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The Discovery of the Electron

This century has seen the gradual realization that all matter is composed of a

few types of elementary particles—tiny units that apparently cannot be subdi-
vided further. The list of elementary particle types has changed many times
during the century, as new particles have been discovered and old ones have
been found to be composed of more elementary constituents. At latest count,
there are some sixteen known types of elementary particles. But through all
these changes, one particle type has always remainéd on the list: the electron.,

The electron was the first of the elementary particles to be clearly identi-
fied. 1t is also by far the lightest of the elementary particles (aside from a few
types of electrically neutral particles that appear to have no mass at all) and
one of the few that does not decay into other particles. As a consequence of its
lightness, charge, and stability, the electron has a unique importance to phys-
ics, chemistry, and biology. An electrical current in a wire is nothing but a flow
of electrons. Electrons participate in the nuclear reactions that produce the
heat of the sun. Even more important, every normal atom in the universe
consists of a dense core, (the nucleus) surrounded by a cloud of electrons. The
chemical differences between one element and another depend almost entirely
on the number of electrons in the atom, and the chemical forces that hold
atoms together in all substances are due to the attraction of the electrons in
each atom for the nuclei of the other atoms.

The discovery of the electron is usually and justly credited to the English
physicist Sir Joseph John Thomson (1856—1940). Thomson went up to the
University of Cambridge as a scholarship student in 1876. After placing second
in the competitive mathematical “tripos” examination in 1880, he earned a
fellowship at Trinity, the old Cambridge college of Isaac Newton, and re-
mained a fellow of Trinity for the following 60 years of his life. Thomson’s
early work was chiefly mathematical, and not outstandingly important; so he
was somewhat surprised when in 1884 he was elected to the Cavendish Profes-
sorship of Experimental Physics. It was in his experimental researches and his
leadership of the Cavendish Laboratory from 1884 to 1919 that Thomson
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J. J. Thomson.

made his greatest contributions to physics. He was actually not ikillful in the
execution of experiments; one of his early assistants recalled that “J.J. was very
awkward with his fingers, and I found it necessary not to encourage him to
handle the instruments.” His talent—one that is for both theorists and experi-
mentalists the most important—lay instead in knowing at every moment what
was the next problem to be attacked.

From what is written about him, I gather that Thomson was greatly
loved by his colleagues and students. It is certain that he was gregtly honored:
by the Nobel Prize in 1906, a knighthood in 1908, and the Presidency of the
Royal Society in 1915. He served Britain in World War I as a member of thef
Board of Investigation and Research, and in 1918 was appointed Mast.eii(.)
Trinity College, a post he held until shortly before his death. He was buried in
Westminster Abbey, not far from Newton and RutherforAd.

Shortly after assuming the Cavendish Professorship, Thgmson begai‘1
his investigation of the nature of discharges of electricity in rarefied gases, an
in particular the type of discharge known as cathode rays. These spectacular
phenomena were interesting enough in themselves, but their study l.e<'i Thom-
SON to an even more interesting problem: that of the nature of electricity itself.
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His conclusion, that electricity is a flow of the particles that are today known
as electrons, was published in three papers in 1897." But before we take up

Thomson’s investigations, let us review earlier efforts to understand the nature
of electricity.

Flashback: The Nature of Electricity*

It has been known since early times that a piece of amber, when rubbed with
fur, will acquire the power to attract small bits of hair and other materials.
Plato refers in his dialogue Timaeus to the “marvels concerning the attraction
of amber.”? By the early Middle Ages, it had become known that this power is
shared by other materials, such as the compressed form of coal known as jet.
The earliest written observation of this property of jet seems to be that of the
Venerable Bede (673—7335), the English monk who also studied the tides, cal-
culated the dates of Easter for centuries to come, and wrote one of the world’s
great works of history, The Ecclesiastical History of the English. In his history,
Bede notes of jet that “like amber, when it is warmed by friction, it clings to
whatever is applied to it.”* (Bede exhibits here a confusion about the cause of
electric attraction, between friction itself and the warmth it produces—a con-
fusion that was often to recur until the eighteenth century.) Other substances,
such as glass, sulfur, wax, and gems, were found to have similar properties by
the English physician William Gilbert (1544—1603), president of the Royal
College of Surgeons and court physician to Elizabeth I and James 1. It was
Gilbert who introduced the term electric (in his Latin text, electrica), after the
Greek word electron (m\extpov) for amber.*

The observation of electrical attraction in so many different substances
led naturally to the idea that electricity is not an intrinsic property of the
substances themselves, but is instead some sort of fluid (to Gilbert, an “efflu-
vium”) that is produced or transferred when bodies are rubbed together and
spreads out to draw in nearby objects. This picture was supported by the
discovery by Stephen Gray (1667—1736) of electrical conduction. In 1729,
while a “poor brother” of the Charterhouse in London, Gray reported in a
letter to some fellows of the Royal Society that “the Electrick Virtue” of a
rubbed glass tube may be transmitted to other bodies, either by direct contact
or via a thread connecting them, so “as to give them the same Property of
attracting and repelling light Bodies as the Tube does.”” It was clear that,

