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?. 11. On Electro-chemical Decomposition, continued. [ iv. On some general 
conditions of Electro-decomposition. ? v. On a new Measurer of 
Volta-electricity. ? vi. On the primitive or secondary character of 
bodies evolved in Electro-decomposition. ? vii. On the definite nature 
and extent of Electro-chemical Decompositions. ?. 13. On the absolute 

quantity of Electricity associated with the particles or atoms of Matter. 

Preliminary. 

661. THE theory which I believe to be a true expression of the facts of electro- 
chemical decomposition, and which I have therefore detailed in a former series of 
these Researches, is so much at variance with those previously advanced, that I find 
the greatest difficulty in stating results, as I think, correctly, whilst limited to the use 
of terms which are current with a certain accepted meaning. Of this kind is the term 

pole, with its prefixes of positive and negative, and the attached ideas of attraction 
and repulsion. The general phraseology is that the positive pole attracts oxygen, 
acids, &c., or more cautiously, that it determines their evolution upon the surface; and 
that the negative pole acts in an equal manner upon hydrogen, combustibles, metals, 
and bases. According to my view, the determining force is not at the poles, but within 
the decomposing body; and the oxygen and acids are rendered at the negative ex- 
tremity of that body, whilst hydrogen, metals, &c., are evolved at the positive ex- 
tremity (518. 524.). 

662. To avoid, therefore, confusion and circumlocution, and for the sake of greater 
precision of expression than I can otherwise obtain, I have deliberately considered the 
subject with two friends, and with their assistance and concurrence in framing them, 
I purpose henceforward using certain other terms, which I will now define. The poles, 
as they ae usually called, are only thearer doors or ways by which the electlic current 
passes into and out of the decomposing body (556.); and they of course, when in 
contact with that body, are the limits of its extent in the direction of the current. 
The term has been generally applied to the metal surfaces in contact with the decom- 
posing substance; but whether philosophers genetally would also apply it to the 
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surfaces of air (465. 471.) and water (493.), against which I have effected electro- 
chemical decomposition, is subject to doubt. In place of the term pole, I propose 
using that of Electrode*, and I mean thereby that substance, or rather surface, whether 
of air, water, metal, or any other body, whichl bounds the extent of the decomposing 
matter in the direction of the electric current. 

663. The surfaces at which, according to the common phraseology, the electric 
current enters and leaves a decomposing body, are most important places of action, 
and require to be distinguished apart from the poles, with which they are mostly, and 
the electrodes, with which they are always, in contact. Wishing for a natural standard 
of electric direction to which I might refer these, expressive of their difference and at 
the same time free from all theory, I have thought it might be found in the earth. If 
the magnetism of the earth be due to electric currents passing round it, the latter must 
be in a constant direction, which, according to present usage of speech, would be from 
east to west, or, which will strengthen this help to the memory, that in which the sun 
appears to move. If in any case of electro-decomposition we consider the decomposing 
body as placed so that the current passing throutgh it shall be in the sanme direction, 
and parallel to that supposed to exist in the earth, then the surfaces at which the elec- 

tricity is passing into and out of the substance would have an invariable reference, and 
exhibit constantly the same relations of powers. Upon this notion we purpose calling 
that towards the east the anode+, and that towards the west the cathode+; and 
whatever changes may take place in our views of the nature of electricity and elec- 
trical action, as they must affect the natural standard referred to in the same direction, 
and to an equal amount with any decomposing substances to which these terms may 
at any time be applied, there seeins no reason to expect that they will lead to con- 
fusion, or tend in any way to support false views. The anode is therefore that sur- 
face -at which the electric current, according to outr present expression, enters: it is 
the negative extremity of the decomposing body; is where oxygen, chlorine, acids, &c., 
are evolved; and is against or opposite the positive electrode. The cathode is that 
surface, at which the current leaves the decomposing body, and is its positive extre- 

mnity; the combustible bodies, metals, alkalies, and bases, are evolved there, and it is 
in contact with the negative electrode. 

664. 1 shall have occasion in these Researches, also, to class bodies together ac- 

cording to certain relations derived from their electrical actions (822.); and wishing 
to express those relations without at the same time involving the expression of any 
hypothetical views, I intend using the following names and terms. Many bodies are 

decomposed directly by the electric current, their elements being set fiee; these I 
propose to call electrolytes . Water, therefore, is an electrolyte. The bodies which, 

* '\XerrpoV, and Ooos a way. 
t Ava upwards, 6(Tos a way; the way which the sun rises. 

+ Kara downwards, oo0s a way; the way which the sun sets. 

? lkXeKrpov, and Xvw solvo. N. Electrolyte, V. Electrolyze. 
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like nitric or sulphuric acids, are decomposed in a secondary manner (752. 757.), are 
not included under this term. Then for electro-chemically decomposed, I shall often 
use the term electrolyzed, derived in the same way, and implying that the body spoken 
of is separated into its components under the influence of electricity: it is analogous 
in its sense and sound to analyze, which is derived in a similar manner. The term 

electrolytical will be understood at once. Muriatic acid is electrolytical, boracic 
acid is not. 

665. Finally, I require a term to express those bodies which can pass to the elec- 
trodes, or, as they are usually called, the poles. Substances are frequently spoken of 
as being electro-negative, or electro-positive, according as they go under the supposed 
influence of a direct attraction to the positive or negative pole. But these terms are 
much too significant for the use to which I should have to put them ; for thlouglh the 

meanings are perhaps right, they are only hypothetical, and may be wrong; and then, 
throuigh a very imperceptible, but still very dangerous, because continual, influence, 
they do great injury to science, by contracting and limiting the habitual views of 
those engaged in pursuing it. I propose to distinguish these bodies by calling those 
anions* which go to the anode of the decomposing body; and those passing to the 
cathode, cations t; and when I have occasion to speak of these together, I shall call 
them ions. Thus, the chloride of lead is an electrolyte, and wlhen electrolyzed evolves 
the two ions, chlorine and lead, the formner being an anion, and the latter a cation. 

666. These terms being once well defined, will, I hope, in their use enable nie to 
avoid much periphrasis and ambiguity of expression. I do not mean to press them 
into service more frequently than will be required, for I am fully aware that names 
are one thing and science another+. 

667. It will be well understood that I am giving no opinion respecting the nature 
of the electric current now, beyond what I have done on a former occasion (283. 517.); 
and that though I speak of the current as proceeding from the parts which are posi- 
tive to those which are negative (663.), it is merely in accordance with the conven- 

tional, though in some degree tacit, agreement entered into by scientific men, that 

they may have a constant, certain, and definite means of referring to the direction of 
the forces of that current. 

? iv. On some general conditions of Electro-chemical Decomposition. 
669. From the period when electro-chemical decomposition was first effected to the 

present time, it has been a remark, that those elements which, in the ordinary phe- 
nomena of chemical affinity, were the most directly opposed to each other, and corn- 
bined with the greatest attractive force, were those which were the most readily 
evolved at the opposite extremities of the decomposing bodies (549.). 

* ayvov that which goes up. (Neuter participle.) t Kartov that which goes down. 
+ Since this paper was read, I have changed some of the terms which were first proposed, that I might employ 

only such as were at the same time simple in their nature, clear in their reference, and free from hypothesis, 
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670. If this result was evident when water was supposed to be essential to, and 
was present, in almost every case of suclh decomposition (472.), it is far more evident 
now that it has been shown and proved that water is not necessarily concerned in 
the phenomena (474.), and that other bodies much surpass it in some of the effects 
supposed to be peculiar to that substance. 

671. Water, from its constitution and the nature of its elements, and fromn its fre- 
quent presence in cases of electrolytic action, has hitherto stood foremost in this 
respect. Thouglh a compound formed by very powerful affinity, it yields up its ele- 
ments under the influence of a very feeble electric current; and it is doubtful 
whether a case of electrolyzation can occur, where, being present, it is not resolved 
into its first principles. 

672. The various oxides, chlorides, iodides, and salts (402.), which I have shown 
are decomposable by the electric current whlen in the liquid state, under the same 

general law with water, illustrate in an equally striking manner the activity, in such 

decompositions, of elements directly and powerfully opposed to each other by their 
chemical relations. 

673. On the other hand, bodies dependent on weak affinities very rarely give way. 
Take, for instance, glasses: many of those formed of silica, lime, alkali, and oxide of 
lead, may be considered as little more than solutions of substances one in another*. 
If bottle-glass be fused, and subjected to the voltaic pile, it does not appear to be at 
all decomposed (408.). If flint-glass, which contains substances more directly op- 
posed, be operated upon, it suffers some decomposition; and if borate of lead glass, 
which is a definite chemical compound, be experimented with, it readily yields up its 
elements (408). 

674. But the result which is found to be so striking in the instances quoted is not 
at all borne out by reference to other cases where a similar consequence might have 
been expected. It may be said, that my own theory of electro-chemical decomposition 
would lead to the expectation that all compound bodies should give way under the 
influence of the electric current with a facility proportionate to the strength of the 
affinity by which their elements, either proximate or ultimate, are combined. I am 
not sure that that follows as a consequence of the theory; but if the objection be 
supposed one presented by facts, I have no doubt it will be removed when we obtain 
a more intimate acquaintance with, and precise idea of, the nature of chernical 
affinity and the mode of action of an electric current over it (518. 524.): besides which, 
it is just as directly opposed to any other theory of electro-chemical decomposition as 
the one I have propounded; for if it be admitted, as is generally the case, that the 
mor e directly bodies are opposed to each other in their attractive forces, the more 
powerfully do they combine, then the objection applies with equal force to any of 
the theories of electrolyzation which have been considered, and is an addition to those 
which I have taken against them. 

* Philosophical Transactions, 1830, p. 49. 
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675. Amongst powerful compounds which are not decomposed, boracic acid stands 
prominent (408.). Then again, the iodide of sulphur, and the chlorides of sulphur, 
phosphorus, and carbon, are not decomposable under common circumstances, though 
their elements are of a nature which would lead to a contrary expectation. Chloride 
of antimony (402. 690.), the hydro-carbons, acetic acid, ammonia, and many other 
bodies undecomposable by the voltaic pile, would seem to be formed by an affinity suf- 
ficiently strong to indicate that the elements were so far contrasted in their nature 
as to sanction the expectation that the pile would separate them, especially as in some 
cases of mere solution (530.544.), where the affinity must by comparison be very weak, 
separation takes place*. 

676. It must not be forgotten, however, that much of this difficulty, and per- 
haps the whole, may depend upon the absence of conducting power, which, pre- 
venting the transmission of the current, prevents of course the effects due to it. All 
known compounds being non-conductors when solid, but conductors when liquid, are 

decomposed, with perhaps the single exception at present known of periodide of mer- 

cury (679. 691.); and even water itself, which so easily yields up its elements when 
the current passes, if rendered quite pure, scarcely suffers change, because it then 
becomes a very bad conductor. 

677. If it should hereafter be proved that the want of decomposition in those 
cases where, from chemical considerations, it might be so strongly expected (669.674. 
672.), is due to the absence or deficiency of conducting power, it would also be proved, 
at the same time, that decomposition depends upon conduction, and not the latter upon 
the former (413.) ; and in water this seems to be very nearly decided. On the other 
hand, the conclusion is almost irresistible, that in electrolytes the power of transmit- 

ting the electricity across the substane is dependent upon their capability of suffering 
decomposition; taking place only whilst they are decomposing, and being propor- 
tionate to the quantity of elements separated (821.). I may not, however, stop to 
discuss this point experimentally at present. 

678. When a compound contains such elements as are known to pass towards the 

opposite extremities of the voltaic pile, still the proportions in which they are pre- 
sent appear to be intimately connected with capability in the compound of suffering 
or resisting decomposition. Thus, the protochloride of tin readily conducts, and is 

decomposed (402.), but the perchloride neither conducts nor is decomposed (406.). 
The protiodide of tin is decomposed when fluid (402.); the periodide is not (405.). 
The periodide of mercury when fused is not decomposed (691.), even though it does 
conduct. I was unable to contrast it with the protiodide, the latter being converted 
into mercury and periodide by heat. 

679. These important differences induced me to look more closely to ceirtain binary 
compounds, with a view of ascertaining whether a law regulating the decomposability 

* With regard to solution, I have met with some reasons for supposing that it will probably disappear as a 

cause of transference, and intend resuming the consideration at a convenient opportunity. 

MDCCCXXXIV. M 
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according to some relation of the proportionals or equivalents of the elements, could 
be discovered. The proto compounds only, amongst those just referred to, were de- 
composable; and on referring to the substances quoted to illustrate the force and 
generality of the law of conduction and decomposition which I discovered (402.), it 
will be found that all the oxides, chlorides, anld iodides subject to it, except the chlo- 
ride of antimony and the periodide of mercury, (to which may now perhaps be added 
corrosive sublimate,) are also decomposable, whilst many per compounds of the same 
elements, not subject to the law, were not so (405. 406.). 

680. The substances which appeared to form the strongest exceptions to this ge- 
geral result were such bodies as the sulphuric, phosphoric, nitric, arsenic, and other 
acids. 

681. On experimenting with sulphuric acid, I found no reason to believe that it 
was by itself a conductor of, or decomposable by, electricity, although I had pre- 
viously been of that opinion (552.). When very strong it is a much worse conductor 
than if diluted*. If then subjected to the action of a powerful battery, oxygen 
appears at the anode, or positive electrode, although much is absorbed (728.), and hy- 
drogen and sulphur appear at the cathode, or negative electrode. Now the hydrogen 
has with me always been pure, not sulphuretted, and has been deficient in proporltion 
to the sulphur present, so that it is evident that when decomposition occurred water 
must have been decomposed. I endeavoured to make the experiment with anhydrous 
sulphuric acid. It appeared to me that in that state, when fused, sulphuric acid was 
not a conductor, nor decomposed; but I had not enough of the dry acid in my pos- 
session to allow me to decide the point satisfactorily. My belief is, that when sul- 
phur appears by the action of the pile on sulphuric acid, it is the result of a 
secondary action, and that the acid itself is not electrolyzable (757.). 

682. Phosphoric acid is, I believe, also in the same condition; but I have fouild it 
impossible to decide the point, because of the difficulty of operating on fused anhy- 
drous phosphoric acid. Phosphoric acid which has once obtained water cannot be 
deprived of it by heat alone. When heated, the hydrated acid volatilizes. Upon sub- 
jecting phosphoric acid, fused upon the ring end of a wire (401.), to the action of the 
voltaic apparatus, it conducted, and was decomposed; but gas, which I believe to be 
hydrogen, was always evolved at the negative electrode, and the wire was not affected 
as would have happened had phosphorus been separated. Gas was also evolved at 
the positive electrode. From all the facts, I conclude it was the water and not the 
acid which was decomposed. 

683. Arsenic acid. This substance conducted, and was decomposed; but it con- 
tained water, and I was unable at the time to press the investigation so as to ascertain 
whether a fusible anhydrous arsenic acid could be obtained. It forms, therefore, at 
present no exception to the general result. 

684. Nitrous acid, obtained by distilling nitrate of lead, and keeping it in contact 
* D LA RIYVE. 
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with strong sulphuric acid, was found to conduct and decompose slowly. But on 
examination there were strong reasons for believing that water was present, and that 
the decomposition and conduction depended upon it. I endeavoured to prepare a 

perfectly anhydrous portion, but could not spare the time required to procure an un- 
exceptionable result. 

685. Nitric acid is a substance which I believe is not decomposed directly by 
the electric current. As I want the facts in illustration of the distinction existing 
between primary and secondary decomposition, I will merely refer to them in this 

place (752.). 
C86. That these mineral acids should confer facility of conduction and decompo- 

sition on water, is no proof that they are competent to favour and suffer these ac- 
tions in themselves. Boracic acid does the same thing, though not decomposable. 
M. DE LA RIVE has pointed out that chlorine has this power also; but being to us an 

elementary substance, it cannot be due to its capability of suffering decomposition. 
687. Chloride of sulphur does not conduct, nor is it decomposed. It consists of 

single proportionals of its elements, but is not on that account an exception to the 
rule (679.), which does not affirm that all compounds of single pr oportionals of ele- 
ments are decomposable, but that such as are decomposable are so constituted. 

688. Protochloride of phosphorus does not conduct nor become decomposed. 
689. Protochloride of carbon does not conduct nor suffer decomposition. In asso- 

ciation with this substance, I submitted the hydro-chloride of carbon from olefiant gas 
and chlorine to the action of the electric current; but it also refused to conduct or 

yield up its elements. 
690. With regard to the exceptions (679.), upon closer examination, some of them 

disappear. Chloride of antimony (a compound of one proportional of antimony and one 
and a half of chlorine) of recent preparation was put into a tube (fig. 13.) (789.), and 

submitted when fused to the action of the current, the positive electrode being of plum- 
bago. No electricity passed, and no appearance of decomposition was visible at first; 
but when the positive and negative electrodes were brought very near each other in 
the chloride, then a feeble action occurred and a feeble current passed. The effect 

altogether was so small (although quite amenable to the law before given), and so 
unlike the decomposition and conduction occurring in all the other cases, that I 
attribute it to the presence of a minute quantity of water, (for which this and many 
other chlorides have strong attractions, producing hydrated chlorides,) or perhaps of 
a true protochloride consisting of single proportionals (695. 796.). 

691. Periodide of mercury being examined in the same manner, was found most 

distinctly to insulate whilst solid, but conduct when fluid, according to the law of 

liquido-conduction (402.); but there was no appearance of decomposition. No iodine 

appeared at the anode, nor mercury or other substance at the cathode. The case is, 
therefore, no exception to the rule, that only compounds of single proportionals are 

decomposable; but it is an exception, and I think the only one, to the statement, that 
M 2 
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all bodies subject to the law of liquido-conduction are decomposable. I incline, how- 
ever, to believe, that a portion of protiodide of mercury is retained dissolved in the 

periodide, and that to its slow decomposition the feeble conducting power is due. 
Periodide would be formed, as a secondary result, at the anode; and the mercury at 
the cathode would also form, as a secondary result, protiodide. Both these bodies would 
mingle with the fluid mass, and thus no final separation appear, notwithstanding the 
continued decomposition. 

692. When perchloride of mercury was subjected to the voltaic current, it did not 
conduct in the solid state, but it did conduct when fluid. I think, also, that in the 
latter case it was decomposed; but there are many interfering circumstances which 

require examination before a positive conclusion can be drawn. 
693. When the ordinary protoxide of antimony is subjected to the voltaic current in 

a fused state, it also is decomposed, although the effect from other causes soon ceases 
(402. 802.). This oxide consists of one proportional of antimony and one and a half 
of oxygen, and is therefore an exception to the general law assumned. But in working 
with this oxide and the chloride, I observed facts which lead me to doubt whether 
the compounds usually called the protoxide and the protochloride do not often con- 
tain other compounds, consisting of single proportions, which are the true proto com- 
pounds, and which, in the case of the oxide, might give rise to the decomposition 
above described. 

694. The ordinary sulphuret of antimony is considered as being the compound with 
the smallest quantity of sulphur, and analogous in its proportions to the ordinary 
protoxide. But I find that if it be fused with metallic antimony, a new sulphuret is 
formed, containing much more of the metal than the former, and separating distinctly, 
when fused, both from the pure metal on the one hand, and the ordinary grey sul- 
phuret on the other. In some rough experiments, the metal tlius taken up by the 

ordinary sulphuret of antimony was equal to half the proportion of that previously in 
the sulphuret, in which case the new sulphuret would consist of single proportionals. 

695. When this new sulphuret was dissolved in Inuriatic acid, although a little 

antimony separated, yet it appeared to ine that a true protochloride, consisting of 
single proportionals, was formed, and from that, by alkalies, &c., a true protoxide, 
consisting also of single proportionals was obtainable. But I could not stop to ascer- 
tain this matter strictly by analysis. 

696. I believe, however, that there is such an oxide; that it is often present in 
variable proportions in what is commonly called protoxide, throwing uncertainty 
upon the results of its analysis, and causing the electrolytic decomposition above 
described. 

697. Upon the whole, it appears probable that all those binary compounds of ele- 
mentary bodies which are capable of being electrolyzed when fluid, but not whilst 
solid, according to the law of liquido-conduction (394.), consist of single proportionals 
of their elementary principles; and it may be because of their departure from this 
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s implicity of composition, that boracic acid, ammonia, perchlorides, periodides, and 

many other direct compounds of elements, are indecomposable. 
698. With regard to salts and combinations of compound bodies, the same simple 

relation does not appear to hold good. I could not decide this by bisulphates of the 
alkalies, for as long as the second proportion of acid remained, water was retained 
with it. The fused salt, therefore, conducted, and was decomposed; but hydrogen 
always appeared at the negative electrode. 

699. A biphosphate of soda was prepared by heating, and ultimately fusing, the 

ammonia-phosphate of soda. In this case the fused bisalt conducted, and was de- 
composed; but a little gas appeared at the negative electrode, and though I believe 
the salt itself was electrolyzed, I am not quite satisfied that water was entirely absent. 

700. Then a biborate of soda was prepared; and this, I think, is an unobjection- 
able case. The salt, when fused, conducted, and was decomposed, and gas appeared 
at both electrodes: even when the boracic acid was increased to three proportionals 
the same effect took place. 

701. Hence this class of compound combinations does not seem to be subject to 
the same simple law as the former class of binary combinations. Whether we may find 
reason to consider them as mere solutions of the compound of single proportionals 
in the excess of acid, is a matter which, with some apparent exceptions occurring 
amongst tlle sulphurets, must be left for decision by future examination. 

702. In any investigation of these points, great care must be taken to exclude water 
for if present, secondary effects are so frequently produced as often seemingly to indi- 
cate an electro-decomposition of substances, when no true result of the kind has oc- 
curred (742. &c.). 

703. It is evident that all the cases in which decomposition does not occur may de- 

pend upon the want of conduction (677. 413.) ; but that does not at all lessen the in- 
terest excited by seeing the great difference of effect due to a change, not in the nature 
of the elements, but merely in their proportions, especially in any attempt which may 
be made to elucidate and expound the beautiful theory put fortll by Sir HUMPHRY 

DAVY*, and illustrated by BERZELIUS and other eminent philosophers, that ordinary 
chlemical affinity is a mere result of the electrical attractions of the particles of matter. 

? v. On a new Measurer of Volta-electricity. 

704. I have already said, when engaged in reducing common and voltaic elec- 

tricity to one standard of measurement (377.), and again when introducing my theory 
of electro-chemical decomposition (504. 505. 510.), that the chemical decomposing 
action of a current is constant for a constant quantity of electricity, notwithstanding 
the greatest variations in its sources, in its intensity, in the size of the electrodes 
used, in the nature of the conductors (or non-conductors (307.)) through which it is 

* Philosophical Transactions, 1807, pp. 32, 39; also 1826, pp. 387, 389. 
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passed, or in other circumstances. The conclusive proofs of the truth of these state- 
ments shall be given almost immediately (783. &c.). 

705. I endeavoured upon this law to construct an instrument which should measure 
out the electricity passing throulgh it, and which, being interposed in the course of the 
current used in any particular experiment, should serve at pleasure, either as a com- 
parative standard of effect, or as a positive measurer of this subtile agent. 

706. There is no substance better fitted, under ordinary circumstances, to be the 
indicating body in such an instrument than water; for it is decomposed with facility 
when rendered a better conductor by the addition of acids or salts; its elements may 
in numerous cases be obtained and collected without any embarrassment from secon 
dary action, and, being gaseous, they are in the best physical condition for separation 
and measurement. Water, therefore, acidulated by sulphuric acid, is the substance 
I shall generally refer to, although it may become expedient in peculiar cases or forms 
of experiment to use other bodies (843.). 

707. The first precaution needful in the construction of the instrument was to 
avoid the recombination of the evolved gases, an effect which the positive electrode 
has been found so capable of producing (571.). For this purpose various forms of 
decomposing apparatus were used. The first consisted of straight tubes, each con- 
taining a plate and wire of platina soldered together by gold, and fixed hermetically 
in the glass at the closed extremity of the tube (Plate I. fig. 5.). The tubes were 
about eight inches long, 0-7 of an inch in diameter, and graduated. The platina plates 
were about an inch long, as wide as the tubes would permit, and adjusted as near to 
the mouths of the tubes as was consistent with the safe collection of the gases evolved. 
In certain cases, where it was required to evolve the elements upon as small a surface 
as possible, the metallic extremity, instead of being a plate, consisted of the wire bent 
into the form of a ring (fig. 6.). When these tubes were used as measurers, they were 
filled with the dilute sulphuric acid, and inverted in a basin of the same liquid (fig. 7.), 
being placed in an inclined position, with their mouths near to each other, that as 
little decomposing niatter should intervene as possible; and also, in such a direction 
that the platina plates should be in vertical planes (720.). 

708. Another form of apparatus was that delineated (fig. 8.). The tube is bent in 
the middle; one end is closed; in that end is fixed a wire and plate, a, proceeding so 
far downwards, that, when in the position figured, it shall be as near to the angle as 
possible, consistently with the collection, at the closed extremity of the tube, of all the 
gas evolved against it. The plane of this plate is also perpendicular (720.). The 
other metallic termination, b, is introduced at the time decomposition is to be effected, 
being brought as near the angle as possible, without causing any gas to pass from it 
towards the closed end of the instrument. The gas evolved against it is allowed to 
escape. 

709. The third form of apparatus contains both electrodes in the same tube; the 
transmission, therefore, of the electricity, and the consequent decomposition, is far 
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more rapid than in the separate tubes. The resultilng gas is the sum of the portions 
evolved at the two electrodes, and the instrument is better adapted than either of the 
former as a measurier of the quantity of voltaic electricity transmitted in ordinarly cases. 
It consists of a straight tube (fig. 9.) closed at the upper extremity, and graduated, 
through the sides of which pass the platina wires (being fused into the glass), which 
are connected with two plates within. The tube is fitted by grinding into one mouth 
of a double-necked bottle. If the latter be one half or two thirds fiull of the dilute sutl- 

phuric acid, it will, upon inclination of the whole, flow into the tube and fill it. When 
an electric current is passed through the instrument, the gases evolved against the 

plates collect in the upper portion of the tube, and are not subject to the recornbining 
power of the platina. 

710. Another form of the instrument is given at fig. 10. 
711. A fifth form is delineated (fig. 11.). This I have found exceedingly useful in 

experiments continued in succession for days together, and where large quantities of 

indicating gas were to be collected. It is fixed on a weighted foot, and has the form 
of a small retort containing the two electrodes: the neck is narrow, and sufficiently 
long to deliver gas issuing from it into a jar placed in a small pneumatic trough. The 
electrode chamber, sealed hermetically at the part held in the stand, is five inches in 

length, and 0*6 of an inch in diameter; the neck about nine inches in length, and 
0-4 of an inch in diameter internally. The figure will fully indicate the construction. 

712. It can hardly be requisite to remark, that in the arrangement of any of these 
forrms of apparatus, they, and the wires connecting them with the substance, which is 
collaterally subjected to the action of the same electric current, should be so far in- 
sulated as to ensure a certainty that all the electricity which passes through the one 
shall also be transmitted through the other. 

713. Next to the precaution of collecting the gases, if mingled, out of contact with 
the platinum, was the necessity of testing the law of a definite electrolytic action, 
upon water at least, under all varieties of condition; that, with a conviction of its 

certainty, might also be obtained a knowledge of those interfering circumstances 
which would require to be practically guarded against. 

714. The first point investigated was the influence or indifference of extensive 
variations in the size of the electrodes, for which purpose instruments like those last 
described (709. 710. 711.) were used. One of these had plates 0-7 of an inch wide, andl 
nearly four inches long; another had plates only 0 5 of an inch wide, and 0*8 of an 
inch long; a third had wires 0 02 of an inch in diameter, and three inches long; andt 
a fourth similar wires only half an inch in length. Yet when these were filled with 
dilute sulphuric acid, and, being placed in succession, had one common current of 

electricity passed through them, very nearly the same quantity of gas was evolved in 
all. The difference was sometimes in favour of one, and sometimes on the side of 
another; but the general result was that the largest quantity of gases was evolved 

upon the smaller surface of the wires. 
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715. Experiments of a similar kind were made with the single-plate, straight 
tubes (707.), and also with the curved tubes (708.), with similar consequences; and 
when these, with the former tubes, were arranged together in various ways, the re- 
sult, as to the equality of action of large and small metallic surfaces when delivering 
and receiving the same current of electricity, was constantly the same. As an illus- 
tration, the following numbers are given. An instrument with two wires evolved 
74'3 volumes of mixed gases; another with plates 73,25 volumes; whilst the sum of 
the oxygen and hydrogen in two separate tubes amounted to 73'65 volumes. In an 
other experiment the volumes were 55'3, 55'3, and 54'4. 

716. But it was observed in these experiments, that in single-plate tubes (707.) 
more hydrogen was evolved at the negative electrode than was proportionate to the 

oxygen at the positive electrode; and generally, also, more than was proportionate to 
the oxygen and hydrogen in a double-plate tube. Upon more minutely examining 
these effects, I was led to refer them, and also the differences between wires and 

plates (714.), to the solubility of the gases evolved, especially at the positive elec- 
trode. 

717. When the positive and negative electrodes are equal in surface, the bubbles 
which rise from them in dilute sulphuric acid are always different in character. Those 
ifron the positive plate are exceedingly small, and separate instantly from every part 
of the surface of the metal, in consequence of its perfect cleanliness (633.); whilst in 
the liquid they give it a hazy appearance, from their number and minuteness; are 

easily carried down by currents; and therefore not only present far greater surface 
of contact with the liquid than larger bubbles would do, buit are retained a much 

longer time in mixture with it. But the bubbles at the negative surface, though they 
constitute twice the volume of the gas at the positive electrode, are nevertheless very 
inferior in number. They do not rise so universally from every part of the surface, 
blut seem to be evolved at different points; and though so much larger, they appear 
to cling to the metal, separating with difficulty from it, and when separated, instantly 
rising to the top of the liquid. If, therefore, oxygen and hydrogen had equal solu- 
bility in, or powers of combining with, water under similar circumstances, still under 
the present conditions the oxygen would be far the most liable to solution; but when 
to these is added its well known power of forming a compound with water, it is no 
longer surprising that such a compound should be produced in smlall quantities at 
the positive electrode; and indeed the bleaching power which some philosophers have 
observed in a solution at this electrode, when chlorine and similar bodies have been 
carefully excluded, is probably due to the formation there, in this manner, of oxy- 
water. 

718. That more gas was collected from the wires than from the plates, I attlibute 
to the circumstance, that as equal quantities were evolved in equal times, the bubbles 
at the wires having been more rapidly produced, in relation to any part of the surface, 
must have been much larger; have been therefore in contact with the fluid by a much 
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smaller surface, and for a much shorter time than those at the plates; hence less 
solution and a greater collection. 

719. There was also another effect produced, especially by the use of large elec- 
trodes, which was bothl a consequence and a proof of the solution of part of the gas 
evolved there. The collected gas, when examined, was found to contain small por- 
tions of nitrogen. This I attribute to the presence of air dissolved in the acid used 
for decomposition. It is a well-known fact, that when bubbles of a gas but slightly 
soluble in water or solutions pass through them, the portion of this gas which is dis- 
solved displaces a portion of that previously in union with the liquid: and so, in the 

decomnpositions unlder consideration, as the oxygen dissolves, it displaces a part of tllhe 
air, or at least of the nitrogen, previously united to the acid; and this proceeds most 
extensively with large plates, because the gas evolved at them is in the most favour- 
able condition for solution. 

720. With the intention of avoiding this solubility of the gases as much as possible, 
I arranged the decomposing plates in a vertical position (707. 708.), that the bubbles 

might quickly escape upwards, and that the downward currents in the fluid should 
not meet ascending currents of gas. This precaution I found to assist greatly in pro- 
ducing constant results, and especially in experiments to be hereafter referred to, in 
which other liquids than dilute sulphuric acid, as for instance solution of potash, 
were used. 

721. The irregularities in the indications of the measurer proposed, arising from 
the solubility just referred to, are but small, and may be very nearly corrected by 
comparing the results of two or three experiments. They may also be almost entirely 
avoided by selecting that solution which is foulnd to favour them in the least de- 
gree (728.); and still further by collecting the hydrogen only, and using that as tlhe 
indicating gas; for being much less soluble than oxygen, being evolved with twice the 
rapidity and in larger bubbles (717.), it can be collected more perfectly and in greater 
purity. 

722. From the foregoing and many other experiments, it results that variation in 
the size of the electrodes causes no variation in the chemical action of a given quantity 
of electricity upon water. 

723. The next point in regard to which the principle of constant electro-chemnical 
action was tested, was variation of intensity. In the first place, the preceding expe- 
riments were repeated, using batteries of an equal number of plates, strongly and 
weakly charged; but the results were alike. They were then repeated, using batteries 
sometimes containing forty, and at other times only five pairs of plates; but the results 
were still the same. Variations therefore in the intensity, caused by difference in the 

strength of charge, or in the number of alternations used, piroduced no difference as to 
the equal action of large and small electrodes. 

724. Still these results did not prove that variation in the intensity of the current 
was not accompanied by a corresponding variation in the electro-chemical effects, 
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since the actions at all the surfaces might have increased or diminished together. The 
deficiency in the evidence is, however, completely supplied by the former experiments 
on different-sized electrodes; for with variation in the size of these, a variation in the 
intensity must have occurred. The intensity of an electric current traversing con- 
ductors alike in their nature, quality, and length, is probably as the quantity of elec- 
tricity passing through a given sectional area perpendicular to the current, divided 
by the time (360. note); and therefore when large plates were contrasted with wires 
separated by an equal length of the same decomposing conductor (714.), whilst one 
current of electricity passed through both arrangements, that electricity must have 
been in a very different state, as to tension, between the plates and between the wires; 
yet the chemical results were the same. 

725. The difference in intensity, under the circumstances described, may be easily 
shown practically, by arranging two decomposing apparatus as in fig. 12, where the 
same fluid is subjected to the decomposing power of the same current of electricity, 
passing in the vessel A. between large platina plates, and in the vessel B. between 
small wires. If a third decomposing apparatus, such as that delineated fig. 11. (711.), 
be connected with the wires at a b, fig. 12, it will serve sufficiently well, by the degree 
of decomposition occurring in it, to indicate the relative state of the two plates as to 
intensity; and if it then be applied in the same way, as a test of the state of the wires 
at a' b1, it will, by the increase of decomposition within, show how mnuch greater the 
intensity is there than at the former points. The connexions of P and N with the 
voltaic battery are of course to be continued during the whole time. 

726. A third form of experiment in which difference of intensity was obtained, for 
the purpose of testing the principle of equal chemical action, was to arrange three 
volta-electrometers, so that after the electric current had passed through one, it 
should divide into two parts, which, after traversing each one of the remaining in- 
struments, should reunite. The sum of the decomposition in the two latter vessels was 
always equal to the decomposition in the former vessel. But the intensity of the di- 
vided current could not be the same as that it had in its original state; and therefore 
variation of intensity has no influence on the results if the quantity of electricity remain 
the same. The experiment, in fact, resolves itself simply into an increase in the size 
of the electrodes (725.). 

727. The third point, in respect to which the principle of equal electro-cllemical 
action on water was tested, was variation of the strength of the solution used. In order 
to render the water a conductor, sulphuric acid had been added to it (707.); and it 
did not seem unlikely that this substance, with many others, might render the water 
more subject to decomposition, the electricity remaining the same in quantity. But 
such did not prove to be the case. Diluted sulphuric acid, of different strengths, was 
introduced into different decomposing apparatus, and submitted simultaneously to 
the action of thle same electric current (714.). Slight differences occurred, as before, 
sometimes in one direction, sometimes in another; but the final result was, that 



DEFINITE ELECTROLYTIC ACTION, WITH DIFFERENT SOLUTIONS. 

exactly the same quantity of water was decomposed in all the solutions by the same 
quantity of electricity, though the sulphuric acid in some was seventyfold what it was 
in others. The strengths used were of specific gravity 1'495, and downwards. 

728. When an acid having a specific gravity of about 1*336 was employed, the re- 
sults were most uniform, and the oxygen and hydrogen (716.) most constantly in the 

right proportion to each other. Such an acid gave more gas than one much weaker 
acted upon by the same current, apparently because it had less solvent power. If the 
acid were very strong, then a remarkable disappearance of oxygen took place; thus, 
one made by mixing two measures of strong oil of vitriol with one of water, gave 
forty-two volumes of hydrogen, but only twelve of oxygen. The hydrogen was very 
nearly the same with that evolved fiom acid of the specific gravity 1'232. I have not 
yet had time to examine minutely the circumstances attending the disappearance of 
the oxygen in this case, but imagine it is due to the formation of oxywater, which 
THENARD has shown is favoured by the presence of acid. 

729. Although not necessary for the pract.ical use of the instrument I am descri- 
bing, yet as connected with the important point of constant electro-chemical action 
upon water, I now investigated the effects produced by an electric current passing 
through aqueous solutions of acids, salts, and compounds, exceedingly different from 
each other in their nature, and found them to yield astonishingly uniform results. But 
many of them whiclh are connected with a secondary action will be more usefully 
described hereafter (778.). 

730. When solutions of caustic potassa or soda, or sulphate of magnesia, or sul- 
phate of soda, were acted upon by the electric current, j ust as much oxygen and 

hydrogen was evolved from them as from the diluted sulphuric acid, with which they 
were compared. When a solution of ammonia, rendered a better conductor by sul- 
phate of ammonia (554.), or a solution of subcarbonate of potassa was experimented 
with, the hydrogen evolved was in the same quantity as that set free from the diluted 

sulphuric acid with which they were compared. Hence changes in the nature of the 
solution do not alter the constancy of electrolytic action upon water. 

731. I have already said, respecting large and small electrodes, that change of order 
caused no change in the general effect (715.). The same was the case with different 
solutions, or with different intensities; and however the circumstances of an experi- 
nlent might be varied, the results came forth exceedingly consistent, and proved that 
the electro-chemical action was still the same. 

732. I consider the foregoing investigation as sufficient to prove the very extraor- 

dinary and important principle with respect to WATER, that when subjected to the in- 

fluence of the electric current, a quantity of it is decomposed exactly proportionate to the 
quantity of electricity which has passed, notwithstandino the thousand variations in the 
conditions and circumstances under which it may at the timne be placed ; and further, 
that when the interference of certain secondary effects (742. &c.), together with the 
solution or recombination of the gas and the evolution of air, are guarded against, 
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the products of the decomposition may be collected with such accuracy, as to ajbord a 

very excellent and valuable measurer of the electr icity concerned in their evolution. 

733. Thle forms of instrument which I have given, figg. 9, 10, 11. (709. 710. 711.), 
are probably those which will be found most useful, as they indicate the quantity of 

electricity by the largest volume of gases, and cause the least obstruction to the pass- 
age of the current. The fluid which my present experience leads ale to prefer, is a 
solution of sulphuric acid of specific gravity about 1'336, or from that to specific 

gravity 1-25; but it is very essential that there should be no organic substance, nor 

any vegetable acid, nor other body, which, by being liable to the action of the oxygen 
or hydlrogen evolved at the electrodes (773. &c.), shall diminish their quantity, or add 
other gases to them. 

734. In many cases when the instrument is used as a comparative standard, or even 
as a measurer, it may be desirable to collect the hydrogen only, as being less liable 
to absorption or disappearance in other ways than the oxygen; whilst at the same 
time its volume is so large, as to render it a good and sensible indicator. In such 
cases the first and second form of apparatus have been used, figg. 7, 8. (707. 708.). 
The indications obtained were very constant, the variations being much smaller than 
in those forms of apparatus collecting both gases; and they can also be procured 
when solutions are used in comparative experiments, which, yielding no oxygen or 
only secondary results of its action, can give no indications if the educts at both elec- 
trodes be collected. Such is the case when solutions of ammonia, muriatic acid, 
chlorides, iodides, acetates, or other vegetable salts, &c., are employed. 

735. In a few cases, as where solutions of metallic salts liable to reduction at the 

negative electrode are acted upon, the oxygen may be advantageously used as the 

measuring substance. This is the case, for instance, with sulphate of copper. 
736. There are therefore two general forms of the instrument which I submit as a 

measurer of electricity. One, in which both the gases of the water decomposed are 
collected (709. 710.711.); and the other, in which a single gas, as the hydlogen only, 
is used (707. 708.). When referred to as a comparative instrument, (a use I shall now 
make of it very extensively,) it will not often require particular precaution in the ob- 
seirvation; but when used as an absoliute measurer, it will be needful that the baro- 
metric pressure and the temperature be taken into account, and that the graduation 
of the instruments should be to one scale; the hundredths and smaller divisions of a 
cubical inch are quite fit for this purpose, and the hundredth may be very conveni- 

ently taken as indicating a DEGREE of electricity. 
737. It can scarcely be needful to point out further than has been done how this 

instrument is to be used. It is to be introduced into the course of the electric current, 
the action of which is to be exerted anywhere else, and if 60? or 70? of electricity are 
to be measured out, either in one or several portions, the current, whether strong or 

weak, is to be continued until the gas in the tube occupies that number of divisions 
or hundredths of a cubical inch. Or if a quantity competent to produce a certain 
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effect is to be measured, the effect is to be obtained, and then the indication read off. 
In exact experiments it is necessary to correct the volume of gas for changes in tem- 

perature and pressure, and especially for moisture*. For the latter object the volta-. 
electrometer (fig. 11.) is most accurate, as its gas can be measured over water, whilst 
the others retain it over acid or saline solutions. 

