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INTRODUCTION
Jed Z. Buchwald and Andrew Warwick

Today the world of objects that are smaller than a wavelength of visible light—
the microworld—belongs to everyday life. Consumer devices, ranging from
integrated circuits to designer molecules, work directly with microobjects;
engineers build nanometer-size motors; molecular biologists fabricate DNA
strands; chemists synthesize molecular structures designed by computers,
which themselves consist of microbased devices; high-energy physicists seek
to smash microobjects into the smallest possible bits; and scientists at IBM in-
scribe the company logo in Xenon atoms. Determined skeptics will continue
to debate atomic reality, but new universes of devices inevitably marginalize
metaphysics, as they always have. Hobbes’s seventeenth-century objections to
the vacuum, for example, persuade only in a world where vacuum pumps are
rare and expensive, work erratically, and require specialists to build and use
them. When pumps can be bought in toy stores, persuasive rhetoric turns into
eccentricity.

Until just past the end of the nineteenth century, material entities like
electrons played almost no role in the practice of physicists. Indeed, such
things had much less working life than did that catholic underpinning of all
nature, the ether, even though the ether has today disappeared altogether
from the life of science, whereas electrons and other particles are ubiquitous.
Yet as late as 1909 the English physicist Oliver Lodge profitably offered a
book entitled The Ether of Space in which he could write that the Ether
(solemnly capitalized) is “not only uniformly present and all-pervading, but
also massive and substantial beyond conception.” More than that, Lodge’s
Ether turned out to be “by far the most substantial thing—perhaps the only
substantial thing—in the material universe.” This was printed four years af-
ter the publication of Einstein’s special relativity theory, and well into the era
of elaborate experimental work concerned with electron properties and
radioactivity.

Compare Lodge’s certainty about the ether with the following re-
mark, which appears in a textbook on quantum mechanics printed in 1961:
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“Consider as familiar an object as the hydrogen atom. The evidence that
such an atom consists of a nucleus and an electron, bound to the former by
forces of electrostatic attraction, is too well known to need recapitulation.
The electron can be removed from the atom and identified by its charge,
mass, and spin. . . . These are empirical facts” (Merzbacher 1961, 2). The
“substantial” ether has evidently ceded pride of place to “familiar” things
like hydrogen atoms and even electrons. How did this happen? How did
comparatively marginal things (atoms) become familiar, while the very es-
sence of substance (ether) disappeared altogether?

An easy answer is the realist one: atoms, and microphysical entities in
general, occupy ground level in the contemporary physicist’s practice just be-
cause the world is made up of such things. If ether filled the universe, the re-
alist must argue, then we would still be using it today, and we would probably
know lots more about it than people did in the late nineteenth century. There
is a satisfying solidity to this way of thinking. Electrons and suchlike entities
simply are, indeed they have always (or at least for eons) been, and they even-
tually made their presence known in the laboratory. It is nowadays fashion-
able to write of nonhuman beings as though they act rather like people. The
contemporary realist would not like the hint of anthropomorphism in talk of
that kind, but he or she might nevertheless find poetically congenial the
evocative image of an electron as a tangible presence in the late-nineteenth-
century laboratory, where, it might be said, they first learned to speak—or
where, perhaps, they were no longer silenced.

Whether real objects or just useful devices, whether vocal or silent,
electrons figure prominently in every contribution to this collection. They
are “discovered” by J. J. Thomson at the Cavendish—or by someone else at
some other place—or perhaps “electrons” were not discovered at all; they
worked hard to make instruments operate—or they didn’t do much work
at all; electrons colonized the chemical world—or the chemical world just
assimilated electrons. Every one of these not altogether compatible views
is upheld by one or more of the authors included here, all of whom would
nevertheless agree that something took place in laboratories of the 1890s and
early 1900s that had an immense effect on the practices of physics and chem-
istry decades later, and on the technological world as well. The present col-
lection casts light on the question of how the microworld became real by
concentrating closely on the various ways in which “electrons” did, or did
not, play central roles in the laboratory, on paper, and in the universe of de-
vices, like the microscope named eponymously for them.
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CORPUSCLES AND ELECTRONS

The essays in the first section concentrate on J. J. Thomson’s role in the ex-
perimental production of the electron in the mid- and late-1890s. Since the
early twentieth century, Thomson has generally been described, at least in the
English-speaking world, as the electron’s discoverer. Several recent studies,
however, have noted that Thomson was not the only, nor even the first, ex-
perimenter to claim that cathode rays were composed of particles smaller
than the hydrogen atom. Moreover, he always termed the particles he had
produced “corpuscles,” and he resisted (at least until the 1920s) identifying
them with the massless “electrons” or “ions” posited in the respective theo-
retical writings of Joseph Larmor and H. A. Lorentz. What, then, was Thom-
son’s contribution to the emergence of the electron as a recognizable entity
in microphysics, and why has his name more than any other come to be as-
sociated with its discovery?

George Smith casts fresh light on the first of these questions by argu-
ing that it is historically misleading to regard Thomson’s work of the late
1890s as either directed toward or as constituting the discovery of the elec-
tron. According to Smith, Thomson’s experimental researches of this period
were primarily aimed at understanding the nature of electrical conduction, a
problem that had dogged Maxwellian electromagnetic theory since the
1860s. Thomson’s accomplishment in 1897 was to produce powertul exper-
imental evidence in support of the hypothesis that cathode rays consisted of
a stream of negatively charged particles—dubbed “corpuscles” by Thom-
son—that were subatomic constituents of all atoms. Smith also argues per-
suasively that Thomson’s investigation was extremely influential for its
introduction of a new and fundamental asymmetry into the theory of elec-
tricity. Prior to his work, it had been assumed that, whatever their ultimate
nature, positive and negative forms of electricity were symmetrical in their
physical origin and properties. According to Thomson’s corpuscular theory,
negative electricity was quantized and always came attached to discrete sub-
atomic corpuscles of a fixed mass, whereas positive charge existed indepen-
dently of matter and in the form of a continuous cloud. This asymmetrical
approach to electrical charge was eventually made explicit by Thomson in
the form of his so-called plum pudding model of the atom, in which the neg-
atively charged corpuscles orbited in a finite cloud of continuous positive
charge. On Smith’s showing, Thomson’s work as an experimenter, and not
his own work in mathematical physics, helped to alter the agenda of electri-
cal studies in Cambridge. Instead of developing theories that concentrated
(before the 1890s) on finding appropriate energy functions for the ether in
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unusual circumstances, or in probing the connection between ether and mat-
ter (for a period after the early 1890s), mathematical physicists there became
more concerned with the discrete nature of electrical charge and the struc-
ture of the atom.

Isobel Falconer uses a comparison between two histories of the elec-
tron, written respectively by Oliver Lodge and Walter Kaufmann, to explore
different national perceptions of the electron’s discovery in the early twenti-
eth century. For Lodge, writing in Britain in 1902, the establishment of the
electron as a physical entity represented the culmination of long traditions in
British mathematical and experimental physics. The electromagnetic effects
produced by a discrete moving charge had been explored by Thomson and
by Oliver Heaviside in the 1880s and had been developed into a fully fledged
“electron theory” of matter by George FitzGerald and, especially, Joseph
Larmor in the 1890s. Lodge identified a parallel line of experimental evi-
dence, beginning with Michael Faraday’s work on electrolysis, that tended to
confirm the existence of discrete units of both positive and negative electric-
ity. According to Lodge, Thomson’s experimental evidence in support of the
particulate nature of cathode rays represented both a continuation of this line
of experimentation and an empirical verification of an electronic theory of
matter, such as Larmor’s. German physicist Walter Kaufmann described the
electron’s origins in a very different way. He understood it to have emerged
gradually from a much broader range of experimental and theoretical work,
and he placed particular emphasis on the respective theoretical and experi-
mental researches of the Dutch physicists H. A. Lorentz and Pieter Zeeman.
According to this account, Thomson’s main accomplishment at the Cav-
endish Laboratory in the mid-1890s was to succeed in deflecting a beam of
cathode rays electrostatically; something that continental experimenters had
failed to do. From a theoretical perspective, Kaufmann saw Thomson’s re-
sults mainly as confirming theoretical speculations that were already being made
at several sites in Europe. As Falconer points out, Thomson’s work might
well have become invisible had it not been preserved in the British context
by the likes of Lodge. Conversely, as Falconer also suggests, it was likely
the abbreviated accounts of Lodge’s history, propagated by Thomson’s stu-
dents and many physics textbooks, that established Thomson as the electron’s
main discover in the English-speaking world.

The forbidding historical problem of disentangling what Thomson con-
tributed to the discovery of the electron from what his contemporaries un-
derstood or claimed him to have contributed, is further explored in Graeme
Gooday’s essay. We noted above that Thomson himself always referred to his
particles as “corpuscles” and was loathe to conflate them with Larmor’s mass-
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less “electrons” and Lorentz’s “ions.”” Gooday emphasizes that the meaning of
Thomson’s cathode-ray experiments continued to be contested throughout at
least the first decade of the twentieth century and that electrical engineers had
as much to say on this matter as did experimental and mathematical physicists.
Contrary to many historical accounts of this period, Thomson’s contempo-
raries were well aware of the competing corpuscular and electronic theories
of cathode rays and keenly debated the merits of each. An important claim of
Gooday’s paper is that the establishment of the electron as a stable entity in
physics around 1910 was not the outcome of any single set of experiments but
occurred only gradually as such diverse areas as spectroscopy, electrical con-
duction, the thermal properties of matter, cathode rays, x-rays, and radioac-
tivity were satisfactorily reworked in electron theory. As Gooday points out,
those participating in these enterprises would have considered the singular im-
portance subsequently attributed by some historians to Thomson’s experi-
ments of 1897 as little short of bizarre. Gooday also notes that although the
establishment of the electron must be understood in its role in many areas of
physics, its impact on the electro-technology of the period is often overstated
(which, we shall see, resonates well with Rasmussen and Chalmers’s claim in
their essay that theories of the instrument are rarely necessary for its produc-
tive use). Like Falconer, Gooday points to Thomson’s influential students as
the likely source of the myths surrounding his role in the electron’s discovery,
but Gooday additionally speculates that this same group was responsible for
overplaying the importance of “pure physics” in the invention of such devices
as the cathode-ray oscilloscope and the thermionic valve.

Benoit Lelong’s essay explores the importance of disciplinary traditions
in establishing the nature of cathode rays. Shortly after Thomson published
his corpuscular account of the rays in 1897, the French chemist Paul Villard
claimed that they were composed of negatively charged hydrogen atoms.
These claims were not contested in France, but, in the light of the emergent
consensus concerning the subatomic nature of the rays, they were quietly
dropped by the French scientific continuity in the early twentieth century
and then ignored by historians of science. It has generally been assumed that
Villard’s experimental work must somehow have been flawed or that his in-
terpretation of his results was badly mistaken. As Lelong points out, however,
Villard was a recognized expert on hydrate chemistry and a competent ma-
nipulator of cathode rays who was elected to the Académie des Sciences in
1908. How could such a competent and experienced experimenter make
such apparently grave errors in his scientific work, and why were they not
picked up by other members of the French scientific community? Lelong
tackles this problem not by seeking to establish the truth or falsity of Villard’s
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claims, but by showing why he and his French colleagues considered his ex-
planation of the rays’ properties to be perfectly reasonable. Villard began his
career as an analytical chemist who specialized in the chemical composition
of gas hydrates. When in 1897 he became interested in discharge phenom-
ena, he therefore tackled the problem of cathode rays as a fundamentally
chemical one and focused on their reducing power. This line of research
eventually led him to the conclusion that the rays were composed of charged
hydrogen atoms originating in water deposited on the surface of the cathode
ray tube. Lelong points out that Villard’s claims were never explicitly dis-
proved, but were simply ignored when a younger generation of French
physicists began to adopt the apparatus and experimental methods used by
Thomson and his young collaborators at the Cavendish Laboratory. Espe-
cially important in this respect was that the young Paul Langevin spent a year
studying with Thomson at the Cavendish in 1902 before returning to Paris
to build a research group in discharge phenomena. This group adopted
Thomson’s experimental practices and terminology, even to the extent of
continuing to refer to cathode rays as composed of “corpuscles” after Thom-
son’s own students had adopted the term “electrons.”

WHAT WAs THE NEWBORN ELECTRON GooDp FoRr?

Issues of priority and discovery have long provided fodder for the reminisc-
ing scientist and the historian. Who discovered entity x, whether he or she
preceded or followed investigator y, or whether a discovery was truly that, or
not—these kinds of questions often preoccupy the original scientists, but
should they bother historians? Theodore Arabatzis thinks they shouldn’t. Ac-
cording to him, because issues of discovery appear to be indissolubly bound
to issues of realism, the historian should remain a discovery-agnostic, just as
he or she should remain a realism-agnostic. Instead, Arabatzis offers a con-
sensus-based account of discovery, asserting that entity x can be said to have
been discovered just when group y reaches consensus that it has been. On
Arabatzis’s account one might say, for example, that the ether was discovered
in the early nineteenth century, only to have been undiscovered sometime
around 1900. But Arabatzis does not intend absurd consequences; he simply
wishes to concentrate on belief, not on reality. Accordingly, one might on his
account reasonably say that the ether was believed to have been discovered at
a certain time, with that belief having fractured a century later. This does raise
many difficult questions concerning what aspects, if any, of the original dis-
covery persist, questions that will bother discovery realists like Peter Achin-
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stein, who holds a considerably different view from Arabatzis that will be dis-
cussed below.

