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ON ELECTRONS.
By SIR OLIVER LODGE, F.R.S., Vice-President.
INTRODUCTION.
In Maxwell's Electricity published in 1873, section 57, the following
sentence occurs in connection with the discharge of electricity through
gases, especially through rarified gases :—
" These and many other phenomena of electrical discharge are
exceedingly important, and when they are better understood they
will probably throw great light on the nature of electricity as well
as on the nature of gases and of the medium pervading space."
This prediction has been amply justified by the progress of science,
and no doubt still further possibilities of advance lie in the same direction. The study of conduction through liquids first, and the study of
conduction through gases next, combined with a study of the processes
involved in radiation, have resulted in an immense addition to our
knowledge of late years, and have opened a new chapter, indeed a new
volume, of Physics.
The net result has been to concentrate attention upon the phenomena of electric charge, and greatly to enhance the importance of
a study of electrostatics. Not long ago Fitzgerald used chaffingly to
speak of electrostatics as "one of the most beautiful and useless
adaptations of nature " ; and it was becoming the custom with teachers
who felt that they must attend exclusively to the practically useful, and
not waste their students' time on decoration and superfluities, almost
to ignore, or at any rate to scamper through, the domain of electrostatics, and to begin the study of electricity with the phenomena of
current, and especially of the connection between electricity and
magnetism.
And certainly from the severely practical point of view, as well as
from many other aspects, this part of electrical science remains the
most important; but to him who would not only design dynamos and
large-scale machinery, to him who in addition to the training and
aptitude of the engineer possesses something of the interests, the
instinct, and the insight, of a man of science, to such a one the nature
and properties of an electric charge, at rest and in motion, constitute a
fascinating study ; for there lies the key to the inner meaning of all the
occurrences with which his active life is so intimately concerned—
there lies the proximate solution of problems which have excited the
attention and taxed the ingenuity of philosophers and physicists and
chemists since men began to escape from the struggle for bare
existence—that most immediately practical of all occupations—and felt
free to devote themselves, some to art, some to literature, some to the
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accumulation of superfluous wealth, and some to the gratuitous pursuit
of speculation a n d pure theory.
Your President, Mr Swinburne, realising that a society like this was
sure to contain m e n eager to pursue their subject into some of the intricacies far removed from their immediately practical occupations,
wrote a n d pressed m e to come up a n d give an explanatory sketch of
what had been done of late in t h e world of pure science towards t h e
elucidation of the most familiar electrical processes ; and with but
little hesitation I consented, feeling sure that what the President urged
would not be regarded by the Institution at large as out of place or
unsuitable, though of m y o w n motion I should never have thought of
offering any such paper.

PART I.
First I must lay a basis of pure theory : we must consider the properties of the ancient and long known phenomenon called an electrified
body.
Two substances placed in contact and separated are in general
united more or less permanently by lines of force, the region between
them being in a state of tension along the lines and of pressure at right
angles. These lines have direction : they begin at one body and end at
another, they map out a field of electrostatic force, and their terminations on one one or other of the bodies constitute what we call an
electric charge. Electric charges are of two kinds, one corresponding
to the beginning of the lines, the other to their ends. To one class of
bodies, called insulators, the lines appear rigidly attached ; whereas in
another class they slip easily along, and are transferred from one such
conducting body to another in contact with it, with great ease.
The tension in the lines tends to bring the ends together as near as
possible, giving rise to what is observed as electrical attractions and
repulsions.
In empty space it is probable that the only way of destroying such
a field of force is to allow the two bodies to approach each other,
and thus shorten up the lines to nothing; though even so it is not
probable that the charges are destroyed, but only approach so close
that they have no external effect at any moderate distance. When
matter is present, however, it may be able to assist this collapse of the
lines in various ways, giving rise to the various phenomena of conduction and of disruptive discharge.
If one of the two oppositely charged bodies is sent away to a
considerable distance, while the other is isolated and regarded alone,
the lines of this latter start out in all directions in nearly straight lines,
giving rise to the simple notion of a single charged body,—a thing
which is no more really possible than is a single magnetic pole. The
other ends of the lines must be somewhere, though they may be so far
away as to be spoken of as, for all practical purposes, at infinity.
Now consider how far this field of force belongs to the body, and
how far it belongs to space, that is to the ether surrounding the body
The body is the nucleus whence the lines radiate, but the lines them-
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selves, the state of tension and other properties which they represent and
map out, do not belong to the body at all; at each point of space there
is an electric potential, and this potential represents something
occurring in the ether and in the ether alone.
A CHARGED SPHERE.

Picture in the mind's eye such a charged body, say a charged
sphere, and let it change its position ; how are we to regard the effect
of the displacement on its field of force ? Nothing in physics is more
certain than this, that when a body moves, the ether in its neighbourhood does not move. The ether, in fact, is stationary : it is susceptible
to strain, but not to motion ; it is the receptacle of potential, not of
locomotive kinetic energy.
The effect of the motion of the body, then, is to relieve the strain of
the ether at one place and to generate it at another ; the state o.f strain
travels with the body, but through the ether.
Regarding the matter from the point of view of the ether, we might
say that the field of force is constantly being destroyed and regenerated
as the body moves. Regarding it from the point of view of the moving
body, we should say that it carries its field with it.
The question now arises—and it is far from being an easy question—
what sort of occurrences go on in the ether when this decay and
regeneration of an electrostatic field is occurring, or when a field of
force is moving through it ? Can it adapt itself instantly to the new
conditions, or does it require time ? This matter has been studied,
closely and exhaustively, by Mr. Oliver Heaviside.
Fix the eye upon a point a mile distant from the body; does the
information about the motion of the body reach that point instantaneously, so that all the lines of force move like absolutely rigid spokes,
every part simultaneously : and if so, how is the communication carried
on so that the distant parts of the medium can be thus instantaneously
affected ? Or does the disturbance only arrive at the distant point after
the lapse of a small but appreciable time ; in other words, has there to
be an adjustment to the new conditions—an adjustment which reaches
the nearest parts first and the further parts later; and if so, what
additional phenomena can be observed during the unsettled period ?
The answer is that during the motion of the charged body, and
even after the cessation of its motion, until the disturbance has had
time to die away and everything to settle down into static condition
again, the phenomena of magnetism make their appearance : a new set
of lines of force quite different from the electrostatic lines (although
they, too, exhibit a tension along them and a pressure at right angles)
come into temporary being. These do not originate at one place and
terminate at another : they are always and necessarily closed curves or
rings, and in the present simple case they are circles all centred upon
the path of motion of the charged body. At any point of space there
are now three directions to consider : (i) there is the original direction
of the electrostatic field—the original electric line of force ; (2) there is
the direction of the motion—that is, a direction parallel to the movement
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of the charged sphere ; and (3) there is the direction at right angles to
these two ; this last being the direction of the magnetic lines of force—
the direction of the magnetic field.
I spoke of the magnetic field as temporary, but that is on the
assumption that the charged body is merely displaced, moved from
one position to another; if it is not stopped, but keeps on moving,
then the magnetic lines continue as long as the motion lasts. Its
strength at any point r, 9, is—
eu . n
H = — sin 9.
r

If we are asked whether such a magnetic field is weak or not, I
have to reply that that depends entirely on how strong the charge is
and how quickly it is moving. There is, in my opinion, no other kind
of magnetic field possible; and so if ever we come across a magnetic
field which we feel entitled to consider "strong," we must conclude
that it is associated with the motion of a very considerable charge at
a velocity we may properly style great. But certainly it is true that for
any ordinary charged sphere moving at any ordinary pace—even
supposing that it is a cannon-ball shot from the mouth of a gun—the
concentric circular magneticfieldsurrounding its trajectory is decidedly
feeble. Feeble or not, it is there, and to its existence we must trace all
the magnetic phenomena of the electric current.
For just as there is no electrostatic field save that extending from
one charged body to another, so there is no electric current except the
motion of such a charged body, and no magnetic field except that
which surrounds the path of this motion.
The locomotion of an electric charge is an electric current, and the
magnetic phenomena surrounding that current are believed to be the
only magnetic phenomena in existence. If any other variety is possible,
the burden of proof rests on those who make the positive assertion.
One more statement:—
While the charge is stationary everything is steady, and we have an
electric field only.
While the charge is moving at constant speed the current is stead)',
and we have a steady magnetic field superposed upon a steadily moving
electric field, and a certain conveyance of energy in the direction of the
motion.
But what about the intermediate stages, the stages of starting and
stopping; what is the condition of things after the charge has begun
to move but before it has attained a constant speed, and again when the
brake is applied and the speed is decreasing, or when the direction of
motion is changing ? What phenomena are observable during the
epoch of acceleration or retardation of speed or curvative of path ?
Something more than simple electrostatics and simple magnetism is
then observed.
We get the phenomenon of induction—the generation of an induced
E.M.F., of value at any point equal to the rate of change of the lines of
magnetic force there. There being no conductor, this E.M.F. will
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propel no current, but it will represent an electric force which was not
there before, and in a new direction, perpendicular to the direction in
which the growing magnetic lines are moving, which is outwards from
the charge. Consequently the new or induced E.M.F. points in the
direction of motion, though in the sense opposed to any change in it;
and the effect of its superposition upon the magnetic field is to cause
a certain small transmission of energy in a radial direction out and
away from the accelerated charge. Some energy therefore flashes
away with the speed of light, though in ordinary cases an exceedingly
small amount.
It is from an electric charge during its epochs of acceleration or
retardation that we get the phenomenon called radiation ; it is this and
this alone which excites ethereal waves, and gives us the different
varieties of light.
O n p"2 l't-

The energy radiated per second is -•- -,
where v is the speed of light and u is the acceleration of the charge c.
Thus, or rather by means of a very extensive development of these
fundamental ideas, are all the phenomena of electricity and optics
summarised, and, so to speak, accounted for.
ELECTRIC INERTIA.

Whatever a charge may be, and whatever the hydrodynamic constitution of the ether, it must be able to maintain electric lines and
magnetic lines, and to transmit energy wherever both sets of lines cross
at right angles.
An accelerated charge is equivalent to a changing current, for -—
dI
d?-J?•
O Whenever a current changes we have an E.M.F.
may be written —
ct t

of self-induction set up equal to L —r--'
Considered from the point of view of a current constituted by a
moving charge, this corresponds to a mass acceleration.
And the electrical acceleration is opposed by the E.M.F., just as the
acceleration of matter is opposed by its mechanical inertia. The coefficient of the electric acceleration represents, therefore, an inertia
term, and is properly called electric inertia.
By Lenz's law the effect of induction is always to oppose the cause
which produced it. In the present case the cause is the acceleration or
retardation of the moving charge, and so in each case this is opposed
by the reaction of the magnetic lines generated by it.
Motion is opposed while it is increasing in speed, and it is assisted
while it is decreasing in speed—an effect precisely analogous to ordinary
mechanical inertia ;—and therefore force is necessary, and work must be
done, either to start or to stop the motion of a charged body. An extra
force, that is, by reason of its charge. Whatever the inertia the body
may have, considered as a piece of matter, it has a trifle more by reason
of its being charged.
VOL. 32.
4
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The value of this imitation or electrical inertia for the case of a
charged sphere of radius a is
5l1/.
3 n

(Sec Appendix.)

Since this is very important, I repeat:—
Just as a changing magnetic field affects an electrostatic charge,
that is to say generates a feeble field of electric force, into the intensity
of which the velocity of light enters squared in the denominator, so it
is with a changing electric field, it generates a magnetic field proportional to its velocity of change; and if it is being accelerated, the
magnetic field itself varies, and in that case generates an E.M.F. which
reacts upon the accelerated moving charge, and always in such a way
as to oppose its motion—by what is called Lenz's law, or simply by the
law of conservation of energy : for if it assisted the motion, the action"
and reaction would go on intensifying themselves until any amount of
violence was reached.
The magnetic lines generated by a rising current, that is by a
positively accelerated charged body, react back upon the motion which
produced them in such a way as to oppose it. To oppose it actually or
elastically, not passively or sluggishly as by friction. The reaction
ceases the instant the motion becomes steady : it is not analogous to
friction therefore, but to inertia ; it is the coefficient of an acceleration
term.
The magnetic lines generated by a falling current, that is by a
negatively accelerated or retarded charged body, react oppositely and
tend to continue the motion : thus here also we have a term corresponding to inertia. And the charged body may be said to have
momentum by reason of its charge while it is moving. The value of
the momentum is proportional to the velocity, so long as the velocity is
not excessively great, and accordingly the inertia term is constant, and
independent of speed, under the same restriction. It may therefore be
considered to be in existence even when the charge is stationary, and
thus it simulates exactly the familiar mechanical inertia of a lump of
ordinary matter.
In an Appendix will be given the simplest form of the quantitative
relations here indicated, and the inertia due to an electric charge will
be calculated. It is to be understood that whatever inertia a material
sphere may possess, considered as matter, it will possess more when it
is charged with electricity, and this no matter whether the charge be
positive or negative. The amount of extra or electrical inertia is proportional to the electrostatic energy of the charge : that is to say, it is
proportional to the charge and its potential conjointly. Call the charge
e, and the radius of the sphere a, the potential will be ejica. and the
2

appropriate inertia is m = —, e . cjica, where v is the velocity of light.
Another way of putting it is to say that if a mass of this amount
were moving with the speed of light, its kinetic energy would be half
as great again as the potential energy of the electric charge when
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standing still; for - m %P = - e. -e- = - Q V = potential energy.
Now any appreciable quantity of matter, even a milligramme,
moving with the speed of light, has a prodigious amount of energy;
namely, for the mass of one milligramme, fifteen million foot-tons. Or
as Sir William Crookes has expressed it: a gramme, or fifteen grains,
of matter, moving with the speed of light, would have energy enough
to lift the British Navy to the top of Ben Nevis.
Consequently the inertia of any ordinary quantity of electric charge
must be exceedingly minute. Notwithstanding this, it is quite doubtful
whether or not there really exists any other kind of inertia. The
question whether there does or not is at present, strictly speaking, an
open one ; though to my mind it is practically closed.
The only way of conferring upon a given electric charge any
appreciable mass is to make its potential exceedingly high, that is to
concentrate it on a very small sphere.
A coulomb at the potential of a volt has an electrostatic energy of
haJLf a Joule, that is + X io7 ergs.
The mass equivalent to this would be
o

JQ7

2

-—•-. = - - X io"'-* &gramme = io~ s milligramme.
&
3 9 x io 2J 27
Raise the potential to a million volts, and the mass ^equivalent to
a coulomb at that potential would be the hundredth part of a milligramme : still barely appreciable therefore.
The charge on an atom as observed in electrolysis is known to be
io~10 electrostatic units. If this were distributed uniformly on a sphere
the nominal size of an atom, viz., one io~ 8 centimetre in radius, its
potential would be one hundredth of an electrostatic unit, or about 3
volts. The energy of such a charge would be io - 1 - erg, and the inertia
of a body which would possess this energy if moving at the speed of
light would be io~33 gramme.
But this is incomparably smaller than the mass of a hydrogen atom,
which is approximately io~25 gramme. Consequently the ionic charge
distributed uniformly over an atom would add no appreciable fraction
to its apparent mass.
If, however, the atomic charge were concentrated into a sphere of
dimension io~13 centimetre, its potential would be 1000 electrostatic
units or 300,000 volts, its energy would be io~7 erg, and its inertia io~-8
gramme, or about TJTW °f the mass of a hydrogen atom.
All this is a preliminary statement of undeniable fact: that is to say
of fact which follows from the received and established theory of
Electricity, whether such things as electrons had ever been found to
exist or not.
All that we have stated is true of an ordinary charge on any ordinary
sphere which can be made to move by mechanical force applied to it.
It gives us the phenomena
of electrostatics when at rest,
of magnetism when in motion,
of radiation when started and stopped,
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and it incidentally, by reason of the known laws of electromagnetic
induction, exhibits a kind of imitation inertia, and in that way simulates
the possession of the most fundamental property of matter.
I will add a few more closely connected assertions. Apply a
sufficiently violent E.M.F. to a charged sphere, and the charge may
be wrenched off it.
Insert an obstacle in the path of a violently moving charged sphere
so as to stop it mechanically with sufficient suddenness, and again it is
possible for the charge, or something like it, to be jerked off it and
passed on. But to do this the speed of the sphere, as well as the
suddenness of stoppage, must be excessive. Usually the charge is
merely thrown into an oscillation, when the sphere is suddenly
stopped ; and it then emits a solitary wave or spherical shell of thickness
equal to the diameter of the sphere : or greater than that diameter by
the amount the sphere has moved during its retardation. When the
acceleration is moderate, however, the radiation is less energetic and also
less intense : less energetic because its power depends on the square of
the acceleration, less intense because it is spread over a thicker ethereal
shell. Rontgcn rays are perceptible only when the speed was great
and the stoppage so sudden that the wave or pulse shell is strong and thin.
The doctrine of the behaviour of a charged sphere in motion, and
the calculation of the value of the quasi inertia of an electric charge,
was begun by Professor J. J. Thomson in an epoch-making paper
published in the Philosophical Magazine for April, 1881—one of the
most remarkable physical memoirs of our time.
The stimulus to this investigation was supplied by those brilliant
experiments of Crookes, published in the Philosophical Transactions for
1879, which were preceded by observations of Pluckerand Hittorf, and
followed by other observations by Goldstein and Puluj and others
in 1880.
In 1891 Sir William Crookes was your President, and in his inaugural address expounded further some of these brilliant experimental
investigations, to which Schuster and many others had contributed. It
is not too much to say that up to the time of Crookes the phenomena of
the vacuum tube were shrouded in darkness, notwithstanding much
laborious and painstaking work done both in this country and on the
Continent in connection with them; but that since the researches of
Crookes in the seventies, the theoretical luminosity of the vacuum
tube has steadily increased, until now, as Maxwell predicted, it is
shedding light upon the whole domain of electrical science, and even
upon the constitution of matter itself.

APPENDICES TO PART I.
APPENDIX A.
CALCULATION OF THE INERTIA OF AN ELECTRIC CHARGE.

Let a spherical conductor of radius a carrying a charge of electricity
e move forward with moderate speed it ; meaning by moderate speed
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anything distinctly less than the speed of light; it constitutes a current
element of magnitude e u, and its circuit is closed by displacement
currents in the surrounding dielectric ; for its lines of force arise in the
medium in front and subside in the medium behind, and so a displacement of electricity takes place from fore to aft to compensate the motion
forward, and the lines of displacement are identical with the magnetic
lines due to a short magnet. A charge may be said to travel carrying
its electrostatic lines with it, or it may be said to be constantly generating a radial electrostatic field in front and destroying one behind.
When an electric field thus moves partly laterally it generates a
magnetic field—in the present instance in circular lines round the line
of motion—for the moving charge is an element of a linear current.
The generation of these magnetic lines acts so as to oppose the
current which produced them, but so long as they continue steady they
exert no effect on it. When they subside, however, they tend to
prolong the current which maintained them. Consequently, if the
moving charge (or current) tries to stop, its retardation meets with
obstruction ; it is constrained to persist by the subsidence of the
magnetic field which its motion excited and maintains. Its velocity is
not resisted, there is nothing equivalent to friction, but its acceleration
+ or — is obstructed, an effect precisely analogous to inertia. If it is
at rest it will need force to start it, and if it is in motion its motion will
persist.
The charge acts, therefore, as if it had inertia, and we can proceed
to calculate its amount.
While moving it is a current and will be surrounded by rings of
magnetic force, whose intensity, at any point with polar co-ordinates
r9 referred to the line of motion as axis and the moving charge as
origin, will be the quite ordinary expression (with e u for the current
element instead of C d s)—
Tj

eu sin 9

r~
The ordinary expression for the electrostatic force at the same
point is—
E= J •
K r*'
and if the motion is slow this value will be preserved, but if it is rapid
the electric field gets weaker along the axis and stronger cquatorially,
having been shown by Mr. Heaviside {Philosophical Magazine, April,
1889) to be given by the following expression—
K r2 " j x _ („, s i n Qjvy J. is'
where v is the velocity of light.
The strength of the magnetic field will be similarly modified in this
case ; but the simplest mode of stating it is to express it in terms of E,
a,nd to say that always—
ft = I\ E u sin 0,
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The rate of transmission of energy will be the vector product of E
and H ; and the whole magnetic energy, that is the whole energy due
to the current, i.e., due to the motion, will be obtained by integrating
the ordinary expression /t H2/8 -K all over space outside the charged
sphere, viz., from a to oo all round. In the general case this expression
is a little long, but in the most important case, when the speed of
motion u is decidedly less than the speed of light v, it is quite simple,
and the working may as well be given :
CO

Kinetic J = I £_H • d {vo{)
v

energy )

1 8 rr

7T

=

^

2 7T

I I I ^ rf ,- . r<I 0 . r sin 0 d *

8 TT 1 1 \ r*

cos 2 0— i ,
,
_ <y /-.rfcos 0 =
r2

Comparing this with mechanical kinetic energy 1w »?, we sec that
the charge on the sphere confers upon it additional kinetic energy, as
if its mass were increased on account of the charge by the amount—
2 uC3

m = -J-—,
3«
which may also be written—
m=

2

A K * c°— . c . -0- = — X charge X potential,
&
Ka
3vs
3
Kfl ~ 3va

or—
•- m vQ = the electrostatic energy of the charge.
4
In other words, the mass equivalent to the-charge is such that if it were
a piece of matter with constant inertia travelling at the speed of
light, its kinetic energy would be half as great again as the potential
energy of the electric charge when standing still.