738. I have not hesitated to apply the term degree, in analogy with the use made of 
it with respect to another most important imponderable agent, namely, heat; and as 
the definite expansion of air, water, mercury, &c., is there made use of to measure heat, 
so the equally definite evolution of gases is here turned to a similar use for electricity. 

739. The instrument offers the only actual measurer of voltaic electricity which we 
at present possess. For without being at all affected by variations in time or intensity, 
or alterations in the current itself, of any kind, or from any cause, or even of inter- 
missions of action, it takes note with accuracy of the quantity of electricity which 
has passed through it, and reveals that quantity by inspection ; I have therlefore named 
it a VOLTA-ELECTROMETER. 

740. Another mode of measuring volta-electricity may be adopted with advantage 
in many cases, dependent on the quantities of metals or other substances evolved 
either as primary or as secondary results; but I refrain from enlarging on this use 
of the products, until the principles on which their constancy depends have been fully 
established (791. 843.). 

741. By the aid of this instrument I have been able to establish the definite cha- 
racter of electro-chemical action in its most general sense; and I am persuaded it 
will become of the utmost use in the extensions of the science which these views 
afford. I do not pretend to have made its detail perfect, but to have demonstrated 
the truth of the principle, and the utility of the application. 

? vi. On the primary or secondary character of the bodies evolved at the Electrodes. 

742. Before the volta-electrometer could be employed in determining, as a general 
law, the constancy of electro-decomposition, it became necessary to examine a distinc- 

tion, already recognised among scientific men, relative to the products of that action, 
namely, their primitive or secondary character; and, if possible, by some general lrule 
or principle, to decide when they were of the one or the other kind. It will appear 
hereafter that great mistakes respecting electro-chemical action and its consequences, 
have arisen from confounding these two classes of results together. 

743. When a substance under decomposition yields at the electrodes tlhose bodies 

uncombined and unaltered which the electric current has separated, then they miay be 
considered as primary results, even though themselves compounds. Thus the oxygen 
and hydrogen from water are primary results; and so also are the acid and alkali 

(themselves compound bodies) evolved from sulphate of soda. But when the sub- 

* For a simple table of correction for moisture, I may take the liberty of referring to my Chemical Manip)u- 

lation, edition of 1830, p. 376. 
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stances separated by the current are changed at the electrodes before their appearance, 
then they give rise to secondary results, although in many cases the bodies evolved are 
elementary. 

744. These secondary results occur in two ways, being sometimes due to the mutual 
action of the evolving substance and the matter of the electrode, and sometimes to its 
action upon the substances contained in the decomposing conductor itself. Thus, 
when carbon is made the positive electrode in dilute sulphuric acid, carbonic oxide 
and carbonic acid appear there instead of oxygen for the latter, acting upon the 
matter of the electrode, produces these secondary results. Or if the positive elec- 
trode, in a solution of nitrate or acetate of lead, be platina, then peroxide of lead ap- 
pears there, equally a secondary result with the former, but now depending upon an 
action of the oxygen on a substance in the solution. Again, when ammonia is decom- 
posed by platina electrodes, nitrogen appears at the anode*; but though an elementary 
body, it is a secondary result in this case, being derived from the chemical action of 
the oxygen electrically evolved there, upon the ammonia in the surrounding so- 
lution (554.). In the same manner when aqueous solutions of metallic salts are de- 
comnposed by the current, the metals evolved at the cathode, though elements, are 
always secondary results, and not immediate consequences of the decomposing power 
of the electric current. 

745. Many of these secondary Iresults are extremely valuable; for instance, all the 
interesting compounds which M. BECQUEREL has obtained by feeble electric currents 
are of this nature; but they are essentially chemical, and must, in the theory of elec- 
trolytic action, be carefully distinguished from those which are directly due to the 
action of the electric current. 

746. The nature of the substances evolved will often lead to a correct judgement of 
their primary or secondary character, but is not sufficient alone to establish that point. 
lThus, nitrogen is said to be attracted sometimes by the positive and sometimes by the 
negative electrode, according to the bodies with which it may be combined (554. 555.), 
and it is on such occasions evidently viewed as a primary result+; but I think I shall 
shlow, that, when it appears at the positive electrode, or rather at the anode, it is a 
secondary result (748.). Thus, also, Sir HUMPHRY DAVY +, and with him the great 
body of chemical philosophers, (including myself,) have given the appearance of cop- 
per, lead, tin, silver, gold, &c., at the negative electrode, when their aqueous solutions 
were acted upon by the voltaic current, as proofs that the metals, as a class, were 
attracted to that surface; thus assuming the metal in each case to be a primary 
result. These however, I expect to prove, are all secondary results; the mere conse- 
lquence of chemical action, and no proofs of the attraction or the law announced ?. 

* Annales de Chimie, 1804, tom. p67. d to. i. p. 172. 
t Elements of Chemical Philosophy, pp. 144. 161. 
? It is remarkable that up to 1804 it was the received opinion that the metals were reduced by the nascent 

hydrogen. At that date the general opinion was reversed by HISINGER and BERZELIUS (Annales de Chimie, 
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747. But when we take to our assistance the law of constant electro-chemical actiona 

already proved with regard to water (732.), and which I hope to extend satisfactorily 
to all bodies (821.), and consider the quantities as well as the nature of the substances 
set free, a generally accurate judgement of the primary or secondary character of the 
r esults may be formed: and this important point, so essential to the theory of electro- 

decomposition, since it decides what are the particles directly under the influence of the 
current, (distinguishing them fiom such as are not affected,) and what are the results 
to be expected, may be established with such degree of certainty as to remove innu- 
merable ambiguities and doubtful considerations from this branch of the science. 

748. Let us apply these principles to the case of ammonia, and the supposed deter- 
mination of nitrogen to one or the other electrode (554.555.). A pure strong solution 
of ammonia is as bad a conductor, and therefore as little liable to electro-decompo- 
sition, as pure water; but when sulphate of ammonia is dissolved in it, the whole be- 
comes a conductor; nitrogen almost and occasionally quite pure is evolved at the 
anode, and hydrogen at the cathode; the ratio of the volume of the former to that of 
the latter varying, but being as 1 to about 3 or 4. This result would seem at first to 

imply that the electric current had deconposed ammonia, and that the nitrogen hade 
been determined towards the positive electrode. But when the electricity used was 
measured out by the volta-electrometer (707. 736.), it was found that the hydrogen 
obtained was exactly in the proportion which would have been supplied by decomposed 
water, whilst the nitrogein had no certain or constant relation whatever. When, upon 
multiplying experiments, it was found that, by using a stronger or weaker solution, 
or a more or less powerful battery, the gas evolved at the anode was a iixture of 
oxygen and nitrogen, varying both in proportion and absolute quantity, whilst the 
hydrogen at the cathode remained constant, no doubt could be entertained that the 

nitrogen at the anode was a secondary result, depending upon the chemical action of 
the nascent oxygen, determined to that surface by the electric current, upon the anm- 
inonia in solution. It was the water, therefore, which was electrolyzed, not the am- 
monia. Further, the experinient gives no real indication of the tendency of the ele- 
ment nitrogen to either one electrode or the othler; nor do I know of any experiment 
with nitric acid, or other compounds of nitrogen, which shows the tendency of this 
element, under the influence of the electric current, to pass in either direction 
along its course. 

749. As another illustration of secondary results, the effects on a solution of acetate 
of potassa may be quoted. When a very strong solution was used, more gas was evolved 
at the anode than at the cathode, in the proportion of 4 to 3 nearly: that firom the anode 
was a mixture of carbonic oxide and carbonic acid; that friom the cathode pure hydrogen. 
When a much weaker solution was used, less gas was evolved at the anode than at tlhe 
cathode; and it now contained carburetted hydrogen, as well as carbonic oxide and car- 

1804, tom. Ii. p. 174.), who stated that the metals were evolved directly by the electricity: in which opinion it 

appears, from that time, DAVY coincided (Philosophical Transactions, 1826, p. 388.). 
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bonic acid. This result of carburetted hydrogen at the positive electrode has a very 
anomalous appearance, if considered as an immediate consequence of the decomposing 
power of the current. It, however, as well as the carbonic oxide and acid, is only a 
secondary result; for it is the water alone which suffers electro-decomposition, and it is 
the oxygen eliminated at the anode which, reacting on the acetic acid, in the midst of 
which it is evolved, produces those substances that finally appear there. This is fully 
proved by experiments with the volta-electrometer (707.); for then the hydrogen 
evolved froin the acetate at the cathode is always found to be definite, being exactly 
proportionate to the electricity which has passed through the solution, and, in quan- 
tity, the same as the hydrogen evolved in the volta-electrometer itself. The appear- 
ance of the carbon in combination with the hydrogen at the positive electrode, and its 
non-appearance at the negative electrode, are in curious contrast with the results 
which might have been expected fromin the law usually accepted respecting the final 
places of the elements. 

750. If the salt in solution be an acetate of lead, then the results at both electrodes 
are secondary, and cannot be used to estimate or express the amount of electro-che- 
mical action, except by a circuitous process (843.). In place of oxygen, or even the gases 
already described (749.), peroxide of lead now appears at the positive, and lead itself 
at the negative electrode. When other metallic solutions are used, containing, for 
instance, peroxides, as that of copper, combined with this or any other decomposable 
acid, still more conmplicated results will be obtained; which, viewed as direct Ire- 
sults of the electro-chemical action, will, in their pr oportions, pr!esent nothing but 
confusion, but will appear perfectly harmonious and simple if they be considered as 
secondary results, and will accord in their proportions with the oxygen and hydrogen 
evolved from water by the action of a definite quantity of electricity. 

751. I have experimented upon many bodies, with a view to determine whether the 
results were primary or secondary. I have been surprised to find how many of them, 
in ordinary cases, are of the latter class, and how frequently water is the only body 
electlrolyzed in instances where other substances have been supposed to give way. 
Some of these results I will give in as few words as possible. 

752. Nitric acid.-When very strong, it conducted well, and yielded oxygen at 
the positive electrode. No gas appeared at the negative electrode; but nitrous 
acid, and apparently nitric oxide, were formed there, which, dissolving, rendered the 
acid yellow or red, and at last even effervescent, fiom the spontaneous separation of 
nitric oxide. Upon diluting the acid with its bulk or more of water, gas appeared at 
the negative electrode. Its quantity could be varied by variations, either in the 
strength of the acid or of the voltaic current: for that acid fiom which no gas sepa- 
rated at the cathode, with a weak voltaic battery, did evolve gas there with a stronger; 
and that battery which evolved no gas there, with a strong acid, did cause its evolu- 
tion with an acid more dilute. The gas at the anode was always oxygen; that at the 
cathode hydrogen. When the quantity of products was examined by the volta-electro- 
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meter (707.), the oxygen, whether from strong or weak acid, proved to be in the same 
proportion as from water. When the acid was diluted to specific gravity 1'24, or 
less, the hydrogen also proved to be the same in quantity as fiom water. Hence I 
conclude that the nitric acid does not undergo electro-chemical decomposition, but the 
water only; that the oxygen at the anode is always a primary result, but that the pro- 
ducts at the cathode are often secondary, and due to the reaction of the hydrogen 
upon the nitric acid. 

753. Nitre.-A solution of this salt yields very variable results, according as one 
or other form of tube is used, or as the electrodes are large or small. Sometimes the 
whole of the hydrogen of the water decomposed may be obtained at the negative 
electrode; at other times, only a part of it, because of the ready formation of secondary 
results. The solution is a very excellent conductor of electricity. 

754. Nitrate of ammonia, in aqueous solution, gives rise to secondary results very 
varied and uncertain in their proportions. 

755. Sulphurous acid.-Pure liquid sulphurous acid does not conduct nor suffer 
decomposition by the voltaic current *, but, when dissolved in water, the solution 

acquires conducting power, and is decomposed, yielding oxygen at the anocde, and 
hydrogen and sulphur at the cathode. 

756. A solution containing sulphuric acid in addition, was a better conductor. It 
gave very little gas at either electrode: that at the anode was oxygen, that at the 
cathode pure hydrogen. From the cathode also rose a white turbid stream, consisting 
of diffused sulphur, which soon rendered the whole solution milky. The volumes of 
gases were in no regular proportion to the quantities evolved from water in the volta- 
electrometer. I conclude that the sulphurous acid was not at all affected by the 
electric current in any of these cases, and that the water present was the only body 
electro-chemically decomposed; that, at the anode, the oxygen from the water con- 
verted the sulphurous acid into sulphuric acid, and, at the cathode, the hydrogen elec- 
trically evolved decomtposed the sulphurous acid, combining with its oxygen, and 
setting its sulphur free. I conclude that the sulphur at the negative electrode was only 
a secondary result; and, in fact, no part of it was found combined with the small por- 
tion of hydrogern which escaped when weak solutions of sulphurous acid were used. 

757. Sulphuric acid.-I have already given my reasons for concluding that sul- 
phuric acid is not electrolyzable, i. e. not decomposable directly by the electric current, 
but occasionally suffering by a secondary action at the cathode from the hydrogen 
evolved there (681.). In the year 1800, DAVY considered the sulphur fiom sulphuric 
acid as the result of the action of the nascent hydrogen -. In 1804, IISINGER and 
BERZELIUS stated that it was the direct result of the action of the voltaic pile + ; an 

opinion which from that time DAVY seems to have adopted, and which has since been 

* See also DE LA RIVE, Biblioth6que Universelle, tom. xl. p. 205 ; or Quarterly Journal of Science, vol. xxvii. 

p. 407. 

t Nicholson's Quarterly Journal, vol. iv. pp. 280, 281. - Annales de Chimie, 1804, tom. li. p. 173. 
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commonly received by all. The change of my own opinion requires that I should 
correct what I have already said of the decomposition of sulphuric acid in a former 
series of these Researches (552.): I do not now think that the appearance of the sul- 
phlur at the negative electrode is an immediate consequence of electrolytic action. 

758. MIuriatic acid.-A strong solution gave hydrogen at the negative electrode, 
and chlorine only at the positive electrode; of the latter, a part acted on the platina 
and a part was dissolved. A minute bubble of gas remained; it was not oxygen, but 

probably air previously held in solution. 
759. It was an impoitant matter to determine whether the chlorine was a primary 

result, or only a secondary product, due to the action of the oxygen evolved fiom 
water at the anode upon the mnuriatic acid; i. e. whether the mluriatic acid was elec- 

trolyzable, and if so, whether the decomposition was definite. 
760. The muriatic acid was gradually diluted. One part with six of water gave 

only chlorine at the anode. One part with eight of water gave only chlorine; with 
nine of water, a little oxygen appeared with the chlorine: but the occurrence or non- 
occurrence of oxygen at these strengths depended, in part, on the strength of the 
voltaic battery used. With fifteen parts of water, a little oxygen, with much chlo- 
rine, was evolved at the anode. As the solution was now becoming a bad conductor 
of electricity, sulphuric acid was added to it: this caused more ready decomposition, 
but did not sensibly alter the proportion of chlorine and oxygen. 

761. The muriatic acid was now diluted with 100 tiimes its volume of dilute sul- 

phuric acid. It still gave a large proportion of chlorine at the anode, mingled with 

oxygen; and the result was the same, whether a voltaic battery of 40 pairs of plates 
or one containing only 5 pairs were used. With acid of this strength, the oxygen 
evolved at the anode was to the hydrogen at the cathode, in volume, as 17 is to 64; 
and therefore the chlorine would have been 30 volumes, had it not been dissolved by 
the fluid. 

762. Next, with respect to the quantity of elements evolved. On using the volta- 
electrometer, it was found that, whether the strongest or the weakest muriatic acid 
were used, whether chlorine alone or chlorine mingled with oxygen appeared at the 
anode, still the hydrogen evolved at the cathode was a constant quantity, i. e. exactly 
the same as the hydrogen which the same quantity of electricity could evolve fiom 
water. 

763. This constancy does not decide whether the muriatic acid is electrolyzed or 
not, although it proves that if so, it must be in definite proportions to the quantity of 

electricity used. Other considerations may, however, be allowed to decide the point. 
The analogy between chlorine and oxygen, in their relations to hydrogen, is so strong, 
as to lead almost to the certainty, that, when combined with that element, they would 

perform similar parts in the process of electro-decomposition. They both unite with it 
in single proportional or equivalent quantities; and, the number of proportionals 
appearing to have an intimate and important relation to the decomposability of a 
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body (697.), those in muriatic acid, as well as in water, are the most favourable, or those, 
perhaps even necessary, to decomposition. In other binary compounds of chlorine also, 
where nothing equivocal depending on the simultaneous presence of it and oxygen is in- 
volved, the chlorine is directly eliminated at the anode by the electric current. Such 
is the case with the chloride of lead (395.), which may be justly compared with prot- 
oxide of lead (402.), and stands in the same relation to it as muriatic acid to water. 
The chlorides of potassium, sodium, barium, &c., are in the same relation to the prot- 
oxides of the same metals, and present the same results under the influence of the 
electric current (402.). 

764. From all the experiments, combined with these considerations, I conclude that 
muriatic acid is decomposed by the direct influence of the electric current, and that 
the quantities evolved are, and therefore the chemical action is, defnite for a definite 
quantity of electricity. For though I have not collected and measured the chlorine, in 
its separate state, at the anode, there can exist no doubt as to its being proportional 
to the hydrogen at the cathode; and the results are therefore sufficient to establish the 

general law of constant electro-chemical action in the case of muriatic acid. 

765. In the dilute acid (761.), I conclude that a part of the water is electro-chemri- 

cally decomposed, giving origin to the oxygen, which appears mingled with the chlo- 
rine at the anode. The oxygen may be viewed as a secondary result; but I incline to 
believe that it is not so: for, if it were, it might be expected in largest proportion 
from the stronger acid, whereas the reverse is the fact. This consideration, with 
others, also leads me to conclude that muriatic acid is more easily decomposed by 
the electric current than water; since, even when diluted with eight or nine timnes its 

quantity of the latter fluid, it alone gives way, the water reminaining unaffected. 
766. Chlorides.-On using solutions of chlorides in water,-for instance, the chlo- 

rides of sodium or calcium,-there was evolution of chlorine only at the positive elec- 
trode, and of hydrogen, with the oxide of the base, as soda or lime, at the negative 
electrode. The process of decomposition may be viewed as proceeding in two or 
three ways, all terminating in the same results. Perhaps the simplest is to consider 
the chloride as the substance electrolyzed, its chlorine being determined to and 
evolved at the anode, and its metal passing to the cathode, where, finding no more 

chlorine, it acts upon the water, producing hydrogen and an oxide as secondary re- 
sults. As the discussion would detain me from more important matter, and is not of 
immediate consequence, I shall defer it for the present. It is, however, of great con- 

sequence to state, that, on using the volta-electrometer, the hydrogen in both cases 
was definite; and if the results do not prove the definite decomposition of chlorides, 
(which shall be proved elsewhere,-789. 794. 814.,) they are not in the slightest degree 
opposed to such a conclusion, and do support the general law. 

767. Hydriodic acid.-A solution of hydriodic acid was affected exactly in the same 
manner as muriatic acid. When strong, hydrogen was evolved at the negative elec- 

trode, in definite proportion to the quantity of electricity which had passed, i. e. in 
o2 
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the same proportion as was evolved by the same current from water; and iodine with 
out any oxygen was evolved at the positive electrode. But when diluted, small quan- 
tities of oxygen appeared with the iodine at the anode, the proportion of hydrogen at 
the cathode remaining undisturbed. 

768. I believe the decomposition of the hydriodic acid in this case to be direct, for 
the reasons already given respecting muriatic acid (763. 764.). 

769. Iodides.-A solution of iodide of potassium being subjected to the voltaic cur- 
rent, iodine appeared at the positive electrode (without any oxygen), and hydrogen 
with free alkali at the negative electrode. The same observations as to the mode of 
decomposition are applicable here as were made in relation to the chlorides when in 
solution (766.). 

770. Hyidro-fluoric acid andfluorides.-Solution of hydro-fluoric acid did not appear 
to be decomposed under the influence of the electric current: it was the water which 
gave way apparently. The fused fluorides were electrolyzed (417.); but having during 
these actions obtained fluorine in the separate state, I think it better to refer to a 
future series of these Researches, in which I purpose giving a fuller account of the 
results than would be consistent with propriety here. 

771. 14ydro-cyanic acid in solution conducts very badly. The definite proportion 
of hydrogen (equal to that from water) was set free at the cathode, whilst at the anode 
a smnall quantity of oxygen was evolved and apparently a solution of cyanogen formed. 
The action altogether corresponded with that on a dilute muriatic or hydriodic acid. 
When the hydro-cyanic acid was made a better conductor by sulphuric acid, the same 
results occurred. 

Cy(anides.-With a solution of the cyanide of potassium, the result was precisely the 
same as with a chloride or iodide. No oxygen was evolved at the positive electrode, 
but a brown solution formed there. For the reasons given when speaking of the chlorides 
(766.), and because a fused cyanide of potassium evolves cyanogen at the positive 
electrode *, I incline to believe that the cyanide in solution is directly decomposed. 

772. Ferro-cyanic acid and the ferro-cyanides, as also sulpho-cyanic acid and the 

sulpho-cyanides, presented results corresponding with those just described (771.). 
773. Acetic acid. Glacial acetic acid, when fused (405.), is not decomposed by, nor 

does it conduct, electricity. On adding a little water to it, still there were no signs 
of action ; on adding more water, it acted slowly and about as water alone would do. 
Dilute sulphuric acid was added to it in order to make it a better conductor; then 
the definite proportion of hydrogen was evolved at the cathode, and a mnixtur e of oxygen 
in very deficient quantity, with carbonic acid, and a little carbonic oxide, at the 
anode. Hence it appears that acetic acid is not electrolyzable, but that a portion of 
it is decomposed by the oxygen evolved at the anode, producing secondary results, 

* It is a very remarkable thing to see carbon and nitrogen in this case determined powerfully towards the 
positive surface of the voltaic battery; but it is perfectly in harmony with the theory of electro-chemical de- 
composition which I have advanced. 
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varying with the strength of the acid, the intensity of the current, and other circum- 
stances. 

774. Acetates.-One of these has been referred to already, as affording only se- 

condary results relative to the acetic acid (749.). With many of the metallic acetates 
the results at both electrodes are secondary (746. 750.). 

Acetate of soda fused and anhydrous is directly decomposed, being, as I believe, a 
true electrolyte, and evolving soda and acetic acid at the cathode and anode. These, 
however, have no sensible duration, but are immediately resolved into other sub- 
stances; charcoal, sodiuretted hydrogen, &c,G being set free at the former, and as far 
as I could judge under the circumstances, acetic acid mingled with carbonic oxide, 
carbonic acid, &c., at the latter. 

775. Tartaric acid.-Pure solution of tartaric acid is almost as bad a conductor as 
pure water. On adding sulphuric acid to it, it conducted well, the results at the 
positive electrode being primiary or secondary in different proportions, according to 
variations in the strength of the acid and the power of the electric current (752.). 
Alkaline tartrates gave a large proportion of secondary results at the positive elec- 
trode. The hydrogen at the negative electrode remained constant unless certain me- 
tallic salts were used. 

776. Solutions of salts containing other vegetable acids, as the benzoates ; of sugar, 
gum, &c., dissolved in dilute sulphuric acid; of resin, albumen, &c., dissolved in 
alkalies, were in turn subnmitted to the electrolytic power of the voltaic current. In 
all these cases, secondary results to a greater or smaller extent were produced at the 

positive electrode. 
777. In concluding this division of these Researches, it cannot but occur to the 

mind that the final result of the action of the electric current upon substances placed 
between the electrodes, instead of being simple may be very complicated. There are 
two nmodes by which these substances may be decomposed, eithel by the direct force 
of the electric current, or by the action of bodies which that current may evolve. 
There are also two modes by which new compounds may be formed, i. e. by combi- 
nation of the evolving substances whilst in their nascent state (658.), directly with 
the matter of the electrode; or else their combination with those bodies, which being 
contained in, or associated with, the decomposing conductor, are necessarily present at 
the anode and cathode. The complexity is rendered still greater by the circumstance 
that two or more of these actions may occur simultaneously, and also in variable pro- 
portions to each other. But it may in a great measure be resolved by attention to 
the principles already laid down (747.). 

778. When aqueous solutions of bodies are used, secondary results are exceedingly 
frequent. Even when the w the ater is not present in large quantity, but is merely that of 
combination, still secondary results often ensue: for instance, it is very possible that 
in Sir HUMPHRY DAVY'S decomposition of the hydrates of potassa and soda, a part of 
the potassium produced was the result of a secondary action. I-Ience, also, a frequient 
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cause for the disappearance of the oxygen and hydrogen which would otherwise be 
evolved: and when hydrogen does not appear at the cathode in an aqueous solution, it 

perhaps always indicates that a secondary action has taken place there. No exception 
to this rule lias as yet occurred to my observation. 

779. Secondary actions are not confined to aqueous solutions, or cases where water 
is present. For instance, various chlorides acted upon, when fused (402.), by pla- 
tina electrodes, have the chlorine determined electrically to the anode. In many cases, 
as with the chlorides of lead, potassium, barium, &c., the chlorine acts on the platina 
and forms a compound with it, which dissolves; but when protochloride of tin is 

used, the chlorine at the anode does not act upon the platina, but upon the chloride 

already there, forming a perchloride which rises in vapour (790. 804.). These are, 
therefore, instances of secondary actions of both kinds, produced in bodies containing 
no water. 

780. The production of boron from fused borax (402. 417.) is also a case of second- 

ary action; for boracic acid is not decomposable by electricity (408.), and it was the 
sodium evolved at the cathode which, reacting on the boracic acid around it, took 

oxygen from it and set boron free in the experiments formerly described. 
781. Secondary actions have already, in the hands of M. BECQUEREL, produced 

many interesting results in the formation of compounds; some of them new, others 
imitations of those occurring naturally*. It is probable they may prove equally in- 

teresting in an opposite direction, i. e. as affording cases of analytic decomposition. 
Much information regarding the composition, and perhaps even the arrangement of 
the particles of such bodies as the vegetable acids and alkalies, and organic compounds 
generally, will probably be obtained by submitting them to the action of nascent 

oxygen, hydrogen, chlorine, &c., at the electriodes; and the action seems the more 

promising, because of the thorough command which we possess over attendant cir- 
cumstances, such as the strength of the current, the size of the electrodes, the nature 
of the decomposing conductor, its strength, &c., all of which may be expected to have 
their corresponding influence upon the final result. 

782. It is to me a great satisfaction that the extreme variety of secondary results 
have presented nothing opposed to the doctrine of a constant and definite electro- 
chemical action, to the particular consideration of which I shall now proceed. 

? vii. On the definite nature and extent of Electro-chemical Decomposition. 

783. In the third series of these Researches, after proving the identity of electrici- 
ties derived from different sources, and showing, by actual measurement, the extraor- 

dinary quantity of electricity evolved by a very feeble voltaic arrangement (371. 376.), 
I announced a law, derived from experiment, which seemed to me of the utmost im- 

portance to the science of electricity in general, and that branch of it denominated 

electro-chemistry in particular. The law was expressed thus: The chemical power of 
* Annales de Chimie, tom. xxxv. p. 113. 
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a current of electricity is in direct proportion to the absolute quantity of electricity 

uwhich passes (377.). 
784. In the further progress of the successive investigations, I have had frequent 

occasion to refer to the same law, occasionally in circumstances offering powerful 
corroboration of its truth (456. 504. 505.); and the present series already supplies 
numerous new cases in which it holds good (704. 722. 726.732.). It is now my object 
to consider this great principle more closely, and to develope sorne of the consequences 
to which it leads. That the evidence for it may be the more distinct and applicable, I 
shall quote cases of decomposition subject to as few interferences froml secondary re- 
sults as possible, effected upon bodies very simple, yet very definite in their nature. 

785. In the first place, I consider the law as so fully established with respect to the 
decomposition of water, and under so many circumstances which might be supposed, 
if anything could, to exert an influence over it, that I may be excused entering into 
further detail respecting that substance, or even summing up the results here (732). 
I refer, therefore, to the whole of the subdivision of this series of Researches which 
contains the account of the volta-electrometer. 

786. In the next place, I also consider the law as established with respect to mu- 
riatic acid by the experiments and reasoning already advanced, when speaking of 
that substance, in the subdivision respecting primary and secondary results (758, &c.). 

787. I consider the law as established also with regard to hydriodic acid by the 

experiments and considerations already advanced in the preceding division of this 
series of Researches (767. 768.). 

788. Without speaking with the same confidence, yet from the experiments de- 
scribed, and many others not described, relating to hydro-fluoric, hydro-cyanic, ferro- 

cyanic, and sulpho-cyanic acids (770. 771. 772.), and from the close analogy which 
holds between these bodies and the hydro-acids of chlorine, iodine, bromine, &c., I 
consider these also as coming under subjection to the law, and assisting to prove its 
truth. 

789. In the preceding cases, except the first, the water is believed to be inactive; 
but to avoid any ambiguity arising from its presence, I sought for substances fromn 
which it should be absent altogether ; and, taking advantage of the law of conduction 
already developed (380. &c.), soon found abundance, atnongst which protochloride of 
tin was first subjected to decomposition in the following manner. A piece of platina 
wire had one extremity coiled up into a small knob, and having been carefully weighed, 
was sealed hermetically into a piece of bottle-glass tube, so that the knob should be 
at the bottom of the tube within (fig. 13.). The tube was suspended by a piece of platina 
wire, so that the heat of a spirit-lamp could be applied to it. Recently fused proto- 
chloride of tinl was introduced in sufficient quantity to occupy, when melted, about 
one half of the tube; the wire of the tube was connected with a volta-electrometer 
(711.), which was itself connected with the negative end of a voltaic battery; and a 
platina wire connected with the positive end of the same battery was dipped into the 
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fused chloride in the tube; being, however, so bent, that it could not by any shake 
of the hand or apparatus touch the negative electrode at the bottom of the vessel. 
The whole arrangement is delineated fig. 14. 

790. Under these circumstances the chloride of tin was decomposed: the chlorine 
evolved at the positive electrode formed bichloride of tin (779.), which passed away 
in fumes, and the tin evolved at the negative electrode combined with the platina, 
forming an alloy, fusible at the temperature to which the tube was subjected, and 
therefore never occasioning metallic communication entirely through the decom- 
posing chloride. When the experiment had been continued so long as to yield a 
reasonable quantity of gas in the volta-electrometer, the battery connexion was 
broken, the positive electrode removed, and the tube and remaining chloride allowed 
to cool. When cold, the tube was broken open, the rest of the chloride and the glass 
being easily separable from the platina wire and its button of alloy. The latter when 
washed was then reweighed, and the increase gave the weight of the tin reduced. 

791. I will give the particular results of one experiment, in illustration of the 
mode adopted in this and others, the results of which I shall have occasion to quote. 
The negative electrode weighed at first 20 grains; after the experiment it, with its 
button of alloy, weighed 23*2 grains. The tin evolved by the electric current at the 
cathode weighed, therefore, 3-2 grains. The quantity of oxygen and hydrogen collected 
in the volta-electrometer - 3*85 cubic inches. As 100 cubic inches of oxygen 
and hydrogen, in the proportions to form water, may be considered as weighing 
12-92 grains, the 3*85 cubic inches would weigh 049742 of a grain; that being, 
therefore, the weight of water decomposed by the same electric current as was able 
to decompose such weight of protochloride of tin as could yield 3-2 grains of metal. 
Now 0'49742 : 32 :: 9 the equivalent of water is to 57*9, which should therefore be 
the equivalent of tin, if the experiment had been made without error, and if the elec- 
tro-chemical decomposition is in this case also definite. In some chemical works 58 
is given as the chemical equivalent of tin, in others 57'9. Both are so near to the 
result of the experiment, and the experiment itself is so subject to slight causes of 
variation (as from the absorption of gas in the volta-electrometer (716.), &c.), that 
the numbers leave little doubt of the applicability of the lawv of deinite action in this 
and all similar cases of electro-decomposition. 

792. It is not often I have obtained an accordance in numbers so near as that I 
have just quoted. Four experiments were made on the protochloride of tin, the 
quantities of gas evolved in the volta-electrometer being from 2'05 to 10*29 cubic 
inches. The average of the four experiments gave 58'53 as the electro-chemical 
equivalent for tin. 

793. The chloride remaining after the experiment, was pure protochloride of tin; 
and no one can doubt for a moment that the equivalent of chlorine had been evolved 
at the anode, and having formed bichloride of tin as a secondary result, had passed 
away. 
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794. Chloride of lead was experimented upon in a manner exactly similar, except 
that a change was made in the nature of the positive electrode; for as the chlorine 
evolved at the anode forms no perchloride of lead, but acts directly upon the platina, 
if that metal be used, it produces a solution of chloride of platina in the chloride of 
lead; in consequence of which a portion of platina can pass to the cathode, and will 

produce a vitiated result. I therefore sought for, and found in plutmbago, another 
substance, which could be used safely as the positive electrode in such bodies as 
chlorides, iodides, &c. The chlorine or iodine does not act upon it, but is evolved in 
the free state; and the plumbago has no reaction, under the circumstances, upon the 
fused chloride or iodide in which it is plunged. Even if a few particles of plumbago 
should separate by the heat or the mechanical action of the evolved gas, they can do 
no harm in the chloride. 

795. The mean of three experiments gave the number of 100*85 as the equivalent 
for lead. The chemical equivalent is 103'5. The deficiency in my experiments I 
attribute to the solution of part of the gas (716.) in the volta-electrometer; but the 
results leave no doubt on my mind that both the lead and the chlorine are, in this case, 
evolved in definite quantities by the action of a given quantity of electricity (814. &c.). 

796. Chloride of antimony.-It was in endeavouring to obtain the electro-chemical 

equivalent of antimony from the chloride that I found reasons for the statement I 
have made respecting the presence of water in it in an earlier part of these Researches 

(690. 693. &c.). 
797. I endeavoured to experiment upon the oxide of lead obtained by fulsion and 

ignition of the nitrate in a platina crucible, but found great difficulty, from the high 
temperature required for perfect fusion, and the powerful fluxing qualities of the 
substance. Green glass tubes repeatedly failed. I at last fused the oxide in a small 

porcelain crucible, heated fully in a charcoal fire; and as it was essential that the 
evolution of the lead at the cathode should take place beneath the surface, the negative 
electrode was guarded by a green glass tube, fused around it in such a manner as to 

expose only the knob of platina at the lower end (fig. 15.), so that it could be plunged 
beneath the surface, and thus exclude contact of air or oxygen with the lead reduced 
there. A platina wire was employed for the positive electrode, that metal not being 
subject to any action from the oxygen evolved against it. The arrangement is given 
fig. 16. 

798. In an experiment of this kind the equivalent for the lead came out 93-17, 
which is very much too small. This, I believe, was because of the small interval 
between the positive and negative electrodes in the oxide of lead, so that it was not 

unlikely that some of the froth and bubbles formed by the oxygen at the anode should 

occasionally even touch the lead reduced at the cathode, and re-oxidize it. When I 
endeavoured to correct this by having more litharge, the greater heat required to 

keep it all fluid caused a quicker action on the crucible, which was soon eaten 

through, and the experiment stopped. 
MDCCCXXXIV. P 

105 



DR. FARADAY'S EXPERIMENTAL RESEARCHES IN ELECTRICITY. 

799. In one experiment of this kind I used borate of lead (408. 673.). It evolves 
lead, under the influence of the electric current, at the anode, and oxygen at the cathode; 
and as the boracic acid is not either directly (408.) or incidentally decomposed during 
the operation, I expected a result dependent on the oxide of lead. The borate is not 
so violent a flux as the oxide, but it requires a higher temperature to make it quite 
liquid; and if not very hot, the bubbles of oxygen cling to the positive electrode, and 
retard the transfer of electricity. The nuinber for lead came out 101'29, which is so 
near to 103'5 as to show that the action of the current had been definite. 

800. Oxide of bismuth.-I found this substance required too high a temperature, 
and acted too powerfully as a flux, to allow of any experiment being mnade on it, 
without the application of more time and care than I could give at present. 

801. The ordinary protoxide of antimony, which consists of one proportional of 
metal and one and a half of oxygen, was subjected to the action of the electric current 
in a green glass tube (789.), surrounded by a jacket of platina foil, and heated in a 
charcoal fire. The decomposition began and proceeded very well at first, apparently 
indicating, according to the general law (679. 697.) that this substance was one 

containing such elements and in such prloportions as made it amenable to the power 
of the electric current. This effect I have already given reasons for supposing may 
be due to the presence of a true protoxide, consisting of single proportionals (696. 
693.). The action soon diminished, and finally ceased, because of the formation of 
a higher oxide of the metal at the positive electrode. This compound, which was 

probably thle peroxide, being infusible and insoluble in the protoxide, formed a cry- 
stalline crust around the positive electrode; and thus insulating it, prevented the 
transmission of the electricity. Whether if it had been fusible and still immiscible 
it would have decomposed, is doubtful, because of its departure from the required 
composition (697.). It was a very natural secondary product at the positive elec- 
trode (779.). On opening the tube it was found that a little antimony had been 

separated at the negative electrode; but the quantity was too small to allow of any 

quantitative result being obtained. 
802. Iodide of lead.-This substance can be experimented with in tubes heated by 

a spirit-lamp (789.) ; but I obtained no good results from it, whether I used positive 
electrodes of platina or plumbago. In two experiments the numbers for the lead 
caine out only 75'46 and 73'45, instead of 103-5. This I attribute to the formation 
of a periodide at the positive electrode, which dissolving in the mass of liquid ioidide, 
came in contact with the lead evolved at the negative electrode, and dissolved part of 

it, becoming itself again protiodide. Such a periodide does exist; and it is very 

rarely that the iodide of lead formed by precipitation, and well washed, can be fused 
without evolving much iodine, from the presence of this percompound; nor does cry- 
stallization from its hot aqueous solution free it from this substance. Even when a 
little of the protiodide and iodine are merely rubbed together in a mortar, a portion 
of the periodide is formed. And though it is decomposed by being fused and heated 
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to dull redness for a few minutes, and the whole reduced to protiodide, yet that is not 
at all opposed to the possibility, that a little of that which is formed in great excess of 
iodine at the anode, should be carried by the rapid currents in the liquid into contact 
with the cathode. 

803. This view of the results was strengthened by a third experiment, where the 
space between the electrodes was increased to one third of an inch; for now the 

interfering effects were much diminished, and the number of the lead came out 8904 ; 
and it was fully confirmed by the results obtained in the cases of transfer to be im- 

mediately described (818.). 
The experiments on iodide of lead, therefore, offer no exception to the general law 

under consideration, but, on the contrary, may, from general considerations, be ad- 
mitted as included in it. 

804. Protiodide of tin.-This substance, when fused (402.), conducts and is decom- 

posed by the electric current, tin is evolved at the anode, and periodide of tin as a 

secondary result (779. 790.) at the cathode. The temperature required for its fusion 
is too high to allow of the production of any results fit for weighing. 

805. Iodide of potassium was subjected to electrolytic action in a tube, fig. 13. (789.). 
The negative electrode was a globule of lead, and I hoped in this way to retain the 

potassium, and obtain results that could be weighed and compared with the volta- 
electrometer indication; but the difficulties dependent upontheig te temperature 
required, the action upon the glass, the fusibility of the platina induced by the pre- 
sence of the lead, and other circumstances, prevented me from obtaining such results. 
The iodide was decomposed with the evolution of iodine at the anode, and of potas- 
sium at the cathode, as in former cases. 

806. In some of these experiments several substances were placed in succession, 
and decomposed simultaneously by the same electric current: thus, protochloride 
of tin, chloride of lead, and water, were thus acted on at once. It is needless to 
say that the results were comparable, the tin, lead, chlorine, oxygen, and hydrogen 
evolved being definite in quantity and electro-chemical equivalents to each other. 

807. Let us turn to another kind of proof of the definite chemical action of electricity. 
If any circumstances could be supposed to exert an influence over the quantity of the 
natters evolved during electrolytic action, one would expect them to be present when 

electrodes of different substances, and possessing very different chemical affinities for 
the evolving bodies, were used. Platina has no power in dilute sulphuric acid of 

combining with the oxygen at the anode, though the latter be evolved in the nascent 
state against it. Copper, on the other hand, immediately unites to the oxygen, as the 
electric current sets it free from the hydrogen; and zinc is not only able to combine 
with it, but can, without any help from the electricity, abstract it directly from the 

water, at the same time setting torrents of hydrogen free. Yet in cases where these 
thlree substances were used as the positive electrodes in three similar portions of the 
same dilute sulphuric acid, specific gravity 1*336, precisely the same quantity of water 
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was decomposed by the electric current, and precisely the same quantity of hydrogen 
set free at the cathodes of the three solutions. 

808. The experiment was made thus. Portions of the dilute sulphuric acid were 

put into thlee basins. Three volta-electrometer tubes, of tlle forlm figg. 5, 7. were filled 
with the same acid, and one inverted in each basin (707.). A zinc plate, connected 
with the positive end of a voltaic battery, was dipped into the first basin, forming the 

positive electrode there, the hydrogen, which was abundantly evolved from it by the 
direct action of the acid, being allowed to escape. A copper plate, which dipped into 
the acid of the second basin, vras connected with the negative electrode of the irst 
basin; and a platina plate, which dipped into the acid of the third basin, was con- 
nected with the negative electrode of the second basin. The negative electrode of the 
third basint was connected with a volta-electromneter (711.), and that with the nega- 
tive end of the voltaic battery. 

