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PREFACE

Tt is hoped that this volume may be of some interest
both to the physicist and to the reader of somewhat less
technical training. It has been thought desirable for
the sake of both classes of readers, not to break the
thread of the discussion in the body of the book with
the detailed analyses which the careful student demands.
Tt is for this reason that all mathematical proofs have
been thrown into appendizes. If, in spite of this, the
general student finds certain chapters, such as vii and
vili, unintelligible, it is hoped that without them he may
yet gain some idea of certain phases at least of the

progress of modern physics.
R, A. MiLrigaw
May 18, 1917




PREFACE TO THE SECOND EDITION

In the present edition of this book T have endeavored
to present a simple treatment of all the developments in
physics to date which have caused a modification or
extension of any of the viewpoints expressed just seven
vears ago. In its preparation I have been very much
impressed to find how uniformly the changes represent
additions rather than subtractions——a striking illustra-
tion of the great truth that science, like a plant, grows
in the main by the process of accretion. If I have
succeeded in interesting some old friends and making |
a few new ones for one of the most fascinating of
subjects, I shall be content.

RoBERT ANDREWS MILLIKAN

Norman BripGE LABORATORY OF PHYSICS
Carrrornia IXsTITUTE OF TECANOLOGY
PasapENa, CALITORNIA
May 18, 1924
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INTRODUCTION

Perhaps it is merely a coincidence that the man who
first noticed that the rubbing of amber would induce
in it a new and remarkable state now known as the
state of electrificalion was also the man who first gave
expression to the conviction that there must be some
great uaifying principle which links together all phe-
nomena and is capable of making them rationally intel-
ligible; that behind all the apparent variety and change
of things there is some primordial element, out of which
all things are made and the search for which must be
the ultimate aim of all natural science. Yet if this be
merely a coincidence, at any rate to Thales of Miletus
must belong a double honor. For he first correctly
conceived and correctly stated, as far back as 600 B.C.,
the spirit which has actually guided the development
of physics in all ages, and he also first described, though
in a crude and imperfect way, the very phenomenon the
study of which has already linked together several of
the erstwhile isolated departments of physics, such as
radiant heat, light, magnetism, and electricity, and
has very recently brought us nearer to the primordiai
element than we have ever been before.

Whether this perpetual effort to reduce the com-
plexities of the world to simpler terms, and to build up
the infinite variety of objects which present themselves
to our senses out of different arrangements or motions of
the least possible number of elementary substances, is a
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2 THE ELECTRON

modern heritage from Greek thought, or whether it is a
native instinct of the human mind may be left for the
philosopher and the historian to determine. Certain it
is, however, that the greatest of the Greeks aimed at
nothing less than the complete banishment of caprice
from nature and the ultimate reduction of all her pro-
cesses to a rationally intelligible and unified system.
And certain it is also that the periods of greatest progress
in the history of physics have been the periods in which
this effort has been most active and most successful.

Thus the first half of the nineteenth century is
unquestionably a period of extraordinary fruitfulness.
It is at the same time a period in which for the first time
men, under Dalton’s lead, began to get direct, experi-
mental, quantitative proof that the atomic world which
the Greeks had bequeathed to us, the world of Leucippus
and Democritus and Lucretius, consisting as it did of an
infinite number and variety of atoms, was far more com-
plex than it needed to be, and that by introducing the
idea of molecules built up out of different combinations
and groupings of atoms the number of necessary elements
could be reduced to but about seventy. The importance
of this step is borne witness to by the fact that out of it
sprang in a very few years the whole science of modern
chemistry.

And now this twentieth century, though but twenty-
four years otd, has alréady attempted to take a still bigger
and more significant step. By superposing upon the
molecular and the atomic worlds of the nineteenth cen-
tury a third electronic world, it has sought to reduce the
number of primordial elements to not more than two,

namely, positive and negative electrical charges. - Along-

INTRODUCTION 3

with this effort has come the present period of most
extraordinary development and fertility—a period in
which new viewpoints and indeed wholly new phenomena
follow one another so rapidly across the stage of physics
that the actors themselves scarcely know what is happen-
ing—a period too in which the commercial and industrial
world is adopting and adapting to its own uses with a
rapidity hitherto altogether unparalleled the latest prod-
ucts of the laboratory of the physicist and the chemist.
As a consequence, the results of yesterday’s researches,
designed for no other purpose than to add a little more
to our knowledge of the ultimate structure of matter, are
today seized upon by the practical business world and
made to multiply tenfold the effectiveness of the tele-
phone or to extract six times as much light as was
formerly obtained from a given amount of electric power.

It is then not merely a matter of academic interest
that electricity has been proved to be atomic or granular
in structure, that the clementary electrical charge has
been isolated and accurately measured, and that it has
been found to enter as a constitutent into the making of
all the seventy-odd atoms of chemistry. These are
indeed matters of fundamental and absorbing interest to
the man who is seeking to unveil nature’s inmost secrets,
but they are also events which are pregnant with mean-
ing for the man of commerce and for the worker in the
factory. For it usually happens that when nature’s
inner workings have once been laid bare, man sooner or
later finds a way to put his brains inside the machine and
to drive it whither he wills. Every increase in man’s
knowledge of the way in which nature works must, in
the long run, increase by just so much man’s ability to-
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4 THE ELECTRON

control nature and to turn her hidden forces to his own
account.

The purpose of this volume is to present the evidence
for the atomic structure of electricity, to describe some
of the most significant properties of the elementary elec-
trical unit, the electron, and to discuss the bearing of
these properties upon the two most important problems
of modern physics: the structure of the atom and the
nature of electromagnetic radiation. In this presenta-
tion I shall not shun the discussion of exact guantitative
experiments, for it is only upon such a basis, as Pythago-
ras asserted more than two thousand years ago, that any
real scientific treatment of physical phenomena is pos-
sible. Indeed, from the point of view of that ancient
philosopher, the problem of all natural philosophy is to
drive out qualitative conceptions and to replace them by
quantitative relations. And this point of view has been
emphasized by the farseeing throughout all the history of
physics clear down to the present. One of the greatest
of modern physicists, Lord Kelvin, writes:

When vou can measure what you are speaking about and
express it in numbers, you know something about it, and when
you cannot measure it, when you cannot express it in numbers,
your knowledge is of a meagre and unsatisfactory kind. Tt may
be the beginning of knowledge, but you have scarcely in your
thought advanced to the stage of a science.

Although my purpose is to deal mostly with the
researches of which I have had most direct and intimate
knowledge, namely, those which have been carried on dur-
ing the past fifteen years in this general field, first in the
Ryerson Laboratory at the University of Chicago, and
later at the Norman Bridge Laboratory of Physics at

INTRODUCTION 5

the California Institute at Pasadena, I shall hope to be
able to give a correct and just review of the preceding
work out of which these researches grew, as well as of
parallel work carried on in other laboratories. In popu-
E.m writing it seems to be necessary to link every great
discovery, every new theory, every important principle,
with the name of a single individual. But it is an almost
universal rule that developments in physics actually
come about in a very different way. A science, like a
plant, grows in the main by a process of infinitesimal
accretion. Each research is usually a modification of a
preceding one; each new theory is built like a cathedral
through the addition by many builders of many different
elements. This is pre-eminently true of the electron
theory. It has been a growth. and I shall endeavor in

every case to trace the pedigree of each research con-
nected with it,




CHAPTER I
FARLY VIEWS OF ELECTRICITY
I. GROWTH OF THE ATOMIC THEORY OF MATTER

There is an interesting and instructive parallelism
between the histories of the atomic conception of matter
and the atomic theory of electricity, for in both cases the
ideas themselves go back to the very beginnings of the
subject. In both cases too these ideas H@Emwbma wﬁmo-
tutely sterile until the development of precise quantita-
tive methods of measurement touched them and gave
them fecundity. It took two thousand years for this
to happen in the case of the theory of matter and one
hundred and fifty years for it to happen in the case of
electricity; and no sooner had it happened in the case .om
both than the two domains hitherto thought of as dis-
tinct began to move together and to appear as perhaps
but different aspects of one and the same Eﬁsoggﬂr
thus recalling again Thales’ ancient belief wu. the essential
unity of nature. How this attempt at union rmm come
about can best be seen by a brief veview of the histories
of the two ideas. .

The conception of a world made up of atoms which
are in incessant motion was almost as n..Hmm% developed
in the minds of the Greek philosophers of the School of
Democritus (420 B.¢.), Epicurus Qqﬂ B.c.), and Lucre-
tiug (Roman, 50 B.C.) as it is in the mind of ﬁ:.w modern
physicist, but the idea had its roots in one case in a mere
speculative philosophy; in the other case, like most of

6
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our twentieth-century knowledge, it rests upon direct,
exact, quantitative observations and measurement. Not
that the human eye has ever seen or indeed can ever see
an individual atom or molecule. This is forever impos-
sible, and for the simple reason that the limitations on our
ability to see small objects are imposed, not by the imper-
fections of our instruments, but by the nature of the eye
itself, or by the nature of the light-wave to which the
eye is sensitive. If we are to see molecules our biological
friends must develop wholly new types of eyes, viz.,
eyes which are sensitive to waves one thousand times
shorter than those to which our present optic nerves can
‘respond.

But after all, the evidence of our eyes is about the
least reliable kind of evidence which we have. We are
continually seeing things which do not exist, even though
our habits are unimpeachable. Tt is the relations which
are seen by the mind’s eye to be the logical Consequences
of exact measurement which are for the most part
dependable. So far as the atomic theory of matter is
concerned, these relations have all been developed since
1800, so that both the modern atomic and the modern
kinetic theories of matter, in spite of their great an-
tiquity, are in a sense less than one hundred years old.
Indeed, nearly all of our definite knowledge about mole-
cules and atoms has come since 18 51, when Joule® in
England made the first absolute determination of a
molecular magnitude, namely, the average speed with
which gaseous molecules of a given kind are darting
hither and thither at ordinary temperatures. This

T Mem. of the Manchester Lit. and PUil, Soc. (1851; od series), 1oy;
Phil. Mag., XIV {x857), 211, ’
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resilt was as surprising as many others which have
followed in the field of molecular physics, for it showed
that this speed, in the case of the hydrogen molecule, has
the stupendous value of about a mile a second. The
second molecular magnitude to be found was the mean
distance a molecule of a gas moves between collisions,
technically called the mean free path of a molecule.
This was computed first in 1860 by Clerk Maxwell.® It
was also 1860 before anyone had succeeded in making any
sort of an estimate of the number of molecules in a cuhic
centimeter of a gas. When we reflect that we can now
count this number with probably greater precision than
we can atfain in determining the number of people living
in New York, in spite of the fact that it has the huge
value of 27.05 billion billion, one gains some idea of how
great has been our progress in mastering some at least
of the secrets of the molecular and atomic worlds. The
wonder is that we got at it so late. Nothing is more sur-
prising to the student brought up in the atmosphere of
the scientific thought of the present than the fact that the
relatively complex and intricate phenomena of light and
electromagnetism had been built together into moder-
ately consistent and satisfactory theories long before the
much simpler phenomena of heat and molecular physics
had begun-to be correctly understood. And yet almost
all the qualitative conceptions of the atomic and kinetic
theories were developed thousands of years ago. Tyn-
dall’s statement of the principles of Democritus, whom
Bacon considered to be “a man of mightier metal than

* Phil. Mag., XIX (:860; 4th moﬂamv 28. Claunsius had discussed
some of the relations of this quantity in 1858 (Pogg. dnn., CV [1858],
239), but Maxwell's magnificent work on the viscosity om gases first
made possible its evaluation,

EARLY VIEWS OF ELECTRICITY 9

Plato or Aristotle, though their philosophy was noised and
celebrated in the schools amid the din and pomp of pro-
fessors,” will show how complete an atomic philesophy
had arisen 400 years B.c. “That it was entirely de-
stroyed later was not so much due to the attacks upon
it of the idealistic school, whose chief representatives were
Plato and Aristotle, as to the attacks upon all civiliza-
tion of Genseric, Attila, and the barbarians.” That the
Aristotelian philosophy lasted throughout this period is
explained by Bacon thus: “At a time when all human
learning had suffered shipwreck these planks of Aris-
totelian and Platonic philosophy, as being of a lighter
and more inflated substance, were preserved and came
down to us, while things more solid sank and almost
passed into oblivion.”

Democritus’ principles, as quoted by Tyndall, are as
follows:

1. From nothing comes nothing. Nothing that exists can be
destroyed. All changes are due to %m nom%EmEow and separation
of molecules,

2. Nothing happens w% chance. Every occurrence has its
cause from which it follows by necessity.

3. The only existing things are the atoms and empty space;
all else is mere opinion.

4. The atoms are infinite in number and infinitely various in
form; they strike together and the lateral motions and whirlings
which thus arise are the heginnings of worlds,

5. The varieties of all things depend upon the varieties of
their atoms, in number, size, and aggregation.

6. The soul consists of fine, smooth, round atoms like those
of fire. These are the most mobile of all. They interpenctrate
the whole body and in their motions the phenomena of life arise.

These principles with a few modifications and omis-
sions might almost pass muster today. The great
advance which has been made in modern times is not so
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much in the conceptions themselves as in the wmmg.own
foundation upon which the conceptions nomw“ .M&m @.,E-
ciples enumerated above were simply the opinions of one
man or of a school of men. There Were scores of other
rival opinions, and no one could say i:o“w_ was the Wmﬂ%ﬁ
Today there is absolutely no philosophy in the field other
than the atomic philosophy, at least among physicists.
Vet this statement could not have been made even as
(much as twenty years ago. Forin spiteof all the E.:#:u_m
relationships between mcmﬁgcmw.m powers of the «.mmﬁmu\nmnm
and in spite of all the other evidences of chemistry m.bum
nineteenth-century physics, a group of ?m. foremost o
modern thinkers, until quite recently, Sﬂ.rw.mﬁ .ﬁ,wmwm
allegiance from these theories. Hw@. most meﬂsmc;rm
of this group was the German chemist and E:Emom er,
Wilhelm Ostwald. However, in the preface to the last
edition of his Outlines of Chemisiry Fw now Emwﬁ .ﬁa
following clear and frank avowal of his present position
He says: .

I am now convinced that we have recently wm.noam wOmmommnA
of experimental evidence of the &wnw.mg or mwwﬁm&. mmgﬁm of
matter for which the atomic E%o@mm% mag.mrw in vain %9.,, sdm
dreds and thousands of years. The isolation and counting o
gascous jons on the one hand . . . . and on the m%ﬁ. the mmmmm-
ment of the Brownian imovements with the naﬁﬁmoaoﬁmm o.ﬁ t e
kinetic hypothesis , . ... justify the most cautious .mnwwﬁwzmm :M
now speaking of the experimental proof oﬁ. the atomic t cory om
matter. The atomic hypothesis is thus raised to the pesition o
a scientifically weli-founded theory.