APPENDIX B.
T H E ELECTRIC F I E L D DUE TO A MOVING MAGNET.

If a short bar magnet or uniformly magnetised sphere (its moment M
being the intensity of magnetisation x the volume of the sphere) moves
along axially, that is in the direction of its magnetisation, with velocity
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u, it generates circular lines of electric force all centred upon its axis,
much as a moving charge generates circular lines of magnetic force.
If there is a conducting path around any such circle, then the motion
of a magnet along its axis will generate a current in it, but if there
be no conductor the motion will only result in an electric displacement
which subsides when the magnet stops.
The intensity of the magnetic field at any point along the axis is
well known to be 2 M/r 3 ; at any point on its equatorial plane it is
— M/r 3 ; and in any intermediate direction it is, as regards magnitude
alone—

All this holds for the moving as for the stationary magnet, provided its
speed does not approach that of light.
The electric force at the same point is—
r3

Tlic electrostatic energy resulting will be the integral of K E3 /8 TT everywhere outside the moving magnetised sphere of radius a, viz.—

Energy = K

_KM;H!_

sin 2 0 cos * 0 el r . r (I Q . r sin 0 d <p

JVI

The displacement acts like an elastic strain set up in the dielectric,
storing the above energy statically; and so long as the magnet continues
moving steadily the electric displacement exerts no force upon it; but
acceleration will be resisted. If the magnet begins to go faster it sets
up more displacement, and the act of setting this up constitutes a
transient current, which opposes the motion as long as the acceleration
continues, but dies out the instant the motion becomes steady again.
Conversely if the motion of the magnet began to slacken, the electric
strain would begin to subside, and its subsidence would constitute an
inverse transient current which would assist the motion i.e., oppose the
slackening. In other words, the variations of the circular electric strain
in the surrounding medium confer upon a moving magnet a spurious or
apparent momentum, in addition to its real mechanical momentum;
and thus the elastic strain itself may be said to represent a spurious or
apparent inertia due to magnetisation, in addition to any real mechanical
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inertia which the body holding the magnetism may itself possess. And
the amount of this extra inertia is—

m=

2KM2

__2
5

5 a3

—2

M

*

5 [ia3v*

—

8

15

""1H
s
ft. v

H0M
v~'

where I is the intensity of magnetisation, and Ho the intensity of the
field, inside the substance of a uniformly magnetised sphere of radius a
and magnetic moment M.
The equivalent mass moving with the velocity of light would therefore
have an energy equal to one-fifth of the potential energy of the
magnetised sphere if it were held at right angles to a field of its own
internal intensity.
This result may be applied, mutatis mutandis, to a moving molecule
consisting of a pair of equal opposite electrons not in absolute
coincidence.

PART II.
DISCOVERY OF THE ATOM OF ELECTRICITY.

Quoting again from the great Treatise of Clerk Maxwell, ist- Edition,
we find on page 312, in the chapter on electrolysis, the following
sentence :—
" Suppose, however, that we leap over this difficulty by simply
asserting the fact of the constant value of the molecular charge,
and that we call this constant molecular charge, for convenience
in description, one molecule of electricity."
Thus some idea of the conception of the atomic nature of electricity
was forced upon men of genius by the facts of electrolysis and a
knowledge of Faraday's laws. But Maxwell went on, after a few
more paragraphs :—
" It is extremely improbable that when we come to understand
the true nature of electrolysis we shall retain in any form the
theory of molecular charges, for then we shall have obtained a
secure basis on which to form a true theory of electric currents,
and so become independent of these provisional theories."
It is rash to predict what may ultimately happen, but the present
state of electrical science seems hostile to this latter prediction of
Maxwell. The theory of molecular charges looms bigger to-day, and
has taken on a definiteness that would have surprised him.
The unit electric charge, the charge of a monad atom in electrolysis,
whatever else it is, is a natural unit of electricity, of which we can
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,have multiples, but of which, so far as we know at present, it is
impossible to have fractions.
\
I will extract the following sentence from Section 32 of Modern
Views of Electricity :—

" This quantity, the charge of one monad atom, constitutes the
smallest known portion of electricity, and is a real natural unit.
Obviously this is a most vital fact. This unit, below which
nothing is known, has even been styled an ' atom of electricity,"
and perhaps the phrase may have some meaning. . . . This
natural unit of electricity is exceedingly small, being about the
hundred-thousand-millionth part of the ordinary electrostatic
unit, or less than the hundred-trillionth of a coulomb."
The atom with its charge is called an ion. The charge considered
alone, without its atom, was called by Dr. Johnstonc Stoney an electron
or natural electrical unit.
What we learn with great accuracy from electrolysis is the ratio of
the charge to the mass of substance with which it is associated. It
matters nothing how much substance is chosen, whether 100 atoms or
one, whether an atom or a gramme or a ton, the amount of electricity
associated with it in electrolysis and liberated when the substance is
decomposed, increases in the same proportion ; the ratio is constant, and
if determined for one substance is known for all.
This is the ratio which is technically known as the " electrochemical
equivalent" of the substance. In the light of Faraday's laws, if this
quantity is measured for one substance it is known for all, because the
charge is the same for every kind of atom up to a simple multiple; and
hence in specifying electrochemical equivalents there is nothing to consider but the atomic weight or combining proportion of the substance.
Thus the electrochemical equivalent of oxygen is 8 times that of
hydrogen, that of zinc is 32^ times, and that of silver 108 times that of
hydrogen. The substance chosen for a determination of the electrochemical equivalent may be the one which can be most accurately
experimented on, and Lord Rayleigh has shown that such a substance
is nitrate of silver, and has ascertained that if a current of one ampere
is passed from a silver anode to a platinum cathode through a nitrate
of silver solution, the cathode gains in weight by 4*025 grammes every
hour. Hence the electrochemical equivalent of silver is
4-025 grammes
1 ampere-hour '
the electrochemical equivalent of hydrogen, being -^ of this quantity,
4*025 g r a m m e s
4'025
I
grammes
—L—^
= —X.-. ?
c.g.S. = -OOOIO35 C.g.S.= ->;•-per
108 ampere-hours
108 x 360
°
96600 coulomb.

Hence the ratio of an atom of electricity to an atom of hydrogen is
9,660/i-S c.g.s. units, or approximately io« V fcentimetres\ ; the unV \/i grammes/
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known constant /t necessarily making its appearance because we a r c
comparing quantities measured in different ways, viz., Electricity and
Matter (see Appendix D).
The numerical part of this quantity is known with comparative
exactitude, 1 that is to say up to the limits of error of experiment. To
proceed further, we must make an estimate of the mass of an atom;
that can be done, and has been done, in many ways, and we have been
taught both by Dr. Johnstone Stoney and by Loschmidt, and notably
by Lord Kelvin, that the mass of an atom of water is approximately
io - 2 4 of a gramme, wherefore an atom of hydrogen will be approximately io~2S gramme; whence the unit of electric charge is io~ 31 c.g.s.
magnetic unit, or io~ 10 of an electrostatic unit or io- 20 of a coulomb.
I have emphasised this matter of the ratio m to e or e to m because
it plays a considerable part in what follows. The absolute values arc
of less consequence to us than the ratio, and are only known approximately, but the ratio is known with fair accuracy, and the ratio for
hydrogen is very nearly io 4 magnetic units, or more exactly 9,660.
Thus what we learn from electrolytic conduction briefly summarised
is that every atom carries a certain definite charge or electric unit,
monads carrying one, cliads two, triads three, but never a fraction;
that in liquids these charges are definitely associated with the atoms,
and can only be torn away from them at the electrodes; that the
current consists of a procession of such charges travelling with the
atoms; the atoms carrying the charges, or the charges dragging the
atoms, according to from which point of view we please to regard
the process.
CONDUCTION IN GASES.

We will now leave liquids and proceed to conduction by rarificd
gases, that is to say to the phenomena seen in vacuum tubes. If a long
glass tube, say a yard long and two inches wide, with an electrode at
each end, and full of common air, is connected to an induction coil and
attached to an air-pump, the ordinary spark-gap of the coil being, say,
two or three inches wide, we find that for some time after working the
pump the electric discharge prefers the inch or two of ordinary air to a
long journey through the partially rarified air in the tube, but that at
a certain stage of exhaustion, one which any rough air-pump ought to
reach, this preference ceases. A flickering light appears in the tube
readily visible in the dark, which very soon takes on the appearance of
red streamers like the Aurora Borealis, and then the sparks outside in
the common air cease, showing that the rarified air is now the better
conductor and the preferable alternative path. Let the exhaustion
proceed further, and the axis of the tube becomes illumined with
the glow, which is now much brighter, showing a band or thread of
current, while the original spark-gap may be shortened down gradually
to one-eighth of an inch, or even less, without any spark taking place
1
The decimal places are correctly printed above ; though the fact that
1 coulomb or 1 ampere-second is one-tenth
of a c.g.s. unit, owing to the volt
having been stupidly defined as 10s instead of 109, always stands ready to
introduce confusion and error.
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across it, showing that the rarified air is now a very good conductor
When the best conducting stage is reached the tube is filled with a
glow, called the positive column ; and both ends of the tube are apt
to look alike. If we exhaust still further—and to exhaust even as far
as this something better than an ordinary air-pump is necessary, an
oil or mercury pump being the most suitable—the column of light
is seen to lill the whole tube, to gradually lose its bright red or crimson
tint, and to break up into a number of very narrow discs like pennies
seen edgeways. At the same time the spark-gap must be widened
to something more like a quarter or half an inch to prevent the discharge from taking that path, and a dark space near the cathode now
begins to be visible, the cathode itself being covered all over with a
glow, while the anode is usually only illuminated at a point or two.
The striae into which the positive column has been broken up thicken
and separate as exhaustion proceeds. The dark space near the cathode
also enlarges, driving as it were the positive column beforcit into the
anode, and looking as if it would presently fill the tube; but before it
can do this it is noticed that the glow on the cathode itself is coming
off as a kind of shell, leaving another dark space, a narrower and much
darker space, inside it. The first dark space has been called Faraday's
dark space; the second is generally known by the name of Crookes'
This second dark space now increases in thickness, pushing the glow
before it as the vacuum gets better and better; but the terminals of the
spark-gap must now be pulled still further apart, else the discharge
will prefer to take a reasonably long path through the air. Exhausting
further still, the glow all disappears and the second dark space fills the
whole of the tube ; and now is noticed a new phenomenon, the sides
of the glass have begun to glow with a phosphorescent light, the
colour of the light depending on the kind of glass used, but generally
in practice with a greenish light; a result evidently of being the
boundary of the dark.space. If exhaustion proceeds further, the resistance of the tube becomes very high, and the spark may prefer to
burst through an equal and ultimately even a greater length of ordinary
air. This is the condition of the tube so much investigated by Crookes,
by Lenard and Rontgen, and by man)' other observers. It is the
phenomena occurring in this dark space which have proved of the
most intense interest.
CATHODE RAYS.

So far we have supposed that the cathode is a brass knob or
other convenient terminal introduced into the tube; but if we now
proceed to use other shapes, as Crookes did, using a flat disc or a curved
saucer-shaped piece of metal, and if we then introduce into the dark
space various substances, we shall find that the dark space is full of
properties which are most clearly expressed by saying that it is a region
of cathode rays—that is to say, of rays or something as it were shot off
from the cathode. There is evidently something being thus shot off,
which, however, is invisible until it strikes an obstacle, something which
seems to fly in straight lines and to produce a perceptible effect only
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when it is stopped. Such a something might be a bullet from a gun,
which is quite invisible when looked at sideways, but may produce a
flash of flame when it strikes a target, or may do other damage. So it is
with these cathode rays : the region of their flight is the dark space ;
the boundaries of that space where the projectiles strike are illuminated.
A substance with phosphorescent power, such as man}' minerals, or
even glass, phosphoresces brightly, and the path of the rays can be
traced by smearing a sheet of mica with some phosphorescent powder
and placing it edgeways along their path. In this way it can be shown
that they travel definitely in straight lines, not colliding against each
other, but each shot as it were like bullets from an immense number of
parallel guns. Where they strike the sides of the glass they make it
phosphoresce ; where they strike residual air in the tube, as they do if
the exhaustion is not high enough, they make it phosphoresce also, and
give, in fact, the ordinary glow surrounding the dark space.
These rays possess a considerable amount of energy, as can be
shown by concentrating them by means of a curved saucer-shaped
cathode and bringing them, as it were, to a focus. A piece of platinum
put at that focus will (if the exhaustion is not too high) show evident
signs of being red-hot—that is to say, will emit light. If the exhaustion
is higher less heat is produced, though a phosphorescent light is
emitted from suitable substances like alumina and most earths; but if the
exhaustion is pressed further still the b6mbarded target emits no visible
light but that higher kind of radiation known as Rontgen or X-rays.
It may be doubted, however, whether the target itself emits these
rays, whether its function is not rather to stop the projectiles as
suddenly as possible by the massiveness of its atoms. Thus the best
target would be a substance with the heaviest atoms. The X-rays are
probably emitted by the suddenly stopped projectiles in a manner
which has been investigated both by Sir G. Stokes and Professor J. J.
Thomson, and which is intelligible to anyone who has studied the properties of moving electric charges moving at the speed of light: a
matter on which Mr. Heaviside has written with extreme clearness in
his volume called Electromagnetic Theory.
Cathode rays have a remarkable penetrating power; for Hertz
found that a thin metal diaphragm, especially if it were of aluminium,
was powerless to stop their passage completely; as could be demonstrated by the phosphorescence and other effects appearing in the
further half of the tube beyond the diaphragm.
The position of the anode in such experiments is of small consequence. There must be one somewhere, and the easiest plan is to
make it a cylinder through which the cathode ray bombardment goes.
The bombarding particles fly in straight lines and decline to turn a
corner, taking no apparent notice of the position of the anode, and
exhausting themselves by bombarding the side of the glass opposed to
them if the tube is bent into a V shape, for instance.
Lenard extended Hertz's discovery in a remarkable way by skilfully
constructing a tube with its outer wall of very thin aluminium, so
arranged as to be able to stand the atmospheric pressure outside. He
then directed the cathode ray bombardment on to this window or
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aluminium film, and showed that the rays can penetrate it and actually
come outside into the ordinary atmosphere, where they are called
Lenard rays, in honour of this indefatigable investigator, a friend and
disciple of Hertz.
These Lenard rays make the air phosphoresce and produce the
other effects which cathode rays can produce, but they are stopped
within a moderate range by the immense obstruction they meet with
from a substance of the density of ordinary air. Substances seem to
stop them simply in proportion to the quantity of matter which they
encounter, without regard to its nature. A thick layer of air would be
about as opaque as a layer of water -g^ as thick ; and even if the body
put in their way is a solid, provided it is thin enough and not too
massive, it will be penetrated by the rays ; and phosphorescent effects
will be produced on the other side of it. The rays can also affect
photographic plates, and indeed do nearly all the things, though on a
smaller scale and with much less penetrating power, that the later
discovered Rontgen rays can do.
The Lenard rays are clearly cathode rays emerged from the tube,
and it was the custom, at the date of their discovery, to think of them
as flying charged particles of matter ; though the extraordinary distance
they could travel through common air, a distance comparable to an
inch, was a manifest difficulty to such a hypothesis, seeing that things
as big as atoms of matter cannot travel so much as T<TVTT of a n inch in
ordinary air without many collisions.
Lenard accordingly adhered to the view that they were not material
but ethereal; and although in the sense he probably intended this is not
a tenable view, for they are not ethereal waves or anything of the
nature of radiation, yet, as we shall see, neither arc they ordinary
material particles, any more than the cathode rays are. But that is just
what we are now considering, and we will return to them as observed
by Crookes in 1879.
NATURE OF THE CATHODE RAYS.

We have seen that the impact of the cathode rays, speaking in
language appropriate to the assumption that they are charged particles,
will result partly in heat, or vibration of the impacted particles; partly
in light or phosphorescence, due to the quiver of electrically charged
atoms, or rather the electrical charges on atoms, as in the ordinary
process of radiation; and partly in X-rays : all of which effects are
readily seen at different stages of vacuum in a Crookes' tube. The
momentum of the flying particles shot off from the cathode can also be
exhibited by putting into their path some form of vane or little windmill,
which will then be driven mechanically, as the vanes of a radiometer
are driven by the recoil of the molecules of the residual air from the
warmer surface, a stress being thus set up between the vanes and their
glass enclosure. In the electric vacuum tube experiment the stress
seems to be between the cathode or gun and the vanes or target, and
the propelling force would appear to be the force of electrical repulsion,
the particles travelling down the grade of potential just as they travel
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in ordinary electrolysis; but whereas in ordinary electrolysis they meet
with constant encounters and therefore progress very slowly, in the
high vacuum they can fly for several inches in a free path without
encountering anything, and therefore without causing any disturbance,
giving rise to no appearance but that of the dark space. Phenomena
occur only where they strike.
This was the view taken by the whole world of the nature of cathode
rays after Crookes' demonstration ; it was supposed that they were
flying atoms, and that they were flying with ordinary molecular speed,
but with a long free path—much longer than would have been expected
from ordinary gaseous theory. The extraordinary length of free path
was somewhat difficult to reconcile with the doctrine that they were
flying atoms obedient to the ordinary laws of gases; except that, being
subject to electrical propulsion all in the same direction, their course
was more regular, and their encounters therefore fewer, than if they
had been moving at random. This same feature of regularity it is that
confers momentum upon them ; their motion does not constitute heat,
and is not to be considered as temperature; they are moving like a
wind, rather than with the irregular unorganised motion appropriate,
and solely appropriate, to the terms " heat" and " temperature," and to
the ordinary kinetic theory of gases. Crookes indeed hazarded the
surmise, by one of those flashes of intuition which are sometimes
vouchsafed to a discoverer but are often jeered at by orthodox science
at the time, that he had obtained matter in " a fourth state," and also
that he had got in his tube something equivalent to what was contemplated in the " corpuscular " theory of light. There is something to be
said for even this last mode of statement, when the particles are moving
quickly enough ; but how true the first was—that the matter in the dark
space was in a fourth state, neither solid nor liquid nor gaseous—how
true that was we shall presently see.
Meanwhile let us summarise the evidence for the view that the
cathode rays arc at any rate charged particles of some kind in extremely
rapid motion. That they are in motion must be granted from the facts
of their bombardment—driving mills, heating platinum, and the like j
and in order to show that they are charged, the most direct plan is to
catch them in a hollow vessel connected with an electroscope, as Perrin
did; but another plan is to show that they have the properties of an
electric current. If they are charged while in motion they constitute a
current on Maxwell's theory, and therefore should be able either to
deflect a magnet or to be deflected by it; and here comes one of the
most simple and important experiments in physics at the present time.
A definite form of old experiments by Goldstein and many other vacuum
tube observers was arranged by Crookes in 1879, when he made the
track of the rays visibly luminous by passing a selection of them
through a slit and letting them graze along the surface of a film of
mica covered with phosphorescent powder, and when he then brought
near them a common horseshoe magnet. When this is done the
track of the rays is at once seen to be curved ; showing that it
is not a beam of light we arc looking at, but a torrent of charged
particles behaving like an electric current and deflected by a magnet.

1902.]

LODGE : ON ELECTRONS.