809. Immediately that the circuit was complete, the electro-chemical action com- 
menced in all the vessels. The hydrogen still rose in, apparently, undiminished 
quantities from the positive zinc electrode in the first basin. No oxygen was evolved 
at the positive copper electrode in the second basin, but a sulphate of copper was 
formed there; whilst in the third basin the positive platina electrode evolved pure 
oxygen gas, and was itself unaffected. But in all the basins the hydrogen liberated 
at the negative platina electrodes was the same in quantity, and the same with the 
volume of hydrogen evolved in the volta-electrometer, showing that in all the vessels 
the current had decomposed an equal quantity of water. In this trying case, there- 
fore, the chemical action of electricity proved to be perfectly definite. 

810. A similar experiment was made with muriatic acid diluted with its bulk of 
water. The three positive electrodes were zinc, silver, and platina; the first being 
able to separate and combine with the chlorine without the aid of the current; the 
second combining with the chlorine only after the current had set it free; and the 
third rejecting almost the whole of it. The three negative electrodes were, as before, 
platina plates fixed within glass tubes. In this experiment, as in the former, the 
quantity of hydrogen evolved at the cathodes was the same for all, and the same as 
the hydrogen evolved in the volta-electrometer. I have already given my reasons for 
believing that in these experiments it is the muriatic acid which is directly decomposed 
by the electricity (764.); and the results prove that the quantities so decomposed are 

perfectly definite and proportionate to the quantity of electricity which has passed. 
811. In this experiment the chloride of silver formed in the second basin retarded 

the passage of the current of electricity, by virtue of the law of conduction befolre 
described (394.), so that it had to be cleaned off four or five times during the course 
of the experiment; but this caused no difference between the results of that vessel 
and the others. 

812. Charcoal was used as the positive electrode in both sulphuric and muriatic acids 
(808. 810.); but this change produced no variation of the results. A zinc positive 
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electrode, in sulphate of soda or solution of common salt, gave the same constancy of 

operation. 
813. Experiments of a similar kind were then made with bodies altogether in a dif- 

ferent state, i. e. with fused chlorides, iodides, &c. I have already described an ex- 

periment with fused chloride of silver, in which the electrodes were of metallic silver, 
the one rendered negative becoming increased and lengthened by the addition of 
metal, whilst the other was dissolved and eaten away by its abstraction. This expe- 
riment was repeated, two weighed pieces of silver wire being used as the electrodes, 
and a volta-electrometer included in the circuit. Great care was taken to withdraw 
the negative electrode so regularly and steadily that the crystals of reduced silver 
should not form a metallic communication beneath the surface of the fused chloride. 
On concluding the experiment the positive electrode was re-weighed, and its loss ascer- 
tained. The mixture of chloride of silver, and metal, withdrawn in successive portions 
at the negative electrode, was digested in solution of ammonia, to remove the chlo- 
ride, and the metallic silver remaining also weighed: it was the reduction at the cat- 
iode, and exactly equalled the solution at the anode; and each portion was as nearly 
as possible the equivalent to the water decomposed in the volta-electrometer. 

814. The infusible condition of the silver at the temperature used, and the length 
and ramifying character of its crystals, render the above experiment difficult to per- 
form, and uncertain in its results. I therefore wrought with a chloride of lead, using 
a green glass tube, formed as in fig. 17. A weighed platina wire was fused into the 
bottom of a small tube, as before described (789.). The tube was then bent to an 
angle, at about half an inch distance from the closed end; and the part between the 
angle and the extremity being softened, was forced upward, as in the figure, so as to 
form a bridge, or rather separation, producing two little depressions or basins a, b, 
within the tube. This arrangement was suspended by a platina wire, as before, so 
that the heat of a spirit-lamp could be applied to it, such inclination being given to 
it as would allow all air to escape during the fusion of the chloride of lead. A posi- 
tive electrode was then provided, by binding up the end of a platina wire into a knob, 
and fusing about twenty grains of metallic lead on to it, in a small closed tube of 
glass, which was afterwards broken away. Being so furnished, the wire with its 
knob was weighed, and the weight recorded. 

815. Chloride of lead was now introduced into the tube, and carefully fused. T'he 
leaded electrode was also introduced; after which the metal, at its extremity, soon 
melted. In this state of things the tube was filled up to c with melted chloride of 
lead; the end of the electrode to be rendered negative was in the basin b, and the 
electrode of melted lead was retained in the basin a, and, by connexion with the 
proper conducting wire of a voltaic battery, was rendered positive. A volta-elec- 
trometer was included in the circuit. 

816. Immediately upon the completion of the communication with the voltaic bat- 
tery, the current passed, and decomposition proceeded. No chlorine was evolved at 
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the positive electrode; but as the fused chloride was transparent, a button of alloy 
could be observed gradually forming and increasing in size at b, whilst the lead at a 
could also be seen gradually to diminish. After a time, the experiment was stopped; 
the tube allowed to cool, and broken open; the wires, with their buttons, cleaned 
and weighed ; and their change in weight compared with the indication of the volta- 
electrometer. 

817. In this experiment the positive electrode had lost just as much lead as the 
negative one had gained (795.), and the loss or gain was very nearly the equivalent 
of the water decomposed in the volta-electrometer, giving for lead the number 101 5. 
It is therefore evident, in this instance, that causing a strong affinity, or no affinity, 
for the substance evolved at the anode, to be active during the experiment (807.), 
produces no variation in the definite action of the electric current. 

818. A similar experiment was then made with iodide of lead, and in this manner 
all confusion from the formation of a periodide avoided (803.). No iodine was evolved 
during the whole action, and finally the loss of lead at the anode was the same as the 
gain at the cathode, the equivalent number, by comparison with the result in the volta- 
electrometer, being 103*5. 

819. Then protochloride of tin was subjected to the electric current in the same 
manner, using, of course, a tin positive electrode. No bichloride of tin was now 
formed (779. 790.). On examining the two electrodes, the positive had lost precisely 
as much as the negative had gained; and by comparison with the volta-electrometer, 
the number for tin caine out 59. 

820. It is quite necessary in these and similar experiments to examine the interior 
of the bulbs of alloy at the ends of the conducting wires; for occasionally, and espe- 
cially with those which have been positive, they are cavernous, and contain portions 
of the chloride or iodide used, which must be removed before the final weighlt is ascer- 
tained. This is more usually the case with lead than tin. 

821. All these facts combine into, I think, an irresistible mass of evidence, proving 
the truth of the important proposition which I at first laid down, namely, that the 
chemical power of a current of electricity is in direct proportion to the absolute quantity 
of electricity which passes (377. 783.). They prove, too, that this is not merely true 
with one substance, as water, but generally with all electrolytic bodies; and, further, 
that the results obtained with any one substance do not merely agree amongst them- 
selves, but also with those obtained from other substances, the whole combining toge- 
ther into one series of definite electro-chemical actions (505.). I do not mean to say that 
no exceptions will appear: perhaps some may arise, especially amongst substances 
existing only by weak affinity; but I do not expect that any will seriously disturb 
the result announced. If, in the well considered, well examined, and, I may surely 
say, well ascertained doctrines of the definite nature of ordinary chemical affinity, 
such exceptions occur, as they do in abundance, yet, without being allowed to disturb 
our minds as to the general conclusion, they ought also to be allowed if they should 
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present themselves at this, the opening of a new view of electro-chemical action; not 

being held up as obstructions to those who may be engaged in rendering that view 
more and more perfect, but laid aside for a while, in hopes that their perfect and 
consistent explanation will finally appear. 

822. The doctrine of definite electro-chemical action just laid down, and, I believe, 
established, leads to some new views of the relations and classifications of bodies asso- 
ciated with or subject to this action. Some of these I shall proceed to consider. 

823. In the first place, compound bodies may be separated into two great classes, 
namely, those which are decomposable by the electric current, and those which are 
not. Of the latter, some are conductors, others non-conductors, of voltaic electricity e. 
The former do not depend for their decomposability, upon the nature of their elements 

only; for, of the same two elements, bodies may be formed, of which one shall belong 
to one class and another to the other class; but probably on the proportions also 

(697.). It is further remarkable, that with very few, if any, exceptions (414. 691.), 
these decomposable bodies are exactly those governed by the remarkable law of con- 
duction I have before described (394.); for that law does not extend to the many 
compound fusible substances that are excluded from this class. I propose to call 
bodies of this, the decomposable class, Electrolytes (664.). 

824. Then, again, the substances into which these divide, under the influence of the 
electric current, form an exceedingly important general class. They are combining 
bodies; are directly associated with the fundamental parts of the doctrine of chemical 

affinity; and have each a definite proportion, in which they are always evolved during 
electrolytic action. I have proposed to call these bodies generally ions, or particu- 
larly anions and cations, according as they appear at the anode or cathode (665.); 
an(d the numbers representing the proportions in which they are evolved electro- 
chemical equivalents. Thus hydrogen, oxygen, chlorine, iodine, lead, tin, are ions; 
the three former are anions, the two metals are cationzs, and 1, 8, 36, 125, 104, 58, are 
their electro-chemical equivalents nearly. 

825. A summary of certain points already ascertained respecting electrolytes, ions, 
and electro-chemical equivalents, may be given in the following general form of pro- 
positions, without, I hope, including any serious error. 

826. i. A single ion, i. e. one not in combination with another, will have no ten- 

dency to pass to either of the electrodes, and will be perfectly indifferent to the pass- 
ing current, unless it be itself a compound of more elementary ions, and so subject 
to actual decomposition. Upon this fact is founded much of the proof adduced in 
favour of the new theory of electro-chernical decomposition, which I put forth in a 
former series of these Researches (518. &c.). 

827. ii. If one ion be combined in right proportions (697.) with another strongly 

i I mean here by voltaic electricity, merely electricity from a most abundant source, but having very small 

intensity. 
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opposed to it in its ordinary chemical relations, i. e. if an anion be combined with a 
cation, then both will travel, the one to the anode, the other to the cathode, of the 

decomposing body (530. 542. 547.). 
828. iii. If, therefore, an ion pass towards one of the electrodes, another ion must 

also be passing simultaneously to the other electrode, although, from secondary action, 
it may not make its appearance (743.). 

829. iv. A body decomposable directly by the electric current, i. e. an electrolyte, 
must consist of two ions, and must also render them up during the act of decompo- 
sition. 

830. v. There is but one electrolyte composed of the same two elementary ions; at 
least such appears to be the fact (697.), dependent upon a law, that only single electro- 
chemical equivalents of elementary ions can go to the electrodes, and not multiples. 

831. vi. A body not decomposable when alone, as boracic acid, is not directly de- 
composable by the electric current when in combination (780.). It may act as an 
ion, going wholly to the anode or cathode, but does not yield up its elements, except 
occasionally by a secondary action. Perhaps it is superfluous for me to point out that 
this proposition has no relation to such cases as that of water, which, by the presence 
of other bodies, is rendered a better conductor of electricity, and therefore is more 

freely decomposed. 
832. vii. The nature of the substance of which the electrode is formed, provided it 

be a conductor, causes no difference in the electro-decomposition, either in kind or 
degree (807. 813.) ; but it seriously influences, by secondary action (744.), the state in 
which the ions finally appear. Advantage may be taken of this principle in combining 
and collecting such ions as, if evolved in their free state, would be unmanageable *. 

833. viii. A substance which, being used as the electrode, can combine altogether 
with the ion evolved against it, is also, I believe, an ion, and combines, in such cases, 
in the quantity represented by its electro-chemical equivalent. All the experiments 
I have made agree with this view ; and it seems to me, at present, to result as a 
necessary consequence. Whether, in the secondary actions that take place, where 
the ion acts, not upon the matter of the electrode, but on that which is around it in 
the liquid (744.), the same consequence follows, will require more extended investi- 
gation to determine. 

834. ix. Compound ions are not necessarily composed of electro-chemical equiva- 
lents of simple ions. For instance, sulphuric acid, boracic acid, phosphoric acid, are 
ions, but not electrolytes, i. e. not composed of electro-chemical equivalents of simple 
ions. 

* It will often happen that the electrodes used may be of such a nature as, with the fluid in which they are 
immersed, to produce an electric current, either according with or opposing that of the voltaic arrangement 
used, and in this way, or by direct chemical action, may sadly disturb the results. Still, in the midst of all 
these confusing effects, the electric current, which actually passes in any direction through the decomposing 
body, will produce its own definite electrolytic action. 
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835. x. Electro-chemical equivalents are always consistent; i. e. the same number 
which represents the equivalent of a substance A whlen it is separating fro'm a sub- 
stance B, will also represent A when separating from a third substance C. Thus, 8 is 
the electro-chemical equivalent of oxygen, whether separating fiomr hydrogen, or tin, 
or lead; and 103'5 is the electro-chemical equivalent of lead, whether separating from 

oxygen, or chlorine, or iodine. 
836. xi. Electro-chemical equivalents coincide, and are the same, with ordinary 

chemical equivalents. 
837. By means of experiment and the preceding propositions, a knowledge of 

ions and their electro-chemical equivalents may be obtained in various ways. 
838. In the first place, they may be determined directly, as has been done with hy- 

drogen, oxygen, lead, and tin, in the numerous experiments already quoted. 
839. In the next place, from propositions ii. and iii., may be deduced the knowledge 

of many other ions, and also their equivalents. When chloride of lead was decom- 

posed, platina being used for both electrodes (395.), there could remain no more doubt 
that chlorine was passing to the anode, although it combined with the platina there, 
than when the positive electrode, being of plumbago (794.), allowed its evolution in the 
free state; neither could there, in either case, remain any doubt, that for evelry 103'5 
parts of lead evolved at the cathode, 36 parts of chlorine were evolved at the anode, for 
the remaining chloride of lead was unchanged. So also when in a metallic solution 
one volume of oxygen, or a secondary compound containing that proportion, appeared 
at the anode, no doubt could arise that hydrogen, equivalent to two volumes, had been 
determined to the cathode, although, by a secondary action, it had been employed in 

reducing oxides of lead, copper, or other metals, to the metallic state. In this man- 
ner, then, we learn from the experiments already described in these Researches, that 
chlorine, iodine, bromline, fluorine, calcium, potassium, strontium, magnesium, mnanga- 
nese, &c., are ions, and that their electro-chemical equivalents are the same as their 

ordinary chemical equivalents. 
840. Propositions iv. and v. extend our means of gaining information. For if a body 

of known chemical composition is found to be decomposable, and the nature of the 
substance evolved as a primary or even a secondary result (743. 777.) at one of the 
electrodes, be ascertained, the electro-chemical equivalent of that body may be de- 
duced from the known constant composition of the substance evolved. Thus, when 
fused protiodide of tin is decomposed by the voltaic current (804.), the conclusion 

may be drawn, that both the iodine and tin are ions, and that the proportions in which 

they combine in the fused compound express their electro-chemical equivalents. 
Again, with respect to the fused iodide of potassium (805.), it is an electrolyte; and 
the chemical equivalents will also be the electro-chemical equivalents. 

841. If proposition viii. sustain extensive experimental investigation, then it will 
not only help to confirm the results obtained by the use of the other propositions, but 
will give abundant original information of its own. 

MDCCCXXXIV. Q 
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842. In many instances, the secondary results obtained by the action of the evolving 
ion on the substances present in the surrounding liquid or solution, will give the 
electro-chemical equivalent. Thus, in the solution of acetate of lead, and, as far as I 
have gone, in other proto-salts subjected to the reducing action of the nascent hydrogen 
at the cathode, the metal precipitated has been in the same quantity as if it had been 
a primary product, (provided no free hydrogen escaped there,) and therefole gave Cas 

accurately the number representing its electro-chemical equivalent. 
843. Upon this principle it is that secondary results may occasionally be used as mea- 

surers of the volta-electric current (706. 740.); but there are not many metallic solu- 
tions that answer this purpose well: for unless the metal is easily precipitated, hydrogen 
will be evolved at the cathode and vitiate the result. If a soluble peroxide is formed at 
the anode, or if tile precipitated metal crystallize across the solution and touch the 

positive electrode, similar vitiated results are obtained. I expect to find in some vege- 
table salts, as the acetates of mercury and zinc, solutions favourable for this use. 

844. After the first experimental investigations to establish the definite chemical 
action of electricity, I have not hesitated to apply the more strict results of chemical 

analysis to correct the numbers obtained as electrolytical results. This, it is evident, 
may be done in a great number of cases, without using too muchl liberty towarcls the due 

severity of scientific research. The series of numbers representing electro-chemical equi- 
valents must, like those expressing the ordinary equivalents of chemically acting bo- 
dies, remain subject to the continual correction of experiment and sound reasoning. 

845. I give the following brief Table of ions and their electro-chemical equiva- 
lents, rather as a specimen of a first attempt than as anything that can supply the 
want whichl must very quickly be felt, of a full and comlplete tabular account of this 
class of bodies. Looking forward to such a table as of extreme utility (if well con- 

structed) in developing the intimnate relation of ordinary chemical affinity to elec- 
trical actions, and identifying the two, not to the imagination mlerely, but to the con- 
viction of the senses and a sound judgement, I may be allowed to express a hope, 
that the endeavour will always be to make it a table of real, and not hypothetical, 
electro-chemical equivalents; for we shall else overrun the facts, and lose all sight 
and consciousness of the knowledge lying directly in our path. 

846. The equivalent numbers do not profess to be exact, and are taken almost 

entirely from the chemical results of other philosophers in whom I could repose 
more confidence, as to these points, than in myself. 

847. TABLE OF IONS. 

Anions. 
Oxygen............8 Cyanogen........ 26 Phosphoric acid.... 35'7 Citric acid ........ 58 
Chlorine.......... 355 Sulphuric acid .... 40 , Carbonic acid .... 22 Oxalic acid ...... 36 
Iodine ...... 126 Selenic acid ......64 Boracic acid ...... 24 Sulphur (?) ..... 16 
Bromine.......... 78'3 Nitric acid........ 54 Acetic acid........ 51 Selenium(?) ... 
Fluorine.......... 18'7 Chloric acid ..... 75.5 Tartaric acid ...... 66 Sulpho-cyanogen .o 
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Cations. 

Hydrogen I.. ,,, 1 Tin .. .......... 579 Mercury ........200 Strontia ..... 51'8 
Potassium ........ 39-2 Lead ....... 103'5 Silver ..........108 Lime....... 285 
Sodium ......... 23'3 Iron .... 28 Platina.......... 98'6? Magnesia ........ 20'7 
Lithium .... . 10 Copper........ 31*6 Gold.......... (?) Alumina ........ (?) 
Barium . .. . 68-7 Cadmium ........ 558 - Protoxides generally. 
Strontium ..... 43'8 Cerium .......... 46 Ammonia ....... 17 Quinia ..........171'6 
Calcium ......... 20'5 Cobalt .......... 295 Potassa......... 472 Cinchona 160 

Magnesium........ 12'7 Nickel .... . 29'5 Soda ......... 31-3 Morphia ........290 

Manganese........ 27'7 Antimony........ 64*6? Lithia ....... 18 Vegeto-alkalies generally. 
Zinc ............ 325: Bismuth ........ 71 Baryta ........ 76-7 

848. This Table might be further arranged into groups of such substances as either 
act with, or replace, each other. Thus, for instance, acids and bases act in relation 
to each other; but they do not act in association with oxygen, hydrogen, or ele- 

mentary substances. There is indeed little or no doubt that, when the electrical 
rlelations of the particles of matter come to be closely examined, this division must be 
made. The simple substances, with cyanogen, sulpho-cyanogen, and one or two 
other compound bodies, wvill probably form the first group; and the acids and bases, 
with such analogous compounds as may prove to be ions, the second group. Whe- 
ther these will include all ions, or whether a third class of more complicated results 
will be required, must be decided by future experiments. 

849. It is probable that all our present elementary bodies are ions, but that is not 
as yet certain. There are some, such as carbon, phosphorus, nitrogen, silicon, boron, 
alumilum, the right of which to the title of aon it is desirable to decide as soon as 
possible. There are also many compound bodies, and amongst them alumina and 
silica, which it is desirable to class immediately by unexceptionable experiments. 
It is alsopossible, that all combinable bodies, compound as well as simple, may enter 
into the class of ions; but at present it does not seem to me probable. Still the expe- 
rimental evidence I have is so small in proportion to what must gradually accumulate 

around, and bear upon, this point, that I am afraid to give a strong opinion upon it. 
850. I think I cannot deceive myself in considering the doctrine of definite electro- 

chemical action as of the utmost importance. It touches by its facts more directly 
and closely than any former fact, or set of facts, hlave done, upon the beautiful idea, 
that ordinary chemical affinity is a mere consequence of the electrical attractions of 
the particles of different kinds of matter ; and it will probably lead us to the means by 
which we may enlighten that which is at present so obscure, and either fully demtnon- 
strate the truth of the idea, or develope that which ought to replace it. 

851. A very valuable use of electro-chemical equivalents will be to decide, in cases 
of doubt, what is the true chemical equivalent, or definite proportional, or atomic 
number of a body; for I have such conviction that the power which governs electro- 
decomposition and ordinary chemical attractions is the same; and such confidence in 
the overruling influence of those natural laws which render the former definite, as to 
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feel no hesitation in believing that the latter must submit to them also. Such being 
the case, I can lhave no doubt that, assuming hydrogen as 1, and dismissing small 
fractions for the simplicity of expression, the equivalent number or atomic weiglht of 
oxygen is 8, of chlorine 36, of bronmine 78A4, of lead 103-5, of tin 59, &c., notwith- 
standing that a very high authority doubles several of these numbers. 

? 13. On the absolute quantity of Electricity associated with the particles or atoms of 
M/atter. 

852. The theory of definite electrolytical or electro-chernical action appears to me 
to touch immediately upon the absolute quantity of electricity or electric power be- 
longing to different bodies. It is impossible, perhaps, to speak on this point without 
commritting oneself beyond twhvat present facts will sustain; and yet it is equally im- 
possible, and perhaps would be imnpolitic, not to reason upon the subject. Although we 
know nothing of what an atom is, yet we cannot resist forming some idea of a small 
particle, which represents it to the mind; and though we are in equal, if not goreater, 
ignorance of electricity, so as to be unable to say whether it is a particular matter or 
matters, or mere motion of ordinary matter, or some third kind of power or agent, yet 
there is an immensity of facts which justify us in believing that the atoms of matter 
are in some way endowed or associated with electrical powers, to which they owe their 
most striking qualities, and amongst them their mnutual cheinical affinity. As soon 
as we perceive, through the teaching of DALTON, that chemrical powers are, however 
varied the circumstances in which they are exerted, definite for each body, we learn 
to estimate the relative degree of force which resides in such bodies: and when upon 
that knowledge comes the fact, that the electricity, which we appear to be capa- 
ble of loosening fromn its habitation for a while, and conveying fronm place to place, 
whilst it retains its chemical force, can be measured out, and, being so meastred, is 
found to be as definite in its action as any of those portions which, remaining associated 
with the particles of mnatter, give them their chemnical relation; we seem to have found: 
the link which connects the proportion of that we have evolved to the proportion of 
that belonging to the particles in their natural state. 

853. Now it is wonderful to observe how small a quantity of a compound body is 
decomposed by a certain portion of electricity. Let us, for instance, consider this and 
a few other points in relation to water. One grain of water acidulated to facilitate 
conduction, will require an electric current to be continued for three minutes and three 
quarters of time to effect its decomposition, which current must be powerful enough 
to retain a platina wire -T of an inch in thicknesse, red hot, in the air during tihe 
whole time; and if interrupted anywhere by charcoal points, will produce a very 

* I have not stated the length of wire used, because I find by experiment, as would be expected in theory, 
that it is indifferent. The same quantity of electricity which, passed in a given time, can heat an inch of platina 
wire of a certain diameter red hot, can also heat a hundred, a thousand, or any length of the same wire to the 
same degree, provided the cooling circumstances are the same for every part in both cases. This I have proved 
by the volta-electrometer. I found that whether half an inch or eight inches were retained at one constant 
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brilliant and constant star of light. If attention be paid to the instantaneous 

discharge of electricity of tension, as illustrated in the beautiful experiments of 
Mr. WHEATSTONE*, and to what I have said elsewhere on the relation of coinmon 
and voltaic electricity (371. 375.), it will not be too much to say, that this necessary 
quantity of electricity is equal to a very powerful flash of lightning. Yet we have it 
under perfect command; can evolve, direct, and employ it at pleasure; and when it 
has performed its full work of electrolyzation, it has only separated the elements of a 
single grain of water. 

854. On the other hand, the relation between the conduction of the electricity and 
the decomposition of the water is so close, that one cannot take place without the 
other. If the water is altered only in that small degree which consists in its having 
the solid instead of the fluid state, the conduiction is stopped, and the decomposition 
is stopped with it. Whether the conduction be considered as depending upon the de- 

conmposition, or not (413. 703.), still the relation of the two functions is equally inti- 
mate and inseparable. 

855. Considering this close and twofold relation, namely, that without decompo- 
sition transmission of electricity does not occur; and, that for a given definite quantity 
of electricity passed, an equally definite and constant quantity of water or other mnatter 
is decomposed; considering also that the agent, which is electricity, is simply employed 
in overcoming electrical powers in the body subjected to its action; it seems a pro- 

lent of, and therefore equal to, that of the particles separated; i. e. that if the electrical 
power which holds the elements of a grain of water in comnbination, or which makliesa 
grain of oxygen and hydrogen in the riglht proportions unite into water when they are 
made to combine, could be thrown into the condition of a current, it would exactly 
equal the current required for the separation n r of water into its elements 
agoain. 

856. This view of the subject gives an almost overwhelmning idea of the extraor- 
dinary qtlantity or degree of electric power which naturally belongs to the particles 
of matter; but it is not inconsistent in the slightest degree with the facts which can 
be brought to bear on this point. To illustrate this I must say a few words on the 
voltaic pilet. 

temperature of dull redness, equal quantities of water were decomposed in equal times in both cases. When 
the half-inch was used, only the centre portion of wire was ignited. A fine wire may even be used as a rough 
but ready regulator of a voltaic current; for if it be made part of the circuit, and the larger wires communi- 

cating with it be shifted nearer to or further apart, so as to keep the portion of wire in the circuit sensibly at 
the same temperature, the current passilng through it will be nearly uniform. 

* Literary Gazette, 1833, March 1 and 8. Philosophical Magazine, 1833, p. 204. L'Institute, 1833, p. 261. 
t By the term voltaic pile, I mean such apparatus or arrangement of metals as up to this time have been 

called so, and which contain water, brine, acids, or other aqueous solutionrs or decomposable substances (476.), 
between their plates. Other kinds of electric apparatus may be hereafter invented, and I hope to construct 
some rot belonging to the class of instruments discovered by VOLTA. 
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857. Intending hereafter to apply the results given in this and the preceding series 
of Researches to a close investigation of the soulrce of electricity in the voltaic in- 

strument, I lhave refrained from forming any decided opinion on the subject; and 
without at all meaning to dismiss Inetallic contact, or the contact of dissimiilar sub- 
stances, being conductors, but not metallic, as if they had nothing to do with the 

origin of the current, I still am fully of opinion with DAVY, tlhat it is at least con- 
tinued by chemical action, and that the supply constituting the current is almost en- 

tirely from that source. 
858. Those bodies which, being interposed between the metals of the voltaic pile, 

render it active, are all of them electrolytes (476.); and it cannot but press upon the 
attention of every one engaged in considering this subject, that in those bodies (so 
essential to the pile) decomposition and the transmission of a current are so intimately 
connected, that one cannot happen without the other. This I have shown abundantly 
in water, and numerous other cases (402. 476.). If, then, a voltaic trough have its 
extremities connected by a decomposing body, as water, we shall have a continuous 
current through the apparatus; and whilst it remains in this state may look at the 

part where the acid is acting upon the plates, and that where the current is acting 
upon the water, as the reciprocals of each other. In both parts we have the two 
conditions inseparable in such bodies as these, namely, the passing of a current, and 

decomposition; and this is as true of the cells in the battery as of the water cell; for 
no voltaic battery has as yet been constructed in whicih the chemical action is only 
that of combination: decomposition is always included, and is, I believe, an essential 
chemical part. 

859. But the difference in the two parts of the connected battery, that is, the de- 
composing or experimental cell, and the acting cells, is simply this. In the former 
we urge the current through, but it, apparently of necessity, is accompanied by 
decomposition: in the latter we cause decompositions by ordinary chemical actions, 
(which are, however, themselves electrical,) and, as a consequlence, have the electrical 
current; and as tthe decomposition dependent upon the current is definite in the 
former case, so is the current associated with the decomposition also definite in the 
latter (862. &c.). 

860. Let us apply this in support of what I have surmised respecting the enormous 
electric power of each particle or atom of matter (856.). I showed in a former series 
of these Researches on the relation by measure of common and voltaic electricity, 
that two wires, one of platina and one of zinc, each one eighteenth of an inch in dia- 
meter, placed five sixteenths of an inch apart, and immersed to the depthl of five 
eighths of an inch in acid, consisting of one drop of oil of vitriol and four ounces of 
distilled water at a temperature of about 60? FAHR., and connected at the other ex- 
tremities by a copper wire eighteen feet long, and one eighteenth of an inch in thick- 
ness, yielded as much electricity in little more than three seconds of time as a Leyden 
battery charged by thirty turns of a very large and powerful plate electric machine 
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in full action (371.). This quantity, though sufficient if passed at once through the 
head of a rat or a cat to have killed it, as by a flash of lightning, was evolved by 
the mutual action of so small a portion of the zinc wire and water in contact with it, 
that the loss of weight sustained by either would be inappreciable by our most deli- 
cate instruments; and as to the water which could be decomposed by that current, it 
must have been insensible in quantity, for no trace of hydrogen appeared upon the 
surface of the platina during those three seconds. 

861. What an enormous quantity of electricity, therefore, is required for the decom- 

position of a single grain of water! We have already seen that it must be in quiantity 
sufficient to sustain a platina wire -r- of an inch in thickness, red hot, in contact with 
the air for three minutes and three quarters (853.), a quantity which is almost infi- 

nitely greater than that which could be evolved by the little standard voltaic arrange- 
ment to which I have just referred (860. 371.). I have endeavoured to make a com- 
parison by the loss of weight of such a wire in a given time in such an acid, according 
to a principle and experiment to be almost immediately described (862.); but the 

proportion is so high, that I am almost afraid to mention it. It would appear that 
800,000 such charges of the Leyden battery as I have referred to above, would be 

necessary to supply electricity sufficient to decompose a single grain of water; or, if I 
am right, to equal the quantity of electricity which is naturally associated with the 
elements of that grain of water, endowing them with their mutual chemical affinity. 

862. In further proof of this high electric condition of the particles of matter, and 
the identity as to quantity, of that belonging to them with that necessary for their 

separation, I will describe an experiment of great simplicity but extreIne beauty, 
when viewed in relation to the evolution of an electric current and its decomposing 
powers. 

863. A dilute sulphuric acid, made by adding about one part by measure of oil of 
vitriol to thirty parts of water, will act energetically upon a piece of plate zinc in its 

ordinary and simple state; but, as Mr. STURGEON has shown*, not at all, or scarcely so, 
if the surface of the metal hias in the first instance been amalgamated; yet the amal- 
gamated zinc will act powerfully with platina as an electromotor, hydrogen being 
evolved on the surface of the latter metal, as the zinc is oxidized and dissolved. The 

amalgamation is best effected by sprinkling a few drops of mercury upon the surface 
of the zinc, the latter being moistened with the dilute acid, and rubbing with the 

fingers so as to extend the liquid metal over the whole of the surface. Any mercury 
in excess forming liquid drops upon the zinc, should be wiped offt. 

864. Two plates of zinc thus amalgamated were dried and accurately weighed ; one, 
which we will call A, weighed 163 1 grains; the other, to be called B, weighed 1 48-3 

* Recent Experimental Researches, &c., 1830, p. 74, &c. 
+ The experiment may be made with pure zinc, which, as chemists well know, is but slightly acted upon by 

dilute sulphuric acid in comparison with ordinary zinc, which during the action is subject to an infinity of 
voltaic actions. See Ds LA RIVE on this subject, BibliothUque Universelle, 1830, p. 391. 
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grains. They were about five inches long, and 0'4 of an inch wide. An earthenware 
pneumatic trough was filled with dilute sulphuric acid, of the strength just described 
(863.), and a gas jar, also filled with the acid, inverted in it*. A plate of platina of 
nearly the same length, but about three times as wide as the zinc plates, was put up 
into this jar. The zinc plate A was also introduced into the jar, and brought in con- 
tact with the platina, and at the same moment the plate B was put into the acid of 
the trough, but out of contact with other metallic matter. 

865. Strong action immediately occurred in the jar upon the contact of the zinc 
and platina plates. Hydrogen gas rose from the platina, and was collected in the 
jar, but no hydrogen or other gas rose from either zinc plate. In about ten or twelve 
iinutes, sufficient hydrogen having been collected, the experiment was stopped; 
during its progress a few small bubbles had appeared upon plate B, but none upon 
plate A. The plates were washed in distilled water, dried, and reweighed. Plate B 
weighed 148'3 grains, as before, having lost nothing by the direct chemical action of 
the acid. Plate A weighed 154*65 grains, 8'45 grains of it having been oxidized 
and dissolved during the experiment. 

866. The hydrogen gas was next transferred to a water-trough and measured; it 
amounted to 12'5 cubic inches, the temperature being 52?, and the barometer 29'2 
inches. This quantity, corrected for temperature, pressure, and moisture, becomes 
12 15453 cubic inches of dry hydrogen at mean temperature and pressure; which, in- 
creased by one half for the oxygen that must have gone to the anode, i. e. to the zinc, 
gives 18'232 cubic inches as the quantity of oxygen and hydrogen evolved from the 
water decomposed by the electric current. According to the estimate of the weight 
of the mixed gas before adopted (791.), this volume is equal to 2,3535544 grains, 
which therefore is the weight of water decomposed; and this quantity is to 8'45, the 
quantity of zinc oxidized, as 9 is to 32-31. Now taking 9 as the equivalent number 
of water, the numiber 32,5 is given as the equivalent numnber of zinc; a coincidence 
sufficiently near to show, what indeed could not but happen, that for an equivalent 
of zinc oxidized an equivalent of water must be decomposed+. 

867. But let us observe how the water is decomposed. It is electrolyzed, i.c. is 
decomposed voltaically, and not in the ordinary manner (as to appearance) of chemical 
decompositions for the oxygen appears at the anode and the hydrogen at the cathode 
of the decomposing body, and these were in many parts of the experiment above an 
inch asunder. Again, the ordinary chemical affinity was not enough under the cir- 
cumstances to effect the decomposition of the water, as was abundantly proved by 
the inaction on plate B; the voltaic current was essential. And to prevent any idea 
that the chemical affinity was almost sufficient to decompose the water, and that a 
smaller current of electricity might, under the circumstances, cause the hydrogen to 

* The acid was left during a night with a small piece of unamalgamated zinc in it, for the purpose of evolviing 
such air as might be inclined to separate, and bringing the whole into a constant state. 

+ The experiment was repeated several times with the same results. 
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pass to the cathode, I need only refer to the results which I have given (807. 813.) to 
show that the chemical action at the electrodes has not the slightest influence over 
the quantities of wat;er or other substances decoumposed between them, but that they 
are entirely dependent upon the quantity of electricity which passes. 

868. What, then, follows as a necessary consequence of the whole experiment? Why, 
this: that the chemical action upon 32*31 parts, or one equivalent of zinc, in this 
sinmple voltaic circle, was able to evolve such quantity of electricity in the form of a 
current as, passing through water, should decompose 9 parts, or one equivalent of 
that substance: ad, considering the definite relations of electricity as developed in 
the preceding parts of the pesent prs aper, the results prove that the q'uantity of elec- 
tricity which, being naturally associated with the particles of matter, gives them their 
combining power, is able, when thrown into a current, to separate those particles 
fronm their state of combination; or, in other words, that the electricity which de- 
conposes, and that which is evolved by the decomposition of, a certain quantity o' 
natter, are alike. 

869. The harmony which this theory of the definite evolution andthe equivalent 
definite action of electricity introduces into the associated theories of definite propor- 
tions and electro-cheinical affinity, is very great. According to it, the equivalent 
weights of bodies are simply those quantities of them which contain equal quantities 
of electricity, or have naturally equal electric powers ; it being the ELECTRICITY which 
determines the equivalent number, because it determines the combining force. Or, 
if we adopt the atomic theory or phraseology, then the atoms of bodies which 
are equivalents to each other in their ordinary chelnical action, have equal quan- 
tities of electricity naturally associated with them. But I must confess I am jealous 
pf the term atom; for though it is very easy to talk of atoms, it is very difficult 
to form a clear idea of their nature, especially when compound bodies are under 
consideration. 

870. I cannot refrain from recalling here the beautiful idea put forth, I believe, by 
BERZELIUS (703.) in his development of his views of the electro-chemical theory of 

affinity, that the heat and light evolved during cases of powerful combination are the 
consequence of the electric discharge which is at the moment taking place. The idea 
is in perfect accordance with the view I have taken of the quantity of electricity asso- 
ciated with the particles of matter. 

871. In this exposition of the law of the definite action of electricity, and its cor- 
responding definite proportion in the particles of bodies, I do not pretend to have 
brought, as yet, every case of chemnical or electro-chernical action under its dominion. 
There are numerous considerations of a theoretical nature, especially respecting the 
compound particles of matter and the resulting electrical forces which they ought 
to possess, which I hope will gradually receive their development; and there are 
numerous experimental cases, as, for instance, those of compounds formed by weak 
affinities, the simultaneous decomposition of water and salts, &c., which still require 

MDCCCXXXIV. R 
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investigation. But whatever the results on these and numerous other points may 
be, I do not believe that the facts which I have advanced, or even the general laws 
deduced from them, will suffer any serious change; and they are of sufficient imlpor- 
tance to justify their publication, even though much may remain imperfect or undone. 
Indeed, it is the great beauty of our science, CHEMISTRY, that advancement in it, 
whether in a degree great or small, instead of exhausting the subjects of research, 
opens the doors to further and more abundant knowledge, overflowing with beauty 
and utility to those who will be at the easy personal pains of undertaking its experi- 
mental investigation. 

872. The definite production of electricity (868.) in association with its definite 
action proves, I think, that the current of electricity in the voltaic pile is sustained 

by chemical decomposition, or rather by chemical action, and not by contact only. 
But here, as elsewhere (857.), I beg to reserve my opinion as to the real action of 
contact, not having yet been able to make up my ilind as to its being either an ex- 

citing cause of the current, or merely necessary to allow of the conduction of electri- 
city, otherwise generated, from one metal to the other. 

873. But admitting that chemical action is the source of electricity, what an infi- 

nitely small fraction of that which is active do we obtain and employ in our voltaic 
batteries ! Zinc and platina wires, one eighteenth of an inch in diameter and about 
half an inch long, dipped into dilute sulphuric acid, so weak that it is not sensibly 
sour to the tongue, or scarcely to our most delicate test papers, will evolve more elec- 

tricity in one twentieth of a minute (860.) than any man would willingly allow to pass 
through his body at once. The chemical action of a grain of water upon four grains 
of zinc can evolve electricity equal in quantity to that of a powerful thunder-storm 

(868. 861.). Nor is it merely true that the quantity is active; it can be directed and 
made to perform its full equivalent duty (867. &c.). Is there not, then, great reason 
to hope and believe that, by a closer experimental investigation of the principles which 

govern the development and action of this subtile agent, we shall be able to increase 
the power of our batteries, or invent new instruments which shall a thousandfold 

surpass in energy those which we at present possess ? 
874. Here for a while I must leave the consideration of the deJinite chemical action 

of electricity. But before I dismiss this series of experimental Researches, I would call 
to mind that, in a former series, I showed the current of electricity was also definite 
in its magnetic action (366. 367. 376. 377.); and, though this result was not pursued 
to any extent, I have no doubt that the success which has attended the development 
of the chemical effects is not more than would accompany an investigation of tihe 

magnetic phenomena. 

Royal Institution, 
December 3lst, 1833. 
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sliding vertical door containing a hole about 2! inches in dia- 
meter, which was accurately closed with a disk of eoloured glass. 
In all cases the deposits were furthest from the l ight--and 
naturally so, seeing that a eoloured object absorbs the heat more 
readily than a white one, and keeps the side of the bottle nearest 
to it of a higher temperature than the other parts. 

One more point remains to be noticed. When mercury was 
exposed to the light in a tall narrow glass, no reliable results 
were obtained, that is, no deposit was formed that appeared to 
arise from the condensation of vapour. On two or three occa- 
sions metallic tears were seen in the vessel, but it was never clear 
to me that they did not arise from some shaking or disturbance 
of the vessel. I could not reproduce even this unsatisfactory 
result in a narrow vessel, though I carefully tried for it by fur- 
nishing the vessel with a cap and stopcock and exhausting it 
with a syringe. I was also further surprised to find that a baro- 
meter-tube of thick glass charged with camphor and exhausted, 
produced little or no deposit even on the warmest days, and by 
exposure to direct sunshine. No sooner, however, had I dis- 
missed the action of light from this subject, than the whole 
matter became clear. A thick glass tube by exposure to the 
light does not cool unequally, but slowly varies in temperature 
throughout its mass, so that no deposit either of mercury or of 
camphor is possible. If, however, the tube be thin, of large dia- 
meter and mounted, so that while one part is exposed to radia- 
tion the other part is protected, partial cooling is possible, and 
a deposit is produced. This, too, furnishes an explanation of a 
fact that had often surprised me. In barometers of large bore 
there is a deposit of mercury in the Torricellian vacuum on the 
side nearest the light. I had never seen this in a tube of small 
bore, though I had frequently looked for it ifi my own instru- 
ment. Some of the barometers of large bore in the International 
Exhibition have very fine deposits of mercury vapour in the Tor- 
riceUiau vacuum, but in such cases they are mounted so that the 
tube is more or less exposed. Where the tube is boxed in and 
protected from radiation there is little or no deposit. 