II. GROWTH OF RLECTRICAL THEORIES

The granular theory of electricity, while unlike the
atomic and kinetic theories of matter in that it can boast

EARLY VIEWS OF ELECTRICITY 11

no great antiquity in any form, is like them in that the
first man who gpeculated upon the nature of electricity at
all conceived of it as having an atomic structure. Yet it
is only within very recent years—thirty at the most—
that the modern electron theory has been developed.
There are no electrical theories of any kind which go
back of Benjamin Franklin (1750). Aside from the dis-
covery of the Greeks that rubbed amber had the power
of attracting to itself light objects, there was no knowl-
edge at all earlier than 1600 A.p., when Gilbert, Queen
Elizabeth’s surgeon, and a scientist of great genius and
insight, found that a glass rod and some twenty other
bodies, when rubbed with silk, act Kke the rubbed amber
of the Greeks, and he consequently decided to describe
the phenomenon by saying that the glass rod had become
electrified (amberized, electron being the Greek word for
amber), or, as we now say, had acquired a charge of
electricity. In 1733 Dufay, a French physicist, further
found that sealing wax, when rubbed with cat’s fur, was
also electrified, but that it differed from the electrified
glassrod, in that it strongly attracted any electrified body
which was repelled by the glass, while it repelled any
electrified body which was attracted by the glass. He
was thus led to recognize two kinds of electricity, which
he termed “vitreous” and “resinous.” About 1747
Benjamin Franklin, also recognizing these two kinds of
electrification, introduced the terms “positive” and
“negative,” to distinguish them. ‘Thus, he said, we will
arbitrarily call any body positively electrified if it is
repelled by a glass rod which has been rubbed with silk,
and we will call any body negatively electrified if it is
repelled by sealing wax which has been rubbed with cat’s
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fur. These are today our definitions of positive and nega-
tive electrical charges. Notice that in mmﬁmbm them up we
propose no theory whatever of electrification, but con-
tent ourselves simply with describing the phenomena.

In the next place it was surmised by Franklin and
indeed asserted by him in the very use of the terms
“positive” and “negative,” although the accurate proof
of the relation was not made until the time o.m m‘mﬂwmm%_m
ice-pail experiment in 1837, that when mHmm,m is positively
electrified by rubbing it with silk, the silk itsell takes up

" a negative charge of exactly the same mﬁwaE as the
positive charge received by the glass, and, in general,
that positive and negative electrical charges always appear
simultaneously and in exactly equal amounts.

So far, still no theory. But in order tfo wmm%m a
rational explanation of the phenomena so far considered,
particularly this last one, Franklin now made the assump-
tion that something which he chose to call the electrical
fludd or “electrical fire” exists in normal amount as a con-
stituent of all matter in the neutral, or unelectrified mgwwv
and that more than the normal amount in any body is
manifested as a positive electrical charge, and less than
the normal amount as a negative charge. >m@§¢w_ pro-
fessor of physics at St. Petersburg and an admirer of
Franklin’s theory, pointed out that, in order to mnmomw.&
for the repulsion of two negatively electrified bodies, it
was necessary to assume that matter, when divorced Wow\.b
Franklin’s electrical fluid, was self-repellent, i.e., “%m” it
possessed properties quite different from those which are
found in ordinary unelectrified matter. In order, how-

m<mﬁ to leave matter, whose independent existence was
thus threatened, endowed with its familiar old properties,

EARLY VIEWS QF ELECTRICITY 13

and in order to get electrical phenomena into a class by
themselves, other physicists of the day, led by Symmer,
1759, maomomwwm to assume that matler in a neutral state
shows no electrical properties because it contains as con-
stituents equal amounts of two weightless fluids which they
called positive and negative electricity, respectively. From
this point of view a positively charged body is one in
which there is more of the positive fluid than of the nega-
tive, and a negatively charged body is one in which the
negative (luid is in excess.

Thus arose the so-called two-fluid theory—a theory
which divorced again the notions of electricity and mat-
ter after Franklin had taken a step toward bringing them
together. This theory, in spite of its intrinsic difficulties,
dominated the development of electrical science for one
hundred years and more. This was because, if one did
not bother himself much with the underlying physical
conceplion, the theory lent itself admirably to the
description of electrical phenomena and also to mathe-
matical formulation. Further, it was convenient for the
purposes of classification. It made it possible to treat
electrical phenomena in a category entirely by them-
selves, without raising any troublesome questions as to
the relation, for example, between electrical and gravita-
tional or cohesive forces. But in spite of these advan-
tages it was obviously a makeshift. For the notion of
two fluids which could exert powerful forces and vet
which were absolutely without weight—the most funda-
mental of physical properties—and the further notion of
two fluids which had no physical properties whatever,
that is, which disappeared entirely when they were
mixed in equal proportions-~these notions were in a
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high degree non-physical. Indeed, Sir J. J. Thomson
remarked in his Silliman Lectures in 1goz that

the physicists and mathematicians who did most to develop the
fluid theories confined their attention to questions which invelved
only the law of forces between electrified bodies and the simulta-
neous production of equal quantities of plus and minus electricity,
and refined and idealized their conception of the fluids themselves
until any reference to their physical properties was considered
almost indelicate.

From the point of view of economy in hypothesis,
Franklin’s one-fluid theory, as modified by Aepinus, was
the better. Mathematically the two theories were iden-
tical. The differences may be sumied up thus. The
modified one-fluid theory required that matter, when
divorced from the eleetrical fluid, have exactly the same
properties which the two-fluid theory ascribed to nega-
tive electricity, barring only the property of fluidity.
So that the most important distinction between the
theories was that the two-fluid theory assumed the exist-
ence of three distinet entities, named positive electricity,
negative electricity, and matter, while the one-fluid
theory reduced these three entities to two, which Franklin
called matter and electricity, but which might perhaps as
well have been called positive electricity and negative
electricity, unelectrified matter being reduced to a mere
combination of these two. o

Of course, the idea of a granular structure for elec-
tricity was foreign to the two-fluid theory, and since this
dominated the development of electrical science, there
was seldom any mention in connection with it of an elec-
trical atom, even as a speculative entity. But with
Franklin the case was different. His theory was essen-
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tially a material one, and he unguestionably believed in
the existence of an electrical particle or atom, for he says:
“The electrical matter consists of particles extremely
subtle, since it ¢can permeate comumon matter, even the
densest, with such freedom and ease as not to recelve any
appreciable resistance.”” When Franklin wrote that,
however, he could scarcely have dreamed that it would
ever be possible to isolate and study by itself one of
the ultimate particles of the electrical fluid. The
atomic theory of electricity was to him what the
atomic theory of matfer was to Democritus, a pure
speculation,

The first bit of experimental evidence which appeared
in its favor came in 1833, when Faraday found that the
passage of a given quantity of electricity through a solu-
tion containing a compound of hydrogen, for example,
would always cause the appearance at the negative
terminal of the same amount of hydrogen gas irrespec-
tive of the kind of hydrogen compound which had been
dissolved, and irrespective also of the strength of the
solution; that, further, the quantity of electricity
required to cause the appearance of one gram of hydro-
gen would always deposit from a solution containing
sitver exactly 1o7.1 grams of silver. This meant, since
the weight of the silver atom is exactly roy.1 times the
weight of the hydrogen atom, that the hydrogen atom
and the silver atom are associated in the solution with
exactly the same quantity of electricity. When it was
further found in this way that all atoms which are
univalent in chemistry, that is, which combine with one
atom of hydrogen, carry precisely the same quantity of
electricity, and all atoms which are hivalent carry twice
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this amount, and, in general, that valency, in chemistry.
is always exactly proportional to the quantity of elec-
tricity carried by the atom in question, it was obvious
that the atomic theory of electricity had been given very
strong support.

But striking and significant as were these discoveries,
they did not serve at all to establish the atomic hypothe-
sis of the nature of electricity. They were made at the
very time when attention began to be directed strongly
away from the conception of electricity as a substance
of any kind, and it was no other than Faraday himself
who, in spite of the brilliant discoveries just mentioned,
started this second period in the development of clectrical
theory, a period lasting from 184c tc about rgoo. In
this period electrical phenomena are almost exclusively
thought of in terms of stresses and strains in the medium
which surrounds the electrified body. Up to this time
a more or less definite something called a charge of elec-
tricity had been thought of as existing on a charged body
and had been imagined to exert forces on other charged
bodies at a distance from it in quite the same way in
which the gravitational force of the earth acts on the
moon or that of the sun on the earth. This notion of
action at a distance was repugnant to Faraday, and he
found in the case of electrical forces experimental reasons
for discarding it which had not then, nor have they as yet,
heen found in the case of gravitational forces. These
reasons are summed up in the statement that the electri-
cal force between two charged bodies is found to depend
on the nature of the intervening mediurm, while gravita-
tional pulls are, so far as is known, independent of inter-

vening bodies. Faraday, therefore, pictured to himself
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the intervening medium as transmitting electrical force
in quite the same way in which an elastic deformation
started at one end of a rod is transmitted by the rod.
Further, since electrical forces act through a vacuum,
Faraday had to assume that it is the ether which acts as
the transmitter of these electrical stresses and strains.
The properties of the ether were then conceived of as
modified by the presence of matter in order to account
for the fact that the same two charges attract each other
with different forces according as the intervening medium
is, for example, glass, or ebonite, or air, or merely ether.
These views, conceived by Faraday and put into mathe-
matical form by Maxwell, called attention away from
the electrical phenomena in or on a conductor carrying
electricity and focused it upon the stresses and strains
taking place in the medium about the conductor. When
in 1886 Heinrich Hertz in Bonn, Germany, proved by
direct experiment that electrical forces are indeed trans-
mitted in the form of electric waves, which travel through
space with the speed of light exactly as the Faraday-
Maxwell theory had predicted, the triumph of the
ether-stress point of view. was complete. Thereupon
textbooks were written by enthusiastic, but none too
cautious, physicists in which it was asserted that an
electric charge is nothing more than a “state of strain
in the ether,” and an electric current, instead of repre-
senting the passage of anything definite along the wire,

-correspends merely to a continuous “slip” or “break-

down of a strain” in the medium within the wire.
sir Oliver Lodge’s early book, Moedern Views of Elec-
tricity, was perhaps the most influential disscminator
and expounder of this point of view.
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Now what had actually been proved was not that

electricity is a state of sirain, but that when any elec-
trical charge appears upon a body the medium about the
hody does indeed become the seat of new forces which
are transmitted through the medium, like any elastic
forces, with a definite speed. Fence it is entirely proper
to say that the medium about a charged body is In a
state of strain. Butitis one thing to say that the elec-
trical charge on the body produces a state of strain in the
surrounding medium, and quite another thing to say that
she electrical charge is nothing but a state of strain in the
surrounding medium, just as it is one thing to say that
when a man stands on a bridge he produces a mechanical

strain in the timbers of the bridge, and another thing to

say that the man is nothing more than a mechanical
strain in the bridge. The practical difference between
the two points of view is that in the one case you look
for other attributes of the man besides the ability to
produce a strain in the bridge, and in the other case you
do not look for other attributes. So the strain theory,
although not irreconcilable with the atomic hiypothesis,
was actually antagonistic to it, because it led men to
think of the strain as distributed continuously about the
surface of the charged body, rather than as radiating from
definite spots or centers peppered over the surface of the
body. Between 1833 and 1goo, then, the physicist was
in this peculiar position: when he was thinking of the
passage of electricity through a solution, he for the most
part, following Faraday, pictured to himself definite
specks or atoms of electricity as traveling through the
solution, each atom of matter carrying an exact multiple,
which might be anywhere between one and eight, of a
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definite elementary electrical atom, while, when he was
thinking of the passage of a current through a metallic
conductor, he gave up altogether the atomic hypothesis,
and attempted to picture the phenomenon to himself as
a continuous “ship” or “breakdown of a strain” in the
material of the wire, In other words, he recognized two
Q@om of electrical conduction which were wholly distinct
in kind--electrolytic conduction and metallic conduction;
and since more of the problems of the physicist dealt sﬁm
metallic than with electrolytic conduction, the atomic
conception, as a general hypothesis, was almost, though
not quite, unheard of. Of course it would be unjust to
the thinkers of this period to say that they failed to
recognize and appreciate this gulf between current views
as to the nature of electrolytic and metallic conduction
and simply ignored the difficulty. This they did not Qou
but they had all sorts of opinions as to the nmﬁwmmw
Maxwell himself in his text on Hlectricity and Magnetism
published in 1873, recognizes, in the chapter on tmwmn.v
trolysis,”® the significance of Faraday’s laws, and even
goes so far as to say that “for convenience in description
we may call this constant molecular charge (revealed by
m,*wgamuxm experiments) one molecule of electricity.”
Nevertheless, a little farther on he repudiates the idea
that this term can have any physical significance by
saying that “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 ﬁ&wnm
to form a true theory of electric currents and so become
independent of these provisional hypotheses.”
r1, 375-86.
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And as a matter of fact, Faraday’s experiments had
not shown at all that electrical charges on metallic con-
ductors consist of specks of electricity, even though they
had shown that the charges on ions in solutions have
definite values which are always the same for univalent
jons. It was entirely logical to assume, as Maxwell did,
that an ion took into solution a definite quantity of elec-
tricity because of some property which it had of always
charging up to the same amount from a charged plate.
There was no reason for assuming the charge on the elec-
trode to be made up of some exact pumber of electrical
atoms.

On the other hand, Wilhelm Weber, in papers written
in 1871, built up his whole theory of electromagnetism
on a basis which was practically identical with the modi-
fied Franklin theory and explained all the electrical
phenomena exhibited by conductors, including thermo-
electric and Peltier effects, on the assumption of two
types of electrical constituents of atoms, one of which was
very much more mobile than the other. Thus the hypo-
thetical molecular current, which Ampere had imagined
fifty years eartier to be continually flowing inside of

molecules and thereby rendering these molecules little

electromagnets, Weber definitely pictures to himself:

as the rotation of light, positive charges about heavy
negative ones. His words are:

The relation of the two particles as regards their motions is
determined by the ratio of their masses ¢ and ¢, on the assumption
that in ¢ and ¢ are included the masses of the ponderable atoms
which are attached to the clectrical atoms. Let ¢ be the positive
electrical particle. Let the negative be exactly equal and opposite

1 See Werke, £V, 281.
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and therefore denoted by -~¢ (instead of ¢’). But let a ponderable
atom be attracted to the latter so that its mass is thereby so
greatly increased as to make the mass of the positive particle
vanishingly small in comparison. The particle ~¢ may then be
thought of as at rest and the particle 4-¢ as in motion about the
particle —e. ‘The two unlike particles in the condition described
constitute then an Amperian molecular current.

‘Tt is practically this identical point of view which has
been elaborated and generalized by Lorentz and others
within the past three decades in the development of the
modern electron theory, with this single difference, that
we now have experimental proof that it is the negative
particic whose mass or inertia is negligible in comparison
with that of the positive instead of the reverse. Weber
even went so far as to explain thermoelectric and Peltier
effects by differences in the kinetic energies in different
conductors of the electrical particles.* Nevertheless his
explanations are here widely at variance with our modern
conceptions of heat.