*This is an often-told story, and my recount of it here is based almost entirely on secondary
sources. | review it here because it gives a good idea of what was known and what was not known
about electricity when the experiments on cathode rays began.
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whatever electricity might be, it could be separated frgrp thbe body in whnccgl nit
as produced. But the problem of the.n'ature o'f electrlcmf hecame mto(r)er om
wlicated when it was fOund. that electrxfxed_ bodies C}TUId helt er a;tr;;;e kindpof
other electrified bodies, raising the question whether there wa
elearlc;?rln?);;:}(\)ése who first observed electric repulsion were Niccolo Cabeo
(1586--1650)6 and Francis Hauksbee '(1666—1713), a paid demonsizraa;:1 ?(f
scientific experiments at the Royal Society of London. Ir}l1 a commun ion t©
the Royal Society in 1706 Hauksb_ee reported.that, when a fgl:l)ss tE )
electrified by rubbing, it would at first attract bits of brass leaf, but t Zt; er
the bits of brass came in contact with the tube they would be repelled by it.
Further complications were discovered in France b).l one (.>f the most
versatile scientists of the eighteenth century, Charle.s-Frangons de stFernay Duf
Fay (/1698—1739). Chemist at the Académie des Sciences and admxnlstraForb(l)
the Jardin Royal des Plantes, Du Fay wrote papers on .al.rr?ost every conceivable
scientific subject, including geometry, fire pumps, artificial gems, phosphoref-
cence, slaked lime, plants, and dew. In 1733 he learned of Stephen G'ray s
experiments and began to work on electricity. Soon he observed that bits of
metal that had been in contact with an electrified glass tube woulc'l repel each
other (as observed by Cabeo and Hauksbee) but would at?mct bits of metal
that had been in contact with an electrified piece of a resin, copal. Du Fay
concluded that “there are two electricities, very different from each otber; one’
of these I call vitreous electricity; the other resinous electricity.”” “Vltreogs’
electricity (from the Latin vitreus, glassy) is produced when sg?stancc‘:s. 11k.e
glass, crystal, or gems are rubbed, especially with silk. “Resinous elfictrmty. is
produced when resins like amber or copal are rubbed, especially 'W.lth
fur. At the same time, the silk used to rub the glass picks up resinous electricity,
and the fur used to rub the resin picks up vitreous electricity. Both vitreous and
resinous electricity were assumed to attract ordinary matter, and vi'trem.ls elec-
tricity was assumed to attract resinous electricity, but bodies carrying vitreous
electricity were assumed to repel each other, and likewise for resinous electric-
ity. That is, unlike types of electricity attract each other, but like types repel: A
bit of metal that had come into contact with the rubbed glass tube would pxclzk
up some of the tube’s vitreous electricity, and would therefore be repelled by it;
and a bit of metal that had been in contact with a rubbed amber or copal rod
would pick up some of the rod’s resinous electricity, and so again would be
repelled by it, but the two bits of metal would attract each other, because they
would be carrying electricity of two different types.
Gray and Du Fay did not write of electricity as a fluid, but r.'@lther as a
condition that could be induced in matter. It was the Abbé Jean-Antoine Nollet
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(1700—1770), preceptor to the French royal family and professor at the Uni-
versity of Paris, who interpreted Du Fay’s two types of electricity specifically as
two distinct types of electrical fluid, one vitreous and the other resinous.

The two-fluid theory was consistent with all experiments that could be
carried out in the eighteenth century. But physicists’ passion for simplicity does
not let them rest with a complicated theory when a simpler one can be found.
The two-fluid theory of electricity was soon to be challenged by a one-fluid
theory, proposed first by the London physician and naturalist William Watson
(1715-1787) and then more comprehensively and influentially by the Phila-
delphia savant Benjamin Franklin (1706—-1790).

Franklin became interested in electricity when in 1743, on a visit to
Boston, he happened to witness electrical experiments carried out by a
Dr. Adam Spencer, a popular lecturer from Scotland. Soon Franklin received
some glass tubes and instructions from a correspondent in London, the manu-
facturer and naturalist Peter Collinson, and began his own experiments and
speculations, which he reported in a series of letters to Collinson. In brief,
Franklin concluded that electricity consisted of a single kind of fluid, consisting
of “extremely subtile particles,” which could be identified with what Du Fay
had called vitreous electricity. (Franklin did not know of Du Fay’s work, and
did not use his terminology.) Franklin supposed ordinary matter to hold elec-
tricity like a “kind of spunge.” When a glass tube is rubbed with a silk cloth,
some of the electricity from the silk is transferred to the glass, leaving a defi-
ciency in the silk. It is this deficiency of electricity that is to be identified with
what Du Fay called resinous electricity. Similarly, when an amber rod is rub-
bed with fur, some electricity is transferred, but this time from the rod to the
fur, leaving a deficiency of electricity in the rod; again, the deficiency of elec-
tricity in the rod and the excess in the fur are to be identified with Du Fay’s
resinous and vitreous electricity, respectively. Franklin referred to a deficiency
of electricity as negative electricity and to an excess as positive electricity; the
amount of electricity (positive or negative) in any body he called the electric
charge of the body. These terms are the ones that are still in general use today.

Franklin also introduced the fundamental hypothesis of the conserva-
tion of charge. Electricity is never created or destroyed, but only transferred.
Hence, when a glass rod is rubbed with silk, the positive electric charge on
the rod is exactly equal numerically to the negative charge on the silk; balanc-
ing positive and negative, the total charge remains zero.

What about attraction and repulsion? Franklin supposed that electricity
repels itself but attracts the matter that holds it. Thus, the repulsion that Cabeo
observed between pieces of brass leaf that had been in contact with a rubbed
glass rod could be understood because these bits of metal all contained an

Benjamin Franklin in 1762. Notice the apparatus behind him; the position of the tw
indicates that a charged cloud is overhead.
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excess of electricity, while the attraction that Du Fay observed between such
bits of metal and others that had been in contact with a rubbed rod of resin
could be understood because the latter bits had a deficiency of electricity, so
that the attraction between their matter and the former bits’ electricity would
dominate. This neatly accounted for the repulsion observed between two bod-
tes each carrying the “vitreous” electricity, and for the attraction observed
between a body carrying “resinous” electricity and one carrying “vitreous”
electricity.

But then what about the repulsion between two bodies carrying resin-
ous electricity, such as bits of metal that had been in contact with a rubbed
amber rod? This gap in Franklin’s one-fluid theory was filled by Franz Ulrich
Theodosius Aepinus (17241 802), director of the astronomical observatory in
St. Petersburg. After learning of Franklin’s ideas, Aepinus in 1759 suggested
that, in the absence of a counterbalancing quantity of electricity, ordinary mat-
ter repels itself.® Thus, the repulsion between bodies that had been supposed to
carry resinous electricity was explained in terms of the repulsion between the
matter of the bodies when it was stripped of some of its normal accompani-
ment of electricity. With this emendation, the one-fluid theory of Franklin was
thus able to account for all the phenomena that had been explained by the
two-fluid theory of Du Fay and Nollet.