63

It is really the very same phenomenon as can be observed with difficulty when a current flows through metals, which was discovered by
E. H. Hall, and known as the Hall effect.
The fact that the particles are thrown off the cathode, being
evidently vigorously repelled by it, is sufficient to suggest that they
must be negatively charged; the direction of the curvature caused
by a magnetic field enables us to verify at once that the flying particles
are negatively charged, and no comparable rush of positive particles
in the opposite direction or in any direction has been observed. In
that respect evidently the magnetic curvature of cathode rays in gases
differs 'from the magnetic curvature of a current in metals, viz., that
whereas in metals it is sometimes the negative and sometimes the
positive current which is acted upon, according to the nature of the
metal, and is always small, in gases it is the negative alone that appears
to be acted upon and the action is always large. It seems, therefore,
that for some reason or other the negatively charged bodies in a
vacuum tube arc much more mobile than the positive, and that the
mobility of the negatively charged bodies is extreme. One striking
method by which their mobility was displayed consisted in the
observation by Professor Schuster that all parts of gas in a closed
vessel became conducting when an electric discharge had taken place
in one corner of it, so that even though the vessel consisted of different
compartments, one compartment was made feebly conducting by a
discharge in the other, provided that the two had any kind of gaseous
communication, a fact which looked as if some extremely mobile
particles, probably the negatively charged particles of cathode rays,
could wander about to a considerable distance in a very short time
and take their share in the conveyance of an electric current. The
conductivity of gases appeared to be, indeed, entirely due to these loose
or dissociated or detached charged particles, and where they were
absent the gas did not conduct at all; it could be broken down, being
a weak dielectric, by a sufficiently strong force, but it would not leak j
whereas, when these loose charged particles were about, it leaked
readily, becoming to all intents and purposes an electrolyte amenable
to the feeblest electric influence. And the act of breaking down the
air by an electric discharge was found to render the surrounding air
for a time thus electrolytic. Its electrolytic quality, however, did not
last long. The mobility of the particles which enabled them to travel
to a considerable distance also enabled them to get rid of themselves
by clinging to the sides of the vessel, or perhaps by re-uniting to some
opposite but comparatively immobile positive charges, which after some
time in their rapid journeys they must casually encounter. Mr.
Townsend,1 however, found that the conducting power lasted unexpectedly long if no dust was present: the dust particles evidently
acting as intermedial receivers and storers of charge, promoting interchanges, which otherwise might be delayed from accidental noncollision. And the time that thus elapsed before the whole of the
1
Mr. Townsend of Trinity College, Dublin, then working in the Cavendish
Laboratory, Cambridge, now Waynflcte Professor of Physics in the University
of Oxford.
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conductivity disappeared from dust-free air suggested that the moving
particles must be very small, so that collisions were comparatively
infrequent.
The mobility or diffusiveness of a gas depends on its mean free
path, and that depends on its atomic size ; the smaller it is, the more
readily can it escape collision. Hence it is the collisions are so rare'
in astronomy : the bodies are small compared with the spaces between
them. The behaviour of charged particles seemed to indicate that they
must in some cases be something smaller than atoms. It seemed
hardly likely that material atoms could behave in the way they did,
so it was recollected that it had occurred to some philosophers, among
them Dr. Johnstone Stoney, that electric charges really existed on an
atom in concentrated form, acting as satellites to it; so on that view
it was just possible that these flying particles might be not charged
atoms at all, but charges without the atoms, the concentrated charges
detached, knocked off as it were in the violence of the discharge and
afterwards going about free; travelling at an immense pace because
they would still be liable to the full electric force that they had
experienced before, and yet would have shaken off the encumbrance
of the material atom with which they had been associated. It is true
that no such disembodied charges or electric ghosts had ever been
observed. All the experiments that had been made in electrostatics
had been made on charged matter, the surface ov boundary of the
matter acting as the locality for an electric charge. The facts of
electrolysis had suggested or proved that the atoms themselves could
carry charges, and hence that if a liquid were electrified, what was
really happening was that a number of the atoms on its surface turned
their similarly charged poles outwards ; and the same might, for all
we knew, be true for metals also, and thus every charge seemed
associated with matter.
Yet at the same time the occurrences at an electrode, where an ion
gave up its charge and escaped without it, indicated the possibility that
perhaps the electric charge could exist alone, at any rate that it could
be handed from one atom to another, and thus might conceivably exist
alone for an instant. During this momentary isolation some might, in
the freedom of a rarefied gas discharge, possibly escape, and wander
about free.
To such hypothetical isolated charges, the unit charge or charge of
a monad atom, the name " electron " has been given, and when I speak
of an " electron " I mean to signify the at present purely hypothetical
isolated electric charge. Whereas by the term " i o n " I always signify
the atom and its charge together.
Now if the flying particles which constitute the cathode rays were
electrons rather than ions, if they were detached charges, leaving
the atoms behind them (probably leaving the atoms from which they
were detached positively charged), their extreme mobility and diffusiveness and high speed would be perfectly natural; and although they
would not be matter in the ordinary sense, yet no difficulty need be felt
at their possessing some of the properties of matter, at any rate such
properties as appertain to matter by reason of its having inertia,
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because, as we have seen, an electric charge itself does possess a certain
kind of imitation inertia. Hence these electrons in movement would
possess momentum, and might therefore propel windmills; they
would possess kinetic energy, and therefore might heat a piece of
platinum; and if suddenly stopped by a massive target when travelling
at a high speed they might readily give rise to phosphorescent appearances, and even to the sudden pulse of radiation known as X-rays.
But the existence of this last property ought to be capable of clear
deduction on electrical principles if the matter is further gone into.
INCREASE OF INERTIA DUE TO VERY RAPID MOTION.

But now arises the question whether the distribution of charge on a
charged body, together with its lines of force, will remain constant and
unaltered while the body is rapidly moving; because if the distribution
of lines of force is altered, then perhaps the inertia due to their lateral
motion may be altered too.
Thus, for instance, imagine that the lines of force of a body in
motion became more concentrated towards the axis or line of motion ;
'the effect would be at once to diminish the lateral component of their
motion, therefore to diminish the magnetic force which that lateral
component causes, and thus to diminish the apparent or electromagnetic
inertia of the moving charge.
On the other hand, if the lines opened out and became concentrated
towards the equator, or plane normal to the line of movement, then a
greater component of their motion would be of a kind suitable to excite
a magnetic field; moreover, since both the fields would by this
concentration increase in intensity, the whole transmission of energy
(V EH) would be greater, and the inertia would apparently increase.
Thus, then, it may be possible that electric inertia may depend in
some fashion on speed, a thing unknown in ordinary mechanics. I do
not say that such dependence must be untrue in ordinary mechanics ;
on the contrary, I feel reasonably sanguine that it will be found true for
matter moving sufficiently fast, and that it may even have a practical
influence on some exceptionally rapid movements in astronomy. But
however this may be, there is no doubt that theory points to an increase
of electromagnetic inertia at excessively high speeds, and Mr.
Heaviside has calculated its amount.
It will be observed that when a charge moves, it generates circular
magnetic lines of force. Now these magnetic lines are not stationary,
but are themselves moving at the same rate as the body, hence they
generate fresh electrostatic lines, i.e., cause an electric displacement
away from the axis, which displacement is superposed upon the original
radial displacement (away from or toward the centre) due to the
charge.
At ordinary, at even violent speeds, this second order electric effect
is insignificant, but it is there all the time, and must not be ignored
when the speed becomes extravagantly high. It rapidly rises into
prominence when the speed approaches the velocity of light, but at any
speed much smaller than this such a second order effect is vanishingly
small.
VOL. 32.
5
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Its effect will be, as the above figure shows, to alter the distribution
of the charge, making it move away from the poles and concentrate
towards the equator of the charged sphere, when the speed is very
great; ultimately becoming wholly concentrated upon the equator, all
the rest of the sphere being denuded, when the speed attains that of
light. And the electric lines of force will then be opened out into a
fan or equatorial plane, like the spokes of a wheel which is rushing
furiously along an elongated axle, the circumference of the wheel
representing the direction of the magnetic field.
The magnetic force due to motion can be shown to depend on the
ratio of the speed of the motion to the velocity of light, ujv. The
secondary electrostatic force due to the motion of this magnetic field
likewise depends on the same ratio. Hence the second order disturbance of the original uniform electrostatic field will be of the order
ti2jv2; and whenever we can afford
to neglect quantities of this order,
the distribution and therefore the
inertia of the moving charge continue practically constant.
•But when its speed of motion
begins to approach the velocity of
is the charge, A B its line of
motion, and AE its electric light, say even no more than T\jth
force in a certain direction
of that speed, then a perceptible
when stationary ; E F is the disturbance is to be expected, and
magnetically induced electric
component due to the motion, something like a i per cent, inand A F is the resultant elec- crease of inertia must occur.
tric force which replaces the
The complete investigation
original force A E. The magmakes
the inertia infinite when the
netic force, to the motion of
which.EF is due, is perpen- speed reaches that of light, but there
dicular to the paper, and is is probably no need to press this to
itself caused by the motion;
hence E F is a small quantity extremes, unless the charge were an
of the second order, for speeds absolute point: clearly, however,
distinctly less than that of light. the inertia will then be very great,
and possibly therefore it may always
be impossible to make matter, or at least charged matter, move with
a speed greater than that of light. There may be ways out of this,
however, just as it is possible for a bullet to move through air with
a velocity greater than that of sound. This is managed by the violent
adiabatic condensation of the air in front of such a bullet, the effect
being to raise the appropriate velocity of sound to the required value.
If there is any way out of it in the case of the ether, however, it is
not likely to be this way.
It has been shown both by Mr. Heaviside and by Prof. J. J. Thomson
that if the speed of motion is ever greater than that of light, the fan or
radial plane of lines of force bends backwards and becomes a conical
surface, gradually closing up as the speed increases : an effect singularly
reminiscent of the conical pulse travelling with a sufficiently rapid
bullet, and demonstrated in Mr. Boys' bullet photographs.
No known speed which can be conferred upon matter is sufficient to

1902.]

LODGE : ON ELECTRONS.

67

bring this latter effect into prominence. The quickest available carriage
is the earth in its journey round the sun, 19 miles a second, or 60 times
faster than a cannon-ball; but the earth's velocity is only the Trrotnr °f
the speed of light, and consequently any spurious inertia due to its
orbital motion is only 1 part in a hundred million ; and even the accuracy of astronomy could not display any effect of that order of magnitude.
There are stars which move 200 miles a second, but even these
have only one-tenth per cent, of the speed of light, and the excess
inertia will be only 1 part in a million. The only known place where
charges or charged matter move at speeds greater than this is in a
vacuum tube. There the cathode-propelled particles are flying 20,000
miles a second or T\jth the speed of light, and they may have 1 per cent,
excess inertia ; or more if they can be persuaded to go still faster.
The substance of the above digression on the effect of rapid motion
was written in connection with the Liverpool meeting of the
British Association in 1896, and was communicated orally and very
briefly to Section A in a discussion on the mechanism of the production
of X-rays; for I then thought that unless great speeds, sufficient to
disturb the static field, were reached by the cathode particles, they would
not serve as efficient producers of the rays when suddenly stopped;
but the matter has been gone into more fully now, and not only
Mr. Heaviside's vol. 1 of Electromagnetic Theory, p. 57, may be referred
to, where the circumstances of sudden stoppage of a charged body
moving with the speed of light are illustrated, but also a paper by
J. J. Thomson in the Philosophical Magazine for February 1898, dealing
powerfully with the more general problem.

APPENDICES TO PART II.
APPENDIX C.
ON ELECTRICITY AND GRAVITATION.

Referring back to an article of mine in the Philosophical Magazine
for November, 1882, page 358, we find the fundamental and necessary
relation between constants stated thus, where M shall stand for
magnetic pole and y for Cavendish's gravitation constant—
e'/K = M2Jfi = y in2 = F /2,
F being force and / being length.
If it is now going to turn out that a mass is composed of electric
charges, it might seem as if e and m were quantities of the same nature,
and were only numerically connected, whence it would follow that
K and y were of similar kind; in other words, Faraday's dielectric
constant would become closely related to Cavendish's gravitation
constant, and weight as well as mass would be traced to electricity; but
such a deduction is unwarranted, there is nothing to prevent essentially
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different properties of the ether being involved in the two kinds of
force—gravitative and electric.
As to the nature of the gravitation constant itself we have—
V

F/2
ms

/3
mta

v2
ml I

sq. of velocity
energy/mass
linear density ~~ mass/length

It is clear that if gravitation is in any sense of electric origin it must
be a second order disturbance superposed upon the main electric
effect, and be independent of sign. It would, in fact, depend upon eA.
For the gravitative force between two electrons at distance r would be—
F =v^: - 1
2
' r 2 ~~ r \ 3 «
The electric force between the same two electrons at the same
distance is—
F2 = c" .
Therefore the ratio of the gravitative to the electric force at any
distance is constant and equal to—
F,
F

F 2 """ 9 a 2 c — ga2va ~~ v*
°
where F o is the electric force between electrons in contact, and v is the
velocity of light.
Numerically this ratio of the two forces is—

£ = Ky ( )

=

-

(±

9 x IO20 x 1-5 x 107

\io 7

so the electric force exceeds the gravitative as much as the globe of
the earth exceeds in bulk an ultra-microscopic object.
When there is an agglomeration of electrons of opposite sign their
electric influence at a distance disappears, but their gravitative influences are simply added. So with io21 mixed electrons in each of
two bodies at any distance apart, the gravitative force between them
will equal the electric force between two single electrons at the same
distance.
In my 1885 Report to the British Association on Electrolysis, page 745,
the following statement is made :—If the opposite electricities were
extracted from a milligramme of water and given to two spheres one
mile apart, those two spheres would attract each other with a force
equal to the weight of 12 tons.

APPENDIX D.
DIMENSIONS OF e/w

RATIO.

The reciprocal of the electrochemical equivalent of a substance ejm
may be expressed as regards dimensions in several ways, one of which
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exhibits it as a certain large numerical multiple of v/(Ky), the geometric mean beween Faraday's dielectric constant and Cavendish's
gravitation constant. For hydrogen, this numerical multiple is of the
order io' 8 ; for silver 1016.
Another way is obtained by writing—

^ = KFI8 =

- ,

whence it follows that—
m

7

=

fi e

T =

and so em can be expressed in . / I centimetres\
).
grammes/
The artificiality of these dimensions is due to the fact that e and in
have been conventionally measured in different ways; in is measured
by ratio of applied external force to acceleration, while e is measured
by repulsi ; cforce self-exerted on a similar charge at given distance.
If we express fi as a density (see " Modern Views of Electricity,"
Appendix p), the electrochemical equivalent comes out as expressible
in grammes per square centimetre, that is to say a surface density.
It is noteworthy that while */(K[i) is of the same dimensions as
i/v, ^/ (K y) corresponds to i/«, where e is an electrochemical equivalent.

PART III.
DETERMINATION OK SPEED AND ELECTROCHEMICAL EQUIVALENT OK
CATHODE RAYS.

The curvature of path produced in cathode rays by a transverse
magnetic field, Or the amount of rotation produced by a longitudinal
magnetic field, constitutes an evident mode of attacking the problem of
estimating their velocity.
If the velocity is constant and the magnetic field uniform, the curve
into which the beam is bent will be a circle, and its course can be
readily traced either directly, after Crookes' manner, by letting it graze
a phosphorescent substance, or indirectly by inference from the
position of a linear target placed so as to catch the deflected rays.
Consequently there will be no difficulty in determining the radius
of curvature r; and the theory is the simplest possible, nothing more
than stating that the magnetic force H, acting on the current element
eu, is the necessary deflecting or centripetal force, mu'/r, required to
overcome the mechanical inertia of the particles ; i.e.,

whence

( —— ) u = fi H r;
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or the ratio e/m is to the velocity of the particles as the curvature of
their path is to the intensity of magnetic .field which curves it.
The two factors on the right of this equation are directly measureable (ji being conventionally ignored as usual, or, what is a better mode
of expressing it, measuring H as induction-density instead of as intensity
of field), but the two factors on the left are both unknown, hence neither
can be determined by this means alone : an assumption must be made
about one or other of them, or else another independent kind of
experiment must be made.
Assume, as many experimenters did, that u is a velocity appropriate
to atoms flying in a gas of ordinary temperature, then the value of ejm
comes out not so very far discrepant from the usual ionic value
measured in liquid electrolysis, viz., io4 c.g.s. Or conversely, assume
the usual ionic or electrolytic value for this ratio, and the cathode ray
velocity comes out something quite appropriate to atoms of matter.
This, however, is a trap. These accidental coincidences may
retard progress in a most serious manner, for they satisfy the mind
and deter people from investigation. It is almost impossible to be
completely on guard against them, and they are usually accepted until
a more thorough qualitative acquaintance with the subject leads to an
instinctive feeling that something is wrong somewhere.
So it was in this case, the long free path and the penetrating power
of the cathode rays kept insisting that the particles were not really
atoms of ordinary matter : a truth which both Lenard and Crookes had
instinctively grasped, in spite of much criticism and valid arguments
the other way; so in 1897 J. J. Thomson made a much more serious
attack on the position.
He arranged that the magnet should deflect the rays into an insulated hollow vessel, connected with an electrometer and a known
capacity, so that the aggregate charge of the cathode ray particles
collected in a given time could be measured by the rise of potential
observed. He also arranged that inside the hollow vessel they should
fall upon a thermal junction of known heat capacity, connected by
very thin wires to a galvanometer (acting therefore as a calorimeter), so
as to measure their aggregate energy.
Thus he could make the following simultaneous determinations:—

m
TT
—u= uHr
c

r

In these three equations there are four unknown quantities, but one
pair can be treated as a ratio, and another, N, can be eliminated, and
thus we get—
QHr
me = —~—
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When these brilliant measurements were actually made in the
laboratory the atomic nature of cathode rays was, if not actually
disproved, at all events rendered highly improbable; for their speed
was found to be of the order ten thousand miles per second, or even as
high as TV that of light in a favourable case, being always of the order
io9 c.g.s., while the electrochemical equivalent was of the order io~7 c.g.s.,
or about ^ ^ that of hydrogen.
Changing the kind of residual gas in the tube, and changing the
electrodes, made no difference to this last value. The cathode rays were
evidently independent of the nature of the matter present: an exceedingly
momentous fact. If they were matter at all, they appeared to be
matter of some fundamental kind independent of the distinctions of
ordinary chemistry. Their velocity, however, depended on the potential difference between the electrodes, in a way that suggested that they
were really projectiles urged by the potential gradient acting along a
given length of path. They were propelled by the cathode through an
aperture in the anode, and the measurement of their speed was made in
the tube beyond the anode, where they are travelling by their own
momentum. The distance apart of anode and cathode did not, and on the
projectile hypothesis ought not to, affect this speed ; for though the potential gradient is steeper when anode and cathode are put close together,
the length of path during which the particles are subject to it is diminished by a compensating amount, so that the velocity is theoretically
independent of the distance between the electrodes, as long as the total
difference of potential is maintained; it is the absolute difference of
potential that determines the speed. But manifestly if the electrodes
are too close together it may be difficult to secure a high difference of
potential between anode and cathode, since they may spark into each
other outside the tube; and if there is much residual gas in the tube it
will likewise be difficult to maintain a high potential difference, because
that residual gas, under the influence cf the cathode rays, will conduct.
Consequently the best speeds are obtained at high vacuum ; and if the
density of the residual gas inside the tube is constant, the speeds will
be constant. The nature of the electrodes makes no difference, unless
they give off gas or otherwise make it difficult to maintain the required
potential difference.
Although the speed of the particles in cathode rays was thus found
excessively great, their energy was only moderate, and their aggregate
mass therefore excessively minute ; their aggregate electric charge,,
however, was considerable. They were able to raise an electrical
capacity of i"5 microfarads several volts, sometimes as much as 20 volts,
in the course of a second ; and in the same time they might be able
to raise a calorimeter, whose heat capacity was about 4 milligrams of
water, by 2° C. Nevertheless their mass was so small that it would
have taken one hundred years to collect a wcighable amount, and then
only about one-thirtieth part of a milligramme. They travelled with
a velocity a hundred thousand times greater than the speed of rifle
bullets, and represented the greatest velocity up to that time observed
or even now known in matter, if matter they were ; and the electrochemical equivalent, instead of coming out in accordance with that
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observed in liquids, came out some thousand times smaller ; that is to
say, the charge associated with each particle of the cathode rays
seemed a thousand times greater in proportion to the mass than the
charge associated with an electrolytic ion, even of hydrogen.
If the flying particles were really atoms, there was no escape from
the certainty that they were extraordinarily highly charged atoms;
but if, as seemed more likely to the instinct of most of those who
worked at the subject, the charge on the flying particles was the same
as the charge possessed by an atom in electrolysis, then, assuming that
the experiments were correct and correctly interpreted, there would be
no escape from the conclusion that the mass associated with the ionic
charge in cathode rays must be a thousand times smaller than the mass
of a hydrogen atom; in which case the cathode projectiles might conceivably be the detached and hitherto hypothetical individual electrons
or atoms of electricity themselves. It would be extremely rash, however, to jump to such a far-reaching conclusion on such comparatively
scant evidence. The evidence must be confirmed by other departments of Physics or by other determinations based on a different
method; and they must be further scrutinised in the light of the magnetised-radiation phenomenon observed by Professor Zeeman of
Amsterdam. We will first describe a determination made by another
method, and then some striking measurements applied to phenomena
which belong apparently to other departments of Physics.
FURTHER MEASUREMENTS OF CATHODE RAY VELOCITY AND tn/e RATIO
BY AID OF ELECTROSTATIC DEFLECTION.

