








viii PREFACE

unlike the electromagnetic theory of Light, must be
regarded for the present as no better than a working
hypothesis. It is a hypothesis of stimulating char-
scter, and of great probability, but its truth is still
an open question that is probably not going to be
speedily closed.

I am indebted to Professor Larmor for information
sbont some recent theoretical work, and for the
substance of Appendix M ; I have also to thank Mr.
Gwilym Owen, of the University of Liverpool, for
asgistance in the revision of the proof.

As an introdnetion to an allied subject, the book
called Becquerel Rays, by the Hon. R. J. Struts,
ig to be recommended ; and the standard treatise
of Professor Rutherford on Radioactivity iz well
known. I have avoided desling at length with
the topics so comveniently to be found in these
writings. [ have also barely touched on the large
subject of ‘ionisation’': it was difficult to do so
withont overloading the principles with detail, a
knowledge of which is nevertheless necessary for
investigators. The treatise of Prof J. J. Thomson,
The Dhscharge of Electricity through (Gases, con-
taine & mass of informetion and original work
highly valued by physicists.

The present book is intended throughout for
students of general physics, and in places for special-
ists, but most of it may be taken as an exposition of
& subject of inevitable interest to all educated men.

OLIVER LODGE.

THE UNIVERSITY oF BIRMINGHAM,
July, 1806,
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xiv INTRODUCTION

to enhance the importance of a study of eleetro-
statics,. Not long ago our brilliant and lamented
friend, G. F. FitzGerald, used chaffingly to spesk
of electrostatics aa ““one of the most beautiful and
neeless adaptations of nature™ ; and it was becoming
the custom with teschers, who felt that they must
attend exclusively to the practically useful and not
waste their students’ time on decoration and super-
fluities, almost to ignore, or at any rate to scamper
throngh, the domain of electroatatics, and to begin
the study of electricity with the phenomens of
current, especially with 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 impor-
tant; 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
instinet, and the insight, of & man of seience,—to
such & one the nature and properties of an electric
charge, at rest and in motion, constitute a fascinat-
ing stody; for there lies the key to the inner
meaning of all the occorrences with which his active
life is =0 intimately concerned—there lies the
proximate solution of problems which have exeited
the attention and taxed the ingenuity of philo-
sophers and physicists and chemists for more tham
a century. londeed it turns out that subjects
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broader and more fundamental than those known
ag “electrie” are indirectly involved; and we are
now beginning to have some hope of obtaining
unexpected answers to riddles—such as those con-
eerning the fundamental properties of matter—which
have proposed themselves for solution throughout
the history of civilisation. Problems of thia kind
have aroused interest and attention ever since men
began to escape from the struggle for bare exist-
ence—that most immediately practieal of all occupa-
tions—and felt free to devote themselves, some to
art, some to literature, some to the accumulation
of superfluous wealth, and some to the gratnitous
pursuit of philosophical speculation, exact experi-
ment, and pure theory. To this comparatively
leisured group I now address myself.






CHAPTER L
PROPERTIES OF AN ELECTRIC CHARGE.

First | must lay a basis of pure theory: we must
eonsider the properties of the ancient and long known
phenomenon called an electrified body.

Two substances placed in intimate contact and
separated are in general united more or less -
manently 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
and ‘eense’—their two ends are not alike: they

in at one body and end at another, they map out
a field of electrostatic foree, and their terminations on
one or other of the bodies constitute what we call
an electric charge. Electric charges are of two kinds,
positive and negative, the former corresponding to
the beginning of the lines, the latter to their ends.
To one class of bodies, ealled insulators, the lines
appear rigidly attached: the charges cannot be dis-
pﬂned nor transferred elsewhere without violence ;
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.

A tension in the lines tends to bring the ends
together as near as ible, while laterally the lines
tend to drive each other apart : this image sufficing to
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both ideas and equations. Whenever attention to
them is unnecessary, or their location immaterial, this
specification is avoided by treating them practically
aa if they were at infinity, that is by ignoring them.
Every now and then this policy of ignoration must
be suspended, but for & multiplicity of purposes it
BErVes.
Charge in uniform motion.

Now consider how far this field of foree belongs to
the body, and how far it belongs to space, that 1s to
the ether surrounding the v. The body is the
nucleus whenee the lines radiate, but the lines them-
selves, the state of tension and other properties which
they represent snd map out, do not thiug to the

v at all ; at each point of space there is a peculiar
etherial condition called an electric potential, and this
potential represents something oceurring in the ether
and in the ether alone, though it is originated and
maintained by the body.