Franklin’s letters were assembled by Collinson into a book, which by
1776 had gone through ten editions, some in English and others in Italian,
German, and French.® Franklin became a celebrity; he was elected to the Royal
Society of London and the French Académie des Sciences, and his work influ-
enced all later studies of electricity in the eighteenth century. Indeed, Franklin’s
fame was a great asset to the thirteen American colonies when, during the
revolutionary war, Franklin served as the American minister to France. How-
ever, despite Franklin’s enormous prestige, the question of one fluid or two
continued to divide physicists until well into the nineteenth century, and it was
only really settled with the discovery of the electron.

For readers who cannot wait until we come to the discovery of the
electron to learn whether the one-fluid or the two-fluid theory is correct—the
answer Is that they were both correct. Under normal circumstances, electricity
is carried by the particles called electrons, which as Franklin supposed possess
electricity of only one type. But Franklin guessed wrong as to which type of
electricity it was. In fact, electrons carry electricity of the type that Du Fay had
called “resinous,” not the “vitreous” type. (Physicists continue to follow
Franklin’s lead in calling vitreous electricity positive and resinous electricity
negative, so we are stuck in the unfortunate position of saying that the most
common carriers of electricity carry negative electrical charge.) Thus, when a

r
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glass tube is rubbed with silk, the tube picks up vitreous eleczirifcxty atr;i E};i:lil;
ires resinous electricity, because electrons are'transferre from
a}(:gl;;lk On the other hand, when an amber rod is rubbed with fur, electrons
¢ : the rod.
4 tra?Sffflreejtf)rrfl?otf}l (c;riiui;;?y matter, electrons are bound to dense atomic
lei :vhich contain most of the mass of any substance and are normally
flUC : l’)ile in solids. As Franklin supposed, electrons repel electrons, a'nd elecj
:::so and nuclei attract each other; and as A<_epinus supposefi? atomic nuclei
repel other nuclei. But it is convenient to think of the poslmve orb Vltriozi
charge of matter as residing in thé nuftlel, anq not as merely apblza tsen;ake
electrons. Indeed, by dissolving solids lll.<e salt in water it is possible O‘Zd :
the atomic nuclei loose (though they w1l.l almost always be accomplanl y
some electrons), and in this case it is possible to have a flow‘ of pa}:tlc esrifcrlz);
ing positive (or vitreous) electricity. Furthermo.re, there exist other E:exce ;
called positrons, that are identical to electron§ in almost every rerpe CO};_
that they carry positive electric charge. Thus, in a deep sense Du ay'vxlz)as. :
rect in taking a symmetrical view of the two types of electric chz;rgc;i. osnttxvle
and negative (or resinous and vitreous) electricity are eqqally un arr}e}ilfa .
The reader may well also wonder why when amber is rubbed wit Llllz
the electrons go from the fur to the amber, but when glass is rgbbed \’Nllt(h si
the electrons go from the glass to the silk? Oddly enough, we still dgn t 'T}?wr.
The question involves the physics of sur'faces of complex sol}ds su; as si :n
hair, and this branch of physics has still not reached a point where wehc
make definite predictions with any certainty. In a Purely erpplrlcal way, t eri
has been developed a list of substances called the triboelectric sequence, part o
which goes as follows':

rabbit’s fur/lucite/glass/quartz/wool/cat’s fur/silk/cotton/wood/amber/resins/metals/teflon.

Substances near the beginning of the list tend to lgse electrqns, and
those near the end of the list tend to collect them. Thus, 1f two ob]ec'tskare
rubbed together, the one closer to the beginning of the list will tend t'cl)lplc dup
a positive, or vitreous, electric charge and the one c'lc.)ser.to tbe end will ten fto
Pick up a negative, or resinous, charge. The eleFtrlflcatlon is most mtelllse. or
objects that are well separated in the triboelectric sequence. For example, 1tbls
€asier to electrify amber by rubbing with fur than it is to electrify ghlass y
rubbing with silk. The triboelectric sequence is not well undferstood t eoretl;
cally, and even a change in the weather can affect the relative placement o
various substances.
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It is ironic that we still do not have a detailed understanding of fric-
tional electrification, even though it was the first of all electrical phenomena to
be studied scientifically. But that is often the way science progresses—not by
solving every problem presented by nature, but by selecting problems that are
as free as possible from irrelevant complications and that therefore provide
opportunities to get at the fundamental principles that underlie physical phe-
nomena. The study of the electricity produced by friction played a great role in
letting us know that there is such a thing as electricity and that it can exert
attractive and repulsive forces, but the actual process of electrification by rub-
bing is just too complicated. to provide further insights into the quantitative
properties of electricity. By the end of the eighteenth century, the attention of
physicists was already beginning to focus on other electrical phenomena.

Electric Discharges and Cathode Rays

The study of electricity widened after Franklin to take in the quantitative de-
tails of electrical attraction and repulsion and the connection of electricity with
magnetism and chemistry. We will have much to do with these matters later
on; but for now, let us follow one line of discoveries, concerning the discharge
of electricity through rarefied gases and empty space.

The earliest-known and most spectacular sort of electric discharge is of
course lightning. Although the nature of lightning as a current of electricity
was demonstrated in 1752 in a celebrated experiment suggested by Franklin,
lightning is so sporadic and uncontrollable that its study could reveal little
about the nature of electricity. But by the eighteenth century, a more controlla-
ble sort of electric discharge was becoming available for scientific study.

In 1709 Hauksbee observed that when the air inside a glass vessel was
pumped out until its pressure was about g5 normal air pressure and the vessel
was attached to a source of frictional electricity, a strange light would be seen
inside the vessel. Flashes of similar light bad already been noticed in the partial
vacuum above the mercury in barometers. In 1748 Watson described the light
in a 32-inch evacuated tube as an “arch of lambent flame.” Other observations
were recorded by the Abbé Nollet, by Gottfried Heinrich Grummont (1719—
1776), and by the great Michael Faraday, about whom more later.