Again, in a paper read before the British Association
at Belfast in 1874, G. Johnstone Stoney not only stated
clearly the atomic theory of electricity, but actually went
so far as to estimate the value of the elementary electrical
charge, and he obtained a value which was about as
reliable as any which had been found until within quite
recent years. He got, as will be more fully explained in
the next chapter, .3X 107 absolute electrostatic units,
and be got this result from the amount of electricity
necessary to separate from a solution one gram of hydro-
gen, combined with kinetic theory estimates as to the
number of atoms of hydrogen in two grams, i.e., in one

0. cib., . 204,




22 THE ELECTRON

gram molecule of that element. This paper was entitled,
“(On the Physical Units of Nature,” and though read in
1874 it was not published in full until 188" After mwg.,?
ing that all physical measurements may be expressed in
terms of three fundamental units, he asserts that it would
be possible to replace our present purely arbitrary units
(the centimeter, the gram, and the second) by three
natural units, namely, the velocity of light, the coeffi~
cient of gravitation, and the elementary electrical charge.
With respect to the last he says:

Finally nature presents us with & single definite quantity of
electricity which is independent of the particular bodies acted mﬁ.
T make this clear, I shalt express Faraday’s law in the following
terms, which, as T shall show, will give it precision, viz.: For 8@.&
chemical bond which is ruplured within an electrolyle @ .n%r:.:
quantity of electricily braverses the electrolyte which is the same n
ail cases. This definite quantity of electricity 1 shall call E.. 1If
we make this our unit of electzicity, we shall probably have made
a very important step in our study of molecular @rmboﬂmsu.

Hence we have very good reason to suppose that m Vs, G,
and E., we have three of a series of systematic units ?wﬁ E an
eminent sense are the units of nature, and stand in an Intimate
relation with the work which goes on in her mighty laboratory.

Take one more illustration from prominent writers
of this period. In his Faraday lecture delivered at the
Royal Institution in 1881, Helmholtz spoke as follows:

Now the most startling result of Faraday’s law is perhaps this,
i we accept the hypothesis that the &mammﬁ.ma\ wgvmgbnom. are
composed of atoms, we cannot avoid ncn.ﬁcmwwm m.a; electricity
also, positive as well as negative, is divided into definite clementary

portions which hehave like atoms of electricity.?

t Phil. Mag., X1 {18813 sth series), 384
2 Wissenschafiliche Abhandlungen, 111, 69.

EARLY VIEWS OF ELECTRICITY 23

This looks like a very direct and unequivocal state-
ment of the atomic theory of electricity, and yet in the
same lecture Helmholtz apparently thinks of metallic
conduction as something quite different from electrolytic
when he says:

Al these facts show that electrolytic conduction is not at all
limited to solutions of acids or salts. It will, however, be rather
a difficult problem to find out how far the electrolytic conduction
is extended, and I am not yet prepared to give a positive answer.

The context shows that he thought of extending the
idea of electrolytic conduction to a great many insula-
tors. But there is no indication that he thought of
extending it to metallic conductors and imagining these
electrical atoms as existing as discrete individual things
on charged metals or as traveling along a wire carrying an
electrical current. Nevertheless, the statement quoted
above Is one of the most unequivocal which can be found
anywhere up to about 1899 as to the atomic nature of
electricity.

The foregoing quotations are sufficient to show that
the atomic theory of electricity, like the atomic theory
of matter, is not at all new so far as the conception alone
is concerned. In both cases there were individuals who
held almost exactly the modern point of view. In both
cases, too, the chief new developments have consisted in
the appearance of new and exact experimental data which
has silenced criticism and compelled the abandonment
of other points of view which up to about 19oo flourished
along with, and even more vigorously than, the atomic
conception. Even in 18¢7 Lord Kelvin, with a full
knowledge of all the new work which was appearing
on X-rays and cathode rays, could seriously raise the
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question whether electricity might not be a ““continuous
homogeneous lquid.” He does it in these words:
Varley’s fundamental discovery of the cathode rays, w@.ﬁﬂm&%
confirmed and extended by Crookes, seems Lo me to wmnawm:mwm M e
conclusion that resinous electricity, not vilreous, 18 The gam W@m
Fliid, if we are to have a Oﬁm-mcw.a theory of .&.@ﬁmmﬁﬁ%. La om
matical reasons prove that m.ﬂ.mmﬁogm electricity Hmv a nmﬁﬁmcm.@
homogeneous liquid it must, In order to produce the p mﬁogm_uo
of contact electricity, which you have seen mﬁm. m<wﬁﬂ% ¢
endowed with a cohesional quality. 1t is just nowmm:&@ m.mﬁ oug
it does not at present seem to me very ﬁwo_upgﬁ that ﬁ:ﬂ idea BWM
deserve careful consideration. Ileaveit, however, %ow M € @Smmwm
and prefer to consider an atomic theory of electricity ommmmﬂem ;
worthy of thought by Faraday and Cletk-Maxwell, a;w_nw e M Lel W
proposed by Tlelmholtz in his last lecture to the Wo%wp bmﬁwc wo m
and largely accepted by present-day s«oH.Wmmm. and teac a%.. : Hmﬁ MMm
Faraday's laws of electrolysis seem to necessitate something ato

in electricity, . . . &

What was the new experimental .,ﬁ.ﬁw éﬂ% already
in 1897 was working this change in Sm/.a@ﬁ.zaw Much
of it was at first little if at all more convincing mﬁw that
which had been available since Faraday’s time. Never-
theless it set physicists to wondering Sw.wmﬁwe,, stresses
and strains in the ether had not been a bit wﬁﬁéomw@gu
and whether in spite of their undoubted Qmmﬁ.wsnm elec-
tricity itseli might not after all be mogm&mmm more
&omﬁwﬁ more material, than the all-conquering Mazwell
theory had assumed it to be.

The result of the past twenty-five years has .wummz to
bring us back very close to where Franklin was in 1750,
with the single difference that our gommg.mﬁnﬁos.gmoé
rests upon a mass of very direct and convincing evidence,
which it is the purpose of the next chapters to present.

tKelvin, “Contact Electricity and Electrolysis,’ Nafure, LV
{(1897), 84-

CHAPTER IT

THE EXTENSION OF THE ELECTROLYTIC LAWS TO
CONDUCTION IN GASES

I. THE ORIGIN OF THE WORD “ELECTRON”

The word “electron” was first suggested in 18¢1 by
Dr. G. Johnstone Stoney as a name for the “natural unit
of electricity,” namely, that quantity of electricity which
must pass through a solution in order to liberate at one
of the electrodes one atom of hydrogen or one atom of

any univalent substance. In a paper published in 18¢1
he says:

Attention must be given to Faraday's Law of Electrolysis,
which is equivalent to the statement that in electrolysis a definite
quantity of electricity, the same in all cases, passes for each chemi-
cal bond that is ruptured. The author called attention to this
form of the law in 2 communication made to the British Associa-
tion in 1874 and printed in the Scientific Proceedings of the Roval
Dublin Society of February, 1881, and in the Philosophical Maga-
sine for May, 1881, pp. 385 and 386 of the latter. Tt isthere shown
that the amount of this very remarkable quantity of electricity is

about the twentiethet Anrmn is :

Homav of the usual electromagnetic

unit of electricity, i.e., the unit of the Ohm series. This is the

same as 3 eleventhets Amev of the much smalier C.G.S. electro-

static unit of quantity. A charge of this amount is associated in
the chemical atom with each bond. There may accordingly be
several such charges in one chemical atom, and there appear to be
at least two in each atom. These charges, which it will be con-
venient to call “electrons,” cannot be removed from the atom,
but they become disguised when atoms chemically unite. I an

25
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clectron be lodged at the point P of the molecule which undergoes
the motion described in the last chapter, the revolution of this
charge will cause an dlectromagnetic undulation in the surrounding

ether.?

It will be noticed from this guotation that the word
“alectron?’ was introduced to denote simply a definite ele-
mentary quantity of electricity without any reference to
the mass or inertia which may be associated with it, and
Professor Stoney implies that every atom must contain
at least two electrons, one positive and one negative,
hecause otherwise it would be impossible that the atom
as a whole be electrically neutral, As a matter of fact
the evidence is now altogether convincing that the
hydrogen atom does indeed contain just one positive and
one negative electron.

Tt is unfortunate that all writers have not been more
careful to retain the original significance of the word
introduced by Professor Stoney, for it is obvious that a
word is needed which denotes merely the elementary unit
of electricity and has no necessary implication as to where
that unit is found, to what it ie attached, with what
{nertia it is associated, or whether it is positive or negative
in sign; and it is also apparent that the word “electron”
is the logical one to associate with this conception.

Further, there is no difficulty in retaining this original
and derivative significance of the word “electron,” and at
the same time permitting its common use asa convenient
abridgment for “the free negative electron.” In other
words, in view of the omnipresence of the negative elec-
tron in experimental physics and the extreme rarity of

1 Seientific Transastions of the Royal Dublin Socieky, IV (38013 pith

series), 563.
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the isolated positive electron, it may be generally agreed
ww&h. the negative Is understood unless the positive is
specified. The case is then in every way identical with
that found in the use of the word ““man,” which serves
admirably both to designate the genus “homo” and also
to denote the male representative of that genus, the
female being then differentiated by the use of a @wamx
The terms “eleciron” and “positive electron” éo&m
then be used altogether conveniently precisely as are the
Sﬁmﬁm “man’ and “woman.” Indeed, the most authori-
tative writers—Thomson, Rutherford, Campbeli, Rich-
ardson, etc.—have in fact retained the original Umwmn&wa
cance of the word ““electron™ instead of using it to denote
solely the free negative electron, the mass of which is
L /1,845 of that of the hydrogen atom. All of these writers
in ﬂo.owm or articles written since 1913® have treated of
onQMm as well as negative electrons, although the mass
associated with the former is never less than that of the
hydrogen atom. Nor is this altogether legical use con-
fined at all to English. Prenin has approved it wwm
Nemnst in the 1921 edition of his Theoritische Q\Mma:.m

on pp- 197 and 4356, definitely and unambiguously @mmwmm
the positive and negative electrons, precisely as has been
done above, as the elementary positive and negative
electrical charges, respectively.

11, THE DETERMINATION OF m AND Ne ¥ROM THE FACTS

OF ELECTROLYSIS
Faraday’s experiments had of course not furnished
the data for determining anything about how much

* See particularly Rutherford’s sidenti
B c presidential address at the recent
Liverpool meeting of the British Association, Science, LVILI (1923), 213
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electricity an electron represents in terms of the standard
unit by which electrical charges are ordinarily measured
in the laboratory. This is called the coulomb, and
represents the quantity of electricity conveyed in
one second by one ampere. Faraday had merely shown
that a given current flowing in succession through
solutions containing different univalent elements bike
hydrogen or silver or sodium or potassivm would deposit
weights of these substances which are exactly propor-
tional to their respective atomic weights. This enabled
him to assert that one and the same amount of elec-
tricity is associated in the process of electrolysis with
an atom of each of these substances. He thought of this
charge as carried by the atom, or in some cases by a group
of atoms, and called the group with its charge an *ion,”
that is, a “goer,” or ‘“‘traveler.” Just how the atoms
come to be charged in a solution Faraday did not know,
nor do we know now with any certainty. Further, we-
do not know how much of the solvent an ion associates
with itself and drags with it through the solution. But
we do know that when a substance like salt is dissolved
in water many of the neutral NaCl molecules are split
up by some action of the water into positively charged
sodium (Na) ions and negatively charged chlorine {C)
ions. The ions of opposite sign doubtless are all the
time recombining, but others are probably continually
forming, so that at each instant there are many uncom-
bined ions. Again, we know that when a water solution
of copper sulphate is formed many of the neutral CuS0O,
molecules are split up into positively charged Cu lons
and negatively charged SO, ions. In this last case too
we find that the same current which will deposit in a
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given time from a silver solution a weight of silver equal
to its atomic weight will deposit from the copper-sulphate
solution in the same time a weight of copper equal to
exactly one-half its atomic weight. Hence we know that
the copper icn carries in solution twice as much elec-
tricity as does the silver ion, that is, it carries a charge of
two. electrons.

But though we could get from Faraday’s experiments
no knowledge about the quantity of electricity, ¢, repre-
sented by one electron, we could get very exact infor-
mation about the ratio of the ionic charge £ to the
mass of the atom with which it is associated in a given
solution.

For, if the whole current which passes through a
solution is carried by the ions—and if it were not we
should not always find the deposits exactly proportional
to atomic weights—then the ratio of the total guantity
of electricity passing to the weight of the deposit pro-
duced must be the same as the ratio of the charge £ on
each {on to the mass m of that ion. "But by international
agreement one absolute unit of electricity has been
defined in the electromagnetic system of units as the
amount of electricity which will deposit from a silver
solution o.01118 grams of metallic silver. Hence if m
refers to the silver ion and E means the charge on the
ion, we have

for silver - = e 80.44 electromagnetic units;

m 0.01718

or i m refers to the hydrogen ion, since the atomic.

weight of silver is .HWI,Nnﬂomawm times au,mw of hydrogen,
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E 1 io7.88

for hydrogen Mﬁmﬂcmﬂwx T oo8 573
which is about 10* electromagnetic units.
Thus in electrolysis Wm varies from ion to ion, being

for univalent ions, for which £ is the same and equal to
one eleciron e, inversely proportional to the atomic
weight of the jon. For polivalent ions K may be 2, 3,
4, or 5 electrons, but since hyrdogen is at least 7 times
lighter than any other ion which is ever found in solution,
and its charge is but one electron, we see that the largest

value which o ever has in electrolysis is its value for

hydrogen, namely, about 10f electromagnetic units.

Although W varies with the nature of the ion, there is

a quantity which can be deduced from it which is a uni-
versal copstant. This quantity is denoted by Ne, where
¢ means as before an electron and A is the Avogadro con-
stant or the number of molecules in 16 grams of oxygen,
i.e.,in one gram molecule. We can get this at once from

the value of ,m by letting m refer to the mass of that

imaginary univalent atom which is the unit of our
atomic weight system, namely, an atom which is exactly
1/36 as heavy as oxygen or 1/107.88 as heavy as silver.

For such an atom

E_e Hoq_m;mai 640
mom oorig oA

Multiplying both numerator and denominator by ¥ and
remembering that for this gas one gram molecule means
[ gram, that is Nm=1, we have

Ne=649,4 absolute electromagnetic units,.... ... {1)
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and since the electromagnetic unit is eguivalent to
3 X 10" electrostatic units, we have

Ne= 28,048 X 10 absolute electrostatic units.

Further, since a gram molecule of an ideal gas under
standard conditions, i.e., at o°C. 76 cm. pressure,
occupies 22412 c.c., i n, represents the number of mole-
cules of such a gas per cubic centimeter at o° C., 76 cm.
we have ,
£ In
8= mmhwwwvmmgu 1.202X 10" electrostatic units,

Or if # represent the number of molecules per cubic
centimeter at 15° C. 70 cn., we should have to multiply
the last number by the ratio of absolute temperatures,
i.e., by 273/288 and should obtain then

mem 1. 225X 10%. i i i {2}

*

HWEP even though the facts of electrolysis give us no
information at all as to how much of a charge one electron
¢ represents, they do tell us very exactly that if we should
take e as many times as there are molecules in a gram
molecule we should get exactly 9,650 absolute electro-
magnetic units of electricity. This is the amount of
electricity conveyed by a current of 1 ampere in 10 sec-
onds. Until quite recently we have heen able to make
nothing better than rough guesses as to the number of
molecules in a gram molecule, but with the aid of these
guesses, obtained from the kinetic theory, we have, of
course, heen enabled by (1) to make equally good
guesses about e. Those guesses, based for the most
part on quite uncertain computations as to the average
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radius of a molecule of air, placed N anywhere between
2% 10% and 20X 10%. It was in this way that G. wowb;
stone Stoney in 1874 estimated e at .3 X710~ E.S. units.
In O. E. Meyer’s Kinetische Theorie der Qﬁam. (p. 33 55
13899), #, the number of molecules in a cubic centimeter, Mm
given as 6X10®. This would correspond to e=2 X.MOJ .
In all this ¢ is the charge carried by a univalent lon in
solution and N or » is a pure number, which is a char-
acteristic gas constant, it is true, but the analysis has
nothing whatever to do with gas conduction.