Arabatzis provides an account of Zeeman’s discovery of the electron,
concentrating—in accordance with his consensus-based views—on how
Zeeman’s work was tightly bound by Lorentz, and then by Larmor, into ex-
isting theoretical systems, which rapidly seated the newly born electron
within schemes that were already being extensively elaborated. Arabatzis’s
electron, one might say, was discovered just when Lorentz and Larmor con-
nected it to persuasive theoretical systems that were quickly taken up by sci-
entific communities. Different communities emphasized or worked with
different aspects of the newfound entity, however, as Helge Kragh’s contri-
bution demonstrates.

Kragh identifies four different kinds of electrons before 1900: the elec-
trochemical, the electrodynamic, the one associated with cathode-ray work,
and the magneto-optical. In each of these regimes the electron served par-
ticular ends, and they were not brought substantially together until near the
turn of the century. After that point, Kragh shows in detail, the electron in
Britain was used in attempts to flesh out a complete picture for the structure
of matter, one that would incorporate and connect both chemical and phys-
ical properties. The underlying notion of the electron as a fundamental build-
ing block of matter appealed particularly to J. J. Thomson and several others,
who often thought of the electron as a sort of chemical protosubstance. The
nature of the object itself remained obscure in this context, with some think-
ing of it as a locus of concentrated ether, the latter meaning—as it had dur-
ing the last quarter of the nineteenth century—the ursubstance. Here,
however, the very notion of materiality fractured, particularly as many scien-
tists during the early 1900s conceived that matter itself gains inertia not from
its essential substantiality but rather from the very fact of being constituted of
charge-carrying objects. Inertia, that is, had for many evolved into an elec-
tromagnetic implication. Here one could also investigate questions concern-
ing the electron’s shape, the distribution of charge over its surface, the
dependence of its (electromagnetic) mass on velocity, and so on. Some of this
work tied strongly to laboratory procedures, but much of it did not, having
its being in a world of highly abstract calculation. This contrasts quite
markedly with, for example, Zeeman’s tremendous experimental focus—de-
scribed by Arabatzis—in ruling out all but magnetic-induced widening in his
discovery of the Zeeman effect and the effect’s linkage to Lorentz’s scheme
for electrodynamics. Certainly Abraham’s and Lorentz’s calculations of the
velocity dependence of electron mass formed the basis of Kauffmann’s
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experiments, but these experiments were done precisely to discriminate
among complex theoretical systems in their respective, elaborate computa-
tions of the electron’s properties per se.

Other uses for the electron concentrated neither upon its detailed
structural properties nor upon its usefulness for reconstructing matter at the
deepest possible level (including chemical properties). These latter uses,
though occasionally connected to calculation, were nevertheless quite dis-
tanced from the laboratory. Ole Knudsen’s and Walter Kaiser’s papers open
windows on a considerably different realm, one that depended neither on
analyses of potential electron structures nor on speculations concerning the
fundamental nature of matter. Knudsens account of O. W. Richardson’s
work in thermionics illustrates just how rapidly it became possible for the
electron to be deployed as a tool. Richardson, Knudsen shows, based his
work on the assumption that conduction electrons evaporate through metal
surfaces, and this led to a wealth of laboratory activity, together with the
computation and mutual linking of experimentally determined parameters.
Then, in 1914, Richardson published an influential text entitled The Electron
Theory of Matter—a book for beginning graduate students designed to con-
nect electron theory with experimental work. Though Richardson discussed
most of the contemporary developments, he concentrated especially on us-
ing the electron to explain specific phenomena: that is, he used the electron
as a tool for analyzing phenomena on a microphysical basis.

With Richardson we glimpse the new world of physics that had begun
to emerge at the end of the nineteenth century, a world in which scientists
would work with microphysical entities. Kaiser’s extensive discussion of the
electron theory of metals shows just how complex and difficult microphysi-
cal practice rapidly became. Issues surrounding metallic conduction had in
many respects been central to the development of field theory in Britain,
where the nature and behavior of electric sources constituted a problem to
be ignored rather than a resource to be deployed in developing physical prac-
tice. By the early 1900s, Kaiser shows in detail, metallic conduction had be-
come a central feature of a burgeoning microphysical practice, one that in
this case sought to unify the electrodynamics of electric sources in metals
with the model of colliding particles that underlay the kinetic theory of gases.
The half-century-long series of investigations that Kaiser analyzes sought
specifically to utilize conduction electrons for the purpose of calculating con-
stants that are otherwise known only by measurement—calculations that
brought together fundamental constants from the otherwise very different
regimes of ideal gases and electrodynamics. Here—in the context of a spe-
cific, longstanding set of problems in metallic conduction—we find, fully
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developed, the kind of physics that has become a trademark of the twentieth
century: a physics that generates knowledge by working with the electron,
first citizen of the microworld.

ELECTRONS APPLIED AND APPROPRIATED

All of the theoretical and practical uses for the electron during the twentieth
century had to be painstakingly developed, in some cases entailing the refor-
mation or invention of an entire discipline around a new concept or practice.
The essays in this section discuss the accommodation, or nonaccommo-
dation, of the electron in nuclear physics, chemistry and electrical science.
Each case provides a specific insight into the electron’s gradual progress from
cathode ray to ubiquitous subatomic particle and eponymous entity in one
of the world’s most important and commercially successful industries—elec-
tronics. Consider, for example, the role of the electron in the atomic nucleus.
From the 1910s on most physicists assumed that electrons were present in the
atomic nucleus, but the successful application of quantum mechanics to the
nucleus required by the 1930s that electrons play almost no role in the nu-
clear world. Conversely, the use of the electron in the design of amplifiers
and semiconductors not only produced the new discipline of electronics but
eventually enabled the very absence of the electron in certain material struc-
tures to be reified as a new entity in its own right, the “hole.” The appropri-
ation of the electron by chemists highlights the difficulties that can arise when
a new experimental entity is theorized in different ways in different disci-
plines. Where physicists saw quantum mechanics and the electron as a route
for reducing chemistry to physics, chemists reasserted their autonomy by de-
veloping their own version of quantum chemistry for their own purposes.
In his essay, Laurie Brown explores the question of whether electrons
exist inside the atomic nucleus. Shortly after Thomson proposed his plum-
pudding model of the atom, other physicists suggested alternative models in
which the negative electrons circled a tiny positively charged nucleus. These
models were initially resisted as mechanically unstable by most physicists, but
they were widely accepted after 1913 in the form of Niels Bohr’s quantized
nuclear atom. Bohr’s model provided a means of stabilizing the electronic or-
bits and accurately predicting atomic spectra, but it raised the problem of
what existed inside the small but massive atomic nucleus. In 1919, Ernest
Rutherford showed experimentally that the nucleus contained “protons,”
particles that carried an equal and opposite charge to the electron but which
had roughly the same mass as the hydrogen atom. To preserve electrical neu-
trality, it was necessary to assume that the atom contained at least as many
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protons as electrons, but this assumption alone accounted for only about half
of the mass of most atoms. To account for the rest of the mass, it was widely
assumed that the nucleus contained additional protons, or combinations of
protons, whose charge was negated by the presence of an equal number of
electrons—an idea that received powerful empirical support from the fact
that the nucleus emitted electrons during nuclear decay. Brown argues that,
although this assumption was widely accepted from 1920 until the discovery
of the neutron, it became increasingly untenable to some theoreticians fol-
lowing the advent of quantum mechanics in 1926. According to quantum
mechanics the respective spins and magnetic moments of nuclei and elec-
trons were inconsistent, and electrons would in any case quickly escape from
the nucleus by quantum tunneling. Brown describes how attempts by theo-
reticians to deal with these and other problems during the late 1920s and
1930s led to the conclusion that electrons could play only a very minor role
in physics of the nucleus.

Mary Jo Nye compares the histories of physics and chemistry in the late
nineteenth and early twentieth centuries, and she asks why the former but
not the latter appeared to experience a second revolution after the turn of the
century. The arrival of the electron transformed chemists’ understanding of
chemical structure and bonding, yet these major changes were not hailed as
having revolutionized chemistry in the way that atomic theory, relativity the-
ory and quantum mechanics did physics. This is, as Nye points out, the more
surprising in that the electron’s role in chemical bonding was often expli-
cable only in quantum mechanics, the very theory that was seen as so revo-
lutionary in the other discipline. Nye investigates this issue by tracing the
electron’s impact on chemistry through theories of chemical bonding be-
tween 1900 and 1940. It was during the 1910s that G. N. Lewis introduced
the idea of a “shared pair” of electrons as constitutive of a stable chemical
bond, the bond being, in Irving Langmuir’s terms, “ionic” or “covalent” de-
pending on the relative positions of the shared electrons and their parent
atoms. These ideas were modified and hotly contested during the 1920s, but
were gradually accepted during the 1930s as important in explaining the va-
lence bond and reaction mechanisms in organic chemistry. The electronic
theory of chemical bonding was also justified theoretically during this latter
period in quantum mechanics and Bohr’s theory of the atom. Nye concludes
that the electron’s impact on theoretical chemistry was not seen as revolu-
tionary because it was understood to have buttressed and extended extant
theories rather than to have spawned new ones. Even quantum-mechanical
explanations of molecular stability were seen as justifications of older con-
cepts such as resonance, rather than as totally new chemical theories. In the
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broader historical picture, the arrival of the electron and quantum physics in
chemistry was seen as fulfilling the expectations of men like Lavoisier and
Dalton who were understood to have been the driving forces of the first
chemical revolution.

In the next essay in this section, Lillian Hoddeson and Michael Rior-
dan display the intimate relationship that existed between the electron, the
notion of a positively charged “hole” in electronics, and the invention of the
transistor. They begin by tracing the electron’s move during the 1910s from
an object whose practical and conceptual importance was confined to the
physics laboratory, to one that was of operational reality in the design of com-
mercial electrical devices. We noted above that the electron was of little prac-
tical significance in electrotechnological design before about 1910, but this
changed rapidly through the second decade of the twentieth century when
the communications company AT& T sought to develop the technology nec-
essary to build a coast-to-coast telephone system in the United States. To de-
velop amplifiers that could preserve the strength and integrity of signals over
long distances, electrical engineers began to conceptualize and design devices
with reference to the physical properties of electrons. The commercial suc-
cess of this enterprise through the 1920s led to the establishment of “elec-
tronics” as a well-defined area of technological endeavor. It was from the
hybrid environment of university physics and the research facilities of such
companies as AT&T, Bell Telephone Laboratories, and General Electric that
a new concept, the “hole,” was proposed and became an operational reality.
The term was coined by Rudolf Peierls to describe an empty electron state
near the top of an otherwise filled band of electrons. Peierls noted that this
pseudoentity could be treated theoretically as if it were a particle with an
equal and opposite charge to that carried by an electron. But, as Hoddeson
and Riordan show, the hole only came to life in the laboratory when it was
used to explain the successful operation of the transistor. Hoddeson and Ri-
ordan describe in careful detail the long process of interplay among reasoned
experimentation, theoretical interpretation, and serendipity. Many signal
modifications to the experimental apparatus were tried for no deep theoret-
ical reasons, and they often produced strikingly different effects from those
vaguely anticipated by the experimenters. Explaining these effects was gen-
erally a retrospective process, one that eventually enrolled the notion of the
hole. According to Hoddeson and Riordan, it was the power of the concept
of the hole to explain the operation of the transistor that gave it entity status
and operational reality from the late 1940s.

Kostas Gavroglu concludes the section with an essay on the role of the-
ory in chemistry, especially as compared to its role in physics. Contrary to
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some received histories, Gavroglu argues that the electron and the quantized
Bohr atom were initially irenic entities that helped to unite physics and
chemistry around a common understanding of atomic theory. The chemists
were more interested in the electron’s role in chemical bonding than were the
physicists, but the physical properties of the electron were agreed upon by
members of both disciplines. Following the advent of quantum mechanics in
the mid-1920s, however, physicists came to regard the electron as a new en-
tity whose role in physics and chemistry could only be understood properly
in their new theory. From this point on the physicists felt that they, rather
than the chemists, possessed the theoretical tools required to understand
chemical bonding and that chemical theory would eventually be reduced to
physical theory. Chemists naturally took a different view. Although they too
would eventually find quantum mechanics a useful theoretical tool, they
found the physicists’ account of chemical bonding—in the quantum me-
chanics of the electron—of no practical use in their discipline.

