T"":i{:i:;-r;.i"!;;i; i:; ; lillii+: ;i"



I'orbldd6r lreas ch. x

/.r.oa

r

(q2)

z

| '/s/
I

I

Tf is B rrot a <./.t!..

xi, of ea.'cA (z-. xts)

Forbidde.n re, toh,r oJ the Trreridizrt
p La ,e Jtor teierdl ya /r. e., "f 

g, h"
=-!t,uul"" 

o! /oti t; r...'/i;Ze
=?r*..-l-^--- b-*!t o

ty"i*'r"al-" --i.;;-
Jar E& | '
':X"'-l cosl < -t ' 727V1
Kee,/? I cosl>+t N\^.,@

F/G X./O



tl..

2

I P.22',)

x Ch. l{ A]-low€d 1.J lor-riid.n i.. 1,,n::

sleciiie4, Je..s rl :.,
lr: tl1ef. rrc _- !,ro tJ-fes.]] a1 .rc.: ar:.ssi Lipe I !rite.as to

inlil:tt, ano is P..'a1l.il-.re io cosrLic rar i.rliirlest :i.. I is in-
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.ltlusbr:Ltion in :he E.uetoriat !tane ch. x
hF i..r irr..l:iur oI atr.r y. t,t1e anite ol olser.._aii!_r:r i!:L rtunc_

.:

ihe slraicw cf r:he eart,r (tiris case is Li111.1atJ 
"r..i-rt-".'r"":,_p..ds Lo ,rl)ser1.3rii.': .. . .r,r.cLior r,",o, r."'t..riio"i. "----'

ile ncxt 3ons:der'the case ! = Z,AJZ. t_ete therc are tr.
; : ...--'m'""

'' ."' . ''' ,': .tho j.or.niC.jel reition rha,: ij grazes .o r.e!po_,Ls tu eo;r,t ("ie
'."""
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::: --
ii rift rot ilirerce r ir3rticteb J: t"ri.it.., 

"-." il. r_i, i;;".1s a feal ,/ cot,r'cspon.lin! t:o sLci a posltion:- There eri;t i;;-jectotrj..s oI r:.i Ljior confi.ed to re1:ion rr, b,.t ih;s; ;;;';";'-realized-try cosric rat partict.s. ILus aft botLrtioi: LF,._/)o X. 7 .O : a - -. . _serv.L:ions roriid.le. .recsuse r..e p;rricte; 
"".,r. L .;1"; ;"-;.-!ioi.

l'irally, i'or F in i,re nei rjrbo:hood of 1.14, rc oi.t,: i: tooks
sonLe jhj.rrrl litie that shomai rh; bo:l,on,r'.eis. i.id. '[;;; ;i;- 

' r.t". ;tso , -" "-;-";"_' '''.- - ' """ ihEE 'Js r .o.:iLlared r r r,.L!itre arrd Veltarta i" "h"t; .";;';;;._1!r . tl'eatrr er r+

..:
In f15. X.tt r. ittf,sirated rur conctus:ol] L,hat, at a ilivcnlati"u!ier parLj:ctes ot a certa:!, e:er;:X r,ro,rLc be co:1i.:Lrec Lo aco]l. oi incid.nl, oirecrions. We no ;s]!,r,rtrat ,rirr .e :ne gigui"".-i st:ibutior vr:iLiin t1lis co.e oi lerLicte! tn a rtiven O:ilrerlnriar

er e:lt-J raise?'r one :niilht trjrJ. -j1t t,.." .o,,i a.-_.;-;-_;;j;,,.ifor blle partlctca ro coje in rton: tiea):is.r uits c..;, bul-ii,isis I.,- :Lre cas:. rhc distributic; rs r"otroF:c '"ithi"-ini'"""'-
rines oi bhe conc (ercttrdial shaloo ..fecr),' W_ "r].-i,,", "r"r"a.l:heoran
diiierertlai en.rLy rance, oi co!iic rrrietion..""liL--t.," El.tr.in ar aftoreo .iirectiloa is the sajrc as rts iniensiia; 
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,ii"ri"_
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1[e s]..a11 .rse the triouvitte ijieoxen, lrhich staies b1re. thedersitX oi larticfes in ptrass spsce ts a constani or re no;i;r,.T.le elelenb oj] volir,ne in phase sir:rce enetosing dt pariictes --
therefor:e reilains constani. Ii c.luaLg

x lj.J dz dnrCnt,Jn! = const.
I ' o. . F o.:, -o a.. o .or..:

o.=:+ =!L=,:t -^' ,r, "n a' ' ' - rir cA'ttY ai
l ?' or 1 :o ..o ..e ,r,-..i.,f5. ! sts
r," space, iie .onstant ete:nenr: 01 1'
,v€,16--0. 10. .- 
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,.i*1.="iJlJiJlii:".." ,r.;erilrf,e.3q. J!, r8t7 (,49)
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lne 6. sJ ________: 9 . J _p. e. -"' ' a^4t t4,a\/+l

F ..hsLisri oi rhe :iot1cr.
o _ L.- \ --o

wr'Lp 'd' .J o-) up,. , roJ . oA' p ! u . e. .^ ts n
6JbnAr L o s.As --.p. d'c s o - .- j, - t) -''
nent oI sol1d angle ceflnlng the directlon of noiion of thc irar-

'cler. I o. 1. J I ! t.l .- -*e.'c Jlo. l, ^. . n. ! ! .J. .ar o or rr 16 . '-r' o
ths noilon. Rut I1s Lhe lntenslty, so lve have proved l"hat lve
s€t out to prove.

uext consider t{o aroups ci cos:n1c rax p8-r'tlcles, both {1th
monenta betwe€n p ard ! +.ipr both conllned to th€ so,nc sized
dlfler€nilal oI solld sngle, buL arrlvlnA at 'ttre salae poj.ni on
the earrib fron dliferent drrectlons. l'.llow thesE tro groups 1.
piase space '.o 'jro Isr distant lolnts. if ve nor- assme 1jh:ri
the dlstrlbuilon ol partlcles 1n phase space ts .rnifoInl spacevlse,
and 1s isotroplc, then ihese t{o iar dlsL&ni polais are equalfy
prob.1bly populaied. 1'.e ceve.se of this rsasonlnE sho e tha- the
lntaisity of a given no4enim lf,rjerval at tre ealih is the sarae
Ior aL1 dlreciloDs :t at are ellor:d.

4. Char6e of Prlnary Redlerlon.

Tl1e eTlstence oI the ailowed cone, develolred ln gart l. oI
tlrls sectlon, sao{s iilai rJle totaf lntenslti fror ih. {est t1]l
bB greai€r tban lhat fro!1 the east jor po31t1ve partlclesj vice-
verse for negatlve periicles.

?n^ a:, - ..

Accordin8 to tfe Ec'Lual vaLue iound
ol 'r^ _ o :

conirn tuom UTe wesi, orer thal iron the
eest at altitudes as llgh as 35,000 ft,

n- m .o-: v

of - D-:J ,o'r .o. lv-*

5. L.titude Eflect and the lrlnary Slectrrl,li.

Iron X.. X.l.a, p. 23!, lol eranlle,
we see ihai the cr_itlcal nomeniu de-

rie more norti ar:d lron ihe
e.uator, so that llie sho'rld exlect the

*sch61n ed a1., !!I!:!9lJr, 928 ( r4e)
**Froq !1eh1, I6h6r, md Roeech, Phvs. ieY. 76,
927 (!49). rh6se data a!6 rron vertical, u-
Bhioldsd coMtor telescote€, but tho elf€ct i6
6ubetant1a1ly ihe sde for o&dd1r€cilom1
o!66rvailon and f.r ihe hald c@lononi.