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 ! Few things in physics are more certain
than this, that when & body moves along, the ether
in its meighbourhood is not dragged with it, as if it
were in t%a slightest degree viscous.* The ether, in
fact, as a whole—ie. when unmodified or in its
normal condition—is statiopary : it is susceptible to
gtrain, but not to motion; it i3 the receptacle of
potential, not of locomotive kinetic energy. The only
generated motion to which it is PGE&i.hlj susceptible 18
of what is called *irrotational’ character—in other
words it behaves as a perfect fluid. [t may possess

# Lodge, Phil. Trans. 1803, p. 727, and eepecially 1807, p. 149,
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other rotational, or vortex-like motion, but, if =so, it is
indestructible and unprodueible by any known means,
and has not yet been discovered,

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 of strain travels
with the body, but through the ether.

Begarding 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, Eﬁmﬂing it from the point of view
of tia moving body, we should say that it carries its
field with it.

The question now arises—and it is far from being
an easy questioo—what sort of cecurrences go on in
the ether when this decay and regeneration of an
electroatatic field is oepurring, or when a field of foree
iz moving through it? Can it adapt itself instantly
to the new conditions, or does it require time? This
matter has heen studied, closely and exhaustively, by
Mr. Oliver Heaviside.

Fix the eye upon & 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 ! If so, how is the communi-
cation carried on, so that the distant parts of the
mediom can be thus instantaneously affected? Or
does the disturbanee only arrive at the distant point
after the lapse of a small but appreciable time; in
other words, has there to be an adjostment to the
new conditions—an sadjustment which reaches the
nearest parts first and the further parts later ; and if
8o, what additional phenomena can be observed
during the unsettled period ?
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The answer is that doring the motion of the
charged body, and even after the cessation of its
motion,—until the disturbance has had time to die
sway and everything fo seftle down into statie con-
dition again,—the phenomena of magnetiem make
their appearance : a new set of lines of foree gl:ua
different from the electrostatic lines (although
too, exhibit s tension along them and a pressure a.t.
right angles) come into temporary being, These do
not—like the electric ones—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 [mt.h
Dfmutiunﬂfth&eharii:body Atan ]J-mnt ofs
there are now three tions to {:onsuier {1} the
m the- ::r iginal direction of the electrostatic ﬁe]d—the

electric line of force ; (2) there is the direction
uf the motion—that is, a direction parallel to the
movement of the charged sphere ; and (3) there is the
direction at right angles to these two ; this last being
the direction of the netic lines of foree—the
direction of the mﬂgnetfmlgald

1 spoke of the magnetic field as temporary, but
that is on the sssumption that the charged body is
merely displaced—merely shifted from one position to
another ; if it is not stopped, but keeps on moving,
then the magnetic lines continue as long as the
motion lasta. The strength of the magnetic field,
at any point with polsr coordinates r, 8, is—

[
H="5sin6.
If we are asked whether such a magh:m field is
weak or not, [ have to reply that t depends
entirely on how strong the charge is and how quickly
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and s magnetic field are superposed there ecannot
be static equilibrium at that place, ene must flow
through the medium; and the rate of transfer of
energy—the amount conveyed per second through
unit area—is equal to 1/4= times the vector product of
the intensity of the two fields: that is to say, it is
measured by the area of the parallelogram bounded
by lines representing the two fﬁildﬂ- in magnitude and
direction ; & guantity commonly expressed as
V{(EH), or [EH], or aa EH sin 8,

where @ is the angle between E and H.

The direction of propagation of energy is normal
to that same area, and its “sense’ or sign depends
upon the sense of the two fields. If both were
reversed, the semse of the transmission of epergy
would continue unchanged : and its amount remains
constant so long as the fields are constant, that is
20 long as the current iz steady. Another way of
expressing the facts is to say that the space in which
two fields are superposed is full of momentum ; and
that the moment of momentum appropriate to & pole
m and & charge e is simply em.

Aeccelerated Charge.

Oue more statement :

So far we have dealt with the case of steady rest or
steady tﬂwtion; E}“ what ah&mt the l%tfr%%ﬁata
] . the stages of starting and stopping ? at is
m:.lditiuu of thinga a&“egr the uhH.I:EE. ﬁaﬁ begun to
move but before it bas attained a constant speeg. and
again when the brake is applied and the speed is
decreasing, or when the direction of motion is chang-
ing? What phenomena are observable during the
epoch of acceleration or retardation of speed or
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curvature of path! Something more than simple
electrostatics and simple magnetism is then observed.