1II. THE NATURE OF GASEQUS CONDUCTION

The question whether gases conduct at all, and .% S0,
whether their conduction is electrolytic or metallic or
neither, was scarcely attacked until about Hmcm. Cou-
lomb in 1785 had concluded that after allowing for the
leakage of the supports of an electrically nrmam.&. con-
ductor, some leakage must be attributed to the air ;mﬁ.ﬁ
and he explained this leakage by assuming that the air
molecules became charged by contact and were mﬁ.n
repelled—a wholly untenable conclusion, since, were it
true, no conductor in air could hold a charge long even
at low potentials, nor could a very highly charged con-
ductor lose its charge very rapidly when charged above
a certain potential and then when the potential fell d&o.é
a certain critical value cease almost entirely to lose it.
This is what actually occurs. Despite the erroneousness
of this idea, it persisted in textbooks written as late as
1900. -
Warburg in 1872 experimented anew on air leakage
and was inclined to attribute it all to dust particles. Hw,m
real explanation of gas conduction was not found until
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after the discovery of X-rays in 18¢95. The convincing
experiments were made by J. J. Thomson, or at his
mstigation in the Cavendish Laboratory at Cambridge,
England. The new work grew obviously and simply out
of the fact that X-rays, and a year or two later radium
rays, were found to discharge an electroscope, ie., to
produce conductivity in a gas. Theretofore no agencies
had been known by which the electrical conductivity of
a gas could be controlled at will,

Thomson and his pupils found that the conductivity
induced in gases by X-rays disappeared when the gas was
sucked through glass wool It was also found to be
reduced when the air was drawn through narrow metal
tubes. Furthermore, it was removed entirely by passing
the stream of conducting gas between plates which were
maintained at a sufficiently large potential difference.
The first two experiments showed that the conduc-
tivity was due to something which could be removed
from the gas by filtration, or by diffusion to the walls of
a metal tube; the last proved that this something was
electrically charged.

When it was found, further, that the electric cur-
rent obtained from air existing between two plates
and traversed by X-rays rose to a maximum as
the P.D. between the plates increased, and then
reached a value which was thereafter independent of this
potential difference; and, further, that this conductivity
of the air died out slowly through a period of several
seconds when the X-ray no longer acted, it was evident
that the qualitative proof was complete that gas con-
duction must be due to charged particles produced in the

*I. J. Thomson and E. Rutherford, Phil. Mag., XLIT (1896}, 302.
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air at a definite rate by a constant source of X-rays,
and that these charged particles, evidently of both plus
and minus signs, disappear by recombination when the
rays are removed. The maximum or safurafion currents
which could be obtained when a given source was ionizing
the air between two plates whose potential difference
could be varied were obviously due to the fact that when
the electric field between the plates became strong enough
to sweep all the ions to the plates as fast as they were
formed, none of them being lost by diffusion or recom-
hination, the current obtained could, of course, not be
increased by further increase in the field strength, Thus
gas conduction was definitely. shown about 18g0 to be
electrolytic in nature.

IV. COMPARISON OF THE GASEOUS ION AND THE
ELECTROLYTIC ION

But what sort of ions were these that were thus
formed ? We did not know the absolute value of the
charge on a univalent fon in clectrolysis, but we did
know accurately ze. Could this be found for the ions
taking part in gas conduction? That this question was
answered affirmatively was due to the extraordinary
insight and resourcefulness of J. J. Thomson and his
pupils at the Cavendish Laberatory in Cambridge, both
in working out new theoretical relations and in devising
new methods for attacking the new problems of gaseous
conduction. These workers found. first a method of

_ expressing the quantity #e in terms of two measurable
constants, called (1) the mobility of gaseous ions and
(2) the coefficient of diffusion of these ions. Secondly,
they devised new methods of measuring these two
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nowmﬂmwwminOSwﬁWbﬁm which had never before been deter-
mined. The theory of the relation between these con-
stants and the quantity se will be found in Appendix A.
The result iy

ec
ne=— O (3)

in which P is the pressure existing in the gas and 1, and
N.u are the mobility and the diffusion coefficients respec-
tively of the ions at this wwmmmﬁm..

1f then we can find a way of measuring the mohilities
% of atmospheric fons and also the diffusion coefficients
D), we can find the quantity ne, in which # is a mere num-
ber, viz., the number of molecules of air per cubic centi-
meter at 15° C., 76 cm. pressure, and e is the average
mwwmwmm on an atmosphere ion. We shall then be in posi-
tion to compare this with the product we found in (2) on
p. 31, in which » had precisely the same significance as
here, but ¢ meant the average charge carried by a uni-
valent ion in electrolysis.

The methods devised in the Cavendish Laboratory
between 1897 and 1903 for measuring the mobilities and
the diffusion coefficients of gaseous ions have been used
in all later work upon these constants. The mobilities
were first determined by Rutherford in 1897, then more
aceurately by another method in 18982 Zeleny devised
a quite distinct method in 1g9o0, and Langevin still
another method in 1goz4 These observers all agree
closely in finding the average mobility (velocity in unit

* Phil. Mog., XLIV (1808), 422,

2 Proc. Camb. Phil. Sec., IX, se1.

3 Phil, Trans., A 193, p. 193.

4 Annale de Chimic o de Physigie, XXVIII, 28¢.
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field) of the negative ion in dry air about 1.83 cm. per
second, while that of the positive ion was .M,m.:mdm but
1.35 cm. per second. In hydrogen these mobilities were
about 7.8 cm. per second and 6.1 cm. per mwnouw_ respec-
tively, and in general the mobilities in mw.mmmmbﬁ. gases,
though not in vapors, seem to be roughly in the inverse
ratio of the square roots of the molecular weights.

The diffusion cocfficients of ions were first measured
in 1goo by Townsend, now professor of physics w.b Oxford,
England* by a method devised by him and since then
used by other observers in such measurements. . If we
denote the diffusion coefficient of the positive ion by
D-+ and that of the negative by D—, Townsend’s results

in dry air may be stated thus:

D4=0.028
D—=0.043.

These results are interesting in two respects. In the
first place, they scem to show that for some reason "ﬁwm
positive ion in air is more sluggish than the ummmﬁ.ﬁﬁ
since it travels but about 0.7 {(+1.35/1.81) as mmmw ina
given electrical field and since it diffuses through air but
about 0.7 (=28/43) as rapidly. In the second place,
the results of Townsend show that an ion is very B.cnw
more stuggish than is a molecule of air, for the .nomm.mﬂmsw
of diffusion of oxygen through air is 0.178, which is four
times the rate of diffusion of the negative ion ﬁfommw
air and five times that of the positiveion. This mmmmmumw'
ness of ions as compared with molecules was at m;m.a uni-
versally considered to mean that the gaseous ion is not
a single molecule with an attached electrical charge, but

s Phil, Trans., A 193, P- £29-
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a cluster of perhaps from three to twenty molecules held
together by such a charge. Ii this is the correct inter-
pretation, then for some reason the positive ion in air
is a larger cluster than is the negative ion.

Tt has been since shown by a number of observers
that the ratio of the mobilities of the positive and nega-
tive ions is not at all the same in other gases as it is in
air, In carbon dioxide the two mobilities have very
nearly the same value, while in chlorine, water vapor,
and the vapor of alcohol the positive ion apparently
has a slightly larger mobility than the negative. There
seems to be some evidence that the negative ion has
the larger mobility in gases which are electro-positive,
while the positive has the larger mobility in the gases
which are strongly electro-negative. This dependence
‘of the ratio of mobilities upon the electro-positive or
electro-negative character of the gas has usually been
considered strong evidence in favor of the cluster-ion
theory.

Very recently, however, Loeb® who has worked at
the Ryerson Laboratory on mobilities in powerful electric
fields, and Wellish * who, at Yale, has measured mobilities
at very low pressures, have concluded that their results
are not consistent with the cluster-ion theory, but must
rather be interpreted in terms of the so-called Atom-ion
Theory. This theory seeks to explain the relative
sluggishness of ions, as compared with molecules, by
the additional resistance which the gasecus medium
offers to the motion of a molecule through it when that

*Leonard B. Loeb, Proe. Nat. Acad., 1T ?oav_ 343, and Phys.
Rep,, 1017.

= Wellish, dmer. Jour. of Science, XXXIX (1915), 583
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molecule is electrically charged. According to this hypoth-
esis. the ion would be simply an electrically charged SSFS.&F

.m.o far as the negative ion is concerned, the mwgmﬁ.oﬁ
4t the moment seems to be in favor of the meE-Hob
theory. There has recently developed strong mﬁam.ﬁnmm
that although in some very pure gases, such as helium,
argon, and even nitrogen, the negative electron cannot
find attachment at all, when it does attach so as to .».,oﬂ.ﬁ
ions of the mobility mentioned above, it carries with it
thereafter but a single molecule.

On the other hand, Erikson® and Wahlin® Wmé.m.w@w?
ently shown quite conclusively that .m .mzw mobility of
the positive ion in air is measured within 03 mo.no:m of
the time of its formation, its value is identical ‘39 that
of the negative, namely, 1.8 cm. per second, while a short
time thereafter it has sunk to about 1.4 cm. per second
because of the addition of one more motecule, thus form-
ing a very stable two-molecule-ion group.

Fortunately, the quantitative evidence for the elec-
trolytic nature of gas conducticn is in no way am@g@gﬁ
upon the correctness of either one of the theories as to
the nature of the ion. It depends simply upon the com-
parison of the values of me obtained from &mnw.wo@.ﬁn
measurements, and those obtained from the substitution
in equation (3) of the measured values of g, and D for

s ions.
mmmm%vw for these measurements, resuits ogm&mm@ ,U.w
Franck and Westphal,® who in 1908 repeated in Berlin

+1,. B. Loeb, Jour. Franklin Inst., CXCVIE (1924}, 45.
s H. A. Frikson, Phys. Rev., XX {sg2z}, 118,

s L B. Wahlin, ibid., p. 267

s Verk, der deutsch. phys. Ges,, X1 (1909), 146 and 276.
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both measurements on diffusion coefficients and mobility
coefficients, agree within 4 or 5 per cent with the results
published by Townsend in 1goo. According to both of
these observers, the value of ne for the negative iong pro-
duced in gases by X-rays, radium rays, and ultra-violet
Light came out, within the limits of experimental error,
which were presumably 5 or 6 per cent, the same as the
value found for univalent ions im sclutions, namely,
1.23X10" absolute electrostatic units, This result
seems to show with considerable certainty that the
negative fons in gases ionized by X-rays or similar
agencies carry on the average the same charge as that
borne by the univalent ion in electrolysis. When we
cansider the work on the positive fon, our confidence in
the inevitableness of the conclusions reached by the
methods under consideration is perhaps somewhat
shaken. For Townsend found that the value of #e for
the positive ion came out about 14 per cent higher than
the value of this quantity for the univalent ion in elec-
trolysis, a result which he does not seem at first to have
regarded as inexplicable on the basis of experimental
uncertainties in his method. In 1go8, however® he
devised a second method of measuring the ratio of the
mobility and the diffusion coefficient and obtained this
time, as before, for the negative ion, ne=1.23 X 10", but
for the positive ion twice that amount, namely, 2.46 X 1o™,
From these last experiments he concluded that the
positive ions in gases ionized by X-rays carried on the
average twice the charge carried by the univalent ion in
electrolysis. Franck and Westphal, however, found in
their work that Townsend’s original value for ne for the

t Proc. Roy. Soc., LXXX (1908), 207,
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positive ions was about right, and hence concluded that
only about ¢ per cent of the positive ions could carry a
charge of value ze. Work which will be described later
indicates that neither Townsend’s por Franck and West-
phal’s conclusions are correct, and hence point to errors
of some sort in both methods. But despite these diffy-
culties with the work on positive ions, it should neverthe-
less be emphasized that Townsend was the first to bring
forward strong quantitative evidence (r) that the mean
charge carried by the negative jons in ionized gases
is the same as the mean charge carried by univalent
ions in solutions, and (2) that the mean charge carried
by the positive jons in gases has not far from the same
value.

But there is one other advance of fundamental impor-
tance which came with the study of the properties of
gases ionized by X-rays. For up to this time the only
type of ionization known was that observed in solution
and here it is always some compound molecule like
sodium chloride (NaCl) which splits up spontaneously
into a positively charged sodium ion and a negatively
charged chlorine ion. But the ionization' produced in
gases by X-rays was of 2 wholly different sort, for it was
ohservable in pure gases like nitrogen or OXygen, 0T £ven in
monatomic gases like argon and helium. Plainly, then,
the neutral atom even of a monatomic substance must
possess minute electrical charges as constituents. Here
we had the first direct evidence (1) that an atom is a
complex structure, and (2) that electrical charges enter
into its make-up. With this discovery, due directly to the
use of the new agency, X-rays, the atom as an ultimate,
indivisible thing was gone, and the era of the study of the
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constituents of the atom began. And with astonishing
rapidity during the past twenty-five years the properties
of the subatomic world have been revealed.

Physicists began at once to seek diligently and to find
at least partial answers to guestions like these:

1. What are the masses of the constituents of the
atoms torn asunder by X-rays and similar agencies ?

2. What are the values of the charges carried by
these constituents ?

3. How many of these constititents are there?

4. How large are they, ie., what volumes do they
occupy ?

5. What are their relations to the emission and
absorption of light and heat waves, i.e., of electromag-
netic radiation ?

6. Do all atoms possess similar constituents? In
other words, is there a primordial subatom out of which
atoms are made ?

. ,Hrn partial answer to the first of these questions came
with the study of the electrical behavior of rarefied gases
in so-called vacuum tubes.

. This field had been entered and gualitatively explored
with amazing insight as early as 1879 by Sir Wiiliam
Crookes, who in describing in that year some of his
experiments said: .

] The phenomena in these exhausted tubes revea! to physical
science a new world—a world where matter exists in a fourth
state. . . . . In studying this fourth state of matter wz seem
at length to have within our grasp and obedient to our control the
fittle indivisible particles which with good warrant are supposed
to constitute the physical basis of the universe.:

Fournier d'Albe, Life of Sir William Crookes, 1924.
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Further, by 1800 Sir Arthur Schuster” had gone a
step farther and shown how the ratio of the charge to
M@ of these same hypothetical particles might
be determined. Indeed he had experimentally evaluated
this ratio, obtaining, however, a value very much too
small, namely, 1.1 X10~® electromagnetic units.