Fig. X,l, latillde
Elfoct ior the Solt

'Pr'
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totaL lntensity of costrLic
r'd I Eilon to lncre!se.
;;., {. rr. D.:55, ilLus-
irates tnis 1!tiiude e ffe ct
qnd shorrs ihat ii is quite
edEL] at sea level+. Thls
wLrL le ro:Ae Plsusible rlth
ihe helP of IIG' {. 14'

Thls ilsure 1s sche-
natlc only, ;oi to scal8'
Tire top cune, ID, repre-
sent s ti1e Pro]rable.liffer-
en t16.1 DrlnarY spec trDn
( psrtlcle e cn:r sec -r srerad-'
per lrnl t nonentu]! xengeJ

A quartliratlve reLation
1s rnlmosn. bul, the second
curve. f. rePre sent s quaLl-
lratlvely the ProbablLil,v of
observtne a (lri-rury or
seconderY ) Pertlcle ol 8EY
nonentu-m at sea level, re-
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To get lroE th6 experinental coloting rate€ given by the left-hsnd €c416

! ool or .sros C'ven oy P _lB t ha o oae

.el tbrsL'd n € pllo tn6-e nV" s d dr' 'n! lo ' sr re o 1d 3ll.B 1L r
ii," *- "."-r- 

! . s be@ rLlh 60r< eolo'l'ies) 1''
{6 r-:-6 n_ e"*'"-r col m€16d 'r'o's 1r r'6 s mosolEre a' 36Pep-
t1o {. h@s/ bo.LE Ij'60 ro rt, s u2) re "an t1"':"r. -l':"?t+

", '"' " .-",'; !-to : ,eo j€o .o. ! _E ib-E ro! l3 '_E r L €d'

O . * r.t." rIV {e can calculEte the .ate oi !6ut!on at€orFtion Fer gru of
.!.. r.a * can certainly r€p1ace iah6orbad" bv lioducedi si'nce dher6 16 an

equlllbtiu condtiion.

r,

i-
)t

:

tt

: nlJ be esr' .: . Lo t oroej,g 4!gll!jj'. o' r;eoe

"" " p."- r'" bt 6 _e_ o'v oleldelo o'6' 6 3rll g rroa
rh- l.o,or " ''e:(y gl'€_ tn F1.. 1.6. o -

{e shal1 hev6 to nsho ihree arblitarv aeeuEliion€:

I. t.r x> ,1 g/@2 ihe ienBltv ol leutrcnE and proton6 iB verv rouehly the-
- 

"*.. 
(et"tlt.* d€ttho ro;t nucLeond are eocondarieo' and iho nubor oi

".".t,a"iy ""t".."" 
ana protore Eholld no! be toc diff6r6nt")

z. r n."t.." ia "ausorlea as eoon ao lt hli€ it€ lir6i "ai'r' ru'16u8
.- r hrae an "ir aL le ss-e' 'ave.rt ! IE6 '' sfe- e o:6Lence

- , r'1 C ca P ie ,e deaBi J or 6lt.
Aleo '-De0.'r 

jn_ u"u-Fr:o u oi 6 6 rb'stto a loo{-o
b. tquilibriu.

ilil-! ihes€ aEoun-'.io!!- r,1,6 rroductlon late : ine co11161on raio = ltj

nv r.-oR'L_ cor.!.€ o b 66^'m-

rh6re V ie th6 avsrseo veloc11,y, L l€ ih6 Boan tioe path'

A1L thai reEaina 16 to Btato nv in iemB of lvsd., and this Eav bs dono

al&oet i@ediat€1y fton ih6 akoich Tha nun6r ol
,d r' l-€ 6 ueins notuell/
;o1€ la tle lcr 1s. bY derlnltlo^,

dN - Iveri. dt di,

bui. a6 d1ecu66ed in everv book o. klnsiic irheorv, 1t
Fr].nrd follor fron dhe okeich that

or-"vat$
nv ' 4rfrv€d.

thus X.20 beolDos

1" a t.'t. collleione Eoc-I cr_l

."tlrll t.: rs exr-.sod re! g.M radhe. thd
61111 i6 dlvided by F . the Fls canc6l' Md

R - ln a,.fr. -
L

5'/
colllolon6eoc_g_



216
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AFpendix ( conl,inue d)

X.6, p. 222, {e tick a valu€

ch. {
Bucn as lvert. = ! x 1O-2 a1,

Rl - ra-)

CoBpariEon lith Fie. Jl.), !. 221, €hors that the asreedeni, fortufto!61y,

1.

3,

4.

6.

a.

RtsFRB1ICES FOR COSIAC RAYS

'9n oo. e J. D.J.X.. | . /s: ",' t.40
rinoJsT, r.., 'rcosn1. aars,rr lr;iJ
noss1. 8., rrl4texpretetio. of Cosnic Rat ptrenomena,It:]ev. .. d. d 

J o. oj 5J- (.., ).' -1. - o-rF. W., ".o-: " .o.a: :o ., . 
..4 .

Cosnic Ray Stmposlurnr Rer. Mod. lrys, 21, (,49)
Jauch, J.1,1., I'Cosnic Rsys, " riucleonlcs 4, (Ajtr end rrral, r49)
:o.o s..o *..e---., t - o ..- l -- o, a -:e :1D1-.t._- p..J I. o:. .o ... . D ,s,' ^ e.j. .. s .

tlst 57 (A!.. snd Ju]f, ,49) Also bo,rd separaiet-\,.
lalers dellvexcd 3i th," Inlernational Conlerence on Cosniic

Ravs, Coni. j ftaly; Seli. 1949 (to be lublished)
Synposiln ot L4e InterJni.1.r::ity Cosnic Re:,r Labcratories,

Iclo Lake, June 1949. (To he lublished elrly in l!5ll bv
the !.S. Goyer rlent Printing 0ff1ce. )

t.

?. Assui(e that your lalroratorJ 1s at tne top of ihe at.oslhere'
D-: '1, -'ie .' o.' I L, :

L'o'''''.

3. Pfot the s€inI-lrertex engle of the 1 l.,'ied cones ( 4 ) as a
lrncticn of P ai, = 5oo.

Ii you uere travellin._,]
sort ol apiraratus lv.uld
slty ol cosnl c rays?

PF0BLnlIs

in ai inl:erplaneiary space si1p, (hai
you need to neasure the ic+,al tnten-
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thlo t6b1e 0€y Eot te .o!p1ete, Th,'auLrs rv-F€rLi.r"s ,;"; " ,: " ;;e'6 
rEv€ !6n '6ForLB or cha's€d 6rd
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. -.

Tho l,6lJt LIFI of th6 n- iB !1v€r nr'r:.,",. rr. ". 
,i,. e.. j,: :",t i,"",lij-jl";.i"i3-1.,.i;:;:;;":1",",.".

lllE NEIJTRA! i--MA6ON

Y:,,,i*:":.::-:::-"Ti. rfo s6@rar rev16v alrlcloe on f,ork dotu rith t1r6
*l"i;:",7SI't:"i:Hl:":l:":": -:F :;;:'i i'e'.iil-JfLIT,l'lb"fr"r8nd-o. 1? Md zat \tr-t;a^d " .",1"; ";': 

'''" n4 u!r' rnvs ro 12:
exn6rb6n1-E Fe"roroed In6loo tbo

,. <to''t s,,, 
^,

'ah6r€ N stud6 for a Nuc]6on.

rBJorklund, cr4drIr, I,toy6r. and york, phys. R6v. i7, 2I, (,50),
'.et€.lnb6rs , psnofsky, and st611.", Fi;;:-i;. -i6. soi i,roj.rEL lrE r6ad6r IDF . r€€dy !6ad ths footet6, p. zzt.r...Cr!I!@, Hoop.r, .nd (tns, !hrr. x.E, ll, ?o! (,5o)

.o b i6,1t,.by c'rdrcJ e1 e .. s"...". .L_, .;' (;;;i."
.N6xL H€ !6ntion brrefly rh-s oxperl!€nts Hhicn tndtcato rha 6rlsL6n@ ofa rl"rhl.h docsyE lnLo tyo gs@a., priUubty to to.s lhan 1O-lJ ssc-

... t:.".t., li have !6on ohsorvoa to @Ee rrcE varlous r,arsor€ yh6n boDnardodv1t\ hler.d16/ prolor6'. ftes6 /r hsve s orooucrron cro;6_€ecLton *ho6
-"..!"1*-*,p:. prolln 6.6.sy ts n.n tr*6 rh!L oc cre-sed plon c,o6E_6ecl_t66.t'...e.efg'l' 16 rolcnt) /u Mov on 16 a/er6so (h!Lf rt tn€ en6rd or a f! I

?19,-l.r::"",sy .oread rs rn .g"uu,unt ,:r_i "L t;p;i.; ;1r{ t""i.i; "j,paren E6son6, A..1er €*oblnlns rh6 po6rrton of !16 Ehsdor o!
n", -\ 1 / /r-, o.-- s rood 6.r;n r"!.,r," *r,.*.r" JJ"r,)-' 

- \1,: 
- 

E d sltu et:ns the dleLs,.€o L.a!€1ed b\7di(t <@'tLzod | | Lr n, s be,or" ,,uy ou*y ,u,to,r." ro. i""
- . r'11-s,,* | , .ersarlrsrl. ,-, ii,L":",,.,1,-i"" F"".,1"'
7"'." , @. 16"6 h€ve bo€n Bo € 10 6lBLe Lnst Lneo.dd a> I c.!\1." o6q t,"e or -no n,'6:8. 1O-" eor. tnI u, ,s -:Do th€ oion ..6.ers i.r, "_r", ^.l o 06r l . o. 1.i6 o€M Iib j6 os-l r6d_ceo !o 5 ^ Io-1..". L6xaD:n.ne (:ld lecr y) .,ie ,o,.1 .- "_"i. or .;;;''_";; ;"'b-"r,,- 

-".""v"r
d" a 'rodL"ed.n .os0:^ -6y,-,"". 