Gavroglu illustrates these points through the work of Walter Heitler
and Fritz London, two young physicists who used quantum mechanics to
produce the first theory that successfully explained the stability of the hy-
drogen molecule. The theory proved satistactory to the physicists, even
though its exact analytical application was confined to molecules with one or
two electrons. As Gavroglu points out, however, chemists had little use for
theories that failed to explain the vast majority of interesting chemical re-
actions; and it was no consolation to them to be told that a solution was in
principle (but not in practice) possible. This for Gavroglu illustrates the
respectively different roles played by theory in physics and chemistry. Where
physics sought a single theory that, in principle, was analytically exact in all
cases, chemistry, a primarily laboratory-based science, sought one or more
theories that were practically applicable to a wide range of empirical data. For
Gavroglu, the attempts by chemists to reappropriate the electron in the
1930s, and to build an autonomous quantum chemistry, provide a rare op-
portunity for historians and philosophers of science to glimpse the particular
role of theory in chemistry.

PHirosorHICAL ELECTRONS

In this final section we consider questions that bear on the electron as a philo-
sophical object, or, better put, in respect to issues of instrumentalism, episte-
mology, and realism. Peter Achinstein begins with objections and a proposal:
he accepts neither Arabatzis’s consensus-based criterion for discovery, nor
Falconer’s Hacking-like emphasis on measurement and manipulation. He
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offers instead the assertion that “P discovered X if and only if P was the first
person (in some group) to be in an epistemic state necessary for discovering
X,” where “epistemic state” has three criteria associated with it: that P knows
X exists, that observations of X or its effects caused belief, and that P’s rea-
sons include observation of X or its direct effects. He additionally distin-
guishes a weak from a strong sense of discovery, but for our immediate
purposes it is the strong sense, which requires satisfaction of all three crite-
ria, that matters. Achinstein’s arguments are quite compelling, for he is able
nicely to illustrate how anyone who satisfies his criteria can reasonably be said
to have discovered X. Of course, to accept Achinstein’s scheme one must also
accept, in his words (this being his second criterion) that “observations of X
or its direct effects caused, or are among the things that caused that person to
believe that X exists.” This criterion would presumably be unacceptable to a
nonrealist. If it is not reasonable to talk about the existence of X then it ap-
pears hardly appropriate to talk about X having caused belief. Beyond issues
of realism stands historical complexity.

In the case of J.J. Thomson, his primary example, Achinstein ac-
knowledges that “the historical facts about who knew what and when are
complex”—perhaps too complex to permit a persuasive answer even under
Achinstein’s criteria. Still, his criteria serve nicely to distill elements of dis-
covery that do appear critical to the process, and that can be used as clarify-
ing factors in historical analysis—even if we are primarily concerned, like
Arabatzis, with concentrating on the production of consensus, since it ap-
pears clear that significant aspects of Achinstein’s criteria entered the process.
Achinstein argues accordingly for “joint efforts of philosophers and histori-
ans of science.” Desirable though this might be (if only for the likelihood of
such a collaboration’s bringing the sharp light of philosophical precision to
bear on loose historical logic), discovery stories are not compelling for most
contemporary historians of science because they are—when told by the dis-
coverer and his or her contemporaries—rather the subject than the object of
historical inquiry. Achinstein understands this, but he resists it, arguing for
the place of admiration and honor in considering historical figures.

Margaret Morrison injects a different brand of philosophy into history:
she is concerned neither with realism or discovery, nor even with experi-
ments, but rather with the epistemology of theory, for it is here that, she
argues—in considerable contrast to much contemporary historical liter-
ature—one can find many of the sources of commitment to scientific ontol-
ogy. Theory, Morrison argues, binds metaphysical commitment, but not in
the manner of Kuhnian holism or entanglement. Rather, Morrison sees
commitment to realist belief arising specifically out of the increasing
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enlargement and elaboration of what one might call an entity’s field of play.
In her words, “the reality ascribed to entities is often the result of their evo-
lution in a theoretical history.”” The history of belief intersects not only, Mor-
rison argues, with Hacking-like laboratory manipulation, but also—perhaps
even primarily—with the evolution of theoretical trajectories. To illustrate
her claim, Morrison provides a detailed account of the manner in which elec-
tron spin became a signal part of quantum mechanics. That, Morrison shows,

3

took place over time as the properties assigned to “spin” evolved in con-
junction with the solution of specific problems and theoretical desiderata,
such as consistency with relativistic demands. As “spin” took shape within a
theoretical system, so did it become a property with a purchase on reality—
a “fundamental feature of the electron.” This despite the fact that “spin” al-
ways resisted interpretation in ways similar to those that, for example, assign
velocity to the electron. According to Morrison, reality commitments are in-
evitably and inextricably bound to the functions that a theoretical entity
serves within a given scheme, including the ways in which the entity satisfies
demands for consistency between the scheme’s several elements.

Jonathan Bain and John Norton’s article intersects with Morrison’s con-
cern to show that reality commitments evolve along with theoretical devel-
opment. But where Morrison is concerned to show how commitment to an
electron property, namely spin, evolved, Bain and Norton want instead to
concentrate on the correction and expansion of the set of electron properties,
arguing that the list of its “historically stable” properties grew over time. The
sequence of theories—of electron properties—corrects “errors of former
members while preserving their successes and providing richer and improved
representations of the electron.” There is a familiar ring to Bain and Norton’s
claim, since most scientists believe something similar: namely, that over time
the good drives out the bad, with what was true and correct in the past mov-
ing forward, perhaps in a new form, into the future. The particular novelty of
their argument lies in its emphasis on corrigibility, which connects with Mor-
rison’s notion that metaphysical commitment grows along with fruitful and
consistent theoretical elaboration. This licenses a move away from the notion
that theories change altogether whenever important alterations in them oc-
cur, to concentrate instead on just what it is that does change, and what the
changes signify for scientific practice in specific circumstances.

There may well be incommensurability—we think that in many in-
stances there undoubtedly is—but one must analyze with great care and sub-
tlety the particular characteristics of a given episode to identify just where and
how fundamental change occurs. One might, for example, compare Bain and
Norton’s episode with the manner in which the optical ray changed radically
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in the early nineteenth century with the introduction of the wave theory of
light. Many of its functional characteristics were recaptured by wave optics,
which worked with different fundamental entities, and these accordingly re-
quired those properties of the ray that remained stable to be recaptured by
means of various approximations and alterations in physical interpretation
(for example, by reducing a ray’s sole stable property to its marking the path
along which energy flows, the latter to be deduced from wave principles).

Nicolas Rasmussen and Alan Chalmers are not concerned with the
evolution of a theoretical entity’s properties, stable or otherwise, but they are
interested in asking whether the effective use of an instrument necessarily de-
pends in any meaningful way on theories about the way in which the device
functions. On the whole, they argue, it does not, but, where it does, there is
no vicious circle of mutual support between theory and observation. Specif-
ically, the electron microscope was fruitfully used in discovering the biolog-
ical cell’s endoplasmic reticulum without a theory of how it interacted with
the object entering in any meaningful way at all—work went on by drawing
comparisons between observations done in different ways and with different
devices.

In the case of crystal dislocations, work proceeded in much the same
way—Dby independent measurement with different processes and instru-
ments—but, in addition, a theory of Bragg diffraction by lattice planes was
deployed that did support claims concerning the crystal dislocation, and that
(ipso facto) also sustained claims for the operation of the electron microscope.
Rasmussen and Chalmers see no vicious circularity here—it is rather a case
of effecting a solid web of mutual support between the instrument and the
object under investigation by it. “If,” they assert, “there is a match between
the precise predictions of some speculative theory, which may be or include
a theory of instrument/specimen interaction, and the interpretation of some
reproducible but otherwise mysterious observations, then why should this
match not be taken as confirming both the theory and the interpretation of
the observations?” This occurs primarily in the case of physics, they argue,
and even then only when the object is sufficiently simple in structure to make
the construction of a supporting web worthwhile. They see an immense
range of “interpretive methods” available to experimenters who are looking
to understand the character of the object under investigation.

CONCLUSION

Taken as a group, the essays in this book cast light on what might be called
the electron’s “biography” during its first hundred years of “life.” Though it
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is not easy to decide when, or by whom, the electron was originally discov-
ered, nevertheless by the early years of the twentieth century a broad con-
sensus prevailed among physicists on the new entity’s existence and its
fundamental properties. And, unlike the ether, which faded from the physi-
cist’s world just as the electron made its appearance, the new entity was fruit-
fully bound to numerous branches of theoretical, experimental, and applied
science. Indeed, in identifying the corpuscle as the elementary carrier of neg-
ative charge and subconstituent of the atom, Thomson relocated microphys-
ical properties that many British physicists—Thomson included—had
previously hoped to find in the ether. The emergent electron gained worka-
day reality at the ether’s expense.

Like almost all entities in science, the electron has not remained un-
changed, for its properties have evolved. During roughly the first quarter of
this century the electron was generally assumed to be a particle whose mass
was entirely electromagnetic in origin (Kaye and Laby 1936). Both no-
tions—that of its purely particle-like character and that of the electromag-
netic character of'its mass—were undermined from the mid-1920s following
the conceptual upheavals attendant on widespread acceptance of the theories
of special relativity and quantum mechanics. The special theory of relativity
provided a new relationship between energy and mass that did not depend at
all on electromagnetic theory proper. Quantum mechanics required that the
electron possess wave-like as well as particle-like properties. This remarkable
requirement challenged the notion that subatomic particles were simply mi-
croversions of macroscopic bodies and received convincing experimental
confirmation in the form of electron diffraction in 1927. As Morrison shows
in her essay, the theories of relativity and quantum mechanics were also im-
plicated in debates during the mid-1920s that led to the electron being at-
tributed a quantized spin of one-half, a quantity that has no classical analogue
and for which it is difficult to develop a physical image. In fundamental par-
ticle physics, too, the electron has gradually altered its role over the second
half of the twentieth century. Originally one of only two or three micropar-
ticles from which physicists tried to build consistent models of atoms, the
electron has now become one among hundreds of particles whose very exis-
tence, stability, and dynamics await a unified theoretical explanation.

These changes aside, the electron has in many other respects remained
remarkably stable during a century that has witnessed extraordinary devel-
opments in experimental and theoretical physics. Unlike the other two fun-
damental building blocks of atoms—the proton and the neutron, which are
now believed to be composed of the more fundamental quarks—the elec-
tron has remained a truly elementary particle. It also remains by far the most
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accessible and manipulatable of subatomic particles, one that plays an enor-
mous conceptual and experimental role in numerous branches of physics,
chemistry, and electronics. The electron’s fundamental characteristics—its
charge and its mass—have also become better known over time. When
Thomson first suggested that cathode rays were composed of corpuscles in
May 1897, he offered only as a tentative “hypothesis” the claim that the
charge they carried was the same as that on the hydrogen ion (Thomson
1897, p. 109). If this were accepted, he noted, the mass of the corpuscles must
be around a thousand times less than that of the hydrogen ion. Today the
electron’s charge and mass are among the most fundamental quantities in
physics and have been measured to well within one part in a million (Kaye
and Laby 1995, p. 19). After a century of microphysics the electron’s exis-
tence as a theoretical and experimental entity appears to be more secure than
ever. The essays in this book contribute to our understanding of how the first
subatomic particle achieved this remarkable status.
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J.J. THOMsON AND THE ELECTRON, 1897-1899

George E. Smith

‘What, precisely, did J. J. Thomson contribute to the discovery of the electron?

Because the electron was “discovered” in 1897, one naturally takes this
to be a question about what Thomson claimed pertaining to the electron
during 1897, and hence a question about his April 30 Friday Evening Dis-
course on cathode rays at the Royal Institution,' in which he first put the sub-
atomic proposal forward, and his subsequent classic paper “Cathode Rays”
in the October issue of Philosophical Magazine.> Restricting the question to
1897, however, gives one a seriously incomplete and consequently mislead-
ing answer to the question of what Thomson contributed. Further, it gives a
picture of what he and his research students at the Cavendish Laboratory
were up to at the time that they would have had trouble recognizing. Thom-
son’s contribution to the discovery of the electron stretched over the next two
years as well. His 1897 paper is the first in a sequence of three equally classic
Philosophical Magazine papers presenting fundamental experimental results on
the electron: the second, “On the Charge of Electricity carried by the Ions
produced by Rontgen Rays,” appeared in December 1898,° and the third,
“On the Masses of the Ions in Gases at Low Pressures,” in December 1899.*
The last five pages of this 1899 paper put forward a new account of ioniza-
tion and electrical conduction in gases. These five pages culminated Thom-
son’s efforts on the electron. The purpose of the present chapter is to answer
the question of what Thomson contributed by considering these three pa-
pers together, taking them as presenting consecutive results of a research ef-
fort on “the connexion between ordinary matter and the electrical charges
on the atom’” that began taking shape in 1896.

The key experiments in the 1897 Philosophical Magazine paper pro-
ceeded from the working hypothesis that cathode rays consist of negatively
charged particles to two complementary measures of the mass-to-charge ra-
tio, m/e, of these particles. Thomson’s data, however, were less than perfect,
with more than a factor of 4 variation in the m/e values he obtained. More-
over, he was not alone in publishing m/e values for cathode rays in 1897. Emil
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Wiechert had announced more or less the same value on 7 January 1897 in
a talk in Konigsberg,® weeks before Thomson, and Walter Kaufmann pub-
lished a value that proved, in hindsight, to be more accurate than Thomson’s.”
The only way in which Thomson’s experiments might be said to have ac-
complished more than Wiechert’s and Kaufmann’s lay in his offering two
complementary measures of m/e for cathode rays and in his confirming so ex-
tensively that this quantity does not vary with the cathode material or the
residual gas in the tube.