But it was J. J. Thomson® who in 1897 first mtroduced
2 more reliable method of determining this ratio, namely,
one which combines a measurement of the magnetic
deflectability of a beam of cathode rays with the electro-
static deflectability of the same beam. The value which
he obtained, namely, 7X10® electromagnetic units, was

the Emmmm

nearly a thousand times the value of M for the hydrogen

jonin solutions. Also since the approximate equality of ne
in gases and solutions meant that ewas atleast of the same
order in both, the only possible conclusion was that the
negative ion which appears in discharges in exhausted
tubes has a mass, i.e., an inertia, only one-thousandth
of the mass of the lightest-known atom, namely, the
atom of hydrogen. Later more accurate experiments

e
have fixed the correct value of p” for cathode rays at

1.768 X 107 electromagnetic units.
Furthermore, J. J. Thomson and after him other

. € e o
experimenters showed that p for the negative carrier s

always the same whatever be the nature of the residual
gas in the discharge tube. This was an indication of
an affirmative answer to the sixth question above—an

z Proc. Roy. Sac., XL (18g0), 526.
2 Phil, Mag., XLIV {1807), 268.
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indication which was strengthened by Zeeman’s discovery
in 1897 of the splitting by a magnetic field of a single
spectral ine into two or three lines; for this, when worked
out quantitatively, pointed to the existence within the
atom of a negatively charged particle which had approxi-

mately the same value of .
"

e
The study of - for the positive ions in exhausted tubes

was first carried out quantitatively by Wien,” and was
later most elaborately and most successfully dealt with by
J. J. Thomson® and his pupils at the Cavendish Labora-
tory. The results of the work of all observers up to

date seem to show quite conclusively that L for a
we

positive ion in gases is never larger than its value for the
hydrogen ion in electrolysis, and that it varies with
different sorts of residual gases just as it is found to do
in electrolysis.

In a word, then, the act of ionization in gases appears
to consist in the detachment from a neutral atom of one
or more negatively charged particles, called by Thomson
corpuscles. The residuum of the atom is of course posi-
tively charged, and it always carries practically the
whole mass of the original atom. The detached cor-
puscle must soon attach itseli, in a gas at ordinary pres-
sure, to a neutral atom, since otherwise we could not
account for the fact that the mobilities and the diffusion
coefficients of negative ions are usually of the same order
of magnitude as those of the positive ions. It is because
of this tendency of the parts of the dissociated atom to

W, Wien, Wied. Ann., LXV (1808), 440,

* Rays of Positive Electricity. London: Longmans, 1913.
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form new attachments in gases at ordinary pressure that
the inertias of these parts had to be worked out in the
rarefied gases of exhausted tubes.

The foregoing conclusions as to the masses of the
positive and negative constituents of atoms had mmw been
reached before 1900, mostly by the workers in the
Cavendish Laboratory, and subsequent investigation has
not modified them in any essential particulars.

The history of the development of our present Wm,woi-
edge of the charges carried by the constituents will be
detailed in the next chapters.

CHAPTER TII

EARLY ATTEMPTS AT THE DIRECT DETER-
MINATION OF ¢

Although the methods sketched in the preceding
chapters had been sufficient to show that the mean
charges carried by ions in gases are the same or nearly
the same as the mean charges carried by univalent ions
in solution, in neither case had we any way of determin-
ing what the absolute value of that mean charge is, nor,

_indeed, had we any proof even that all the ions of a given

kind, e.g., silver or hydrogen, carry the same charge. Of
course, the absolute value of ¢ could be found from the
measured value of ne if only 2, the number of molecules
in 1 c.c. of gas under standard conditions, were known.
But we had only rough guesses as to this number. These
guesses varied tenfold, and none of them were based
upon considerations of recognized accuracy or even
validity.
I. TOWNSEND'S WORK ON e

The first attempt at a direct determination of ¢ was
published by Townsend in a paper read before the
Cambridge Philosophical Society on February 8, 1897.
Townsend’s method was one of much novelty and of no
little ingenuity. Tt is also of great interest because it
contains all the essential elements of some of the sub-
sequent determinations.

t Proceedings, YX (1897), 244-
_ 43
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Tt had been known, even to Laplace and Lavoisier a

hundred years before, that the hydrogen gas evolved
when a metal dissolves in an acid carries with it an elec-

trical charge. This “natural method” of obhtaining a

charge on a gas was scarcely studied at all, however,

until after the impulse to the study of the electrical

properties of gases had been given by the discovery in

1896 that electrical properties can be artificially imparted

to gases by X-rays. Townsend’s paper appeared within
a year of that time. Enright® had indeed found that
the hydrogen given off whenironis dissolving in sulphuric
acid carries with it a positive charge, but Sir Oliver
Lodge? had urged that it was not the gas itself which
carries the charge but merely the spray, for the frictional

electrification of spray was a well-known phenomenon.

Indeed, it has always been assumed that the gas mole-
cules which rise from the electrodes in electrolysis are
themselves neutral. Townsend, however, first showed
that some of these molecules are charged, although there
are indeed a million million neutral ones for every one
carrying a charge. He found that both the oxygen and
the hydrogen which appear at the opposite electrodes
when sulphuric acid is electrolyzed are positively charged,
while when the electrolvte is caustic potash both the oxy-
gen and the hydrogen given off are negative. Townsend’s
electrolyzing currents were from 12 to 14 amperes. He
got in this way many more ions per cubic centimeter
than he could produce with X-rays, the total charge
per cubic centimeter being as large as 5X107? electro-
static units.

* PRil. Meg., XXIX (18g0; sth series), 56.
2 Ibid., p. 292; Nature, XXXV, 412
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When these charged gases were bubbled through
water they formed a cloud. This cloud could be com-
Mmiw.ww removed by bubbling through concentrated sul-
phuric m.h& or any drying agent, but when the gas came
out again into the atmosphere of the room it again con-
densed moisture and formed a stable cloud. Townsend
says that “the process of forming the cloud in positive
or gm.wﬁﬁ oxygen by bubbling through water, and
removing it again by bubbling through sulphuric acid,
can be gone through without losing more than zo or 25
per cent of the original charge on the gas.” This means
simply that the ions condense the water about them
when there is an abundance of moisture in the air, but
when the cloud is carried into a perfectly dry atmos-
phere, such as that existing in a bubble surrounded on
all sides by concentrated sulphuric acid, the droplets of
ﬁﬂwﬂmw evaporate and leave the charge on a molecule of
air as it was at first. The 20 or 25 per cent loss of charge
aww.y.ammbﬁm the fraction of the droplets with their charges
dﬂm&w actually got into contact with and remained in the
lquids through which the gas was being bubbled.

In order to find the charge on each lon, Townsend
toek the following five steps:
oL He assumed that in saturated water vapor each
mow condensed moisture about it, so that the number of
tons was the same as the number of droplets.

2. He determined with the aid of a quadrant elec
trometer the total electrical charge per cubic centimeter
carried by the gas.

3 He found the total weight of the cloud by passing
it through drying tubes and determining the increase in
weight of these tubes.
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4. He found the average weight of the water droplets
constituting the cloud by observing their rate of fall
under gravity and computing their mean radius with
the aid of a purely theoretical law known as Stokes’s
Law.

5. He divided the weight of the cloud by the average
weight of the droplets of water to obtain the number of
droplets which, if assumption 1 is correct, was the number
of ions, and he then divided the total charge per cubic
centimeter in the gas by the pumber of ions to and the
average charge carried by each ion, that is, to find e.

A briefl description of the way in which these experi-
ments were carried out is contained in Appendix B.

One of the interesting side results of this work was
the observation that clouds from negative oxygen fall
faster than those from positive oxygen, thus indicating
that the negative ions in oxygen act more readily than
do the positive ions as nuclei for the condensation of
water vapor. This observation was made at about the
same time in another way by C. T. R. Wilson,* also in the
Cavendish Laboratory, and it has played a rather impor-
tant role in subsequent work. Wilson’s discovery was
that when air saturated with water vapor is ionized by
X-rays from radioactive substances and then cooled
by a sudden expansion, a smaller expansion is required

to make a cloud form about the negative than about the
positive ions. Thus when the expansion increased the
volume in a ratio between 1.25 and 1.3, only negative
ions acted as nuclei for cloudy condensation, while with
expansions greater than 1.3 hoth negatives and positives
were brought down. .

2 Proc. Camb. Phil. Soc., IX {1897}, 333-
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Townsend first obtained by the foregoing method

when he worked with positive oxygen,

e=12,8X 10" electrostatic units,
and when he worked with negative oxygen,
€= 3 . 1X 107" electrostatic units,

H.w Eﬂ@.. o@mmgmﬁmm he obtained 2.4 and 2.9, respec-
tively, in place of the numbers given above vs”ﬁ in view
of the unavoidable errors, he concluded ﬁwﬁ.\ the two
charges might be considered equal and approximately
3X 107 electrostatic units, Thus he arrived at about
the same value for ¢ as that which was then current he-
cause of the kinetic theory estimates of #, the number of
molecules in a cubic centimeter of a gas.
ﬁww. weak points in this first attempt at a direct

determination of e consisted in: (1) the assumption that
the number of ions is the same as the number of %ow_um.
(2) the assumption of Stokes’s Law of Fall which wm&“
never been tested experimentally, and which from a

theoretical standpoint might be expected to be in error

g.%mm the droplets were small enough; (3} the assump-

tion that the droplets were all alike and fell at a zummgw

rate wholly uninfluenced by evaporation or other causes
m& change; (4) the assumption of no convection currents
in the gas when the rate of fall of the cloud was being
measured.

TI. SIR JOSEPH THOMSON'S WORK ON e

~ This first attempt to measure ¢ was carried out in Pro-
fessor J. J. Thomson’s laboratory. The second attempt
was made by Professor Thomson himself* by a method
VIBid., D, 343. .
* Phil. Mag., XLVI (1808), 528.
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which resembled Townsend’s very closely in all its essen-
tial particulars. Indeed, we may set down for Professor
Thomson’s experiment precisely the same five elements
which are set down on p. 47 for Townsend’s. The differ-
ences lay wholly in step 2, that is, in the way in which
the electrical charge per cubic centimeter carried by the
gas was determined, and in step 3, that is, in the way
i1 which the fotal weight of the cloud was obtained.
Thomson produced ions in the space A (Fig. 1) by an
X.ray bulb which ran at a constant rate, and measured
first the current which,under the influence of a very weak
electromotive force E, flows through 4 between the sur-
face of the water and the aluminum plate which closes
the top of the vessel. Then if #' is the whole number of
ions of one sign per cubic centimeter, # the velocity of
the positive and v that of the negative ion under unit
electric force, i.c., if # and v are the mobilities of the posi-
tive and negative ions, respectively, then the current]
per unit area is evidently given by

T=n'elut) B ..o viiiinin. {4)

7 and E were easily measured in any experiment;
ut-p was already known from Rutherford’s previous
worlk, so that #'e, the charge of one sign per cubic centi-
meter of gas under the ionizing action of a constant
source of X-rays, could be obtained at once from {4
This then simply replaces Townsend’s method of obtain-
ing the charge per cubic centimeter on the gas, and in
principle the two methods are quite the same, the differ-
ence in experimental arrangements being due to the fact
that Townsend’s ions are of but one sign while Thom-
son’s are of both signs.

EARLY DETERMINATIONS OF ¢ 5L

Having thus obtained #’e of equation (1), Thomson
had only to find #" and then solve for e. To obtain
he proceeded exactly as Townsend had done in letting
the ions condense droplets of water about them and
weighing the coud thus formed. But in order to form
the cloud, Thomson utilized C. T. R. Wilson’s discovery

Tie. 1

just touched upon above, that a sudden expansion and
consequent cooling of the air in 4 (Fig. 1) would cause
the ions in 4 to act as nuclei for the formation of water
droplets. To produce this expansion the piston P is
suddenly pulled down so as to increase the velume of the
space above it. A cloud is thus formed about the ions
in A. Instead of measuring the weight of this cloud
directly, as Townsend had done, Thomson computed it
by a theoretical consideration of the amount of cooling
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produced by the expansion and the known difference
between the densities of saturated water vapor at the
temperature of the room and the temperature resulting
from the expansion. This method of obtaining the
weight of the cloud was less direct and less reliable than
that used by Townsend, but it was the only one avail-
able with Thomson’s method of obtaining an jonized gas
and of measuring the charge per cubic centimeter on that
gas. The average size of the droplets was obtained pre-
cisely as in Townsend’s work by applying Stokes’s Law
io the observed rate of fall of the top of the cloud in
chamber 4.

The careful consideration of Thomson’s experiment
shows that it contains the theoretical uncertainties
involved in Townsend’s work, while it adds some very
considerable experimental uncertainties. The most seri-
ous of the theoretical uncertainties arise from (1) the
assumption of Stokes’s Law, and (2) the assumption that
the number of ions is equal to the number of droplets.
Both observers sought for some experimental justification
for the second and most serious of these assumptions, but
subsequent work by H. A. Wilson, by Quincke, and
by myself has shown that clouds formed by C. T. R.
Wilson’s method consist in general of droplets some of
which may carry one, some two, some ten, or almost any
number of unit charges, and I have never heen able,
despite quite careful experimenting, to obtain conditions
in which it was even approximately true that each
droplet carried but a single unit charge. Quincke has
recently published results from which he arrives at the
same conelusion?

1 Verk. der deutsch. phys. Ges.. XVI (1914}, 422.
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Again, when we compare the experimenial uncer-
tainties in Townsend’s and Thomson’s methods, it is at
once obvious that the assumption that the clouds are not
evaporating while the rate of fall is being determined is
even more serious in Thomson’s experiment than in
Townsend’s, for the reason that in the former case the
clouds are formed by a sudden expansion and a conse-
quent fall in temperature, and it is certain that during
the process of the return of the temperature to initial
conditions the droplets must be evaporating. TFurther-
more, this sudden expansion makes the likelihood of the
existence of convection currents, which would falsify
the computations of the radius of the drop from the ob-
served rate of fall, more serious in Thomson’s work than
in Townsend’s. The results which Thomsen attained
in different experiments gave values ranging from
5.5X 107" to 8.4X 107 He published as his final
value 6. x> 107™. In 1go3, however,” he published some
new work on e in which he had repeated the determina-
tion, using the radiation from radium in place of that
from X-rays as his jonizing agent and obtained the result
e=3.4X 107%™ He explained the difference by the
assumption that in his preceding work the more active
negative ions had monopolized the aqueous vapor avail-
able and that the positive ions had not been brought
down with the cloud as he had before assumed was the
case. He now used more sudden expansions than he
had used before, and concluded that the assumption
made in the earlier experiments that the number of ions
was equal to the number of particles, although shown te
be incorrect for the former case, was correct for these

L Phil. Mag., V (xgo3; 6th series), 354.
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second experiments. As a matter of fact, if he had
obtained only half the ions in the first experiments and
all of them in the second, his second result should have
come out approximately one-half as great as the first,
which it actually did. Although Thomson's experiment
was an interesting and important modification of Town-~
send’s, it can scarcely be said to have added greatly
to the accuracy of our knowledge of e.

The next step in advance in the attempt at the deter-
mination of ¢ was made in 1903 by H. A. Wilson,* also
in the Cavendish Laboratory.