"u""i,"a.. omre:;,8..r.. tl;;";_;".
of Ln- Bnr.6 t"u"""",r. i,*. i,-u"io erLraFoleted back to*ards th€ Btar. t r" r-,ia t. p.""1."y ;j;";';;ih.

1. y* l+-- 6s uoy (?)) of ^"*. *,:Li:::T:":-fi::::*'.""';: ff"'iH:b8rdbonL or,ucroi by ,, u6v x_r.ys rrob rh6 BorRe)€y "y-"r."**,...- d.r"il_denc6 and Ensvlar corroterlon rcsoreEonls 6nov ih6t ir,,l,. r," "* e,rtra 
_in

l:]rs.-EosL eiobebtv frtu pe,r.!.r6o Lrav6ltns riLh spo€d6 !p Lo 
"b.,i;::t;. 

"'
rhr6-sF6ed iE c.tcLrsLod by con€ld6r.!ne th.;o6r!aii;n.r ti" y;".,r.t.. r"e. r€r€tivr.!ic pu,ur"ru, 

"..n r.o. un! 
"u"t "r;i";-;; i;"';;,_.;,-i; ;;."'photon€-tusi loave ln oFpo6lts dl!€ctlob6, blt oe6n troD tb€ r.l, il.y-^"tcon6 off 1b a foNard cotu.

Appar€nt1y th6 ralctlon ri



2ta xt,1 ltvElo?l4niTs

As an exsnrle, eulrose thai a 100 xev rho',oi is lbso.bed by d nu.leon snd
ihct one r'ol reet le€s 1r5 Mev is c.ealed l"lore.ver, .oneide! the stecial
ca.€ in Lhe c4 syeten vh6.e the lion cone€ otf f.rverd: {iiLe ihe rucreon
ILie6 back. In thi€ case the reoder ca. eaeily chs.h'"hBi in the reb the
nucleon has onlv aboDt ; li{ev kinetic enersy, leavirE ihe nion with lrinetic
onersy sli:hly erea+-6r lhan ii€ rest rasB. Nov it ie trivial 

"o 
ehot'"hat

a rarti.le rith KE - Mc2 hes a eFeed or 0.866c. lhls the /-eEitiers, dete.-
rired ly the aterredion DeasureDent€ to lrave 3!e.ds u. to aho!'! 0.8c, qre

It lE€ beer snom+ thal !n !6oleted f'viih olin I or I camot deesj' lnio
t{o /'s. rnle6s one rsntg 1o include the los3ibility of opin 71, ii lookB
a€ il a rlo 1n6 6.in 0. Sinco t,he data reeb to shon a fa:r eEolnt oi similaiity
betNeen clErged and reutral fione, iler. naI eve. le trentdtrve i.dica',ion€ ihai
all Fion. bave spin 0,

A ihlrd ex:rerinent {hlch indicetes ih€ rass o! the t'conelsiB !n alloving
r-rE (Dad6 in ihe Berlieley cycloi,ron) to coEe to .€st in a tank .f h!:lr-!re€eu.e
hydroeeD*+. {e heve aLr--ady disc!3sed on !. lr, the.aatu.e in'vo Bo}'r orbits
of me"o: " D/ oto, " :e

y -re. v i. L.- -0-o 3e. o-" - fe .' @

!ion. In ca6e '.he ocleud is notldng but t sinele r'roio., the reslit i6 noi
a 3tar, nui prolellt ode oi the t{o folloving reaction3

Bo1,! ot the€e proce6ee6

Tho f-i6 are created inetde tne cyclotron {here it i3 hdrl to run elec_
ttonic e.u.ting e1lipnen!, o. it he3 noi hee. loEsihle to de'"ernine ihe 5!eed
of the td's hy Deaourine lhe aaglrar corretgtion oi i1!e coincident ,/ro, but
.- .3:l Do. --pr-,-oo...or /6.. eoB..o6-.

- .o 6 Do.pl'r oo B :r 6 ' P''("d '-4"

SCINIILLATICN cou INRS

It hqs not beetr Eentioned ia thie book thei {nen chd.ged perti.los (snd
aloo- in lariicular- r.hen / s) pBss'"h!o!gh nany mlerial3 (3oLids, 1iqli(e,
end gaee6) theee Eeie.ial€ nar eir6 ofr rigible 1i8ht. The lieht osv th-'n
be det,eoted Nith ! lhotonltilller tube. Thie is'"he ilrincl!1e cf the ociatrl:
istion do!n+-er, rtich is tecoEinE of i.oreaeixE iEporiance. These courtels
can !e bede vith:ulBe width6 ad littLe !B lot e€c, and hsae other .Idracte
ristic sdveniaees, dheir reslonde delends feirly lineBrly u!.n ih. ererEv
{lich the scinli1lator abdorbs, 60 that they Eay ne !sed 3e erect.ograrh6****i
thel' are Eenoiiivej and a 6cintillating cryE'"e1 doee nci nate to be olrrouhde{i
{lth soDe nore or leBs i.ansperent enveloFe! aB do o'"her counters

* r- - n(t e!) + / l!t2 ue!)

-r;- ! "..o" 0 "6,. f".-qrl'! I

fi"- ,.e'o:'o '.

For revlev aftlelee 66e I'FLuo.e6cenGot l,iquid€
.a 'ma- e-d .y o 0\' " .

J or de.. 1o. re on1. e,-5;;dl-oo'- 1.4o ) .

under /-BoDbardnentl
a revier blr BelL and

*Yans, 4xs-3ef:lf , 24, (rto)
oe o.svv. Aerod!, e d o-.. "..6. r-.. a, o_r .0)

***i.e, .ne convedE eoe6 of the ggmaB to peire i. E thln foiL, leaolreo the
total en€rCy.trthe pair by deierninlne r:he olectron otbits in a Daenetic field'
ueine counte!6 in coincido.co.
**rrt€rl alc ca€eidyJ !4ci-Bgilrzg, 11, ('5o)t i{ofeiade. and uclntxre, Phv6'
Re!. 19, ,e9 (\ro)



tE{ tEvEtc![lErTS

CoSllIc RAYS: ih.tue',ior. ,itL Tine

2)9

liurnal 9ffeci, Fo. a di3tusBior .f tlri: dail, variaii.n in inter:sir,,see El1ict and lollei, rloc. Rc!-. s... Lor4 A6r, !11", (,ra).
s.1ar Effect. Ttrese ve!.iEl,i.ns:ct1o{ 6.tcr act!,i.!I (s.1!r f-ar6s,

'.do .-- -.- .--: .".. j. on-,"". ",..,".:.
i:, o : Ao" e. o.: r's[. -. ,., 0:..r. . , . r].. i. 

"
l11l59 4t FnI up.Eti Crrai IOE lIUlttEA-f lt-iSICS

Bet,he, ;r,A., et ar. liucte3. rh_vsicair p!91.. !1.,L !!L9._q, s2 (:r9J(,),9, (,9at,] 21, lt91t). rcferrei t. i. tii" i".t-,; r.ia. e, l. i.a'c,. " ''
B'' " .'. . ii -1, o, j .s. ^ B- D.f- r:. . c -o- "r'' i"- .-u.--::..-0. ".^ -:". ::": " s t."." --, o.coor. 1., o d -. c .. :-.. - - a, . NL .- ,_ -.bo!r !-o. rxlord, 144o,
G..dran, C. I'Scierce nrd En:.,ne6ri|, df
r - . " o.s ro. o. 

-:.,*_., "* - r' - . .o4

f.A lLco ,51 ,.-.... E..'. .-o
lra. I ': 1- " De D " ." p "r s:".,..0".,
!"'l 

-:c?! rai,.. e ro. -" , ", r.;;-; - *
S . :, .. a u r" ." l: C-.,- .: g.9.

Iio.. s!ecializei
Dnd in ile too,..ot !8.

thc fo11c{irg.iolioE"erhi.s ley e1s. rrore !3e r:I - , P._. 
" .- . \" o .r,q' @ d, .- -: L € ._ -_.iur' .0 .. co.m Fs.6 A - :- ;. ,, " 

' -.; '"'_- 
i:"._ ,.

For li.1ogi.a1 el.!licir,i.na. inJrrwer-us, beesi.i, ii.!, rrlEotoric T?ece!E erd ljucleur RsdiEii.n.,,u.Grav:1i11 1949 (one .ftl-e r_uc1e.1. Er.Cj, Seriee ).

sNn. -.r' :r: irir-r 1.r.,,:tr..r,ji,r.r t!!l'l .s- 1r - r.j..t.:r,1 11 ii! :ir-t.rinr irLrrrlr:

.,iarsia,r, _1.X, trJ/::rLi rlrrt.rtr jl._rratr t,it j L?i2,lh.frd:ke, {r:-. ,'illrr rr. ,A :",-,..n "t ln.,;i.,1...1 rlc_:, .rt.ar:{;[tL. ir)_2.
i,€Pi.i.cr llingre:, T,. trt').i,.-. !f,.r1 ;rerti.. ,tr,iJ ]riitJlo.:i, :r!un. ,'ttiair-!ier':i ta:ttct:j,r Freiij..! !trir, 1l12.tl .. . . "

r.s"', c.,i'r...,,"." i.iii..,li";".i"i.112."" r'tr:jcs - ! sf,ulei ir ile o'D"'-

'.'
' 'J ,. ... ,i1 a i.r':h.-,frirj rrsu! o: rn- 4tt l1_I::r4- "" r.r.::_.