Thomson also differed from Wiechert and Kaufmann in the emphasis
he put on the proposal that cathode rays consist of particles.® Indeed, Thom-
son’s 1897 paper and his earlier talk both give the impression that his primary
aim was to settle a dispute over whether cathode rays are particles, the view
favored in Britain, or some sort of etherial process, the view favored on the
Continent. The paper did achieve this aim, for within months opposition to
the particle view died. In point of fact, however, the issue over cathode rays
was not drawing much attention at the time, and Thomson himself had not
done much with cathode rays before late 1896 and did little with them after
1897.° To single out Thomson over Wiechert and Kaufmann for champi-
oning the particle view of cathode rays is to attach more importance to this
issue than it probably deserves.

The second announced aim of Thomson’s 1897 paper was to answer
the question, “What are these particles?” The increasing importance of this
question to Thomson when writing the paper becomes clear from compar-
ing it with the text of his April talk. George FitzGerald’s commentary on this
talk had focused almost exclusively on the proposal that these particles are
subatomic.'® Partly in response to this commentary, the paper advanced con-
siderably more evidence than the talk in support of subatomic “corpuscles.”
Thomson was unique in drawing this conclusion from the 1897 m/e values
for cathode rays. Nevertheless, in contrast to the rapid acceptance of the par-
ticle view of cathode rays, the subatomic claim, while attracting a great deal
of attention, was not accepted until after his December 1899 paper. Perhaps
Thomson receives more credit than he deserves for putting this proposal for-
ward in 1897. We need to ask, what exactly did the October 1897 paper show
about the particles forming cathode rays, and what remained to be shown to
provide compelling grounds that they are subatomic?

Thomson’s 1897 paper ends with conjectures on the structure of atoms
and the relationship between his subatomic corpuscles and the periodic table.
As is widely known, over the next decade Thomson attempted to develop a
“plum-pudding” model of the atom in which the negatively charged cor-
puscles are at rest in a configuration of static equilibrium within a positively
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charged matrix. The resulting widely held picture of Thomsons 1897
achievement is that he discovered the electron and then went off on a garden
path on the structure of the atom, leaving to Rutherford in 1911 and Bohr
in 1913, not to mention Millikan, the task of completing the project he had
begun.

Taking Thomson’s 1897 paper together with those from 1898 and 1899
gives a very different picture of what he accomplished. As noted, his central
concern at the time was with “the connexion between ordinary matter and
the electrical charges on the atom.”!! Electrical phenomena in gases provided
his experimental means for getting at this connection. His 1897 paper gave a
rough m/e value for cathode rays that was independent of the residual gas in
the tube and the material of the cathode; this result pointed to a single car-
rier of negative charge that might well be ubiquitous. His December 1898
paper gave a rough value for the charge on individual ions in gases ionized by
x-rays, concluding that it may well be the same as the charge per hydrogen
atom in electrolysis. His December 1899 paper reported that the m/e of both
the electrical discharge in the photoelectric effect and the electrical discharge
from incandescent filaments is the same as the m/e of cathode rays he had ob-
tained in 1897, and the e in the photoelectric effect is the same as the charge
per ion in gases ionized by x-rays he had obtained in 1898. From these re-
sults, joined with those his research students had obtained on the migration
of ions in gases, Thomson concluded that there is no positively charged
counterpart to his corpuscle entering into electrical phenomena in gases. The
1899 paper ends by putting forward a new “working hypothesis” for electri-
cal phenomena in gases in which the negatively charged corpuscle is univer-
sal and fundamental, ionization results from the dissociation of a corpuscle
from an atom, and electrical currents in gases at low pressures consist prima-
rily of the migration of corpuscles.

The three Thomson papers thus form a unit. The sequence of novel ex-
periments reported in them replaced conjecture about the microstructural
mechanisms involved in the electrification of gases with a new, empirically
driven picture of these mechanisms. At the heart of this picture is an asym-
metry of charge in the mechanism of electrification. This asymmetry, which
stood in direct opposition to almost all theoretical work preceding it, was
Thomson’s most important and unique contribution to the discovery of the
electron. Commentators have often pointed out that he received the Nobel
Prize in 1906 not for the discovery of the electron but for his research on
electricity in gases. Drawing a contrast between these two in this way misses
the point made in the first two sentences of the preface to the first (1903) edi-
tion of his Conduction of Electricity through Gases:
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I have endeavoured in this work to develop the view that the conduction
of electricity through gases is due to the presence in the gas of small par-
ticles charged with electricity, called ions, which under the influence of
electric forces move from one part of the gas to another. My object has
been to show how the various phenomena exhibited when electricity
passes through gases can be coordinated by this conception rather than to
attempt to give a complete account of the very numerous investigations
which have been made on the electrical properties of gases.'?

The work for which Thomson received the Nobel Prize was a direct exten-
sion from and elaboration of the “working hypothesis” he put forward at the
end of the December 1899 paper. The central element of this working hy-
pothesis, established experimentally through the efforts from 1897 to 1899,
is the subatomic electron and its asymmetric activity.

There are four reasons why this picture of Thomson’s efforts on the
electron is of more than passing importance for both historians and philoso-
phers of science. First, this episode is a striking example of research in which
experiment took the lead and theory at best lagged behind and at worst acted
as an impediment. The key experiments reported in Thomson’s three papers
and the many supporting experiments of his research students were not done
for the philosophically standard purpose of testing theoretical claims. The aim
of virtually every one of these experiments was to measure some quantity or
other, generally a microphysical quantity. The goal of the experiments taken
together was to develop enough data about what was happening microphys-
ically to allow sense to be made of the large array of experimental phenomena
involving electricity in gases that had been accumulating for over half a cen-
tury. Theory offered no way of getting at many of the discoveries that came
out of these experiments. In particular, the asymmetry in the action of charge
at the microphysical level could not have been discovered except through ex-
periment. The two pertinent theories at the time—Lorentz’s theory of the
electrodynamics of point charges and Larmour’s theory of the aetherial elec-
tron—both assumed fully symmetrical activity of positive and negative
charges. Episodes like this in which experiment is forced to take the lead have
not received the attention they deserve, especially among philosophers.

Second, even setting aside the dominant role of experiment, this
episode is an example of a kind of science that has not received enough at-
tention, namely research in which an evolving working hypothesis substi-
tutes for established theory. The fundamental problem in doing science is
turning data and observations into evidence. High quality evidence is difh-
cult to extract from data in the absence of established theory, for data rarely
carry their evidential import on their surface, and the intervening steps in rea-
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soning from them to evidential conclusions threaten to be too tenuous when
not mediated by independently supported theory. This poses an obvious
challenge for research in the early stages of theory construction in any do-
main. A common way of trying to surmount this challenge is to ask a work-
ing hypothesis to serve in place of theory in mediating steps in evidential
reasoning, hoping to extend and develop the initial working hypothesis step
by step in a bootstrap fashion into a reasonably rich fragment of a theory.
‘While Thomson drew heavily from both classic electromagnetic the-
ory and the kinetic theory of gases in this research, the then available con-
jectural theories of the microphysics of electricity were failing to open the
way for effective experimental investigations. The series of experiments that
he and his research students carried out from 1896 to 1899 allowed him to
develop his initially limited working hypothesis that cathode rays consist of
negatively charged particles into the working hypothesis presented in the fi-
nal pages of the December 1899 paper. One thing that makes this episode an
especially instructive example of research predicated on an evolving working
hypothesis is that so much was accomplished before the theory that was ide-
ally needed began to emerge some fourteen years later, with the Bohr model.
Looking on Thomson’s eftorts on the electron during these years as sci-
ence built off a working hypothesis carries with it a corollary on his research
style in these efforts. The experiments he and his research students carried
out had a “rough draft” character. The measured values obtained from them
were at best approximate, usually indicating only the order of magnitude of
the quantity under investigation. The key experiments were remarkably
complex, requiring several separate measurements—each with their own
problems—to be combined to obtain the targeted quantity. Admittedly,
these experiments were groundbreaking not just in their gaining experi-
mental access to the microphysics of electricity for the first time, but also in
their adding a good deal of new experimental technology to laboratory prac-
tice. Even so, the variances in his results are large enough to prompt ques-
tions about whether Thomson should not have done more to perfect the
experiments before publishing and moving on. As we shall see below, such
questions reflect a lack of appreciation for the kind of science Thomson was
engaged in. The experimental style he adopted in these efforts is entirely ap-
propriate when the goal is one of further elaborating a working hypothesis.
Trying to perfect experiments prematurely will more often than not be a
waste of time; everyone will be in a much better position to refine them once
more of a theory is in place. Just the opposite of being open to criticism for
not doing more to perfect his experiments and leaving too much for others
to clean up, Thomson should be praised for the judgment he showed in
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developing the experiments only to the point where they gave him what he
needed to carry on.

The third reason why this episode is important for historians and
philosophers of science is that the contrast between it and Thomson’s efforts
on the plum-pudding model of the atom underscores a crucial requirement
in this kind of science: the empirical world has to cooperate for the research
to get anywhere. It is sometimes suggested that Thomson’s efforts on his
plum-pudding model show him in decline as a scientist. To the contrary, he
was engaged in exactly the same kind of science in his efforts on atomic struc-
ture, groping for a working hypothesis that would provide the logical basis
for extracting conclusions from experimental results that could extend and
refine this hypothesis. None of the variants of his plum-pudding model en-
abled such a bootstrap process to get off the ground. But then too he had
tried several dead-end working hypotheses on the electrification of gases be-
fore cathode rays gave him one that turned out to be amenable to systematic
experimental development. Criticizing Thomson for being unable to intuit
the planetary structure that the subsequent experiments by Rutherford,
Marsden, and Geiger revealed makes sense only if one thinks that the differ-
ence between great and mediocre scientists is some sort of clairvoyance. Per-
haps instead we should praise Thomson, as we praise Rutherford and Bohr,
for insight in recognizing the faint possibility that the empirical world might
cooperate with a certain line of thought and for his ingenuity and diligence
in marshalling experimental results in then developing this line of thought.

Fourth, considering Thomson’s paper on cathode rays as just the first in
asequence of three seminal papers clarifies the way in which this paper marks
a watershed in the history of science. Surely, the 1897 paper was a watershed,
for it was the first time experimental access was expressly gained to a sub-
atomic particle. When viewed from the perspective of twentieth century
atomic physics, however, Thomson’s cathode ray paper appears at most a mi-
nor initial breakthrough, of no more importance than the breakthroughs of
Becquerel, the Curies, and Rutherford during the next few years. Modern
atomic physics appears to derive far more from Rutherford’s 1911 and Bohr’s
1913 papers than from Thomson’s 1897 paper. This is true. What made
Thomson’s paper a watershed is not that it initiated modern atomic and ele-
mentary particle physics. It was a watershed because, together with the pa-
pers of the next two years, it freed the investigation of phenomena of
electrical conduction, in metals and liquids as well as in gases, from aether
theory and questions about the fundamental character of electricity. As such,
it marked the end of the period Jed Buchwald describes in From Maxuwell to
Microphysics'? and the start of a new era in electrical science.
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Because Thomson himself was a central figure in the electrical science
in which ether theory and questions about the fundamental character of elec-
tricity were at the forefront, he had to go through a personal version of the
transition that his papers effected. For this reason, an examination of Thom-
son’s three seminal papers needs to start a little before 1897.

SoME HisTORICAL BACKGROUND

One tends to forget how much clearer the fundamental importance of cath-
ode rays is in retrospect than it was during the six decades of research on elec-
trical discharges at reduced pressures prior to the last years of the nineteenth
century. In contrast to the often spectacular displays elsewhere in evacuated
tubes, cathode rays themselves are invisible. They were discovered by Julius
Pliicker only in 1859, after Heinrich Geissler’s invention of the mercury va-
por pump allowed a degree of rarifaction at which the fluorescence they pro-
duce stood out. This was a century and a half after Hauksbee had called
attention to visible electrical phenomena in gases at reduced pressure and two
decades after Faraday had carried out his experimental investigations of these
phenomena. Cathode rays were in turn experimentally characterized in the
late 1860s and the 1870s, first by J. W. Hittorf and then by Eugen Goldstein
and William Crookes. None of their findings, however, linked the cathode
rays with the visible discharge, which tends to disappear at rarifactions suit-
able for investigating the rays. It was thus easy in the early 1890s to regard
cathode rays as a separate discharge phenomenon unto themselves, occurring
in the special circumstance of extreme rarifaction.