ITL. H. A. WILSON'S METHOD

Wilson’s modification of Thomson’s work consisted in
placing inside the chamber 4 two horizontal brass plates
3% cm. in diameter and from 4 to 1o mm. apart and con-
necting to these plates the terminals of a 2,000-volt
battery. He then formed a negative cloud by a sudden
expansion of amount between 1.25 and 1.3, and
observed first the rate of fall of the top surface of this
cloud between the plates when no-electrical field was
on; then he repeated the expansion and observed the
rate of fall of the cloud when the electrical field as well
as gravity was driving the droplets downward. If mg
represents the force of gravity acting on the droplets in
the top surface of the cloud and mg+Fe the force of
gravity plus the electrical force arising from the action
of the field F on the charge e, and if v, is the velocity
of fall under the action of gravity alone, and v, the
velocity when both gravity and the electrical field are
acting, then, if the ratio between the force acting and

10, cil., p. 420,
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the velocity produced is the same when the particle is
charged as when it is uncharged, we have

mg 7

%“m\m ..... e e . . mmg

Combining this with the Stokes’s Law equation which
runs
2 gaio

e PR }

R -6
in which g is the radius, ¢ the density, o: the velocity of
the drop under gravity g, and n is the viscosity of the air,
and then eliminating m by means of

...... U (3

Wilson obtained after substituting for n and ¢ the appro-
priate values (not accurately known, it is true, for
saturated air at the temperature existing immediately
after the expansion},

g3 TX 1070 %@uiebﬁw ........... A8
Wilson’s method constitutes a real advance in that it
eliminates the necessity of making the very awkward
assumption that the number of droplets is equal to the
number of negative ions, for since he observes only the
rate of fall of the fp of the cloud, and since the more
heavily charged droplets will be driven down more
rapidly by the field than the less heavily charged ones,
his actual measurements would always be made upon
the least heavily chorged droplets.  All of the other dif-
ficulties’ and assumptions contained in either Town-
send’s or Thomson’s experiments inhere also in Wilson's,
and in addition one fresh and rather serious assumption
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is introduced, namely, that the clouds formed in succes-
sive expansions are identical as to size of droplets. For
we wrote down the first equation of Wilson’s method as
though the v, and v, were measurements made upon
the same droplet, when as a matter of {fact the measure-
ments are actually made on wholly different droplets.
I have myself found the duplication of cloud conditions
in successive expansions a very uncertain matter.
Furthermore, Wilson’s method assumes uniformity in the
field between the plates, an assumption which might be
quite wide of the truth.

Although the elimination of the assumption of
equality of the number of droplets and the number of
ions makes Wilson’s determination of ¢ more reliable as
to method than its predecessors, the accuracy actually
attained was not great, as can best be seen from his own
final summary of results. He made eleven different
determinations which varied from e=2X10"" to
e=4.4X 107" His eleven results are:

TABLE I

e €
oI

<

[£3

"

(13

W Qw0

3
3.
3.
2.
2.,

Mean 3. 1X107™

In 1906, being dissatisfied with the variability of these
restlts, the author repeated Wilson’s experiment without
obtaining any greater consistency than that which the
latter had found. Indeed, the instability, distortion, and
indefiniteness of the top surface of the cloud were some-
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what disappointing, and the results were not considered
worth publishing. Nevertheless, it was concluded from
these observations that the accuracy might be improved
by using radium instead of X-rays for the ionizing agent,
by employing stronger electrical fields, and thus increas-
ing the difference between v and 7, which in Wilson’s
experiment had been quite small, and by observing the
fall of the cloud through smaller distances and shorter
times in order to reduce the error due to the evapora-
tion of the cloud during the time of observation.
Accordingly, a 4,000-volt storage battery was built and
in the summer of 19o8 Mr. Begeman and the author,
using radium as the jonizing agent, again repeated the
experiment and published some results which were some-
what more consistent than those reported by Wilson.®
We gave as the mean of ten observations which varied
from 3.06 to 4.37 the value e=4. 06X 10", We stated
at the time that although we had not eliminated alto-
gether the error due to evaporation, we thought that we
had réndered it relatively harmless, and that our final
result, although considerably larger than either Wilson’s
or Thomson’s (3.1 and 3.4, respectively), must be con-
sidered an approach at least toward the correct value.

Iv. THE BALANCED-DROP METHOD

Feeling, however, that the amount of evaporation of
the cloud was still a quite unknown quantity, I next
endeavored to devise a way of eliminating it entirely.
The plan now was to use an electrical field which was
strong enough, not merely to increase or decrease slightly
the speed of fall under gravity of the top surface of the

T Phys. Rev., XX VI (xgo8), 8. '
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cloud, as had been done in all the preceding experiments,
but also sufficiently strong to hold the top surface of the
cloud stationary, so that the rate of its evaporation could
be accurately observed and allowed for in the computa-
tions.

This attempt, while not successful in the form in
which it had been planned, led to a modification of the
cloud method which scemed at the time, and which has
actually proved since, to be of far-reaching importance.
It made it for the first time possible to make all the measure-
menls on individual droplets, and thus not mezely to
eliminate ultimately all of the questionable assumptions
and experimental uncertainties involved in the cloud
method of determining e, but, more important still, it
made it possible to examine the properties of E%ﬁ@:&
isolated electrons and to determine whether different
jons actually carry one and the same charge. That is
to say, it now became possible to determine whether
electricity in gases and solutions is actually huilt up out
of electrical atoms, each of which has exactly the same
value, or whether the electron which had first made its
appearance in Faraday’s experiments on solutions and
then in Townsend’s and Thomson’s experiments on gases
is after all only a sta#istical mean of charges which are
themselves greatly divergent. This latter view had been
strongly urged up to and even after the appearance of
the work which is now under consideration. It will be
given further discussion presently. -

The first determination which was made upon the

charges carried by individual droplets was carried out
in the spring of 190g. A report of it was placed upon
the program of the British Association meeting at Winni-
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peg in August, 1909, as an additional paper, was printed
in abstract in the Physical Review for December, 1909,
and in full in the Philosophical Magazine for February,
1910, under the title “A New Modification of the Cloud
Method of Determining the Elementary FElectrical
Charge and the Most Probable Value of That Charge.’™
The following extracts from that paper show clearly what
was accomplished in this first determination of the
charges carried by individual droplets.

THE BATLANCING OF INDIVIDUAL CHARGED DROPS BY AN
ELECTROSTATIC FIELD

My original plan for eliminating the evaporation error was to
obtain, if possible, an electric field strong enough exactly to balance
the force of gravity upon the cloud and then by means of a sliding
contact to vary the strength of this field so as to hold the cloud
balanced throughout its entire life. In this way it was thought
that the whole evaporation-history of the cloud might be recorded,
and that suitable allowances might then be made in the observa-
tions on the rate of fall to climinate entirely the error due to
evaporation. It was not found possible to halance the cloud, as
had been originally planned, but it was found possible to do some-
thing much better: namely, to hold individual charged drops sus-
pended by the field for periods varying from 3o to 6o seconds.
I have never actually timed drops which lasted more than 43
seconds, although I have several times ebserved drops which in
my judgment lasted considerably longer than this. The drops
which it was found possible to balance by an electrical ficld always
carried multiple charges, and the difficulty experienced in balan-
cing such drops was less than had been anticipated.

The procedure is simply to form: a cloud and throw on the
field immediately thereaiter. The drops which have charges of
the same sign as that of the upper plate or too weak charges of the
opposite sign rapidly fall, while those which are charged with too
many multiples of the sign opposite to that of the upper plate are

¥ Phil. Mag,, X1X (1910}, 200.
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jerked up against gravity to this plate. The result is that after
a lapse of 7 or § seconds the field of view has become quite clear
save for a relatively small number of drops which have just the
right ratio of charge to mass to be held sugpended by the electric
field. These appear as perfectly distinct bright peints. T have
on several occasions obtained but one single such “star” in the
whole field and held it there for nearly a minute. For the most
part, however, the observations recorded below were made with
a considerable number of such points in view. Thin, fiocculent
clouds, the production of which seemed to be facilitated by keep-
ing the water-jackets J, and J; (Fig. 2} a degree or two above the
temperature of the room, were found to be particularly favorable
to observations of this kind.

Furthermore, it was found possible so to vary the mass of &
drop by varying the lonization, that drops carrying in some cases
two, in some three, in some four, in some five, and in some six,
multiples could be held suspended by pearly the same field. The
means of gradually varying the field which had been planned were
therefore found to be unnecessary, If a given field would not
hold any drops suspended it was varied by steps of 100 or 200
volts until drops were held stationary, or nearly stationary. When
the ©.D. was thrown off it was often possible to see different drops
move down under gravity with greatly different speeds, thus show-
ing that these drops had different masses and ecorrespondingly
different charges.

The life-history of these drops is as follows: 1If they are 2
Little too heavy to be held quite stationary by the field they begin
to move slowly down under gravity. Since, however, they stowly
evaporate, their downward meotion presently ceases, and they
become stationary for a considerable period of time. Then the
field gets the better of gravity and they move slowly upward.
Toward the end of their life in the space between the plates, this
upward motion becomes quite rapidly accelerated and they are
drawn with considerable speed to the upper plate. This, taken
in connection with the fact that their whole life between plates
only 4 or 5 mm. apart is from 35 to 6o seconds, wiil make it obvious
that during a very considerable fraction of this time their motion
must be exceedingly slow. I have often held drops through a
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period of from 10 to 15 seconds, during which it was impossible to
see that they were moving at all. Shortly after an expansion I
have seen drops which at first seemed stationary, but which then
began to move slowly down in the direction of gravity, then become
stationary again, then finally began to move slowly up. This is
probably due to the fact that large multiply charged drops are not
in equilibrium with smaller singly charged drops near them, and
hence, instead of evaporating, actually grow for a time at the
expense of their small neighbors. Be this as it may, however, it
is by utilizing the experimental fact that there is a considerable
period during which the drops are essentially stationary that it
becomes possible to make measurements upon the rate of fall in
which the error due to evaporation is wholly negligible in compari-
son with the other errors of the experiment. Furthermore, in
making measurements of this kind the ohserver is just as likely
to time a drop which has not quite reached its stationary point as
one which has just passed through that point, so that the mean of
a considerable number of ebservations would, even from a theo-
retical standpoint, be quite free from an error due to evaporation.

THE METHOD OF OBSERVATION

The observations on the rate of fall were made with a short-
focus telescope T (see Fig. 2} placed about 2 feet away from the
plates, In the eyepiece of this telescope were placed three equally
spaced cross-hairs, the distance between those at the extreraes cor-
responding to about one-third of the distance between the plates.
A small section of the space between the plates was Huminated by
a narrow beam from an arc lght, the heat of the arc being absorbed
by three water cells in series. The air between the plates was
jonized by 200 mg. of radium, of activity 20,000, placed from
3 to 1o ¢m. away from the plates. A second or so after expansion
the radium was removed, or screened off with a lead screen, and the
field thrown on by band by means of a double-throw switch. If
drops were not found to be held suspended by the field, the P.D.
was changed or the expansion varied until they were so held. The
cross-hairs were set near the lower plate, and as soon as a stationary
drop was found somewhere above the upper cross-hair, it was
watched for a few seconds to make sure that it was not moving,




62 THE ELECTRON

and then the field was thrown off and the plates short-circuited
by means of the double-throw switch, so as to make sure that they
retained no charge. The drop was then timed by means of an
accurate stop watch as it passed across the three cross-hairs, one
of the two hands of the watch being stopped at the instant of

o

e = e = = = - = =iy
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passage across the middle cross-hair, the other at the instant of
passage across the lower one. It will be seen that this method
of observation furnishes a double check upon evaporation; for if
the drop is stationary at first, it is not evaporating sufficiently to
influence the reading of the rate of fall, aud if it begins to evaporate
appreciably before the reading is completed, the time required to
pass through the second space should be greater than that required
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to pass through the first space. It will be seen from the observa-
tions which follow that this was not, in general, the case.

It is an exceedingly interesting and instructive experiment to
watch one of these drops start and stop, or even reverse its direc-
tion of motion, as the field is thrown off and on. I have often
caught a drop which was just too light to remain stationary and
moved it back and forth in this way four or five times between the
same two cross-hairs, watching it first fall under gravity when the
field was thrown off and then rise against gravity when the field
was thrown on. The accuracy and certainty with which the
instants of passage of the drops across the cross-hairs can be deter-
mined are precisely the same as that obtainable in timing the
passage of a star across the cross-hairs of a transit instrument.

Furthermore, since the observations upon the quantities
occurring in equation (4) [see (8) p. 55 of this volume} are all
made upon the same drop, all uncertainties as to whether condi-
tions can be exactly duplicated in the formation of successive
clouds obviously disappear. There is no theoretical urcertainty
whatever left in the method unless it be an uncertainty as to
whether or not Stokes’s Law applies to the rate of fall of these
drops under gravity. The experimental uncertainties are reduced
to the uncertainty in a time determination of from 3 to g seconds,
when the object being timed is a single moving bright point. This
means that when the time interval is say 5 seconds, as it is in some
of the observations given below, the error which a practiced
observer will make with an accurate stop watch in any particular
observation will never exceed 2 parts in 0.  The error in the mean
of a considerable number of concordant observations will chviously
be very much less than this.

Since in this form of observation the v, of equation (5) [(8) of
this volume] is zero, and since F is negative in sign, equation {5)
reduces o the simple form:

»Hm.ﬁwxﬂoiox% b (B

11 had changed the constant in Wilson's equation from 2.1 to
3.422 because of careful measurements o the temperature existing in
the cloud chamber about 1o seconds after expansion and because of new
measurements on the viscosity of the saturated air.
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It will perhaps be of some interest to introduce two
tables from this paper to show the exact nature of these

TABLE 11

SeriEs 1 (Barawcen Posrrve  SEriEs 2 {Barancen PosiTive
Warer Drors) Warer Drors)

Distance between plates .345 e, Distance between plates . 545 cm.
Measured distance of fall . 155 aom.  Measured distance of fall (155 cm.

i i Time Time
Vaits u.wmwwwh uMmWMnm Volts T mwwg 2 Spaces
2,285. . ... 2.4 sec. 4.8 sec.  2,368...... 1.8 gec.| 4.0 sec.
2,285. ... .. 2.4 4.8 2,365, . ..., 1.8 4.0
2,278 et 2.4 4.8 2,305, . ... 2.2 3.8
2,325, 0 e nns 2.4 4.8 2,305, ... .. 1.8 4.0
2,325, 00 2.6 4.8 2,305......0 2.0 4.0
2,325......] 2.2 4.8 2,398 . ... 2.0 4.0
2,365. ... .. 2.4 4.8 2,308 . 00 a s 2.0 3.8
2,365, ..., .8 4.0
2,312, ... .. 2.4 4.8 2,365, ..., 1.8 4.0
2,305, . ..., 1.8 4.0
M time for .135 cm.==4.8 sec.
Mean time o =3 4 s 2374 1.g0 3.06
680.3 L1557 %
g;=3.422 X 100X > XAE@
1424 4- Mean time for (155 cim.==3.91 sec,
=313.77X 100 986.3., 7 -155\}
Therefore ¢==13.85X10719+3 maﬂw.ﬁNXHoEoXsﬁ,mmXmm,aﬂ.
“&.MOXHO!HO. =18.25X1010
Therefore g==18. 2544
= sh¥ om0
TABLE III
Series Charge Valye of ¢ >¢MMWMWM
| S 3¢ 4.50 7
I 2 4e 4.36 i
T, 2e 4.64 ]
Bovnnnornanes 5e 4.83 4
Bevionaniannn 2e 4.8y 1
[ Ge 4.69 3

Simple mean e=4. 70X 10710
Weighted mean g=4.65X 10~
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carliest measurements on the charges carried by indi-
vidual particles.