Ua. !.r dE/:irri.ite -- "r,--"1:.":
leier!r. -hcdti abo tr.r rat. t. :

1'"r"-..1..."."."'i.".;i;6 ;';::;;. :':."'r J;'5,;ft 3';.;"1,[;':"::;i:iiii", """f.jrsicstr lrr J.r.j. !t:-t: r.C rl,F. I€i.sr:.lrfr ti, ef, trtt.



The following list giyes nost of lrhe slrahols used. Synbols
that arc quite standard are not lis1,ed, ilhere a synbol has a
specisl neaning in only one chapterr the chalter nunber is stated.
If a sJabol has a naaning that eeds fuller exllanalrior, l,he lagenurner fouo ing it gives the llace in the text where the defi-
nition is founq. Nu)erical values are on !. 440.

:40 NOTATION

a. Bolr radius, 5.?9 x fO ' cn
a..a, sinclet Eno i1illet sc€tter' ' iag lenltlr, VI :no I{
!n.u Atomi. oaa: unit, = Mr
A Ato! lc ness nunrber, N-i Z
A Vecbor lo'Lential
F collision laranet:er, 2? , zzi
BE tsinding energy

cr VI sna IX. noeff. of !tn' !1rt iE l .r:re, ff?
D II, tnicbess
e electionic charge = -4.805

x 10-r' esu
g. ! S' etc. , rlnit vectols
E' InFrsv eis€nv.lue, T + Ug. xlectric field strensth, -gl
f(e) Ansular delendencc of

Totat a]1guLar nonentun of
iton. I + J

001rn1rn' consteni. !erm1

h/ 2tr
Magneir1c Iield
lotal nuc.i ear ang.0onentula
Intensiiy, erg cn-1se c - r

IT, alelage ionizatlon
poteniia1,50

Totaf ang. nonentll,n cl
entra-nucLeal a-lom

Frolagailon constant, :f/,
Radiat ion Lengirh, 49
l,reen free !at,h for lair
lroduction,49

FIST mass of el.ectron
fiest nass ol a tadicle
Index ot relraction
4 N-autron
Ator,s or nuclei rex c!r!
II, ele ctxons cm-3, :a

P lrE !n" ri c rre-iiitv, (!./re)=,t,
q(!,f) or q(r,?:), I{. slorin3 '

do1.m dens ity, ia?
Q. I{, rete of produciion ol

neuirons, 1e4
Q Inexsv of reaction, exo-

Q Quadrupole nornent
r. F.diL; of FlFctron .nd

rs xj radius oi' e3rth

ladius of lotenlrial weL

fiil€:,u """,*u, -Is.5: ev

]srin ansular mo:nentun

Kinei;ic energy, half-liler
tenperarrure.

Potentlal energy
YIrT, velocity

Total relatlvistlc energy, 5
xtnospheri c depjih, A cn-2, Zfb
Charge of particle ln lrdis

of r€letb.. charse
Charge of incident Iart,icle

tt, ttv/ncz, energy lareoei,er
)!::rt\ ''"-

.irAee slift of ltI r€ftisL

x, anele betreen Y and r'{est.

YIIL elerqY ridth of reso-
nance at f nax., 154

IX. ln neutroa ene.!v
lx, neutron scatierihs angle

ia lab. systerd, lA2
Total scaitering angle, 36
Ranae ol rLeson fiefd, 135
Uean tree paih, 194
Radloactlve decay const, l
](, rdegnetic latitude, Z?5
Conr!ton wa!eleneth/:1r
TX, absorltlon nean free

!ath, ]84

Nuclear nagneton
l'{a€ne jr i c nonent

f{, aFdr ct io n il ln(neutlon
enere r) rer collision. LesPsuli E-Din oferator, 1I:

Differential cros s section
Totat cross section
1(lein-Nisl'rine scattering

cross section(conptonl 4f
II, .r for lhotoelectric
II, Thorrson cross section

RY
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a-

z4r

Ia
aG)

n
*

II, Thlckness ln g/cn2
Meal] fife
IX, neutrotr ,,agen
angul€r frequency, solitt anele
Yolune of box for nonoaflzation

Denotes ercited nucleus

order of nagnitude
apprd.l-nately



242
TAB],E OF PIrySICAI CONSTAI.ITS

0€@ra1 lhy6lcaL ConetantE:
6- = h2,na2 - o,)29 i lO+ co. Bohr Radiu€
d,= Jttc = I/)7,a1 Ft.o struclu.e conELenl,. x.

d"= *:ii'
c = 2.988 x Io'" m Eec. veloclLy o!^llsht
e = 4.805 x rO-10 6eu = 1.602 I Io_a €bu. !16c1!or:_ ..ars€
E d ).5 x )a-t -A o.,6ec-. F6mI co'6Lan! ln bela decay. p. -5
t = 6,t32t- x I0-:1 e's-sec. Prar ci con6tan!
I = l.ot+ x 1o-:/ 6!a-s6c.
L = I.r8 x Io-19 €ls/dosree. Bo-r&atr onsr6E
N-- o.O2l x rc?2 /Ea1e. Avoeodlo 6 rober
!:= ..82 x lo-1, @. 91e6ej si el"cl,o' rao,!6
i.- l|/bc = i,86 r to-rr @. coDpro, hav€l6nsal /z?

n-p Ecattellns d = $., harn.
Tri!1er er6ter (p. I15) :

BE -- 2,21 Mea = J.58 t 10 " €rc
u: = -2I.0 Mev, !6Ll delth

r:p trtpl€t 6ca.L!6!lne %.4.1 b6-' s
a: E 0.59 ! 10_r' cE
vdve fcr phsse at edse of v€ll: loSo

slne161, st al,6 | (!. 120)
U, = -11.t Met, lloll dopl,h
n:p sjrul€t ecatlgri-g c', = 68 barne
a- = -2-a2 x 1O_Iz cn

a,;l;.;:.';";.;; qo j-o.oo-,, 
" to 'r cr) (p. :r)

Masretlc Mooerts!
/ann. - a'a27t x rQlzr 6rs/ Eabs6
/ucLe", <.0/+ x l0-'- ery/Eat6'= t/!817/1B.hr

?nrcftn = 2.7496 /-...1esr
' / tult r an ='I.g|of , arcrear
ldeur,eron= o.E5&7 l N.raat

l{as6es, (se6 p.2; !as6 fomur6, p.7)
,= t u* = r,5coJx Lo-2! e- or. t4ev

!'lp = 1.00799 aDu
M" - 1.ooa98 aou
i = !/I8, ,16\ ua =
Mn-J = 140.8 Mev :
M* = \)A l'f€v :
Ml! = ta1 Mer -

g.to66 x &-28 g: o.5r la6v. l{a€6 of electron
275J5 eleciron EBEBes
21a elecLron aaEse€
21014 electlon oa e seE

Li7
So?

81]

tt*
I
+I

,/2
a/2
,

t/2



l4i6cella..ouB Con.tsrls' i' Al'rnaneti cal order :

curie -, 7! x io10 di€lntegrdf ions/'ec
tose {see i. 18)
e.'. = 1,5 x 1O-r2 erg
,-.r. = 8lOO .r-I for Ph.ton
..'. = ii,loo" r.o'. ("utti.g I e'v = kT)

,-r-.o ,,:.
!

2+5

=":r'.16tfi-".
- 2 2, o'' 1r(c "ev]

l-= r 6:i!t a. 1..4r !. r'l)
" ,1"- )-r.t 6 1. j{T} Air

- - 9-7 ,a '. slminuo
= .it7 cE in leai

%,",,:-..r -" oro\

,/ ..^u.c'* " ! -o)
xFr : r.601 x lc_u e.e.:

;. ' e--. :' '" ",-*" 
"".:: .. "." 

-o -h .t ei-. !'o\e6

", 
-.;. o oo" t r'

3vd!erq: li-: rr.r2 e r.- Fh!