For whenever a conductor is moved across a
magnetic field it is well known that an electromotive
foree mcts in that conductor, of nitude equal to
the rate at which magnetic lines of force are being
cut; or in symbols E= —dNjdt,

which is the fundamental ‘dynamo’ equation. This
is called the phenomenon of magneto-electric in-
duction; it iz the induwced E.M.F. discovered by
Faraday, and it necessarily occurs whenever magne-
tism and relative motion are su d.

It is quite independent :)I;)E:E:mcnnduﬂivit-y of
the conductor however, and would have. the same
value if the motion tock place in an insulator,
though of course it could not then produce the
same effect as regards conduetion-currents.

The effect of a conductor is to integrate, or add
up, the EM.F's generated in each element all along
ita length, and thus to display the effect in an
obvious manner: especially when the conductor is
made very long and is compactly coiled (as in an
armature). The definition of electromotive force
between two points A and B, or round any eclosed
contour, is—the line-integral of eleetric field from A
to B, or round the same contour. In the unclosed-
path case it is measured by the difference of electric
potential between A and B.

One of the casiest and most ordinary ways of
superposing motion and magnetism, is to allow or
cause a magnetic field to vary in strength (as in
& R1.:}.|r|1li:+:1u:§11 eoil) ; for then the lines of force move
broadside on, expanding or contracting as the case
may be, and thus at onee we get the phenomenon














































































































































































88 LEAKAGE IN ULTRA-VIOLET LIGHT [ca. vi

circles,—since they are not subjected to any but a
deflecting force when they have passed through the
soreen.  When the maximum is received by the plate
F, the tangent to the mean circle will be horizontal
af the anmuﬂ of the hole B; and this fact, together
with the passing of this circular trajectory throogh
the centre of the plate F, is sufficient to determine it,
and so to give its radius of curvature,—which will
be equal to

M

eH

The velomtjr u i3 se tely estimated by assuming
that it iz acquired under electrical influence between
C and B, l:h-a equation being

pmut=c(V - V),

the latter factor being the difference of potential
between C and B
Thus the two quantities » and ¢/m are determined.

Positive and Negative Carriers,

In connexion with the above experimenta it ia
important to notiee that the above value of e/m for
the negative carriers is only obtained at low
If the pressure is high the ordinary electrolytic value
:}fs.fm or something still smaller, can be obtained; and

ts that st ordinary pressures the electron

becomes loaded up by attaching itaelf to an atom, or
even by collecting vound itself a Euf Atoms.
Further evidence of this is afforded by the fact that
there is but little difference between the velocities of
the positive snd negative ions, when urged by an
electric field, in & gas at atmospheric pressure. It
will be seen, further on, that 1n the case of the

* Wied diwn, Izv. pdd0. Bee alse Ewers in Wied. dnn. lziz. p. 187,





























































































OH. 1%.] SIZE OF ELECTRON o7

the size of the supposed pure electron to be of the
order 10-" centimetre in diameter; or m{'m of
the linear dimension known as molecular magnitude,
wiz. 107 centimetre.

The calenlation of order of magnitude is quite
simple, for all ordinary speeds; because, for them

m = pe*/a,
. u=£ . pe=107 x 10~= 10" centimetre,

though it might with some data be estimated as small
a8 107"* Minuteness like that easily explains the
penetrating power of cathode rays. 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 assembluge
without striking anything.

Penetrability of Matter by Electrons.

The mean free path of a particle is a question of
probability. In & space eontaining n, obstacles to the
unit volume, a 8 Ar will contain n=Aazn, of
them ; and the chances of a collision, while one of
them travels a length @, will be approximately their
combined aress, as targets, compared with the total
ares available for both hit or miss—that is to say,

wrat

A
where x i8 the *“ mean free path,” or average distance
travelled by any one particle without a ision with
another, snd 8 the number of encounters while

* Bou in the flectrician for March 18, 1887, vol. 38, page 644,
where the s daduced from the then just discoversd Beaman effect.

: which we may write Sz or ;,






























































































































































































































CH. xvur] RADIO-ACTIVITY 171

The sabstancs | has a life-comstant | it shoots off | and changes into
Radiam 1300 years o particle Emanation
Emanation 4 days a particle Badivm A
Badium A 3 min= a particle | Radium B
Radium B 21 mins, N4 raya Radivm
Radivum 28 wins. a3y rmyn Hadium I
Radiom D A0 ¥earn e raye Hadium E
Radinm E & daya By ruyn Radinm F
Radium F 143 daya a particle Puossibly Lead

Emanations.