The six decades of research on electrical discharges at reduced pressures
had revealed a wide array of phenomena by 1890, but scarcely anything of
value for theory construction—not even well-behaved regularities among
measurable quantities of the sort that had been established for electricity in
solids and liquids. Nevertheless, interest remained high. This was not merely
because the microstructure of gases was better understood than that of lig-
uids and solids. A further key reason was stated by J. J. Thomson in his Notes
on Recent Researches in Electricity and Magnetism of 1893:

The phenomena attending the electric discharge through gases are so
beautiful and varied that they have attracted the attention of numerous ob-
servers. The attention given to these phenomena is not, however, due so
much to the beauty of the experiments, as to the widespread conviction
that there is perhaps no other branch of physics which affords us so prom-
ising an opportunity of penetrating the secret of electricity; for while the
passage of this agent through a metal or an electrolyte is invisible, that



GEeORGE E. SMITH 28

through a gas is accompanied by the most brilliantly luminous effects,
which in many cases are so much influenced by changes in the conditions
of the discharge as to give us many opportunities of testing any view we
may take of the nature of electricity, of the electric discharge, and of the
relation between electricity and matter."

Aswill be pointed out, Thomson was not speaking of cathode rays in this passage.

In his President’s Address to the Royal Society at the end of 1893, Lord
Kelvin attached comparable importance to research on electrical discharges
in gases, though for a reason that puts a little more emphasis on cathode
rays.'> Kelvin turned to the subject of electricity in gases by raising the ques-
tion of the difference between positive and negative electricity:

Fifty years ago it became strongly impressed on my mind that the differ-
ence of quality between vitreous and resinous electricity, conventionally
called positive and negative, essentially ignored as it is in the mathematical
theories of electricity and magnetism with which I was then much occu-
pied (and in the whole science of magnetic waves as we have it now), must
be studied if we are to learn anything of the nature of electricity and its
place among the properties of matter.'

Calling attention to the great difference in the behavior of the positive and
negative electrodes in gaseous discharges led him into a brief history of cath-
ode ray research, with primary emphasis on Crookes’s electrical and other ex-
periments at extremely high rarifaction. Whether in Crookes’s experiments
or those of Arthur Schuster and J. J. Thomson on the passage of electricity
through gases, he went on to say, molecules are essential, while “ether seems
to have nothing to do except the humble function of showing to our eyes
something of what the atoms and molecules are doing.” He then concluded:

It seems certainly true that without the molecules there would be no cur-
rent, and that without the molecules electricity has no meaning. But in
obedience to logic I must withdraw one expression I have used. We must
not imagine that “presence of molecules is the essential.” It is certainly an
essential. Ether also is certainly an essential, and certainly has more to do
than merely telegraph to our eyes to tell us of what the molecules and
atoms are about. If a first step towards understanding the relations between
ether and ponderable matter is to be made, it seems to me that the most
hopeful foundation for it is knowledge derived from experiment on elec-
tricity at high vacuum."”

On the question of whether cathode rays consist of negatively charged
molecules, as Crookes had proposed, or some sort of wave-like disturbance
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of the ether, Kelvin in his presidential address considered the issue settled:
“This explanation has been repeatedly and strenuously attacked by many
other able investigators, but Crookes has defended it, and thoroughly estab-
lished it by what I believe is irrefragable evidence.”'® Crookes had published
his proposal in 1879, and Goldstein had attacked it in 1880, raising a series
of objections, including mean-free-path worries.?® The case against the par-
ticle view was reinforced by Heinrich Hertz in 1883.%' In one set of experi-
ments designed for the purpose, Hertz was unable to detect any sign of the
cathode discharge being discontinuous. When he moved the anode out of
the direct stream of the cathode rays in a second set of experiments, he found
that the current departed from the rays, leading him to conclude that the rays
do not carry an electric charge. In a third set of experiments he was unable
to deflect cathode rays electrostatically, from which he concluded that the
only way there could be streams of charged particles was for their velocity “to
exceed eleven earth-quadrants per second—a speed which will scarcely be
regarded as probable.”*?

The Continental objections did not deter Schuster from putting for-
ward a different version of the charged particle hypothesis in his Bakerian
Lecture of 1884.%* Schuster’s experiments had persuaded him that intact mol-
ecules cannot receive a charge from contact with the cathode. He proposed
instead that the emanations from the cathode consist of negatively charged
atoms generated at it when molecules are torn apart by the fields produced
by the interaction between it and positive ions migrating to it. He proceeded
to formulate an algebraic relationship between the m/e and the velocity of
these atoms implied by their curved trajectory in a magnetic field, arguing
that measurements of this trajectory would allow a determination of the
magnitude of m/e sufficient to corroborate his claim. In 1890 he used this
relationship and such measurements, supplemented by assumptions giving
estimates of the velocity, to calculate upper and lower bounds for this m/e.**

Kelvin’s outspokenness notwithstanding, the issue of whether cathode
rays consist of negatively charged particles or are a disturbance of the ether
had, of course, not really been settled by the end of 1893, for figures on both
sides were still advancing new evidence against the other. Hertz had aug-
mented his argument against the particle hypothesis in 1892 when he found
that cathode rays appear to pass through thin films of gold leaf.* In a foot-
note added in press to Recent Researches, Thomson had dismissed this finding,
arguing that the cathode rays striking the film had turned it into a cathode
with new rays generated from it.*® Hertz’s protégé, Phillip Lenard, then
carried out extensive investigations of the rays external to the tube—which
the British came to call “Lenard rays”—publishing the results in 1894.” In
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addition to showing that these rays do not propagate perpendicularly from
the thin film in the way cathode rays propagate from electrodes, he added to
the mean-free-path objection by determining the depth to which the rays
outside the tube penetrate various gases at different densities.

During these same years Thomson advanced a similarly confuting line
of argument against the aetherial-disturbance hypothesis, contending that
the propagation velocity of cathode rays is orders of magnitude less than that
of electromagnetic waves. The first version of this argument appeared in Re-
cent Researches. Deriving basically the same relationship between m/e, veloc-
ity, and the curved trajectory of cathode rays in a magnetic field as Schuster,
and adopting for e the value for hydrogen from electrolysis, Thomson con-
cluded from Hittorf’s published values for the curvature that the correspon-
ding velocity of the cathode rays is no greater than “six times the velocity of
sound.”” The trouble with this argument was that it rather begged the ques-
tion by assuming atomic values for m. Thomson published a second, seem-
ingly more forceful version of this line of argument in 1894, obtaining
comparably low values of velocity more directly from experiments using
rotating mirrors.> This is the one set of experiments that Thomson himself
conducted on cathode rays before 1896. His concern at the time appears to
have been not so much with the properties of cathode rays as with the com-
plications to ether theory that would be entailed by the magnetic deflection
of these rays if they were some sort of electromagnetic waves.™

Thomson had succeeded Lord Rayleigh as the third Cavendish Profes-
sor and head of the Cavendish Laboratory in 1884, at the age of twenty-eight.
After training first in engineering and then in physics and mathematics at
Owens College in Manchester, where Schuster was one of his teachers, he
matriculated at Cambridge, graduating in 1880. Although he was not a stu-
dent of Maxwell’s, his research between 1880 and 1896 was in the tradition
of Maxwell’s work in electricity and magnetism. The title page of Recent
Researches includes as subtitle, “Intended as a Sequel to Professor Clerk-
Maxwell’s Treatise on Electricity and Magnetism.” In surveying progress
made in the field in the twenty years after Maxwell’s Treatise, Thomson’s book
was no less committed than Maxwell’s to combining abstract mathematical
theory and experiment with concrete physical models of mechanisms and
processes underlying electric and magnetic phenomena.”” The physical
model dominating Thomson’s book is not the ether as such, but the Faraday
tube®>—“tubes of electric force, or rather of electrostatic induction, . . .
stretching from positive to negative electricity.”’*® Thomson introduces unit
tubes all of the same strength, saying “we shall see reasons for believing that
this strength is such that when they terminate on a conductor there is at the
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end of the tube a charge of negative electricity equal to that which in the the-
ory of electrolysis we associate with an atom of a monovalent element such
as chlorine.”**

Thomson’s introductory chapter on Faraday tubes ends with a pro-
posed approach to the conduction of electricity generally in which a view of
electrolysis takes the lead. The troubling issue of the interaction between
electricity and matter that Maxwell’s equations had left open included ques-
tions about electrical conduction and the contrasting conductivities of dif-
ferent substances.*

Chapter II of Recent Researches presents 154 pages covering research on
“the passage of electricity through gases,” including his own investigations
on electrodeless tubes. The chapter surveys the full range of experiments on
electricity in gases: circumstances in which gases can and cannot be electri-
fied at normal pressures, the spark discharge, electrical discharges at reduced
pressures, first in electrodeless tubes, then in tubes with electrodes, and the
arc discharge; it ends with a 19 page section entitled “Theory of the Electric
Discharge.” The chapter is thus ideally suited for comparison with the first
(1903) edition of Conduction of Electricity Through Gases to see just what dif-
ference the three seminal papers of 1897 to 1899 made.

Thomson reviews too many experiments in the chapter to cover them
all here. Let me merely highlight some main points. The chapter calls atten-
tion to numerous asymmetries between electrical phenomena in gases at
negatively and positively charged surfaces. It concludes early on, in keeping
with Schuster, that molecules do not become charged, so that electrification
of gases involves chemical dissociation:

‘When electricity passes through a gas otherwise than by convection [i.e.
such as by electrified dust particles], free atoms, or something chemically
equivalent to them, must be present. It should be noticed that on this view
the molecules even of a hot gas do not get charged, it is the afoms and not
the molecules which are instrumental in carrying the discharge.*

Thomson cites Schuster in concluding that cathode rays—or “negative rays”
as he here called them—consist of negatively charged, dissociated atoms; he
responds to mean-free-path worries by suggesting that the charged atoms
form “something analogous to the ‘electrical wind.”””*” Although he reviews
cathode ray results thoroughly, he dismisses them as of secondary impor-
tance: “Strikingly beautiful as the phenomena connected with these ‘nega-
tive rays’ are, it seems most probable that the rays are merely a local effect,
and play but a small part in carrying the current through the gas.”*® He lists a
number of reasons for holding this, the key being the low velocity inferred
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from their magnetic curvature. The primary phenomenon is instead the stri-
ated positive column, the luminosity of which he concludes travels from the
anode toward the cathode at a velocity of the same order of magnitude as that
of light, with the striae forming a sequence of separate discharges.

The section on theory, which opens with the remarks on why elec-
tricity in gases is important quoted above, offers not a detailed theory but a
“working hypothesis by which they [the phenomena] can be coordinated . . .
to a very considerable extent.”* Not surprisingly, this working hypothesis fo-
cuses predominately on the visible “positive discharge.” It proceeds from two
basic tenets:

That the passage of electricity through a gas as well as through an elec-
trolyte, and as we hold through a metal as well, is accompanied and ef-
fected by chemical changes; also that ‘chemical decomposition is not to be
considered merely as an accidental attendant on the electrical discharge, but
as an essential feature of the discharge without which it could not occur’.
(Phil. Mag. [5], 15, p. 432, 1883)*

The electric field between the anode and cathode, Thomson goes on to ar-
gue, is not sufficient to break up molecules, nor can the convection of disso-
ciated charged atoms produce the great velocity of the discharge from the
anode. Instead, the electric field polarizes the molecules spatially in the man-
ner shown on top in figure 1.1, allowing them to form chains of the sort
Grotthus had proposed for electrolysis. So aligned, interaction with the Fara-
day tube extending from anode to cathode is sufficient to dissociate the end
atom, allowing it to combine with a charged atom at the anode, in the pro-
cess contracting the Faraday tube and reinitiating the sequence. “The short-
ening of a tube of electrostatic induction is equivalent to the passage of
electricity through the conductor.”*! The individual striae are bundles of such
chains in parallel, so that the scale of electrical action in gases is not the mean-
free-path from kinetic theory but the length of these chains, as dictated by
conditions in the gas.

As Thomson indicates, this is a working hypothesis in the broad sense,
a coordinated way of conceptualizing electrical phenomena in gases. In con-
trast to working hypotheses in the more narrow sense emphasized later, it
does not enter constitutively into either the design or the formulation of the
results of any of the experiments discussed in this chapter. As such, it is more
a strategic approach for constructing a detailed theory than it is an initial frag-
ment of such a theory that further experiments can extend and enrich.
Thomson appears perfectly aware of this. At several points he tries to develop
specific relationships out of his working hypothesis of a kind that might be
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Figure 1.1

A schematic representation of Thomson’s view of electrical conduction in gases (and liq-
uids and solids) in Recent Researches. The electric field aligns the molecules AB, CD, and
EF in a chain-like pattern. The interaction of the Faraday tubes OP and AB causes the
molecule AB to dissociate, with the atom A combining with O, thereby shortening the
Faraday tube OP to BP, reinitiating the sequence.

systematically tied to experimentally observable quantities, but he never sees
a way of integrating any of these relationships into experiments. This is not
to say that Thomson did not believe the working hypothesis he put forward.
Rather, the question whether he believed it or not is largely beside the point
so long as his goal was to formulate a comprehensive, detailed theory thor-
oughly tied to experiment and the hypothesis was unmistakably not yet en-
abling him to achieve progress toward that goal.