In connection with these experiments I chanced to
observe a phenomenon which interested me very much
at the time and suggested quite new possihilities. While
working with these “balanced drops” I noticed on sev-
eral occasions on whick I had failed to screen off the rays
from the radium that now and then one of them would
suddenly change its charge and begin to move up or
down in the field, evidently because it had captured in
the one case a positive, in the other a negative, ion. This
opened up the possibility of measuring with certainty,
not merely the charges on individual droplets as I had
been doing, but the charge carried by a single atmos-
pheric ion. - For by laking lwo speed measurements on the
same drop, one before and one after it had caught an ion, I
could obviously eliminate entirely the properties of the drop
and of the medium and deal with o quaniily which was pro-
portional merely lo the charge on the captured ion itself.

Accordingly, in the fall of 1909 there was started the
series of experiments described in the succeeding chapter.

The problem had already been so nearly solved by
the work with the water droplets that there seemed no
possibility of failure. It was only neeessary to get a
charged droplet entirely free from evaporation into the
space between the plates of a horizontal air condenser
and then, by alternately throwing on and off an electrical
field, to keep this droplet pacing its beat up and down
between the plates until it could catch an atmospheric
fon in just the way I had already seen the water droplets
do. The change in the speed in the field would then be
exactly proportional to the charge on the ion captured.




CHAPTER IV

GENERAL PROOF OF THE ATOMIC NATURE COF
ELECTRICITY

Although the “balanced-droplet method” just de-
scribed had eliminated the chief sources of uncertainty
which inhered in preceding work on ¢ and had made it
possible to assert with much confidence that the unit
charge was a real physical entity and not merely a
“gtatistical mean,” it was vet very far from an exact
method of studying the properties of gaseous ions. The
sources of error or uncertainty which still inhered in it
arose from {1} the lack of stagnancy in the air through
which the drop moved; (2) the lack of perfect uniformity
of the electrical field used; (3) the gradual evaporation
of the drops, rendering it impossible to hold a given drop
under observation for more than a minute or to time a
drop as it fell under gravity alone through a period of
more than five or six seconds; and (4) the assumption
of the validity of Stokes’s Law.

The method which was devised to replace it was not
only entirely free from all of these limitations, but it
constituted an entirely new way of studying lonization
and one which at once yielded important results in a
considerable number of directions. ‘This chapter deals
with some of these by-products of the determination of
¢ which are of even more fundamental interest and
importance than the mere discovery of the exact size of
the electron.

66
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I. ISOLATION OF INDIVIDUAL TONS AND MEASUREMENT
OF THEIR RELATIVE CHARGES

In order to compare the charges on different ions, the

procedure adopted was to blow with an ordinary com-

mercial atomizer an oil spray into the chamber C (Fig. 3).

77A
JANNUNRRENANY

F1a. 3

The air with which this spray was blown was first ren-
dered dust-free by passage through a tube- containing
glass wool. 'The minute droplets of oil constituting the
spray, most of them having a radius of the order of a
one-thousandth of a millimeter, slowly fell in the cham-
ber C, and occasionally one of them would find its way
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through the minute pinhole p in the middle of the circular
brass plate M, 22 cm. in diameter, which formed one of
the plates of the air condenser. The other plate, N, was
held 16 mm. beneath it by three ebonite posts a. By
means of the switch S these plates could be charged, the
one positively and the other negatively, by making them
the terminals of a 10,000-volt storage battery B, while
throwing the switch the other way (to the leit) short-
circuited them and reduced the field between them tozero.
The oil droplets which entered at p were lluminated by a
powerful beam of light which passed through diametri-
cally opposite windows in the encircling ebonite strip c.
As viewed through a third window in ¢ on the side toward
the reader, it appeared as a bright star on a black back-
ground. These droplets which entered p were found in
general to have been strongly charged by the frictional
process involved in blowing the spray, so that when the
field was thrown on in the proper direction they would
be pulled up toward M. Just before the drop under
observation could strike M the plates would be short-
circuited and the drop allowed to fall under gravity until
it was close to N, when the direction of motion would
be again reversed by throwing on the field. In this way
the drop would be kept traveling back and forth between
the plates. The first time the experiment was tried an
jon was caught within a few minutes, and the fact of its
capture was signaled to the observer by the change
in the speed with which it moved up when the feld was
on. The significance of the experiment can best be
appreciated by examination of the complete record of
one of the early experiments when the timing was dene
merely with a stop watch.
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The column headed ¢, gives the successive times which
the droplet required to fall between two fixed cross-hairs
in the observing telescope whose distance apart corre-
sponded in this case to an actual distance of fall of
.sz22 cm. It will be seen that these numbers are all the
same within the limits of error of a stop-watch measure-
ment. The column marked 7 gives the successive times

TABLE IV

nm .mﬁ
13.6 2.5
13.8 12.4
13.4 21.8
13.4 34.8
3.0 84.3
3.0 Bs.5
13.7 34.6
13.5 34.8
13:5 6.0
13.8 34.8
13.7 34.6
13.8 25.9
13.6

13.5

13.4

13.8

13.4

Mean 13. 503

which the droplet required to rise under the influence of
the electrical field produced by applying in this case
5,057 volts of potential difference to the plates M and V.
It will be seen that after the second trip up, the time
changed from 12. 4 to 21.8, indicating, since in this case
the drop was positive, that a negative jon had been
caught from the air. The next time recorded under #
namely, 34.8, indicates that another negative ion MEmM
been caught. The next time, 84. 5, indicates the capture
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of still another negative ion. This charge was held
for two trips, when the speed changed back again to
34.6, showing that a positive ion had now been caught
which carried precisely the same charge as the negative
ion which before caused the inverse change in time, i.e.,
that from 34.8 to 84.5.

In order to obtain some of the most important con-
sequences of this and other similar experiments we
need make no assumption further than this, that the
velocity with which the drop moves is proportional to
the force acting upon it and is independent of the elec-
trical charge which it carries. Fortunately this assump-
tion can be put to very delicate experimental test, as will
presently be shown, but introducing it for the time being
as a mere assumption, as Townsend, Thomson, and
Wilson had done before, we get

Wﬁ%ﬁm or ?HWMQL..EV ...... ()
The negative sign is used in the denominator because 2,
will for convenience be taken as positive when the drop
is going up in the direction of F, while v, will be taken
as positive when it is going down in the direction of g.
¢x denotes the charge on the drop, and must not be con-
fused with the charge on an ion. If now by the capture
of an ion the drop nwmnmom its charge from ¢, to éu, then
the value of the captured charge ¢; is .

siaf&umm@inv. R . .(10)
. mg . . .
and sinice Ty, 15 8 constant for this drop, any charge

which it may capture will always be proportional to
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(v'—9"), that is, to the change produced in the velocity
in the field F by the captured ion. The successive values
of », and of (z,—u,), these latter being obtained by sub-
tracting successive values of the velocities given under #,,
are shown in Table V.

TABLE V
7. (v—w)
5222
mmiwmﬁ 04106
01806+ 2= 00003
mmﬁ%n 02390 1
W .0G885-- 1= 008835
M.m..wn o155 _
W 00801+ 17 oo8gr
um;m%.m%ﬂ .oobi44
% 00891+ 1 = . 00801
v .01750- 27 , 00880
6.0 =034
w 01759+ 2= _coS8c
.008¢1-+ 1= 00801
.Mwmmmu 02300

It will be seen from the last column that within the
limits of error of a stop-watch measurement, all the
charges captured have exactly the same value save in
three cases. In all of these three the captured charges
were just twice as large as those appearing in the other
changes. Relationships of exactly this sort have been
found to hold absolutely without exception, no matter
in what gas the drops have been suspended or what sert
of droplets were used upon which to catch the ions. In




72 THE ELECTRON

many cases a given drop has been held under observation
for five or six hours at a time and has been seen to catch
not eight or fen ions, as in the experiment above, but
hundreds of them. Tndeed, I have observed, all told, the
capture of many thousands of ions in this way, and in
no case have T ever found one the charge of which, when
tested as above, did not have either exactly the value of
the smallest charge ever captured or else a very small
multiple of that value. Here,then,is direct, unimpeachable
proof that the electron is not a *statistical mean,” but thal
rather the electrical charges found on ions all have either ex-
actly the same value or clse small exact multiples of thatvalue.

1. PROOF THAT ALL STATIC CHARGES BOTH ON
CONDUCTORS AND INSULATORS ARE BUILT
TP OF ELECTRONS

The foregoing experiment leads, however, to results
of much more fundamental importance than that men-
tioned in the preceding section. The charge which the
droplet had when it first came under observation had
heen acquired, not by the capture of ions from the air,
but by the ordinary frictional process involved in blow-
ing the spray. If then ordinary static charges are built
up of electrons, this charge should be found to be an
exact multiple of the ionic charge which had been found
from the most reliable measurement shown in Table V
to be proportional to the velocity .0o8g1. This initial
charge e, on the drop is seen from equations {9} and (o)
to bear the same relation to {(v+7,) which the ionic
charge ej—e, bears to (v,—v,). Now, .= .5222/73.595
= .03842, hence v;+7,=.03842-+.04196=".08038. Di-
viding this by ¢ we obtain .0o8¢31, which is within about
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one-fifth of 1 per cent of the value found in the last
column of Table V as the smallest charge carried by an
ion.  Owur experiment has then given us for the first time
a means of compuring a frictional charge with the ionic
charge, and the frictional charge has in this instance been
Jound to contain exactly g electrons. A more exact means
of making this comparison will be given presently, but
suffice it to say here that experiments like the foregoing
have now been tried on thousands of drops in different
media, some of the drops being made of non-conductors
like oil, some of semi-conductors like glycerin, some of
excellent metallic conductors like mercury. In every
case, without a single exception, the initial charge placed
upon the drop by the frictional process, and all of the
dozen or more charges which have resulted from the
capture by the drop of a larger or smaller number of
ions, have been found to be exact multiples of the small-
est charge caught from the air. Some of these drops
have started with no charge at all, and one, two, three,
four, five, and six elementary charges or electrons have
been picked up. Others have started with seven or
eight units, others with twenty, others with fifty, others
with a hundred, others witk a hundred and fifty elemen-
tary units, and have picked up in each case a dozen or
two of elementary charges on either side of the starting-
point, so that, in all, drops containing every possible num-
ber of electrons between one and one hundred and fifty
have been observed and the number of electrons which
each drop carried has been accurately counted by the
method described. When the number is less than fifty
there is not a whit more uncertainty about this count
than therc is in counting one’s own fingers and toes. It
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is not found possible to determine with certainty the
number of electrons in a charge containing more than
one hundred or two hundred of them, for the simple
reason that the method of measurement used fails to
detect the difference between zoo and 201, that is, we
cannot measure ¥, with an accuracy greater than
one-half of 1 per cent. But it is quite inconceivable that
large charges such as are dealt with in commercial appli-
cations of electricity can be built up in an essentially
different way from that in which the small charges whose
electrons we are able to count are found to be. Further-
more, since it has been definitely proved that an electrical
current is nothing but the motion of an electrical charge
over or through a conductor, it is evident that the
experiments under comsideration furnish not only the
most direct and convincing of evidence that all electrical
charges are built up out of these very units which we
have heen dealing with as individuals in these experi-
ments, but that all electrical currents consist merely in
the transport of these electrons through the conducting
bodies.

In order to show the beauty and precision with which
these multiple relationships stand out in all experiments
of this kind, a table corresponding to much more precise
measurements than those given heretofore is here intro-
duced (Table VI). The time of fall and rise shown in
the first and second columns were taken with a Hipp
chronoscope reading to one-thousandth of a second.
The third columu gives the reciprocals of these times.
These are used in place of the velocities 2, in the field,
since distance of fall and rise is always the same. The
“fourth column gives the successive changes in speed due
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to the capture of fons. These also are expressed merely
as time reciprocals. For reasons which will be explained
in the next section, each one of these changes may corre-
spond to the capture of not merely one but of several dis-
tinct ions. The numbers in the fifth column represent

TABLE Vi
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Duration of exp. =45 min. Pressure =75.62 cm.
Plate distanca =16 mm. (il density = 0LQ0

Fall distance =50, 210 M. Alr viscosity  =1,824X1077
Initial volts =3 083 & Radius {@) = . 000276 CIn.
Final volts =5.081.2 I =.034

Temperature S C. nmmona of fall = .08384 em./sec.
e==4 . 001 X 10 %
simply the small integer by which it is found that the
numbers in the fourth column must be divided in order
to obtain the numbers in the sixth column. These will
be seen to be exactly alike within the limits of ervor of the
experiment. The mean value at the bottom of the sixth
column represents, then, the smallest charge ever caught
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from the air, that is, it is the elementary donic charge.
The seventh column gives the successive values of v,
expressed as reciprocal times. These numbers, then, rep-
resent the successive values of the fofal charge carried by
the droplet. The eighth column gives the integers by
which the numbers in the seventh column must be
divided to obtain the numbersin the last column.  These
also will be seen to be invariable. The mean at the
bottom of the last column represents, then, the eleclrical
wwit oul of which the frictional charge on the droplet was
built up, and it is seen lo be ideniical with the ionic charge
represented by the number at the bottom of the sixth column.

It may be of interest to introduce one further table
(Table VII) arranged in a slightly different way to show

TABLE VII

Oheerved

Charge 4017 Xn

4917 Xn

4.617 49.17
0. 334 54.00
14.75 59.00
10.606 9. 1 .92
24,59 . e .84
20.50 2G . .78
34.42 . .67
39.34 : -59
44.25 - 5T

how infallibly the atomic structure of electricity follows
from experiments like those under consideration.

In this table 4.917 is mercly a number obtained
precisely as above from the change in speed due to the
capture of ions and one which is proportional in this
experiment to the ionic charge. The column headed
4.917Xn contains simply the whole series of exact mul-
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tiples of this number from 1 to 18. The column headed
“Observed Charge’” gives the successive observed values
of (»,+7.). It will be seen that during the time of obser-
vation, about four hours, this drop carried all possible
multiples of the elementary charge from 4 to 18, save only
15.  Nomore exact or more consistent multiple relationship
is found in the data which chemists have amassed on the
combining powers of the elements and on which the atomic
theory of matter rests than is found in the foregoing numbers.