Another and perhaps simpler method of determining the two
quantities ti and mfe was also employed by J. J. Thomson, viz., by
deflecting the same rays both electrostatically and magnetically ; by
introducing a pair of supplementary electrodes, one above and one
below the course of the rays inside the vacuum tube, and connecting
them to the poles of a low potential battery, a few storage cells for
instance, thus obtaining a vertical electrostatic field at right angles to
the cathode rays. At the same time a magnetic field, produced by
lateral magnet poles or by the lines of force due to an electric current
in a circular ring, could be arranged at right angles to both the other
directions ; and thus the electrostatic deflection could be compared
* with, or used to neutralise, the magnetic deflection.
Let the cathode rays be received upon a needle-point covered with
phosphorescent material and movable up and down in a measured
manner ; then the deflection of the rays can be observed by reading
how much the needle has to be moved in order to catch a narrow beam
which has travelled through a length / of either an electric field of
strength E, or a magnetic field of strength H.
If u is the original velocity of the ray particles, travelling at right
angles to both the deflecting fields, either of them will have a time l/u
in which to act; and in that time an extra component w will be caused
in the direction of the electric force, or perpendicular to the direction
of the magnetic force, such that the rate of change of momentum of
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each particle will be !!L^ = Ed in the one case, and = / i H e u in the
Iju
other ; wherefore the deflection will be—
„

w

e . E / • ii

0 = — =—
u
m
and = — * t H
in u

l

—in the one case,
u"

in the other.

Hence if in the actual experiments the two kinds of deflection be made
equal, by adjusting the relative proportion of the two fields, we get
simply—
E
,

m

tp n

~e ~ TW~'
This method, when applicable, appears to give fairly accurate results ;
and the outcome of the measurements is that when H or C02 or Air is
in the tube—
u = 2 or 3 x io9 centimetres per second,
and — = from r i to i'S X io~7 c.g.s. units.
e
The chief difficulty about this mode of experimenting is caused by the
fact that the ionisation of residual air in the tube causes it to become a
temporary conductor, and so to screen the flying particles from most of
the electrical influence. There is no guarantee that they feel the full
effect of the electric field which is ostensibly being applied ; indeed it
is not easy to let them feel any of the effect. It used to be thought
that they were not susceptible to electrostatic action at all, and this
was often adduced as an obvious argument against their being
electrically charged particles; but fortunately Thomson soon surmised the cause of this masking of the simple effect to be expected, and
succeeded in showing that with high enough vacua and other precautions the screening ionised atmosphere could be removed, and the
electrostatic deflection metrically observed.
DETERMINATION OF ELECTROCHEMICAL EQUIVALENT IN THE CASE OF
ELECTRIC LEAKAGE IN ULTRA VIOLET LIGHT.

The same ratio of in : e, or a ratio of quite comparable magnitude, is
obtained from phenomena which at first sight appear to be distinct.
One of these phenomena is the effect of ultra-violet light in discharging negative electricity from a clean metal or other surface ; a
phenomenon the investigation of which was begun by Hertz, and
continued especially by Righi and by Elster and Geitel. (See one of
the appendices to my "Signalling without Wires," published by the
Electrician Co.) If ultra-violet light, whether from a spark or from a
flame, fall upon a negatively electrified surface, then in general there
will be a leak of electricity from that surface, which electricity can be
received by any body placed opposite the illuminated one, and can be
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used to charge an electrometer of known capacity, and so be measured.
The writer has made very many experiments in this subject, which,
however, have not yet been published. Now Elster and Geitel made
the notable discovery that the introduction of a magnet affected the
rate of leak, according to the direction of its lines of force. This
phenomenon suggested a magnetic deflection of the lines of leak, which
were shown by Righi to be singularly definite trajectories, and indicated
that the leakage was due to the bodily propulsion of negatively electrified particles analogous to the cathode rays. A vacuum is not
necessary to observe the effect, but in a vacuum the effect is more
prominent and more accurately measurable. The difference between
this case and an ordinary vacuum tube case is that there is no great
E.M.F. or gradient of potential applied, there is accordingly nothing of
the nature of a disruptive discharge ; and in fact there is no leak at all
until by the stimulus of the presumably synchronous vibrations of
ultra-violet light the molecules are thrown into a state of agitation, and
the attachment of the negative charge, or of some negatively charged
corpuscles, thereby loosened.
Two things are necessary to get the particles away from the plate ;
they must be loosened by the impact of ultra-violet light—the direction
of polarisation of this light having a very decided influGauze ence,—and the surface to which they cling must likewise
be negatively charged, so as to repel them. Neither
light alone nor electrification alone will produce the
effect; co-operation is necessary.
Zinc
J. J. Thomson devised a most ingenious method of
carrying out this experiment in a metrical manner, and
of deducing from it the electrochemical equivalent of
the charged particles, that is to say the amount of
matter which each contained compared with the electric
charge which each carried. To this end he employed
the usual arrangement of a small negatively charged
zinc plate on which ultra-violet light from a distant arclamp could shine, through quartz, and also through a
parallel piece of wire gauze connected with an electrometer. The distance between the zinc plate and the
metallic gauze was variable, and the experiment consisted in observing how much electricity reached the
gauze from the negatively charged plate, under the influence of light, first without, and then with, a magnetic field of measured strength applied crossways to
the region between them.
A little calculation of extreme beauty showed him
FIG. I.
that the paths of the flying particles under magnetic
influence would be cycloids, whose generating circles
contained the ratio injc as well as the ratio E/H 2 ; that is to say their
trajectory, if it could be observed, would involve the electrochemical
equivalent required and likewise the ratio of the electric to the
magnetic field applied, as well as the absolute strength of the magnetic
field.
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The calculation is so simple that it may be given here :—
Let the figure show the zinc and the gauze facing each other, close
together, with a gradient of potential (V- V*)/d = E between them ; and
let a magnetic field of induction density H be applied normal to the paper.
Then the motion of a charged particle detached and propelled from
the origin into the region between the plates, provided that the plates
are in vacuum so that there is no resisting medium to interfere, will be—

m.x = E e — H ey
my = Hex
the initial values of x,y, x, and y, being all zero.
The solution of these equations, under these initial conditions, is—
( x = a (i — cos b t)
\ y = a (b t — sin b t)
where a = - -2 - and 6 = H . - - ;
H e
m
and from these we see that, whereas x is oscillatory in accordance with
a versine, ranging from o to i a and back, y is both oscillatory and
progressive, completing its period in a time ^ , and increasing in
every such period by the amount ?. ir a. In other words, the equations
represent a cycloid traced by the rim of a circle of radius a rolling on
the zinc plate.
There is no known way of actually observing this quite invisible
and purely theoretical trajectory; but when it is perceived that in
accordance with this theory all the particles moving between the
plates will have similar paths, so far as they do not come near the
edge of either plate—in which cass they would not be propelled so
far—it becomes plain that there should be a critical distance within
which the gauze would receive and intercept all the particles, and beyond
which not a single one would be able to reach it. In the figure the gauze
is depicted as set just beyond the critical distance, so that it would receive
no electricity, even though the ultra-violet light were fully shining ;
but so that if either its distance from the zinc were diminished, or the
electric field strengthened, or the magnetic field weakened, the gauze
would at once come within range and receive a plentiful supply of
charge from the hypothetical cycloidally-flying particles. And the
critical distance at which this would happen—a thing easily experimentally observed—would be independent of the brightness of the
ultra-violet light, and would be merely the diameter of the generating
circle; in other words, the critical distance between the plates, when
effective transfer of charge occurred, should be 2 a, or —1 -

; a quantity

which by this ingenious means could be measured. Wherefore the ratio
title for this case can be experimentally determined, if E and H are
both known. The apparatus employed is shown in Fig. 2.
The sharpness of actual experimental observation of the critical
distance was not found quite so great as this simple theory would
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indicate, because of disturbing causes, one of which was the presence
of some residual air, interfering with the perfectly free path of the
moving bodies; nevertheless it was sharp enough for fair determination ; and the result was again, in this case
also, that the ratio e/m came out io 7 c.g.s., or
more exactly 7 x io 6 ; corresponding closely
with the values found by J. J. Thomson,
confirmed subsequently both by Lenard and
Kaufmann, for the cathode ray particles.
Another phenomenon on which measurements were made was the discharge of
electricity from an incandescent carbon
filament in an atmosphere of hydrogen.
This also is subject to disturbance by a
magnetic field, as was shown by Elster and
Geitel; and a series of measurements, on
lines similar to the preceding, resulted in a
value—
= 87 x io 6 c.g.s.,
m
FIG. 2.—A B is the insulated a value of the same order of magnitude as
zinc plate, C D is the before, one thousand times greater than the
gauze, E F is quartz ; electrochemical or electrolytic value for
the source of ultra violet
light is at some distance hydrogen, and many thousand times greater
below, and the vessel can than for other substances, but always conbe filled with any gas stant and independent of the nature of the
and exhausted.
substance present.
The only things which give the ordinary
electrolytic value for this ratio are the positive carriers. These
are not so easy to observe, but W I E N J has examined these by detecting and measuring the slight magnetic deflexion exhibited by
certain rays behind the cathode in a vacuum tube, which Goldstein
discovered and called Kanal-strahlen, and which Ewers proved were
carriers of positive electricity. Wien has shown that they move
slowly, and that in hydrogen their ratio ejm is of the order io4, that
is to say the proper value for a hydrogen atom or ion; and with
other substances the ratio has been found to vary with the substance
and approximately to equal the electrolytic value, for these positively
charged particles. J. J. Thomson has likewise made measurements on
the positive carriers by means of the discharge from incandescent
filaments and other positively charged hot bodies, and has confirmed
Wien's results.
Thus it is forcibly suggested that whereas the positive carriers of
electricity are ions, consisting of a unit + charge associated with
an atom, the negative carriers appear to be dissociated from the main
bulk of the atom, as if they were only fractions or fragments or constituents or appendages of an atom, which, detached and flying loose,
are able to attain to prodigious speed ; since any acceleration to which
1

Wied. Ann. lxv. p. 440. See also Ewers in Wied. Ann. lxix. p. 187.
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they are subjected is a thousand-fold greater than it is even for an
atom of hydrogen, weighed down and burdened as that is with a mass
of inert material and subject only to the very same propulsive force.
Think of the mobility of a set of particles which experienced the
usual gravitation intensity g and had only T^JJ of the mass to carry.
There is no known way of thus intensifying gravity—there are plenty
of ways of diluting it, e.g. Atwood's machine, an inclined plane,
etc., etc. But such a mobile particle as that we are now considering
would drop under the influence of gravity not 16 feet in the first
second, as everything we know does near the surface of the earth, but
16,000 feet, or about three miles ; and would in one second acquire
under gravity a velocity of six miles per second, enough almost to carry
it out of the range of the earth's attraction altogether, and more than
enough to carry it round the world.
The acceleration to which such particles are subject in a vacuum
tube is far greater even than this, because there the forces are so
prodigious ; gravitation force on ions is almost infinitesimal compared
with common electrical force on their charges. Suppose, for instance,
that they are in a field such as easily occurs in a vacuum tube, of 3,000
volts per centimetre, one-tenth of what ordinary air will stand, or ten
electrostatic units. The force urging one of these carriers to move is
then 10 x io~'° = io" 9 dyne ; the mass being moved, if it is a whole
atom of hydrogen, e.g. if it were a positive carrier in a hydrogen atmosphere, is only io~24 gramme, and accordingly the acceleration it
experiences is iolS centimetres per second per second, or a billion
times g. Whereas if it were a negative carrier, in any atmosphere,
its acceleration would be a thousand times greater still.
The velocity acquired in passing over a distance of five centimetres
under this force is obtained by finding the square root of ifh ; that is
to say, it is io8 centimetres per second for a positive carrier, and 3 x io9
centimetres per second for a negative carrier ; and these are approximately the orders of magnitude actually observed.
Thus the hypothesis becomes more and more justified that these
units of electric charge can separately exist; perhaps carrying with
them part of the atom, in which case they might be called corpuscles,
having a material nucleus ; perhaps pure disembodied electricity, whatever that may be—an electrical charge detached from matter,—in which
case they would correspond with those hypothetical entities familiar
in theoretical and mathematical treatment as " electrons."

A P P E N D I X TO PART III.
APPENDIX E.
ELECTRIC SATURATION, ETC.

In my Report on Electrolysis to the British Association for 1885 (see
the Aberdeen volume, pp. 762, 763), I call attention to the possibility that
an atomic theory of electricity would give rise to a maximum charge
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possible on a given area. The maximum surface density would be
attained when every atom was polarised so that its atomic charge
faced outwards ; and for a solid or liquid it would be very great. For
the charge on each being io"~10 and the number of atoms per square
centimetre being 1016, it follows that the maximum surface density
possible is <T = io 6 electrostatic units per square centimetre. The
corresponding gradient of potential would be 4 ir a = 107, or 3,000
megavolts per centimetre, and the corresponding tension would be
2 7r<r2 = 6 x io I 2 ag.s. =40,000 tons to the square inch. Of course no
dielectric would stand this pressure, but absolute vacuum might.
In practice, therefore, it follows that when a surface is charged
highly, only an exceedingly small percentage of the molecules are
polarised with their charges facing outwards. For instance, common
air breaks down when the tension rises to a value 2 -K o* = | gramme per
square centimetre = 4 0 0 c.g.s.; wherefore' the maximum <x in ordinary
air is 8 electrostatic units per square centimetre; and this quantity
would be afforded by the facing outwards of 10" molecules, or one in
every hundred thousand of a solid surface, or about a tenth per cent,
of those in air.
It is shown on p. 760 of my 1885 B. A. Report on Electrolysis, that
a potential gradient of the order 1 volt over molecular distance is
sufficient to overcome atomic attraction and effect decomposition in
liquids. Any liquid which is a conductor throws the whole applied
stress on to a molecular layer contiguous to an electrode, and accordingly something of the order of a volt or two difference of potential
between electrodes in such a liquid is required, and is sufficient, for
decomposition.

PART IV.
THE ELECTRON THEORY OF CONDUCTION AND OF RADIATION.

Meanwhile the probability of the existence of electrons and the
possibility of regarding them as the basis of all electric and of most
other material phenomena, had seized hold of the imagination of
several mathematical physicists, notably of Dr. J. Larmor and of Professor H. A. Lorentz. Both these philosophers endeavoured to trace
all electric properties to the behaviour of electrons, usually of course
in association with material atoms; and Dr. Larmor proceeded to try
and invent a possible structure in the ether which should have the
properties of an electron, whether positive or negative, and so reduce
a great part of Physics to its simplest terms. This magnificent attempt
at a new Principia has not yet been finally successful, but a great mass
of very suggestive material is to be found in Dr. Larmor's contributions
to the Transactions of the Royal Society, and in his recent great summary called " Ether and Matter " ; which last, published by the Cambridge
University Press as an Adams Prize Essay, is accessible, though barely
intelligible, to all.
Suffice it here to say that the electron constitutes the basis of the
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whole treatment, and that there is supposed to be no electric current
except electrons in motion. They may move with the atoms, as in
electrolysis; they may fly alone, as in gases ; or they may be handed
on from one fixed atom to the next, as in solids.
CONDUCTION.

The possible modes of conduction or transmission of electricity are
in fact three, which I may call respectively the bird-seed method, the
bullet method, and the fire-bucket method.
The bird-seed method is adopted in liquids : it is exemplified in
electrolysis; the bird carries the seed with it, and only drops it when
it reaches an electrode.
The bullet method is the method in gases, as has been clearly
realised by aid of the cathode rays : the space from cathode to anode
represents the length between the breech and the muzzle of the gun,
and the rest of the path is analogous to the trajectory of a bullet,
which ultimately either penetrates or is stopped by a target, with a flash
of light or other appropriate disturbance.
The fire-bucket method must be the method of conduction in solids,
where the atoms are not susceptible of locomotion and can only pass
electrons on from hand to hand ; oscillating a little in one direction to
receive them, and in another direction to deliver them up, and so
getting thrown gradually into the state of vibration which we call heat.
But it may be observed that this need for motion, in order to pass
electrons on, becomes less and less according as the body is less subject
to the irregular molecular disturbance we call heat. It may be the
expansion and molecular separation, or it may be the irregular jostling
and disturbance, that impede easy conduction ; but certainly conduction
improves as temperature falls, and transmission becomes quite easy at
very low temperatures. The conduction of heterogeneous alloys is a
less simple matter, being probably mixed up with back E.M.F. developed at innumerable junctions,—otherwise it would be instructive to
examine the effect of low temperature on the conductivity of a metal
which did not contract with cold. The extra conductivity of hot
electrolytes is a totally different phenomenon : it is not true conduction, but convective locomotion of ions in their case.
Metals are bodies in which the transfer of an electron from one
atom to another is easy, demanding no force as long as the process is
not hurried—a process of the nature of a diffusion; insulators are bodies
in which it can only be accomplished with violence. The transmission
of vibrations along a chain of connected molecules may well occur
through a not dissimilar kind of connection ; and hence the conduction
of electricity and the conduction of heat, though really different processes, may have many points in common.
Most is known about electrolytic and gaseous conduction. In
gaseous conduction the negative electrons fly free and fast; the
positive charges travel slowly by reason of their association with
matter.
In liquid conduction both sets of electrons are associated with
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atoms, and travel only as ions at a slow diffusion rate which was
calculated by Kohlrausch, has been observed by myself and others,
and is well known.
The rate of transmission in solids can only be inferred, and it would
appear as if in one class of solids the positive were able to trav.el fastest,
whereas in another class negative travelled fastest : a difference which
is familiar in liquids. In acids, for instance, the positive charges travel
much the quickest, because they are associated with light hydrogen
atoms; and it is owing to the comparatively easy migration of this
light or small hydrogen atom that acids are in general such good conductors.
The Hall magnetic bend, like Faraday's magnetic rotation, is a
differential effect, and would be zero if positive and negative were
equally acted on. In gases it is differential too, but there the negative
charges are so free as compared with the positive, and fly so much more
rapidly, that the Hall effect in gases, especially in rarified gases, is very
great in comparison with the small residual effects found in liquids and
solids.
RADIATION.