In presenting this working hypothesis—as well as earlier in this chap-
ter and in the discussion of conduction at the end of the preceding chapter—
Thomson puts special emphasis on “a remarkable investigation made more
than thirty years by Adolphe Perrot, which does not seem to have attracted
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the attention it merits, and which would well repay repetition.”* Perrot’s ex-
periments had shown that chemical equivalents of hydrogen and oxygen
are released respectively at the cathode and anode when electricity passes

through steam, just as in electrolysis. Thomson viewed these experiments as
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coming closer than any others to exhibiting a phenomenon whose interpre-
tation is as “unequivocal as some in electrolysis.”** He repeated and extended
these experiments himself, publishing a paper on them in 1893* and includ-
ing an appendix to Recent Researches devoted to them. A sign of how radically
his view of electricity in gases changed with the three papers of 1897 to 1899
is that no mention whatever of Perrot or his experiments occurs in any of the
editions of Conduction of Electricity Through Gases.

One shortcoming of Thomson’s working hypothesis, which he noted
near the end of the chapter, was that it offered nothing toward accounting for
the various asymmetries of electricity in gases, in particular “the difference
between the appearances presented by the discharge at the cathode and an-
ode of a vacuum tube.” Thomson’s long theoretical paper of December 1895,
“The Relation between the Atom and the Charge of Electricity carried by
it,” took a step in this direction.”® Here too he emphasized the conjectural
character of his proposals:

The connexion between ordinary matter and the electrical charges on the
atom is evidently a matter of fundamental importance, and one which
must be closely related to a good many of the most important chemical as
well as electrical phenomena. In fact, a complete explanation of this con-
nexion would probably go a long way towards establishing a theory of the
constitution of matter as well as of the mechanism of the electric field. It
seems therefore to be of interest to look on this question from as many
points of view as possible, and to consider the consequences which might
be expected to follow from any method of explaining, or rather illustrat-
ing, the preference which some elements show for one kind of electricity
rather than the other.*

In Thomson’s view at the time, a molecule of hydrogen, for example,
had to consist of a positively charged and a negatively charged atom of hy-
drogen, with a Faraday tube between them. Yet no hydrogen at all is released
at the anode during electrolysis, implying that somehow all the atoms of hy-
drogen take on a positive charge in the process. The body of the December
1895 paper extends the working hypothesis of Recent Researches, taking Fara-
day tubes to consist of vortex filaments in the aether and trying gyroscope-
like analogies, with their directional asymmetries, to account for the
difference between electropositive atoms like hydrogen and electronegative
atoms like chlorine and oxygen.

December 1895 was more notable for the publication of Wilhelm
Rontgen’s paper announcing the discovery of x-rays.*’ Since Rontgen’s rays
were generated by cathode ray tubes, his paper stimulated new interest in and
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experimentation with these tubes. Of more initial importance to Thomson
was an effect of x-rays: “The facility with which a gas, by the application and
removal of Réntgen rays, can be changed from a conductor to an insulator
makes the use of these rays a valuable means of studying the conduction of
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electricity through gases.”*® 1895 was also the year in which Cambridge Uni-
versity first began admitting graduates of other universities as “research stu-
dents.”* Ernest Rutherford from New Zealand and John Townsend and J. A.
McClelland from Ireland became research students at Cavendish at the end
of 1895, joining C. T. R. Wilson, a Cambridge graduate, who had already
begun his research on the condensation of moist air, having started at
Cavendish early in the year. Thomson and McClelland carried out a series of
investigations of x-rays and their effects in early 1896, immediately follow-
ing Rontgen’s announcement.® Thomson and Rutherford worked together
on a series of experiments on gases electrified by x-rays during the first half
of 1896 and Rutherford continued this effort into 1897.%'

Sometime late in 1896 Thomson, without involving any of the re-
search students, began experiments on cathode rays. Nothing indicates why
he decided to do this, although several factors may have contributed. The
efficacy of x-rays in ionizing gases implied energy levels for them, and hence
for the cathode rays that generated them, that may have raised some doubts
about the values for the velocity of the rays that he had published. Lenard’s
paper of 1894 had not changed Thomson’s mind about the thin-film acting
as a secondary cathode source, but the results it presented on the penetration
and absorption of the rays external to the evacuated tube may have given him
occasion to reconsider the mean-free-path worries. Recall that he had ap-
pealed to an “electric wind” to duck these worries in Recent Researches. An-
other factor that surely made a difference was a paper published by Jean
Perrin in late 1895 reporting an experiment in which, contrary to Hertz, the
negative electric charge does accompany the cathode rays.>* Specifically, Per-
rin had measured an accumulation of negative charge as cathode rays strike a
collector. Thomson was fully aware of the relationship between the m/e and
the velocity implied by the curved trajectory of cathode rays under a mag-
netic field, for he had used it together with assumptions about the value of
m/e in his 1893 estimates of the velocity and he knew of Schuster’s similarly
using it together with assumptions about the velocity in his 1890 estimates of
m/e. The problem in both cases was that the magnetically curved trajectory
provides a single experimental relationship between two unknowns. Perhaps
what most of all got Thomson going on his cathode ray experiments in late
1896 was his seeing the possibility of Perrin’s experiment yielding a second
relationship between these two unknowns.
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J.J. THomMsoN oN CATHODE RAays—1897

The first public indication that Thomson was doing experiments on cathode
rays was in a February 8 talk he gave to the Cambridge Philosophical Soci-
ety, reported a month later in Nature.>® There, Thomson presented his results
from experiments on the magnetic deflection of cathode rays and a refined
version of Perrin’s experiment from 1895. He appears to have made no men-
tion of the subatomic. The occasion for his April 30 talk was a Friday Evening
Discourse at the Royal Institution in London. Most of this lecture-with-
demonstrations was again devoted to these experiments, but what made news
was the subatomic hypothesis he placed before his distinguished audience at
the end. The tenor of the reaction can be seen in an editorial remark in The
Electrician three months later: “Prof. J. J. Thomson’s explanation of certain
cathode ray phenomena by the assumption of the divisibility of the chemical
atom leads to so many transcendentally important and interesting conclusions
that one cannot but wish to see the hypothesis verified at an early date by
some crucial experiment.”®*

The text of the April 30 talk appeared in the May 21 issue of The Elec-
trician, immediately following FitzGerald’s commentary on it. After a brief
review of the history of cathode rays, Thomson presented some experiments
displaying the deflection of the rays in magnetic fields, in the process provid-
ing visible evidence that their trajectory in a uniform field is circular. He then
demonstrated his version of Perrin’s experiment and described some related
experiments showing that cathode rays carry a charge. Along the way he
pointed out that cathode rays turn the residual gas in the tube into a con-
ductor, and he appealed to this to explain Hertz’s failure to deflect the rays
electrostatically. Finally, he demonstrated Lenard’s result of rays outside the
tube and reviewed Lenard’s absorption data, agreeing that these data show
that the distance the rays travel depends only on the density of the medium.
This led him to the question of “the size of the carriers of the electric
charge. . . . Are they or are they not of the dimensions of ordinary matter?”
A mean-free-path argument gave him the answer: “they must be small com-
pared with the dimensions of ordinary atoms or molecules.”*

Thomson adopted a cautious tone in putting the “somewhat startling”
subatomic hypothesis forward in the talk. It doubtlessly would have been
passed over as nothing more than an interesting conjecture were it not for his
having given an experimentally determined value of m/e for the cathode ray
particles at the end of the talk. The single value he gave, 1.6 X 107 (in elec-
tromagnetic units), was inferred by combining the accumulation of charge
and heat at the collector in a further variant of Perrin’s experiment with the
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product pH, where p is the radius of curvature of the rays deflected by a mag-
netic field of strength H. Not much could be made of the precise magnitude
of this single value. (In fact, it falls entirely outside the range of values Thom-
son gives in his subsequent paper.) The point Thomson stressed was that this
value is three orders of magnitude less than the m/e inferred for hydrogen
from electrolysis and this favors “the hypothesis that the carriers of the
charges are smaller than the atoms of hydrogen.”*® He closed his talk by not-
ing that his m/e agrees in order of magnitude with the m/e Pieter Zeeman had
inferred for charged particles within the atom in a recent paper on the mag-
netic splitting of lines in the absorption spectrum of sodium.”’

As the title, “Dissociation of Atoms,” suggests, FitzGerald’s comments
focused entirely on the subatomic proposal, ignoring the first three-quarters
of Thomson’s talk. It would be wrong to say that FitzGerald’s response was
dismissive. His concluding paragraph underscored the potential importance
of Thomson’s proposal:

In conclusion, I may express a hope that Prof. J. J. Thomson is quite right
in his by no means impossible hypothesis. It would be the beginning of
great advances in science, and the results it would be likely to lead to in the
near future might easily eclipse most of the other great discoveries of the
nineteenth century, and be a magnificent scientific contribution to this Ju-
bilee year.*®

The stance FitzGerald adopted was that the potential importance of the pro-
posal demanded that alternative interpretations of Thomson’s experimental
evidence be considered. The state of the field—FitzGerald expressly noted
how little was known “about the inner nature of conduction and the trans-
ference of electricity from one atom of matter to another’—made other
interpretations not hard to find. The alternative line of interpretation
FitzGerald developed was that cathode rays consist of aetherial “free elec-
trons” and the mass in Thomson’s m/e measurement was entirely “effective”
or quasi-mass from the electromagnetic inertia exhibited by a moving
charge.”

Something needs to be said here about the word “electron.” Thomson
eschewed the term even as late as the second edition of his Conduction of Elec-
tricity Through Gases in 1906, when virtually everyone else was using it to
refer to his corpuscles. Thomson chose “corpuscle” to refer to the material
carrier of negative electric charge constituting cathode rays. G. Johnstone
Stoney had introduced “electron” two decades earlier to refer to a putative
physically fundamental unit of charge, positive and negative. He did this as
part of a general argument that physically constituted units are preferable to
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arbitrary ones, proposing in the case of charge that the laws of electrolysis
pointed to a fundamental unit, which at the time he calculated to be 107
electromagnetic units.” In the early 1890s Joseph Larmor, of Cambridge,
had adopted the term at FitzGerald’s instigation for the unit “twists” of ether

comprising the atom in his theory of atomic structure.®'

(Larmor’s proposal
was that the quasi-mass of positive and negative electrons formed the mass of
the atom; his original value for the electron quasi-mass corresponded to the
mass of the hydrogen ion, but he reduced this in response to Zeeman’s re-
sult.) Lorentz, who in 1892 had developed his version of Maxwell’s equa-
tions, allowing for charged particles, did not adopt “electron” until 1899.
Zeeman, who had turned to Lorentz, his former teacher, for the calculation
of m/e, also did not use “electron.” FitzGerald’s “free electron” was adapted
from Larmor. It refers to an aetherial unit charge, positive or negative, liber-
ated from the atom, and was thus expressly intended to contrast with Thom-
son’s “corpuscle.” A compelling empirical basis for identifying Thomson’s
corpuscle with Stoney’s unit charge emerged only with Thomson’s Decem-
ber 1899 paper.

The influence of FitzGerald’s commentary on Thomson is evident in
the respects in which his October 1897 paper extends beyond his April 30
talk. In the results in the paper Thomson uses more than one material for the
cathode, just as FitzGerald had suggested. The m/e experiment is repeated
several times in different configurations, offering some response to FitzGer-
ald’s worries about the measurement of charge and heat accumulation. More
importantly, a second way of determining m/e is added in which the charge
and heat measurement is replaced by electrostatic deflection of the cathode
rays. Thomson and his assistant encountered a good deal of difficulty in
achieving stable electrostatic deflections of cathode rays.®* Because the rays
liberated gas from the walls of the tube, the rays had to be run in the tube and
the tube then reevacuated several times to eliminate sufficiently the nullify-
ing effects of ions in the residual gas.

Thomson submitted his paper on 7 August 1897, three months after his
first going public with the subatomic hypothesis. The paper has three prin-
cipal parts. After posing the particle versus ether-disturbance issue, the first
part presents results of qualitative experiments supporting the particle hy-
pothesis, including electrostatic deflection. The carefully phrased transition
from the first to the second part is worth quoting:

As the cathode rays carry a charge of negative electricity, are deflected by
an electrostatic force as if they were negatively electrified, and are acted on
by a magnetic force in just the way in which this force would act on a neg-
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atively electrified body moving along the path of these rays, I can see no
escape from the conclusion that they are charges of negative electricity car-
ried by particles of matter. The question next arises, What are these par-
ticles? are they atoms, or molecules, or matter in a still finer state of
subdivision? To throw some light on this point, I have made a series of
measurements of the ratio of the mass of these particles to the charge car-
ried by it.*?

The second part presents the results of the two ways of determining m/e. The
third part opens by laying out the subatomic hypothesis, stated finally as:

Thus on this view we have in the cathode rays matter in a new state in
which the subdivision of matter is carried very much further than in the
ordinary gaseous state: a state in which all matter—that is, matter derived
from different sources such as hydrogen, oxygen, &c.—is of one and the
same kind; this matter being the substance from which all the chemical el-
ements are built up.**

The remainder of the third part offers conjectures about atomic structure and
the periodic table. The paper ends with brief remarks on the difference in the
announced cathode ray velocities between this paper and the paper of 1894
and on effects observed with different cathode materials.