The nature of this light was not understood at first, but today we know
that it is a secondary phenomenon. When an electric current flows through a
gas, the electrons knock into gas atoms and give up some of their energy,
which is then reemitted as light. Today’s fluorescent lights and neon signs are
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Electrical discharges in gases at low pressure.
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based on the same principle, with their color determined by the color of light
that is preferentially emitted by the gas atoms: orange for neon, pinkish-white
for helium, greenish-blue for mercury, and so on. The importance of the phe-
nomenon for the history of electrical science lay, however, not in the light
given off in electric discharges, but in the electric current itself. When electric-
ity collects on an amber rod, or an electric current flows through a copper

hopelessly mixed up with those of the

today to determine the weight of a given quantity of electricity by weighing an
amber rod before and after it is electrified; the weight of the electrons js just
too tiny compared with that of the rod. What was needed was to get electricity
off by itself, away from the solid or liquid matter that normally carries it. The
study of electric discharges in gases was a step in the right direction, but even at
# atmospheric pressure the air interfered too much with the flow of electrons
to allow their nature to be discovered. Real progress became possible only
when the gas itself could be removed and scientists could study the flow of
pure electricity through nearly empty space.

The turning point came with the invention of really effective air pumps,
Early pumps had leaked air through the gaskets around their pistons. In 1885
Johann Heinrich Geissler (1815-1879) invented a pump that used columns of

the conduction of electricity in gases at
very low pressure, carried out by Julius Pliicker (1801-1868), Professor of
Natural Philosophy at the University of Bonn. In Plicker’s arrangement, metal
plates inside a glass tube were connected by wires to a powerful source of
electreity, (Following Faraday’s terminology, the plate attached to the source
of positive electricity is called the anode and the plate attached to the source of
negative electricity is called the cathode.) Pliicker observed that when almost

appeared that something was coming out of the cathode, traveling through the
nearly empty space in the tube, glass, and then being collected by
the anode. A few years later, Eugen Goldstein (1850-1930) introduced a name
for this mysterious phenomenon: Cathodenstrablen, or cathode rays.

We know now that these rays are streams of electrons, They are pro-
jected from the cathode by electrical repulsion, coast through the nearly empty
space within the tube, strike the glass, depositing energy in its atoms which is

| THE DISCOVERY OF THE ELECTRON

23

A Crookes tube, made in 1879, devised for studying cathode rays.

then reemitted as visible light, and finaIIBIy a;e' dra::r;atrofil;; a:l(;fi%ux;lz:ov:l}il;ce}j
source of electricity. But this w

:::r}l,t;::;:z:fy t;}fysicists. Many ;lfifferencti .clue.s were discovered, and for a long

i d to point in different directions.

o thlflyiics:le(?;lflimsell; was misled by the fact tbat when the czlnth(}dehzva?acs):
platinum, a film of platinum was found deposited on .the wz;l s (;1 :ie rfate_
bulb. He thought that the rays might consist .Of small pieces o ([;atdo le mate
rial. We now know that the electrical repulsion felt by the ;at ohe materia]
does indeed cause pieces of the cathode’s surfac_e to be torn o}f1 (a I;O?e mener
known as sputtering), but this really has nothing to do wit cat e ays i
general. In fact, Goldstein showed in the 18703 that the pro_perne;e

rays do not depend on the material of w'h_nch the cathode is n;a .alls e

Pliicker also observed that the position of the glow on t ehw11 ot the

tube could be moved by placing a magnet near the tube. As' \l)ve s fa Orsne ,Sort.
Was a sign that the rays consist of electrically charged pamc;:; l()) jies sort
Pliicker’s student J. W. Hittorf (1824—1914) observed that O 111 of thethbe'
near a small cathode would cast shadows on the glowing walls of e o
From this he deduced that the rays travel from the cathode in ;tflgh SiCist.
The same phenomena were observed in 1878—79 by the E9ng 1sndpd:'iS leé
chemist, and spiritualist Sir William Crookes (1832—1919), a
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Crookes to conclude that the rays were molecules of the gas within the tube
that had happened to pick up a negative electric charge from the cathode and
were then violently repelled by it. (Cromwell Varley, a fellow physicist and
spiritualist in Crookes’s circle, had already suggested in 1871 that the rays
were “attenuated particles of matter, projected from the negative pole by elec-
tricity.””) But Crookes’s theory was effectively refuted by Goldstein, who noted
that in a cathode-ray tube evacuated to 1/100,000 normal air pressure, the
rays traveled at least 90 centimeters, whereas the typical free path of an ordi-
nary molecule in air at this pressure would be expected to be only about 0.6
centimeters.

A very different theory was developed in Germany on the basis of the
observations of the gifted experimentalist Heinrich Hertz (1857-1894). In
1883, while an assistant at the Berlin Physical Laboratory, Hertz showed that
the cathode rays were not appreciably deflected by electrified metal plates.
This seemed to rule out the possibility that the cathode rays were electrically
charged particles, for in that case the ray particles should have been repelled
by the plate carrying like charge and attracted to the plate carrying unlike
charge. Hertz concluded that the rays were some sort of wave, like light. It was
not clear why such a wave should be deflected by a magnet, but the nature of
light was then not well understood, and a magnetic deflection did not seem
impossible. In 1891 Hertz made a further observation that seemed to support
the wave theory of cathode rays: The rays could penetrate thin foils of gold
and other metals, much as light penetrates glass.

But the rays were not a form of light. In his doctoral research, the
French physicist Jean Baptiste Perrin (1870-1942) showed in 1895 that the
rays deposit negative electric charge on a charge collector placed inside the
cathode-ray tube. We now know that the reason Hertz had not observed any
attraction or repulsion of the rays by electrified plates is that the ray particles
were traveling so fast, and the electric forces were so weak, that the deflection
was just too small to observe. (As Hertz recognized, the electric charge on his
plates was partly canceled by effects of the residual gas molecules in the tube.
These molecules were broken up by the cathode rays into charged particles,
which were then attracted to the plate of opposite charge.) But as Goldstein
has shown, if the rays are charged particles, these particles cannot be ordinary
molecules. So what were they?

It is at this point that J. J. Thomson enters the story. Thomson first
attempted to measure the speed of the rays. In 1894 he obtained a value of 200
kilometers per second (1/1,500 the speed of light), but his method was faulty
and he later abandoned this result. Then in 1897 Thomson succeeded where
Hertz had failed: He detected a deflection of the cathode rays by electric forces
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petween the rays and electrified metal plates. His success in this was Que-
Jargely to the use of better vacuum pumps, which lowered the pressure ¥ns1de
the cathode-ray tube to the point where effects of the re51du_al gas within the
tube became negligible. (Some evidence for elecFrlcal deflection was foqn.d at
about the same time by Goldstein.) The deflection was towarq thf: posxtlYel,y
charged plate and away from the negatively cbarged one, confirming Perrin’s
conclusion that the rays carry negative electric charge. .