But it is not only the progressive motion or locomotion of the
electric atomic appendages that we have to consider; we must
assume also that they are susceptible of motion in the atom itself,
either vibrating like the bead of a kaleidophone, or revolving in a
minute orbit like an atomic satellite. Indeed it is to the vibrations
or revolutions of the electrons in an atom that its radiating power is
due. Matter alone has no perceptible connection with the ether, a fact
which is proved in my paper in the Philosophical Transactions for
1893 and 1897 *; it is electric charge which gives it any connection, and
even then it has no viscous connection—there is no connection that
depends upon velocity, or is of the nature of friction,2—it is purely
accelerative connection ; it is only when the charge vibrates, and during
its accelerative periods, that it is able to influence the ether and carve
it into waves3—waves consisting probably of alternations of shear, with
no motion of the ether as a whole, but only a to-and-fro quiver of its
equal opposite constituents over some excessively small amplitude : a
kind of motion which constitutes what we know as radiation. It is not
the atom pulsating as a whole which disturbs the ether, but the pulsations or vibrations, or the startings and stoppings and revolutions, of
its electric charge. But normal or centripetal acceleration, involving
nothing more than change of direction, is just as effective as actual
change of speed. If an electric charge is able to describe a small orbit
four-hundred-billion times a second, it will emit the lowest kind of
visible red light. If it vibrates faster it will emit light of higher refrangibility ; and the particular kind of radiation emitted by the atom
of any substance, when in a fairly free state, will depend on the orbital
period of its electrons : every frequency of vibration corresponding to
a definite line in the spectrum.
1
2
3

Lodge, Phil. Trans., vol. 184, pp. 727-804, and vol. 189, pp. 149-166.
See especially Phil. Trans., vol. 189, p. 164.
See Part I. of this paper, p. 49, also Appendix G.
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But, if this be so, radiation must be susceptible to magnetic
influence, for a revolving electric charge constitutes a circular current,
and if a magnetic field is started into existence with its lines threading
that circuit, it must, while it is changing in intensity, cause the speed
either to increase or to decrease, and so will either raise or lower the
refrangibility. If, then, electrons are revolving in every direction and
a magnetic field is excited, during the rise of the field Hie pace of some
will be increased and of some decreased, and this increase or decrease
will not stop until the magnetic field is destroyed again.
Hence it would appear that if a source of radiation is put into a
magnetic field, and its lines examined with a spectroscope, they should
be doubled, some being raised in refrangibility, others lowered ; or if
any are left unaltered the line might be tripled, or if the motion was
of a more complicated character the line might conceivably be
quadrupled or sextupled, or any other change produced according to
the character and complexity of the motion. At any rate it would
seem that the line must be affected somehow, even if it were only
broadened. It happened, however, that when Dr. Larmor theoretically
perceived this, and did the calculation for it in 1895 to see how much
effect might be expected3 he made the natural assumption not that an
electron could move by itself on a comparatively stationary atom, as
above described, but that the atom was itself pulsating or revolving or
quivering in some way as a whole and carrying its charge with it. On
this assumption, knowing what he did about the massiveness of an
atom, he perceived that the effect would be too small to see ; and
inasmuch as Faraday had, with imperfect appliances many years ago,
looked for some such effect—not then guided by theory, but simply
with the object of trying all manner of experiments—and had failed to
see anything, no fresh experimental attempt to examine the question
was initiated ; nor was the matter publicly referred to until, as hinted
above, Zeeman of Amsterdam, in 1897, with a powerful Rowland grating
and a strong electromagnet, skilfully observed a minute effect consisting
in a broadening of the lines emitted by a sodium flame placed between
its poles ; and then at once Dr. Larmor wrote to me, saying that thjs
must be the effect which he had expected but thought must be too
small to see. On receiving the intimation I immediately, with a little
trouble, repeated and verified the experiment,1 and exhibited it at the
Royal Society soiree in May that same year.
From this simple but important beginning the large subject of the
influence of a magnetic field on the radiation from different substances
has been laboriously worked at; not only by the original discoverer,
but by Preston in Dublin, Michelson in America, and others ; and a
whole series of important facts has been made out. Every line has
been been studied separately ; some lines are quadrupled, some tripled,
some sextupled, and so on, as said above. One mercury line is
resolved into as many as eleven components. The effect is therefore
not too small to see, though it needs excessively high power and perfect
appliances to see it; and so it became evident that if radiation were
1
See Proc. Roy. Soc, vol. 60, pp. 466, 513, and vol. 61, p. 413, or Nature,
vol. 56, p. 237 ; also The Electrician, vol. 38.
VOL. 82.'
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due to moving electrons, their motion could not be handicapped by
having very much matter associated and moving with them. It
became possible, indeed, by making a measurement of the amount
of doubling undergone by the lines in a given field, to ascertain how
much matter was associated with the revolving electric charge in
any given case; in other words, to make a determination of the electrochemical equivalent effective in radiation, i.e., of the ratio title.
Indeed, Professor Zeeman, with considerable skill, made a rough
determination of this kind at a very early stage, when he only saw the
effect as a slight broadening of the sodium lines ; and came to the
conclusion that the electrochemical equivalent was quite different
from that appropriate to electrolysis, being some thousand times
smaller. He found, in fact, that the ratio e/m had in this case also
the notable value already suspected in connection with cathode rays,
viz., the value io7 c.g.s.
More recent measurements have confirmed this estimate, and shown
that the ratio of charge to matter in the Zeeman case is practically
identical with the ratio of charge to matter in the cathode ray case ; in
other words, that whatever is flying in the cathode rays is vibrating in
a source of radiation, and that if the cathode rays consist of moving
electrons, radiation is due to vibrating or revolving electrons.
Even this, however, does not constitute a proof of the existence
of masses so much less than atoms ; it may be only a remarkable
coincidence. Besides, it is possible that in all these cases the whole
atom is, after all, moving, but that its electric charge is one thousand
times bigger than what had previously been observed as the proper
charge of an atom.
But this assumption, improbable even for the cathode rays,
becomes still more unlikely in the case of radiation, where it is not at
all unnatural that only a very small part of the atom should be moving,
the great bulk of it being practically stationary. Besides, the more the
details of the Zeeman effect are studied, the clearer it becomes that the
electron theory attributed to it from the first by Professor H. A. Lorentz,
as well as by Fitzgerald and Larmor in England, is complete and
satisfactory.
One of the earliest publications in England, both of the fact and of
its elementary theory, is that given by the present writer in two articles
in the Electrician for February and March, 1897/ which are worth referring to as representing incipient ideas on the subject before the full
significance was grasped. The high value of the e/tn ratio, viz., $ x io 7
c.g.s., or fifty million coulombs per gramme, instead of the moderate
electrolytic value, is spoken of on page 643 as a difficulty ; and a Fitzgerald suggestion amounting virtually to the beginnings of an electron
theory of the Zeeman effect is hinted at. Likewise an extremely short
way of expressing the theory of the motion is given by the writer, in the
following form :—
Consider the resolved part of any orbital motion projected on to a
plane normal to the applied magnetic field H, and let the angular
1

See Lodye, Electrician, vol. 38, pp. 568 and 643.
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velocity at any point with radius of curvature r be w, then the field will
exert a radial component—
which will represent an increment or decrement of centripetal force
d ( m r w3),
whence it follows, to a first approximation, that—
a (0 =

, ueH

= ± c2 «

and the change of frequency caused by the magnetisation will therefore
be—
±

4nm
The other component of the original orbit will manifestly be unchanged. This is far from being a complete and satisfactory theory,
unless the projected motion happened to be circular ; but it was a brief
and early attempt.
ON THE ELECTRON THEORY OF THE MAGNETISATION OF LIGHT.

Among the early contributions that have been made to the theory
of moving charges, few are more remarkable than those of Dr.
Johnstone Stoney in connection with the process of radiation, long
before there had been any experimental verification of the separate
existence of these electrons, or of the fact that the emission of light from
a substance is due to their motion. Dr. Stoney had treated them in an
astronomical manner, in 1891, dealing with an electron moving round an
atom as if it were a satellite moving round a planet, and had discussed
the various perturbations to which they might be subject, and the effect
of those perturbations on the spectrum of the light emitted.
One of the simplest kinds of perturbation is what is called a progression or recession of the apses, being a slow revolution of the orbit in
its own plane. Such a motion was shown to be able to account for a
doublet in the spectrum ; for of the two component vibrations into
which the motion can be analysed, one has been made more rapid and
therefore its light raised in refrangibility, the other has been made
slower and therefore lowered in refrangibility.
Another closely allied kind of perturbation, analogous to precession
of the equinoxes in the case of the earth, would result in a line triplet in
the spectrum. This precessional motion occurs in an orbit subject to any
oblique pull or deflecting force. Instead of yielding directly to that pull,
its effect is to make the axis describe a kind of cone, the kind of motion
that one sees in an inclined spinning-top : the pull of gravity on a
spinning-top does not make it topple over, but makes it precess. So
also with a hoop or bicycle when not vertical : instead of tumbling, it
turns round and round in a circuit as long as its motion continues; only
falling when the motion ceases.' Hence if the orbit of an electron were
subjected to an oblique or deflecting force, the effect would be not to
place it directly in the desired position perpendicular to a line of force,
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but to cause it to precess ; and this motion might be analysed into three,
the acceleration and retardation of circular orbit above-mentioned, which
would result in a doubling of the line, and a third component, viz. the
one parallel to the axis, which would be unchanged/and would therefore represent a spectral line in its old position, the centre of the group
of three. All this was clearly perceived by Larmor and Fitzgerald in
connection with Dr. Zeeman's discovery, though they were anticipated by
his great compatriot the eminent physicist, H. A. Lorentz ; to whom the
most complete publication of the theory is due, being in several respects
anticipatory of the experimental results. For it may be observed that
the light emitted by the oscillation components above spoken of will
be all of one definite kind, due to vibrations in one definite direction and
therefore polarised. The kind of polarisation would depend on the
aspect from which it was seen. If seen at right angles to the axis of
precession, all three lines should be plane polarised, the middle line at
right angles to the other two. If, however, it be looked at along the
axis of precession, then there should be no middle line, because the axial
vibration would then be end on; and the two side lines should be
circularly polarised.
Directly Zeeman had demonstrated the fact that a magnetic field
applied to a source of light was able to act as a perceptible perturbing
cause, Professor Lorentz was at once able to predict the whole of
that which has been here stated about the tripling of the line seen
sideways to the lines of force, and the doubling of the line seen endways, with all the polarisations as just stated ; because the lines of
magnetic force constitute the precessional axis. And all these effects
were shortly afterwards seen by Zeeman and others, and are characteristic of the simplest circular orbit.
At first sight one might be inclined to suppose that the orbits would all
face round and set themselves normal to the lines of force, like so many
circular currents ; but that is to forget the inertia of the travelling electron. It is manifest that since a revolving electron constitutes a circular
current, its tendency will be to set itself with its plane normal to the
lines of force ; but since by hypothesis the revolving electron has inertia,
the current will' not so set itself, but will yield to the deflecting force
in an indirect manner as a top does; or as the oblate spinning earth
does—as explained by Newton in the Principia,—the axis of rotation
having a conical motion round the lines of force, a motion which is
called the precession of the equinoxes in the case of the earth, and the
Zeeman effect in the case of a radiating atom.
This is an account of the chief part of the Zeeman effect, and may
be regarded as the most fundamental kind of disturbance caused by a
magnetic field on a source of radiation. But there may be other minor
disturbances, just as in the case of the earth, whose axis is not only
subject to precession, but also to nutation—a nodding movement superposed upon the main motion. It is also quite possible for the middle
line, or for the two outer lines, or indeed for all three lines, to be
doubled ; thus giving rise not to the standard triplet, but to a quartet or
a quintet or even a sextet,—appearances seen and photographed for
some lines of some substances by Preston.
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Even the two constituents of the double sodium line behave
differently : one of the sodium lines, D2, which had appeared only
broadened to Zeeman at first, really becomes a sextet. The other
sodium or D, line becomes a quartet; and a complete study of the
behaviour under magnetism of all the lines and groups of lines given
by different substances must result in a great extension of our knowledge in many directions ; in fact it is hardly too much to say that
the discovery of Zeeman, in the light of the theory of Lorentz, has
doubled the power of spectrum analysis to throw light upon the processes of radiation and the properties of atoms, and has opened up
a new department, as it were, of atomic astronomy, with atoms and
electrons instead of planets and satellites.

APPENDICES TO PART IV.
APPENDIX F.
SIZE OF ORBIT OF RADIATING ELECTRON.

Consider two electrons of opposite sign revolving round each other
with luminous frequency //• at any distance d ; or better, consider a
free negative electron revolving round a comparatively fixed equal
positive charge attached to an atom, at distance d.
The force between them is e2/K d2, so the acceleration is—
e3 _ 3 a
3«»a
2
2
Krf 2/te ~~ 2rf 2 '
But the acceleration is also expressible as 4 ir" n" d.

Therefore—

<,. = £•»!. = ! • £ „ 3 x«r* (6 x IO_,y .
O IT n~

O 7T

00

\

/

which is " Kepler's third law " for the case, and indicates that the distance
at which luminous frequency is attainable is the atomic distance
io~ 8 centimetre ; in other words, that the electron is roaming over
the surface of the atom. If it got nearer to the centre of force than
this it would have to revolve quicker ; and such rapid oscillations may
be excited among the internal paired electrons by shocks and collisions,
or other perturbation.
The most important aspect of the above calculation is that it
corresponds with the hypothesis that the whole of the mass of an
electron is electric, and none of it material or unexplained ; for it shows
that a pure electron is able to revolve at distances of the molecular
order with luminous frequency.1 The square of the wave length
emitted is proportionate to the cube of the radius vector ; provided the
plane of the orbit contains the centre of force. Otherwise there may
be constrained motion of smaller amplitude, analogous to that of a
conical pendulum.
1

See Lodge in The Electrician for March 12th, 1897, vol. 38, p. 644.
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APPENDIX G.
T H E RADIATING POWER OF A STEADILY REVOLVING ELECTRON.

Consider an electron revolving as above (Appendix F) in an orbit
of atomic dimensions d with luminous frequency n ; and calculate its
radiating power.
The fundamental expression for the amount of energy emitted per
second as waves in the ether, by a moving charge e, was given by
Larmor in Phil. Mag., December, 1897, page 512, also in "Ether and
Matter," page 227, namely—

where u is acceleration, and where ft e2 may be taken as io~4° grammecentimetre, according to most recent measurements. But in a circular
orbit of radius d the acceleration is—
// = (27Tn\ d = 40 ( 5 x io' 4 j io~ 8 = io23 c.g.s.;
therefore the radiating power of a single electron, so moving, is—
2 u C3

\4

{

2 X TA"4°

--"—- . d*[2irn)
= —
— x 1046 = 2 x io~ s ergs per second.
2,v
\
/
9 x io10
But the total available energy possessed by the revolving electron of
linear dimensions a is only— '

££!»» = £Jl UirndY,
3a

3a \

/

namely its kinetic energy (for of course it cannot radiate away or
dissipate its electrostatic energy), and this amounts to—
10- 40

—3 (2 7T x 5 X 1014 x io- 8 ) = 3 x 10-13 ergs,
\
/

3 X 10>

its velocity being 3 x io7 centimetres per second, or one-thousandth that
of light. So if the electron were isolated from any supply of energy, and
if it could maintain the pace, it would at this rate radiate away all its
kinetic energy in io" 8 of a second, that is to say in three or four
million revolutions. This may seem a rapid rate of cooling, but it is
not surprising for an isolated atom at a red heat.
We may express the ratio of the radiating power of a single electron
to its total luminous energy, by the fraction—
— [" J =

2

— (2 7T n ) = 8 7T2 n — = 70 million per second.

In any large assemblage of atoms the radiation is not free and unrestrained, nor is it unmaintained, like this ; but it must always be
considerable at anything like luminous frequency, and it is proportional
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to the fourth power of the frequency. At a frequency which emits a
wave ten times as long as a luminous wave the radiating power of a
revolving electron is only one ten-thousandth of that above calculated,
but even so it is significant; it must be remembered, however, that
all substances are actually engaged in radiating energy, although at
ordinary temperature there is usually absorption enough to compensate
the loss.
The high speed of a revolving electron suggests, says Larmor,
that it is apt to fly away tangentially with this sort of velocity when
joggled off by any means ; consequently he might attribute the high
velocity of cathode ray particles to this cause rather than to propulsion
by a gradient of potential. But it seems to me more likely that the
orbital velocity is utilised only by those electrons which are flung off
spontaneously from certain substances possessing one variety of radioactivity ; whereas from charged surfaces, possessing a real propulsive
force, electrons may be ejected so as to reach a speed higher than that,
approximating more closely to the speed of light, a value which the
rapid increase of inertia at such speeds would ensure that they should
never actually attain.
APPENDIX H.
FARADAY'S PROPHETIC NOMENCLATURE.

Students of the life of Faraday will remember that when he
discovered the rotation of the plane of polarisation by a magnetic field
applied to dense bodies in which light travelled along the lines of force,
—wresting the secret from nature by strong and pertinacious experimental research that would not be denied, though the time was as yet
by no means ripe for comprehension of the fact when it was discovered
—he labelled his discovery in a fit of enthusiasm, " The Magnetisation
of Light and the Illumination of Magnetic Lines of Force :" a label
which puzzled contemporaries for a long time.
It is difficult to see what meaning he can have attached to these
phrases ; and for many years afterwards they appeared unsuitable
misnomers, indicating a foggy conception of his own discovery.
It is not likely that his state of mind was really at all clear on the
subject, and probably he would at a later stage have been willing to
plead guilty to a less than lucid mode of conceiving the phenomenon ;
which nevertheless always specially pleased him, though when it was
reduced to a mere rotation of the plane of polarisation, it seemed to
many mathematicians and physicists to have lost its unique and surprising interest. It must always be remembered, however, that interest
was never lost by either Lord Kelvin or Clerk Maxwell, and that it was
the chief fact which incited Maxwell, many years later, to begin
developing his electro-magnetic theory of light.
But how do the titles strike us now ? Do they not indicate some
extraordinary unconscious insight, such as is frequently experienced by
a great discoverer in the enthusiasm of discovery? Remember that
the Hall effect, the Zeeman effect, the Aurora Borealis, and Faraday's
rotation are all closely connected, by means of the electron theory.
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In the cathode ray tube the flying electrons are deflected by a cross
magnetic field; or if they fly along the lines they are twisted into a
spiral path round them. In the Aurora Borealis this effect is carried
out in the upper region of the air on a gigantic scale, and the earth's
magnetic " lines of force are illuminated " by flying electrons from the
sun entangled and guided by them. In the Hall effect this same
influence is felt by the slowly moving crowd of electrons as they are
handed on irom one atom to the next, causing a curvature of the
current path, in which either positive or negative may predominate.
In the Zeeman effect the same cause operates on the revolving
and vibrating electrons associated with a radiating atom and constituting a source of light; wherefore we may truly say that the " light
is magnetised," for the source of light is magnetised directly, and the
effect is impressed on and retained by the light emitted, and is made
visible by spectrum analysis.
The first intimation of that magnetic influence on light which lies
at the base of all these at first sight apparently diverse phenomena was
detected by Faraday in his slight differential rotation of the plane of
polarisation in one direction or the other by a magnet, according as the
positive or the negative electrons in the dense substance were most
affected.
Hence the title which he affixed to his discovery : " The illumination
of the lines of magnetic force and the magnetisation of light," may be
regarded as a prophetic flash of genius.
A not altogether dissimilar flash has already been referred to, when
Crookes hinted prematurely that in the cathode rays we had something
like corpuscular light, and also like matter in a fourth state, neither solid,
liquid, nor gaseous. For, whether quite right or not, he was far more
right than the critics of those days who presumed to deride him.

PART V.
DETERMINATION OF THE MASS OF AN ELECTRON.