The dizeovery of thorium and radivm emanations
was made by rﬂ.ubherfurd and Dorn respectively in
consequence of an observation of Owens on the
irregularity of thorium rays in Pmdmﬁimmmn'
the fact being that any of these materials are more
active when the emanation has been allowed to
sccumulate than soon after it has been removed.
For the emanation, althongh so infinitesimal in
quantity, is considerably more sctive than the sub-
stance itself; and, being a gas, it ean readily be
drawn away or otherwize expelled from the pores or
neighbourhood of the salt. But it accumulates again,
being evidently generated in sitw, and presently the
full activity of the substance is restored. Radinm
emanation is shown by Rutherford and Soddy to
liguefy at a temperature of about 150 degrees below
zero ; thorium emanation liguefies at about —120° C,
They appear to be quite definite, though transitory
and very unstable and disintegrating, materials.

Deflexion of Alpho-rays.
When alpba-rays are submitted to a strong
magnetic field tgﬂjf are  deflected, thoogh wvery



























180 SUMMARY OF ELECTRON THEORY [cm xviiL

characteristic or specific quality in the radio-activity
of the different su ces: a result tending to nega-
tive the ides that it is due to some residual effect
of a common impurity, such as an excessively
minute trace of radiom common to all metals:
the indieation is rather in favour of s specifie
radic-activity belonging to each metal, not due to
an{ impurity.

t 18 not yet absolutely proved that this is identical
with orthodox radio-setivity, of the kind which is
sccompanied by atomic change or transformation of
substance; but, inasmuch as rays appear to consist
to & great extent of alpha-rays, there is not much
doubt but that the complete identity of the process
will be established before long.

Population Analogy.

Sinee radio-setivity is s sign of, and is accompanied
by, disintegration and loss of material, it is manifeat
tg;)t. substanccs of exeeedingly high radio-activity
must be comparstively scarce. Ordinary permenent
materials cannot be violently radio-active, though
each gramme of them might lose a few thousands of
atoms second without any probability of our
being agﬁ: to detect the loss by weighing—not even
by weighings continued through a century. "The
plentifulness of a substance must depend on its rate
of production, ite life time, and its rate of decay; just
pa the population of a circumscribed area is deter-
mined by the birth rate, death rate, and average age.

































e, xx.| ELECTRIC THEORY OF MATTER 181

not displaced =0 as to reach the boundary of the
enclosing sphers—will continue to rotate round their
eommon centre of gravity in the same relative position
ag hefore: while this will revolve, on its own aceount,
round the centre of the eoclosing sphere. Such a
displaced group—being virtually a solitary though
eompound corpuscle—will now be endowed with great
radiating power.

On the fairly verified hypothesis that the mess
of a corpuscle ia wholly electrical, it is of interest
to interpret the constant ¢ further; it has dimensions
of a frequency ; for

Ne* : Spe

e =i £

ot while m T
S0 e dNa _ 3Nav*
N T Zwb® 20

g il ENE
or '3—:,\/(‘5“;,]‘

Taking b as of atomic and a as of electronic
dimensions, this becomes numerically

3% 109 .

Toe /(N % 107} =10 /(N) per second,
where, since Ne measures the positive charge, N Qs
ractically the total number of corpuscles contained
in the atom : not the number contained in sny one
ring of it,

A compound satellite will rotate round the centre
of force with the same angular velocity aa if it were
simple,—for its mass and charge are increased io the
sume proportion ; there is no eoneent ratinn of the
charges into a single point, such as would be required
to inerease the mass beyond the simple multiple.
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field varies inversely as the square of the distance
from the moving charge ; and ':i‘lﬂil‘ vector product is,
ag regards direction, perpendicular to the radius
vector at any point. [t is proportional, at ordinary
speeds, to the sine of the angle between the radius
vector and the direetion of motion ; while in magni-
tude it falls off as the inverse fourth power of the
distance. All this ran be realised by common sense
with very little trouble.

Ho, then, take & moving electron, and consider the
distribution of its momentum in the ee round
it. Between its surface and a space of a hundred
times its dismeter, 99 per cent. of its momen-
tum is contained ; becanse, to reckon it, we should
have to integrate the factor —

J"-d.ﬂ‘*d?‘

a "

But a hundred times the diameter of an electron
is only 10" centimetre, that is to say, the thousandth
ﬁr& of the diameter of an atom. 8o, within the

undary of an atom, which is & hundred-thousand
times an electron's dismeter, there iz practically none
of itsa momentum not included.