The problem now was to learn something quantitative about the nature
of the mysterious negatively charged particles of the cathode rays. Thomson’s
method was direct: He exerted electric and magnetic forces on the rays and
measured the amount by which the rays were deflected.* To understand how
Thomson analyzed these measurements, we must first consider how bodies
move under the influence of forces in general.

Flashback: Newton’s Laws of Motion

The laws of motion of classical physics were set out by Sir Isaac Newton at the
beginning of his great work, the Principia.!' Of these, the key principle is
contained in the Second Law, which can be paraphrased as the statement that
the force required to give an object of definite mass a certain acceleration is
proportional to the product of the mass and the acceleration. To understand
what this law means, we have to understand what are meant by acceleration,
mass, and force.

Acceleration is the rate of change of velocity. That is, just as the velocity
is the ratio of the distarice traveled by a moving body to the time that elapses in
the motion, acceleration is the ratio of the change in velocity of an accelerating
body to the time elapsed during the acceleration. The units in which accelera-
tion is measured are therefore the units of velocity per time, or distance-
per-time per time. For instance, falling bodies near the surface of the earth fall
with an acceleration of 9.8 meters-per-second per second. This means that
after the first second a body dropped from rest in a vacuum will be falling at a

* Thomson also used an alternative experimental method, in which he measured the heat energy
and electric charge deposited at the end of the tube by the cathode-ray particle and thus avoided
the difficult measurement of the deflection of the ray by electric forces. This method was actually
more accurate than the one based on the electric and magnetic deflection of the carhodAe ray. [ am
describing the electric/magnetic deflection method here first, not because it was histonc_ally more
important, but because it presents an occasion for a review of electric forces, which I will need to
Pin down the definition of electric charge. Thomson’s other method I will describe below, after a
review of the concepts of energy and heat.
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A schematic view of a more familiar cathode-ray tube., the modern television pécture t}‘:'be.hlzs
we have seen, Thomson used the position of the glowing spot \yhere the_ ca.t}')o e ray hit ¢ ¢
end of the tube to tell him about the path taken by. the ray, whnch was m\kflnsxbtl)e as it paisceh
through the vacuum of his tube. Since Thomsgp’s time, thx§ ‘glownAng spot has become rlrll "
more familiar to all of us as the basis of television. A tclev15101'1 picture tube is esAserfltla y ju
a cathode-ray tube aimed at the viewer. In it, the cathode ray is steered by elec}tllr\c ;)\rces Z:n
that it passes regularly back and forth over the end of the 'tube. When th; rz\yl its the scr <
of specially coated glass at the end of the tube, a spot of light appears. The te evn;ton sxgr[x -
controls the strength of the cathode ray as it strikes each spot on the screen, so t lat T pa tdr
of light and dark appears successively on the screen. The eye and brain respond slowly, an
see this pattern as an instantaneous picture.

(See the schematic diagram of Thomson’s apparatus.) Thomson’s formula
states that

Force on Length of . Length of
Displacement of ray _  ray particle deflection region drzlft region
atend of tube Mass of (Velocity' of)
ray particle ray particle

To take an illustration using numbers that are more or less realistic,
Suppose that the force exerted on the ray particles is 10~ '¢ newtons, .the l.ength
of the deflection region is 0.05 meters, the length of the drift region is 1.1
Mmeters, the mass of the cathode-ray particles is 9 X 1073 kilograms, and the
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The important point for Thomson was that, because the magnetic force is

l.oportional to the velocity, the magnetic deflection depends on a different
combination of the charge, mass, and velocity of the ray particles than does the
electric deflection.

Thomson’s Results

Now we will put the theory that has been developed in previous sections to-
gether with Thomson’s experimental results to learn something about the cath-
ode-ray particles. First, recall the main results we obtained above. Electric or
magnetic fields at right angles to the cathode ray in the “deflection region” will
produce a displacement of the ray when it hits the glass wall of the tube at the
end of the “drift region,” by an amount given by the formulas

Charge of Length of  Length of

ray X Elgecltélc X deflection x  drift
Electric  _ particle region region
deflection Mass of <Velocity of)Z
ray particle ray particle
and
Charge of . Length of Length of
] ray X Mz;irllgtlc x deflection X drift
Magnetic ~ particle region region

deflection Mass of  Velocity of

ray particle ray particle

Thomson knew the values of the electric and magnetic fields in the tube and
the length of the deflection and drift regions, and he measured the deflections
Produced by the electric or magnetic forces. What, then, could he deduce about
the cathode-ray particles? It is immediately clear that there was no way Thom-
800 or anyone else could use these formulas to learn anything separately about
the charge or the mass of the cathode-ray particles, since in both formulas it is
.(‘.'nly the ratio of these quantities that appears. Never mind—this ratio is
Mteresting in its own right. (We will come back in Chapter 3 to the separate
Measurement of the electron’s mass and charge.) Another problem is that nei-
ther formula could be used by itself to learn even the ratio of the charge and the
Mass of the cathode-ray particles, because Thomson did not know the parti-
cles velocity. However, as has already been mentioned, this problem could be
. Surmounted by measuring both the electric and the magnetic deflection. For
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Table 2.1. Results of Thomson’s experiments on electric and magnetic
deflection of cathode rays.

Deduced
Deduced ratio of
Gas in velocity particle
cathode-  Material  Electric  Electric = Magnetic Magnetic  of ray mass
ray of field deflection field deflection  particles  to charge
tube cathode (N/C) (m) (Nlamp-m) (m) (m/sec) (kg/C)
Air Aluminum 1.5 X 10* 0.08 5.5%x107* 0.08 2.7 x 107 1.4 x 1071
Air Aluminum 1.5 x 10*  0.095 54 x107* 0.095 2.8x 107 1.1 x 10~1
Air Aluminum 1.5 x 10*  0.13 6.6 x107*  0.13 22 %107 1.2 x 10~

Hydrogen Aluminum 1.5 x 10*  0.09 6.3 x107*  0.09 2.4 %107 1.6 x 1071
Carbon

dioxide Aluminum 1.5 x 10*  0.11 69 x107%  0.11 2.2 %107 1.6 x 10° "
Air Platinum 1.8 x 10*  0.06 5.0x107%  0.06 3.6 X107 1.3 x 107!
Air Platinum 1.0 x 10*  0.07 3.6 x 107 0.07 2.8 x 107 1.0 x 107!