King's College, London, 
Long Vacation, 1862. 

XLVIII .  Remarks on the Forces of Inorganic Nature. 
By J. R. MAYER*. 

T 
HE following pages are designed as an attempt to answer 

the questions, What are we to understand by "Forces"  ? 

* Translated from the Annalen der Chemic und Pharmacqe, vol. xlii. 
p. 233 (May 1842), by G. C. Foster, B.A., Lecturer on Natural Philosophy 
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and how are different forces related to each other ? Whereas 
the term matter implies the possession, by the object to which it 
is applied, of very definite properties, such as weight and exten- 
sion ; the term force conveys for the most part the idea of some- 
thing unknown, unsearchable, and hypothetical. An attempt to 
render the notion of force equally exact with that of matter, and 
so to denote by it only objects of actual investigation, is one 
which, with the consequences that flow from it, ought not to be 
unwelcome to those who desire that their views of nature may be 
clear and unencumbered by hypotheses. 

Forces are causes: accordingly, we may in relation to them 
make full application of the principle--cause ¢equat effectum. I f  
the cause c has the effect e, then c=e;  if, in its turn, e is the 

cause of a second effect f ,  we have e=f,  and so on : c = e = f . . .  =c.  
In  a chain of causes and effects, a term or a part of a term can 
never, as plainly appears from the nature of an equation, become 
equal to nothing. This first property of all causes we call their 
indestructibility. 

I f  the given cause c has produced an effect e equal to itself, it 
has in that very act ceased to be : c has become e ; if, after the 
production of e, c still remained in whole or in part, there must 
be still further effects corresponding to this remaining cause: 
the total effect of c would thus be > e, which would be contrary 
to the supposition c'=--e. Accordingly, since c becomes e, and e 
becomes f ,  &c., we must regard these various magnitudes as dif- 
ferent forms under which one and the same object makes its 
appearance. This capability of assuming various forms is the 
second essential property of all causes. Taking both properties 
together, we may say, causes are (quantitatively) indestructible 
and (qualitatively) convdrtible objects. 

Two classes of causes occur in nature, which, so far as expe- 
rience goes, never pass one into another. The first class consists 
of such causes as possess the properties of weight and impene- 
trability; these are kinds of Matter : the other class is made up 
of causes which are wanting in the properties just mentioned, 
namely Forces, called also Imponderables, from the negative 
property that has been indicated. Forces are therefore inde. 
structible, convertible, imponderable objects. 

in Anderson's University, Glasgow.--Considerable attention having of late 
been called to the author of this paper, as one of the earliest propounders 
of the doctrine of the Indestructibility of Force, and especially of the idea 
of the equivalence of Heat and Work, it will probably interest many readers 
of the Philosophical Magazine to have placed in their hands his earliest 
publication on the subject. For some account of Mayer and of his further 
labours, see Prof. Tyndall's lecture "On ]~'orce," Phil. Mag. S. 4. vol. xxiv. 
pp. 64-66. 
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We will in the first instance take matter, to afford us an 
example of causes and effects. Explosive gas, tI  + O, and water, 
HO, are related to each other as cause and effect, therefore 
H + O = H O .  But if H + O  becomes HO, heat, cal., makes its 
appearance as well as water ; this heat must likewise have a 
cause, x, and we have therefore H + O + x = H O  +cal. I t  might, 
however, be asked whether H + O is really ---- HO, and x ---- caL, 
and not perhaps H + O =  cal., and x - - H O ,  whence the above 
equation could equally be deduced ; and so in many other eases. 
The phlogistie chemists recognized the equation between caL 
and x, or Phlogiston as they called it, and in so doing made a 
great step in advance ; but they involved themselves again in a 
system of mistakes by" putting - -x  in place of O;  thus, for 
instance, they obtained H =  HO + x. 

Chemistry, whose problem it is to set forth in equations the 
causal connexion existing between the different kinds of matter, 
teaches us that matter, as a cause, has matter for its effect ; but 
we are equally justified in saying that to force as cause, corre- 
sponds force as effect. Since c=e, and e=c, it is unnatural to 
call one term of an equation a force, and the other an effect of 
force or phenomenon, and to attach different notions to the ex- 
pressions Force and Phenomenon. In brief, then, if the cause 
is matter, the effect is matter; if the cause is a force, the effect 
is also a force. 

A cause which brings about the raising of a weight is a force ; 
its effect (the raised weight) is, accordingly, equally a force; or, 
expressing this relation in a more general form, separation in 
space of ponderable objects is a force ; since this force causes the 
fall of bodies, we call it falling force. Falling force and fall, or, 
more generally still, falling tbrce and motion, are forces which 
are related to each other as cause and effect--forces which are 
convertible one into the other--two different forms of one and 
the same object. For example, a weight resting on the ground 
is not a force : it is neither the cause of motion, nor of the lift- 
ing of another weight ; it becomes so, however, in proportion as 
it is raised above the ground : the cause--the distance between a 
weight and the earth--and the effect--the quantity of motion pro- 
duced -bea r  to each other, as we learn from mechanics, a constant 
relation. 

Gravity being regarded as the cause of the falling of bodies, a 
gravitating force is spoken of, and so the notions of property and 
of force are confounded with each other : precisely that which is 
the essential attribute of every force--the union of indestructibility 
with convertibility--is wanting in every property: between a 
property and a force, between gravity and motion, it is therefore 
impossible to establish the equation required for a rightly con- 
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eeived causal relation. I f  gravity be called a force, a cause is 
supposed which produces effects without itself diminishing, and 
incorrect conceptions of the causal connexion of things are thereby 
fostered. In order that a body may fall, it is no less necessary 
that it should be lifted up, than that it should be heavy or possess 
gravity; the fall of bodies ought not therefore to be ascribed to 

their gravity alone. 
I t  is the problem of Mechanics to develope the equations which 

subsist between falling force and motion, motion and falling 
force, and between different motions : here we will call to mind 
only one point. The magnitude of the falling force v is directly 
proportional (the earth's radius being assumed -----oo ) to the 
magnitude of the mass m, and the height d to which it is raised ; 
that is, v=md. I f  the height d = l ,  to which the mass m is 
raised, is transformed into the final velocity e = l  of this mass, 
we have also v=mc; but from the known relations existing 
between d and e, it results that, for other values of d or of c, the 
measure of the force v is mc~; aecordinglyv=md---md : the law 
of the conservation of via viva is thus found to be based on the 
general law of the indestructibility of causes. 

In numberless cases we see motion cease without having caused 
another motion or the lifting of a weight ; but a force once in 
existence cannot be annihilated, it can only change its form ; and 
the question therefore arises, What other forms is force, which 
we have become acquainted with as falling force and motion, 
capable of assuming ? Experience alone can lead us to  a con- 
clusion on this point. In order to experiment with advantage, 
we must select implements which, besides causing a real cessa- 
tion of motion, are as little as possible altered by the objects to 
be examined. If, for example, we rub together two metal plates, 
we see motion disappear, and heat, on the other hand, make its 
appearance, and we have now only to ask whether motion is the 
cause of heat. In order to come to a decision on this point, we 
must discuss the question whether, in the numberless cases in 
which the expenditure of motion is accompanied by the appear- 
ance of heat, the motion has not some other effect than the pro- 
ductiou of heat, and the heat some other cause than the motion. 

An attempt to ascertain the effects of ceasing motion has never 
yet been seriously made ; without, therefore, wishing to exclude 
h priori the hypotheses which it may be possible to set up, we 
observe only that, as a rule, this effect cannot be supposed to be 
an alteration in the state of aggregation of the moved (that is, 
rubbing, ~ze.) bodies. If  we assume that a certain quantity of 
motion v is expended in the conversion of a rubbing substance 
m into n,'we must then have m+v=n,  andn----m+v; and when 
n is reconverted into m, v must appear again in some form or 
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other. By the friction of two metallic plates continued for a 
very long time, we can gradually cause the cessation of an im- 
mense quantity of movement ; but would it ever occur to us to 
look for even the smallest trace of the force which has disappeared 
in the metallic dust that we could collect, and to try to regain it 
thence ? We repeat, the motion cannot have been annihilated ; 
and contrary, or positive and negative, motions cannot be regarded 
as = 0 ,  any more than contrary motions can come out of nothing~ 
or a weight can raise itself. 

Without the recognition of a causal connexion between motion 
and heat, it is just as difficult to explain the production of heal 
as it is to give any account of the motion that disappears. The 
heat cannot be derived from the diminution of the volume of the 
rubbing substances. I t  is well known that two pieces of ice 
may be melted by rubbing them together in vacuo ; but let any 
one try to convert ice into water by pressure*, however enor- 
mous. Water undergoes, as was found by the author, a rise of 
temperature when violently shaken.- The water so heated (from 
12 ° to 13 ° C.) has a greater bulk after being shaken than it had 
before ; whence now comes this quantity of heat, which by 
repeated shaking may be called into existence in the same appa- 
ratus as often as we please ? The vibratory hypothesis of heat 
is an approach towards the doctrine of heat being the effect of 
motion, but it does not favour the admission of this causal rela- 
tion in its full generality ; it rather lays the chief stress on 
uneasy oscillations (unbeha#liche Schwingungen). 

I f  it be now considered as established that in many cases 
(exceptio confirmat re#ulam) no other effect of motion can be 
traced except heat, and that no other cause than motion can be 
found for the heat that is produced, we prefer the assumption 
that heat proceeds from motion, to the assumption of a cause 
without effect and of an effect without a cause,--just as the 
chemist, instead of allowing oxygen and hydrogen to disappear 
without further investigation, and water to be produced in some 
inexplicable manner, establishes a connexion between oxygen 
and hydrogen on the one hand and water on the other. 

The natural connexion existing between falling force, motion, 
and heat may be conceived of as follows. We know that heat 
makes its appearance when the separate particles of a body 
approach nearer to each other: condensation produces heat. 

Since the original publication of this paper, Prof. W. Thomson has 
shown that pressure has a sensible effect in liquefying ice (Conf. Phil. Mug. 
S. 3. vol. xxxvii, p. 123); but the experiments of Bunsen and of Hopkins 
have shown that the melting-points of bodies which expand on becoming 
liquid are raised by pressure, which is all that Mayer's argument requires.~ 
G. C. F. 
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And what applies to the smallest particles of matter, and the 
smallest intervals between them, must also apply to large masses 
and to measureable distances. The falling of a weight is a real 
diminution of the bulk of the earth, and must therefore without 
doubt be related to the quantity of heat thereby developed ; this 
quantity of heat must be proportional to the greatness of the 
weight and its distance from the ground. From this point of 
view we are very easily led to the equations between falling force, 
motion, and heat, that have already been discussed. 

But just as little as the connexion between falling force and 
motion authorizes the conclusion that the essence of falling force 
is motion, can such a conclusion be adopted in the case of heat. 
We are, on the contrary, rather inclined to infer that, before it 
can become heat, motion--whether simple, or vibratory as in 
the case of light and radiant heat, &e.--must cease to exist as 
motion. 

I f  falling force and motion are equivalent to heat, heat must 
also naturally be equivalent to motion and falling force. Just 
as heat appears as an effect of the diminution of bulk and of the 
cessation of motion, so also does heat disappear as a cause when 
its effects are produced in the shape of motion, expansion, or 
raising of weight. 

In water-mills, the continual diminution in bulk which the 
earth undergoes, owing to the fall of the water, gives rise to 
motion, which afterwards disappears again, calling forth unceas- 
ingly a great quantity of heat ; and inversely, the steam-engine 
serves to decompose heat again into motion or the raising of 
weights. A locomotive engine with its train may be compared 
to a distilling apparatus ; the heat applied under the boiler passes 
off as motion, and this is deposited again as heat at the axles of 
the wheels. 

We will close our disquisition, the propositions of which have 
resulted as necessary consequences from the principle "causa 
mquat effectum," and which are in accordance with all the phe- 
nomena of Nature, with a practical deduction. The solution of 
the equations subsisting between- falling force and motion requires 
that the space fallen through in a given time, e. g. the first second, 
should be experimentally determined; in like manner, the solu- 
tion of the equations subsisting between falling force and motion 
on the one hand and heat on the other, requires an answer to 
the question, How great is the quantity of heat which corre- 
sponds to a given quantity of motion or falling force ? For 
instance, we must ascertain how high a given weight requires to 
be raised above the ground in order that its falling force may 
be equivalent to the raising of the temperature of an equal 
weight of water from 0 ° to l ° C. The attempt to show that 
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such an equation is the expression of a physical truth may be 
regarded as the substance of the foregoing remarks. 

By applying the principles that have been set forth to the 
relations subsisting between the temperature and the volume of 
gases, we find that the sinking of a mercury column by which a 
gas is compressed is equivalent to the quantity of heat set free 
by the compression ; and hence it follows, the ratio between the 
capacity for heat of air under constant pressure and its capacity 
under constant volume being taken as ----1"42], that the warm- 
ing of a given weight of water from 0 ° to 1 ° C. corresponds to 
the fall of an equal weight from the height of about 365 metres*. 
I f  we compare with this result the working of our best steam- 
engines, we see how small a part only of the heat applied under 
the boiler is really transformed into motion or the raising of 
weights ; and this may serve as justification for the attempts at 
the profitable production of motion by some oIher method than 
the expenditure of the chemical difference between carbon and 
oxygen--more particularly by the transformation into motion of 
electricity obtained by chemical means. 

XLIX. The Excavation of the Valleys of the Alps. 
By A. C. RaMsaY, F.R.S. t 

I 
N the month of March last I read a memoir to the Geological 

Society on the Glacial Origin of the Swiss and other Lakes, 
which has since been published in that Society's Quarterly 
Journal for August. In that memoir I incidentally alluded 
(p. 200) to the existence of the chief Alpine valleys before the 
glaciers attained their greatest extension, which valleys were 
afterwards "modified in form by the weight and grinding power 
of ice in motion." 

In a previous memoir, published in 1859, I stated that "it is 
certain all glaciers must deepen their beds by erosion, and it 
may be that, when a glacier filled a valley" almost to the brim, 
" the  thickness of the ice was not equal to the present mass added 
to the superincumbent weight indicated by the signs (striation, 
&e.) on the slopes above the present surface of the glacier." But 
though glaciers certainly have a powerful effect in deepening 
their beds, it has always appeared to me a difficult and perhaps 
an impossible point to determine to what extent the great Alpine 
valleys, have been eroded by ice--whether, in fact, they have 
been chiefly scooped out by it, or whether, as I always believed, 

* When the corrected specific heat of air is introduced into the calcula- 
tion this number is increased, and agrees then with the experimental de- 
terminations of Mr. Joule. 

t Communicated by the Author. 
Phil. Mug. S. 4. Vol. 240. No. 162. Nov. 1862. 2 C 
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VIII. A Dynamical Theory of the Electromagnetic Field. By J. CLERK MAXWELL, F.R.S. 

Received October 27,-Read December 8, 1864. 

PART I.-INTRODUCTORY. 

(1) THE most obvious mechanical phenomenon in electrical and magnetical experimeints 
is the mutual action by which bodies in certain states set each other in motion while 
still at a sensible distance from each other. The first step, therefore, in reducing these 

phenomena into scientific form, is to ascertain the magnitude and direction of the force 

acting between the bodies, and when it is found that this force depends in a certain 

way upon the relative position of the bodies and on their electric or magnetic condition, 
it seems at first sight natural to explain the facts by assuming the existence of some- 

thing either at rest or in motion in each body, constituting its electric or magnetic state, 
and capable of acting at a distance according to mathematical laws. 

In this way mathematical theories of statical electricity, of magnetism, of the mecha- 
nical action between conductors carrying currents, and of the induction of currents have 
been formed. In these theories the force acting between the two bodies is treated with 
reference only to the condition of the bodies and their relative position, and without 

any express consideration of the surrounding medium. 
These theories assume, more or less explicitly, the existence of substances the parti- 

cles of which have the property of acting on one another at a distance by attraction 
or repulsion. The most complete development of a theory of this kind is that of 
M. W. WEBER*, who has made the same theory include electrostatic and electromagnetic 

phenomena. 
In doing so, however, he has found it necessary to assume that the force between 

two electric particles depends on their relative velocity, as well as on their distance. 
This theory, as developed by MM. W. WEBER and C. NEUMANNI', is exceedingly 

ingenious, and wonderfully comprehensive in its application to the phenomena of 
statical electricity, electromagnetic attractions, induction of currents gand diamagnetic 

phenomena; and it comes to us with the more authority, as it has served to guide the 

speculations of one who has made so great an advance in the practical part of electric 

science, both by introducing a consistent system of units in electrical measurement, and 

by actually determining electrical quantities with an accuracy hitherto unknown. 

* Electrodynamische Maassbestimmungen. Leipzic Trans. vol. i. 1849, andTAYLoR'sScientific Memoirs, vol. v. 
art. xiv. 

t " Explicare tentatur quomodo fiat ut lucis planum polarizationis per vires electricas vel magneticas deeli- 
netur."-Halis Saxonum, 1858. 

MDCCCLXV. 3 R 
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(2) The mechanical difficulties, however, which are involved in the assumption of 

particles acting at a distance with forces which depend on their velocities are such as 
to prevent me from considering this theory as an ultimate one, though it may have been, 
and may yet be useful in leading to the coordination of phenomena. 

I have therefore preferred to seek an explanation of the fact in another direction, by 
supposing them to be produced by actions which go on in the surrounding medium as 
well as in the excited bodies, and endeavouring to explain the action between distant 
bodies without assuming the existence of forces capable of acting directly at sensible 
distances. 

(3) The theory I propose may therefore be called a theory of the Electromagnetic Field, 
because it has to do with the space in the neighbourhood of the electric or magnetic bodies, 
and it may be called a Dygnamical Theory, because it assumes that in that space there is 
matter in motion, by which the observed electromagnetic phenomena are produced. 

(4) The electromagnetic field is that part of space which contains and surrounds 
bodies in electric or magnetic conditions. 

It may be filled with any kind of matter, or we may endeavour to render it empty of 
all gross matter, as in the case of GEISSLER'S tubes and other so-called vacua. 

There is always, however, enough of matter left to receive and transmit the undulations 
of light and heat, and it is because the transmission of these radiations is not greatly 
altered when transparent bodies of measurable density are substituted for the so-called 

vacuum, that we are obliged to admit that the undulations are those of an -thereal 

substance, and not of the gross matter, the presence of which merely modifies in some 

way the motion of the aether. 
We have therefore some reason to believe, from the phenomena of light and heat, 

that there is an aethereal medium filling space and permeating bodies, capable of being 
,set in motion and of transmitting that motion from one part to another, and of com- 

municating- that motion to gross matter so as to heat it and affect it in various ways. 
(5) Now the eniergy communicated to the body in heating it must have formerly 

existed in the moving medium, for the undulations had left the source of heat some time 
before they reached the body, and during that time the energy must have been half in 
the form of motion of the medium and half in the form of elastic resilience. From 
these considerations Professor WV. THOMSON has argued , that the medium must have a 

density capable of comparison with that of gross matter, and has even assigned an infe- 
rior limit to that density. 

(6) We may therefore receive, as a datum derived from a branch of science inde- 

pendent of that with which we have to deal, the existence of a pervading medium, of 
small but real density, capable of being set in motion, and of transmitting motion from 
one part to another with great, but not infinite, velocity. 

Hence the parts of this medium must be so connected that the motion of one part 
* a On the Possible Density of the Luminiferous Medium, and on the Iechanical Value of a Cubic Mile of 

Sunlight," Transactions of the Royal Society of Edinburgh (1854), p. 57. 
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depends in some way on the motion of the rest; and at the same time these connexions 
must be capable of a certain kind of elastic yielding, since the communication of motion 
is not instantaneous, but occupies time. 

The medium is therefore capable of receiving and storing up two kinds of energy, 
namely, the "actual" energy depending on the motions of its parts, and "potential" 
energy, consisting of the work which the medium will do in recovering from displace- 
ment in virtue of its elasticity. 

The propagation of undulations consists in the continual transformation of one of 
these forms of energy into the other alternately, and at any instant the amount of 

-energy in the whole medium is equally divided, so that half is energy of motion, and 
half is elastic resilience. 

(7) A medium having such a constitution may be capable of other kinds of motion 
and displacement than those which produce the phenomena of light and heat, and some 
of these may be of such a kind that they may be evidenced to our senses by the pheno- 
mena they produce. 

(8) Now we know that the luminiferous medium is in certain cases acted on by 

magnetism; for FARADAY discovered that when a plane polarized ray traverses a trans- 

parent dtiamagnetic medium in the direction of the lines of magnetic force produced by 

magnets or currents in the neighbourhood, the plane of polarization is caused to rotate. 
This rotation is always in the direction in which positive electricity must be carried 

round the diamagnetic body in order to produce the actual magnetization of the field. 
M. VERDETT has since discovered that if a paramagnetic body, such as solution of 

perchloride of iron in ether, be substituted for the diamagnetic body, the rotation is in 

the opposite direction. 
Now Professor W. THOMSON: has pointed out that no distribution of forces acting 

between the parts of a medium whose only motion is that of the luminous vibrations, is 

sufficient to account for the phenomena, but that we must admit the existence of a 

motion in the medium depending on the magnetization, in addition to the vibratory 
motion which constitutes light. 

It is true that the rotation by magnetism of the plane of polarization has been 

observed only in media of considerable density; but the properties of the magnetic field 
are not so much altered by the substitution of one medium for another, or for a vacuum, 
as to :allow us to suppose that the dense medium does anything more than merely modify 
-the motion of the ether. We have therefore warrantable grounds for inquiring whether 
:there may not be a motion of the ethereal medium going on wherever magnetic effects 
are observed, and we have some reason to suppose that this motion is one of rotation, 

having the direction of the magnetic force as its axis. 

(9) We may now consider another phenomenon observed in the electromagnetic 

* Experimental Researches, Series 19. 
t Comptes Rendus (1856, second half year, p. 529, and 1857, first half year, p. 1209). 
+ Proceedings of the Royal Society, June 1856 and June 1861. 
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field. When a body is moved across the lines of magnetic force it experiences what is 
called an electromotive force; the two extremities of the body tend to become oppo- 
sitely electrified, and an electric current tends to flow through the body. When the 
electromotive force is sufficiently powerful, and is made to act on certain compound 
bodies, it decomposes them, and causes one of their components to pass towards one 

extremity of the body, and the other in the opposite direction. 
Here we have evidence of a force causing an electric current in spite of resist- 

ance; electrifying the extremities of a body in opposite ways, a condition which is 
sustained only by the action of the electromotive force, and which as soon as that force 
is removed, tends, with an equal and opposite force, to produce a counter current through 
the body and to restore the original electrical state of the body; and finally, if strong 
enough, tearng to pieces chemical compounds and carryinge their components in oppo- 
site directions, while their natural tendency is to combine, and to combine with a force 
which can generate an electromotive force in the reverse direction. 

This, then, is a force acting on a body caused by its motion through the electro- 

magnetic field, or by changes occurring in that field itself; and the effect of the force is 
either to produce a current and heat the body, or to decompose the body, or, when it 
can do neither, to put the body in a state of electric polarization,-a state of constraint 
in which opposite extremities are oppositely electrified, and from which the body tends 
to relieve itself as soon as the disturbing force is removed. 

(10) According to the theory which I propose to explain, this "electromotive force" 
is the force called into play during the communication of motion from one part of the 
medium to another, and it is by means of this force that the motion of one part causes 
motion in another part. When electromotive force acts on a conducting circuit, it pro- 
duces a current, which, as it meets with resistance, occasions a continual transformation 
of electrical energy into heat, which is incapable of being restored again to the form of 
electrical energy by any reversal of the process. 

(11) But when electromotive force acts on a dielectric it produces a state of polari- 
zation of its parts similar in distribution to the polarity of the parts of a mass of iron 
under the influence of a magnet, and like the magnetic polarization, capable of being 
described as a state in which every particle has its opposite poles in opposite con- 

ditions*. 

In a dielectric under the action of electromotive force, we may conceive that the 

electricity in each molecule is so displaced that one side is rendered positively and the 
other negatively electrical, but that the electricity remains entirely connected with the 

molecule, and does not pass from one molecule to another. The effect of this action on 

the whole dielectric mass is to produce a general displacement of electricity in a cer- 
tain direction. This displacement does not amount to a current, because when it has 
attained to a certain value it remains constant, but it is the commencement of a current, 
and its variations constitute currents in the positive or the negative direction according 

* FARADAY, Exp. Res. Series XI.; MOSSOTTI, Mem. della Soc. Italiana (Modena), vol. xxiv. part 2. p. 49. 
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as the displacement is increasing or decreasing. In the interior of the dielectric there 
is no indication of electrification, because the electrification of the surface of any molecule 
is neutralized by the opposite electrification of the surface of. the molecules in contact 
with it; but at the bounding surface of the dielectric, where the electrification is not 

neutralized, we find the phenomena which indicate positive or negative electrification. 
The relation between the electromotive force and the amount of electric displacement 

it produces depends on the nature of the dielectric, the same electromotive force pro- 
ducing generally a greater electric displacement in solid dielectrics, such as glass or 

sulphur, than in air. 

(12) Hlere, then, we perceive another effect of electromotive force, namely, electric 

displacement, which according to our theory is a kind of elastic yielding to the action 
of the force, similar to that which takes place in structures and machines owing to the 
want of perfect rigidity of the connexions. 

(13) The practical investigation of the inductive capacity of dielectrics is rendered 
difficult on account of two disturbing phenomena. The first is the conductivity of the 
dielectric, which, though in many cases exceedingly small, is not altogether insensible. 
The second is the phenomenon called electric absorption*, in virtue of which, when the 
dielectric is exposed to electromotive force, the electric displacement gradually increases, 
and when the electromotive force is removed, the dielectric does not instantly return to 
its primitive state, but only discharges a portion of its electrification, and when left to 
itself gradually acquires electrification on its surface, as the interior gradually becomes 

depolarized. Almost all solid dielectrics exhibit this phenomenon, which gives rise to 
the residual charge in the Leyden jar, and to several phenomena of electric cables 
described by Mr. F. JENKIN j. 

(14) We have here two other kinds of yielding besides the yielding of the perfect 
dielectric, which we have compared to a perfectly elastic body. The yielding due to 

conductivity may be compared to that of a viscous fluid (that is to say, a fluid having 

great internal friction), or a soft solid on which the smallest force produces a permanent 
alteration of figure increasing with the time during which the force acts. The yielding 
due to electric absorption may be compared to that of a cellular elastic body containing 
a thick fluid in its cavities. Such a body, when subjected to pressure, is compressed by 
degrees on account of the gradual yielding of thlle thick fluid; and when the pressure is 
removed it does inot at once recover its figure, because the elasticity of the substance of 
the body has gradually to overcome the tenlacity of the fluid before it can regain com- 

plete equilibrium. 
Several solid bodies in which no such structure as we have supposed can be found, 

seem to possess a mechanical property of this kind $; and it seems probable that the 

* FARADAY, Exp. Res. 1233-1250. 

t Reports of British Association, 1859, p. 248; and Report of Committec of Board of Trade on Submarine 

Cables, pp. 136 & 464. 
+ As, for instance, thc composition of glue, treacle, &c., of which small plastic figuars are made, which after 

being distorted gradually recover their shape. 
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same substances, if dielectrics, may possess the analogous electrical property, and if 

magnetic, may have corresponding properties relating to the acquisition, retention, and 
loss of magnetic polarity. 

(15) It appears therefore that certain phenomena in electricity and magnetism lead 
to the same conclusion as those of optics, namely, that there is an Eethereal medium 

pervadinlg all bodies, and modified only in degree by their presence; that the parts of 
this medium are capable of being set in motion by electric currents and magnets; that 

this motion is communicated from one part of the medium to another by forces arising 
from the connexions of those parts; that under the action of these forces there is a 
certain yielding depending on the elasticity of these connexions; and that therefore 

energy in two different forms may exist in the medium, the one form being the actual 

energy of motion of its parts, and the other being the potential energy stored up in the 

connexions, in virtue of their elasticity. 
(16) Thus, then, we are led to the conception of a complicated mechanism capable 

of a vast variety of motion, but at the same time so connected that the motion of one 

part depends, according to definite relations, on the motion of other parts, these motions 

being communicated by forces arising from the relative displacement of the connected 

parts, in virtue of their elasticity. Such a mechanism must be subject to the general 
laws of Dynamics, and we ought to be able to work out all the consequences of its 

motion, provided we know the form of the relation between the motions of the parts. 
(17) We know that when an electric current is established in a conducting circuit, 

the neighbouring part of the field is characterized by certain magnetic properties, and 

that if two circuits are in the field, the magnetic properties of the field due to the two 

currents are combined. Thus each part of the field is in connexion with both currents, 
and the two currents are put in connexion with each other in virtue of their con- 

nexion with the magnetization of the field. The first result of this connexion that I 

propose to examine, is the induction of one current by another, and by the motion of 

conductors in the field. 
The second result, which is deduced from this, is the mechan-ical action between con- 

ductors carrying currents. The phenomenon of the induction of currents has been 

deduced from their mechanical action by HELMHOLTZ * and THOMSON '. I have followed 

the reverse order, and deduced the mechanical action from the laws of induction. I 

have then described experimental methods of determining the quantities L, M,.N, on 

which these phenomena depend. 

(18) I then apply the phenomena of induction and attraction of currents to the 

exploration of the electromagnetic field, and the laying down systems of lines of mag- 
netic force which indicate its magnetic properties. By exploring the same field with a 

magnet, I show the distribution of its equipotential magnetic surfaces, cutting the lines 
of force at right angles. 

* "Conservation of Force," Physical Society of Berlin, 1847; and TAYLOR'S Scientific Memoirs, 1853, 

p. 11.4. 
t Reports of the British Association, 1848; Philosophical Magazine, Dec. 1851. 
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In order to bring these results within the power of syrmbolical calculation, I then. 

express them in the form of the General Equations of the Electromagnetic Field. 
These equations express- - 

(A) The relation between electric displacement, true conduction, and' the total; 
current, compounded of both. 

(B) The relation between t'he lines of magnetic force and the inductive coefficients of 
a circuit, as already deduced from the laws of induction. 

(G) The relation between the strength of a current and its magnetic effects, according 
to the electromagnetic system of measurement. 

(D) The value of the electromotive, force in a body, as arising from the motion of the 

body in the field, the alteration of the field itself, and the variation of electric 

potential from one part of the field to another. 

(E) The relation between electric displacement, and the electromotive force which 

produces it. 

(F) The relation between an electric current, and the electromotive force which pro- 
duces it. 

(G) The relation between the amount of free electricity at any point, and the electric 

displacements in the neighbourhood. 

(H) The relation between the increase or diminution of free electricity and the elec- 
tric currents in the neighbourhood. 

There are twenty of these equations in all, involving twenty variable quantities. 

(19) I then express in terms of these quantities the intrinsic energy of the Electro- 

magnetic Field as depending partly on its magnetic and partly on its electric polariza- 
tion at every point. 

From this I determine the mechanical force acting, 1st, on a moveable conductor 

carrying an electric current; 2ndly, on a magnetic pole; 3rdly, on an electrified body, 
The last result, namely, the mechanical force acting on an electrified body, gives rise 

to an independent method of electrical measurement founded on its electrostatic effects. 

The relation between the units employed in the two methods is shown to depend on 

what I have called the "electric elasticity" of the medium, and to be a velocity, which 

has been experimentally determined by MM. WEBER and KOHLRAUSCH. 

I then show how to calculate the electrostatic capacity of a condenser, and the 

specific inductive capacity of a dielectric. 
The case of a condenser composed of parallel layers of substances of different electric 

resistances and inductive capacities is next examined, and it is shown that the pheno- 
menon called electric absorption will generally occur, that is, the condenser, when 

suddenly discharged, will after a short time show signs of a residual charge. 

(20) The general equations are next applied to the case of a magnetic disturbance 

propagated through a non-conducting field, and it is shown that the only disturbances: 
which can be so propagated are those which are transverse to the direction of propaga- 
tion, and that the velocity of propagation is the velocity v, found from experiments such 
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as those of WEBER, which expresses the number of electrostatic units of electricity 
which are contained in one electromagnetic unit. 

This velocity is so nearly that of light, that it seems we have strong reason to con- 
clude that light itself (including radiant heat, and other radiations if any) is an electro- 
magnetic disturbance in the form of waves propagated through the electromagnetic field 

according to electromagnetic laws. If so, the agreement between the elasticity of the 
medium as calculated from the rapid alternations of luminous vibrations, and as found 

by the slow processes of electrical experiments, shows how perfect and regular the 
elastic properties of the medium must be when not encumbered with any matter denser 
than air. If the same character of the elasticity is retained in dense transparent bodies, 
it appears that the square of the index of refraction is equal to the product of the 
specific dielectric capacity and the specific magnetic capacity. Conducting media are 
shown to absorb such radiations rapidly, and therefore to be generally opaque. 

The conception of the propagation of transverse magnetic disturbances to the exclu- 
sion of normal ones is distinctly set forth by Professor FARADAY* in his "Thoughts on 

Ray Vibrations." The electromagnetic theory of light, as proposed by him, is the same 
in substance as that which I have begun to develope in this paper, except that in 1846 
there were no data to calculate the velocity of propagation. 

(21) The general equations are then applied to the calculation of the coefficients of 
mutual induction of two circular currents and the coefficient of self-induction in a coil. 
The want of uniformity of the current in the different parts of the section of a wire at 
the commencement of the current is ilLvestigated, I believe for the first time, and the 

consequent correction of the coefficient of self-induction is found. 
These results are applied to the calculation of the self-induction of the coil used in 

the experiments of the Committee of the British Association on Standards of Electric 

Resistance, and the value compared with that deduced from the experiments. 

PART II.-ON ELECTROMAGNETIC INDUCTION. 

Electromagnetic Momentum of a Current. 

(22) We may begin by considering the state of the field in the neighbourhood of an 
electric current. We know that magnetic forces are excited in the field, their direction 
and magnitude depending according to known laws upon the form of the conductor 

carrying the current. When the strength of the current is increased, all the magnetic 
effects are increased in the same proportion. Now, if the magnetic state of the field 

depends on motions of the medium, a certain force must be exerted in order to increase 
or diminish these motions, and when the motions are excited they continue, so that the 
effect of the connexion between the current and the electromagnetic field surrounding 

it, is to endow the current with a kind of momentum, just as the connexion between 
the driving-point of a machine and a fly-wheel endows the driving-point with an addi- 

* Philosophical Magazine, May 1846, or Experimental Researches, iii. p. 447. 
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tional momentum, which may be called the momentum of the fly-wheel reduced to 
the driving-point. The unbalanced force acting on the driving-point increases this 
momentum, and is measured by the rate of its increase. 

In the case of electric currents, the resistance to sudden increase or diminution of 

strength produces effects exactly like those of momentum, but the amount of this mo- 
mentum depends on the shape of the conductor and the relative position of its different 

parts. 
Mutual Action of two Currents. 

(23) If there are two electric currents in the field, the magnetic force at any point is 
that compounded of the forces due to each current separately, and since the two currents 
are in connexion with every point of the field, they will be in connexion with each other, 
so that any increase or diminution of the one will produce a force acting with or con- 

trary to the other. 

Dynamical Illustration of Reduced Momentmon. 

(24) As a dynamical illustration, let us suppose a body C so connected with two 

independent driving-points A and B that its velocity isp times that of A together with 

q times that of B. Let u be the velocity of A, v that of B, and w that of C, and let 4x, 
y, xz be their simultaneous displacements, then by the general equation of dynamics*, 

dw 
C dt =X- x+Yvy, 

where X and Y are the forces acting at A and B. 
But 

dw du dv 
t =_P Tt + dt ' 

and 
Sz=pvx+qg/y. 

Substituting, and remembering that 6x and by are independent, 

X=d(CP +CPq), 
.. (1) 

d 
(CpgU+Cg2V). y=dt(cpqucO2) j 

We may call Cp2u+Cpqv the momentum of C referred to A, and Cpqu+C42v its 
momentum referred to B; then we may say that the effect of the force X is to increase the 
momentum of C referred to A, and that of Y to increase its momentum referred to B. 

If there are many bodies connected with A and B in a similar way but with different 
values of p and q, we may treat the question in the same way by assuming 

L= (Cp2), M=2(Cpg), and N=2(Cq2), 
* LGRANGE, Mec. Anal. ii. 2. ? 5. 
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where the summation is extended to all the bodies with their proper values of C, p, and q. 
Then the momentum of the system referred to A is 

Lu +Mv, 
and referred to B, 

Mu- +Nv, 
and we shall have 

d X= (Lu+Mv), 

Y=d (Mu+Nv), ( 

where X and Y are the external forces acting on A and B. 

(25) To make the illustration more complete we have only to suppose that the 
motion of A is resisted by a force proportional to its velocity, which we may call Ru, 
and that of B by a similar force, which we may call Sv, R and S being coefficients of 
resistance. Then if a and y are the forces on A and B 

d 
-=X+ERu=-Rt+t (Lt +Mv), 

-S. . . . . . . . (3) 
=Y+Sv = Sv +(Mu+Nv) 

a} 

If the velocity of A be increased at the rate , then in order to prevent B from moving 

a force, ?= dt (Mu) must be applied to it. 

This effect on B, due to an increase of the velocity of A, corresponds to the electro- 
motive force on one circuit arising from an increase in the strength of a neighbouring 
circuit. 

This dynamical illustration is to be considered merely as assisting the reader to under- 
stand what is meant in mechanics by Reduced Momentum. The facts of the induction 
of currents as depending on the variations of the quantity called Electromagnetic Mo- 

mentum, or Electrotonic State, rest on the experiments of FARADAY*, FELICIj, &C. 

Coefficients of Induction for Two Circuits. 

(26) In the electromagnetic field the values of L, M, N depend on the distribution 
of the magnetic effects due to the two circuits, and this distribution depends only on 
the form and relative position of the circuits. Hence L, M, N are quantities dependiig 
on the form and relative position of the circuits, and are subject to variation with the 
motion of the conductors. It will be presently seen that L, M, N are geometrical 
quantities of the nature of lines, that is, of one dimension in space; L depends on the 
form of the first conductor, which we shall call A, N on that of the second, which we 
shall call B, and M on the relative position of A and B. 

(27) Let a be the electromotive force acting on A, x the strength of the current, and 
* Experimental Researches, Series I., IX. t Annales de Chimie, ser. 3. xxxiv. (1852) p. 64. 
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R the resistance, then Rx will be the resisting force. In steady currents the electro- 
motive force just balances the resisting force, but in variable currents the resultant 
force =IRx is expended in increasing the "electromagnetic momentum," using the 
word momentum merely to express that which is generated by a force acting during a 
time, that is, a velocity existing in a body. 

In the case of electric currents, the force in action is not ordinary mechanical force, at 
least we are not as yet able to measure it as common force, but we call it electromotive 
force, and the body moved is not merely the electricity in the conductor, but something 
outside the conductor, and capable of being affected by other conductors in the neighbour- 
hood carrying currents. In this it resembles rather the reduced momentum of a driving- 
point of a machine as influenced by its mechanical connexions, than that of a simple 
moving body like a cannon ball, or water in a tube. 

Electromagnetic Relations of two Conducting Circuits. 

(28.) In the case of two conducting circuits, A and B, we shall assume that the 
electromagnetic momentum belonging to A is 

Lx +My, 
and that belonging to B, 

Mx + Ny, 
where L, M, N correspond to the same quantities in the dynamical illustration, except 
that they are supposed to be capable of variation when the conductors A or B are 
moved. 

Then the equation of the current x in A will be 
d 

=ERx+7(Lx+My), ........ . (4) 
and that of y in B 

=Sy Mx+Ny), . ....... . (5) 

where k and 9 are the electromotive forces, x and y the currents, and R and S the 
resistances in A and B respectively, 

Induction of one Current by another. 

(29) Case 1st. Let there be no electromotive force on B, except that which arises 
from the action of A, and let the current of A increase from 0 to the value x, then 

Sy+ (Mx+Ny)=0, 
whence 

Y= ydt=-- 

that is, a quantity of electricity Y, being the total induced current, will flow through B 
when x rises from 0 to x. This is induction by variation of the current in the primary 

3s2 
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conductor. When M is positive, the induced current due to increase of the primary 
current is negative. 

Induction by Motion of Conductor. 

(30) Case 2nd. Let x remain constant, and let M change from Mn to M', then 
MI--M 

Y------- Y=- - a; 

so that if M is increased, which it will be by the primary and secondary circuits 

approaching each other, there will be a negative induced current, the total quantity of 

electricity passed through B being Y. 
This is induction by the relative motion of the primary and secondary conductors. 

uEquation of Work and Energy. 