Thomson’s opening sentence announces that “the experiments dis-
cussed in this paper were undertaken in the hope of gaining some informa-
tion as to the nature of the Cathode Rays.” If the paper is read in isolation
from its historical context, the rhetorical flourish with which the charged
particle versus aetherial-disturbance issue is laid out in the remainder of the
first paragraph gives the impression that the question Thomson was most
seeking to answer was whether cathode rays are particles. Given the view of
this question at the time among his primary British audience, however, a
more historically plausible reading of this first sentence is that the informa-
tion he most hoped to gain bore on the questions posed at the outset of the
second part of the paper quoted above: “What are these particles?” and so
forth. The qualitative experiments discussed in the first part have a more im-
portant role than merely providing evidence that cathode rays are particles,
the presupposition of these questions. They clear the way for using charge
accumulation, electrostatic deflection, and magnetic curvature to obtain ex-
perimental values of m/e and v. They do this by obviating worries about
whether the accumulation of charge being measured is that of the cathode
rays, whether the failure to obtain electrostatic deflection at anything but ex-
traordinary levels of evacuation is truly because the rays ionize the residual
gas, and whether the specifically observed curvature of the trajectory is that
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Figure 1.2
A schematic of one of the three kinds of tubes Thomson used in his first approach to meas-
uring m/e for cathode rays (based on the description given in his October 1897 paper).

of the rays, in contrast to some secondary luminosity in the gas. (This fits the
suggestion that what prompted Thomson to begin his experiments on cath-
ode rays in late 1896 was the prospect of a fully experimental determination
of m/e and v; for, to this end, he would have first needed to gain mastery of
the basic experiments and safeguard against the possibility that measurements
made in them are misleading artifacts.)

Only the experiments for m/e in the second part of the paper merit
much comment here. Figure 1.2 shows a schematic of one of the three types
of tubes Thomson used with the first method. A narrow cathode ray beam
passes through slits in the anode A and the plug B, striking the collector D
unless it is magnetically deflected as a consequence of current flowing
through a coil magnet located along the middle of the tube. From the ex-
pressions given in the paper for the charge Q accumulated at the collector,
the kinetic energy W of the particles striking it, and the radius of curvature p
of the beam under a uniform magnetic field H, Thomson obtains the fol-
lowing expressions for the m/e and the velocity v of the particles:

m_HpQ W

e oW QHp
An electrometer was used to measure Q, ¥ was inferred from the tempera-
ture rise at the collector (measured by a thermocouple), H was inferred by
measuring the current in the coils, and p was inferred from the length of the
magnetic field and the displaced location of the point of fluorescence on the
glass tube. The design of the experiment is thus opening the way to obtain-
ing values of microphysical quantities from macrophysical measurements.

In the second method, shown schematically in figure 2 of Thomson’s
paper,” electrostatic deflection of the beam replaces the accumulation of
charge and heat at the collector. Thomson derives expressions for the angle
0 to which the beam is deflected as it leaves the uniform electric field of
strength F between plates of length /, and the angle 0 to which it is deflected
by the magnetic field H of the same length. In the version of the experiment
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reported in the paper, the magnetic field was superimposed on the electric
field, and its strength H was varied until the electrostatically displaced spot
was restored to its original location. In this case:

m _ H?l F

e FO° H
where 6 was inferred from the displaced location of the fluorescent spot
when only the electric field was present and F was inferred from the voltage
drop applied to the plates. This method also thus involves only macrophysi-
cal measurements.

Thomson’s presentation proceeds so smoothly, and the crossed-field
approach with cathode rays has become so familiar, that readers can easily fail
to notice the complexity of the logic lying behind these m/e experiments.
The derivations of the two expressions giving m/e, along with the instru-
ments used to obtain values of the parameters in them, presuppose a number
of laws from physics; many of these had been discovered within the living
memory of some of Thomson’s colleagues and hence were less firmly en-
trenched in 1897 than they are now. The derivations also presuppose a vari-
ety of further assumptions. Some of these serve only to simplify the math. For
example, in deriving the angular displacement of the beam in a magnetic field
in the crossed-field experiment, Thomson implicitly assumes that the veloc-
ity of the beam is great enough that he can treat the magnetic force as unidi-
rectional, just like the electrostatic force. He could easily have derived a more
complicated expression, taking into account that the magnetic force is always
normal to the direction of the beam. Similar to this are some assumptions in
which he idealizes the experimental setup. He assumes, for example, that the
collector is perfectly insulated thermally so that no heat leaks from it, and he
assumes that the magnetic and electric fields extend only across the length I,
ignoring the small field effects extending beyond the edges of the plates and
the coils. He could easily have introduced corrections for these effects, com-
plicating the math a little.®

Beyond these are such assumptions as the particles all have the same m/e
and, in any one experiment, the same constant velocity both across the length
of the magnetic and electric fields and downstream at the collector. These as-
sumptions have a more wishful character. Because they concern the un-
known quantities that are being measured, they are not so readily amenable
to corrections. The main safeguard against being misled by them lies in the
quality of the data. The falsity of any of them should show up in the form of
poorly behaved data when the experiments are repeated with different field
strengths, anode-to-cathode voltage drops, and tube configurations.
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Some difficulties in executing the experiments complicated matters still
further. Because the cathode rays ionized the residual gas in the tube, the leak
of charge from the collector became increasingly significant as the total
charge accumulated. As a consequence, the charge accumulation experiment
had to be run over short time durations, entailing small temperature rises and
hence greater sensitivity to small inaccuracies in measurement. Far worse was
the so-called “magnetic spectrum.” Birkeland had called attention to the fact
that the fluorescent spot spreads out when displaced magnetically, generally
forming a sequence of spots with darker regions between them. Thomson
found the same thing with electrostatic deflection. The magnetic spectrum
was prima facie evidence against all the particles having the same m/e. In the
April 30 talk Thomson suggested that this effect might be from two or more
corpuscles clumping together. In the October paper, however, he makes no
mention of this possibility. Instead, the magnetic and electric displacements
are identified with the brightest spot in the spectrum, if there is one, and with
their middle, if there is not.

The magnetic and electrostatic “spectra” were in fact experimental
artifacts, caused by different velocities among the particles resulting from
Thomson’s use of an induction coil to produce the anode-to-cathode volt-
age drops instead of a continuous source, such as a stack of batteries. This was
established roughly a year later by Lord Rayleigh’s son, R. J. Strutt, while still
an undergraduate at Trinity College, Cambridge, and it was announced in
a paper in the November 1899 issue of Philosophical Magazine.”” No one at
Cavendish appears to have repeated the cathode ray m/e measurements when
this discovery was made.

The pivotal assumption underlying the m/e experiments is that cathode
rays are streams of particles. One can think of this as a working hypothesis, with
the results of the qualitative experiments presented in the first part of Thom-
son’s paper providing the justification for predicating further research on it. A
tailure to come up with well-behaved results for m/e in the experiments would
be evidence against it. Conversely, evidence would accrue to it from the ex-
periments presupposing it to the extent that (1) the value of m/e obtained from
each method remains stable as the field strengths, the anode-to-cathode volt-
age, and other things are varied and (2) the values obtained from the two meth-
ods are convergent with one another. This is typical of the way in which
successful theory-mediated measurements of fundamental quantities have al-
ways provided supporting evidence for the theory presupposed in them.

How stable and convergent were Thomson’s results? Here the logic be-
comes subtle. On the one hand, the data fall far short of yielding a precise
value for m/e. His values for m/e from the first method range from a low of
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0.31 X 107 to a high of 1.0 X 107, and from the second method, from a low
of 1.1 X 1077 to a high of 1.5 X 107.%® Looking at his m/e numbers by them-
selves, therefore, one can legitimately question whether the results were all
that stable or convergent. On the other hand, the m/e values are all three or-
ders of magnitude less than the smallest theretofore known value, the m/e of
the hydrogen ion. When viewed in this light, the results at the very least pro-
vided strong additional evidence for predicating further research on the hy-
pothesis that cathode rays consist of negatively charged particles.

Because of the “rough draft” character of the m/e experiments, as well
as the confounding factor of Birkeland’s spectrum, Thomson’s 1897 paper did
not settle the question of whether all the particles forming cathode rays have
the same m/e. The one feature of the data supporting a single, universal par-
ticle was the absence of systematic variation in m/e with the gas in the tube
and the material of the cathode. This was enough for Thomson to proceed
further under the extended working hypothesis that all cathode rays consist
of corpuscles with a mass-to-charge ratio around 107 emu—presumably
subatomic corpuscles of a single, universal type. He set the question whether
there is a single value of m/e for cathode rays and, if so, what precisely it is to
one side, turning instead to other questions raised by the paper.” The paper
announces two questions: (1) is the very small m/e a consequence of a small
m, a large e, or a combination of the two?; and (2) how many corpuscles are
there in an atom, and how do they fit into it? Judging from his research over
the next two years, however, the question most on his mind was, (3) how do
the cathode ray corpuscles enter into other electrical phenomena?

Three final points need to be made about the 1897 paper. First, the ex-
periments reported in it do not in themselves refute the view that cathode
rays are wave-like. The velocities Thomson obtained varied with the cath-
ode-to-anode voltage, ranging from a low of 2.2 X 10° to a high of 1.3 X 10"
cm/sec—that is, from roughly 7 to 43 percent of the speed of light.”” This
difference from the speed of light was enough to accomplish Thomson’s 1894
objective of refuting the proposal that cathode rays are a type of electromag-
netic wave propagation, but not enough to show that they are not waves. The
only way of proceeding from Thomson’s results to the conclusion that cath-
ode rays have no wave-like character is via the tacit premise that anything
consisting of particles cannot have a wave-like character. However much this
premise was an ingrained article of belief at the time, it was not presupposed
by the experiments themselves. Consequently, nothing in the experiments of
the 1897 paper, or subsequent refined versions of them, required any cor-
rection or adjustment when the wave-like character of electrons was estab-
lished three decades later.”
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Second, the premise that cathode rays consist of charged particles—or
at least constituents that are sufficiently particle-like for laws governing
charged particles to hold—is presupposed by the experiments. It is a consti-
tutive element in the experiments and hence a working hypothesis in the
narrow sense to which I alluded in the preceding section: a proposition of
conjectural status that enters indispensably into a train of evidential reason-
ing leading from observations to the statement of the results of an experi-
ment. Consider what the two m/e experiments would amount to without this
premise. Ignoring the unlikelihood that someone would still have pursued
the investigation, each would have shown only that a certain algebraic rela-
tionship among some macroscopic variables retains more or less the same
numerical value when conditions involving cathode ray tubes are varied.
Worse, without it the only reason to have taken the two algebraic relation-
ships to perhaps be representing the same thing would have been the degree
to which their roughly invariant values matched one another, which in fact
was not all that great. The charged-particle working hypothesis, joined with
the relevant laws from prior science and the various simplifying assumptions,
put Thomson in a position where the empirical world could provide answers
to such questions about the nature of cathode rays as, what is the mass-to-
charge ratio of their constituents?, How, if at all, does this ratio vary with the
gas in the tube, the electrode material, and the voltage drop from cathode to
anode?, and how does it compare with other known values of m/e? Evi-
dence—or at least grounds for predicating further research on it—accrued
to the particle hypothesis from the extent to which these answers were well-
behaved, allowing experiment to replace conjecture in extending it.

Third, as indicated earlier, Thomson was not the only one measuring
m/e for cathode rays at the time. Both Emil Wiechert’> and Walter Kauf-
mann’® in Germany were independently obtaining more or less the same m/e
values as Thomson by combining magnetic deflection with el/, the upper
bound for the kinetic energy particles of charge e would acquire in falling
through a potential difference " between the cathode and anode. Wiechert,
in particular, had announced his results on 7 January 1897 in a talk in Konigs-
berg, stating that the mass of the particle is between 2000 and 4000 times
smaller than that of a hydrogen atom, having first assumed that the charge is
one “electron”—that is, the charge per hydrogen atom in electrolysis, in-
ferred from existing estimates of Avogadro’s number. Thomson’s 1897 work
was nonetheless distinctive in three respects. First, he went beyond the oth-
ers in the extent to which he determined that m/e is independent of the gas
in the tube and the material of the cathode. Second, he was alone in devis-
ing two complementary measures, thereby adding a good deal of support for
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the underlying working hypothesis that the constituents of cathode rays are
particle-like. Third, he alone immediately proposed that the charged parti-
cles in question are dissociated constituents of atoms.