The electric deflections vary even for entries with the same electric field, because of differing
cathode-ray velocities in the different cases. The magnetic deflections are the same here as the
electric deflections, because in each case Thomson adjusted the magnetic field to give the same
deflection as the electric field. [ have calculated the results given in the last two columns from the
data published by Thomson. Some of them differ by one unit in the last decimal place from the
calculated values given by Thomson. I presume this is because the experimental data published by

Thomson were rounded off from his actual data, and it was his actual data that Thomson used in
his calculations.

instance, suppose we take the ratio of these two equations. The mass, the
charge, and both lengths then cancel on the right-hand side, but the velocity
does not cancel because it appears in one formula squared and in the other
unsquared. This yields the simple result

Magnetic deflection _ Magnetic field

Electric deflection  Electric field X Velocity .

Since both field strengths were known and the corresponding deflections were
measured, it was possible for Thomson to solve for the velocity. Then, treating
the velocity as a known quantity, he could determine the ratio of charge to
mass (or mass to charge) of the cathode-ray particles from either one of the
formulas for the deflection of the ray, either electric or magnetic.

Now to the data. Thomson measured the electric and magnetic deflec-
tion of cathode rays for a number of different cases characterized by different
values of the electric and magnetic fields, different low-pressure gases in the
tube, different cathode materials, and different cathode-ray velocities. His re-
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An average of Thomson’s results for the mass/charge ratio of the cath. :“
ode-ray particles gives a value of 1.3 x 107" kilograms per coulomb. Thom.
son did not publish estimates of the uncertainties in his individual measure.
ments (a failing that would cause his paper to be returned to him by any gooq
physics journal to which it might be submitted today). However, from the
spread in his values of the mass/charge ratio, we can conclude that these valyeg
must have been subject to a statistical uncertainty (in either direction) of aboy;
0.2 x 10~ kg/C.

Thomson’s result, of a mass/charge ratio probably between
1.1 X 107" and 1.5 x 107" kg/C, can be compared with the modern value
of 0.56857 x 10™"! kg/C. Evidently, Thomson did not come very close. Be-
cause his results have a fair degree of internal consistency, one suspects that
there was some large systematic error in Thomson’s measurements of electric
and magnetic fields that pervaded all his experimental runs, but after eighty
years who can tell? Thomson was not very good in handling apparatus. In fact,
however, Thomson did not rely solely on his measurements of electric and
magnetic deflections to determine the mass/charge ratio of the cathode-ray
particles. He also employed another method, based on measurements of the
heat energy deposited at the end of the tube. We will come back to this method
after reviewing the concept of energy.
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Energy Relations in Thomson’s Experiment

Now we are in a Position to tie up the [ast loos

e ends in our discussion of
Thomson’s experiment,

225 jic \ . )
0.015m ~ IS X10°)/Cm = 1.5 x 104y

(Recall that the joule is one newton-meter.)

the electric field, as entered in the first five rows of Table 2.1. (The different

electric fields in the last two experimental runs were obtained with batteries of
270 volts and 150 volts instead of 225 volts.)

This force per coulomb is just
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ode rays. His result for the mass/charge ratio was 0.54 x 107" kilograms per

coulomb-—quite good in comparison with the modern value of 0.5687 x

10~ kg/C. However, as we will see in the next section, Kaufmann held back

from drawing conclusions about the nature of cathode-ray particles.

Finally, we come to the method Thomson used in 1897 to obtain hijg

most reliable value for the mass/charge ratio. In this method, the cathode ray
was directed into a small metal collector that would capture the electric
charge of the ray particles and would also capture their kinetic energy, convert-
ing it to heat. The ratio of the heat energy and electric charge deposited in the

collector then gives the ratio of the kinetic energy and charge of each ray
particle:

Mass of (Ve]ociry of) 2
particles particles

Electric charge of particles

Heat energy deposited _
Charge deposited

Once again, the combination of ray parameters on the right-hand side is just
the same as the combination in the formula for electric deflection on p. 42
(except for the interchange of numerator and denominator), so this combina-
tion of parameters can be determined by measuring the ratio of heat to charge
deposited, rather than the deflection due to electric fields, or the voltage be-
tween cathode and anode. This is another nice example of the power of the
principle of conservation of energy. Thomson had no idea at all of the detailed
physical processes that occur when a cathode ray hits a metal collector, but he
could be confident that the increase in heat energy of the collector had to be
precisely equal to the kinetic energy lost by the cathode-ray particles when they
were stopped by the collector.
Thomson’s results for three different cathode-ray tubes are given in
Table 2.2. The second column gives the ratio of the measured heat energy to
the electric charge deposited in the collector during the time (about a second)
that the cathode ray was on. The third column gives the value of the mass times
the velocity divided by the charge of the cathode-ray particles, as determined
according to the equation on p. 52 from the measured deflection of the cathode
ray by a magnetic field. The last two columns give the values of the velocity
and the mass/charge ratio of the cathode-ray particles deduced from the fore-
going measured quantities. The formulas for calculating the mass-to-charge
ratio and velocity are worked out in Appendix E; for now let us just check that
one result comes out right. If we use the deduced values of the velocity and the

dngSith by cathode ray and magnetic deflection of ray.

/ﬂ x Velocity

Electric charge
(kg-mlsec-C,
measured by

Measured ratio
of heat energy

Gas in cathode- to charge deposited

tube (JIC) magnetic deflection)
ray

.

T‘-‘be 3 4.6 x 10° 2.3 %x107*
Al-r 1.8 x 10* 3.5 x 107*
e 6.1 x 103 23 x107*
= 2.5 x 10 4.0 x 1074
A 5.5 x 10° 2.3 %1074
i 10* 2.85 x 107*
m'z 10* 2.85 x 10-:
;“drogen 6 x 10° 2.05 % 10_4
H’;drogen 2.1 x 10 4.6 X 18_4
Carbon dioxide 8.4 x lOi §2 >><< 1074
Carbon dioxide 1.47 X 104 4.8 o
Carbon dioxide 3x10 .