(31) To form the equation between work done and energy produced, multiply (1) by 
x and (2) by y, and add 

d ,+ 
x +y=Rx2+ Sy2+x d (Lx + My)+Y dt (M+Ny) . . . (8) 

Here gx is the work done in unit of time by the electromotive force 4 acting on the 
current x and maintaining it, and ny is the work done by the electromotive force 4. 
Hence the left-hand side of the equation represents the work done by the electromotive 
forces in unit of time. 

Heat produced by the Current. 

(32) On the other side of the equation we have, first, 

Rx2+Sy=H, ........ (9) 
which represents the work done in overcoming the resistance of the circuits in unit of 
time. This is converted into heat. The remaining terms represent work not converted 
into heat. They may be written 

d dL dill dN 
I (Lx +2Mxy+Ny2)+ -x +d xy-+ iy2. 

Intrinsic Energy of the Currents. 

(33) If L, M, N are constant, the whole work of the electromotive forces which is 
not spent against resistance will be devoted to the development of the currents. The 
whole intrinsic energy of the currents is therefore 

L2+Mxy+Ny . . ....... . (10) 

This energy exists in a form imperceptible to our senses, probably as actual motion, the 
seat of this motion being not merely the conducting circuits, but the space surrounding 
them. 
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.Miechanical Action between Conductors. 

(34) The remaining terms, 
dL dM dN 

2dtt +-dFt .Y+ ( i) 

represent the work done in unit of time arising fiom the variations of L, M, and N, or, 
what is the same thing, alterations in the form and position of the conducting circuits 
A and B. 

Now if work is done when a body is moved, it must arise from ordinary mechanical 
force acting on the body while it is moved. Hence this part of the expression shows 
that there is a mechanical force urging every part of the conductors themselves in that 
direction in which L, M, and N will be most increased. 

The existence of the electromagnetic force between conductors carrying currents is 
therefore a direct consequence of the joint and independent action of each current on 
the electromagnetic field. If A and B are allowed to approach a distance ds, so as to 
increase M from M to M' while the currents are x and y, then the work done will be 

(M'--M)xy, 
and the force in the direction of ds will be 

dM 
dsx, . ... *(12) 

and this will be an attraction if x and y are of the same sign, and if M is increased as 
A and B approach. 

It appears, therefore, that if we admit that the unresisted part of electromotive force 

goes on as long as it acts, generating a self-persistent state of the current, which 
we may call (from mechanical analogy) its electromagnetic momentum, and that this 
momentum depends on circumstances external to the conductor, then both induction of 
currents and electromagnetic attractions may be proved by mechanical reasoning. 

What I have called electromagnetic momentum is the same quantity which is called 

by FARADAY* the electrotonic state of the circuit, every change of which involves the 
action of an electromotive force, just as change of momentum involves the action of 
mechanical force. 

If, therefore, the phenomena described by FARADAY in the Ninth Series of his Expe- 
rimental Researches were the only known facts about electric currents, the laws of 

AMPERE relating to the attraction of conductors carrying currents, as well as those 

of FARADAY about the mutual induction of currents, might be deduced by mechanical 

reasoning. 
In order to bring these results within the range of experimental verification, I shall 

next investigate the case of a single current, of two currents, and of the six currents 
in the electric balance, so as to enable the experimenter to determine the values of 

L, M, N. 
* Experimental Researches, Series I. 60, &c. 
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Case of a single Circuit. 

(35) The equation of the current x in a circuit whose resistance is R, and whose 
coefficient of self-induction is L, acted on by an external electromotive force I, is 

fd . . (3 

When I is constant, the solution is of the form 

R 

x=b+(a--b)e- 
L 

where a is the value of the current at the commencement, and b is its final value. 
The total quantity of electricity which passes in time t, where t is great, is 

xdt=t+(a-b).. ...... . . (14) 

The value of the integral of x2 with respect to the time is 

dt= t+(a-b)L (3b a). .... (15) 

The actual current changes gradually from the initial value a to the final value b, but 
the values of the integrals of x and x2 are the same as if a steady current of intensity 

'-(a+b) were to flow for a time 2L, and were then succeeded by the steady current 6. 

The time 2L is generally so minute a fraction of a second, that the effects on the galvano- 

meter and dynamometer may be calculated as if the impulse were instantaneous. 

If the circuit consists of a battery and a coil, then, when the circuit is first completed, 
the effects are the same as if the current had only half its final strength during the time 

2 &. This diminution of the current, due to induction, is sometimes called the counter- 

current. 

(36) If an additional resistance r is suddenly thrown into the circuit, as by breaking 

contact, so as to force the current to pass through a thin wire of resistance r, then the 

original current is a=--, and the final current is = 

The current of induction is then 1 R( + ) and continues for a time 2 . This 
Ri(?+r )R+' 

current is greater than that which the battery can maintain in the two wires R and r, 
and may be sufficient to ignite the thin wire r. 

When contact is broken by separating the wires in air, this additional resistance is 

given by the interposed air, and since the electromotive force across the new resistance 

is very great, a spark will be forced across. 
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If the electromotive force is of the form E sinpt, as in the case of a coil revolving in 
a magnetic field, then 

x= sin.(pt--), 

where g2=R2+L2p2, and tan a=- R 

Case of two Circuits. 

(37) Let R be the primary circuit and S the secondary circuit, then we have a case 

similar to that of the induction coil. 
The equations of currents are those marked A and B, and we may here assume 

L, M, N as constant because there is no motion of the conductors. The equations 
then become 

-R + :E, d- t +x WIy dt ='l ..(13*) Ex-'-+L dx+MN5=, . .. 

Sy+M-+N=-O | 

To find the total quantity of electricity which passes, we have only to integrate these 

equations with respect to t; then if o, yo be the strengths of the currents at time 0, 
and X, y' at time t, and if X, Y be the quantities of electricity passed through each 

circuit during time t, 

X- it+ L(xo-x,) + M(yo )}, (14) 
I1. . . . . . (14*) 

Y=-{M(xO-x,)+N(yo-y)}. j 
When the circuit R is completed, then the total currents up to time t, when t is 

great, are found by making 

.O=0, x1 o=, YO= y1=0; 

then 

X=x, t-) Y=- x, ... . (15*) 

The value of the total counter-current in IR is therefore independent of the secondary 
circuit, and the induction current in the secondary circuit depends only on M, the 
coefficient of induction between the coils, S the resistance of the secondary coil, and 

x, the final strength of the current in R. 
When the electromotive force a ceases to act, there is an extra current in the pri- 

mary circuit, and a positive induced current in the secondary circuit, whose values are 

equal and opposite to those produced on making contact. 

(38) All questions relating to the total quantity of transient currents, as measured 

by the impulse given to the magnet of the galvanometer, may be solved in this way 
without the necessity of a complete solution of the equations. The heating effect of 
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the current, and the impulse it gives to the suspended coil of WEBER'S dynamometer, 
depend on the square of the current at every instant during the short time it lasts. 
Hence we must obtain the solution of the equations, and from the solution we may find 
the effects both on the galvanometer and dynamometer; and we may then make use of 
the method of WEBER for estimating the intensity and duration of a current uniform 
while it lasts which would produce the same effects. 

(39) Let n,, n2 be the roots of the equation 

(LN-M2)n' + (R N+LS)n + RS= 0, ...... (16) 

and let the primary coil be acted on by a constant electromotive force Re, so that c is 
the constant current it could maintain; then the complete solution of the equations for 
making contact is 

a nn, 2 (n-?N S i1f nn2 
a =~_-c n2 + e+N -te +n1s -n2; p . . (17) 

cM nl^ .n e"1t- e*2'j 
Y cM n, {t"-en}. ..........(18) 

From these we obtain for calculating the impulse on the dynamometer, 

J= {-t----R 2N?Ls, j ....... (19) 

25t= - (RN + LS) 
~fdt=c~? S(RN+LS) .*..* ** *... (20) 

The effects of the current in the secondary coil on the galvanometer and dynamometer 
are the same as those of a uniform current 

1 MR 
RN + LS 

for a time 

2 L+ 
N 

(40) The equation between work and energy may be easily verified. The work done 
by the electromotive force is 

xdt=c2(Rt-L). 

Work done in overcoming resistance and producing heat, 

Rj edt + SjSdt = (Rt-2 L). 
Energy remaining in the system, 

=?c2L. 

(41) If the circuit R is suddenly and completely interrupted while carrying a current 
c, then the equation of the current in the secondary coil would be 

M -st 
y=CNe N . 

M This current begins with a value c -, and gradually disappears. 
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M M2 
The total quantity of electricity is c S and the value of Sydt is c2SN' 

The effects on the galvanometer and dynamometer are equal to those of a uniform 
M N current - c - for a time 2 N 

The heating effect is therefore greater than that of the current on making contact. 

(42) If an electromotive force of the form ~=E cos pt acts on the circuit R, then if 
the circuit S is removed, the value of x will be 

E 
x= sin (pt-a), 

where 
A2-R2+L2p, 

and 
Lp tan a=--P 

The effect of the presence of the circuit S in the neighbourhood is to alter the value 
of A and a, to that which they would be if R become 

R+ MS 
R+2 Sg +p2N2' 

and L became 
MN 

L -22 S +pN 

Hence the effect of the presence of the circuit S is to increase the apparent resistance and 
diminish the apparent self-induction of the circuit R. 

On the Determination of Coefficients of Induction by the Electric Balance. 

(43) The electric balance consists of six con- 
ductors joining four points, AC DE, two and two. 
One pair, A C, of these points is connected through 
the battery B. The opposite pair, DE, is connected / I \ 

through the galvanometer G. Then if the resistances I 
of the four remaining conductors are represented by 
P, Q, R, S, and the currents in them by x, x-z, y, 
and y+z, the current through G will be z. Let the 

potentials at the four points be A, C, D, E. Then the conditions of steady currents may 
be found from the equations 

Px=A-D Q(x-z)=D- C, 

Ry=A-E S(y+z)=E-C, . . . .. . .. (21) 
Gz=D-E B(x+y)=-A+C+F. 

Solving these equations for z, we find 

I I 1 1 ii i\li 1 , + i BG 
+ R S++ +B(+ )( + )+G (+)(( + )-- (P+Q+R +s)}=F(- R) (22) 
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In this expression F is the electromotive force of the battery, z the current through 
the galvanometer when it has become steady. P, Q, R, S the resistances in the four 
arms. B that of the battery and electrodes, and G that of the galvanometer. 

(44) If PS=QR, then z=O, and there will be no steady current, but a transient 
current through the galvanometer may be produced on making or breaking circuit on 
account of induction, and the indications of the galvanometer may be used to determine 
the coefficients of induction, provided we understand the actions which take place. 

We shall suppose PS=QR, so that the current z vanishes when sufficient time is 

allowed, and 

x(p+-Q)=y(R + S)= ( + Q( + s) + ( -)( + ) (P+Q)(R+S) +B(P+Q)(R+S)- 

Let the induction coefficients between P, Q, i S, be 
P Q R S 

given by the following Table, the coefficient of induction 
P p 

h k 1 
of P on itself being p, between P and Q, h, and so on. 

Let g be the coefficient of induction of the galvanometer Q n 
Rk m r o 

on itself, and let it be out of the reach of the inductive 
influence of P, Q, R, S (as it must be in order to avoid 

S 
_ . .o 

direct action of P, Q, R, S on the needle). Let X, Y, Z be the integrals of , y, z 
with respect to t. At making contact x, y, z are zero. After a time z disappears, and 
x and y reach constant values. The equations for each conductor will therefore be 

PX +(p+h )x+(k +1 )y=SAdt-- Ddt, 

Q(X-Z) + (h + )x+(m+n)y=SDdt-SCdt, 
RY +(k+m)x+(r +o)y=SAdt-SEdt, . ... (24) 

S(Y+Z) +(l +n )x+(o +s)y=SEdt-SCdt, 
GZ =SDtd--SEdt. 

Solving these equations for Z, we find 

{ +B(+ (+ +G ( +) (+) +p (P 1+Q +S)} 

=--F { -Q + - )+(-)+i(+Q)-(P+4) r (25) 

+ (Q- ) +0(S-R)} 

(45) Now let the deflection of the galvanometer by the instantaneous current whose 
intensity is Z be a. 

Let the permanent deflection produced by making the ratio of PS to QR, i instead of 
unity, be 0. 

Also let the time of vibration of the galvanometer needle from rest to rest be T. 
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Then calling the quantity 

p q r s l 1 1 1 
P-C- S + h(jk P +(R-p?) -1-jn ? p +( ) +n(Q-R) =i, (26) 

we find2snT 
Z 2sinlan .(27) z tal T 1 -g 

In determining r by experiment, it is best to make the alteration of resistance in one 
of the arms by means of the arrangement described by Mr. JENKIN in the Report of the 
British Association for 1863, by which any value of g from 1 to 1P01 can be accurately 
measured. 

We observe (as) the greatest deflection due to the impulse of induction when the 

galvanometer is in circuit, when the connexions are made, and when the resistances are 
so adjusted as to give no permanent current. 

We then observe (3) the greatest deflection produced by the permanent current when 
the resistance of one of the arms is increased in the ratio of 1 to i, the galvanometer 
not being in circuit till a little while after the connexion is made with the battery. 

In order to eliminate the effects of resistance of the air, it is best to vary g till 3=2-- 
nearly; then 

-T -(l-g) an .. . .. 8) 

If all the arms of the balance except P consist of resistance coils of very fine wire of 
no great length and doubled before being coiled, the induction coefficients belonging to 

these coils will be insensible, and r will be reduced to p. The electric balance there- 

fore affords the means of measuring the self-induction of any circuit whose resistance is 
known. 

(46) It may also be used to determine the coefficient of induction between two 

circuits, as for instance, that between P and S which we have called 2n; but it would be 
more convenient to measure this by directly measuring the current, as in (37), without 

using the balance. We may also ascertain the equality of p and q by there being no 

current of induction, and thus, when we know the value of p, we may determine that of 

q by a more perfect method than the comparison of deflections. 

Exploration of the Electromagnetic Field. 

(47) Let us now suppose the primary circuit A to be of invariable form, and let us 

explore the electromagnetic field by means of the secondary circuit B, which we shall 

suppose to be variable in form and position. 
We may begin by supposing B to consist of a short straight conductor with its extre- 

mities sliding on two parallel conducting rails, which are put in connexion at some 
distance from the sliding-piece. 

3T2 

477 



478 PROFESSOR CLERK MAXWELL ON THE ELECTROMAGNETIC FIELD. 

Then, if sliding the moveable conductor in a given direction increases the value of M, 
a negative electromotive force will act in the circuit B, tending to produce a negative 
current in B during the motion of the sliding-piece. 

If a current be kept up in the circuit B, then the sliding-piece will itself tend to 
move in that direction, which causes M to increase. At every point of the field there 
will always be a certain direction such that a conductor moved in that direction does 
not experience any electromotive force in whatever direction its extremities are turned. 
A conductor carrying a current will experience no mechanical force urging it in that 
direction or the opposite. 

This direction is called the direction of the line of magnetic force through that point. 
Motion of a conductor across such a line produces electromotive force in a direction 

perpendicular to the line and to the direction of motion, and a conductor carrying a 
current is urged in a direction perpendicular to the line and to the direction of the 
current. 

(48) We may next suppose B to consist of a very small plane circuit capable of being 
placed in any position and of having its plane turned in any direction. The value of M 
will be greatest when the plane of the circuit is perpendicular to the line of magnetic 
force. Hence if a current is maintained in B it will tend to set itself in this position, 
and will of itself indicate, like a magnet, the direction of the magnetic force. 

On Lines of Magnetic Force. 

(49) Let any surface be drawn, cutting the lines of magnetic force, and on this sur- 
face let any system of lines be drawn at small intervals, so as to lie side by side without 

cutting each other. Next, let any line be drawn on the surface cutting all these lines, 
and let a second line be drawn near it, its distance from the first being such that the 
value of M for each of the small spaces enclosed between these two lines and the lines 
of the first system is equal to unity. 

In this way let more lines be drawn so as to form a second system, so that the value of 
M for every reticulation formed by the intersection of the two systems of lines is unity. 

Finally, from every point of intersection of these reticulations let a line be drawn 

through the field, always coinciding in direction with the direction of magnetic force. 

(50) In this way the whole field will be filled with lines of magnetic force at regular 
intervals, and the properties of the electromagnetic field will be completely expressed 
by them. 

For, 1st, If any closed curve be drawn in the field, the value of M for that curve will 
be expressed by the number of lines of force which pass through that closed curve. 

2ndly. If this curve be a conducting circuit and be moved through the field, an 
electromotive force will act in it, represented by the rate of decrease of the number of 
lines passing through the curve. 

Srdly. If a current be maintained in the circuit, the conductor will be acted on by 
forces tending to move it so as to increase the number of lines passing through it, and 
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the amount of work done by these forces is equal to the current in the circuit multi- 

plied by the number of additional lines. 

4thly. If a small plane circuit be placed in the field, and be free to turn, it will place 
its plane perpendicular to the lines of force. A small magnet will place itself with its 
axis in the direction of the lines of force. 

5thly. If a long uniformly magnetized bar is placed in the field, each pole will be 
acted on by a force in the direction of the lines of force. The number of lines of force 

passing through unit of area is equal to the force acting on a unit pole multiplied by a 
coefficient depending on the magnetic nature of the medium, and called the coefficient 
of magnetic induction. 

In fluids and isotropic solids the value of this coefficient is the same in whatever 
direction the lines of force pass through the substance, but in crystallized, strained, and 

organized solids the value of p may depend on the direction of the lines of force with 

respect to the axes of crystallization, strain, or growth. 
In all bodies po is affected by temperature, and in iron it appears to diminish as the 

intensity of the magnetization increases. 

On Magnetic Equipotential Surfaces. 

(51) If we explore the field with a uniformly magnetized bar, so long that one of its 

poles is in a very weak part of the magnetic field, then the magnetic forces will perform 
work on the other pole as it moves about the field. 

If we start from a given point, and move this pole from it to any other point, the 
work performed will be independent of the path of the pole between the two points; 
provided that no electric current passes between the different paths pursued by the pole. 

Hence, when there are no electric currents but only magnets in the field, we may 
draw a series of surfaces such that the work done in passing from one to another shall 
be constant whatever be the path pursued between them. Such surfaces are called 

Equipotential Surfaces, and in ordinary cases are perpendicular to the Lines of mag- 
netic force. 

If these surfaces are so drawn that, when a unit pole passes from any one to the 

next in order, unity of work is done, then the work done in any motion of a magnetic 
pole will be measured by the strength of the pole multiplied by the number of surfaces 

which it has passed through in the positive direction. 

(52) If there are circuits carrying electric currents in the field, then there will still 
be equipotential surfaces in the parts of the field external to the conductors carrying the 

currents, but the work done on a unit pole in passing from one to another will depend 
on the number of times which the path of the pole circulates round any of these 

currents. Hence the potential in each surface will have a series of values in arith- 
metical progression, differing by the work done in passing completely round one of the 

currents in the field. 
The equipotential surfaces will not be continuous closed surfaces, but some of them 
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will be limited sheets, terminating in the electric circuit as their common edge or: 

boundary. The number of these will be equal to the amount of work done on a unit 

pole in going round the current, and this by the ordinary measurement = 4ry, where y 
is the value of the current. 

These surfaces, therefore, are connected with the electric current as soap-bubbles are 
connected with a ring in M. PLATEAU'S experiments. Every current y has 4,ry surfaces 
attached to it. These surfaces have the current for their common edge, and meet it at 

equal angles. The form of the surfaces in other parts depends on the presence of other 
currents and magnets, as well as on the shape of the circuit to which they belong. 

PART III.--GENERAL EQUATIONS OF THE ELECTROMAGNETIC FIELD. 

(53.) Let us assume three rectangular directions in space as the axes of x, y, and z, 
and let all quantities having direction be expressed by their components in these three 
directions. 

Electrical Currents (p, q, r). 
(54) An electrical current consists in the transmission of electricity from one part of 

a body to another. Let the quantity of electricity transmitted in unit of time across 
unit of area perpendicular to the axis of x be called p, then p is the component of the 
current at that place in the direction of x. 

We shall use the letters p, g, r to denote the components of the current per unit of 
area in the directions of x, y, z. 

Electrical Displacements (f, g, h). 
(55) Electrical displacement consists in the opposite electrification of the sides of a 

molecule or particle of a body which may or may not be accompanied with transmission 

through the body. Let the quantity of electricity which would appear on the faces 

dy. dz of an element dx, dy, dz cut from the body be f. dy. dz, then f is the component 
of electric displacement parallel to x. We shall use f, g h to denote the electric 

displacements parallel to x, y, z respectively. 
The variations of the electrical displacement must be added to the currents p, q, r to 

get the total motion of electricity, which we may call p', q', r', so that 

d?t+ . ... .... (A) 

dt' r=r+.. 

Electromotive Force (P, Q, R). 
(56) Let P, Q, R represent the components of the electromotive force at any point. 
Then P represents the difference of potential per unit of length in a conductor 
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placed in the direction of x at the given point. We may suppose an indefinitely short 
wire placed parallel to x at a given point and touched, during the action of the force P, 
by two small conductors, which are then insulated and removed from the influence of 
the electromotive force. The value of P might then be ascertained by measuring the 

charge of the conductors. 
Thus if I be the length of the wire, the difference of potential at its ends will be PI, 

and if C be the capacity of each of the small conductors the charge on each will be 

2CPI. Since the capacities of moderately large conductors, measured on the electro- 

magnetic system, are exceedingly small, ordinary electromotive forces arising from 

electromagnetic actions could hardly be measured in this way. In practice such measure- 
ments are always made with long conductors, forming closed or nearly closed circuits. 

Electromagnetic Momentum (F, G, H). 

(57) Let F, G, II represent the components of electromagnetic momentum at any 
point of the field, due to ally system of magnets or currents. 

Then F is the total impulse of the electromotive force in the direction of x that would 
be generated by the removal of these magnets or currents from the field, that is, if P 
be the electromotive force at any instant during the removal of the system 

F=SPdt. 
Hence the part of the electromotive force which depends on the motion of magnets or 
currents in the field, or their alteration of intensity, is 

p=-d' _ - dF. dG d (29) Q_ ,- R....(29) 
dt dt dt 

Electromagnetic Momentum of a Circuit. 

(58) Let s be the length of the circuit, then if we integrate 
S(dxa dy dz 

S(Fd+Gds ds..... (30) 

round the circuit, we shall get the total electromagnetic momentum of the circuit, or the 
number of lines of magnetic force which pass through it, the variations of which measure 

the total electromotive force in the circuit. This electromagnetic momentum is the 
same thing to whichll Professor FARADAY has applied the name of the Electrotonic State. 

If the circuit be the boundary of the elementary area dy dz, then its electromagnetic 
momentum is 

/dH dGy d 
dy - dydz, 

and this is the number of lines of magnetic force which pass through the area dy dz. 

Magnetic Force (a, j3, y). 

(59) Let a, P, y represent the force acting on a unit magnetic pole placed at the 

given point resolved in the directions of x, y, and z. 
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Coefficient of Maqnetic Induction (n). 

(60) Let p be the ratio of the magnetic induction in a given medium to that in air 
under an equal magnetizing force, then the number of lines of force in unit of area 

perpendicular to x will be pc (p is a quantity depending on the nature of the medium, 
its temperature, the amount of magnetization already produced, and in crystalline bodies 

varying with the direction). 
(61) Expressing the electric momentum of small circuits perpendicular to the three 

axes in this notation, we obtain the following 

Equations of Magnetic Force. 

dH dG 
PM-= dy dz ' 

dF dlH 
PIPzd_de * 

*d*x**** (B) 

dG_ dF 
(ky^ dy T 

Equations of Currents. 

(62) It is known from experiment that the motion of a magnetic pole in the electro- 

magnetic field in a closed circuit cannot generate work unless the circuit which the pole 
describes passes round an electric current. Hence, except in the space occupied by the 
electric currents, 

cdx+Pdy+ydz=dp .......... (31) 
a complete differential of p, the magnetic potential. 

The quantity p may be susceptible of an indefinite number of distinct values, according 
to the number of times that the exploring point passes round electric currents in its 
course, the difference between successive values of p corresponding to a passage com- 

pletely round a current of strength c being 4src. 
Hence if there is no electric current, 

do 
dy-dz - 

but if there is a current p', 

dy ds 4rr 
Similarly, 

^-?^a,.. ... C....) -dz ... 

4^-Ty^ 

We may call these the Equations of Currents. 
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Electromotive Force in a Circuit. 

(63) Let e be the electromotive force acting round the circuit A, then 

= +aO++ 
..ds,. ..... (32) 

where ds is the element of length, and the integration is performed round the circuit. 
Let the forces in the field be those due to the circuits A and B, then the electro- 

magnetic momentum of A is 

S^~+G +HJd)ds=Lu+Mv,. (33) 

where u and v are the currents in A and B, and 

= d=-(Lu+Mv). .. (34) 

Hence, if there is no motion of the circuit A, 
dF dP 

P---d- -tdx 

Q .dG- dP I(35) 

dH d y l dt dz'J 

where T is a function of x, y, z, and t, which is indeterminate as far as regards the 
solution of the above equations, because the terms depending on it will disappear on 

integrating round the circuit. The quantity yT can always, however, be determined in 

any particular case when we know the actual conditions of the question. The physical 
interpretation of 'Y is, that it represents the electric potential at each point of space. 

Electromotive Force on a Moving Conductor. 

(64) Let a short straight conductor of length a, parallel to the axis of x, move with 

a velocity whose components are dx, t dt and let its extremities slide along two 

parallel conductors with a velocity d. Let us find the alteration of the electro- 

magnetic momentum of the circuit of which this arrangement forms a part. 

In unit of time the moving conductor has travelled distances x dy dz along the 

directions of the three axes, and at the same time the lengths of the parallel conductors 
ds 

included in the circuit have each been increased by dt 
Hence the quantity 

SF d+G Y+H ds 
dJ s ds ds 

MDCCCLXV. 3 U 
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will be increased by the following increments, 

adFdx dF dy dz) d 
da d -+-dy+ d d- due to motion of conductor, 
\dx dt dy dt dz dt 

ds dF dx dGd d H dz 
-adsdx dG+ d-+d dzSj due to lengthening of circuit. 

dt \dx ds dx ds d d n 

The total increment will therefore be 

/dF dG\ dy dx- dF dz 

a wdy dx) dt dx dz)dt; 

or, by the equations of Magnetic Force (8), 

/ dy dz\ -a dt dt) 

If P is the electromotive force in the moving conductor parallel to x referred to unit 

of length, then the actual electromotive force is Pa; and since this is measured by the 

decrement of the electromagnetic momentum of the circuit, the electromotive force due 

to motion will be 
dy . . (36) 

(65) The complete equations of electromotive force on a moving conductor may now 

be written as follows: 

Equations of Electromotive Force. 

d,y dz\ dF 4 I 

P (dt 
- 

dt -dt dx' 

/ dz dx\ dG d . . (D) 

jdtx dt V dt d dz J 
The first term on the right-hand side of each equation represents the electromotive 

force arising from the motion of the conductor itself. This electromotive force is per- 

pendicular to the direction of motion and to the lines of magnetic force; and if a 

parallelogram be drawn whose sides represent in direction and magnitude the velocity 
of the conductor and the magnetic induction at that point of the field, then the area of 

the parallelogram will represent the electromotive force due to the motion of the con- 

ductor, and the direction of the force is perpendicular to the plane of the parallelogram. 
The second term in each equation indicates the effect of changes in the position or 

strength of magnets or currents in the field. 
The third term shows the effect of the electric potential T. It has no effect in 

causing a circulating current in a closed circuit. It indicates the existence of a force 

urging the electricity to or from certain definite points in the field. 
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Electric Elasticity. 

(66) When an electromotive force acts on a dielectric, it puts every part of the 
dielectric into a polarized condition, in which its opposite sides are oppositely electri- 
fied. The amount of this electrification depends on the electromotive force and on the 
nature of the substance, and, in solids having a structure defined by axes, on the direc- 
tion of the electromotive force with respect to these axes. In isotropic substances, if k 
is the ratio of the electromotive force to the electric displacement, we may write the 

Equations of Electric Elasticity, 

P=kf; 
Q=k, (E) 
R=kh. 3 

Electric Resistance. 

(67) When an electromotive force acts on a conductor it produces a current of elec- 

tricity through it. This effect is additional to the electric displacement already con- 
sidered. In solids of complex structure, the relation between the electromotive force 
and the current depends on their direction through the solid. In isotropic substances, 
which alone we shall here consider, if g is the specific resistance referred to unit of 
volume, we may write the 

Eq'uations of Electric Resistance, 

P=--~p,) 

R=- (Fr.) 

Electric Quantity. 

(68) Let e represent the quantity of free positive electricity contained in unit of 
volume at any part of the field, then, since this arises from the electrification of the 
different parts of the field not neutralizing each other, we may write the 

Eguation of Free Electricity, 

e ++d- ... .. . (G) 

(69) If the medium conducts electricity, then we shall have another condition, which 

may be called, as in hydrodynamics, the 

Equation of Continuity, 

ded + dp d+q drO 
jdt dxf dy *dz 

0 (H) 

(70) In these equations of the electromagnetic field we have assumed twenty variable 
3 u 2 
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quantities, namely, 
For Electromagnetic Momentum 

,, Magnetic Intensity 
Electromotive Force .... 

,, Current due to true conduction. 

,, Electric Displacement ..... 

,, Total Current (including variation of displacement) 
,, Quantity of free Electricity. 
,, Electric Potential 

Between these twenty quantities we have found twenty equat 
Three equations of Magnetic Force 

Electric Currents . 

.. F G H 
.. fa(3y 
..P R 

a f g h .fg r 
I I I 

* . e 

ions, viz. 

. . . (B) 
. . . (C) 

Electromotive Force . (D) 
Electric Elasticity .. .... . (E) 

,, Electric Resistance .. .. (F) 
,, Total Currents (A) 

One equation of Free Electricity . (G) 
,, Continuity . . (H) 

These equations are therefore sufficient to determine all the quantities which occur 

in them, provided we know the conditions of the problem. In many questions, how- 
ever, only a few of the equations are required. 

Intrinsic Energy of the Electromagnetic Field. 

(71) We have seen (33) that the intrinsic energy of any system of currents is found 

by multiplying half the current in each circuit into its electromagnetic momentum. 

This is equivalent to finding the integral 
E=- (Fp'+G+Hr')dV ........ (37) 

over all the space occupied by currents, where p, q, r are the components of currents, 
and F, G, H the components of electromagnetic momentum. 

Substituting the values of p', q', r' from the equations of Currents (C), this becomes 

-;r dzd~ 
dx 

W1dy 
7t { (dy d:)+G )+H 

0 
d7 V 

Integrating by parts, and remnembering that c, 3, y vanish at an infinite distance, the 

expression becomes 
1 - dH dG , /dFdG d ) } dF 

where the integration is to be extended over all space. Referring to the equations of 

Magnetic Force (B), p. 482, this becomes 

E= 2{a. +P 3.? p+9y.}aV, ..... (38) 
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where a, 3, y are the components of magnetic intensity or the force on a unit magnetic 

pole, and as, pip, py are the components of the quantity of magnetic induction, or the 
number of lines of force in unit of area. 

In isotropic media the value of Ep is the same in all directions, and we may express 
the result more simply by saying that the intrinsic energy of any part of the magnetic 
field arising from its magnetization is 

1- 2 

per unit of volume, where I is the magnetic intensity. 
(72) Energy may be stored up in the field in a different way, namely, by the action 

of electromotive force in producing electric displacement. The work done by a variable 
electromotive force, P, in producing a variable displacement,f, is got by integrating 

SPdf 
from P==0 to the given value of P. 

Since P=kf, equation (E), this quantity becomes 

Skfdf= kf 2= 1Pf 

Hence the intrinsic energy of any part of the field, as existing in the form of electric 

displacement, is 
(Pf+ Qg+ )dV. 

The total energy existing in the field is therefore 

E=2{8,( +VP4+3+rhr)+i(Pf+Qg+Rh)}dV. . . .. (I) 

The first term of this expression depends on the magnetization of the field, and is 

explained on our theory by actual motion of some kind. The second term depends on 

the electric polarization of the field, and is explained on our theory by strain of some 

kind in an elastic medium. 

(73) I have on a former occasion* attempted to describe a particular kind of motion 

and a particular kind of strain, so arranged as to account for the phenomena. In the 

present paper I avoid any hypothesis of this kind; and in using such words as electric 

momentum and electric elasticity in reference to the known phenomena of the induc- 

tion of currents and the polarization of dielectrics, I wish merely to direct the mind of 

the reader to mechanical phenomena which will assist him in understanding the elec- 

trical ones. All such phrases in the present paper are to be considered as illustrative, 
not as explanatory. 

(74) In speaking of the Energy of the field, however, I wish to be understood literally. 
All energy is the same as mechanical energy, whether it exists in the form of motion or 

in that of elasticity, or in any other form. The energy in electromagnetic phenomena is 

mechanical energy. The only question is, Where does it reside . On the old theories 

* On Physical Lines of Force," Philosophical Magazine, 1861-62. 
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it resides in the electrified bodies, conducting circuits, and magnets, in the form of an 
unknown quality called potential energy, or the power of producing certain effects at a 
distance. On our theory it resides in the electromagnetic field, in the space surrounding 
the electrified and magnetic bodies, as well as in those bodies themselves, and is in two 
different forms, which may be described without hypothesis as magnetic polarization 
and electric polarization, or, according to a very probable hypothesis, as the motion and 
the strain of one and the same medium. 

(75) The conclusions arrived at in the present paper are independent of this hypo- 
thesis, being deduced from experimental facts of three kinds: 

1. The induction of electric currents by the increase or diminution of neighbouring 
currents according to the changes in the lines of force passing through the circuit. 

2. The distribution of magnetic intensity according to the variations of a magnetic 
potential. 

3. The induction (or influence) of statical electricity through dielectrics. 
We may now proceed to demonstrate from these principles the existence and laws of 

the mechanical forces which act upon electric currents, magnets, and electrified bodies 

placed in the electromagnetic field. 

PART IV. MECHANICAL ACTIONS IN THE FIELD. 

Mechanical Force on a Moveable Conductor. 

(76) We have shown (?? 34 & 35) that the work done by the electromagnetic forces 
in aiding the motion of a conductor is equal to the product of the current in the con- 
ductor multiplied by the increment of the electromagnetic momentum due to the 
motion. 

Let a short straight conductor of length a move parallel to itself in the direction of 

x, with its extremities on two parallel conductors. Then the increment of the electro- 

magnetic momentum due to the motion of a will be, 

jdF dcx dG c7y dli dx\ 
adx ds dx dt - 

XT 

That due to the lengthening of the circuit by increasing the length of the parallel con- 
ductors will be 

(dF d x yl dF di dz\ 
xa tl ts t ~y ds + c, ds ) 

The total increment is 
c.(dy dG dF\\ X d/F 7IF tl 

aUt lds \dx dy ds\dz dxjJ 

which is by the equations of Magnetic Force (B), p. 482, 

/ (dy dz ) 

Let X be the force acting along the direction of x per unit of length of the conductor, 
then the work done is XaSx. 
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Let C be the current in the conductor, and let p', ,', r' be its components, then 

XaS=O-Cax (pdy- dz , 

or X=h7yq' -p43r'. 

Similarly, Yrcr' -yp' y. .(J 

These are the equations which determine the mechanical force acting on a conductor 

carrying a current. The force is perpendicular to the current and to the lines of force, 
and is measured by the area of the parallelogram formed by lines parallel to the current 
and lines of force, and proportional to their intensities. 

Mechanical Force on a Magnet. 

(77) In any part of the field not traversed by electric currents the distribution of 
magnetic intensity may be represented by the differential coefficients of a function 
which may be called the magnetic potential. When there are no currents in the field, 
this quantity has a single value for each point. When there are currents, the potential, 
has a series of values at each point, but its differential coefficients have only one value, 
namely, 

d'7_ d; df 
dCx Ty=g dz = 

Substituting these values of c, F3, y in the expression (equation 38) for the intrinsic 

energy of the field, and integrating by parts, it becomes 

{@j I(??dt dy)+ d dV. 
The expression 

2( + 
dy 

+ d, v) av= v2 ....... = I - (39) 

indicates the number of lines of magnetic force which have their origin within the 
space V. Now a magnetic pole is known to us only as the origin or termination of 
lines of magnetic force, and a unit pole is one which has 4z lines belonging to it, since 
it produces unit of magnetic intensity at unit of distance over a sphere whose surface 
is 4r. 

Hence if mn is the amount of free positive magnetism in unit of volume, the above 

expression may be written 4rnm, and the expressioln for the energy of the field becomes 

E=-- (im)dV. .. .... (40) 
If there are two magnetic poles m, and mn2 producing potentials p, and p2 in the field, 

then if mn is moved a distance dx, and is urged in that direction by a force X, then the 
work done is Xdx, and the decrease of energy in the field is 

td1((, + 92)(nm +m2)) 

and these must be equal by the principle of Conservation of Energy. 
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Since the distribution p is determined by mn,, and p2 by m,, the quantities nm, and 

2 m, will remain constant. 
It can be shown also, as GREEN has proved (Essay, p. 10), that 

m1p2=--m2,1 
so that we get 

Xdx= d(Mn2pI), 
or 

XS=m dx =m1,n2 

where c, represents the magnetic intensity due to mn,. . . .. (K) 

Similarly, Y=-m3, 

Z =m2yl . 

So that a magnetic pole is urged in the direction of the lines of magnetic force with 
a force equal to the product of the strength of the pole and the magnetic intensity. 

(78) If a single magnetic pole, that is one pole of a very long magnet, be placed in 

the field, the only solution of p is 

,p _ml1 . .. ....... (41) 

where m, is the strength of the pole and r the distance from it. 
The repulsion between two poles of strength m, and m, is 

dl--- m1m2 (42) dr 
-- 

t~r2 . . . . . . . . . . . (42) " dr t 'r2 

In air or any medium in which p==1 this is simply m^', but in other media the force 

acting between two given magnetic poles is inversely proportional to the coefficient of 

magnetic induction for the medium. This may be explained by the magnetization of 
the medium induced by the action of the poles. 

Mechanical Force on an Electrified Body. 

(79) If there is no motion or change of strength of currents or magnets in the field, 
the electromotive force is entirely due to variation of electric potential, and we shall 
have (? 65) 

dp_ dP d'JJ P=- , Q=----, R=- 
dx dy dz 

Integrating by parts the expression (I) for the energy due to electric displacement, and 

remembering that P, Q, R vanish at an infinite distance, it becomes 

or by the equation of Free Electricity (G), p. 485, 

or by the equation of Free Electricity (G), p. 485, -X1 ) V./Jn /~ 
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By the same demonstration as was used in the case of the mechanical action on a magnet, 
it may be shown that the mechanical force on a small body containing a quantity e2 of 
free electricity placed in a field whose potential arising from other electrified bodies 
is ,, has for components 

X=e2 dx -=-P,le, 

Y= =-e y --Qe2, .... (D) 

Z =e3 dz =-Re2. 

So that an electrified body is urged in the direction of the electromotive force with a 
force equal to the product of the quantity of free electricity and the electromotive force. 

If the electrification of the field arises from the presence of a small electrified body 
containing e, of free electrity, the only solution of T', is 

l k el,(43) 
4r=. r(43) 

where r is the distance from the electrified body. 
The repulsion between two electrified bodies el, e2 is therefore 

dr __ k ele2.(44) 
e2= ^ 4 

....... . (44) 

Measurement of Electrical Phenomena by Electrostatic Effects. 

(80) The quantities with which we have had to do have been hitherto expressed in 
terms of the Electromagnetic System of measurement, which is founded on the mecha- 
nical action between currents. The electrostatic system of measurement is founded on 
the mechanical action between electrified bodies, and is independent of, and incom- 

patible with, the electromagnetic system; so that the units of the different kinds of 

quantity have different values according to the system we adopt, and to pass from the 
one system to the other, a reduction of all the quantities is required. 

According to the electrostatic system, the repulsion between two small bodies charged 
with quantities v, ; of electricity is 

where r is the distance between them. 
Let the relation of the two systems be such that one electromagnetic unit of elec- 

tricity contains v electrostatic units; then r =ve1 and 2= ve2, and this repulsion becomes 

v2 el ee by equation (44) . . . (45) 

whence k, the coefficient of "electric elasticity" in the medium in which the experi- 
ments are made, i. e. common air, is related to v, the number of electrostatic units in one 
electromagnetic unit, by the equation 

k=4aCv . .. ..... .. .(46) 
MDCCCLXV. 3 X --- - - ---- - 
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The quantity v may be determined by experiment in several ways. According to the 

experiments of MM. WEBER and KOHLRAUSCH, 

v=310,740,000 metres per second. 

(81) It appears from this investigation, that if we assume that the medium which 
constitutes the electromagnetic field is, when dielectric, capable of receiving in every 
part of it an electric polarization, in which the opposite sides of every element into 
which we may conceive the medium divided are oppositely electrified, and if we also 
assume that this polarization or electric displacement is proportional to the electro- 
motive force which produces or maintains it, then we can show that electrified bodies 
in a dielectric medium will act on one another with forces obeying the same laws as are 
established by experiment. 

The energy, by the expenditure of which electrical attractions and repulsions are pro- 
duced, we suppose to be stored up in the dielectric medium which surrounds the electri- 
fied bodies, and not on the surface of those bodies themselves, which on our theory 
are merely the bounding surfaces of the air or other dielectric in which the true springs 
of action are to be sought. 