=.09.,. - r"'o:es
T L lell LtiF, sso D d"e- i ob)

;-. ,",.-." rr.o!@.- 'tB .o"""").8

eL I o -roB e' nh

"".-i"0", :1,""'
Y--ir : 5.Io Y 10r 3€:'r d"

;. ,"i "..o. ."1 , .-8 ". '.6 : 'ooo 06'

I =(ra7r07.r."t..",'"tt in An!strons, ror Fh'ton
pa!. = r,22" ..1.t ) L/^.tf )
O'. i .on='.65 x lc-'- 'r_
i'ii-.li'irr., raci.act!ae raEiLie6, r' llj EaDA deeav' ! 96)

i' t4 1- T o-1
| . a,t f.-



Abrana, M., 4r, 44, 46, ,4Atso4tlon coelflclent€, 19
--thicLn6e€ for co6ni. rays,22o
Accelerator, nei,at,!on, 2,
--0ockroft,\ia1ton, 24

Adiabalic invariance, 29

lND!L

tsloch, rr
lohr, 27, 14€, 166
-- fordula, 27

--orliie ro. ,4-neoone, 1r)
Breit,..lignor lar$)\a, Ir2, \51
Breq6st,!eh1ue.4l

ch. trr, 55-69

221

--ridual level theory, 19
Ahha-atpha s.ai,t,6ring, 149
Lngular corrclat,ion, p-2, I5
Aneulai nonentu, toia1, 11

'-nucleer Eodels, 159

--eelection ru1es, 96

lnti-neuirino.85. a6
Argonne eiarhite !i1ej 21,
Artificlsl Froduction .r nt a, l)1
Atnoslleric data, 21,

Atonic Eaeoj lhyei.al 6cale aad
cheEical eca1a, 2

-- nss3 romula, 6
tuAer elsct!.n0. 101. 141
Avogad.oro nMber, 2, 240

aARRMs, arni!"rary, t6
--courobbr 57, ,8
- rectaneuler, t5
-foct.r 1. nu.LeE, res.!1..6, 1{2

sartreti lorc6, 112
!€8k:., F, 4r, 44, 46, i4
Peu. 14o, enerey di€era, 151
Berkeley cyclotr.i
-deureron nee!, 177, 178

-*neDtrod lems, 121

Beta-decay, Ch. It, 69-€7

--Bpeci.aj 75! 78

--aad g3ll@-d6cey, 89, r05

tsatt\e, 8.,211 , tA, Jt, )2, 
'4Binding enersr, i. 2

C€tenkov ladietion, l2
chad{ick, J., 14,54
ohain reaction6, 2Og-21)
oheaical hinding effect on neur,ron

6cqttertng, 194
0oherent ecatte.irg, 195-20,
Cold neui,rone, l8o, 199, 20,
ColliBion tnick@ae in air, 22o
CoMtation le1d'oione ior I, t6
coEpound nucleus, 147
Conlt.n effoctJ ,8, 40
-+srer6ngthJ 41j 240
coneervati.n o: €ne.g/, 69,
--ih 0e6oa theory, 115
Co.stant6j _.hy6rc61. 240
Conv6rBion, iatemal, 101
C\r, ga@a ebEorltion resonoce, 175

uo€nio Ray€, C}!. t.,2I5-2,
--al€orltioa ihickne6o, 22o
--allored coneB, 229
--a11ored re-sion6, 227

--.oiliBi.a thickneE6, 2?c
--eo3t-He€t esBrT-try, 241
--otectronic conponenl,, 2214, 222
--forbidden reEi.LB, 2)l
- nerd c.r!on6at, 221b
--in!en6ity,215,222
--1etitud6 eflect,2ri
--liouvi11€ theoree, 2r2
-'&e6on6 in, 22la,22:
--Eotion of, tn earthro tield, 225

in sunre tie1d, 2tt
--N'cod!onent,2Hj 222
-'FriEery,215,2r,
--!!oton6 1n rrjlafy raCiation, 216.
--teter.L...,2)1
--secondery iediation, 217, 22J
--Ehadc! elf6ct, 2j2
--ehorere, 4a) 2 9
--Eof-L coh:o.e.i, 221t 221

--t!ejecto.y .f, 22,
coulodb ocattering, 125-127

CroeB 3e.tion fo. ..,.1ee. .e!.ti!ne.
141, r4J

214



Cockroft-{eltoa ecc6lera1,or. 24
Cu.ie, 18,240
cyclotr.n, 2, (a1eo d6e Berkotey)

DECAYCoNSTA|n,r,l
5 -firn.ri.n6. lob i ro rs 2 o

!6.s1ty of r!clee. 1eliis. 1t8. t6i
Dens:ty oi stales in a b.x, 76
DetaiLed balance, 145
Deuteron, i1)-121J 169
--nuclear !ot6ntia1, ll5, tt6
-.*virtual rtete! l2a, I2l, !lr, I99
--{ave function, 11t-116
Dilirect ion of neutioae, 2OO-201
DifluEion theory (n6utron6). 187-194
--1enst! (n.u."r.ne), 191
!ip01e (eee El!ct.ic, Ues@dic .,. )!ira. tleorl. of tre €r6ctrod, 18
Jiolntegreiion .! },t., ,\d, l:2 22 a
DoLole 19 -decay, ao -

EAST-1{EST ASSYyTETRY, 213
Eln8tein neeo energy relerlon, 2
tlesiic ecatterinA of 4eutrotr6.

181,18)
Electric !i!ore, 92
'-abeo.ldion at iiah e&!gr, 1OO
-+&iseion,94.96, 106
--Etetic Eonen'! forlidden, 1,
--radiation forbidd6n! 9t
Eleotric quadrupo1e,9l
-e&id61.n, 100, 108

ELectron6, exioience in nucleus, 7,
--@gative enercy, Tl
Elect!onic conF.r6nt oi cosEtc

fei,ta,22laj22Z
ELtr], )4, 

'4EndotlerDi. i6sctione, r4r, 144
Ene.Sr diagreao, heta decsy, 7o
--Bed /..8r.!nd ricleue) ! 151
'-Isomeri. sl,ltesJ 106
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To get lroE th6 experinental coloting rate€ given by the left-hsnd €c416

! ool or .sros C'ven oy P _lB t ha o oae

.el tbrsL'd n € pllo tn6-e nV" s d dr' 'n! lo ' sr re o 1d 3ll.B 1L r
ii," *- "."-r- 

! . s be@ rLlh 60r< eolo'l'ies) 1''
{6 r-:-6 n_ e"*'"-r col m€16d 'r'o's 1r r'6 s mosolEre a' 36Pep-
t1o {. h@s/ bo.LE Ij'60 ro rt, s u2) re "an t1"':"r. -l':"?t+

", '"' " .-",'; !-to : ,eo j€o .o. ! _E ib-E ro! l3 '_E r L €d'

O . * r.t." rIV {e can calculEte the .ate oi !6ut!on at€orFtion Fer gru of
.!.. r.a * can certainly r€p1ace iah6orbad" bv lioducedi si'nce dher6 16 an

equlllbtiu condtiion.

r,

i-
)t

:

tt

: nlJ be esr' .: . Lo t oroej,g 4!gll!jj'. o' r;eoe

"" " p."- r'" bt 6 _e_ o'v oleldelo o'6' 6 3rll g rroa
rh- l.o,or " ''e:(y gl'€_ tn F1.. 1.6. o -

{e shal1 hev6 to nsho ihree arblitarv aeeuEliion€:

I. t.r x> ,1 g/@2 ihe ienBltv ol leutrcnE and proton6 iB verv rouehly the-
- 

"*.. 
(et"tlt.* d€ttho ro;t nucLeond are eocondarieo' and iho nubor oi

".".t,a"iy ""t".."" 
ana protore Eholld no! be toc diff6r6nt")

z. r n."t.." ia "ausorlea as eoon ao lt hli€ it€ lir6i "ai'r' ru'16u8
.- r hrae an "ir aL le ss-e' 'ave.rt ! IE6 '' sfe- e o:6Lence

- , r'1 C ca P ie ,e deaBi J or 6lt.
Aleo '-De0.'r 

jn_ u"u-Fr:o u oi 6 6 rb'stto a loo{-o
b. tquilibriu.

ilil-! ihes€ aEoun-'.io!!- r,1,6 rroductlon late : ine co11161on raio = ltj

nv r.-oR'L_ cor.!.€ o b 66^'m-

rh6re V ie th6 avsrseo veloc11,y, L l€ ih6 Boan tioe path'

A1L thai reEaina 16 to Btato nv in iemB of lvsd., and this Eav bs dono

al&oet i@ediat€1y fton ih6 akoich Tha nun6r ol
,d r' l-€ 6 ueins notuell/
;o1€ la tle lcr 1s. bY derlnltlo^,

dN - Iveri. dt di,

bui. a6 d1ecu66ed in everv book o. klnsiic irheorv, 1t
Fr].nrd follor fron dhe okeich that

or-"vat$
nv ' 4rfrv€d.

thus X.20 beolDos

1" a t.'t. collleione Eoc-I cr_l

."tlrll t.: rs exr-.sod re! g.M radhe. thd
61111 i6 dlvided by F . the Fls canc6l' Md

R - ln a,.fr. -
L

5'/
colllolon6eoc_g_
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If lron Fi?,

AFpendix ( conl,inue d)

X.6, p. 222, {e tick a valu€

ch. {
Bucn as lvert. = ! x 1O-2 a1,

Rl - ra-)

CoBpariEon lith Fie. Jl.), !. 221, €hors that the asreedeni, fortufto!61y,

1.