Tube 2: i
A'i‘ ; 2.8 x 10° 1.75 x 107*
Air 4.4 % 10° 1.95 x 1074
Ai; 3.5 x 10° 1.81 % 10-:
Hydrogen 2.8 x 10° 175 x 107
Air 2.5 x 10° 1.60 X 10 :
Carbon dioxide 2% 10° 1.48 X 10_4
Air 1.8 x 10° 151 %107
Hydrogen 2.8 x 10° 1.75 x 10 )
I 3 2.01 x 10~
Hydrogen 4.4 x 10 i
Air 2.5 x 10° 1.76 x 1072
Air 42 %10° 2 x 10
Tube 3: .
Air 2.5 % 10° 22 %107
Air 3.5 x 10° 2.25 % 18-4
Hydrogen 3% 10° 2.5 % 1

R

Deduced
velocity
(m/sec)

4 x 107
108
5.4 % 107
1.2 x 108
4.8 x 107
7 x 107
7 x 107
6 x 107
9.2 x 107
7.5 x 107
8.5 x 107
1.3 x 10®

3.3 x 107
4.1 x 107
3.8 x 107
3.3 x 107
3.1 x 107
2.5 x 107
2.3 x 107
3.3 x 107
4.4 x 107
2.8 x 107
4.1 x 107

2.4 % 107
3.2 % 107
2.5 x 107

Table 2.2. Results of Thomson’s experimentsﬂ on ratio of heat to charge

Deduced
mass/charge
ratio

(kg/C)

0.57 x 107!
0.34 x 1071
0.43 x 107"
0.32 x 107"
0.48 x 107"
0.4 x 107"
0.4 x 107"
0.35 x 10~
0.5 x 107!
0.4 x 1071
0.4 x 107"
039 x 107"

0.53 x 107"
0.47 x 107"
0.47 x 107"
0.53 x 107"
0.51 x 107"
0.54 x 107"
0.63 x 107"
0.53 x 107"
0.46 x 107"
0.61 x 107"
0.48 x 107"

0.9 x 107"
0.7 x 107"
1.0 X 1071
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mass/charge ratio given in the first row in Table 2.2, then the formula on p. 64
gives a ratio of heat energy to charge of

$ X (0.57 X 107! kg/C) X (4 x 107 m/sec)? = 4.6 x 10 J/C,

which is indeed Thomson’s measured value. (Incidentally, in this experiment
the electric charge deposited in the collector was typically a few hundred-
thousandths of a coulomb per second, that is, a few hundred-thousandths of
an ampere, so the heat energy deposited was a few hundredths of a joule per
second—enough to raise the temperature of the small collector by a few de.
grees Celsius per second.)

Evidently this method worked much better than the one based on the
measurement of electric as well as magnetic deflection. The results for the first
two cathode-ray tubes show a high degree of uniformity, and yield average
values for the mass/charge ratio of 0.49 x 107! kilograms per coulomb—not
far from the modern value of 0.5687 x 107! kg/C. Oddly, Thomson pre-
ferred the results obtained with his third tube, which gave a value almost two
times too large. It may be that Thomson preferred the larger value of the
mass/charge ratio because it agreed more closely with the result he obtained by
measuring electric as well as magnetic deflection. Be that as it may, for some
years Thomson made a practice of quoting the mass/charge ratio as about
107! kilograms per coulomb.

We will come back in Chapter 3 to the story of how the charge and
mass of the cathode-ray particles were separately measured.

Electrons as Elementary Particles

All Thomson had done so far was to measure the mass/charge ratio of what-
ever particles make up the cathode rays. Yet he leaped to the conclusion that
these particles are the fundamental constituents of all ordinary matter. In his
own words,

. . we have in the cathode rays matter in a new state, a state in which
the subdivision of matter is carried very much further than in the ordi-
nary gaseous state: a state in which all matter—that is, matter derived
from different sources such as hydrogen, oxygen, etc.—is of one and
the same kind; this matter being the substance from which the chemical
elements are built up.'”

This was reaching very far. As Thomson recalled much later,

At first there were very few who believed in the existence of these bodies
smaller than atoms. [ was even told long afterwards by a distinguished
physicist who had been present at my [1897] lecture at the Royal Insti-
tution that be thought I had been “pulling their legs.”’'®

Indeed, there was no way that the existence of smaller particles within the
atom could be verified on the basis of Thomson’s 1897 experiments. Thomson
did not claim that he had proved it, but there were a number of hints that led
Thomson toward his far-reaching conclusions.

The first of these hints was the universality of the measured ratios of
mass to charge. The value of the mass/charge ratio of the cathode-ray particles
did not seem to depend on any of the circumstances under which it was meas-
ured. For instance, as we saw in the preceding section, the value of this ratio
was about the same for a tube containing carbon dioxide with an aluminum
cathode as for a tube containing air with a platinum cathode (the fifth and
sixth entries, respectively, in Table 2.1), even though the ray velocities were
quite different. Thomson also quoted a result of the Dutch spectroscopist
Pieter Zeeman (1865—1943) thatindicated that similar values of the mass/charge
ratio characterized the electric currents in atoms that are responsible for the
emission and absorption of light.