Note on the Attraction of Gravitation. 

(82) After tracing to the action of the surrounding medium both the magnetic and 
the electric attractions and repulsions, and finding them to depend on the inverse square 
of the distance, we are naturally led to inquire whether the attraction of gravitation, 
which follows the ,same law of the distance, is not also traceable to the action of a 
surrounding medium. 

Gravitation differs from magnetism and electricity in this; that the bodies concerned 
are all of the same kind, instead of being of opposite signs, like magnetic poles and 
electrified bodies, and that the force between these bodies is an attraction and not a 
repulsion, as is the case between like electric and magnetic bodies. 

The lines of gravitating force near two dense bodies are exactly of the same form as 
the lines of magnetic force near two poles of the same name; but whereas the poles are 
repelled, the bodies are attracted. Let E be the intrinsic energy of the field surrounding 
two gravitating bodies M,, M,, and let E' be the intrinsic energy of the field surrounding 
two magnetic poles n,, m2, equal in numerical value to M,, M2, and let X be the gravi- 
tating force acting during the displacement &x, and X' the magnetic force, 

X2&= E, 7x= E' ; 
now X and X' are equal in numerical value, but of opposite signs; so that 

6E= -E', 
or 

E= +C- El 

^C (S^ 7+2)dV 
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where a, 3, y are the components of magnetic intensity. If R be the resultant gravi- 
tating force, and Rt the resultant magnetic force at a corresponding part of the field, 

R= --R, and as2+I2?r2=R2 R'2 
Hence 

E=C-2 R2dV.. .......(47) 

The intrinsic energy of the field of gravitation must therefore be less wherever there is 
a resultant gravitating force. 

As energy is essentially positive, it is impossible for any part of space to have nega- 
tive intrinsic energy. Hence those parts of space in which there is no resultant force, 
such as the points of equilibrium in the space between the different bodies of a system, 
and within the substance of each body, must have an intrinsic energy per unit of volume 

greater than 
81 R 

where R is the greatest possible value of the intensity of gravitating force in any part of 
the universe. 

The assumption, therefore, that gravitation arises from the action of the surrounding 
medium in the way pointed out, leads to the conclusion that every part of this medium 

possesses, when undisturbed, an enormous intrinsic energy, and that the presence of 
dense bodies influences the medium so as to diminish this energy wherever there is a 
resultant attraction. 

As I am unable to understand in what way a medium can possess such properties, I 
cannot go any further in this direction in searching for the cause of gravitation. 

PART V.-THEORY OF'CONDENSERS. 

Capacity of a Condenser. 

(83) The simplest form of condenser consists of a uniform layer of insulating matter 
bounded by two conducting surfaces, and its capacity is measured by the quantity of 
electricity on either surface when the difference of potentials is unity. 

Let S be the area of either surface, a the thickness of the dielectric, and k its coeffi- 
cient of electric elasticity; then on one side of the condenser the potential is o, and on 
the other side Pi+ 1, and within its substance 

d==--kf .. (48) 
d.(4S) 

Since -d and thereforef is zero outside the condenser, the quantity of electricity on its 

first surface =-Sf, and on the second +Sf. The capacity of the condenser is there- 

fore Sf= fin electromagnetic measure. ak 

3x2 
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Specific Capacity of Electric Induction (D). 

(84) If the dielectric of the condenser be air, then its capacity in electrostatic mea- 

sure is 4- (neglecting corrections arising from the conditions to be fulfilled at the 
4.a 

edges). If the dielectric have a capacity whose ratio to that of air is D, then the capa- 

city of the condenser will be DS 
47ra 

Hence D=k, .............. (49) 

where k0 is the value of k in air, which is taken for unity. 

Electric Absorption. 

(85) When the dielectric of which the condenser is formed is not a perfect insulator, 
the phenomena of conduction are combined with those of electric displacement. The 
condenser, when left charged, gradually loses its charge, and in some cases, after being 
discharged completely, it gradually acquires a new charge of the same sign as the original 
charge, and this finally disappears. These phenomena have been described by Professor 
FARADAY (Experimental Researches, Series XI.) and by Mr. F. JENKIm (Report of Com- 
mittee of Board of Trade on Submarine Cables), and may be classed under the name of 
"Electric Absorption." 

(86) We shall take the case of a condenser composed of any number of parallel layers 
of different materials. If a constant difference of potentials between its extreme 
surfaces is kept up for a sufficient time till a condition of permanent steady flow of 

electricity is established, then each bounding surface will have a charge of electricity 
depending on the nature of the substances on each side of it. If the extreme surfaces 
be now discharged, these internal charges will gradually be dissipated, and a certain 

charge may reappear on the extreme surfaces if they are insulated, or, if they are con- 
nected by a conductor, a certain quantity of electricity may be urged through the con- 
ductor during the reestablishment of equilibrium. 

Let the thickness of the several layers of the condenser be a,, a2, &c. 
Let the values of k for these layers be respectively kl, k2, k,, and let 

alk2+a2k.+&c.=ak, ... .. (50) 
where k is the "electric elasticity" of air, and a is the thickness of an equivalent con- 
denser of air. 

Let the resistances of the layers be respectively r, r2, &c., and let r,+ra+ &c. =r be 
the resistance of the whole condenser, to a steady current through it per unit of surface. 

Let the electric displacement in each layer be f, f, &c. 
Let the electric current in each layer be p, p2, &c. 
Let the potential on the first surface be P1,, and the electricity per unit of surface e,. 
Let the corresponding quantities at the boundary of the first and second surface be 

%,T and e2, and so on. Then by equations (G) and (H), 
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el=-f,, - p dte - ' 

&c. &c. 

But by equations (E) and (F), 

,--P,=a,kfI= --r,p,, 
'L-"3=a-k =-rp2, .. 

&c. &c. &C. 

After the electromotive fore has been kept up for a suf 
becomes the same in each layer, and 

. * ,. . (51) 

. . . . (52) 

ficient time the current 

P =P3,&C. =p= - 

where is the total dierence of potentials between the extreme layers. We have then 
where 

' ' 
is the total difference of potentials between the extreme layers. We have then 

x- - rl 

r a kI 
.f= 

2 &c. 
r a2k' 

1. .... (53) 
PT r t r.- r 

&C ear1=a ) & c. ) 
l- r a,kl r a.k2 as ii 

These are the quantities of electricity on the different surfaces. 

(87) Now let the condenser be discharged by connecting the extreme surfaces 
through a perfect conductor so that their potentials are instantly rendered equal, then 
the electricity on the extreme surfaces will be altered, but that on the internal surfaces 
will not have time to escape. The total difference of potentials is now 

'=al aJckledf+a(e',+e )+ak(e+ea+ee) & , .. ... (54) 
whence if el is what e, becomes at the instant of discharge, 

t 
__ 
r P T 

elr . k --e- * r a,ki - ak - 
' 
&k 0, 0 1 . 0 * . (55) 

The instantaneous discharge is therefore -, or the quantity which would be dis- 

charged by a condenser of air of the equivalent thickness a, and it is unaffected by the 
want of perfect insulation. 

(88) Now let us suppose the connexion between the extreme surfaces broken, and the 
condenser left to itself, and let us consider the gradual dissipation of the internal charges. 
Let T' be the difference of potential of the extreme surfaces at any time t; then 

' =a,kfi+f,af2 +&c.; ....... . (56) 
df, 

dfa 
alk2J2=--r-dt - 

and 

but 
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ark3 a2k: 
Hence f,=A1e- t, f2=A2e r , &c.; and by referring to the values of ed, e2 &c., 
we find 

A1=- r- l -- 
r a,lk ak 

__ . 2 (57) 
A2 = 2---,q' 

r a2ke ak 

&c.; 

so that we find for the difference of extreme potentials at any time, 

'=(=rl -ak<e- ,'t + -e- 2)(r+ &c .r..+. (58) r ak r ak(68) 

(89) It appears from this result that if all the layers are made of the same sub- 
stance, I' will be zero always. If they are of different substances, the order in which 
the) are placed is indifferent, and the effect will be the same whether each substance 
consists of one layer, or is divided into any number of thin layers and arranged in any 
order among thin layers of the other substances. Any substance, therefore, the parts 
of which are not mathematically homogeneous, though they may be apparently so, may 
exhibit phenomena of absorption. Also, since the order of magnitude of the coefficients 
is the same as that of the indices, the value of W' can never change sign, but must start 
from zero, become positive, and finally disappear. 

(90) Let us next consider the total amount of electricity which would pass from the 
first surface to the second, if the condenser, after being thoroughly saturated by the 
current and then discharged, has its extreme surfaces connected by a conductor of 
resistance R. Let p be the current in this conductor; then, during the discharge, 

'=p,r,+pr+&c. =pR.. ....... (59) 

Integrating with respect to the time, and calling gi, q2, g the quantities of electricity 
which traverse the different conductors, 

1rl +g2r2+&c.=-R. ........ (60) 
The quantities of electricity on the several surfaces will be 

et -- - e-q -q,, 
e2?+l - q, 
&c.; 

and since at last all these quantities vanish, we find 

i =e/--q, 
2 =e+e2-q; 

W r2 r2 \ VTr whence qR=i(_,_ + +c.)- 
oRr / \_ + a- +l s (a -- ) \ , 

or fa- r, r, r (1 or = rAr2 ak+ak2a3k, / & C. (61) 
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a quantity essentially positive; so that, when the primary electrification is 'in one direc- 

tion, the secondary discharge is always in the same direction as the primary discharge". 

PART VI.-ELECTROMAGNETIC THEORY OF LIGHT. 

(91) At the commencement of this paper we made use of the optical hypothesis bf 
an elastic medium through which the vibrations of light are propagated, in order tq 
show that we have warrantable grounds for seeking, in the same medium, the cause of 
other phenomena as well as those of light. We then examined electromagnetic pheno- 
mena, seeking for their explanation in the properties of the field which surrounds the 
electrified or magnetic bodies. In this way we arrived at certain equations expressing 
certain properties of the electromagnetic field. We now proceed to investigate whether 
these properties of that which constitutes the electromagnetic field, deduced from electro- 

magnetic phenomena alone, are sufficient to explain the propagation of light through 
the same substance. 

(92) Let us suppose that a plane wave whose direction cosines are 1, m, n is propa- 
gated through the field with a velocity V. Then all the electromagnetic functions will 
be functions of 

w=lx+my+nz-Vt. 

The equations of Magnetic Force (B), p. 482, will become 
dH dG 

^c=am -^- n- , 

dF dH 

dG dF 
t-=1 ---m . dw dw 

If we multiply these equations respectively by l, m, n, and add, we find 

pa+mf++-r=o *m . . . .. (2) 

which shows that the direction of the magnetization must be in the plane of the wave. 

(93) If we combine the equations of Magnetic Force (B) with those of Electric 
Currents (C), and put for brevity 

dF dG dH d2 d2 d - 
d$-+d+dz^J, and O+ 2. ... . =v(63) 

4, d-2 ,dJ 
x-V, .........dy dJ 

dy* .*. 

4-r = vdz. I 

* Since this paper was communicated to the Royal Society, I have seen a paper by M. GAuGer in the Annales 
de Chimie for 1864, in which he has deduced the phenomena of electric absorption and secondary discharge 
from the theory of compound condensers. 

47 
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If the medium in the field is a perfect dielectric there is no true conduction, and the 
currentsp', ', r' are only variations in the electric displacement, or, by the equations of 
Total Currents (A), ,, 

r_ d ._!dg 
dt dt ' rdt'. . (65) 

But these electric displacements are caused by electromotive forces, and by the equations 
of Electric Elasticity (E), 

P=kf; Q=kg, R=kh. . . . . . (66) 
These electromotive forces are due to the variations either of the electromagnetic or 

the electrostatic functions, as there is no motion of conductors in the field; so that the 
equations of electromotive force (D) are 

dF df 
P*~~ dt~ dx' 

dG d? 

dH dTy R= -- - dt dy 

(94) Combining these equations, we obtain the following:- 

( v)dJ d2G d2+T) 

k-V2GH) +4 4 ( dt2 + )d=H dt W 

k Y-dt 
dJ OH d 21PY~\-iiISddt=V 

(67) 

.*. (68) 

If we differentiate the third of these equations with respect to y, and the second with 

respect to z, and subtract, J and T disappear, and by remembering the equations (B) of 

magnetic force, the results may be written 

kV2p -=4- tip , 

kV2pr4y= d4 Iy. dr ~ y 

. (69) 

(95) If we assume that os, f, y are functions of lx+my+nz-Vt=w, the first equa- 
tion becomes 

d=42 a., .. ... (70) 

~or V=_ . . /... ...(71) 

The other equations give the same value for V, so that the wave is propagated in either 
direction with a velocity V. 

, * * * 0 * . * . I 0 
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This wave consists entirely of magnetic disturbances, the direction of magnetization 
being in the plane of the wave. No magnetic disturbance whose direction of magneti- 
zation is not in the plane of the wave can be propagated as a plane wave at all. 

Hence magnetic disturbances propagated through the electromagnetic field agree with 

light in this, that the disturbance at any point is transverse to the direction of propaga- 
tion, and such waves may have all the properties of polarized light. 

(96) The only medium in which experiments have been made to determine the value 
of k is air, in which =0-1, and therefore, by equation (46), 

V=v. ... . ..... . (72) 

By the electromagnetic experiments of MM. WEBER and KOHLRAUSCHI, 

v=310,740,000 metres per second 

is the number of electrostatic units in one electromagnetic unit of electricity, and this, 
according to our result, should be equal to the velocity of light in air or vacuum. 

The velocity of light in air, by M. FIZEAU'S f experiments, is 

V=314,858,000; 

according to the more accurate experiments of M. FOUCAAULT +, 

V= 298,000,000. 

The velocity of light in the space surrounding the earth, deduced from the coefficient 
of aberration and the received value of the radius of the earth's orbit, is 

V= 308,000,000. 

(97) Hence the velocity of light deduced from experiment agrees sufficiently well 
with the value of v deduced from the only set of experiments we as yet possess. The 
value of v was determined by measuring the electromotive force with which a condenser 
of known capacity was charged, and then discharaing the condenser through a galvano- 
meter, so as to measure the quantity of electricity in it in electromagnetic measure. 
The only use made of light in the experiment was to see the instruments. The value 
of V found by M. FOUCAULT was obtained by determining the angle through which a 

revolving mirror turned, while the light reflected from it went and returned along a 
measured course. No use whatever was made of electricity or magnetism. 

The agreement of the results seems to show that light and magnetism are affections 
of the same substance, and that light is an electromagnetic disturbance propagated 
through the field according to electromagnetic laws. 

(98) Let us now go back upon the equations in (94), in which the quantities J and 
'T occur, to see whether any other kind of disturbance can be propagated through 

the medium depending on these quantities which disappeared from the final equations. 
* Leipzig Transactions, vol. v. (1857), p. 260, or POGGENDOPFF'S C Annalen,' Aug. 1856, p. 10. 

+ Comptes Rendus, vol. xxix. (1849), p. 90. + Ibid. vol. Iv. (1862), pp. 501, 792. 

MDCCCLXV. 3 Y 
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If we determine X from the equation 

7X 
2 

d Z + d % + d -J' * * (73) 

and F', G', H' from the equations 
F' F- d 

dx' 
then 

G'=G- dGx dy 
H,_H_dX H'=Hl- 2 

dz ' (74) 

dFt dG' dHt 
+ + -01 (75) dx + d (7d5) 

and the equations in (94) become of the form 

kV2F't=4= d4-t2 + 
d-t- + dt .. 

* (76) Dientiatig the three equtions with respect to , nd , nd ddin, e find that(76) 

Differentiating the three equations with respect to x, y, and z, and adding, we find that 

(77) 

and that 

d t 
F=-7dt +(x' y', ), 

kV2F' - 4%-P, dt2 ' 

kV26' 4= 41 G-, |GIII 

kV2H'= 4 d H. H'-=47rp -- I dt J 

(78) 

Hence the disturbances indicated by F', G', I' are propagated with the velocity 

V = k4- through the field; and since 

dF' dG dH' 
dx + dy+ d 

the resultant of these disturbances is in the plane of the wave. 

(99) The remaining part of the total disturbances F, G, H being the part depending 
on X, is subject to no condition except that expressed in the equation 

di d2X 
dt + dtl -0 

If we perform the operation V2 on this equation, it becomes 

ke =-t V2 (x, y, z).. 

Since the medium is a perfect insulator, e, the free electricity, is immoveable, and 
dJ 

therefore - is a function of x, y, z, and the value of J is either constant or zero, or 

uniformly increasing or dinminishing with the time; so that no disturbance depending 
on J can be propagated as a wave. 

(100) The equations of the electromagnetic field, deduced from purely experimental 
evidence, show that transversal vibrations only can be propagated. If we were to go 
beyond our experimental knowledge and to assign a definite density to a substance which 

(79) 
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we should call the electric fluid, and select either vitreous or resinous electricity as the 

representative of that fluid, then we might have normal vibrations propagated with a 

velocity depending on this density. We have, however, no evidence as to the density of 

electricity, as we do not even know whether to consider vitreous electricity as a sub- 
stance or as the absence of a substance. 

Hence electromagnetic science leads to exactly the same conclusions as optical science 
with respect to the direction of the disturbances which can be propagated through the 

field; both affirm the propagation of transverse vibrations, and both give the same velocity 
of propagation. On the other hand, both sciences are at a loss when called on to affirm 
or deny the existence of normal vibrations. 

Relation between the Index of Refraction agnd the Electroim)agnetic Chlaracter of the 
substance. 

(101) The velocity of light in a medium, according to the Undulatory Theory, is 

1 
-VO5 

where i is the index of refraction and V0 is the velocity in vacuum. The velocity, 
according to the Electromagnetic Theory, is 

k 

where, by equations (49) and (71), k-=DFk, and ko-=4rVo. 

Hence D=-1, . ....... . (80) 

or the Specific Inductive Capacity is equal to the square of the index of refraction 
divided by the coefficient of magnetic induction. 

Propaqation of Electromagnetic Disturbances in a Crystallized Medium. 

(102) Let us now calculate the conditions of propagation of a plane wave in a 
medium for which the values of k and p are different in different directions. As we 
do not propose to give a complete investigation of the question in the present imperfect 
state of the theory as extended to disturbances of short period, we shall assume that the 
axes of magnetic induction coincide in direction with those of electric elasticity. 

(103) Let the values of the magnetic coefficient for the three axes be X, ,, v, then 
the equations of magnetic force (B) become 

dH dG 1 

dy dz ' 

- . . . . -'(81) 

dG dF 
v dx dy 

3 y 2 
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The equations of electric currents (C) remain as before. 
The equations of electric elasticity (E) will be 

P =47ra2f; 

Q=4 47b2g, ..... 

R=47rc2A, 

where 47ra2, 47rb2, and 47rc2 are the values of k for the axes of x, y, z. 

Combining these equations with (A) and (D), we get equations of the form 

1 / dF d2F d2F\ 1 d dF dG dH\ 1 /dF d2\ 
2 -- +d+T+Y~- ; ++ -+ x dz = a ' dt? dxdt 

(104) If 1, m, n are the direction-cosines of the wave, and V its velocity, and if 

lx+my+nz--Vt=w, .... 

(82) 

(83) 

. .. (84) 

then F, G, H, and TF will be functions of w; and if we put F, G', H', Y' for the second 
differentials of these quantities with respect to w, the equations will be 

MV2a2 ln2)+ a2lm G+a2lnH'-lXN"=0 I 

v~-/m +;m+iF+'-rV'-O, ' .(85) 
(v2_C2(-+-A) ) H'+cnl F c2nm G H-VP '= O. 

If we now put 

V4-V2 {l2x(,+c4 + c2>) + (c2v +a2+ ) +2'2v(a2x + ) 

+ a2~b2C- (2 +2+ )(x +m 2 + n2v)=u, j 

we shall find 
F'V2U- lT'VU 0, 

with two similar equations for G' and H'. Hence either 

V=O, . . . . . 

. (86) 

. . . . . (87) 

.(.8. . (88) 
U=, ... .......... . (89) 

or 
VF'=-I', VG'=nm' and VH'=n2. . . . . (90) 

The third supposition indicates that the resultant of F', G', H' is in the direction 
normal to the plane of the wave; but the equations do not indicate that such a disturb- 

ance, if possible, could be propagated, as we have no other relation between T' and 

F', G', H'. 
The solution V=-0 refers to a case in which there is no propagation. 
The solution U =0 gives two values for V2 corresponding to values of F', G', H', whici 

* 
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are given by the equations 

a2F'+ G'+ H= -, ..... (91) 

a21 ' cn / 

F' (bG-c2)+ Gm(c2-a2kX)+- H'T(a-b2)=-0 , . . . . (92) 

(105) The velocities along the axes are as follows:- 

Direction of propagation . . . . . 

Direction of the electric displacements I 

a; y z 

a2 a2 
X - - 

Y ?~ v h 

b2 '2 

z I 

Now we know that in each principal plane of a crystal the ray polarized in that 

plane obeys the ordinary law of refraction, and therefore its velocity is the same in 
whatever direction in that plane it is propagated. 

If polarized light consists of electromagnetic disturbances in which the electric dis- 

placement is in the plane of polarization, then 

a2=b2=c2 , . . (93) 

If, on the contrary, the electric displacements are perpendicular to the plane of pola- 
rization, 

: =P=vy....... . . . . . (94) 

We know, from the magnetic experiments of FARADAY, PLUCxER, &c., that in many 
crystals X, ?, v are unequal. 

The experiments of KNOBLAUCH* on electric induction through crystals seem to show 

that a, b and c, may be different. 
The inequality, however, of X, p, v is so small that great magnetic forces are required 

to indicate their difference, and the differences do not seem of sufficient magnitude to 
account for the double refraction of the crystals. 

On the other hand, experiments on electric induction are liable to error on account 

of minute flaws, or portions of conducting matter in the crystal. 
Further experiments on the magnetic and dielectric properties of crystals are required 

before we can decide whether the relation of these bodies to magnetic and electric 

forces is the same, when these forces are permanent as when they are alternating with 

the rapidity of the vibrations of light. 
* 

Philosophical Magazine, 1852. 
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Relation between Electric Resistance and Transparency. 

(106) If the medium, instead of being a perfect insulator, is a conductor whose resist- 
ance per unit of volume is e, then there will be not only electric displacements, but true 
currents of conduction in which electrical energy is transformed into heat, and the undu- 
lation is thereby weakened. To determine the coefficient of absorption, let us investi- 
gate the propagation along the axis of x of the transverse disturbance G. 

By the former equations 
d2G 
Wx2 4- --4s(q') 

~dx ~dG 

=-4r(p + W )t +Tf Cby (A), 

d_G I, d2G I dG 
d=. + 4(h d -d--e d by (E) and (F). (95) 

If G is of the form 

G e-P cos(x+nt), ........... . (96) 
we find that 

22,r 7 n 2 Yr V (97) 
gq q z 

where V is the velocity of light in air, and i is the index of refraction. The proportion 
of incident light transmitted through the thickness x is 

e-'P\ ... .... (98) e -9Px. (98) 
Let R be the resistance in electromagnetic measure of a plate of the substance whose 

thickness is x, breadth b, and length 1, then 

bx 

v I 
2px =4 ....... (99) 

(107) Most transparent solid bodies are good insulators, whereas all good conductors 
are very opaque. 

Electrolytes allow a current to pass easily and yet are often very transparent. We 
may suppose, however, that in the rapidly alternating vibrations of light, the electro- 
motive forces act for so short a time that they are unable to effect a complete separation 
between the particles in combination, so that when the force is reversed the particles 
oscillate into their former position without loss of energy. 

Gold, silver, and platinum are good conductors, and yet when reduced to sufficiently 
thin plates they allow light to pass through them. If the resistance of gold is the same 
for electromotive forces of short period as for those with which we make experiments, 
the amount of light which passes through a piece of gold-leaf, of which the resistance 
was determined by Mr. C. HOCKIN, would be only 10-50 of the incident light, a totally 
imperceptible quantity. I find that between -5x and T--,lO- of green light gets through 
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such gold-leaf. Much of this is transmitted through holes and cracks; there is enough, 
however, transmitted through the gold itself to give a strong green hue to the 
transmitted light. This result cannot be reconciled with the electromagnetic theory 
of light, unless we suppose that there is less loss of energy when the electromotive forces 
are reversed with the rapidity of the vibrations of light than when they act for sensible 

times, as in our experiments. 

Absolute Valtues of the Electromnotive and il/iaqnetic Forces called into play ign the 

Propagation of Light. 

(108) If the equation of propagation of light is 

F=A cos (z- Vt), 
the electromotive force will be 

P=- -A V sin (z Vt); 

and the energy per unit of volume will be 

P2 

8FV2' 

where P represents the greatest value of the electromotive force. Half of this consists 
of magnetic and half of electric energy. 

The energy passing through a unit of area is 

p2 

so that rV 
P =V/8svVW, 

where V is the velocity of light, and W is the energy communicated to unit of area by 
the light in a second. 

According to POUILLET'S data, as calculated by Professor W. THOMSON *, the mecha- 
nical value of direct sunlight at the Earth is 

83*4 foot-pounds per second per square foot. 

This gives the maximum value of P in direct sunlight at the Earth's distance from the Sun, 

P=60,000,000, 

or about 600 DANIELL'S cells per metre. 

At the Sun's surface the value of P would be about 
13,000 DANIELL'S cells per metre. 

At the Earth the maximum magnetic force would be *193 f. 
At the Sun it would be 4'13. 
These electromotive and magnetic forces must be conceived to be reversed twice in 

every vibration of light; that is, more than a thousand million million times in a second. 

* Transactions of the Royal Society of Edinburgh, 1854 (" iMechanical Energies of the Solar System"). 
i The horizontal magnetic force at Kew is about 1-76 in metrical units. 
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PART VII.-CALCULATION OF THE COEFFICIENTS OF ELECTROMAGNETIC INDTJCTION. 

General Methods. 

(109) The electromagnetic relations between two conducting circuits, A and B, 
depend upon a function M of their form and relative position, as has been already 
shown. 

M may be calculated in several different ways, which must of course all lead to the 
same result. 

First Method. M is the electromagnetic momentum of the circuit B when A carries 
a unit current, or d+ ds , 

M=F 
dx 

+H s 

where F, G, H are the components of electromagnetic momentnm due to a unit current 
in A, and ds' is an element of length of B, and the integration is performed round the 
circuit of B. 

To find F, G, H, we observe that by (B) and (C) 

d2F d2F dF , 
X dy 2-+ d 

- - 4rp , 

with corresponding equations for G and H, ', ', and r being the components of the 
current in A. 

Now if we consider only a single element ds of A, we shall have 

dx , dy , dz, 2'= ds, - ds, r- ds, P =ds ds ds, 

and the solution of the equation gives 

F- dx , G dy, H-- ds 
ds ds g s 

where g is the distance of any point from ds. Hence 

iv/r C^ddx dyd ddx yi dz dz\ 
M=jS (^ ds' +dsds^?ds)d8 

L== cos dsds'ds 

where 0 is the angle between the directions of the two elements ds, ds', and g is the 
distance between them, and the integration is performed round both circuits. 

In this method we confine our attention during integration to the two linear circuits 
alone. 

(110) Second Method. M is the number of lines of magnetic force which pass 
through the circuit B when A carries a unit current, or 

c mnn f mnic indcin d n 

where zocs, p3, {y are the components of magnetic induction due to unit current in A, 
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S' is a surface bounded by the current B, and 1, mn, n are the direction-cosines of the 
normal to the surface, the integration being extended over the surface. 

We may express this in the form 

M=p -4 sin 0 sin 0' sin pdS'ds, 

where dS' is an element of the surface bounded by B, ds is an element of the circuit A, 
g is the distance between them, 0 and 8' are the angles between g and ds and between 
g and the normal to dS' respectively, and p is the angle between the planes in which 
0 and 0' are measured. The integration is performed round the circuit A and over the 
surface bounded by B. 

This method is most convenient in the case of circuits lying in one plane, in which 
case sin 0=1, and sin p=1l. 

111. Third Method. M is that part of the intrinsic magnetic energy of the whole 
field which depends on the product of the currents in the two circuits, each current 
being unity. 

Let a, /3, y be the components of magnetic intensity at any point due to the first 
circuit, o', ', y' the same for the second circuit; then the intrinsic energy of the 
element of volume dV of the field is 

8r ((? + )2 +(P+3)2 +(y+Y ) )dv 

The part which depends on the product of the currents is 

(a' +f3i'+ yy+)dv. 

Hence if we know the magnetic intensities I and I' due to unit current in each circuit, 
we may obtain M by integrating 

2- p,I I'cos OdV 
47r 

over all space, where 0 is the angle between the directions of I and I'. 

Application to a Coil. 

(112) To find the coefficient (M) of mutual induction between two circular linear 
conductors in parallel planes, the distance between the curves being everywhere the same, 
and small compared with the radius of either. 

If r be the distance between the curves, and a the radius of either, then when r is 
very small compared with a, we find by the second method, as a first approximation, 

M=4ra (logea-2). 

To approximate more closely to the value of M, let a and a, be the radii of the circles, 
and b the distance between their planes; then 

2 =(a-a1)2+-2. 
MDCCCLXV. 3 Z 
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We obtain M by considering the following conditions:- 
1st. M must fulfil the differential equation 

d2M d2M 1 dM 
da2 + db2 a +d-d' 

This equation being true for any magnetic field symmetrical with respect to the common 

axis of the circles, cannot of itself lead to the determination of M as a function of a, a,, 
and b. We therefore make use of other conditions. 

2ndly. The value of M must remain the same when a and a, are exchanged. 

3rdly. The first two terms of M must be the same as those given above. 

M may thus be expanded in the following series:- 

M-- 4sra loog la-1 + a-acl 13b2+(al _a)2_ I (3e2 (a-a)2)(a-a)+&C 
MI=4^alog {1+|a ?3h?+a1a)z IG 

-4Ja{2+ 1 
aal, 

I 
b2-3(a-a2) 1 (6ba-- (a-a2)(a-a,) + &c 

'2 a '16 a2 48 as ' 

(113) We may apply this result to find the coefficient of self-induction (L) of a circular 

coil of wire whose section is small compared with the radius of the circle. 

Let the section of the coil be a rectangle, the breadth in the plane of the circle being 
c, and the depth perpendicular to the plane of the circle being 6. 

Let the mean radius of the coil be a, and the number of windings n; then we find, 

by integrating, 2 
/n 

L== 111Mi(xy x'y')dv dy dx' dy', 

where M(iy'.'y') means the value of M for the two windings whose coordinates are xy 
and 'y' respectively; and the integration is performed first with respect to x and y over 

the rectangular section, and then with respect to x' and y' over the same space. 

L= 4-n2a loge- + 1 - (d-4) cot 2D- cos 2-6 -cot20 log cos 0- tan2n log sin 

7rn+r2 l 2 a +l)+3cos -32 - sin30 l cos4 
+24a jogr (2 sin2+1)+3.45+27-475 3cos2d-32 k2 cos 0?5 sin2" log cos o 

,- 13 sin4G0 A)OQ 
+ 3 scoosO log sin d + &c. 

Here a= mean radius of the coil. 

, r= diagonal of the rectangular section =V/b2+2. 

,, = angle between r and the plane of the circle. 

, n= number of windings. 
The logarithms are Napierian, and the angles are in circular measure. 

In the experiments made by the Committee of the British Association for deter- 

mining a standard of Electrical Resistance, a double coil was used, consisting of two 

nearly equal coils of rectangular section, placed parallel to each other, with a small 

interval between them. 
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The value of L for this coil was found in the following way. 
The value of L was calculated by the preceding formula for six different cases, in 

which the rectangular section considered has always the same breadth, while the depth 
was 

A, B, C, A+-B, B+C, A+B+C, 
and n=1 in each case. 

Calling the results 
L(A), L(B), L(C), &c., 

we calculate the coefficient of mutual induction M(AC) of the two coils thus, 

2AM(AC)(A+B=(A+B+ )2L(A+B+ C)-(A+B)2L(A+B)-(B +C)2L(B + C) + B2L(B). 

Then if n1 is the number of windings in the coil A and n, in the coil B, the coefficient 
of self-induction of the two coils together is 

L=n~L(A) + 2n,n2L(AC) +n L(B). 

(114) These values of L are calculated on the supposition that the windings of the 
wire are evenly distributed so as to fill up exactly the whole section. This, however, is 
not the case, as the wire is generally circular and, covered with insulating material. 
Hence the current in the wire is more concentrated than it would have been if it had 
been distributed uniformly over the section, and the currents in the neighbouring wires 
do not act on it exactly as such a uniform current would do. 

The corrections arising from these considerations may be expressed as numerical 

quantities, by which we must multiply the length of the wire, and they are the same 
whatever be the form of the coil. 

Let the distance between each wire and the next, on the supposition that they are 
arranged in square order, be D, and let the diameter of the wire be d, then the correc- 
tion for diameter of wire is 

+2/1D 4 
+2 (log d +- log2+3- -)? 

The correction for the eight nearest wires is 

+0-0236. 
For the sixteen in the next row 

+0-00083. 

These corrections being multiplied by the length of wire and added to the former 
result, give the true value of L, considered as the measure of the potential of the coil 
on itself for unit current in the wire when that current has been established for some 
time, and is uniformly distributed through the section of the wire. 

(115) But at the commencement of a current and during its variation the current is 
not uniform throughout the section of the wire, because the inductive action between 
different portions of the current tends to make the current stronger at one part of the 
section than at another. When a uniform electromotive force P arising from any cause 

3z2 
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acts on a cylindrical wire of specific resistance e, we have 
dF 

--P-- , 

where F is got from the equation 
dPF 1 dF 
-d+ r dr --4r 

r being the distance from the axis of the cylinder. 
Let one term of the value of F be of the form Tr", where T is a fuinction of the time, 

then the term of p which produced it is of the form 

--n2-Tr-2. 

Hence if we write 

F=T+ F P (-P+ dt r2+ 12 .t22 -dt r4+ &c . 
dT 2r d21 dT 

Pi= (-+- t-} dT dt2u2 1 f ddr4-&c. 

The total counter current of self-induction at any point is 

r/P 1 \ ^rp , (rdTr2 i 1 d2T 
P dt- --T -t- &C. -P 

- lT 
+ 

!27d- 
3- 122 

r4'+ 
&c. 

from t=0 to t=oo. 

When t=O, p=O, (dt =P, (dt) &c. 

When t=co,XJS , .g^ (d)=o,? (dT)= o0,&c. 
When t=oo,p=Othroughout = &c. 

and if C be the current when established in the wire, C= 

rT p l^,1 1 l LCd1T r 
from t--O to --oo. 

When t=O, _-p=0 throughout the section, .d, () =0, &c. 

When t=- -,2- -0 throughout . . . ? ? 
? J, -,a) /-0,&c. 

Also if I be the length of the wire, and R its resistance, 

R= ~. 

PI 
and if C be the current when established in the wire, C== -. 

The total counter current may be written 
I - -- I ZLC 35) 
R(Too -T,)- 2~F~C= n- by ? (35), 
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Now if the current instead of being variable from the centre to the circumference of 
the section of the wire had been the same throughout, the value of F would have been 

F=T+y (l-- r- 

where y is the current in the wire at any instant, and the total countercurrent would 
have been 

I=( T~- dF 1 3 1 L' C 
-j7!2t a2rdr= R(To,-To)- C= - --, say. 

Hence 

or the value of L which must be used in calculating the self-induction of a wire for 
variable currents is less than that which is deduced from the supposition of the current 

being constant throughout the section of the wire by Ihl, where I is the length of the 

wire, and p is the coefficient of magnetic induction for the substance of the wire. 

(116) The dimensions of the coil used by the Committee of the British Association 
in their experiments at King's College in 1864 were as follows:- 

metre. 
Mean radius ....... -=158194 

Depth of each coil .. .. =b=01608 
Breadth of each coil ... = = 01841 
Distance between the coils. . . -02010 
Number of windings ... n. . 313 
Diameter of wire . . . =00126 

The value of L derived from the first term of the expression is 437440 metres. 
The correction depending on the radius not being infinitely great compared with the 

section of the coil as found from the second term is -7345 metres. 
The correction depending on the diameter of the wire is 1 449 

per unit of length .......... . J 
Correction of eight neighbouring wires ....... +'0236 
For sixteen wires next to these .. ... +-0008 
Correction for variation of current in different parts of section - 2500 

Total correction per unit of length . . . 22437 

Length. 311-236 metres. 

Sum of corrections of this kind .... 70 ,, 
Final value of L by calculation ...... 430165 

This value of L was employed in reducing the observations, according to the method 

explained in the Report of the Committee*. The correction depending on L varies 

as the square of the velocity. The results of sixteen experiments to which this correc- 
tion had been applied, and in which the velocity varied from 100 revolutions in 
seventeen seconds to 100 in seventy-seven seconds, were compared by the method of 

* British Association Reports, 1863, p. 169. 
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least squares to determine what further correction depending on the square of the 

velocity should be applied to make the outstanding errors a minimum. 
The result of this examination showed that the calculated value of L should be 

multiplied by 1 0618 to obtain the value of L, which would give the most consistent 
results. 

We have therefore L by calculation . .. .. 430165 metres. 
Probable value of L by method of least squares . .. . 456748 ,, 
Result of rough experiment with the Electric Balance (see ? 46) 410000 , 
The value of L calculated from the dimensions of the coil is probably much more 

accurate than either of the other determinations. 
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ON THE ELECTRODYNAMICS OF MOVING

BODIES

By A. EINSTEIN

June 30, 1905

It is known that Maxwell’s electrodynamics—as usually understood at the
present time—when applied to moving bodies, leads to asymmetries which do
not appear to be inherent in the phenomena. Take, for example, the recipro-
cal electrodynamic action of a magnet and a conductor. The observable phe-
nomenon here depends only on the relative motion of the conductor and the
magnet, whereas the customary view draws a sharp distinction between the two
cases in which either the one or the other of these bodies is in motion. For if the
magnet is in motion and the conductor at rest, there arises in the neighbour-
hood of the magnet an electric field with a certain definite energy, producing
a current at the places where parts of the conductor are situated. But if the
magnet is stationary and the conductor in motion, no electric field arises in the
neighbourhood of the magnet. In the conductor, however, we find an electro-
motive force, to which in itself there is no corresponding energy, but which gives
rise—assuming equality of relative motion in the two cases discussed—to elec-
tric currents of the same path and intensity as those produced by the electric
forces in the former case.

Examples of this sort, together with the unsuccessful attempts to discover
any motion of the earth relatively to the “light medium,” suggest that the
phenomena of electrodynamics as well as of mechanics possess no properties
corresponding to the idea of absolute rest. They suggest rather that, as has
already been shown to the first order of small quantities, the same laws of
electrodynamics and optics will be valid for all frames of reference for which the
equations of mechanics hold good.1 We will raise this conjecture (the purport
of which will hereafter be called the “Principle of Relativity”) to the status
of a postulate, and also introduce another postulate, which is only apparently
irreconcilable with the former, namely, that light is always propagated in empty
space with a definite velocity c which is independent of the state of motion of the
emitting body. These two postulates suffice for the attainment of a simple and
consistent theory of the electrodynamics of moving bodies based on Maxwell’s
theory for stationary bodies. The introduction of a “luminiferous ether” will
prove to be superfluous inasmuch as the view here to be developed will not
require an “absolutely stationary space” provided with special properties, nor

1The preceding memoir by Lorentz was not at this time known to the author.
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assign a velocity-vector to a point of the empty space in which electromagnetic
processes take place.

The theory to be developed is based—like all electrodynamics—on the kine-
matics of the rigid body, since the assertions of any such theory have to do
with the relationships between rigid bodies (systems of co-ordinates), clocks,
and electromagnetic processes. Insufficient consideration of this circumstance
lies at the root of the difficulties which the electrodynamics of moving bodies
at present encounters.

I. KINEMATICAL PART

§ 1. Definition of Simultaneity

Let us take a system of co-ordinates in which the equations of Newtonian
mechanics hold good.2 In order to render our presentation more precise and
to distinguish this system of co-ordinates verbally from others which will be
introduced hereafter, we call it the “stationary system.”

If a material point is at rest relatively to this system of co-ordinates, its
position can be defined relatively thereto by the employment of rigid standards
of measurement and the methods of Euclidean geometry, and can be expressed
in Cartesian co-ordinates.

If we wish to describe the motion of a material point, we give the values of
its co-ordinates as functions of the time. Now we must bear carefully in mind
that a mathematical description of this kind has no physical meaning unless
we are quite clear as to what we understand by “time.” We have to take into
account that all our judgments in which time plays a part are always judgments
of simultaneous events. If, for instance, I say, “That train arrives here at 7
o’clock,” I mean something like this: “The pointing of the small hand of my
watch to 7 and the arrival of the train are simultaneous events.”3

It might appear possible to overcome all the difficulties attending the defini-
tion of “time” by substituting “the position of the small hand of my watch” for
“time.” And in fact such a definition is satisfactory when we are concerned with
defining a time exclusively for the place where the watch is located; but it is no
longer satisfactory when we have to connect in time series of events occurring
at different places, or—what comes to the same thing—to evaluate the times of
events occurring at places remote from the watch.

We might, of course, content ourselves with time values determined by an
observer stationed together with the watch at the origin of the co-ordinates,
and co-ordinating the corresponding positions of the hands with light signals,
given out by every event to be timed, and reaching him through empty space.
But this co-ordination has the disadvantage that it is not independent of the
standpoint of the observer with the watch or clock, as we know from experience.