So far, all the measurements quoted have resulted in a consensus of
certainty respecting our knowledge of c/m for gaseous conduction and
radiation; and the measurements made on the cathode rays in a
Crookes's tube, or near a plate leaking in ultra-violet light, have likewise
given us a knowledge of their velocity, and shown that it is about onethirtieth of the velocity of light, more or less according to circumstances.
But so far no direct estimate has been made of either e or m separately.
The difficulty of making these measurements is great, because we are
dealing with an aggregate of an enormous and unknown number of
these bodies. It would not be difficult to make a determination of the
aggregate mass of a set of projectiles, say N m, where N is the number
falling on a target in a given time, by means of the heat which the blow
generates ; or better, perhaps, by the momentum which they would
impart to a moving arm after the fashion of a ballistic pendulum ;
provided their velocity u were known as in this case it is. The
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aggregate, energy, | N m W, or the aggregate momentum, N m u, could
thus be found ; but how is m to be separated from N ?
Again, if the particles are collected in a hollow vessel attached to an
electrometer of known capacity, it is not difficult to estimate the total
quantity of electricity which enters the vessel in a given time, that is to
say, to determine N e; but, again, how are we to discriminate e from N ?
We may consider the following quantities experimentally determined, by researches carried on at the Cavendish laboratory and
elsewhere and so far already described or indicated :—
ejm
u
N e
Nm
See above, Part III., for measurements of these quantities for the case of
cathode rays.1
Another thing that is comparatively easy to determine, especially in
such cases as leak from a negative surface under the action of .ultraviolet light, or the conductivity of air induced by the impact of
Rontgen rays, is the total current transmitted ; viz. the quantity N e tithe quantity of electricity conveyed per second. Measurements of this
quantity have been made not only by Lenard 2 and Righi 3 and
Thomson,4 but in various gases by Rutherford,3 now Professor at
Montreal; by Beattie 6 and de Smolan at Glasgow, by Zeleny i of
Minnesota, by McClelland8 on hot gases from flames, and by
McLennan 9 of Toronto.
Professor Zeleny in particular measured the velocity by a safe and
direct method of making the particles fly against a wind down a tube,
and observing the rate of the current of air which was just able to withstand their progress : these measurements constituting a satisfactory
confirmation of Thomson's and Rutherford's more indirectly inferred
results.
If only it were now possible to count the corpuscles or electrons, to
determine the number N which are started into existence, or which
enter the hollow vessel, or which take part in conveying the current in
the case of a leak by ultra-violet light, we should no longer have to1
guess at the actual value of c and of m separately, but should have
really determined them.
This brilliant research has actually been carried out by Professor J.
J. Thomson, by means of a method partly due to Mr. C. T. R. Wilson,
supplementing a fact discovered by Mr. Aitken, and interpreted in the
light of a hydrodynamic theorem arrived at long ago by Sir George
Stokes.
I must be excused for waxing somewhat enthusiastic over this
matter : it seems to me one of the most brilliant things that has
1
2
3
4
6
9

J. J. Thomson, Phil. Mag., October, 1897.
Wied. Ann., vol. 63, p. 253.
Rend, delta R. Accad. dci Lined, sMay, 1896.
Phil. Mag., November, 1896.
Ibid., November, 1896,
and April, 1897.
8
//w/, June, 1897.
^ Ibid., July 1898.
Ibid., July, 1898.
Phil. Trans., vol. 195, p. 49, 1899.
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recently been done in experimental physics. Indeed I should not
take much urging to cancel the " recently " from this sentence; save
that it is never safe for a contemporary to usurp the function of a
future historian of science, who can regard matters from a proper
perspective.
The matter is rather long to explain from the beginning, and I
must take it in sections.
Ait ken and Cloud Nuclei.
First of all, Mr. John Aitken,1 of Edinburgh, discovered in 1880
that cloud or mist globules could not form without solid nuclei, so that
in perfectly clear and dust-free air aqueous vapour did not condense,
and mist did not form. (See, for instance, my lecture to the British
Association at Montreal, in 1884, on " Dust"—Nature, vol. 31, p. 268.)
Without solid surfaces, in clear space, vapours could become
supersaturated ; but the introduction of a nucleus would immediately
start condensation, and according to the number of nuclei, or condensation centres, so will be the number of cloud globules formed.
Every cloud or mist globule is essentially a minute raindrop, not
floating in the least, but falling through the air—falling slowly because
it is of such insignificant weight and is moving in a resisting medium—
but falling always relatively to the air. A cloud may readily be carried
up by a current of air, but that is only because the air is moving up
faster than the drops are trickling down through it. No motion of the
air disturbs the relative falling motion : the absolute motion with
reference to the earth's surface is the resultant of the two.
The fact that nuclei are required for mist precipitation can be
proved by filtering them out with cotton wool, and finding that as the
nuclei get fewer the mist condensation differs in character, becoming
ultimately what is called a Scotch mist, such as forms in fairly clean
air ; where since the dust particles are comparatively few, the centres
of condensation are few also, and accordingly each has to condense a
considerable amount, so that the drops are bigger, and not nearly so close
together ; wherefore they fall quicker like very fine rain. In perfectly
clean elaborately-filtered air the dew point may be passed without any
vapour condensing, and the space will remain quite transparent in spite
of its being supersaturated with vapour.
The reason for this effect of, and necessity for, nuclei, is well-known
in the light of Lord Kelvin's theory concerning the effect of curvature
on surface tension,2 because the more a liquid surface is curved the
more it tends to evaporate, and an infinitely convex surface would
immediately flash off into vapour. Consequently an infinitesimal globule
of liquid cannot exist; vapour can only condense on a surface of finite
curvature, such as is afforded by a dust particle or other body consisting of a large aggregate of atoms. For it must be remembered that a
single grain of lycopodium powder contains about a trillion atoms, and
a dust particle big enough to condense vapour need not consist of
1
2

Trans. R.S. Ertin., 1880.
See, for instance, Maxwell's Theory of Heat, 1891 edition, p. 290.
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more than a billion, or perhaps not more than a million, atoms, and
need by no means be big enough to be visible. It is, however, material
enough to be stopped by a properly packed cotton-wool filter.
J. J. Thomson and Electrical Nuclei.
In 1888 it was shown by J. J. Thomson, in his book Applications
of Dynamics to Physics and Chemistry, p. 164, that electrification of a
body would partially neutralise the effect of curvature, and so assist
the condensation of vapour on a convex surface.
Consider a drop of liquid, or a soap bubble ; the effect of the
convexity of the surface is to give a radial component of surface tension
inwards, causing an increased pressure internally. The effect of
electrification is just the opposite : it causes a direct pressure outwards, which goes by the name of the electric tension.
The way these depend on size is as follows :—
The radial pressure component of the surface tension T is
2T
— inwards.
r
The electric pressure or tension is
e2

2 7T K <r2 = g—p?—4 outwards.

They are differently affected, therefore, by the size of the globule ;
hence at some size or other they must balance, and such an electrified
convex surface will behave as if it were unelectrified but flat. Accordingly vapour which would refuse to condense on an ordinary convex
surface, until far below the dew point, will begin to condense on it, if
sufficiently electrified, the instant the dew point is reached.
The critical size at which the ionic charge enables a sphere of water
to act as regards condensation as if it were flat, can be reckoned by
equating the pressure to the tension, thus :—
2T_

or

r3 =

e

*

I6TTKT

=

g2

I0

~ 21

50 x 80

= I

4

x

IO-* c.c.

whence r — io" 8 approximately, or is of atomic magnitude.
Hence ions can condense vapour; and anything smaller which
possesses the same charge can condense it still more easily.
In moist air, therefore, it would appear (parenthetically) as if
electrons could hardly exist isolated, but must be associated with at
least an atomic mass of matter.
Accordingly an electric charge assists vapour to condense; and a
sufficient electric charge might cause it to condense on quite a small
body—as small even as an atom, or smaller. Hence in the presence
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of electrified ions or electrons, dust particles are not necessary for
condensation. Vapour may condense on these electrical nuclei without
the need for solids of finite curvature. The electrical nuclei cannot be
filtered out by cotton wool : they will exist or can be produced in dustfree air. No doubt if they are passed through a great amount of metal
gauze they may be diminished in number, but they are not easy to get
rid of except by their own diffusion, which does ultimately enable them
to pair off or to migrate to the sides of the vessel. They can be got
rid of, most easily, however, by electrolysing the air, that is to say by
supplying electrodes maintained at a few volts difference of potential.
They will then immediately make a procession, as in electrolysis, only
with much greater speed, because their motion is much less resisted
or interfered with by chance collisions; so they will soon reach and cling
to their respective electrodes, and in that case again no true mist can
form.
While ions or electrons are present in considerable numbers a thick
mist will form whenever the space is saturated with vapour, but it will
be a mist of different appearance from the slight rain-like condensation
which may be seen forming round the few residual dust particles. The
mist globules will usually be of uniform size, and some estimate of that
size can be roughly attempted by the diffraction colours which can be
seen if a point of light is looked at through the mist: not, however,
a very easy plan of making a trustworthy estimate.1
Electrical nuclei can be produced in various ways—by anything, in
fact, which dissociates the air or which fills it with ions. Some are
produced by the splashing and spray of water, some aregiven off from
flames, and from red-hot bodies, they are produced in considerable
numbers when Rontgen rays travel through air, they can be given off
by radio-active substances like uranium, and they are easily emitted by
a negatively charged metallic surface exposed to ultra-violet light
Wilson and Metrical Cloud Condensation.
Mr. C. T. R. Wilson,2 in his study at the Cavendish Laboratory of
cloud formation under the influence of Rontgen rays and by other
methods, devised a plan for precipitating a definite and known quantity
of aqueous vapour in a visible form. This was done by an arrangement for making a sudden or adiabatic expansion of saturated air, and
making it to a carefully measured amount. The apparatus employed
is shown in Figure 3.
One test-tube moving inside another is employed as a piston, and
by a certain arrangement the piston was enabled to drop with great
suddenness and thus to produce a measured small exhaustion in the
reservoir containing the gas under experiment; saturated as it is with
vapour, and supplied with electric nuclei. The mist at once formed,
and the drops began to fall slowly, as usual. Mr. Wilson tried to get
an estimate of their size from the colours, but it was difficult and
unsatisfactory. If the size had been known, their number would have
1
2

See C. T. R. Wilson, Phil. Trans., 1897, A, vol. 189, p. 283.
Phil. Trans., A, 1897, vol. l89> P- 26 5-
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been known too, because the measured amount of expansion had
produced a known fall of temperature below the dew point, and so
had condensed a known amount of aqueous vapour, which would be
distributed equally among all the equal globules.
It occurred to J. J. Thomson that a better estimate of size could be
made by observing their rate of falling, which is a thing not difficult
to observe since they all fall together, being all of the same size. In
any mist formed in a bell-jar it is easy to watch it settling down, by
watching its fairly definite upper surface, a clear space being left
above it which gradually increases in thickness as the cloud falls. The

To Earth.
To
ELecGrometer.

FIG. 3.—A is the vessel in which the fog" is formed whose rate of fall is to be »
measured by Mr. Wilson's method as used by him for the ionisation produced by X-rays. The vessel A, containing some water, is in communication with a vessel C through the tube B. Inside C is a thin-walled test-tube
P, which serves as a piston. D is an indiarubber stopper closing the end of
tube C. A glass tube connects the inside of the test-tube P with a space E.
This space may be put in connection with an exhausted space F through
the tube H. The end of the tube H, inside the space E, is ground flat,
and is closed by an indiarubber stopper I, which is kept pressed against
the tube H by means of a spiral spring. The stopper I is fixed to a rod
K ; by pulling the rod down smartly the pressure inside the test-tube is
lowered, and the piston P falls rapidly until it strikes against the indiarubber stopper D. The falling of the piston causes the gas in A to expand :
the tubes R and S are for the purpose of regulating the initial pressure.
Before an expansion the Piston P is raised by a trifling amount of air
introduced through T, and the clip S is closed. Then, when everything
is ready, K is pulled, and the cloud forms in A.

94

LODGE : ON ELECTRONS.

[Nov, 27th,

rate of movement of the top of the cloud will give the rate of falling
of the individual globules of which it is composed. And this brings us
to the next section.
Prof. Stokes and Falling Spheres.
Many years ago, in 1849, Sir George G. Stokes 1 discussed the
motion of solids through fluids, and among others of a sphere moving
through a viscous fluid urged by its own weight. It is a familiar
fact that large bodies fall through
air or water or any resisting
medium more quickly than small
ones of the same shape. Thus
coarse sand settles down through
water quicker than fine sand, and
the finest powder takes a very long
time to settle ; in fact this difference of the rate of falling is used
as a practical process of separating
granular materials into sizes, and
is called levigation.
So it is in air : large raindrops
fall violently, small raindrops fall
gently, and mist globules hardly
fall at all—fall so slowly that their
motion is difficult to observe,—
but the same law governs all so long
as the motion is not too violent, or
so long as the falling body has no
edges such as will cause eddies
during the fall. A sphere falling
FIG. 4.—This figure corresponds slowly, controlled by viscosity
closely with Fig. 2, Part III., only alone without waves or eddies, is
that a layer of water replaces the the simplest case. It soon reaches
wire gauze. The vessel was
attached to the expansion apparatus what is called a terminal velocity—
Fig. 3the speed at which the viscous resistance exactly balances its weight.
At this speed .it is subject to zero resultant force, so it simply obeys
the first law of motion and moves at a constant speed.2 This
constant speed or terminal velocity was calculated by Sir George
Stokes for the case of a falling raindrop of radius r as follows :—
2
gpr*
c= —
9 viscosity of air'

where p is the excess density of the sphere over the medium it moves
in ; provided there is no finite slip at the surface. The maximum
possible effect of surface slip—which will occur to some extent when
the falling globules are very minute—is to make the possible terminal
1
3

Camb. Trans. Phil. Soc. ix. 48.
Cf. Nature, vol. 31, p. 266.
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velocity half as great again : in other words, to convert the numerical
coefficient — into — ..
9

3

This simple formula gives the connection between the rate of fall
of a raindrop and its size ; and by observation of this speed, therefore,
knowing the viscosity of air, it is possible to calculate the dimensions
of the falling drops.
J. J. Thomson's Experiment of Counting.
We have now all the materials ready for understanding the experiment to be performed,1 so as to count the ions which are produced in
air under the impact of Rontgen rays, or when there are electrons to
be counted which have been produced from a negatively electrified
surface illuminated with ultra-violet light. The apparatus for the latter
is depicted in Figure 4. A clean zinc surface in vacuo, faced by a
piece of wire gauze through which the light could shine on it, and by
a window of quartz which makes the vessel airtight, so that it might
be exhausted and yet allow the ultra-violet light to pass, was employed
as shown in Fig. 2 above : the present arrangement is similar except
that a water surface replaces the gauze.
The rate of leak.which gives the current Neu is determined by
connecting the water and the zinc plate to the terminals of an electrometer ; the zinc plate being kept negative by means of a battery of
a sufficient number of cells.
And now, supplying this apparatus with the adiabatic expansion
appliances of C. T. R. Wilson shown in Fig. 3 above, metrical condensation can be produced, a mist will form, and the rate of its fall can be
observed ; whence by Stokes's theorem the size of each globule is
known ; the quantity of water which had gone to form globules is
known from the measured amount of expansion, by a process the
details of which I will not give here; and so the number of such
globules, and therefore the number of their condensation-centres or
nuclei or ions, can be determined.
If c is the observed rate of fall in stagnant air, the linear dimensions
of the falling drops will be
//4'5 x "00018 \
C
) centimetres.
= V (
98!
In a given case c was observed to be 0*14 centimetres per second ;
hence the volume of each drop was in that case
iL 7T r3 = 1'6 x 10-10 c.c.;
3
and so if the aggregate amount of water in all the drops in a given
space is reckoned from the measured amount of adiabatic expansion
which caused the chill and the precipitation, the drops can be
counted.
A great many precautions must be taken, because there will be
1

Phil. Mag., December, 1898, and December, 1899.
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some residual cloud found even when electrons or intended nuclei are
not present. A differential observation is therefore necessary ; moreover care must be taken to ensure that all the nuclei are utilised, and
not only a portion.
The number of drops found in a certain experiment by this means
was about 30,000 to the cubic centimetre ; the total quantity of water
which went to form them being about the two-hundredth part of a
milligramme.
Result.
The result of the execution of this ingenious counting process is
that the absolute charge and the absolute mass of an electron is at
•length directly determined. Hitherto we have determined by many
and various ways the ratio e/m and the speed u. We have likewise
been able to determine N e u and N e and N m u2, as already explained.
Now at length we have determined N ; and at once the terms in the
ratio e/m are disentangled.
e comes out, as suspected, in all cases, the regular ionic charge, of
the order of magnitude 3 x io~10 electrostatic, or io" 20 electromagnetic
units; hence m comes out for positive carriers and for ions the appropriate mass of the atoms present. In some cases the masses are greater
than this and represent molecular aggregates. But for the negative
carriers set free by ultra-violet light, and for the other cases where
ejm = io7, the masses come out definitely of the order io~27 grammes ;
or about T ^ t h part of the smallest and lightest previously known
quantity of matter, viz., an atom of hydrogen.
The existence of masses smaller than atoms was thus experimentally
demonstrated, and a discovery was clinched of epoch-making importance.

PART VI.
ELECTRIC THEORY OF MATTER.

Estimate of Size of Electrons.
On the hypothesis that the flying or vibrating fragment is a material
corpuscle charged with electricity, so that it has a duplex constitution
and a compound kind of inertia, part material and part electrical, no
further progress can be made. But on the hypothesis that the flying
or vibrating particle is an electron—a charge of electricity and nothing
else—a constituent of an atom but with no material nucleus—so that
the whole of atomic properties are to be considered as due to an
aggregate of electrons of opposite size, of which one or two are
comparatively free and detachable—on this hypothesis a determination
of the mass of a corpuscle carries with it as a consequence a determination of its size also.
Because, as has already been pointed out, any required amount of
self-induction can be conferred on a wire by making it fine enough,
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and any required amount of energy can be conferred upon an
electric charge by making it concentrated enough. The energy at a
given speed of motion will be proportional both to the quantity and
the potential, and the latter can be made as great as we please by making
the size of the body possessing the charge extremely small.
It is the intense region of force close to the wire or close to the
charged particle which is the effective region ; and so, as stated, a
knowledge of the mass or kinetic energy at a given speed suffices, on
a purely electric theory of matter, to determine the size of the electron
constituents of which it is composed. For whether there be any
intrinsically material inertia or not, there certainly is an electrical
inertia. The cause of it in the electrical case is known : it is due to
the reaction of the electric and magnetic fields during acceleration
periods, and is denominated self-induction.
Quite possibly there is no other kind. Quite possibly that which
we observe as the inertia of ordinary matter is simply the electrostatic
inertia or self-induction of an immense number of ionic charges or
electric atoms or electrons.
This is by far the most interesting hypothesis, because it enables
us to progress, and is definite. The admixture of properties, partly
explained, viz. the electrical, partly unexplained, viz. the material—
lands us nowhere, unless by some only partially imagined means we
were able to estimate how much of the corpuscle appertains to each
ingredient.
The mass of a corpuscle has been measured at something akin
to TTSW of an atom of hydrogen, and its charge as io~10 electrostatic
unit. This amount of electricity will have that amount of inertia if it
exists over a sphere of radius io~13 centimetre, but not otherwise.
Consequently we may assume the size of the electron to be of the order
io~13 centimetre in diameter ; or TUTJWT of the linear dimension known
as molecular magnitude, viz. io~8 centimetre.
The calculation of order of magnitude is quite simple, for all
ordinary speeds, because, for them—
m — fie'/a,
. •. a = — . e = io7 x io~20 = io~13 centimetre,
m
though it might with some data be estimated as small as io~14.* With
a size like that the penetrating power of cathode rays is explained.
Especially if the atoms of matter are themselves composed of such
minute particles. For the interspaces will be enormous compared
with the filled-up space, and a point can penetrate far into such an
assemblage without striking anything.
The mean free path of a particle is a question of probability. In a
space containing «, obstacles to the unit volume, a space A* will
contain n = A x n, of them, and the chances of a collision while one
of them travels a length x will be approximately their combined areas
as targets compared with the total area available for both hit or miss—
= ax =
A
* See Lodge in the Electrician for March 12, 1897, vol. 38, page 644.
VOL. 32.
7
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where X is the " mean free path," or average distance travelled by any
one particle without a collision with another, and a the number of
encounters while travelling unit distance. But in saying this we are
ignoring the forces between the particles, and are not considering a
swing round as a collision.
So, as regards order of magnitude—

Ax

d3

i
2

inra

«r7ra

2

ira 3 '

with a factor $ or sji omitted which a completer theory would give ;
where d3 is the cubic space allotted to each particle, while 4 -n- (-\ is the
actual bulk of each.
Therefore £ =
total space occupied
a
eight times the aggregate volume of the particles'
a statement sometimes quoted as Loschmidt's theorem.
Hence the mean free path can be determined by considering how
much space the substance of all the electrons in an atom occupies, as
compared with all the space which the atom occupies itself. In other
words, we have to consider what the size io~13 for an electron's
diameter means, as compared with the size io" 8 for an atom's diameter.
In the solar system the diameter of the earth is i-Dihjffth part of the
diameter of its orbit round the sun. Consequently if the earth represented an electron, an atom would occupy a sphere with the sun as
centre and five times the distance of the earth as radius.
In other words, if an average atom is composed of electrons, they
are about as far apart in that atom in proportion to their size as the
planets in the solar system are in proportion to their size.
In an atom of hydrogen there are roughly i,ooo, or say more exactly
700 electrons in order to make up the proper mass.
In an atom of sodium, which is twenty-three times as heavy, there
must be about 15,000 electrons.
And in an atom of mercury there must be over 100,000 electrons.
Consider then an atom of mercury containing 100,000 of these
bodies packed in a sphere io~ 8 centimetre in diameter. One would
think at first they must be crowded ; but there is plenty of room. Each
electron is only io~13 centimetre across, and there are only about fifty
of them in a row along any diameter of the atom; hence the empty
space inside the atom is enormously greater than the filled spaces.
At least a thousand times greater in linear dimension, or a thousand
million times greater in bulk.
The whole volume of the atom is io~24 c.c, the aggregate volume
of all the electrons composing the atom is 10s X io~39 = io~34 c.c,
consequently the space left empty is io10 or ten thousand million times
the filled space.
Even inside an atom of mercury, therefore, the amount of crowding
is fairly analogous to that of the planets in the solar system. For
though the outer planets are spaced further apart than the inner ones,
they are also bigger, to practically a compensating extent.
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Now, going back to what is sometimes called Loschmidt's theorem
in the kinetic theory of gases, obtained roughly above—
mean free path
£ diameter of particle

volume of space available to particles
combined volume of all their substance

we have reckoned the latter fraction, in the inside of an atom of
mercury, as—
3

*

«•

100,000

x

xi

3

Hence the mean free path of an electron inside an atom of mercury
will be comparable to io 9 times the size of an electron, i.e., it will be
io~4 centimetre; that is, it may get through on the average the substance
of some 10,000 mercury atoms in a row without collision.
In any other less dense substance it will go further. The actual
distance thus travelled by corpuscles plunging into a dense metal is
very small, only the thousandth part of a millimetre on the average,
and it need by no means necessarily be a straight line ; so a target of
platinum succeeds in stopping them fairly near its surface, and
enables the X-rays generated by the shock fairly to emerge. Some
corpuscles will be stopped more suddenly than this, and some will
travel further, but io~ 4 centimetre is about the average distance
travelled in a solid as dense as platinum.
This distance, however, gives no notion of the value of the negative
acceleration during a collision, because the greater part of the
thousandth of a millimetre is free flight; the stoppage occurs only
as the last episode of that flight, viz. at the instant of collision. The
colliding masses are 100,000 to 1, so the change of velocity at impact
could be estimated ; but the impact will really be more of an astronomical
or cometary character, and the effect is analogous to the entrapping of
comets when they pass near a planet, thereby rendering them permanent members of the solar system.
The ordinary behaviour of a foreign comet, which comes and goes,
may be called a collision with, and rebound from, the sun ; for although
there is no real encounter of main substance, that is what it would
appear like if it could be seen from the depths of space ; and the two
branches of the comet's hyperbolic orbit would look like straight lines
of approach and recession.
Comets which happen to pass very near a planet, however, are
deflected, swirled round, and often virtually caught by that planet,
receding only with an insignificant differential velocity which is unable
to carry them away from the attraction of the sun : into which they
often drop. Or if they do not actually drop into it, they will continue
to revolve round it in an elliptic orbit, becoming a member of the
solar system, and liable ultimately to be degraded into a swarm of
meteors.
This is the sort of process known to occur in astronomy, and
circumstances not unlike that may attend the encounter or apparent
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collision of a furiously-flying comet-like electron with part of the
massive system of an atom.
The stoppage, therefore, will occur well within the limits of atomic
magnitude, lor8 centimetre; and so the acceleration will be of the order
—- = 10s6 c.g.s., and the force needed thus to stop even a single electron
will be the tenth of a dyne.
No wonder that violent radiation-effects are produced. The
" power " required to stop an electron, flying with one-thirtieth of the
speed of light, inside a molecular thickness, can be estimated thus—
energy-7-time = l-mus

. — = io~27 ( i o 9 )

IQ8

= io 8 ergs per second;

or thus—
F / -7- / = - F u = io- 1 x io 9 = io8 again,
which is equivalent to ten watts. (Though the time it lasts is only the
io~' 7 part of a second.)
But only a small fraction of this goes into radiation. The radiating
power can be estimated thus, from Larmor's expression for it, as given
in Appendix G, Part IV.—
u e3

\

io~ 4 °

c—(uf =
x ioS2 = ioo ergs per second.
v
10
& v
'
io
v
The rest therefore, it would appear, must take the form of heat.
It is worth considering what circumstances would give radiation an
advantage over heat, and vice versa. Because sometimes conspicuously
the target gets heated, and sometimes X-rays are emitted. Let u be
the speed and / the distance of stoppage, then—
.