3,

4.

6.

a.

RtsFRB1ICES FOR COSIAC RAYS

'9n oo. e J. D.J.X.. | . /s: ",' t.40
rinoJsT, r.., 'rcosn1. aars,rr lr;iJ
noss1. 8., rrl4texpretetio. of Cosnic Rat ptrenomena,It:]ev. .. d. d 

J o. oj 5J- (.., ).' -1. - o-rF. W., ".o-: " .o.a: :o ., . 
..4 .

Cosnic Ray Stmposlurnr Rer. Mod. lrys, 21, (,49)
Jauch, J.1,1., I'Cosnic Rsys, " riucleonlcs 4, (Ajtr end rrral, r49)
:o.o s..o *..e---., t - o ..- l -- o, a -:e :1D1-.t._- p..J I. o:. .o ... . D ,s,' ^ e.j. .. s .

tlst 57 (A!.. snd Ju]f, ,49) Also bo,rd separaiet-\,.
lalers dellvexcd 3i th," Inlernational Conlerence on Cosniic

Ravs, Coni. j ftaly; Seli. 1949 (to be lublished)
Synposiln ot L4e InterJni.1.r::ity Cosnic Re:,r Labcratories,

Iclo Lake, June 1949. (To he lublished elrly in l!5ll bv
the !.S. Goyer rlent Printing 0ff1ce. )

t.

?. Assui(e that your lalroratorJ 1s at tne top of ihe at.oslhere'
D-: '1, -'ie .' o.' I L, :

L'o'''''.

3. Pfot the s€inI-lrertex engle of the 1 l.,'ied cones ( 4 ) as a
lrncticn of P ai, = 5oo.

Ii you uere travellin._,]
sort ol apiraratus lv.uld
slty ol cosnl c rays?

PF0BLnlIs

in ai inl:erplaneiary space si1p, (hai
you need to neasure the ic+,al tnten-
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2ta xt,1 ltvElo?l4niTs

As an exsnrle, eulrose thai a 100 xev rho',oi is lbso.bed by d nu.leon snd
ihct one r'ol reet le€s 1r5 Mev is c.ealed l"lore.ver, .oneide! the stecial
ca.€ in Lhe c4 syeten vh6.e the lion cone€ otf f.rverd: {iiLe ihe rucreon
ILie6 back. In thi€ case the reoder ca. eaeily chs.h'"hBi in the reb the
nucleon has onlv aboDt ; li{ev kinetic enersy, leavirE ihe nion with lrinetic
onersy sli:hly erea+-6r lhan ii€ rest rasB. Nov it ie trivial 

"o 
ehot'"hat

a rarti.le rith KE - Mc2 hes a eFeed or 0.866c. lhls the /-eEitiers, dete.-
rired ly the aterredion DeasureDent€ to lrave 3!e.ds u. to aho!'! 0.8c, qre

It lE€ beer snom+ thal !n !6oleted f'viih olin I or I camot deesj' lnio
t{o /'s. rnle6s one rsntg 1o include the los3ibility of opin 71, ii lookB
a€ il a rlo 1n6 6.in 0. Sinco t,he data reeb to shon a fa:r eEolnt oi similaiity
betNeen clErged and reutral fione, iler. naI eve. le trentdtrve i.dica',ion€ ihai
all Fion. bave spin 0,

A ihlrd ex:rerinent {hlch indicetes ih€ rass o! the t'conelsiB !n alloving
r-rE (Dad6 in ihe Berlieley cycloi,ron) to coEe to .€st in a tank .f h!:lr-!re€eu.e
hydroeeD*+. {e heve aLr--ady disc!3sed on !. lr, the.aatu.e in'vo Bo}'r orbits
of me"o: " D/ oto, " :e

y -re. v i. L.- -0-o 3e. o-" - fe .' @

!ion. In ca6e '.he ocleud is notldng but t sinele r'roio., the reslit i6 noi
a 3tar, nui prolellt ode oi the t{o folloving reaction3

Bo1,! ot the€e proce6ee6

Tho f-i6 are created inetde tne cyclotron {here it i3 hdrl to run elec_
ttonic e.u.ting e1lipnen!, o. it he3 noi hee. loEsihle to de'"ernine ihe 5!eed
of the td's hy Deaourine lhe aaglrar corretgtion oi i1!e coincident ,/ro, but
.- .3:l Do. --pr-,-oo...or /6.. eoB..o6-.

- .o 6 Do.pl'r oo B :r 6 ' P''("d '-4"

SCINIILLATICN cou INRS

It hqs not beetr Eentioned ia thie book thei {nen chd.ged perti.los (snd
aloo- in lariicular- r.hen / s) pBss'"h!o!gh nany mlerial3 (3oLids, 1iqli(e,
end gaee6) theee Eeie.ial€ nar eir6 ofr rigible 1i8ht. The lieht osv th-'n
be det,eoted Nith ! lhotonltilller tube. Thie is'"he ilrincl!1e cf the ociatrl:
istion do!n+-er, rtich is tecoEinE of i.oreaeixE iEporiance. These courtels
can !e bede vith:ulBe width6 ad littLe !B lot e€c, and hsae other .Idracte
ristic sdveniaees, dheir reslonde delends feirly lineBrly u!.n ih. ererEv
{lich the scinli1lator abdorbs, 60 that they Eay ne !sed 3e erect.ograrh6****i
thel' are Eenoiiivej and a 6cintillating cryE'"e1 doee nci nate to be olrrouhde{i
{lth soDe nore or leBs i.ansperent enveloFe! aB do o'"her counters

* r- - n(t e!) + / l!t2 ue!)

-r;- ! "..o" 0 "6,. f".-qrl'! I

fi"- ,.e'o:'o '.

For revlev aftlelee 66e I'FLuo.e6cenGot l,iquid€
.a 'ma- e-d .y o 0\' " .

J or de.. 1o. re on1. e,-5;;dl-oo'- 1.4o ) .

under /-BoDbardnentl
a revier blr BelL and

*Yans, 4xs-3ef:lf , 24, (rto)
oe o.svv. Aerod!, e d o-.. "..6. r-.. a, o_r .0)

***i.e, .ne convedE eoe6 of the ggmaB to peire i. E thln foiL, leaolreo the
total en€rCy.trthe pair by deierninlne r:he olectron otbits in a Daenetic field'
ueine counte!6 in coincido.co.
**rrt€rl alc ca€eidyJ !4ci-Bgilrzg, 11, ('5o)t i{ofeiade. and uclntxre, Phv6'
Re!. 19, ,e9 (\ro)
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liurnal 9ffeci, Fo. a di3tusBior .f tlri: dail, variaii.n in inter:sir,,see El1ict and lollei, rloc. Rc!-. s... Lor4 A6r, !11", (,ra).
s.1ar Effect. Ttrese ve!.iEl,i.ns:ct1o{ 6.tcr act!,i.!I (s.1!r f-ar6s,

'.do .-- -.- .--: .".. j. on-,"". ",..,".:.
i:, o : Ao" e. o.: r's[. -. ,., 0:..r. . , . r].. i. 

"
l11l59 4t FnI up.Eti Crrai IOE lIUlttEA-f lt-iSICS

Bet,he, ;r,A., et ar. liucte3. rh_vsicair p!91.. !1.,L !!L9._q, s2 (:r9J(,),9, (,9at,] 21, lt91t). rcferrei t. i. tii" i".t-,; r.ia. e, l. i.a'c,. " ''
B'' " .'. . ii -1, o, j .s. ^ B- D.f- r:. . c -o- "r'' i"- .-u.--::..-0. ".^ -:". ::": " s t."." --, o.coor. 1., o d -. c .. :-.. - - a, . NL .- ,_ -.bo!r !-o. rxlord, 144o,
G..dran, C. I'Scierce nrd En:.,ne6ri|, df
r - . " o.s ro. o. 

-:.,*_., "* - r' - . .o4

f.A lLco ,51 ,.-.... E..'. .-o
lra. I ': 1- " De D " ." p "r s:".,..0".,
!"'l 

-:c?! rai,.. e ro. -" , ", r.;;-; - *
S . :, .. a u r" ." l: C-.,- .: g.9.

Iio.. s!ecializei
Dnd in ile too,..ot !8.

thc fo11c{irg.iolioE"erhi.s ley e1s. rrore !3e r:I - , P._. 
" .- . \" o .r,q' @ d, .- -: L € ._ -_.iur' .0 .. co.m Fs.6 A - :- ;. ,, " 

' -.; '"'_- 
i:"._ ,.