2i.e. to the first approximation.
3We shall not here discuss the inexactitude which lurks in the concept of simultaneity of

two events at approximately the same place, which can only be removed by an abstraction.
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We arrive at a much more practical determination along the following line of
thought.

If at the point A of space there is a clock, an observer at A can determine the
time values of events in the immediate proximity of A by finding the positions
of the hands which are simultaneous with these events. If there is at the point B
of space another clock in all respects resembling the one at A, it is possible for
an observer at B to determine the time values of events in the immediate neigh-
bourhood of B. But it is not possible without further assumption to compare,
in respect of time, an event at A with an event at B. We have so far defined
only an “A time” and a “B time.” We have not defined a common “time” for
A and B, for the latter cannot be defined at all unless we establish by definition

that the “time” required by light to travel from A to B equals the “time” it
requires to travel from B to A. Let a ray of light start at the “A time” tA from
A towards B, let it at the “B time” tB be reflected at B in the direction of A,
and arrive again at A at the “A time” t′

A
.

In accordance with definition the two clocks synchronize if

tB − tA = t′A − tB.

We assume that this definition of synchronism is free from contradictions,
and possible for any number of points; and that the following relations are
universally valid:—

1. If the clock at B synchronizes with the clock at A, the clock at A syn-
chronizes with the clock at B.

2. If the clock at A synchronizes with the clock at B and also with the clock
at C, the clocks at B and C also synchronize with each other.

Thus with the help of certain imaginary physical experiments we have set-
tled what is to be understood by synchronous stationary clocks located at dif-
ferent places, and have evidently obtained a definition of “simultaneous,” or
“synchronous,” and of “time.” The “time” of an event is that which is given
simultaneously with the event by a stationary clock located at the place of
the event, this clock being synchronous, and indeed synchronous for all time
determinations, with a specified stationary clock.

In agreement with experience we further assume the quantity

2AB

t′A − tA
= c,

to be a universal constant—the velocity of light in empty space.
It is essential to have time defined by means of stationary clocks in the

stationary system, and the time now defined being appropriate to the stationary
system we call it “the time of the stationary system.”

§ 2. On the Relativity of Lengths and Times

The following reflexions are based on the principle of relativity and on the
principle of the constancy of the velocity of light. These two principles we
define as follows:—

3



1. The laws by which the states of physical systems undergo change are not
affected, whether these changes of state be referred to the one or the other of
two systems of co-ordinates in uniform translatory motion.

2. Any ray of light moves in the “stationary” system of co-ordinates with
the determined velocity c, whether the ray be emitted by a stationary or by a
moving body. Hence

velocity =
light path

time interval

where time interval is to be taken in the sense of the definition in § 1.
Let there be given a stationary rigid rod; and let its length be l as measured

by a measuring-rod which is also stationary. We now imagine the axis of the
rod lying along the axis of x of the stationary system of co-ordinates, and that
a uniform motion of parallel translation with velocity v along the axis of x in
the direction of increasing x is then imparted to the rod. We now inquire as to
the length of the moving rod, and imagine its length to be ascertained by the
following two operations:—

(a) The observer moves together with the given measuring-rod and the rod
to be measured, and measures the length of the rod directly by superposing the
measuring-rod, in just the same way as if all three were at rest.

(b) By means of stationary clocks set up in the stationary system and syn-
chronizing in accordance with § 1, the observer ascertains at what points of the
stationary system the two ends of the rod to be measured are located at a definite
time. The distance between these two points, measured by the measuring-rod
already employed, which in this case is at rest, is also a length which may be
designated “the length of the rod.”

In accordance with the principle of relativity the length to be discovered by
the operation (a)—we will call it “the length of the rod in the moving system”—
must be equal to the length l of the stationary rod.

The length to be discovered by the operation (b) we will call “the length
of the (moving) rod in the stationary system.” This we shall determine on the
basis of our two principles, and we shall find that it differs from l.

Current kinematics tacitly assumes that the lengths determined by these two
operations are precisely equal, or in other words, that a moving rigid body at
the epoch t may in geometrical respects be perfectly represented by the same

body at rest in a definite position.
We imagine further that at the two ends A and B of the rod, clocks are

placed which synchronize with the clocks of the stationary system, that is to say
that their indications correspond at any instant to the “time of the stationary
system” at the places where they happen to be. These clocks are therefore
“synchronous in the stationary system.”

We imagine further that with each clock there is a moving observer, and
that these observers apply to both clocks the criterion established in § 1 for the
synchronization of two clocks. Let a ray of light depart from A at the time4 tA,

4“Time” here denotes “time of the stationary system” and also “position of hands of the

moving clock situated at the place under discussion.”
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let it be reflected at B at the time tB, and reach A again at the time t′
A
. Taking

into consideration the principle of the constancy of the velocity of light we find
that

tB − tA =
rAB

c− v
and t′A − tB =

rAB

c+ v

where rAB denotes the length of the moving rod—measured in the stationary
system. Observers moving with the moving rod would thus find that the two
clocks were not synchronous, while observers in the stationary system would
declare the clocks to be synchronous.

So we see that we cannot attach any absolute signification to the concept of
simultaneity, but that two events which, viewed from a system of co-ordinates,
are simultaneous, can no longer be looked upon as simultaneous events when
envisaged from a system which is in motion relatively to that system.

§ 3. Theory of the Transformation of Co-ordinates and

Times from a Stationary System to another System in

Uniform Motion of Translation Relatively to the Former

Let us in “stationary” space take two systems of co-ordinates, i.e. two sys-
tems, each of three rigid material lines, perpendicular to one another, and issuing
from a point. Let the axes of X of the two systems coincide, and their axes of
Y and Z respectively be parallel. Let each system be provided with a rigid
measuring-rod and a number of clocks, and let the two measuring-rods, and
likewise all the clocks of the two systems, be in all respects alike.

Now to the origin of one of the two systems (k) let a constant velocity v
be imparted in the direction of the increasing x of the other stationary system
(K), and let this velocity be communicated to the axes of the co-ordinates, the
relevant measuring-rod, and the clocks. To any time of the stationary system K
there then will correspond a definite position of the axes of the moving system,
and from reasons of symmetry we are entitled to assume that the motion of k
may be such that the axes of the moving system are at the time t (this “t” always
denotes a time of the stationary system) parallel to the axes of the stationary
system.

We now imagine space to be measured from the stationary system K by
means of the stationary measuring-rod, and also from the moving system k
by means of the measuring-rod moving with it; and that we thus obtain the
co-ordinates x, y, z, and ξ, η, ζ respectively. Further, let the time t of the
stationary system be determined for all points thereof at which there are clocks
by means of light signals in the manner indicated in § 1; similarly let the time
τ of the moving system be determined for all points of the moving system at
which there are clocks at rest relatively to that system by applying the method,
given in § 1, of light signals between the points at which the latter clocks are
located.

To any system of values x, y, z, t, which completely defines the place and
time of an event in the stationary system, there belongs a system of values ξ,

5



η, ζ τ , determining that event relatively to the system k, and our task is now
to find the system of equations connecting these quantities.

In the first place it is clear that the equations must be linear on account of
the properties of homogeneity which we attribute to space and time.

If we place x′ = x− vt, it is clear that a point at rest in the system k must
have a system of values x′, y, z, independent of time. We first define τ as a
function of x′, y, z, and t. To do this we have to express in equations that τ is
nothing else than the summary of the data of clocks at rest in system k, which
have been synchronized according to the rule given in § 1.

From the origin of system k let a ray be emitted at the time τ0 along the
X-axis to x′, and at the time τ1 be reflected thence to the origin of the co-
ordinates, arriving there at the time τ2; we then must have 1

2
(τ0 + τ2) = τ1, or,

by inserting the arguments of the function τ and applying the principle of the
constancy of the velocity of light in the stationary system:—

1

2

[

τ(0, 0, 0, t) + τ

(

0, 0, 0, t+
x′

c− v
+

x′

c+ v

)]

= τ

(

x′, 0, 0, t+
x′

c− v

)

.

Hence, if x′ be chosen infinitesimally small,

1

2

(

1

c− v
+

1

c+ v

)

∂τ

∂t
=

∂τ

∂x′
+

1

c− v

∂τ

∂t
,

or

∂τ

∂x′
+

v

c2 − v2

∂τ

∂t
= 0.

It is to be noted that instead of the origin of the co-ordinates we might have
chosen any other point for the point of origin of the ray, and the equation just
obtained is therefore valid for all values of x′, y, z.

An analogous consideration—applied to the axes of Y and Z—it being borne
in mind that light is always propagated along these axes, when viewed from the
stationary system, with the velocity

√
c2 − v2 gives us

∂τ

∂y
= 0,

∂τ

∂z
= 0.

Since τ is a linear function, it follows from these equations that

τ = a

(

t− v

c2 − v2
x′

)

where a is a function φ(v) at present unknown, and where for brevity it is
assumed that at the origin of k, τ = 0, when t = 0.

With the help of this result we easily determine the quantities ξ, η, ζ by
expressing in equations that light (as required by the principle of the constancy
of the velocity of light, in combination with the principle of relativity) is also

6



propagated with velocity c when measured in the moving system. For a ray of
light emitted at the time τ = 0 in the direction of the increasing ξ

ξ = cτ or ξ = ac

(

t− v

c2 − v2
x′

)

.

But the ray moves relatively to the initial point of k, when measured in the
stationary system, with the velocity c− v, so that

x′

c− v
= t.

If we insert this value of t in the equation for ξ, we obtain

ξ = a
c2

c2 − v2
x′.

In an analogous manner we find, by considering rays moving along the two other
axes, that

η = cτ = ac

(

t− v

c2 − v2
x′

)

when

y√
c2 − v2

= t, x′ = 0.

Thus

η = a
c√

c2 − v2
y and ζ = a

c√
c2 − v2

z.

Substituting for x′ its value, we obtain

τ = φ(v)β(t − vx/c2),

ξ = φ(v)β(t − vt),

η = φ(v)y,

ζ = φ(v)z,

where

β =
1

√

1 − v2/c2
,

and φ is an as yet unknown function of v. If no assumption whatever be made
as to the initial position of the moving system and as to the zero point of τ , an
additive constant is to be placed on the right side of each of these equations.
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We now have to prove that any ray of light, measured in the moving system,
is propagated with the velocity c, if, as we have assumed, this is the case in the
stationary system; for we have not as yet furnished the proof that the principle
of the constancy of the velocity of light is compatible with the principle of
relativity.

At the time t = τ = 0, when the origin of the co-ordinates is common to the
two systems, let a spherical wave be emitted therefrom, and be propagated with
the velocity c in system K. If (x, y, z) be a point just attained by this wave,
then

x2 + y2 + z2 = c2t2.

Transforming this equation with the aid of our equations of transformation
we obtain after a simple calculation

ξ2 + η2 + ζ2 = c2τ2.

The wave under consideration is therefore no less a spherical wave with
velocity of propagation c when viewed in the moving system. This shows that
our two fundamental principles are compatible.5

In the equations of transformation which have been developed there enters
an unknown function φ of v, which we will now determine.

For this purpose we introduce a third system of co-ordinates K′, which rela-
tively to the system k is in a state of parallel translatory motion parallel to the
axis of X, such that the origin of co-ordinates of system k moves with velocity
−v on the axis of X. At the time t = 0 let all three origins coincide, and when
t = x = y = z = 0 let the time t′ of the system K′ be zero. We call the co-
ordinates, measured in the system K′, x′, y′, z′, and by a twofold application of
our equations of transformation we obtain

t′ = φ(−v)β(−v)(τ + vξ/c2) = φ(v)φ(−v)t,
x′ = φ(−v)β(−v)(ξ + vτ) = φ(v)φ(−v)x,
y′ = φ(−v)η = φ(v)φ(−v)y,
z′ = φ(−v)ζ = φ(v)φ(−v)z.

Since the relations between x′, y′, z′ and x, y, z do not contain the time t,
the systems K and K′ are at rest with respect to one another, and it is clear that
the transformation from K to K′ must be the identical transformation. Thus

φ(v)φ(−v) = 1.

We now inquire into the signification of φ(v). We give our attention to that
part of the axis of Y of system k which lies between ξ = 0, η = 0, ζ = 0 and
ξ = 0, η = l, ζ = 0. This part of the axis of Y is a rod moving perpendicularly

5The equations of the Lorentz transformation may be more simply deduced directly from

the condition that in virtue of those equations the relation x2 + y2 + z2 = c2t2 shall have as

its consequence the second relation ξ2 + η2 + ζ2 = c2τ2.
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to its axis with velocity v relatively to system K. Its ends possess in K the
co-ordinates

x1 = vt, y1 =
l

φ(v)
, z1 = 0

and
x2 = vt, y2 = 0, z2 = 0.

The length of the rod measured in K is therefore l/φ(v); and this gives us the
meaning of the function φ(v). From reasons of symmetry it is now evident that
the length of a given rod moving perpendicularly to its axis, measured in the
stationary system, must depend only on the velocity and not on the direction
and the sense of the motion. The length of the moving rod measured in the
stationary system does not change, therefore, if v and −v are interchanged.
Hence follows that l/φ(v) = l/φ(−v), or

φ(v) = φ(−v).

It follows from this relation and the one previously found that φ(v) = 1, so that
the transformation equations which have been found become

τ = β(t− vx/c2),

ξ = β(x − vt),

η = y,

ζ = z,

where

β = 1/
√

1 − v2/c2.

§ 4. Physical Meaning of the Equations Obtained in

Respect to Moving Rigid Bodies and Moving Clocks

We envisage a rigid sphere6 of radius R, at rest relatively to the moving system
k, and with its centre at the origin of co-ordinates of k. The equation of the
surface of this sphere moving relatively to the system K with velocity v is

ξ2 + η2 + ζ2 = R2.

The equation of this surface expressed in x, y, z at the time t = 0 is

x2

(
√

1 − v2/c2)2
+ y2 + z2 = R2.

6That is, a body possessing spherical form when examined at rest.
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A rigid body which, measured in a state of rest, has the form of a sphere,
therefore has in a state of motion—viewed from the stationary system—the
form of an ellipsoid of revolution with the axes

R
√

1 − v2/c2, R, R.

Thus, whereas the Y and Z dimensions of the sphere (and therefore of every
rigid body of no matter what form) do not appear modified by the motion, the
X dimension appears shortened in the ratio 1 :

√

1 − v2/c2, i.e. the greater the
value of v, the greater the shortening. For v = c all moving objects—viewed from
the “stationary” system—shrivel up into plane figures.† For velocities greater
than that of light our deliberations become meaningless; we shall, however, find
in what follows, that the velocity of light in our theory plays the part, physically,
of an infinitely great velocity.

It is clear that the same results hold good of bodies at rest in the “stationary”
system, viewed from a system in uniform motion.

Further, we imagine one of the clocks which are qualified to mark the time
t when at rest relatively to the stationary system, and the time τ when at rest
relatively to the moving system, to be located at the origin of the co-ordinates
of k, and so adjusted that it marks the time τ . What is the rate of this clock,
when viewed from the stationary system?

Between the quantities x, t, and τ , which refer to the position of the clock,
we have, evidently, x = vt and

τ =
1

√

1 − v2/c2
(t− vx/c2).

Therefore,

τ = t
√

1 − v2/c2 = t− (1 −
√

1 − v2/c2)t

whence it follows that the time marked by the clock (viewed in the stationary
system) is slow by 1 −

√

1 − v2/c2 seconds per second, or—neglecting magni-
tudes of fourth and higher order—by 1

2
v2/c2.

From this there ensues the following peculiar consequence. If at the points A
and B of K there are stationary clocks which, viewed in the stationary system,
are synchronous; and if the clock at A is moved with the velocity v along the
line AB to B, then on its arrival at B the two clocks no longer synchronize,
but the clock moved from A to B lags behind the other which has remained at
B by 1

2
tv2/c2 (up to magnitudes of fourth and higher order), t being the time

occupied in the journey from A to B.
It is at once apparent that this result still holds good if the clock moves from

A to B in any polygonal line, and also when the points A and B coincide.
If we assume that the result proved for a polygonal line is also valid for a

continuously curved line, we arrive at this result: If one of two synchronous

†Editor’s note: In the original 1923 English edition, this phrase was erroneously translated as

“plain figures”. I have used the correct “plane figures” in this edition.
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clocks at A is moved in a closed curve with constant velocity until it returns to
A, the journey lasting t seconds, then by the clock which has remained at rest
the travelled clock on its arrival at A will be 1

2
tv2/c2 second slow. Thence we

conclude that a balance-clock7 at the equator must go more slowly, by a very
small amount, than a precisely similar clock situated at one of the poles under
otherwise identical conditions.

§ 5. The Composition of Velocities

In the system k moving along the axis of X of the system K with velocity v,
let a point move in accordance with the equations

ξ = wξτ, η = wητ, ζ = 0,

where wξ and wη denote constants.
Required: the motion of the point relatively to the system K. If with the help

of the equations of transformation developed in § 3 we introduce the quantities
x, y, z, t into the equations of motion of the point, we obtain

x =
wξ + v

1 + vwξ/c2
t,

y =

√

1 − v2/c2

1 + vwξ/c2
wηt,

z = 0.

Thus the law of the parallelogram of velocities is valid according to our
theory only to a first approximation. We set

V 2 =

(

dx

dt

)2

+

(

dy

dt

)2

,

w2 = w2

ξ + w2

η,

a = tan−1 wy/wx,

a is then to be looked upon as the angle between the velocities v and w. After
a simple calculation we obtain

V =

√

(v2 + w2 + 2vw cos a) − (vw sin a/c2)2

1 + vw cos a/c2
.

7Not a pendulum-clock, which is physically a system to which the Earth belongs. This

case had to be excluded.
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It is worthy of remark that v and w enter into the expression for the resultant
velocity in a symmetrical manner. If w also has the direction of the axis of X,
we get

V =
v + w

1 + vw/c2
.

It follows from this equation that from a composition of two velocities which
are less than c, there always results a velocity less than c. For if we set v =
c− κ,w = c− λ, κ and λ being positive and less than c, then

V = c
2c− κ− λ

2c− κ− λ+ κλ/c
< c.

It follows, further, that the velocity of light c cannot be altered by compo-
sition with a velocity less than that of light. For this case we obtain

V =
c+ w

1 + w/c
= c.

We might also have obtained the formula for V, for the case when v and w have
the same direction, by compounding two transformations in accordance with §
3. If in addition to the systems K and k figuring in § 3 we introduce still another
system of co-ordinates k′ moving parallel to k, its initial point moving on the
axis of X with the velocity w, we obtain equations between the quantities x,
y, z, t and the corresponding quantities of k′, which differ from the equations
found in § 3 only in that the place of “v” is taken by the quantity

v + w

1 + vw/c2
;

from which we see that such parallel transformations—necessarily—forma group.
We have now deduced the requisite laws of the theory of kinematics cor-

responding to our two principles, and we proceed to show their application to
electrodynamics.

II. ELECTRODYNAMICAL PART

§ 6. Transformation of the Maxwell-Hertz Equations for

Empty Space. On the Nature of the Electromotive Forces

Occurring in a Magnetic Field During Motion

Let the Maxwell-Hertz equations for empty space hold good for the stationary
system K, so that we have

1
c
∂X
∂t = ∂N

∂y − ∂M
∂z , 1

c
∂L
∂t = ∂Y

∂z − ∂Z
∂y ,

1
c
∂Y
∂t

= ∂L
∂z

− ∂N
∂x

, 1
c
∂M
∂t

= ∂Z
∂x

− ∂X
∂z

,

1
c
∂Z
∂t

= ∂M
∂x

− ∂L
∂y

, 1
c
∂N
∂t

= ∂X
∂y

− ∂Y
∂x

,
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where (X, Y, Z) denotes the vector of the electric force, and (L, M, N) that of
the magnetic force.

If we apply to these equations the transformation developed in § 3, by re-
ferring the electromagnetic processes to the system of co-ordinates there intro-
duced, moving with the velocity v, we obtain the equations

1
c

∂X
∂τ

= ∂
∂η

{

β
(

N − v
c
Y

)}

− ∂
∂ζ

{

β
(

M + v
c
Z

)}

,

1
c

∂
∂τ

{

β
(

Y − v
c
N

)}

= ∂L
∂ξ

− ∂
∂ζ

{

β
(

N − v
c
Y

)}

,

1
c

∂
∂τ

{

β
(

Z − v
c
M

)}

= ∂
∂ξ

{

β
(

M − v
c
Z

)}

−∂L
∂η

,

1
c

∂L
∂τ

= ∂
∂ζ

{

β
(

Y − v
c
N

)}

− ∂
∂η

{

β
(

Z − v
c
M

)}

,

1
c

∂
∂τ

{

β
(

M − v
c
Z

)}

= ∂
∂ξ

{

β
(

Z − v
c
M

)}

−∂X
∂ζ

,

1
c

∂
∂τ

{

β
(

N − v
c
Y

)}

= ∂X
∂η

− ∂
∂ξ

{

β
(

Y − v
c
N

)}

,

where

β = 1/
√

1 − v2/c2.

Now the principle of relativity requires that if the Maxwell-Hertz equations
for empty space hold good in system K, they also hold good in system k; that
is to say that the vectors of the electric and the magnetic force—(X′, Y′, Z′)
and (L′, M′, N′)—of the moving system k, which are defined by their pondero-
motive effects on electric or magnetic masses respectively, satisfy the following
equations:—

1
c
∂X′

∂τ
= ∂N′

∂η
− ∂M′

∂ζ
, 1

c
∂L′

∂τ
= ∂Y′

∂ζ
− ∂Z′

∂η
,

1
c
∂Y′

∂τ = ∂L′

∂ζ − ∂N′

∂ξ , 1
c
∂M′

∂τ = ∂Z′

∂ξ − ∂X′

∂ζ ,

1
c
∂Z′

∂τ = ∂M′

∂ξ − ∂L′

∂η , 1
c
∂N′

∂τ = ∂X′

∂η − ∂Y′

∂ξ .

Evidently the two systems of equations found for system k must express
exactly the same thing, since both systems of equations are equivalent to the
Maxwell-Hertz equations for system K. Since, further, the equations of the two
systems agree, with the exception of the symbols for the vectors, it follows that
the functions occurring in the systems of equations at corresponding places must
agree, with the exception of a factor ψ(v), which is common for all functions
of the one system of equations, and is independent of ξ, η, ζ and τ but depends
upon v. Thus we have the relations
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X′ = ψ(v)X, L′ = ψ(v)L,
Y′ = ψ(v)β

(

Y − v
c
N

)

, M′ = ψ(v)β
(

M − v
c
Z
)

,
Z′ = ψ(v)β

(

Z − v
c
M

)

, N′ = ψ(v)β
(

N − v
c
Y

)

.

If we now form the reciprocal of this system of equations, firstly by solving
the equations just obtained, and secondly by applying the equations to the
inverse transformation (from k to K), which is characterized by the velocity −v,
it follows, when we consider that the two systems of equations thus obtained
must be identical, that ψ(v)ψ(−v) = 1. Further, from reasons of symmetry8

and therefore

ψ(v) = 1,

and our equations assume the form

X′ = X, L′ = L,
Y′ = β

(

Y − v
c
N

)

, M′ = β
(

M − v
c
Z
)

,
Z′ = β

(

Z − v
c
M

)

, N′ = β
(

N − v
c
Y

)

.

As to the interpretation of these equations we make the following remarks: Let
a point charge of electricity have the magnitude “one” when measured in the
stationary system K, i.e. let it when at rest in the stationary system exert a
force of one dyne upon an equal quantity of electricity at a distance of one cm.
By the principle of relativity this electric charge is also of the magnitude “one”
when measured in the moving system. If this quantity of electricity is at rest
relatively to the stationary system, then by definition the vector (X, Y, Z) is
equal to the force acting upon it. If the quantity of electricity is at rest relatively
to the moving system (at least at the relevant instant), then the force acting
upon it, measured in the moving system, is equal to the vector (X′, Y′, Z′).
Consequently the first three equations above allow themselves to be clothed in
words in the two following ways:—

1. If a unit electric point charge is in motion in an electromagnetic field,
there acts upon it, in addition to the electric force, an “electromotive force”
which, if we neglect the terms multiplied by the second and higher powers of
v/c, is equal to the vector-product of the velocity of the charge and the magnetic
force, divided by the velocity of light. (Old manner of expression.)

2. If a unit electric point charge is in motion in an electromagnetic field,
the force acting upon it is equal to the electric force which is present at the
locality of the charge, and which we ascertain by transformation of the field to
a system of co-ordinates at rest relatively to the electrical charge. (New manner
of expression.)

The analogy holds with “magnetomotive forces.” We see that electromotive
force plays in the developed theory merely the part of an auxiliary concept,

8If, for example, X=Y=Z=L=M=0, and N 6= 0, then from reasons of symmetry it is clear

that when v changes sign without changing its numerical value, Y′ must also change sign

without changing its numerical value.
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which owes its introduction to the circumstance that electric and magnetic forces
do not exist independently of the state of motion of the system of co-ordinates.

Furthermore it is clear that the asymmetry mentioned in the introduction
as arising when we consider the currents produced by the relative motion of a
magnet and a conductor, now disappears. Moreover, questions as to the “seat”
of electrodynamic electromotive forces (unipolar machines) now have no point.

§ 7. Theory of Doppler’s Principle and of Aberration

In the system K, very far from the origin of co-ordinates, let there be a
source of electrodynamic waves, which in a part of space containing the origin
of co-ordinates may be represented to a sufficient degree of approximation by
the equations

X = X0 sinΦ, L = L0 sin Φ,
Y = Y0 sinΦ, M = M0 sinΦ,
Z = Z0 sinΦ, N = N0 sin Φ,

where

Φ = ω

{

t− 1

c
(lx+my + nz)

}

.

Here (X0, Y0, Z0) and (L0, M0, N0) are the vectors defining the amplitude of
the wave-train, and l,m, n the direction-cosines of the wave-normals. We wish
to know the constitution of these waves, when they are examined by an observer
at rest in the moving system k.

Applying the equations of transformation found in § 6 for electric and mag-
netic forces, and those found in § 3 for the co-ordinates and the time, we obtain
directly

X′ = X0 sinΦ′, L′ = L0 sin Φ′,
Y′ = β(Y0 − vN0/c) sinΦ′, M′ = β(M0 + vZ0/c) sinΦ′,
Z′ = β(Z0 + vM0/c) sin Φ′, N′ = β(N0 − vY0/c) sinΦ′,

Φ′ = ω′
{

τ − 1

c
(l′ξ +m′η + n′ζ)

}

where

ω′ = ωβ(1 − lv/c),

l′ =
l − v/c

1 − lv/c
,

m′ =
m

β(1 − lv/c)
,

n′ =
n

β(1 − lv/c)
.
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From the equation for ω′ it follows that if an observer is moving with velocity
v relatively to an infinitely distant source of light of frequency ν, in such a way
that the connecting line “source-observer” makes the angle φ with the velocity
of the observer referred to a system of co-ordinates which is at rest relatively
to the source of light, the frequency ν′ of the light perceived by the observer is
given by the equation

ν′ = ν
1 − cosφ · v/c
√

1 − v2/c2
.

This is Doppler’s principle for any velocities whatever. When φ = 0 the equation
assumes the perspicuous form

ν′ = ν

√

1 − v/c

1 + v/c
.

We see that, in contrast with the customary view, when v = −c, ν′ = ∞.
If we call the angle between the wave-normal (direction of the ray) in the

moving system and the connecting line “source-observer” φ′, the equation for l′

assumes the form

cosφ′ =
cosφ− v/c

1 − cosφ · v/c .

This equation expresses the law of aberration in its most general form. If φ =
1

2
π, the equation becomes simply

cosφ′ = −v/c.

We still have to find the amplitude of the waves, as it appears in the moving
system. If we call the amplitude of the electric or magnetic force A or A′

respectively, accordingly as it is measured in the stationary system or in the
moving system, we obtain

A′2 = A2
(1 − cosφ · v/c)2

1 − v2/c2

which equation, if φ = 0, simplifies into

A′2 = A2
1 − v/c

1 + v/c
.

It follows from these results that to an observer approaching a source of light
with the velocity c, this source of light must appear of infinite intensity.

§ 8. Transformation of the Energy of Light Rays. Theory

of the Pressure of Radiation Exerted on Perfect Reflectors

Since A2/8π equals the energy of light per unit of volume, we have to regard

A′2/8π, by the principle of relativity, as the energy of light in the moving system.
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Thus A′2/A2 would be the ratio of the “measured in motion” to the “measured
at rest” energy of a given light complex, if the volume of a light complex were
the same, whether measured in K or in k. But this is not the case. If l,m, n are
the direction-cosines of the wave-normals of the light in the stationary system,
no energy passes through the surface elements of a spherical surface moving
with the velocity of light:—

(x− lct)2 + (y −mct)2 + (z − nct)2 = R2.

We may therefore say that this surface permanently encloses the same light
complex. We inquire as to the quantity of energy enclosed by this surface,
viewed in system k, that is, as to the energy of the light complex relatively to
the system k.

The spherical surface—viewed in the moving system—is an ellipsoidal sur-
face, the equation for which, at the time τ = 0, is

(βξ − lβξv/c)2 + (η −mβξv/c)2 + (ζ − nβξv/c)2 = R2.

If S is the volume of the sphere, and S′ that of this ellipsoid, then by a simple
calculation

S′

S
=

√

1 − v2/c2

1 − cosφ · v/c.

Thus, if we call the light energy enclosed by this surface E when it is measured in
the stationary system, and E′ when measured in the moving system, we obtain

E′

E
=

A′2S′

A2S
=

1 − cosφ · v/c
√

1 − v2/c2
,

and this formula, when φ = 0, simplifies into

E′

E
=

√

1 − v/c

1 + v/c
.

It is remarkable that the energy and the frequency of a light complex vary
with the state of motion of the observer in accordance with the same law.

Now let the co-ordinate plane ξ = 0 be a perfectly reflecting surface, at
which the plane waves considered in § 7 are reflected. We seek for the pressure
of light exerted on the reflecting surface, and for the direction, frequency, and
intensity of the light after reflexion.

Let the incidental light be defined by the quantities A, cosφ, ν (referred to
system K). Viewed from k the corresponding quantities are

A′ = A
1 − cosφ · v/c
√

1 − v2/c2
,
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cosφ′ =
cosφ− v/c

1 − cosφ · v/c,

ν′ = ν
1 − cosφ · v/c
√

1 − v2/c2
.

For the reflected light, referring the process to system k, we obtain

A′′ = A′

cosφ′′ = − cosφ′

ν′′ = ν′

Finally, by transforming back to the stationary system K, we obtain for the
reflected light

A′′′ = A′′ 1 + cosφ′′ · v/c
√

1 − v2/c2
= A

1 − 2 cosφ · v/c+ v2/c2

1 − v2/c2
,

cosφ′′′ =
cosφ′′ + v/c

1 + cosφ′′ · v/c = − (1 + v2/c2) cosφ− 2v/c

1 − 2 cosφ · v/c+ v2/c2
,

ν′′′ = ν′′
1 + cosφ′′ · v/c

√

1 − v2/c2
= ν

1 − 2 cosφ · v/c+ v2/c2

1 − v2/c2
.

The energy (measured in the stationary system) which is incident upon unit
area of the mirror in unit time is evidently A2(c cosφ−v)/8π. The energy leaving
the unit of surface of the mirror in the unit of time is A′′′2(−c cosφ′′′ + v)/8π.
The difference of these two expressions is, by the principle of energy, the work
done by the pressure of light in the unit of time. If we set down this work as
equal to the product Pv, where P is the pressure of light, we obtain

P = 2 · A2

8π

(cosφ− v/c)2

1 − v2/c2
.

In agreement with experiment and with other theories, we obtain to a first
approximation

P = 2 · A2

8π
cos2 φ.

All problems in the optics of moving bodies can be solved by the method
here employed. What is essential is, that the electric and magnetic force of the
light which is influenced by a moving body, be transformed into a system of
co-ordinates at rest relatively to the body. By this means all problems in the
optics of moving bodies will be reduced to a series of problems in the optics of
stationary bodies.
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§ 9. Transformation of the Maxwell-Hertz Equations

when Convection-Currents are Taken into Account

We start from the equations

1
c

{

∂X
∂t + uxρ

}

= ∂N
∂y − ∂M

∂z , 1
c
∂L
∂t = ∂Y

∂z − ∂Z
∂y ,

1
c

{

∂Y
∂t + uyρ

}

= ∂L
∂z −

∂N
∂x , 1

c
∂M
∂t = ∂Z

∂x −
∂X
∂z ,

1
c

{

∂Z
∂t + uzρ

}

= ∂M
∂x − ∂L

∂y ,
1
c
∂N
∂t = ∂X

∂y − ∂Y
∂x ,

where

ρ =
∂X

∂x
+
∂Y

∂y
+
∂Z

∂z

denotes 4π times the density of electricity, and (ux, uy, uz) the velocity-vector of
the charge. If we imagine the electric charges to be invariably coupled to small
rigid bodies (ions, electrons), these equations are the electromagnetic basis of
the Lorentzian electrodynamics and optics of moving bodies.

Let these equations be valid in the system K, and transform them, with the
assistance of the equations of transformation given in §§ 3 and 6, to the system
k. We then obtain the equations

1
c

{

∂X′

∂τ + uξρ
′} = ∂N′

∂η − ∂M′

∂ζ , 1
c
∂L′

∂τ = ∂Y′

∂ζ − ∂Z′

∂η ,

1
c

{

∂Y′

∂τ + uηρ
′} = ∂L′

∂ζ − ∂N′

∂ξ , 1
c
∂M′

∂τ = ∂Z′

∂ξ − ∂X′

∂ζ ,

1
c

{

∂Z′

∂τ
+ uζρ

′} = ∂M′

∂ξ
− ∂L′

∂η
, 1

c
∂N′

∂τ
= ∂X′

∂η
− ∂Y′

∂ξ
,

where

uξ =
ux − v

1 − uxv/c2

uη =
uy

β(1 − uxv/c2)

uζ =
uz

β(1 − uxv/c2)
,

and

ρ′ =
∂X′

∂ξ
+
∂Y′

∂η
+
∂Z ′

∂ζ

= β(1 − uxv/c
2)ρ.

19



Since—as follows from the theorem of addition of velocities (§ 5)—the vector
(uξ, uη, uζ) is nothing else than the velocity of the electric charge, measured in
the system k, we have the proof that, on the basis of our kinematical principles,
the electrodynamic foundation of Lorentz’s theory of the electrodynamics of
moving bodies is in agreement with the principle of relativity.

In addition I may briefly remark that the following important law may easily
be deduced from the developed equations: If an electrically charged body is in
motion anywhere in space without altering its charge when regarded from a
system of co-ordinates moving with the body, its charge also remains—when
regarded from the “stationary” system K—constant.

§ 10. Dynamics of the Slowly Accelerated Electron

Let there be in motion in an electromagnetic field an electrically charged particle
(in the sequel called an “electron”), for the law of motion of which we assume
as follows:—

If the electron is at rest at a given epoch, the motion of the electron ensues
in the next instant of time according to the equations

m
d2x

dt2
= ǫX

m
d2y

dt2
= ǫY

m
d2z

dt2
= ǫZ

where x, y, z denote the co-ordinates of the electron, and m the mass of the
electron, as long as its motion is slow.

Now, secondly, let the velocity of the electron at a given epoch be v. We
seek the law of motion of the electron in the immediately ensuing instants of
time.

Without affecting the general character of our considerations, we may and
will assume that the electron, at the moment when we give it our attention, is at
the origin of the co-ordinates, and moves with the velocity v along the axis of X
of the system K. It is then clear that at the given moment (t = 0) the electron
is at rest relatively to a system of co-ordinates which is in parallel motion with
velocity v along the axis of X.

From the above assumption, in combination with the principle of relativity, it
is clear that in the immediately ensuing time (for small values of t) the electron,
viewed from the system k, moves in accordance with the equations

m
d2ξ

dτ2
= ǫX′,

m
d2η

dτ2
= ǫY′,
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m
d2ζ

dτ2
= ǫZ′,

in which the symbols ξ, η, ζ, X′, Y′, Z′ refer to the system k. If, further, we
decide that when t = x = y = z = 0 then τ = ξ = η = ζ = 0, the transformation
equations of §§ 3 and 6 hold good, so that we have

ξ = β(x− vt), η = y, ζ = z, τ = β(t− vx/c2),
X′ = X,Y′ = β(Y − vN/c),Z′ = β(Z + vM/c).

With the help of these equations we transform the above equations of motion
from system k to system K, and obtain

d2x
dt2

= ǫ
mβ3 X

d2y
dt2

= ǫ
mβ

(

Y − v
c
N

)

d2z
dt2

= ǫ
mβ

(

Z − v
c
M

)











· · · (A)

Taking the ordinary point of view we now inquire as to the “longitudinal”
and the “transverse” mass of the moving electron. We write the equations (A)
in the form

mβ3 d2x
dt2

= ǫX = ǫX′,

mβ2 d2y
dt2

= ǫβ
(

Y − v
c
N

)

= ǫY′,

mβ2 d2z
dt2

= ǫβ
(

Z − v
c
M

)

= ǫZ′,

and remark firstly that ǫX′, ǫY′, ǫZ′ are the components of the ponderomotive
force acting upon the electron, and are so indeed as viewed in a system moving
at the moment with the electron, with the same velocity as the electron. (This
force might be measured, for example, by a spring balance at rest in the last-
mentioned system.) Now if we call this force simply “the force acting upon the
electron,”9 and maintain the equation—mass × acceleration = force—and if we
also decide that the accelerations are to be measured in the stationary system
K, we derive from the above equations

Longitudinal mass =
m

(
√

1 − v2/c2)3
.

Transverse mass =
m

1 − v2/c2
.

With a different definition of force and acceleration we should naturally
obtain other values for the masses. This shows us that in comparing different
theories of the motion of the electron we must proceed very cautiously.

We remark that these results as to the mass are also valid for ponderable
material points, because a ponderable material point can be made into an elec-
tron (in our sense of the word) by the addition of an electric charge, no matter

how small.
9The definition of force here given is not advantageous, as was first shown by M. Planck.

It is more to the point to define force in such a way that the laws of momentum and energy

assume the simplest form.
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We will now determine the kinetic energy of the electron. If an electron
moves from rest at the origin of co-ordinates of the system K along the axis
of X under the action of an electrostatic force X, it is clear that the energy
withdrawn from the electrostatic field has the value

∫

ǫX dx. As the electron is
to be slowly accelerated, and consequently may not give off any energy in the
form of radiation, the energy withdrawn from the electrostatic field must be put
down as equal to the energy of motion W of the electron. Bearing in mind that
during the whole process of motion which we are considering, the first of the
equations (A) applies, we therefore obtain

W =

∫

ǫX dx = m

∫ v

0

β3v dv

= mc2

{

1
√

1 − v2/c2
− 1

}

.

Thus, when v = c, W becomes infinite. Velocities greater than that of light
have—as in our previous results—no possibility of existence.

This expression for the kinetic energy must also, by virtue of the argument
stated above, apply to ponderable masses as well.

We will now enumerate the properties of the motion of the electron which
result from the system of equations (A), and are accessible to experiment.

1. From the second equation of the system (A) it follows that an electric
force Y and a magnetic force N have an equally strong deflective action on an
electron moving with the velocity v, when Y = Nv/c. Thus we see that it is
possible by our theory to determine the velocity of the electron from the ratio
of the magnetic power of deflexion Am to the electric power of deflexion Ae, for
any velocity, by applying the law

Am

Ae

=
v

c
.

This relationship may be tested experimentally, since the velocity of the
electron can be directly measured, e.g. by means of rapidly oscillating electric
and magnetic fields.

2. From the deduction for the kinetic energy of the electron it follows that
between the potential difference, P, traversed and the acquired velocity v of the
electron there must be the relationship

P =

∫

Xdx =
m

ǫ
c2

{

1
√

1 − v2/c2
− 1

}

.

3. We calculate the radius of curvature of the path of the electron when a
magnetic force N is present (as the only deflective force), acting perpendicularly
to the velocity of the electron. From the second of the equations (A) we obtain
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−d
2y

dt2
=
v2

R
=

ǫ

m

v

c
N

√

1 − v2

c2

or

R =
mc2

ǫ
· v/c
√

1 − v2/c2
· 1

N
.

These three relationships are a complete expression for the laws according
to which, by the theory here advanced, the electron must move.

In conclusion I wish to say that in working at the problem here dealt with
I have had the loyal assistance of my friend and colleague M. Besso, and that I
am indebted to him for several valuable suggestions.
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DOES THE INERTIA OF A BODY DEPEND

UPON ITS ENERGY-CONTENT?

By A. EINSTEIN

September 27, 1905

The results of the previous investigation lead to a very interesting conclusion,
which is here to be deduced.

I based that investigation on the Maxwell-Hertz equations for empty space,
together with the Maxwellian expression for the electromagnetic energy of space,
and in addition the principle that:—

The laws by which the states of physical systems alter are independent of
the alternative, to which of two systems of coordinates, in uniform motion of
parallel translation relatively to each other, these alterations of state are referred
(principle of relativity).