U=

2
w

2V

then the force required to stop it is—
3«

2l

The " power " of the blow is—
6al '
whereas the radiation power is—
2 fie3
3D

..
,
therefore

(ua\*__fieau*.
\2 //
6 V 12

radiating
a u
2a
s vpower
= - . - = —.,
total power
I v
vt

where f is the time of stoppage, and v is the velocity of light.
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So effective radiating power depends chiefly .on very sudden stoppage, and on the speed being near that of light. If the velocity is a
tenth that of light, and if an electron can be stopped in something like
its own diameter, about 10 per cent, of the energy will go in radiation,
and the rest will take other forms, presumably heat.
As the velocity diminishes, more and more of the energy takes the
form of heat; which agrees with the fact that at moderate vacua
the target gets red-hot.
The ratio of the radiation power to the total power is as the dimensions of an electron to the distance light would travel during the
period of the stoppage. So to get all the energy radiated it is necessary to stop a pellet moving with a tenth the speed of light in something like a tenth of its own diameter.
JUSTIFICATION FOR ELECTRIC VIEW OF MATTER.

But now what justification is there for the extraordinarily farreaching hypothesis that the electrons constitute matter, that atoms of
matter are composed of electric charges, that the fundamental inertiaproperty of matter is identical with self-induction ?
There is the reasonable philosophical objection to postulating two
methods of explaining one thing. If inertia can be explained electrically, from the phenomena of charges in motion, it seems needless to
require another distinct cause for it also. But this is not all that can
be said; it is quite possible that direct experimental proof will be
forthcoming before long. A method suggested by Professor J. J.
Thomson had reference to the proportion of radiation to thermal,
energy developed when corpuscles encounter a target which suddenly stops them. In so far as they consist of non-electric matter
they would produce only heat by their dead collision, without any
direct generation of ethereal waves. In so far as they consist of
electric charges they would disperse a certain amount of radiation
energy; and so the proportion of radiation to heat might afford a
criterion.1 Hitherto, however, no adequate measurements have been
made in this direction.
But there is another more likely avenue to a conclusive result. We
know that when an electric charge moves with a speed approaching
that of light, its inertia is theoretically no longer constant, but rapidly
increases and becomes infinite when the light-velocity itself is reached,
at least on the orthodox and accepted theory; and rather complicated
and not quite accordant expressions for this high-speed inertia have
been calculated by several mathematical physicists. See Appendix K
for a discussion of this difficult subject.
It is possible that in certain cases of the production of cathode rays
a speed not far short of that of light may be reached, and the increased
inertia observed. Such an experimental determination has been seriously
and quite recently undertaken by Professor Kaufmann,2 who employed
the method indicated above(Part III.) of comparing simultaneously the
1
2

See J. J. Thomson, Phil. Mag., April, 1899, p. 416.
See Coniptcs Rendus for October 13, 1902.
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electric and the magnetic deflection of the same set of rays submitted
alternately or simultaneously to an electric and a magnetic field. Thus
the velocity and the e/ra ratio are both known, and Kaufmann concluded that when the speeds approached perceptibly near the velocity
of light the electrochemical equivalent mje increased by just the
amount required in accordance with pure electric theory—the theory
which attributes the whole of inertia to electric influence. There
appeared to be no quantitative room for any extra inertia, such as that
of an inert particle of non-electric matter travelling with each projectile,
retaining its inertia constant at all speeds, and so contributing nothing
to the rise of inertia perceived when the speed approaches within
hail of that of light.
It is too soon to be sure whether these results are trustworthy or
not. The attempt is brilliant, and it can hardly be doubted that before
long evidence will be forthcoming, on this and on other lines, which
will enable us to accept or reject the hypothesis of the electric nature
and unification of matter.
Meanwhile the hypothesis is in itself so probable that it is justifiable
to attempt to look ahead and observe some of the consequences of the
view that all atoms of matter are built up of the same fundamental
units, and are composed of aggregates of a definite number of variously
grouped negative and positive electrons, arranged in kinetic patterns
and keeping apart by reason of the vigour of their own orbital motions.
At first it is not easy to do more than imagine the electrons to be
statically grouped into regular patterns : arranged it may be in triangular or square or hexagonal order ; with other allied three-dimensional possibilities familiar to students of crystallography. See, for
instance, William Barlow, Brit. Assoc. Report 1896, p. 731 ; also Lord
Kelvin, Phil. Mag., March, 1902, and elsewhere.
ON CHEMICAL AND MOLECULAR FORCES.

The force of chemical affinity has long been known to be electrical.
Ordinary electrical attraction between charged bodies may be called
molar ^lemical action; only there is no combination in ordinary cases,
because the opposing charges spark into one another, and so the attraction ceases when a certain proximity is reached. The idea that
chemical forces are really electrical is as old as Sir Humphry Davy.
Real chemical attraction occurs between two atoms, each of which
contains an odd number of electrons : one extra, or it may be more
than one extra, electron of given sign. Such an atom has a centre of
force whereby it can attach itself to other atoms and enter into pairing
or chemical combination with them. It is probable that a negative
charge is all excess, and a positive charge a defect; and that when
pairing occurs the excess charge of one fills up the deficiency of the
other, and composes a complete and neutral molecule.
Union of this kind, however, never seems quite as strong and permanent as the union of the electrons in the atom itself : the molecule
easily separates at the same place again under the influence of decomposing influences, and does not seem able to split up in other ways
into new substances; except in organic chemistry, where various
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modes of splitting up a complex molecule can be brought about, and
are practically utilised for the generation of new compounds, e.g.—
CH 3 . CH3 = C 2 H 5 . H.
It is probable that the same sort of thing is possible with simple
bodies,'but that the so-called "elements" constitute a peculiarly stable
group, the ingredients of which so far have only partially been reassociated into isomeric or allotropic forms, and have not yet been
detached from each other.
When chemical combination occurs between two oppositely
charged atoms, there is no electric discharge between them : the two
atoms retain each its own charge, and cling together for that reason.
When they are separated, each is an ion and possesses its appropriate
charge.
It is possible to charge an assemblage of neutral molecules with an
excess or with a defect of one or more electrons, by processes of
ordinary electrification, but the attachment of these supernumerary
electrons is loose—and they can be shaken away by the agitation of
ultra-violet light and in many other ways. Even splashing of liquids
into spray shakes some loose.1 And in the case of massive molecules
their mutual collision or agitation under the influence of ordinary temperature is sufficient to shake away some of the loose electrons, which
then fly off tangcntially with whatever orbital velocity they may have
had: giving rise to phenomena recently discovered under the name
of radio-activity (see Part VII.).
MOLECULAR FORCES, COHESION.

But there is another kind of adhesion or cohesion of molecules, not
chemical but what is called molecular. This occurs between atoms
not possessing ionic or extra charges, but each quite neutral, consisting
of paired-off groups of electrons. At any moderate distance the force
of attraction between paired electrons will be next to nothing, but at
very minute distances it may be very great, ranging up to something
almost indistinguishable from chemical combination, except that the
cling will be a weak cling at a multitude of points instead of an intense
cling at only one.
Consider the outer surface of an atom consisting of a regular group
of interleaved electrons of alternately opposite sign. Its equipotential surfaces will be dimpled or corrugated or pimply sheets, which at
a little distance away will be almost plain, the dimples increasing
rapidly in depth and becoming like the cover of a mattrass when
something less than molecular distance, something approaching the
internal electron distances apart, is reached.
Two such atoms will therefore tend to settle down with their equipotential surfaces adjusted into uniformity, the pimples of the one fitting
into the hollows of the other ; and this is the state of things suggested
by the facts of cohesion (Fig. 5).
To investigate the actual law of force would be difficult, and too
1

Lenard on electrification near waterfalls.
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many assumptions would have to be made for the geometrical arrangement of the electrons in the adjacent atoms; it could only be
approximate, because we should probably, at least in the first instance,
have to assume a static distribution. Nevertheless the attempt might
be instructive, and might in a developed form be suitable for an
Adams Prize Essay.
It is quite plain, however, that the result would be a force rapidly
increasing and becoming great at small distances, and practically nil
at any perceptible distance.
Molecular forces on this view are electrical, just as much electrical
as are chemical forces; but they occur between chemically saturated
molecules, and are due to the interaction or distant influence of paired
electrons on each other across molecular distances.
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FIG. 5.—Ordinary Cohesion between two Neutral Atoms A and B : each atom
consisting of interleaved elections of opposite sign, depicted in any convenient way.
Ions cannot thus combine ; because if they were oppositely charged
their combination would be chemical, and if they were similarly
charged they would strongly repel each other.
But if ions arrive at a metallic electrode, or are provided with other
means of passing on their free charges, they cease to be ions and then
they can and do combine molecularly with each other.
It is of course possible for an ion to have more than one free
electron, forming a dyad or a triad radical; and the way in which a
neutral group can receive and by rapid re-adjustment pass on an
extra foreign electron, reminding one of the re-adjustment of the
films in a lather when one compartment bursts, is doubtless instructive.
The effect of electric polarisation on such a neutral group of
electrons is noteworthy. The effect of a charged body in the neighbourhood is at once to disturb the equilibrium and to disturb the
grouping throughout the atom more or less : it will cause the negative
electrons to protrude slightly on one side and the positive on the other
(see Fig. 6).
If two molecules were beyond each other's molecular range, and
if the neighbouring surfaces could by any means, by the supply of
electricity from without, be oppositely electrified, the forces of cohesion
would be intensified momentarily by something akin to chemical
forces, and cohesion would set in over ultra-molecular distances. This
appears to be what goes on in a "coherer." The opposite charges
cannot be maintained electrostatically between two neighbouring
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metallic surfaces, but they can be imparted with a sudden jerk or
disruptive discharge or received electric impulse; and these are the
things which are effective in promoting cohesion.
In the diagram herewith, Fig. 5 represents a couple of atoms with
interleaved electrons of opposite sign in
square order, the atoms being within range
O
of one another and so cohering by molecular
or non-chemical forces. They have adjusted
themselves into a cohering position; but
a shear through half the distance apart of
the electrons would disintegrate them. An
angle represented by half the electrondistance divided by the molecular-distance
is therefore a measure of the maximum
distortion of a substance.
Fig. 6 shows a couple of atoms both
electrically polarised, as by a positively
charged rod held above both. The constituents of C are polarised into hexagonal
order — an effect such as might also be
caused by lateral pressure in some cases ;
the constituents of D are in diagonal square
o D
order : which has the effect of violent electric polarisation. The atoms C and D are
O
therefore clinging by forces much stronger
o
than ordinary cohesion at that distance FIG. 6. — Two Polarised
Atoms, polarised in difwould have been. They represent adferent ways ; illustrating
jacent atoms of a momentarily polarised
also electrically intensicoherer.
fied cohesion.
It is not to be supposed that the electrons need really ever be disturbed more than an almost imperceptible amount in order to produce this chemical cohesion effect.

APPENDIX TO PART VI.
APPENDIX K.
NOTE ON THE BEHAVIOUR OF A CHARGE MOVING NEARLY AT THE
SPEED OF LIGHT.

Mr. G. F. C. Searle has kindly called my attention to a paper of his
in the Philosophical Magazine for October, 1897, and maintains that
a charge does not re-distribute itself on a moving body when its speed
becomes great, but that the lines of force bend or are deflected
towards the equator, without remaining normal to the surface whence
they start. And I see that Mr. Heaviside in his Electrical Papers,
vol. 2, p. 514, accepts this result and considers that we have no
guarantee that at these high speeds lines of force are necessarily normal
to conducting surfaces : an assertion in which we may trace some
analogy to the fact that in a moving medium rays of light are not
perpendicular to their wave fronts.
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There is no question but that the lines of force bend back towards
the equator, as slated by me in Part I., but I assumed that this deflexion
of the lines would entail their moving up nearer to the equator of the
sphere, so as to leave the poles bare of charge, in order that they
might still continue radial. I admit that the lines of force need
not continue radial, but it seems to me that there is still some
redistribution of the charge as the speed increases : a fact, however,
which is not important. Mr. Searle calculates that whereas a sphere
at rest acts as if its charge were at a central point, this equivalent point
opens out into a uniformly charged line, forming a medial and small
portion of its diameter, when the sphere is in motion ; the length of
the line gradually increasing until the speed equals that of light, when
it fits the sphere exactly. But this neglects a distortional change in
the sphere itself, to which I will presently refer.
The fact is that the whole subject of the behaviour of a charged
body moving at enormous speed is a complicated one, and directly
you get within 20 per cent, of the speed of light it begins to be necessary to consider even its inertia, as well as its deflecting force, in a
more thorough and elaborate manner.
Mr. Searle points out that three different estimates of inertia can be
made :—one as the ratio of force to acceleration, another as the ratio of
momentum to velocity, and a third as the ratio of kinetic energy to half
the square of velocity. In ordinary matter as is well known, and for
slow electric motions, these three estimates are one and the same ; but
for violent electric motions the)' become different; though it should be
realised how small the difference is, until the speed of light is very
closely approached ; so that in no material case of great velocity or
great acceleration that has ever been practically dealt with—as, for
instance, the case of a cannon-ball stopped by armour plate—is any sort
of unusual effect to be expected ; even on the hypothesis that matter is
entirely electrically composed. Nevertheless, now that among free
corpuscles in a vacuum tube it is becoming practically possible to
attain these high speeds, and even to begin to base crucial determinations upon them, it becomes necessary to consider the matter more
carefully. And in a book published at Gottingen in January, 1902,
Dr. Abraham discriminates what he calls " longitudinal " from what he
calls "transverse" inertia; making inertia depend not only on the
speed of motion, but on the direction in which the body is being
accelerated.
And all these results are still further complicated by a consideration
of the effect of acceleration itself, which, whenever it is violent, gives
rise to some perceptible radiation, involving dissipation of energy; and
this radiation loss of energy, though it will be primarily represented in the
motion as a resistance or velocity term, may secondarily have an effect on
inertia;—probably, however, quite a small and subordinate effect in all
practical cases, and no effect at all so long as motion occurs with
uniform speed in a straight line : for then there is no radiation. But
then, of course, under those conditions it is not possible to test or
measure the inertia of a body; it is only.when the motion is either
curved or changed in some way that inertia becomes prominent, and
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then there is necessarily some, though usually very small, radiation
too.
A convenient expression for the inertia of a body moving at any
speed is hard to arrive at. A variety of expressions have been given,
and some of them are contained in the first chapter to J. J. Thomson's
" Recent Researches in Electricity and Magnetism," but they are not
attractive, and it appears from Mr. Searle's results that it is only under
very careful qualifications that they apply. For these reasons I do not
propose to enter upon a discussion of them further than may be necessary to criticise or appreciate Kaufmann's recent experimental attempt
at basing an important measurement on these high velocities, by
observing the electric and magnetic deflexions then exhibited by
cathode rays, so as to obtain if possible their modified title ratio at ultra
high speeds.
When magnetic deflexion is being observed at ultra-high speeds we
have also to remember that it is possible for the ordinary expression
for the force exerted on a current by a moving field to be departed from.
The ordinary expression for deflecting force is e u H at low speeds,
for a charge e moving at speed u across a magnetic field of intensity H ;
but at higher speeds an expression of much more complicated character
is investigated by J. J. Thomson in the first chapter of his " Recent
Researches in Electricity and Magnetism," and is obtained in the
following form :—
H

vs — u2/v
v + u
( — log

u

\2«

° v—u

\
i)

/

This, however, at low speeds reduces not to the usual simple value,
but to one-third of that value, viz. — Hew, and Professor Schuster in
the Philosophical Magazine for January, 1897, calls attention to the
variety of numerical estimates of this quantity given by different
varieties of the main theory.
Abraham's value of what he calls " transverse inertia " is quoted by
Kaufmann in Cotnptes Rendus, vol. 135, p. 577, writing it with m0 as the
equivalent inertia for slow motion, and with /3 as the ratio «/v—the
ratio of the speed of the motion to the velocity of light—thus

and this is the formula employed by Kaufmann for experimental test
and verification.
Mr. Heaviside gives a still more complex expression—Electrical
Papers, vol. 2, p. 514—for kinetic energy; viz. an expression equivalent to — u~..multiplied by the following quantity,
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which therefore may be taken to represent the inertia for that case ;
r being the squared speed ratio uzlv2.
Larmor treats the whole matter from a general point of view in
Phil. Trans., 1895, p. 717, and shows that no mere acceleration term is
sufficient to express completely the reaction to applied mechanical
force.
Distortion due to High-speed Motion through the Ether.

In Mr. Searle's paper in the Philosophical Magazine, October, 1897,
he points out that the simplest charged body when in motion is
not a sphere, but an oblate spheroid, oblate in the direction of motion,
with its axes in the ratio y/i1 ~ —5) > J > J'>a n d that this produces on
all points outside itself exactly the same effect as a point charge at its
centre, and that therefore such a spheroid in motion at the speed u
takes the place of the sphere in electrostatics. He calls this a
Heaviside ellipsoid, because Mr. Heaviside first indicated its importance
in the theory of moving charges.
But I wish to point out that a spheroid of this kind is exactly what
a sphere in sufficiently rapid motion would automatically become, on the
Fitzgerald-Lorentz theory ; viz., that hypothesis which was started in
order to account for the negative result in Michelson's experiment by
postulating a change of dimensions in solid bodies according to their
direction of motion through the ether. This hypothesis became a
definite theory giving important results, when Lorentz showed that on
the electric theory of matter—or even without assuming that the whole
inertia of matter was electric, because the result is not a question of
inertia, but of static force—not only was such a change of dimensions reasonably likely, as Fitzgerald had perceived, but that the
change to be expected was precisely of the right amount to give a
compensating effect and precisely zero resultant in the Michelson
experiment.
The change of dimensions thus imagined and justified is gradually
coming to be accepted as plausible and probably true ; and it is
interesting to note that a sphere in motion, by reason of being subject
to this amount of distortion, still retains its property of being the
simplest geometrical body, so far as the distribution of its electric field
is concerned. True it is then no longer a sphere; but no measuring
instrument could possibly show its distortion, because all standards of
measurement would share it. It is a remarkable thing that this imperceptible and immeasurable uniform distortion of all matter should ever
have been discovered : nothing but an ethereal process could have
dragged it to light. Nevertheless dragged to light it has been, by the
combined testimony of electrical theory and of optical experiment.
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PART VII.
SUMMARY OF OTHER CONSEQUENCES OF ELECTRON THEORY.