Such tables as these—and scores of them could be
given—place beyond all question the view that an
electrical charge wherever it is found, whether on an
insulator or a conductor, whether in électrolytes or in
metals, has a definite granular structure, that it consists
of an exact number of specks of electricity (electrons) all
exactly alike, which in static phenomena are scat-
tered over the surface of the charged body and in current
phenomena are drifting along the conductor. Instead
of giving up, as Maxwell thought we should some day do,
the “provisional hypothesis of molecular charges,” we
find ourselves obliged to make all our interpretations of
electrical phenomena, melallic as well as electrolytic, in
terms of if.

TI. MECHANISM OF CHANGE OF CHARGE OF A DROP

All of the changes of charge shown in Table IV were
spontaneous changes, and it has been assumed that all
of these changes were produced by the capture of ions
from the air. When a negative drop suddenly increases
its speed in the field, that is, takes on a larger charge of
its own kind than it has been carrying, there seems to be
no other conceivable way in which the change can be
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produced. But when the charge suddenly decreases there
is no a priori reason for thinking that the change may not
be due as well to the direct loss of a portion of the charge
as to the neutralization of this same amount of electricity
by the capture of a charge of opposite sign. That, how-
ever, the changes do actually occur, when no X-rays or
radioactive rays are passing between the plates, only by
the capture of ions from the air, was rendered probable by
the fact that drops not too heavily charged showed the
same tendency on the whole to increase as to decrease in
charge. This should not have been the case if there were
two causes tending to decrease the charge, namely, direct
loss and the capture of opposite ions, as against one tend-
ing to increase it, namely, capture of like fons. I he
matter was very convincingly settled, however, by mak-
ing observations when the gas pressures were as low as
2 or 3 mm. of mercury. Since the number of ions present
in a gas is in general directly proportional to the pressure,
spontaneous changes in charge should almost never oceur
at these low pressures; in fact, it was found that drops
could be held for hours at a time without changing. The
frequency with which the changes occur decreases regu-
larly with the pressure, as it should if the changes are
due to the capture of ions. For the number of ions
formed by a given ionizing agent must vary directly as
the pressure, :
Again, the changes do not, in general, occur when the
electrical field is on, for then the ions are driven instantly
to the plates as soon as formed, at a speed of, say,
10,000 cm. per second, and so do not have any oppor-
tunity to accumulate in the space between them. When
the field is off, however, they do so accumulate, until, in
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ordinary air, they reach the number of, say, 20,000 per
cubic centimeter. These ions, being endowed with the
kinetic energy of agitation characteristic of the tempera-
ture, wander rapidly through the gas and become a part
of the drop as soon as they impinge upon it. It was thus
thiat all the changes recorded in Table IV took place.

It is possible, however, so to control the changes as
to place electrons of just such sign as one wishes, and of
just such number as one wishes, within limits, upon a
given drop. If, for example, it is desired to place a posi-
tive electron upon a given drop the iatter is held with
the aid of the field fairly close to the negative plate, say
the upper plate; then an ionizing agent—X-rays or
radium-—is arranged to produce umniform lonization in
the gas between the plates. Since now all the positive
ions move up while the negatives move down, the drop
is in a shower of positive ions, and if the ionization is
intense enough the drop is sure to be hit. In this way
a positive charge of almost any desired strength may be
placed upon the drop. .

Simitarly, in order to throw a negative lon or lons
upon the drop it is held by the field close to the lower,
i.e., to the positive, plate in a shower of negative ions
produced by the X-rays. It was in this way that most
of the changes shown in Table VI were brought about.
This accounts for the fact that they correspond in some
instances to the capture of as many as six electrons.

When X-rays are allowed to fall directly upon the
drop itself the change in charge may occur, not merely
because of the capture of ions, but also because the rays
eject beta particles, i.e., negative electrons, from the
molecules of the drop. That changes in charge were
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actually produced in this way in our experiments was
proved conclugively in 1goro by the fact that when the
pressure was reduced to a very low value and X-rays
were allowed to pass through the air containing the drop,
the latter would change readily in the direction of increas-
Ing positive or decreasing negative charge, but it could
almost never be made to change in the opposite direc-
tion. This is because at these low pressures the rays
can find very few gas molecules to ionize, while they
detach negative electrons from the drop as easily as at
atmospheric pressure. This experiment proved directly
that the charge carried by an fon in gases is the same as the
charge on the beta or cathode-ray particle.

When it was desired to avoid the direct loss of nega-
tive electrons by the drop, we arranged lead screens so
that the drop itself would not be illuminated by the rays,
although the gas underneath it was ionized by them.!

Iv. DIRECT OBSERVATION OF THE KINETIC ENERGY OF
AGITATION OF A MOLECULE

1 have already remarked that when a drop carries
but a small number of electrons it appears to catch ions
of its own sign as rapidly as those of opposite signs—a
result which seems strange at first, since the ions of
opposite sign must be attracted, while those of like sign
must be repelled. Whence, then, does the ion obtain the
energy which enables it to push itself up against this
electrostatic repulsion and attach itself to a drop already
strongly charged with its own kind of electricity ? It
cannot obtain it from the field, since the phenomenon of
capture occurs when the field is not on. I cannot

1 See Phil. Mag., XX1 {1911), 757.
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obtain it from any explosive process which frees the jon
from the molecule at the instant of ionization, since
in this case, too, jons would be caught as well, or
nearly as well, when the field is on as when it is off. Here,
then, is an absolutely direct proof that the ion must be
endowed with a kinetic energy of agitation which is
sufficient to push it up to the surface of the drop against
the electrostatic repulsion of the charge on the drop.

This energy may easily be computed as follows: Let
us take a drop, such as was used in one of these experi-
ments, of radius .coo197 cm.  The potential at the sur-
face of a charged sphere can be shown to be the charge
divided by the radius. The value of the elementary
clectrical charge obtained from the best ohservations of
this type, is 4.774X 107" absolute electrostatic units.
Hence the energy required to drive an ion carrving the
elementary charge e up to the surface of a ch arged sphere
of radius r, carrying 16 elementary charges, is

166" 16X (4. 774X 10-10)?
¥ eleletfoy]

=T1,05X107™ ergs

Now, the kinetic energy of agitation of a molecule as
deduced from the value of ¢ herewith obtained, and the
kinetic theory equation, p=1nme is 5. 75X 107" ergs.
According to the Maxwell-Boltzmann Law of the parti-
tion of energy, which certainly holds in gases, this should
also be the kinetic energy of agitation of an fon. It will
be seen that the value of this energy is approximately
three times that required to push a single ion up to the
surface of the drop in question. Hence the electrostatic
forces due to 16 electrons on the drop are too weak to

“exert much influence upon the motion of an approaching
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ion. But if it were possible to load up a drop with
negative clectricity until the potential energy of its
charge were about three times as great as that computed
above for this drop, then the phenomenon here observer
of the catching of new negative ions by such a negatively
charged drop should not take place, save in the excep-
tional case in which an ion might acquire an energy
of agitation considerably larger than the mean value.
Now, as a matter of fact, it was regularly observed that
the heavily charged drops bad a very much smaller tend-
ency to pick up new negative ions than the more lightly
charged drops, and, in one instance, we watched for four
hours another negatively charged drop of radius
000658 cm., which carried charges varying from 126 to
150 elementary units, and which therefore had a poten-
tial energy of charge (computed as above on the assump-
tion of uniferm distribution) varying from 4.6>(107™ to
5.47X 107", Inall that time this drop picked up but one
single negative ion when the field was off, and that
despite the fact that the jonization was several times
more intense than in the case of the drop of Table L
Positive ions too were being caught at almost every trip
down under gravity. (The strong negative charge on
the drop was maintained by forcing on negative ions by
the field as explained above.)

V. TPOSITIVE AND NEGATIVE ELECTRONS EXACTLY EQUAL

The idea has at various times been put forth in con-
nection with attempts to explain chemical and cohesive
forces from the standpoint of electrostatic attractions
that the positive and negative charges in a so-called

neutral atom may not after all be exactly equal, in other’
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words, that there is really no such thing as an entirely
neutral atom or molecule. As a matter of fact, it is
difficult to find decisive tests of this hypothesis. The
present experiments, however, make possible the follow-
ing sort of test. Iloaded a given drop first with negative
electrons and took ten or twelve observations of rise and
fall, then with the aid of X-rays, by the method indicated
in the last section, I reversed the sign of the charge on
the drop and took a corresponding number of observa-

" tions of rise and {all, and so continued observing first the

value of the negative electron and then that of the posi-
tive. Table VI shows a set of such observations taken
in air with a view to subjecting this point to as rigorous a
test as possible.  Similar, though not quite so elaborate,
observations have been made in hydrogen with the same
result.  The table shows in the first column the sign of
the charge; in the second the successive values of the
time of fall under gravity; in the third the successive
times of rise in the field F; in the fourth the number of
etectrons carried by the drop for each value of #; andin
the fifth the number, characteristic of this drop, which
is proportional to the charge of one electron. This num-
ber is obtained precisely as in the two preceding tables
by finding the greatest common divisor of the successive
values of (»+%) and then multiplying this by an
arbitrary constant which has nothing to do with the
present experiment and hence need not concern us here
{see chap. v).

It will be seen that though the times of fall and of
rise, even when the same number of electrons is carried
by the drop, change a trifle because of a wvery slight
evaporation and also because of the fall in the potential
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TABLE VIII _ TABLE VII—Continued
Sign of Drop mhonn. mmqn y “ 2 Sign of Drop m__mmn. mwm ] " e
‘ y
o | mw.ww Mwmﬁ g
63.186 ﬁ.qwmw g m 3.184 42.308
63.332 41.590 : 63260 53. 2710
- 62.328 : : 63.478 52.022 7
Gz. 728 25.749 er=6.713 - 63.074 53.034 .
62.926 25.798 11 63.306 53.438 er=6.686
G| HES S R
Mot 01 S| on
&5 | w _ Mean=63.335
Mw www MMWW& 11 Duration of experiment 1 hr. 40 min. Mean e+ =6.697
63.362 25.484 : Initial volts =1723.3 Mean e— =6, 700
: Final volts =1702.1
+ MWMWM memw e=6.692 Pressure = \mm.%m <.
63.764 10.756 23 .
mw”mww HMMWW of the battery, yet the mean value of the positive elec-
b3. 208 10.646 tron, namely, 6.697, agrees with the mean value of the
Mean=63.323 ] : negative electron, namely, 6.700, to within less than
- $3.642 £ part in z,000. Since this is about the limit of the
MW. 020 m“mmﬁ 6 M w%miﬁmb.ﬁ& error (the waovmﬁm error. by least squares
63,514 52,663 . is © part in H.u 500), we may with 8&@«3@ conclude that
+ mm.mM 2 mw.mom , o670 there are #o m&@ésﬁm of move &Su\.ﬁ this amount wm@%@
63,400 St T | the values of the positive and negative electrons. This is
63.156 71.708 6 . the best evidence I am aware of for the exact neutrality
63.126 : of the ordinary molecules of gases. Such neutrality, if
Mean =63 407 : . it is actually exact, would seem to preclude the possi-
_ bility of explaining gravitation as a result of electrostatic
forces of any kind. The electromagnetic effect of mov-
ing charges might, however, still be called upon for
this purpose.
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VIi. RESISTANCE OF MEDIUM TO MOTION OF DROP? THROUGH
IT THE SAME WHEN DROP 1S CHARGED AS WHEN
UNCHARGED

A second and equally important conclusion can be
drawn from Table VIII. It will be seen from the column
headed “n’’ that during the whole of the time corre-
sponding to the observations in the third group from
the top the drop carried either 6 or 7 electrons, while,
during the last half of the time corresponding to the
observations in the second group from the top, it
carried three times as many, namely, 22 electrons.
Yet the mean times of fall under gravity in the two
groups agree to within about one part in oune thousand.
The time of fall corresponding to the heavier charge
happens in this case to be the smaller of the two.
We may conclude, therefore, that in these experiments the
resistance which the medium offers to the motion of o body
through it is not sensibly increased when the body becomes
electrically charged. This demonstrates experimentally the
exact validity for this work of the assumplion made on
. 70 that the wvelocity of the drop is strictly propor-
tional o the force acling upon if, whether it is charged or
wncharged.

The result is at first somewhat surprising since,
according to Sutherland’s theory of the small jon, the
small mobility or diffusivity of charged molecules, as
compared with uncharged, is due to the additional resist-
ance which the medium offers to the motion through it
of a charged molecule. This additional resistance is
due to the fact that the charge on a molecule drags
into collision with it more molecules than would other-
wise kit it. But with oil drops of the sizes here used
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(a= 50X 107%) the total number of molecular collisions
against the surface of the drop is so huge that even
though the small number of charges on it might produce
a few more collisions, their number would be negligible
in comparison with the total number. At any rate the
experiment demonstrates conclusively that the charges
on our oil drops do not influence the resistance of the
medium to the motion of the drop. This conclusion
might also have been drawn from the data contained in
Table VI. The evidence for its absolute correctness has
been made more convincing still by a comparison of
drops which carried but 1 charge and those which
carried as many as 68 unit charges. Turther, I have
observed the rate of fall under gravity of droplets
which were completely discharged, and in every case
that I have ever tried T have found this rate pre-
cisely the same, within the limits of error of the
time measurements, as when it carried § or 1o unit
charges.

VII. DROPS ACT LIKE RIGID SPHERES

Tt was of very great importance for the work, an ac-
count of which will be given in the next chapter to deter-
mine whether the drops ever suffer—either because of
their motion through a resisting medium, or because of
the electrical field in which they are placed-—any appre-
ciable distortion from the spherical form which a freely
suspended liquid drop must assume. The complete
experimental answer to this query is contained in the
agreement of the means at the bottom of the last and
the third from the last columns in Table VI and in
similar agreements shown in many other tables, which
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. . s . . i, . s
may be found in the original articles.* Since jisin this
. I €
experiment large compared to ) the value of the greatest
7
common divisor at the bottom of the last column of

Table VI is determined almost wholly by the rate of fall
of the particle under gravity when there is no field at all
between the plates, while the velocity at the bottom of
the third from the last column is a difference between two
velocities in a strong electrical field. TIf, therefore, the
drop were distorted by the electrical field, so that it
exposed a larger surface to the resistance of the medium
than when it had the spherical form, the velocity due to
a given force, that is, the velocity given at the bottom of
the third from the last column, would be less than that
found at the bottom of the last column, which corre-
sponds to motions when the drop certainly was spherical.

Furthermore, i the drops were distorted by their
motion through the medium, then this distortion would
be greater for high speeds than for low, and consequently
the numbers in the third from the last column would be
consistently larger for high speeds than for low. No
such variation of these numbers with speed is apparent
either in Table VI or in other similar tables.

We have then in the exactness and invariableness of
the multiple relations shown by successive differences in
speed and the successive sums of the speeds in the third
from the last and the last columns of Table VI complete
experimental proof that in this work the droplets act
under all circumstances ke undeformed spheres. Tt is
of interest that Professor Hadamard,? of the University of

* Phys. Rev., Sertes 1, XX (1911), 349; Series z, Il {1g913),100.
* Comptes rendus {1911}, 1735.
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Paris, and Professor Lunn,’ of the University of Chicago,
have both shown from theoretical considerations that
this would be the case with oil drops as minute as those
with which these experiments deal, so that the conclu-
sion may now be considered as very firmly established
both by the experimentalist and the theorist.

t Phys. Rev., XXXV (xg12), 227.