With these principles∗ as my basis I deduced inter alia the following result
(§ 8):—

Let a system of plane waves of light, referred to the system of co-ordinates
(x, y, z), possess the energy l; let the direction of the ray (the wave-normal)
make an angle φ with the axis of x of the system. If we introduce a new system
of co-ordinates (ξ, η, ζ) moving in uniform parallel translation with respect to
the system (x, y, z), and having its origin of co-ordinates in motion along the
axis of x with the velocity v, then this quantity of light—measured in the system
(ξ, η, ζ)—possesses the energy

l∗ = l
1 − v

c
cosφ

√

1 − v2/c2

where c denotes the velocity of light. We shall make use of this result in what
follows.

Let there be a stationary body in the system (x, y, z), and let its energy—
referred to the system (x, y, z) be E0. Let the energy of the body relative to the
system (ξ, η, ζ) moving as above with the velocity v, be H0.

Let this body send out, in a direction making an angle φ with the axis
of x, plane waves of light, of energy 1

2
L measured relatively to (x, y, z), and

simultaneously an equal quantity of light in the opposite direction. Meanwhile
the body remains at rest with respect to the system (x, y, z). The principle of

∗The principle of the constancy of the velocity of light is of course contained in Maxwell’s

equations.
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energy must apply to this process, and in fact (by the principle of relativity)
with respect to both systems of co-ordinates. If we call the energy of the body
after the emission of light E1 or H1 respectively, measured relatively to the
system (x, y, z) or (ξ, η, ζ) respectively, then by employing the relation given
above we obtain

E0 = E1 +
1

2
L +

1

2
L,

H0 = H1 +
1

2
L

1 − v

c
cosφ

√

1 − v2/c2
+

1

2
L

1 + v

c
cosφ

√

1 − v2/c2

= H1 +
L

√

1 − v2/c2
.

By subtraction we obtain from these equations

H0 − E0 − (H1 − E1) = L

{

1
√

1 − v2/c2
− 1

}

.

The two differences of the form H − E occurring in this expression have simple
physical significations. H and E are energy values of the same body referred
to two systems of co-ordinates which are in motion relatively to each other,
the body being at rest in one of the two systems (system (x, y, z)). Thus it is
clear that the difference H−E can differ from the kinetic energy K of the body,
with respect to the other system (ξ, η, ζ), only by an additive constant C, which
depends on the choice of the arbitrary additive constants of the energies H and
E. Thus we may place

H0 − E0 = K0 + C,

H1 − E1 = K1 + C,

since C does not change during the emission of light. So we have

K0 − K1 = L

{

1
√

1 − v2/c2
− 1

}

.

The kinetic energy of the body with respect to (ξ, η, ζ) diminishes as a result
of the emission of light, and the amount of diminution is independent of the
properties of the body. Moreover, the difference K0−K1, like the kinetic energy
of the electron (§ 10), depends on the velocity.

Neglecting magnitudes of fourth and higher orders we may place

K0 − K1 =
1

2

L

c2
v2.

From this equation it directly follows that:—
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If a body gives off the energy L in the form of radiation, its mass diminishes
by L/c2. The fact that the energy withdrawn from the body becomes energy of
radiation evidently makes no difference, so that we are led to the more general
conclusion that

The mass of a body is a measure of its energy-content; if the energy changes
by L, the mass changes in the same sense by L/9 × 1020, the energy being
measured in ergs, and the mass in grammes.

It is not impossible that with bodies whose energy-content is variable to a
high degree (e.g. with radium salts) the theory may be successfully put to the
test.

If the theory corresponds to the facts, radiation conveys inertia between the
emitting and absorbing bodies.
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L X X [ X .  The Scattering of ~ and B Particles b!/ Mattel" aJ~d 
the Str~tcture of the Atom. By  Professor E. Ru'r~u, 'O~D, 
t~:R.S., Unive~'sity of ~]lranchester * 

w 1. "~T is well known that tile a and /3 parti~;les suffer 
_L deflexions from their rectilinear paths by encouuters 

with atoms of matter. This scattering is far more marked 
for the /3 than for the a particle on account of the much 
smaller momentum and energy of the former particle. 
There seems to be no doubt that such swiftly moving par- 
tieles pass through the atoms in their path, and tha~ the 
deflexions observed are due to the strong electric field 
traversed within the ~tomic system. I t  has generally been 
supposed that the scattering of a pencil of' a or /3 rays in 
passing through a thin plate of matter  is the result of a 
multitude of small scatterings by the atoms of matter 
traversed. The observations, however, of Ge t t e r  and 
]V[arsden t on the scattering of a rays indicate that some of 
the a particles must suffer a deflexion of more than a r ight  
angle at a single encounter. They found, for example, that 
a small fraction of the incident a particles, about 1 in 20,000, 
were turned through an average anffle of 90 ~ in passln~ 
through a layer of gold-foil about "0000~ cm. thick, which 
was equivalent in stopping-power of the c~ particle to 1"6 milli- 
metres of air. Ge t te r  ++ showed later that the most probable 
angle of deflexion for a pencil of a particles traversing a gold- 
foil of this thickness was about 0~ A simple calc,lation 
based on ~he theory of probability shows that the chance of 
an a particle being deflected through 90 ~ is vanishing]y 
small. In  addition, it will be seen later that the distribution 
of the a particles for various angles of large deflexion does 
not follow the probability law to be expected if such large 
deflexions are made up of a large number of small deviations. 
I t  seems reasonable to suppose that the deflexion through 
a large angle is due to a single atomic encounter, for the 
chance of a second encounter of a kind to produce a large 
deflexion must in most cases be exceedingly small. A simple 
calculation shows that the atom must be a seat of an intense 
electric field in order to produce such a large deflexion at a 
single encounter. 

Recently Sir J .  J.  Thomson w has put forward a theory to 

 9 Communicated by the Author. A brief account of this paper was 
communicated to the Manchester Literary and Philosophical Society in 
February, 1911. 

~" Proc. Roy. Soe. Ixxxii. p. 495 (1909). 
:~ Proe. Roy. Soc. lxxxiii, p. 49"2 ~1910). 
w Camb. Lit. & Phil. Soc. xv. pt. 5 (1910). 
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670 Prof. E. Rutherford on the 

ext)lain tile scattering of'electrlfled particles in passing through 
small thicknesses of matter. The atom is supposed to consist 
of a number N of negatively charged corpuscles, accompanied 
by .m equal quantity of positive electricity uniformly dis- 
trihuted throughout a sphere. The deflexion of a negatively 
electrified ),article in passing th,'ough the atom is ascribed to 
two causes--t1) the repulsion of tile corpuscles distributed 
through the atom, and (2) the attraction of the positive 
electricitv in the atom. The deflexion of the particle in 
passing through the atom is supposed to be small, while 
the average deflexion after a large number m of encounters 

was (.aken as ~/m.  O, where i9 is the average deflexion due 
to a single atom. I t  was shown that the number N of the 
electrons within the atom could be deduced from observations 
of the scattering of electrified particles. The accuracy of tiffs 
theory of compound scattering was examined experimentally 
by Crowther + in a later paper. His results apparently 
confirmed the main conclusions of the theory, and b.e deduced, 
on the assumption that the positive electricity was continuous, 
that the number of electrons in an atom was about three 
times its atomic weight. 

The theory of Sir J.  J .  Thomson is based on the assumption 
that the scat.tering due to a single atomic encounter is small, 
and the particular structure assumed for the atom does not 
admit of a very large deflexion of an a particle in traversing 
a single atom, unless i~ be supposed that the diameter of the 
sphere of positive electricity is minute compared with the 
diameter or' the sphere of influence of the atom. 

Since the a and/~ particles traverse the atom, i t  should be 
possible from a close study of the nature of the deflexion to 
form some idea of the constitution of the atom to produce 
the effects observed. In fact, the scattering of high=speed 
charged particles by the atoms of matter is one of the most 
promising methods of attack of this problem. The develop= 
ment of the scintillation method of counting single ~ particles 
affords unusual advantages of in vestigation, and the researches 
of H. Geiger by this method have already added much to 
our knowledge of the scattering of a rays by matter. 

w 2. We shall first examine theoretically the single en- 
counters t with an atom of simple structure, which is able to 

* Crowther, Proe. Roy. See. lxxxiv, p. 226 (1910). 
t The deviation of a'partiele throughout a considerable angle from 

an encounter with a single atom will in this paFer be called " single" 
scattering. The devb~t[on of a particle resulting from a multitude of 
small deviation~ will be termed "compound " scattering. 
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Scatterb~ff oj a and ,8 Particle~ bg ,1latter. 671 

produce large deflexions of an ~ particle, and then compare 
the deductions from the theory with the experimental data 
available. 

Consider an atom which contains a charge •  at its 
centre surrounded by a sphere of electrification coutaining 
a charge -T-Ne supposed unifarmly distributed throughout a 
sphere of radius R. e is the fundamental unit of charge, 
which in this paper is taken as 4"65x 10 -1~ E.s. unit. We  
shall suppose that for distances less than 10 -12 cm. the central 
charge and also the charge on the a particle may be sup- 
posed to be concentrated at a point. I t  will be shown that 
the main deductions from the theory are independent of 
whether the central charge is supposed to be positive or 
negative. For  convenience, the sign will be assumed to be 
positive. The question of the stability of the atom proposed 
need not be considered at this stage, for this will obviously 
depend upon the minute structure of the atom, and on the 
motion of the constituent charged parts. 

In  order to form some idea of the forces required {o 
deflect an ~ particle throngh a large angle, consider an atom 
containing a positive charge Ne at its centre, and surrounded 
by a distribution of negative electricity Re uniformly dis- 
tributed within a sphere of radius R. The electric force X 
and the potential V at a distance r from the centre of an 
atom for a point inside the atom, are given by 

(! 3 V = Ne -- ~ + ~ . 

Suppose an ~ particle of mass m and velocity u and charge E 
shot directly towards the centre of the atom. i t  will be 
brought to rest at a distance b from the centre given by 

• ~ ~ / 1  3 
2mu =NeN~[~ --  Li2~ R + 2 ~ ) "  

I t  will be seen tha~ b is an important quantity in later 
calculations. Assuming that the central charge is 100e, it 
can be calculated that, the value of b for an a particle of 
velocity 2"09 x 10 g cms. per second is about 3"4 • 10 -1= cm. 
In this calculation b is supposed to be very small compared 
with R. Since R is supposed to be of the order of the 
radius of the atom, viz. 10 -s cm., it is obvious that the 
a particle before being turned back penetrates so close to 
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672 Prof. E. Rutherford on the 

the central charge, that the field due to the uniform dis- 
tribution of negaLivo electricity may be neglected. In 
general, a simple calculation shows that for all deflexions 
greater than a degree, we may without sensible error suppose 
the deflexion due to the field of the central charge alone. 
Possible single deviations dae to the negative electricity, if 
distributed in the form of corpuscles, are not taken into 
account at this stage of the theory. It  will be shown later 
that its effect is in general small compared with that due to 
lhe central field. 

Consider the passage of a positive electrified particle close 
to the centre of an atom. Supposing that the velocity of 
the particle is not appreciably changed by its passage through 
the atom, the path of the particle under the influence of a 
repulsive force varying inversely as the square of the distance 
will be an hyperbola with the'centre of the atom S as the 
external focus. Suppose the particle to enter the atom in 
the direction PO (fig. 1), and that the direction of motion 

Fig. 1. 

/F 
~ $ ~ A  

on escaping the atom is OP I. OP and OP t make equal angles 
with the line S A ,  where A is the apse of the hyperbola. 
p=SN=perpendiou la r  distance from centre on direction of 
initial motion of particle. 
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Scattering of a and f~ Particles by 3latter. 673 

Let angle POA----0. 
Let V----velocity of particle on entering the atom, v its 

velocity at A, then from consideration of angular momentum 

p V = S A ,  v. 

From conservation of energy 

 89189 NeE 
SA ' 

Since the eccentricity is sec 0, 

SA = SO + OA = p  cosec 0(1 + cos 0) 

= 2  co~ 0/2, 

S A ( S A -  = p  cot 0/'2(p cot 0/2--b), 

.'. b = 2p cot O. 

The angle of deviation ~ of the particle is 7r--20 and 

cot /2=  . . . . . . .  (1) 

This gives the angle of deviation of the particle in terms 
of b, and the perpendicular distance of the direction of 
projection from the centre of the atom. 

For illustration, the angle of deviation ~b for different 
values of p/b are shown in the following table : ~  

p/b . . . .  10 5 2 1 "5 "25 "125 

r . . . . . .  50-7  11~ 28 ~ 53 ~ 90 ~ 127 ~ 152 ~ 

w 3. Probability of single deflexion through an~/angle. 

Suppose a pencil of elech'ified particles to fall normally on 
a thin screen of matter of thickness t. With the exception 
of the few particles which are scattered through a large 
angle, the particles are supposed to pass nearly normally 
through the plate with only a small change of velocity. 
Let  n = n u m b e r  of atoms in unit  volume of material. Then 
the number of collisions of the particle with the atom of 
radius R is rrR2nt in the thickness t. 

A simple con.~ideration shows that the deflexion is unaltered if the 
forces are attractive instead of repulsive. 
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The probabilty m of entering an atom within a distance p 
of its centre is given by 

m = ~rp:nt. 

Chance dm of striking within radii 29 and p + d p  is given 
by 

dm =2~p~t .  @ = ~tb: cot 4/2 cosec: ~/2 d4,  9 (2) 

since cot 4/2 = 2_p/b. 

The value of' dm gives the fract ion of the total number of 
particles which are deviated between the angles 4 and 
4 + d 4 .  

The fraction p of the total number of particles which are 
deflected through an angle greater than 4 is given by 

7r ntb: cot 2 4/2.  (3) p = ~  . . . . .  

The fraction p which is deflected between the angles 41 
and 42 is given by 

I t  is convenient to express the equation (2) in another 
form for comparison with experiment. In the case of the 
a rays, the number of scintilla~ibns appearing on a constant 
area of a zinc sulphide screen are counted for different 
angles with the direction of incidence of the particles. 
Let  r -=  distance from point of incidence of a rays on 
scattering material, then if' Q be the total number of particles 
falling on the scattering material, the number y of a particles 
falling on unit area which are deflected through an angle 4 
is given by 

Qdm ntb 2. Q. cosec 4 4/2 

Y-27r~ ~ s i n 4 . d 4 -  16r2  9 . . (5) 

2NeE 
Since b = - -  we see from this equation that the 

~yt h52 ' 

number of a particles (scintillations) per unit area of zinc 
sulphide screen at a given distance r from the point of 

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
U
n
i
v
e
r
s
i
t
y
 
o
f
 
A
r
i
z
o
n
a
]
 
A
t
:
 
2
0
:
1
3
 
2
7
 
A
p
r
i
l
 
2
0
1
0



Scattering of a and ~ Particles by Matter. 675 

itmidence of the rays is proporSonal to 

(1) eosec  s /2 or 1/@ if r be small; 

(2) thickness of scattering material t provided this is 
small ; 

(3) magnitude of central charge Ne ; 

(4) and is inversely proportional to (mu2) ~, or to the 
fom'th power of the velocity if m be constant. 

In these calculations, it is assumed theft the a particles 
sc~,ttered through a large angle suffer only one large deflexion. 
For  this to hold, it is essential that the thickness of the 
scattering material should be so small that the chance of 
a second encounter involving another large deflexion is very 
s,m,ll. If, for example, the probability of a s~ngle deflexion 
(} in passing through ~ thickness t is 1/1000, the probability 
of two successive deflexions each of value ~b is  1/10 s, and 
is negligibly small. 

The angular distribution of the a particles scattered from 
a thin metal sheet affords one of the simplest methods of 
testing the general correctness of this theory of single 
scattering. This has been done recently for a rays by 
Dr. Geiger*,  who found that the distribution for particles 
deflected between 30 ~ and 150 ~ from a thin gold-foil was in 
substantial agreement with the theory. A more detailed 
account of these and other experiments to test the validity 
of the theory will be published later. 

w 4. Alteration of velocity in an atomic encounter. 

I t  has so far been assumed that an ~ or B particle does not 
suffer an appreciable change of velocity as the result of a 
single atomic encounter resulting in a large deflexion of the 
particle. The effect of such an encounter in altering the 
velocity of the particle can be calculated on certain assump- 
tions. I t  is supposed that only two systems are involved, 
viz., the swiftly moving particle and the atom which it 
traverses supposed initially at rest. i t  is supposed that the 
principle of conservation of momentum and of energy 
~pplies, and that there is no appreciable loss of energy or 
momentum by radiation. 

Manch. Lit. & Phil, Soc. 1910. 
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676 Prof.  E.  Rutherford on the 

Let m be mass of the particle, 

vl ---- velocity of approach, 

v,, = velocity of recession, 

M = mass of atom, 

V----velocity communicated to atom as result of 
encounter. 

Let  OA (fig. 2) represent in magnitude and direction the 
momentum my1 of the entering particle, 
and OB the momentum of the receding Fig. 2. 
t~article which has been turned through an B 
angle AOB----~b. Then BA represents in 
m~,gnitude and direction the momentuln 
MV of the recoiling atom. 

(My)2= (,Zyl)2.-~ (~rtz,2) 2 _  9 o -m'vlv~ cos r (1) 

By the conservation of energy 

M V  ~ = m y 1 2 -  my2 ~. (2)  

Suppose M / m = K  and v2=pvi, where h 
p i s  <1 .  

From ( l )  and (2), 

(K + 1)p : -  2p cos ~b = K -- 1, 

cos(b 1 ~/K~ sin~(b. 
or p = K+I +~-i 

Consider the case of an a particle of atomic weight 4, 
deflected through an anglo of 90 ~ by an encounter with an 
atom of gold of atomic weight 197. 

Since K = 4 9  nearly, 

/ K - - 1  
P =%/K-4-1  ='979' 

or the velocity of the particle is reduced only about 2 per 
cent. by the encounter. 

In  the case of aluminium K = 27/4 and for ~b = 90 ~ 

p = "86. 
I t  is seen that the reduction of velocity of the ~ particle 

becomes marked on this theory for encounters with the 
l ighter atoms. Since the range of an a particle in air or 
other matter  is approximately proportional to the cube of 
the velocity, it follows that an ~ particle of range 7 cms. 
has its range reduced to 4"5 cms. after incurring a single 
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deviation of 90 ~ in traversing an aluminium atom. This is 
of a magnitude to be easily detected experimentally. Since 
the w~lue of K is very large for an encounter of a/3 particle 
with an atom, ~he reduction of velocity on ~his formula is 
very small. 

Some very interesting cases o[" the theory arise in con- 
sidering the changes of velocity and the distribution of 
scattered particles when the a particle encounters a light 
atom, for example a hydrogen or helium atom. A discussion 
of these and similar cases is reserved until the question has 
been examined experimentally. 

w 5. Compariso~z of ai~tgle a~zd compound scatte~'iJ~!l. 

Before comparing the results of theory with experiment, it 
is desirable ~o consider the relative importance of single and 
compound scattering in determining the distribution of the 
scattered particles. Since the atom is supposed to consist of 
a central charge surrounded by a uniform distribution of the 
opposite sign through a sphere of radius R, the chance of 
encounters with the a{om involving small deflexions is very 
great compared with the chance of a single large deflexion. 

This question ot' compound scatterin~ has been examined 
by Sir J. J. Thomson in the paper previously discussed (w 1). 
In the notation of this paper, the average deflexion q~ due to 
the field o~ the sphere of positive electricity of radius R and 
quantity Ne was found by him to be 

rr NeE 1 

The average deflexion ~b: due to the N negative co,'puscles 
supposed distributed uniformly throughout the sphere was 
found to be 

eE /aN 
ee.~ = --y ,,~u," i~ % 1  ~  9 

The mean deflexion due to both positive and negative electricity 
was taken as 

- -  ~ - -  3 . 1 / 2  

q)1 + q)2 )  9 

Ill a similar way, it is not difficult to calculate the average 
deflexion due to the atmn with a central charge discussed in 
this paper. 

Since the radial electric field X at any distance r from the 

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
U
n
i
v
e
r
s
i
t
y
 
o
f
 
A
r
i
z
o
n
a
]
 
A
t
:
 
2
0
:
1
3
 
2
7
 
A
p
r
i
l
 
2
0
1
0



678 Pro[. E. Rutherford on the 

centre is given by 

it is not difficult to show that the deflexion (supposed small) 
of an electrified particle due to this field is given by 

p~ ~ 2/2 

, 

where p is the perpeudicular from the ceatre on the path o~ 
the particle and b has the same value as before. I t  is seen 
that the value of 0 increases with diminution of p and becomes 
great for small values of q~. 

Since we have already seen that the deflexions become 
very large for a particle passing near the centre of the atom, 
it is obviously not correct to find the average value by 
assuming 0 is small. 

Taking R of the order lO-Scm, the value ofp  for a large 
deflexion is for ~ and B particles of the order 10 -n  era. 
Since the chance of an encounter involving a large deflexion 
is small compared with the ehance of small deflexions, a 
simple consideration shows that the average small deflexion 
is practically unaltered if the large deflexions are omitted. 
This is equivalent to integrating over that part of the cro~c ~ 
section of the a~om where the deflexions are small ant  
neglectitlg the small central area. I t  can in this way be 
simply shown that the average small deflexion is given by 

37r b 

r  1~" 

This value of ~bl for the atom with a concentrated central 
charge is three times the magnitude of the average deflexion 
for the same value of Ne in the type of atom examined by 
Sir J. J. Thomson. Combini~g the deflexions due to the 
electric field and to the corpuscles, the average deflexion is 

It  will be seen later that the value of N is nearly proportional 
to 1he atomic weight, and is about 100 for gold. The effect 
due to scattering of the iudividmd corpuscles expressed by 
the second term of the equation is consequently small for 
heavy atoms compared with that due to the distributed 
electric field. 
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~eglecting the second term, the average deflexion per 
3~rb 

atom is ~ - .  We are now in a position to consider the 

relative effects on the distribution of particles due to single 
and to compotmd scattering. Following J. J .  Thomson's 
argument, the average deflexion 8t after passing through a 
thickness t of matter is proportional to the square root of the 
nmnber of encounters and is given by 

3~rb 37rb ~/~'nt, 
0~= ~-ff ~/~rrt ~ . n .  t = - 8 -  

where n as before is equal to the number of atoms per unit 
volume. 

The probability Pt for compound scattering that the 

deflexion of the particle is greater than ~6 is equal to e -r 

Consequently ~b~= 97r~ - -  - ~  b ~ nt logpl. 

~Texf suppose that single scattering alone is operative. We 
have seen (w 3) that the probabiliSy P2 of a deflexion greater 
than ~b is given by 

p~= -~b ~ . n.  t cot ~d~/2. 

By comparing these two equations 

~v~ logp~ = --'181~b" cot -~b/2, 

~b is sufficiently small that 

tan dp/2 = ~/2, 

p~ logp~ = --'72. 

If we suppose p~='5, then p1='24. 

If p2= ' l ,  p1='0004. 

It is evident from this comparison, that the probability for 

any g~e~ d~flt~x!?n is ,j[alwa~isffg~erlfOrsSi:crall~ than for 
eompon  ~c "" g. " ' " epe  "' y m a r k e l  
when onl), a small fi-action of the particles are scattered 
through any given annie. It follows from this result tha~ 
the distribution of particles due to encounters with the atoms 
is for small thicknesses mainly governed by single scattering. 
No doubt compound scattering produces some effect in 
cciualizing the distribution of the scattered particles ; but it,; 
effect becomes relatively smaller, the smaller the fraction 
of the particles scattered through a given angle. 
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w 6. Comparison of TI~eory with Experiments. 

On the present theory, the value of the central charge Ne 
is an important constant, and it is desirable to determine its 
value for different atoms. This can be most simply done by 
determining the small fraction of a or ~ particles of known 
velocity falling on a thin metal screen, which are scattered 
between ~b and ~b+d~b where ~b is the angle of deflexion. 
The influence of compound scattering should be small when 
this fraction is small. 

Experiments in these directions are in progress, but it is 
desirable at this stage to discuss in the light of the present 
theory the data already published on scattering of a and /~ 
particles. 

The following points will be discussed : - -  

(a) The "diffuse reflexion" of a particles, i .e .  the 
scattering of ~r particles through large angles (Geiger 
and Marsden). 

(b) The variation of diffuse reflexion with atomic weight 
of the radiator (Geiger and Marsden). 

(c) The average scattering of a pencil of r162 rays trans- 
mitted through a thin metal plate (Geiger). 

(d) The experiments of Crowther on the scattering of 
fi~ rays of different velocities by various metals. 

(a) In the paper of Gelger and Marsden (lee. cir.) on the 
diffuse refiexion of a particles falling on various substances 
it was shown that abou~ 1/8000 of the a particles from radium 
C falling on a thick plate of platinmn are scattered back in 
the direction of the incidence. This fraction is deduced on 
the assumption that the a particles are uniformly scattered 
in all directions, the observations being made for a deflexion 
of about 90 ~ . The form of experiment is not very suited for 
accurate calculation, but from the data available it can be 
shown that the scattering observed is about that to be expected 
on the theory if the atom of platinum has a central charge of 
about 100 e. 

(b) In their experiments on this subject, Geiger and 
Marsden gave the relative number of a particles diffusely 
reflected from thick layers of different metals, under similar 
conditions. The numbers obtained by them are given in the 
table below, where z represents the relative number of 
scattered particles, measured by the number of scintillations 
per minute on a zinc sulphide screen. 
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Metal. 

Lead . . . . . . . . . . . .  

Gold .. . . . . . . . . . .  

P la t inum ...... 

Tin .. . . . . . . . . . . . . .  

Silver .. . . . . . . . . . .  

Oopper ......... 

Iron .. . . . . . . . . . .  

Aluminium ... 

Atomic weight. 

207 

197 

195 

119 

108 

64 

56 

27 

~~ 

62 

67 

63 

34 

o7 

145  

10'9 

3"4 

z/• 

208 

212 

232 

226 

241 

225 

250 

243 

Average 233 

On the theory of single scattering, the fraction of the total 
number of a particles scattered through any given angle in 
passing through a thickness t is proportional to n.A~t, 
assuming thai the central charge is proportional to the atomic 
weight A. In the present case, the thickness of matter from 
which the scattered a particles are able to emerge and affect 
the zinc sulphide screen depends on the metal. Since Bragg 
has shown that the stopping power of an atom for an 
particle is proportional to the square root of its atomic weight, 

the value of nt for different elements is proportional'to 1] ~/A. 
In this case t represents the greatest depth from which the 
scattered a particles emerge. The number z of a particles 
scattered back from a thick layer is consequently proportional 

to A 3/~ or z[A 3/~ should be a constant. 
To compare this deduction with experiment, the relative 

values of the latter quotient are given in the last column. 
Considering the difficulty of the experiments, the agreemen~ 
between theory and experiment is reasonably good *. 

The single large scattering of a particles will obviously 
affect to some extent the shape of the Bragg ionization cur~;e 
tbr a pencil of a rays. This effect of large scattering should 
be marked when the a rays have traversed screens of metals 
of high atomic weight, but should be small for atoms of light 
atomic weight. 

(c) Geiger made a careful determination of the scattering 
of ~t particles passing through thin metal foils, by the 
scintillation method, and deduced the most probable anglo 

The effbct of change  of veloci ty  in  an a tomic  encounter  is  neglected 

in th is  calculat ion.  

_Phil. Mag. S. 6. Vol. 21. No. 125. Jfay 1911. 2 Y 
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through which the a particles are deflected in passing through 
known thicknesses of different kinds of matter. 

A narrow pencil of homogeneous a rays was used as a 
source. After pa~sing through the scattering foil, the total 
number of , particles deflected through different angles 
was directly measured. The angle for which the number of 
scattered particles was a maximmn was taken as the most 
probable angle. The variation of the most probable angle 
with thickness of matter was determined, but calculation from 
these data is somewhat coxnplieated by the variation of 
velocity of the ,~ particles in their passage through the 
scattering material. A consideration of the curve ofdistribu- 
tiou of the a particles given in the paper (lee. cit. p. 496) shows 
that the angle through which half the particles are scattered 
is about 20 per cent greater than the most probable angle. 

We have already seen that compound seattering may 
become important when abov~ bali the particles are scattered 
through a given angle, and it is difficult to disentangle in 
such cases the relative effects due to the two kinds of 
scattering. An approximate estimate can he made in the 
following way : - - F r o m  (w 5) the relation between the 
probabilities Pl and p~ for compound and single scattering 
respectively is given by 

p.~ log pl = --'721. 

The probability q of the combined effects may as a first 
approximation be taken as 

q = (pl  ~ -4- p2~) 1/2. 

I f  q= '5 ,  it follows that 

p~='2 and p.~='46. 

We have seen that the probability p,  of a single deflexion 
greater than ~b is given by 

p~ -= ~ n ,  t .  b ~ cot ~ / 2 .  

Since in the experiments considered r is comparatively small 

~b ~/p~ = b =  2NeE 

~/~r~t mu ~ " 

Geiger found that the most probable angle of scattering 
of the a rays in passing through a thickness of goht equivalent 
in stopping power to about "76 em. of air was 1 ~ 40'. The 
angle ~b through which half the ~ particles are turned thus 
corresponds to 2 ~ nearly. 

t= '00017 cm. ; n--6"07 • 10 "'~ ; 

u (average value) ----- 1"8 x 109. 

E/m = 1"5 • 10 ~4 . E.s. units ; e=4"65 X 10 -1~ 
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Taking the probability of single scattering = '46  and 
substituting the above values in tile formula, the value of N 
ibr gold comes out to be 97. 

For a thickness of gold equivalent in stopping power to 
.2"12 cms. of air, Geiger found the most probable angle to be 
3o40 '. In this case t='00047, r176 and average u =  
1"7 • 109, and N comes out to be 116. 

Geiger showed that the most probable angle of deflexion 
for an atom was nearly proportional to its atomic weight. It 
consequently follows that the value of N for different atoms 
should be nearly proportional to their atomle weights, at any 
rate for atomic weights between gold and aluminimn. 

Since the atomic weight of platinum is nearly equal to that 
of gold, it follows from these considerations that the 
magnitude of the diffuse reflexion of a particles through more 
than 90 ~ from gold and the magnitude of the average small 
angle scattering of a pencil of rays in passing through gold- 
foil are both explained on the hypothesis of single scattering 
by supposing the atom of gold has a central charge of about 
100 e. 

(d) .Experiments of Crowther on scatterln 9 of t~ rays .~  
We shall now consider how far the experimental results of 
Crowther on scattering of /3 particles of different velocities 
by various materials can be explained on the general theory 
of single scattering. On this theory, the fraction of /3 
particles p turned through an angle greater than r is 
given by 

7/" 

p = ~ n. t .  b 2 cot ~ r 

In most of Crowther's experiments (~ is sumciently small 
that tan ~b/2 may be put equal to ~/2 without much error. 
Consequently 

dp2=2~rn.t.b ~ if p----1/2. 

On the theory of compound scattering, we have already 
seen that the chance pl that the deflexion of the particles 
is greater than qS is given by 

97r a 
4~/logpl = -- ~ n. t.  b 2. 

Since in the experiments of Crowther the thickness t of 
matter was determined for which p1=1/2, 

~ - ~  "967r n t b e. 

For a probability of 1['2, the theories of single and compound 
2 Y 2  
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68~ Prof. E. Rutherford on the 

scattering .tre thus identical in general form, but differ by .~ 
numerical constant. It is thus clear that the main relations 
on the theory of compound scattering of" Sir J.  J.  Thomson, 
which were verified experimentally by Crowther, hold equally 
well on the theory of single scattering. 

For example, if tm be the thickness for which half the 
particles are scattered through an angle ~b, Crowther showed 

that ~b[ ~t , ,  and a l so -E- .  r were constants for a given 

inaterial when ~b was fixed. These relations hold also on the 
theory of single scattering. Notwithstanding this apparent 
similarity in form, the two theories are fundamentally 
different. In one case, the effects observed are due tn 
cumulative effects of small deflexions, while in the other 
the large deflexions are supposed to result from a single 
encounter. The distribution of scattered particles is entirely 
different on the two theories when the probability of deflexion 
greater than ~b is small. 

We have already seen that the distribution of scattered 
= particles at various angles has been found by Geiger to be 
in substantial agreement with the theory of single scattering, 
but cannot be explained on the theory of compound scat- 
tering alone. Since there is every reason to believe that 
the laws of scattering of = and /3 particles are very similar, 
the law of distribution of scattered/3 particles should be the 
same as for = particles for small thicknesses of matter. 
Since the value of ,nu~/E for the/3 particles is in most cases 
much smaller than the corresponding wllue for ~he ~ par- 
ticles, the chance of large single deflexions for/3 particles in 
passing through a given thickness of matter is much greater 
than for = particles. Since on the theory of single scattering 
the fraction of the nmnber of particles which-are deflected 
through a given angle is proportmnal to kt, where t is the 
thickness supposed small and k a constant, the number or" 
p~,rticles which are undetected through this angle is propor- 
tional to 1--kt .  From considerations based on the theory of 
compound scattering, Sir J.  J. Thomson deduced that the 
probability of deflexion less than ~b is proportional to 1--e-s/~ 
where/~ is a constant for any given value of 6. 

The correctness of this latter formula was tested by Crowther 
by measuring electrically the fraction l / I  0 of the scattered 
/3 particles which passed through a circular openblg sub- 
tending an angle of 36 ~ with the scattering material. If 

]/Io = 1 - e -'/t, 

the value of I should decre;tse very slowly at first with 
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increase of t. Crowther, using aluminium as scattering 
material, states that the variation of I/[o was in good accord 
with this theory for small values of t. On the other hand, 
if  single scattering be present, as it undoubtedly is for a rays, 
the curve showing ~he relation between I/to and t should be 
nearly linear in the initial stages. The experiments of 
Madsen* on scattering of • rays, although not made with 
quite so small a thickness of almninium as that used by 
Crowther, certainly support such a conclusion. Considering 
the importance of the point at issue, further experiments on 
this question are desirable. 

From the table given by Crowther of the value r ~ / ~  for 
different elements for /3 rays of velocity 2"68 x 10 l~ cms. 
per second, the values of the central charge Ne can be 
calculated on the theory of single scattering. I t  is supposed, 
as in the case of the a rays, that for the given value of 

~b/,./t-a the fraction of the /3 particles deflected by single 
scattering through an angle greater than ~b is "46 instead 
of "5. 

The values of N calculated from Crowther's data are 
given below. 

:ElemenL Atomic 
weight. r :N. 

Aluminium .................. , 

Copper ........................ 

Silver ........................... 

Pl~tinura ..................... 

27 

632 

108 

194 

4-25 

10-0 

15-4 

29 O 

22 

42 

78 

138 

I t  will be remembered that the values of N for gold 
deduced fi'om scattering of the a rays were in two calcula- 
tions 97 and 114. These numbers are somewhat smaller 
than the values given above for platinum (viz. 138), whose 
atomic weight is not very different from gold. Taking into 
account the uncertainties involved in the calculation from 
the experimental data, the agreement is sufficiently close to 
indicate that the same general laws of scattering hold for the 
a and /3 particles, notwithstanding the wide differences in 
the relative velocity and mass of these particles. 

As in the case of the a rays, the value of N should be 
most Simply determined for any given element by measuring 

, Phil. Meg. xviii, p. 909 (1909). 
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686 Prof. E. Rutherford on the 

the small fraction of the incident/3 particles scattered through 
a large angle, in  this way, possible errors due to small 
scattering will be avoided. 

The scattering data for the /3 rays, as well as for the 
a rays, indicate that the central charge in an atom is 
approximately proportioaal to its atomic weight. This falls 
in with the experimental deductions of Schmidt*. In his 
theory of absorption of/3 rays, he supposed that in traversing 
a thin sheet of matter, a small fraction a of the particles are 
stopped, and a small fraction /3 are reflected or scattered 
back in the direction of incidence. From comparison of the 
absorption curves of different elements, he deduced that 
the value of the constant t3 for different elements is propor- 
tional to nA 2 where n is the number of atoms per unit volume 
and A the atomic weight of the element. This is exactly the 
relation to be expected on the theory of single scattering if 
the central charge on an atom is proportional to its atomic 
weight. 

w 7. General Considerations. 

In comparing the theory outlined in this paper with the 
experimental results, it has been supposed that the atom 
consists of a central charge supposed concentrated at a point, 
and that the large single deflexions of the a and/3 particles 
are mainly duo to their passage through the strong central 
field. The effect of the equal and opposite compensating 
charge supposed distributed uniformly throughout a sphere 
has been neglected. Some of the evidence in support of 
these assumptions will now be briefly considered. For con- 
creteness, consider the passage of a high speed a particle 
through an atom having a positive central charge No, and 
surrounded by a compensating charge of lq electrons. 
Remembering that the mass, momentum, and kinetic energy 
of the a particle are very large compared with the corre- 
sponding values for an electron in rapid motion, it does not 
seem possible from dynamic considerations that an a particle 
can be deflected through a large angle by a close approach 
to an electron, even it' the latter be in rapid motion and 
constrained by strong electrical forces. It  seems reasonable 
to suppose that the chance of single deflexions through a 
largo angle due to this cause, if not zero, must be exceedingly 
small compared with that due to the central charge. 

It  is of interest to examine how far the experimental 
evidence throws light on the question of the extent of the 

* Annal. d. Phys, iv. -,o3. p. 671 (1907). 
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distribution of the central charge. Suppose, for example, 
the central charge to b~ composed of N unit charges dis- 
tributed over such a volmne that ~he large single deflexions 
are mainly due to the constituent charges and not to the 
external field produced by the distribution. It has been 
shown (w 3) that the fraction of the ~ particles scattered 
through a large angle is proportional to (NEE) ~', where Ne is 
the central charge concentrated at a point and E the charge 
on the deflected particle. If, however, this charge is dis- 
tributed in single units, the fraction of the a particles 
scattered through a given angle is proportional to Ne 2 instead 
of N~e 2. In this calculation, the influence of mass of the 
constituent particle has been neglected, and account has only 
been taken of its electric field. Since it has been shown th~tt 
the value of the eentr~A point charge for gold must be about 
100, the value of the distributed charge required to produce 
the same proportion of single deflexions through a large 
angle should be at least 10,000. Under these conditions the 
mass of the constituent particle would be small compared 
with that of the ~ particle, and the difficulty arises of the 
production of large single deflexions at all. In addition, 
with such a large distributed charge, the effect of compound 
scattering is relatively more important than that of single 
scattering. For example, the probable small angle of de- 
flexion of a pencil of a particles passing through a thin gold 
foil would be much greater than that experimectallv observed 
by Geiger (w b-c). [[he large and small angle'seattming 
could not then be explained by the assumption of a central 
charge of the same value. Conside,'ing the evidence as a 
whole, i~ seems simplest to suppose that the atom contains 
a central charge distributed through a very small volume, 
and that the large single deflexions are due to the central 
charge as a whole, and not to its constituents. At the same 
time, the experimental evidence is not precise enough to 
negative the possibility that a small fraction of the positive 
charge may be carried by satellites extending some distance 
from the centre. Evidence on this p~int could be obtained 
by examining whether the same central charge is required 
to explain the large single deflexions of a and/9 particles; 
for the a particle must approach much closer to the centre 
of the atom than the /~ particle of average speed to suffer 
the same large deflexion. 

The general data available indicate that the value of this 
central charge for different atoms is approximately propor- 
tional to their atomic weights, at any rate for atmns heavier 
than aluminium. It will be of great interest to examine 
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688 Scattering of a and t3 Particles b.T/ ~latter. 

experimentally whether such a simple relation holds also for 
the lighter atoms. In cases where the mass of the deflecting 
atom (for example, hydrogen, helium, lithium) is not very 
different from that of the a particle, the general theory of 
single scattering will require modification, for it is necessary 
to take into account the movements of the atom itself 
(see w 4). 

I t  is of interest to note that •agaoka * has mathematically 
considered the properties of a " Saturnian" atom which he 
supposed to consist of a central attracting mass surrounded 
by rings of rotating electrons. He showed that such a 
system was stable if the attractive force was large. From 
the point of view considered in this paper, the chance of 
large deflexion would practically be unaltered, whether the 
atom is considered to be a disk or a sphere. It  may be 
remarked that the approximate value found for the central 
charge of the atom of gold (100e) is about that to he 
expected if the atom of gold consisted of 49 atoms of helium, 
each carrying a charge 2 e. This may be only a coincidence, 
but it is certainly suggestive in ~-iew of the expulsion of 
helium atoms carrying two unit charges from radioactive 
matter. 

The deductions from the theory so far considered are 
independent of the sign ot ~ the central charge, and it has not 
so far been found possible to obtain definite evidence to 
determine whether it be positive or negative. It  may be 
possible to settle the question of sign by consideration of the 
difference of the laws of absorption of the /~ particle to be 
expected on the two hypotheses, for the effect of radiation in 
reducing the velocity of the fl particle should be far more 
marked ~ith a positive than with a negative centre. If  the 
central charge be positive, it is easily seen that a positively 
charged mass if released from the centre of a heavy atom, 
would acquire a great velocity in moving through the electric 
field. It  may be possible in this way to account for the high 
velocity of expulsion of a particles without supposing that 
they are initially in rapid motion within the atom. 

Further consideration of the application of this theory to 
these and other questions will be reserved for a later paper, 
~hen the main deductions of the theory have been tested 
experimentally. Experiments in this direction are already 
in progress by Geiger and Marsden. 

University of Manchester, 
April 1911. 

 9 Nagaoka~ Phil. 3Iag. vii. p. 445 (1904). 
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