Radio-Activity.
If many atoms of a substance have electrons attached to them, and
if these are performing orbital revolutions, it is natural to ask how then
can it be that substances are not constantly emitting waves and radiating away their energy. Fortunately owing to the brilliant researches
of Becquerel, Curie, and others, certain substances have been found in
which the radiation intensity reaches a very perceptible magnitude ;
and it appears that this radiation may be of several kinds—
ist, of waves or pulses analogous to Rontgen radiation, probably ;
2nd, of rays analogous to Lenard or cathode rays consisting of
electrons and ions bodily shot off, certainly ;
3rd, of detached portions of the substance itself not charged with
electricity, but emanating like an odour, and possessing like
the rest of the substance an intrinsic radiating power, and
capable of attaching itself to other materials in the neighbourhood so that they too acquire temporary radiating power.1
The substances which possess any noteworthy amount of this
radiating power are substances with very high atomic weight, and their
emitting power would appear to be probably due to an internal
commotion and collision between the atoms, of sufficient violence to
detach, and as it were evaporate every now and then, some of the
smaller particles; and also by the shock of the collisions to generate
some feeble Rontgen rays.
It is easy to grant that whenever there are actual collisions of
sufficient suddenness some radiation of this kind must be emitted ; but
we cannot help asking, why does not the quiet orbital revolution of
electrons round atoms, in a substance not in a high state of thermal
disturbance and not possessing specially massive atoms, why does not
this also give rise to a perceptible amount of radiation and loss of
energy ? One answer that has been given is as follows :—
The radiators are not isolated or independent, and surface radiation
is maintained by layers at greater depth in the substance. Moreover
the radiators are so close together that they are in all sorts of phases
within the first quarter wave length, a length which embraces a
multitude of them ; wherefore a multitude is a worse radiator than one,
because they interfere and produce but little external or distant effect;
like the two prongs of a fork, or two neighbouring organ pipes, or the
front and back of a vibrating wire. See Larmor, Ether and Matter,
1
See, for instance, papers by the original discoverer, M. Henri Becquerel,
in Comptcs Rendus, 1896 and 1897 ; see also Rutherford, Phil Mag. January,
1899 and 1900, with quantitative determinations concerning it. Also in Phil.
Mag. July and November, 1902. Other references are M. and Mme. Curie,
Comptes Rendus, November, 1899 ; Hon. R. J. Strutt, Phil. Trans. A 1901, vol.
196, p. 525 ; Sir W. Crookes, Proc. Roy. Soc, vol. 66, p. 409 (1900), vol. 69,
p. 413 (1902), also " Electrical Evaporation," 1891, Proc. Roy. Soc, vol. 50, p. 88 ;
and many other workers.
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page 232. But I doubt if much answer is wanted, save one of a very
different character, viz., that radiation of a low temperature order is as a
matter of fact always going on from all substances; that energy is conserved and constancy of temperature persists merely because loss is equal
to gain, because absorption compensates radiation, not because radiation
ceases; and that to make an estimate of the amount of radiation so occurring it would be necessary to suppose the body in an enclosure at absolute zero : when undoubtedly its kinetic energy would rapidly leak
away, and be dissipated. The whole subject of radio-activity is a large
one, upon which I do not propose to enter here and now. Suffice it to
realise that any difficulty of explanation in connection with it is not the
fact itself, but rather why it is not more notorious.
However, so far as the most striking and interesting excessive
photographic and electric radio-activity of certain rare substances is
concerned, it has been already hinted that the greater part of that does
not consist so much in the emission of radiation proper—whether in
the form of pulses of X-rays or any other form—as in the flinging off
of particles, negatively charged particles or electrons as a rule, but
also sometimes, according to Mr. R. J. Strutt, of positive ions also. The
faint photographic influence of ordinary substances observed by Dr«
W. H. Russell seemed to suggest that incipient power of this kind is
not limited to bodies with heavy atoms like Uranium, Radium, Polonium,
etc., as described by Becquerel and the Curies, though these substances
show it to an extraordinary degree : Dr. Russell, however, appears to
have traced his at first interesting effects to the merely chemical action
of hydrogen peroxide.
The whole subject, together with the allied one of the loss of charge
from hot bodies,1 first discovered by Dr. Guthrie long ago (see Phil.
Mag. [4], xivi. p. 273), is one that demands special attention and treatment, for which there is no opportunity now.
Solar Corona, Comets' Tails, Magnetic Storms, and Aurora;.

Another subject on which it is tempting to enlarge is the explanation
of various astronomical and meteorological phenomena by the electron
theory.
The theory of Auroras has recently been elaborated by Arrhenius ;
but the whole doctrine of emanations from the sun, and of repulsion of
small particles both by his light and by his probable electrification, is
a matter that has been familiar to me for several years, through
conversation with Fitzgerald and others. See, for instance, Larmor,
Phil. Trans. 1894, vol. 185, p. 813; Lodge on Sunspots, Magnetic
Storms, Comets' Tails, Atmospheric Electricity, and Aurora?, in the
Electrician for December 7, 1900, vol. 46, p. 250 ; Fitzgerald, Electrician,
December 14, 1900, with reference to a communication on the subject
in 1893 (see the Electrician for August 11, 1893). See also his collected
" Scientific Writings," at date 1882.
The earth is in fact a target exposed to cathode rays, or rather to
1
See, for instance, Strutt on leakage from hot bodies, Phil. Mag. July,
1902 ; J. J. Thomson, ditto, Phil. Mag. August, 1902.
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electrons emitted by a hot body, viz. the sun. The gradual accumulation of negative electricity by the earth is a natural consequence of
this electron bombardment, and the fact that the torrent of particles
constitutes an electric current of fair strength gives an easy explanation
of one class of magnetic storms ; which have been long known, by the
method of concomitant variations, to be connected with sunspots and
auroras. The electric nuclei would also serve as centres for condensation of atmospheric vapour at high altitudes and so be liable
to affect rainfall.
Nevertheless it is true that these theories have been well elaborated
of late by Arrhenius; and his explanation of the aurora by means of the
catching and guiding of rapidly moving electrons by the earth's
magnetic lines of force, so as to deflect them from the tropics and
conduct them in long spirals, along the lines, to the poles, there to
reproduce the phenomena of the vacuum-tube in the rarified upper
regions of the atmosphere, is particularly definite and pleasing. Some
of the other astronomical suggestions he has made are likewise of considerable interest.
VALIDITY OF OLD VIEWS.

Now that the doctrine of electricity (at least of negative electricity)
as located in small charges or charged bodies is definitely accepted,
and now that a current can be treated as the locomotion of actual
electricity, it may seem as if some doubt were thrown upon the
doctrine, which a little time ago was spoken of as a " modern view,"
that the energy of an electric current resides in the space round a
conductor. There is no inconsistency, however. The whole of the
fields of an electron are outside itself; it is in its fields that its energy
resides, and it is in the space round it that energy is conveyed when it
moves ; for the ether in that space is subject to the co-existence of an
electric and a magnetic field. So, also, its inertia resides in space
round it, for it is accounted for by the E.M.F. set up when its magnetic
field changes, that is when its motion is accelerated.
In dealing with the inertia of matter it is commonly supposed that
the inertia resides in the matter itself : whereas electrical inertia is
known to reside in the space round the nucleus. Yet we have been
emphasising and opposing the view that material inertia and electrical
inertia are essentially one and the same.
Is there no inconsistency here ?
The appearance of inconsistency vanishes when we come to
calculate and realise how extremely local and concentrated the intense
part of the field of an electron is. There is a sense in which it can be
said that a moving body, for instance a vortex ring, disturbs the whole
atmosphere ; but any perceptible disturbance resides very near the ring.
So it is with an electron. The magnetic field falls off inversely as the
square of the distance from the moving nucleus, and hence at a distance
far less than a millimetre, less even than the size of an atom, it is quite
inappreciable. The whole magnetic field on which its inertia depends
lies practically very close to the electron itself : it is just its extremely
small size that enables this concentration to be possible, and even in a
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closely packed mercury atom there is practically no encroachment of
the field of one electron on its neighbour's. They are all independent,
each with its own inertia, almost isolated from the others : for if it were
not so, the mass of a body in close chemical combination would not
continue constant, but would diminish. Whether it does diminish in
the least degree is a question perhaps worthy of attack.1
The momentum of a moving charge at ordinary speeds is simply
inversely as the radius of the sphere which holds it, as stated in Part I.,
but the localisation of this momentum, which is the point we are now
considering, is given generally in Thomson's Recent Researches in
Electricity and Magnetism, p. 20, and may be realised approximately
as follows:—
The momentum depends on the co-existence and product of the
electric and magnetic fields. Each field varies inversely as the square
of the distance from the moving charge ; and their vector product is,
as regards direction, perpendicular to the radius vector at any point,
and proportional at ordinary speeds to the sine of the angle between
the radius vector and the direction of motion, while in magnitude it
falls off as the inverse fourth power of the distance. All this can be
realised by common sense with very little trouble.
So, then, take a moving electron, and consider the distribution of
its momentum in the space round it. Between its surface and a space
of a hundred times its diameter, 99 per cent, of its momentum is
contained ; because we shall have to integrate the factor—

So, within the boundary of an atom, which is a hundred-thousand
times an electron's diameter, there is practically none of its momentum
not included.
And even in one of the comparatively closely packed atoms,
e.g. in a platinum or mercury atom, the overlapping of momentum
for each constituent is extremely small, since their average space apart
is some thousand times the size of each constituent electron.
Consequently the assertions that an electric current is a transfer of
electrons, and that the energy of a current travels in the space
surrounding the moving electricity, are statements not inconsistent
with each other. Nor are the statements inconsistent that the mass of
a body resides in its atoms, and that inertia or momentum is a property
due to the self-inductive influence of the electromagnetic field surrounding a moving electric nucleus. So also with the way in which a
current is propelled. The pace of progression of electrons through a
solid may be considerable, see next section, but it is very far below the
pace at which a telegraphic signal travels along a wire. They must be
propelled by a lateral action, transmitted through the ether with the
speed of light appropriate to the surrounding insulator, by some
arrangement which " Modern Views" symbolised in the form of cogwheels : they cannot be impelled by end thrust. The electric current
1
Cf. Rayleigh, British Association, Belfast 1902.
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is a more materiar entity, or has a more nearly material aspect, than was
thought probable a little while since; but all that was taught about its
mode of propulsion and the diffusion of the propelling force from outside to inside through successive layers, as it were, of the wire, all that
was taught about the paths by which the energy travels and arrives at
point after point of the wire, there to be dissipated as heat, remains
true.
Number of Ions in Conductors.
The immense number of electrons that are necessary to make up
the mass of a piece of platinum, or of a lump of matter like the earth,
can readily be estimated ; so, also, it is easy to imagine that an
enormous number must be travelling in order to give customary
strengths of current such as can readily pass through a liquid.
Through a gas a limit is soon found to the available number, and
accordingly the conductivity of an ionised gas falls off if we call upon
it to carry more than a certain current, called the saturation current.
See investigations by Townsend and others. But I am not aware of any
experimental indication of such a limit in solids or liquids at present.
In solids the pace of travel is unknown, though it has been ingeniously
surmised, and is thought to be very great; considerations of centrifugal
force would make the speed of each electron during an atomic encounter equal to ejs/{Kmr) or about io8 centimetres per second ; views
based on Maxwell's theorem about equal distribution of energy among the
particles of mixed gases suggest io7 for the average speed of electrons
at ordinary temperatures in a solid where they were free, that is a
hundred kilometres or sixty miles per second ; though, since each
particle is subject to constant changes of direction, this is by no means
the pace of straightforward progression. But in liquids they are attached
to atoms, and the pace of progression is known both theoretically and
experimentally with considerable accuracy, and is comparable to an
inch an hour for customary gradients of potential.
The total current is n e u ; and to give a unit c.g.s. current at so
low a speed we can reckon how many ions there must be.
For e — io~20 electromagnetic units ;
so if we take u = io~3 centimetre per second,
then the number of ions engaged in conveying the c.g.s. unit of
io amperes is n=io23.
But, after all, this is nothing very great. It
is only about the number of atoms in a cubic centimetre of liquid, and
by applying a greater gradient of potential the ions can be made to
move faster. By gradually narrowing down the section of a liquid
conductor under a given gradient of potential, it might seem possible to
get eviderice of an approach to a saturation-current-density in liquids.
The observed accuracy of Ohm's law' under such conditions, however,
is against this experimental possibility.
CONCLUSION.

The subject is very far from exhausted, but I must not attempt to
cover more ground. The most exciting part of the whole is the
1
Fitzgerald and Trouton, Brit. Assoc. Reports, i886, 1887,1888.
VOL. 32.
8
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explanation of matter in terms of electricity, the view that electricity
is, after all, the fundamental substance, and that what we have been
accustomed to regard as an indivisible atom of matter is built up out of
it ; that all atoms—atoms of all sorts of substances—are built up of the
same thing. In fact the theoretical and proximate achievement of what
philosophers have always sought after, viz., a unification of mailer.
And another surprising and suggestive result is that the spaces inside
an atom are so enormous compared with the size of the electrical
nuclei themselves which compose it; so that an atom is a complicated
kind of astronomical system, like Saturn's ring, or perhaps more like a
nebula, with no sun, but with a large number of equal bodies possessing
inertia and subject to mutual electric attractive and repulsive forces of
great magnitude, to replace gravitation. The radiation of a nebula may
be due to shocks and collisions somewhat like the X-radiation from
some atoms.
The disproportion between the size of an atom and the size of an
electron is vastly greater than that between the sun and the earth. If
an electron is depicted as a speck one-hundredth of an inch in
diameter, like one of the full-stops on this page for instance, the space
available for the few hundred or thousand of such constituent dots to
disport themselves inside an atom is comparable to a hundred-feet
cube ; in other words, the atom on the same scale would be represented
by a church 160 feet long, 80 feet broad, and 40 feet high, in which
therefore the dots would be almost lost. And yet on the electric theory
of matter they are all of the atom that there is ; they "occupy" its
volume in the sense of keeping other things out, as soldiers occupy a
country; they are energetic and forceful though not bulky, and in
their mutual relations they constitute what we call the atom of matter ;
they give it its inertia, they enable it to cling on to others which come
within short range, and by excess or defect of one or more constituents
they exhibit chemical properties and attach themselves with vigour to
others in like or rather opposite case.
That such an atom, composed only of sparse dots, can move through
the ether without resistance is not surprising. They have links of
attachment with each other, but so long as the speed is steady they
have no links of attachment with the ether ; if they disturb it at all in
steady motion it is probably only by the simplest irrotational class of
disturbance which permits of no detection by any optical means.1 Nor
do they tend to drag it about. All known lines of mechanical force
reach from atom to atom, they never terminate in ether ; except indeed
at an advancing wave front. At a wave front is to be found the reaction
of a mechanical pressure of radiation whose other component rests on
the source. This is an interesting but essentially non-statical case, and
it leads away from our subject.
As to the nature of an electron regarded as an ethereal phenomenon,
it is too early days to express any opinion. At present it is not clear
why positive electrons should cling so tenaciously to a group, while an
outstanding negative electron should readily escape and travel free.
1

See Phil. Trans. 1893, vol. 184, pp. 750-754 ; also vol. 189, p. 166.
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Nor is the nature of gravitation yet understood. When the electron
theory is complete to the second order, or some higher even order, of
small quantities, it is hoped that the gravitative property also will fall
into line and form part of the theory; at present it is an empirical
fact which we observe without understanding; as has been our predicament not only since the days of Newton but for centuries before.
Attention has hitherto been chiefly concentrated on the freelymoving active negative ingredient,—the more sluggish positive charges
are at first of less interest,—but the behaviour of electrons cannot be
fully and properly understood without a knowledge of the nature and
properties of the positive constituent too.
The positive electron has not, so far as I know, been as yet observed
free. Some think it cannot exist in a free state, that it is in fact the rest
of the atom of matter from which a negative unit charge has been
removed ; or, to put it crudely—that " electricity " repels " electricity,"
and " matter " repels " matter," but that Electricity and Matter in
combination form a neutral substance which is the atom of matter as we
know it. Such a statement is an extraordinary and striking return to
the views expressed by that great genius, Benjamin Franklin. On any
hypothesis those views of his are of exceeding interest, and show once
more the kind of prophetic insight which we have had occasion to
notice in discoverers before (Appendix H above). Undoubtedly we
are at the present time nearer to the view of Benjamin Franklin
than men have been at any intervening period between his time and
ours.
The view that an atom is composed of an equal number of interleaved
or inter-revolving positive and negative electrons—to which it will have
been observed I myself tentatively and provisionally incline—that view
is not Franklin's; nor is it as yet anything but a guess. To make it
more, work must be done upon the nature and properties of the positive
charge ; and the positive electron, if it exists, must be dragged experimentally to light.
Especially must the inner ethereal meaning both of positive and
negative charges be explained : whether on the notion of a right-and lefthanded self-locked intrinsic wrench-strain in a Kelvin gyrostaticallystable ether, at present being elaborated by Larmor,1 or on some
hitherto unimagined plan. And this will entail a quantity of exploring
mathematical work of the highest order.
The PRESIDENT : I have heard the suggestion made that there The
might be one or two people in this Institution who do not think Presideiltelectrons are things worth troubling about, but we must remember
that the subject which has been dealt with to-night is the very basis of
modern science. The question of electrons is to us by far the most
important question of the day. Elections are hypothetical bodies
which help us to think straight. We owe a great debt of gratitude to
Sir Oliver Lodge for coming here to-night. He has really only done
his duty, because it is the duty of any one who is—to use Sir Oliver's
1

See Ether and Matter, p. 326 ; or Phil. Trans. 1894, pp. 810, 8n, and 1897,
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own expression—a pioneer of Science, to come and help other people
on by explaining to us from time to time how far he has got. But
Sir Oliver Lodge, in addition to doing his duty, is able to do his duty
exceedingly well. There are very few people who not only understand
a very difficult subject but who also can translate it into English.
Some time ago Jevons remarked that the elementary edition of
Thomson and Tait's '/ Natural Philosophy " was quite as mathematical
as the fat volume we know so well. What he probably meant was
that it took just as much genius (if not more) to write an apparently
elementary treatise in plain English as it did to write a book using
mathematical expressions. Sir Oliver Lodge is admirable in his
exposition of an exceedingly difficult subject, and not only this
Institution but the whole of the scientific world who are interested
in these matters owe a debt of gratitude to him for giving us a paper
which will enable us to some extent to get our knowledge up-to-date
in the most important branch of science that there is at the present
time. W e all remember Sir Oliver's Modern Views On Electricity.
That book is going to be something like the Encyclopaedia Britannica :
it is going to have supplements from time to time bringing it up-todate. I will now put to the meeting that we pass a cordial vote of
thanks to Sir Oliver Lodge.
The vote was carried by acclamation.
Sir OLIVER LODGE : I am very much obliged to you, gentlemen. I
would also like to express my thanks to Sir William Crookes and also
to Mr. Gardner for having taken the trouble to bring the apparatus for
the purpose of illustrating the paper.
The PRESIDENT announced that the scrutineers reported the
following candidates to have been duly elected :—

Members.
Kay Oscar Arthur Gulstad.
Wilfred James Lineham.
David Reid.
Edward George Jones.
Arthur Wilkinson Whieldon.

Associate Members.
Sydney Ernest Britton.
Walter Charles Brown.
William Woodyer Buckton.
William Edward Beck Dove.
Alfred Lindsay Forster.
George Edward Heyl-Dia.
William Mannox.

Charles Wheusa Nicholl.
Henry William John Peterson.
Percy Edward Rycroft.
William Hugh Smith.
Gilbert Richard Spurr.
William Wharam.
Harold Langton Tyson Wolff.