For li.1ogi.a1 el.!licir,i.na. inJrrwer-us, beesi.i, ii.!, rrlEotoric T?ece!E erd ljucleur RsdiEii.n.,,u.Grav:1i11 1949 (one .ftl-e r_uc1e.1. Er.Cj, Seriee ).
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i,€Pi.i.cr llingre:, T,. trt').i,.-. !f,.r1 ;rerti.. ,tr,iJ ]riitJlo.:i, :r!un. ,'ttiair-!ier':i ta:ttct:j,r Freiij..! !trir, 1l12.tl .. . . "

r.s"', c.,i'r...,,"." i.iii..,li";".i"i.112."" r'tr:jcs - ! sf,ulei ir ile o'D"'-

'.'
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The following list giyes nost of lrhe slrahols used. Synbols
that arc quite standard are not lis1,ed, ilhere a synbol has a
specisl neaning in only one chapterr the chalter nunber is stated.
If a sJabol has a naaning that eeds fuller exllanalrior, l,he lagenurner fouo ing it gives the llace in the text where the defi-
nition is founq. Nu)erical values are on !. 440.

:40 NOTATION

a. Bolr radius, 5.?9 x fO ' cn
a..a, sinclet Eno i1illet sc€tter' ' iag lenltlr, VI :no I{
!n.u Atomi. oaa: unit, = Mr
A Ato! lc ness nunrber, N-i Z
A Vecbor lo'Lential
F collision laranet:er, 2? , zzi
BE tsinding energy

cr VI sna IX. noeff. of !tn' !1rt iE l .r:re, ff?
D II, tnicbess
e electionic charge = -4.805

x 10-r' esu
g. ! S' etc. , rlnit vectols
E' InFrsv eis€nv.lue, T + Ug. xlectric field strensth, -gl
f(e) Ansular delendencc of

Totat a]1guLar nonentun of
iton. I + J

001rn1rn' consteni. !erm1

h/ 2tr
Magneir1c Iield
lotal nuc.i ear ang.0onentula
Intensiiy, erg cn-1se c - r

IT, alelage ionizatlon
poteniia1,50

Totaf ang. nonentll,n cl
entra-nucLeal a-lom

Frolagailon constant, :f/,
Radiat ion Lengirh, 49
l,reen free !at,h for lair
lroduction,49

FIST mass of el.ectron
fiest nass ol a tadicle
Index ot relraction
4 N-autron
Ator,s or nuclei rex c!r!
II, ele ctxons cm-3, :a

P lrE !n" ri c rre-iiitv, (!./re)=,t,
q(!,f) or q(r,?:), I{. slorin3 '

do1.m dens ity, ia?
Q. I{, rete of produciion ol

neuirons, 1e4
Q Inexsv of reaction, exo-

Q Quadrupole nornent
r. F.diL; of FlFctron .nd

rs xj radius oi' e3rth

ladius of lotenlrial weL

fiil€:,u """,*u, -Is.5: ev

]srin ansular mo:nentun

Kinei;ic energy, half-liler
tenperarrure.

Potentlal energy
YIrT, velocity

Total relatlvistlc energy, 5
xtnospheri c depjih, A cn-2, Zfb
Charge of particle ln lrdis

of r€letb.. charse
Charge of incident Iart,icle

tt, ttv/ncz, energy lareoei,er
)!::rt\ ''"-

.irAee slift of ltI r€ftisL

x, anele betreen Y and r'{est.

YIIL elerqY ridth of reso-
nance at f nax., 154

IX. ln neutroa ene.!v
lx, neutron scatierihs angle

ia lab. systerd, lA2
Total scaitering angle, 36
Ranae ol rLeson fiefd, 135
Uean tree paih, 194
Radloactlve decay const, l
](, rdegnetic latitude, Z?5
Conr!ton wa!eleneth/:1r
TX, absorltlon nean free

!ath, ]84

Nuclear nagneton
l'{a€ne jr i c nonent

f{, aFdr ct io n il ln(neutlon
enere r) rer collision. LesPsuli E-Din oferator, 1I:

Differential cros s section
Totat cross section
1(lein-Nisl'rine scattering

cross section(conptonl 4f
II, .r for lhotoelectric
II, Thorrson cross section

RY

s
T

U
v
Y

z

pl

T

I
e

@

)

r.

c

nt

4.1

I
g

d
4
I
T.I

:l

it

t!

N
I'l



a-

z4r

Ia
aG)

n
*

II, Thlckness ln g/cn2
Meal] fife
IX, neutrotr ,,agen
angul€r frequency, solitt anele
Yolune of box for nonoaflzation

Denotes ercited nucleus

order of nagnitude
apprd.l-nately



242
TAB],E OF PIrySICAI CONSTAI.ITS

0€@ra1 lhy6lcaL ConetantE:
6- = h2,na2 - o,)29 i lO+ co. Bohr Radiu€
d,= Jttc = I/)7,a1 Ft.o struclu.e conELenl,. x.

d"= *:ii'
c = 2.988 x Io'" m Eec. veloclLy o!^llsht
e = 4.805 x rO-10 6eu = 1.602 I Io_a €bu. !16c1!or:_ ..ars€
E d ).5 x )a-t -A o.,6ec-. F6mI co'6Lan! ln bela decay. p. -5
t = 6,t32t- x I0-:1 e's-sec. Prar ci con6tan!
I = l.ot+ x 1o-:/ 6!a-s6c.
L = I.r8 x Io-19 €ls/dosree. Bo-r&atr onsr6E
N-- o.O2l x rc?2 /Ea1e. Avoeodlo 6 rober
!:= ..82 x lo-1, @. 91e6ej si el"cl,o' rao,!6
i.- l|/bc = i,86 r to-rr @. coDpro, hav€l6nsal /z?

n-p Ecattellns d = $., harn.
Tri!1er er6ter (p. I15) :

BE -- 2,21 Mea = J.58 t 10 " €rc
u: = -2I.0 Mev, !6Ll delth

r:p trtpl€t 6ca.L!6!lne %.4.1 b6-' s
a: E 0.59 ! 10_r' cE
vdve fcr phsse at edse of v€ll: loSo

slne161, st al,6 | (!. 120)
U, = -11.t Met, lloll dopl,h
n:p sjrul€t ecatlgri-g c', = 68 barne
a- = -2-a2 x 1O_Iz cn

a,;l;.;:.';";.;; qo j-o.oo-,, 
" to 'r cr) (p. :r)

Masretlc Mooerts!
/ann. - a'a27t x rQlzr 6rs/ Eabs6
/ucLe", <.0/+ x l0-'- ery/Eat6'= t/!817/1B.hr

?nrcftn = 2.7496 /-...1esr
' / tult r an ='I.g|of , arcrear
ldeur,eron= o.E5&7 l N.raat

l{as6es, (se6 p.2; !as6 fomur6, p.7)
,= t u* = r,5coJx Lo-2! e- or. t4ev

!'lp = 1.00799 aDu
M" - 1.ooa98 aou
i = !/I8, ,16\ ua =
Mn-J = 140.8 Mev :
M* = \)A l'f€v :
Ml! = ta1 Mer -

g.to66 x &-28 g: o.5r la6v. l{a€6 of electron
275J5 eleciron EBEBes
21a elecLron aaEse€
21014 electlon oa e seE

Li7
So?

81]

tt*
I
+I

,/2
a/2
,

t/2



l4i6cella..ouB Con.tsrls' i' Al'rnaneti cal order :

curie -, 7! x io10 di€lntegrdf ions/'ec
tose {see i. 18)
e.'. = 1,5 x 1O-r2 erg
,-.r. = 8lOO .r-I for Ph.ton
..'. = ii,loo" r.o'. ("utti.g I e'v = kT)

,-r-.o ,,:.
!

2+5

=":r'.16tfi-".
- 2 2, o'' 1r(c "ev]

l-= r 6:i!t a. 1..4r !. r'l)
" ,1"- )-r.t 6 1. j{T} Air

- - 9-7 ,a '. slminuo
= .it7 cE in leai

%,",,:-..r -" oro\

,/ ..^u.c'* " ! -o)
xFr : r.601 x lc_u e.e.:

;. ' e--. :' '" ",-*" 
"".:: .. "." 

-o -h .t ei-. !'o\e6

", 
-.;. o oo" t r'

3vd!erq: li-: rr.r2 e r.- Fh!