(Zeeman had been studying the spectrum of the element sodium in a
magnetic field. The spectrum of any element is the pattern of specific frequen-
cies of the light that can be emitted or absorbed by atoms of that element. For
instance, when a compound containing a given element is added to a flame and
the light from the flame is broken up into its component colors by means of a
prism or a diffraction grating, the band of colors will be found to be crossed
with a number of bright lines at certain specific colors—colors corresponding
to the frequencies of light being emitted by atoms of that element. The differ-
ence between light of one or another color is simply one of frequency; violet
light has about twice the frequency of red light, and the other colors have
intermediate frequencies. Similarly, when light from an unadulterated flame is
Passed through a cool vapor containing atoms of the element in question and is
then broken up into its component colors, the band of colors will be crossed
\'.Vith a number of dark lines at precisely the same colors as the previous bright
lines. These dark lines mark the frequencies at which light from the flame is
being absorbed by atoms of the gas. The spectrum of sodium contains a pair of
Prominent lines known as the D lines, at nearby frequencies in orange light. It
18 these D lines that are responsible for the orange color of light from sodium



The Zeeman effect. A magnetic field splits
the spectral lines of sodium into multiple sets.

lamps, used to illuminate many highways. Zeeman observed that these D lines,
which are normally quite sharp, widen in a strong magnetic field, and that the
widening in frequency is proportional to the magnetic field. It was the Dutch
theorist Hendrick Antoon Lorentz (1853-1928) who, in 1896, used the nu-
merical factor in this relation of proportionality to deduce a value for the
mass/charge ratio of the carriers of electric charge in atoms. It is truly remarka-
ble that Lorentz was able to carry through this calculation a year before Thom-
son’s discovery of the electron, fifteen years before Rutherford discovered that
atoms consist of a nucleus surrounded by orbiting electrons, and seventeen
years before Bohr explained how the frequencies of the light emitted or ab-
sorbed by atoms are related to the energies of the orbiting electrons. Lorentz
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' made use of a theorem, devised by Sir Joseph Larmor, that the effect of a

constant magnetic field on a system of charged particles, all of which have the
same mass/charge ratio, is precisely the same as the effect that would be pro-
duced by observing the system from a coordinate system rotating at a definite
frequency, now called the Larmor frequency. This frequency is proportional to
the magnetic field and inversely proportional to the mass/charge ratio, but is
otherwise independent of the nature of the particles, their state of motion, or
the other forces that might act on them. For instance, a particle that is sub-
jected only to magnetic forces will spiral around the lines of magnetic field at
the Larmor frequency, which is just the same motion as would be seen if the
particle were subject to no forces and traveled in a straight line at constant
speed and if the observer’s frame of reference rotated at the Larmor frequency
around the direction of the magnetic-field lines. If a particle is subjected to
other forces that in the absence of a magnetic field would cause it to move
periodically at some natural frequency, then in the presence of a magnetic field
its motion will be the superposition of three periodic motions, with frequencies
equal to the natural frequency, or the natural frequency plus or minus the
Larmor frequency, so the splitting in frequencies will be twice the Larmor
frequency. Lorentz assumed that the frequencies of the light emitted or ab-
sorbed by atoms are equal to the frequencies of these motions, so that the
splitting of the frequencies in a magnetic field would be twice the Larmor
frequency for that field and hence could be used to calculate the mass/charge
ratio of the carriers of electric currents in atoms. In fact, this interpretation of
the frequencies at which light is emitted or absorbed by atoms is not correct,
and happens to work only in certain special cases, 7ot including the sodium D
lines. Lorentz was lucky; although the frequencies of the two D lines of sodium
are actually split by a magnetic field not into two frequencies each, but into
four and six frequencies, respectively, and although the splittings among these
various frequencies are not at all given by Lorentz’s theory, Zeeman had not
l_)een able to resolve these separate frequencies, and by chance their overall
frequency spread is approximately given by twice the Larmor frequency.)
Zeeman’s measurements had provided a rough estimate of the mass-
to-charge ratio of whatever it is that carries electric currents in atoms, and
Thomson’s work on cathode rays showed that these charge carriers are not just
Part of the architecture of the atom, but have a separate existence of their own
outside as well as inside the atom. Thus it seemed that, whatever else ordinary
Mmatter might contain, it contained at least one common constituent, which
could be emitted from metals as a cathode ray. The universality of these parti-
cles was soon to be verified when the so-called beta rays that were observed to
be emitted by radioactive substances were found (by methods similar to Thom-
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solutions like salt water have varjous mass/charge ratios,
than about 10-8 kilograms per coulomb, (
in the next chapter.) Thomson’s result for

but never a ratio legs
This will be discussed in some detaj]

10~ kg/C

= 10-3
1078 kg/C 1075

Thomson noted that this idea of very
with the observations of Phillip Lenard (1862-1947), who observed in 1894

that cathode-ray particles could travel thou-
sands of times farther through gases than could ordina

open that they are the constituents of atoms,

Thomson was also predisposed to explain his observations in terms of
fundamental particles by an atomic tradition, extending back to Leucippus,
Democritus, and Dalton. In his 1897 paper, Thomson quoted the speculations
of the English chemist William Prout (1785-1850), who in 1815 proposed

was not the hydrogen atom

but the vastly lighter
cathode-ray particle. Would he have reached this conclu

sion if Prout and oth-

light cathode-ray particles fitted well |

i espectable? As we have seen, while
- e ﬁ:lrrli(ilagmtizt;iar;?/rctgcaiizerralt)io, a similar experiment was car-
i w;:ri?: fy Walter Kaufmann, with reSL;lts tha:j f)(\i/e n(t)\;\ial;;lo::) ::5:
e ’s. But Kaufmann did no
:crually 1.2 ¢ acjuratﬁt;};i;zihc(l): iOiEeSHertz and other phys'ic.ists ip German};
discovefeq en é::;m was strongly influenced by the scientific phllosophy 0
. K;“ icist and philosopher Ernst Mach (1836—1?16) and }}1115 -Clri
i KSlC it was unscientific to concern oneself with hypot 'Cth}?
# Who' A atthat could not be directly observed. It is hard to avoid t ﬁ
i 'llke atOr}Il';omson discovered the cathode-ray particle that we now ca
o t}:)atcause unlike Mach and Kaufmann, he th(?ught that it was part
ﬁ;e tﬁf(z:s)il;esz of pilysics to discover fundamcintal pafrtxc}l:;:.supposed _
L i did not use any special name or hi
]At ﬁtriz;::s.’[g(c))zseo;ears earlier, the Anglo-Irish physicist and_ aStfrolI;S:iil:
R o Stoney (1826—1911) had proposed that the unit of e e
Georg’e o s became electrically charged ions s_hould be calle
B o e h n’s 1897 experiment, the real-
1% In the decade or so after Thomso nt o
o elec_t"on' icles became widely accepted and physicists every
ity of his fundamental particles
where began to call them electrons.
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