And even in one of the comparatively elosely
packed atoms, eg. in a platinum or mercury atom,
the overlapping of momentum for each constituent is
extremely small, since their average space apart
is some thovsand times the size of each constituent
electron,

Conaequently the assertions that an eleetric eurrent
is & 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
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however, they tend to prolong the current which mein.
tained them, Consequently, if the moving eharge (or
current) tries to stop, its retardation mects with
obstroetion; it i constrained to persist by the sub-
sidence of the magnetic field which its motion exeited
and maintaina. Its velocity is not resisted, there is
m;lt.hing equivalent to friction, bot its acceleration + or —
is obstructed, an effect precisely analogous to inertia 1f
it is at rest it will need force to start it, and if it is in
motion its motion will persist, even against foree, for a
time,

The charge acts, therciore, aa if it had inertia, and we
ean proeesd to caleulate its amownt.

While moving it is a eurrent, and will be surrounded
by rings of magnetic foree, whose intensity, st any point
with polar co-ordinates =, 8, referred to the line of motion
as axis and the moving charge as origin, will be the
quite ordinary expression {with e for the current-element
inatend of Cda)—

i sin &
H= —
w

The ordinery expression for the electrostatic foree at
the same peint is
K E

wr¥
{see note at end of Chapter L with reference to the inser
tion of x) and if the motion is slow this value will be
prﬁerved; hut if it is rapid the electric field gets woeaker
along the axis and strenger eguatorially, baving been
ghown by Mr. Heaviside (Philssophical Mugazine, April,
1888) to be given hy the following expression —
IR e U11) W
5% (] _(wsin Efﬂ}i}bs

where v is the velocity of light
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In other words, the mass equivalent to the charge is such
that if it were & piece of matter with constant inertia
t-raval]ing at the apeai of light, ita kinetic energy would
be half as great again sa the potential energy of the
eleetric charge when standing still.

APPENDIX E.
The Electric Field due to a Moving Magnet.

If & short bar magnet or uniformly magnetised aphere
(its moment M being the intensity of magnetisation ¥ the
volume of the sphere) moves along axially—that is in the
direetion of ita mngn.ebiutlnu—w-ith velocity w, it generates
eircular lines of electric force all centred upon its axis,
much s8 & moving charge generates circular lines of
magnetic foree. If there is a conducting path round
any such eirele, then the motion of & magnet along its
axis will generate s curremt in it; but if there be no
conductor, the motion will only result in an electric dis-
placement which subsides when the magnet stope
© The intensity of the magnet's fleld at any point along
ita axis ip well known to be 2M/; at any point on ita
equatorial plane it is —M{*; and in any intermediate
direction it is, as regards magnitude slone—

H= X /(148 c0st).

All this holds for the moving sa for the stationary magnet,
provided ita speed does not spproach that of light.
The alectric force at the same point ia—

E_S Mau ain 20
=$Hy 20 d

f(4+tand)



















































234 CHARGE IN RAFID MOTION [ape. K.

The ordinary expreasion for deflecting foree is suH at
low speeds, for & charge ¢ moving at speed u acros a
megnetic field of intensity H; but whether this simple
expreasion in departed from at high speeds must be a
question of etherial dynamies: the procedure of Larmor,
based on the principle of 'Least Action® (see ASther and
Matter, p. 97), would give sn snawer in the negative—
which agreea with the sssumption of Lorentz. It has
been sugpested by others that for speeds st which (u/v)?
becomes sensible, we must use the more complex ex-
preasion for deflecting foree :—

v’ u-‘ v+
(.2“ 'll'_!al.p )

This, however, at low speads reduces not to ths waual
simple value, but to one-third of that value, viz. 4
arnd Professor Schuster in the Philosophical Magazine
for January, 1887, calla attention to the variety of
numerical eatimates of this quantity given by different
varietios of the main theory. But it appears to be now
copfidered that there is no real ambiguity and that
Larmor's view is correct

As has been said nbnva,nthighupeedu,mtmlyﬂm
effective inertia vary with speed, bot it has different
values for different directions of acceleration relstive to
the line of motion; the wvalue of what Abraham calls
“transverse inertia” which expressea reaction to & trans-
verse deflecting fores, is quoted by Eaufmann in Comples
Rendus, vol cxzzv, p. 577, writing it with m, sa the
equivelent inertia for slow motion, snd with 8 ss the
ratio uwfo—the ratio of the velocity of the particles to
the velocity of light—thus

itz

Heu;
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