=.09.,. - r"'o:es
T L lell LtiF, sso D d"e- i ob)

;-. ,",.-." rr.o!@.- 'tB .o"""").8

eL I o -roB e' nh

"".-i"0", :1,""'
Y--ir : 5.Io Y 10r 3€:'r d"

;. ,"i "..o. ."1 , .-8 ". '.6 : 'ooo 06'

I =(ra7r07.r."t..",'"tt in An!strons, ror Fh'ton
pa!. = r,22" ..1.t ) L/^.tf )
O'. i .on='.65 x lc-'- 'r_
i'ii-.li'irr., raci.act!ae raEiLie6, r' llj EaDA deeav' ! 96)

i' t4 1- T o-1
| . a,t f.-



Abrana, M., 4r, 44, 46, ,4Atso4tlon coelflclent€, 19
--thicLn6e€ for co6ni. rays,22o
Accelerator, nei,at,!on, 2,
--0ockroft,\ia1ton, 24

Adiabalic invariance, 29

lND!L

tsloch, rr
lohr, 27, 14€, 166
-- fordula, 27

--orliie ro. ,4-neoone, 1r)
Breit,..lignor lar$)\a, Ir2, \51
Breq6st,!eh1ue.4l

ch. trr, 55-69

221

--ridual level theory, 19
Ahha-atpha s.ai,t,6ring, 149
Lngular corrclat,ion, p-2, I5
Aneulai nonentu, toia1, 11

'-nucleer Eodels, 159

--eelection ru1es, 96

lnti-neuirino.85. a6
Argonne eiarhite !i1ej 21,
Artificlsl Froduction .r nt a, l)1
Atnoslleric data, 21,

Atonic Eaeoj lhyei.al 6cale aad
cheEical eca1a, 2

-- nss3 romula, 6
tuAer elsct!.n0. 101. 141
Avogad.oro nMber, 2, 240

aARRMs, arni!"rary, t6
--courobbr 57, ,8
- rectaneuler, t5
-foct.r 1. nu.LeE, res.!1..6, 1{2

sartreti lorc6, 112
!€8k:., F, 4r, 44, 46, i4
Peu. 14o, enerey di€era, 151
Berkeley cyclotr.i
-deureron nee!, 177, 178

-*neDtrod lems, 121

Beta-decay, Ch. It, 69-€7

--Bpeci.aj 75! 78

--aad g3ll@-d6cey, 89, r05

tsatt\e, 8.,211 , tA, Jt, )2, 
'4Binding enersr, i. 2

C€tenkov ladietion, l2
chad{ick, J., 14,54
ohain reaction6, 2Og-21)
oheaical hinding effect on neur,ron

6cqttertng, 194
0oherent ecatte.irg, 195-20,
Cold neui,rone, l8o, 199, 20,
ColliBion tnick@ae in air, 22o
CoMtation le1d'oione ior I, t6
coEpound nucleus, 147
Conlt.n effoctJ ,8, 40
-+srer6ngthJ 41j 240
coneervati.n o: €ne.g/, 69,
--ih 0e6oa theory, 115
Co.stant6j _.hy6rc61. 240
Conv6rBion, iatemal, 101
C\r, ga@a ebEorltion resonoce, 175

uo€nio Ray€, C}!. t.,2I5-2,
--al€orltioa ihickne6o, 22o
--allored coneB, 229
--a11ored re-sion6, 227

--.oiliBi.a thickneE6, 2?c
--eo3t-He€t esBrT-try, 241
--otectronic conponenl,, 2214, 222
--forbidden reEi.LB, 2)l
- nerd c.r!on6at, 221b
--in!en6ity,215,222
--1etitud6 eflect,2ri
--liouvi11€ theoree, 2r2
-'&e6on6 in, 22la,22:
--Eotion of, tn earthro tield, 225

in sunre tie1d, 2tt
--N'cod!onent,2Hj 222
-'FriEery,215,2r,
--!!oton6 1n rrjlafy raCiation, 216.
--teter.L...,2)1
--secondery iediation, 217, 22J
--Ehadc! elf6ct, 2j2
--ehorere, 4a) 2 9
--Eof-L coh:o.e.i, 221t 221

--t!ejecto.y .f, 22,
coulodb ocattering, 125-127

CroeB 3e.tion fo. ..,.1ee. .e!.ti!ne.
141, r4J

214



Cockroft-{eltoa ecc6lera1,or. 24
Cu.ie, 18,240
cyclotr.n, 2, (a1eo d6e Berkotey)

DECAYCoNSTA|n,r,l
5 -firn.ri.n6. lob i ro rs 2 o

!6.s1ty of r!clee. 1eliis. 1t8. t6i
Dens:ty oi stales in a b.x, 76
DetaiLed balance, 145
Deuteron, i1)-121J 169
--nuclear !ot6ntia1, ll5, tt6
-.*virtual rtete! l2a, I2l, !lr, I99
--{ave function, 11t-116
Dilirect ion of neutioae, 2OO-201
DifluEion theory (n6utron6). 187-194
--1enst! (n.u."r.ne), 191
!ip01e (eee El!ct.ic, Ues@dic .,. )!ira. tleorl. of tre €r6ctrod, 18
Jiolntegreiion .! },t., ,\d, l:2 22 a
DoLole 19 -decay, ao -

EAST-1{EST ASSYyTETRY, 213
Eln8tein neeo energy relerlon, 2
tlesiic ecatterinA of 4eutrotr6.

181,18)
Electric !i!ore, 92
'-abeo.ldion at iiah e&!gr, 1OO
-+&iseion,94.96, 106
--Etetic Eonen'! forlidden, 1,
--radiation forbidd6n! 9t
Eleotric quadrupo1e,9l
-e&id61.n, 100, 108

ELectron6, exioience in nucleus, 7,
--@gative enercy, Tl
Elect!onic conF.r6nt oi cosEtc

fei,ta,22laj22Z
ELtr], )4, 

'4EndotlerDi. i6sctione, r4r, 144
Ene.Sr diagreao, heta decsy, 7o
--Bed /..8r.!nd ricleue) ! 151
'-Isomeri. sl,ltesJ 106
Entroly of nu.1eue, 151
EqrililriM, radioactiv6, 6ecx1ar,

u
EY.to.at ion froE ruc1eu6, 162

--6x!er1e6!real evidenc6, 121-12JJ 178

--6aturation, 11,

5xothermic reectiore, 14I, 144

--e6ttuetry in, 16,
--in chain redc1,ion6, 208
--dellyed neut.ono, 167
--fr&CnentB, t66j r57
--neut,ronB ebitted, 167
'-gtability aeain6t, rdi

Forbiddei cones ad .eEion€, 228

-trshei'!ioaB, 100
--6trictlv iorLidden iranoil,ioia_ t04
forE fector, 2OO-2OL
F.lrtre. &.@1ysiB of J, 1o7,to9

'-erlt,i!ote expenBlon, 92

Gano!-Teller selection iula, 81

caB &.de1 of tucreus, 159
oeonetri. nu.l,-rr r, 2Zo
c€ieer-NuttaLL 1ar,65

"Gr1,ien ,q!1e + 1 1to. r48
'c.1dcn alLe # 2 142

Gra )!ite iilter6, 20,
ereie.4, K., t6, 49,54

-allha radiati.n,
-'h6ia
-gt@e

5e
82
96

lard collorent of .oenic rdyE! 22I!,,222

Eeat of cond6nestiotr, 4
- of condensation, 7
Hei6enbe.g, 1{., I)7

Heriler,24O , 19, \t,45, 41, 48,5a,54
i1e2, ).69
Ha), ].69
high-ere.A. ocalterinE I2t, t22
d droeen, ortho- an4b;ra-, 1o9-:OO
v, t6)
IldoY o .e r€r'rons. o_..o-
to115, roo
indnced eniseion, 9,
Iaiu.tior, nuclear Eegn6ric, 1)

Iniernsl c.nversioi, LOr-L05
--coelficient, 101 tOJ

fEATllli rule, ,2
Femi, 0., ionization lo€8, ,2

rarer on pile t heory,
2aa-2!t

i.rbi a-qe eqlation, 187-188

24F:



Iniomr convor6ion ( cond. )

-6xperi!6ntur, tLl+'10)
--relairivlsiic tregtrent, 1O4

--s€l€ction ru1o€, 104, 105

Iniensiiy of priEary coelo rayo
' " secondary " "

Inv€rsd proc6e€6s, 145
beta-decey,8t

Ionlzation ol e ga6, ,,

--1066 by heaYy partlclee, 27

-- -- electiona, ,o

Isolar, d6f1ned, I

--Etability of, 71

l6oion6, dellned, I

JiNossY, 217 , 7, ,a, 54, \tj

Mas6, atolic @e6 tor4la, 6

--!eldl,ivieticJ 4

Mat!1x 61en€nt, in lota-decay, 7r, 81

--!n s@-decay, 92-96

x€a- free Fo_n to. r-"tro o. r8t-6. 18o'
M6M l1fs ( flalf life)
lle€on, decay of ttad p, Itz

--in coenic rayo, 220
--nand )], f ardd, 111-2
--neutra\, In, 22!
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