J.J. THOMSON ON THE CHARGE OF [ONs—1898

The results of several experiments supporting Thomson’s m/e results for cath-
ode rays, including more refined experiments by Kaufmann and by Lenard,
were published in 1897 and 1898. In 1898 Lenard also announced that the
m/e for the rays outside the cathode tube that were being named after him is
the same as for cathode rays.”* In 1886 Goldstein had noted faint rays passing
through holes in the cathode into the space on the opposite side of it from
the anode, seemingly symmetric counterparts of cathode rays. Wilhelm
Wien used magnetic and electric deflection to determine that these rays,
called “Canalstrahlen,” were positively charged with a mass-to-charge ratio
around three orders of magnitude greater than that of cathode rays; he an-
nounced the distinctive contrast between these and cathode rays in 1898.7>
By contrast, while others were pursuing refined measures of m/e for cathode
and related rays, Thomson, though noting their results,” shifted the focus of
his research away from these rays.

Thomson published two papers in Philosophical Magazine in 1898. The
first, “A Theory of the Connexion between Cathode and R éntgen Rays,” ap-
peared in February.”” In it Thomson derives theoretical expressions for the
magnetic force and electric intensity that propagate when a moving electri-
fied particle is stopped suddenly—more specifically, a particle moving at a ve-
locity high enough that the square of the ratio of it to the speed of light can
no longer be neglected. At the end of the paper he calls attention to the high
velocity he had obtained for the negatively charged particles forming cathode
rays, concluding that Rntgen rays are most likely impulses generated by the
sudden stoppage of these particles, and not waves of very short wave-length.

The second paper, “On the Charge of Electricity carried by the lons
produced by Rontgen Rays,” appeared in December 1898.7 It reports the
results of an elaborate experiment for determining the charge e of the nega-
tive ions produced when x-rays pass through a gas. The relationship between
these negative ions and Thomson’s corpuscle is left an entirely open question
throughout this paper. The basic idea behind the experiment is to infer the
charge per ion from the amount of electricity (per unit area per unit time)
passing through the ionized gas under an electromotive force. Assuming all
ions have the same magnitude of charge, e, this quantity of electricity is
simply neu, where n is the number of ions per unit volume and # is the mean
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velocity of the positive and negative ions under the electromotive force. The
charge per ion can be thus be inferred from a determination of n and u.

Three separate results published by Thomson’s research students dur-
ing 1897 opened the way to determining n and u. First, Rutherford’s research
on the conduction of electricity in gases ionized by x-rays had culminated in
a paper published in Philosophical Magazine in November 1897, entitled “The
Velocity and Rate of Recombination of the Ions of Gases exposed to Ront-
gen Radiation.”” In an experiment that was fairly elaborate in its own right,
Rutherford had determined ion velocities for a number of gases. In particu-
lar, the velocity of both the negative and the positive ions that he found in
the case of atmospheric air was around 1.6 cm/sec per volt/cm potential gra-
dient (i.e. 480 cm/sec per unit potential gradient in the esu units Thomson
chose to use at the time); and the velocity he found in the case of hydrogen
was around three times greater than this. Thomson assumed these values in
his experiment.

Second, Wilson had established that, when x-rays pass through dust-
free, saturated damp air and the air is then suddenly expanded, a cloud is pro-
duced by a degree of adiabatic expansion that produces no cloud when the
air has not been subjected to x-rays.* The presumption was that the ions act
as nuclei around which droplets of water form. Wilson had devised means
for determining, through calculation, the total volume of water formed, so
that the number of droplets—and hence the number of ions—per unit vol-
ume could be inferred if the radius of the presumably spherical droplets could
be determined. The one tricky element, which Wilson had also found a way
of handling, was to gain some assurance that a droplet forms on every avail-
able ion.

The remaining problem was to determine the radius of the droplets.
For this Thomson ended up adopting an approach Townsend had devised in
determining an approximate value for the charge on positive and negative
ions of oxygen released in electrolysis.*’ Townsend too had relied on the for-
mation of water droplets, in his case droplets that formed after the gases given
off in electrolysis were bubbled through water. To determine the size of the
droplets, he had measured their velocity in fall under their own weight and
had then inferred their radius from Stokes’s theoretical law for the purely vis-
cous resistance force acting on small moving spheres.

As should be evident by this point, the logic underlying Thomson’s
method for measuring the charge of the ions is even more complicated than
the logic underlying his methods for measuring m/e for cathode rays. Some
of the assumptions entering into the method are not stated in his paper but
are instead buried in the papers of his research students. On top of this, the



J.J. THOMSON AND THE ELECTRON, 1897-1899 47

experiment itself is complicated, involving three distinct parts: an irradiation
part in which a quantity of gas is subjected to x-rays of an appropriate inten-
sity; an electrical part in which the amount of electricity passing through the
ionized gas under an electromotive force is determined; and a gaseous-
expansion part in which the velocity of the water droplets is measured and
the total amount of water is inferred from a measurement of temperature
change.

Not surprisingly, the apparatus for the experiment (shown schematically
in figure 1.3) has a distinctly Rube Goldberg character. The ionized gas is con-
tained in the vessel A, which is covered by a grounded aluminum plate and
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Thomson’s schematic of his experiment to measure the charge per ion in gas ionized by

Figure 1.3

x-rays. The gas to be ionized is contained in vessel A, below the cathode ray tube used to
generate the x-rays. Most of the rest of the apparatus serves to eftect the controlled ex-
pansion required for droplets to form on individual ions in a well-behaved fashion.
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contains a pool of water electrically charged by a battery. The aluminum plate
serves to limit the intensity of the x-rays reaching the gas. The expansion of
the gas is effected by the piston P; all the paraphernalia attached to it, as well
as the tubes R and S, serve to control the expansion. One pair of quadrants of
an electrometer are connected to the tank and the aluminum plate, and the
other pair are connected to the water. The tank, the aluminum plate, the wa-
ter, the electrometer, and the wires connecting them form a system with an
electric capacity that can be measured. Given this capacity, the amount of elec-
tricity passing through the ionized gas is determined by measuring the rate of
charge leaking from the electrometer when the gas is irradiated.

Thomson’s paper falls into six parts. The first presents the basic ideas
underlying the experiment. The second describes precautions taken to assure
that the level of radiation and the amount of expansion were appropriate.
The third describes the apparatus and the method used for measuring the
amount of electricity passing through the gas—that is, CV, where C is the
measured electric capacity of the system and 17 the voltage change observed
for it with the electrometer. The fourth part goes through the process of cal-
culating, in sequence, the total amount of water ¢, the droplet radius a, the
number of droplets #, and finally the charge-per-ion e from measured values
for one trial of the experiment. The fifth part presents the results for e ob-
tained from several trials for air and then for hydrogen. The last part offers
concluding remarks, first in defense of an assumption and then on compar-
isons between the value obtained for e, the value of unit charge inferred from
electrolysis, and the value Lorentz had recently inferred from the splitting of
spectral lines.

The entire approach presupposes that there is some definite charge per
ion when a gas is ionized by x-rays. Because so little was known about
gaseous ions, the only way of defending this assumption was to appeal to reg-
ularities observed in electrolysis, the microphysical basis for which was still
largely a matter of conjecture. This assumption accordingly fell mostly into
the category of wishful thinking. It is akin to what is called “taking a posi-
tion” in the card game contract bridge: if the only way to make a contract is
for a particular card to be in a particular hand, then the best approach is to
postulate that the card is in that hand and draw further inferences under this
assumption, taken as a working hypothesis. If the only prospect for coming
up with a telling experiment is to assume that nature is simple in some spe-
cific way, then the best approach may be to make this assumption and see
what comes out of the experiment. This is especially true in the early stages
of scientific research into a domain that cannot be observed comparatively
directly. Thomson could have adopted a weaker assumption in this experi-
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ment: there is a consistent average charge per ion when a gas is ionized by x-
rays. But if one is going to engage in wishful thinking, why adopt a less de-
sirable line until the data give one reason to?

As with the m/e experiments, the most immediate safeguard against be-
ing misled by an experiment predicated on a tenuous assumption lies in the
quality of the data obtained as the experiment is repeated in varying condi-
tions. Thomson found it necessary to introduce two corrections to his raw
data. The first correction, applied to the value of e obtained in each trial,
served to compensate for the fact that some droplets form even in gas not ra-
diated by x-rays.** (Cosmic rays, which were discovered in 1911, were caus-
ing some ionization, confounding the experiment.) The second correction,
applied to the mean value of e obtained over the series of trials, compensated
for electric conduction in the film of moisture coating the walls of the vessel.
Neither of these corrections appears to have been introduced solely to make
the data appear better behaved.

The values Thomson reports for e in air have a range about their mean

10 elec-

of roughly 116 percent. His corrected mean value for air is 6.5 X 10~
trostatic units, around 35 percent above the current value for the electron
charge. The measurements with hydrogen involved greater uncertainty so
that Thomson does not bother to carry through the corrections to the raw
data. The range of the raw data is nevertheless about the same as in air. Thom-
son concludes that “the experiments seem to show that the charge on the ion
in hydrogen is the same as in air. This result has very evident bearings on the
theory of the ionization of gases produced by Rontgen rays.”® The thrust of
this last remark is that a single fundamental quantity of electricity per ion is
involved when gases are ionized by x-rays, regardless of the chemical com-
position of the gas. (The comparison between the results for air and hydro-
gen might be more accurately summarized by saying that the experiments do
not show that the charge on the ion in hydrogen is not the same as in air. The
element of wishful thinking is carrying over into the extended working hy-
pothesis that Thomson is extracting from the results of this experiment.)
The element of wishful thinking is also evident when he compares his
6.5 x 107 with the value of e inferred from the total quantity of electricity
in electrolysis, using Avogadro’s number—or, as Thomson preferred, the
number of molecules per cubic centimeter at standard conditions. Thomson’s
value of charge, together with the total electricity per cubic centimeter of hy-
drogen released in electrolysis, gives a value of 20 X 10'® molecules per cubic
centimeter. He compares this with the value of 21 X 10'® obtained from ex-
periments on the viscosity of air. (Our modern value is 27 X 10'8.) The val-
ues at the time ranged far more widely than Thomson’s comparison would
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suggest. A prominent 1899 textbook in kinetic theory, for example, gave
60 x 108 as the value.** The conclusion Thomson draws from his compari-
son is suitably qualified: the agreement “is consistent with the value we have
found for e being equal to, or at any rate of the same order as, the charge car-
ried by the hydrogen ion in electrolysis.”®

Thomson’s experiments for determining e in ionization by x-rays were
logically independent of his experiments for determining m/e for cathode
rays. Even so, these 1898 experiments, more complicated though they were,
evince the same research style as the 1897 experiments. The hypothesis that
there is some characteristic value of ion-charge when a gas is ionized by x-
rays is a constitutive element in the experiments, presupposed in inferring the
value for e from the measured current neu. This working hypothesis, joined
with experimental techniques and results from his research students, relevant
laws from prior science, and some simplifying assumptions, allowed Thom-
son to design experiments in which the empirical world could give answers
not only to the question of the magnitude of this e but also to whether it
varies with the conditions under which a given gas is ionized by x-rays,
whether it varies from one gas to another, and how it compares with the e of
electrolysis.

Finally, just as with his m/e experiments, the achievement of Thomson’s
e experiment was not so much to establish a definite value for e as it was to
license a working hypothesis for ongoing research: the same fundamental
quantity of electricity is involved in both electrolysis and the ionization of
gases by x-rays, and this quantity is of the order of magnitude of 6.5 X 107"
esu. Thomson was struggling to find experiments involving macrophysical
measurements that would yield some reasonably dependable conclusions
about microphysical processes. In this early stage of research, working hy-
potheses had to stand in for established theory in the logical design of exper-
iments. The results of his e experiment, in principle, could have provided
good reasons for abandoning the wishful thought that nature is simple in the
way the working hypothesis says it is. They did not. Instead, in spite of their
roughness and uncertainty, his results showed the working hypothesis to have
sufficient promise to warrant predicating further research on it. To see the
role it ended up playing in this further research, we need to turn to his De-
cember 1899 paper.

THE ELECTRON AND [ONIZATION—1899

Again in 1899 Thomson published two papers in Philosophical Magazine: “On
the Theory of the Conduction of Electricity through Gases by Charged
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Ions” in March,®® and “On the Masses of Ions in Gases at Low Pressures” in
December.*” The first of these takes off from results obtained by Thomson’s
research students on the velocities of ions: by Rutherford and John Zeleny
for gases exposed to x-rays; by Rutherford for gases exposed to uranium ra-
diation and to the photoelectric discharge produced by ultraviolet light;*® by
McClelland and Harold Wilson for the ions in flames; and by McClelland for
the ions in gases near incandescent metals and gases exposed to arc discharges.

A remarkable result of the determination of the velocities acquired by the
ions under the electric field is that the velocity acquired by the negative ion
under a given potential gradient is greater than (except in a few exceptional
cases when it is equal to) the velocity acquired by the positive ion. Greatly
as the velocities of the ions produced in different ways differ from each
other, yet they all show this peculiarity.*’

Under the assumption that current in gases consists of migrating ions
that have not yet recombined to form an electrically neutral molecule,
Thomson derives a differential equation relating ion velocity to current. He
is able to integrate this equation only under a simplifying assumption. He
nevertheless proceeds in this way to develop an expression for the flow of
electricity in gases of the form, IV = Ai* + Bi, where I/ is the potential dif-
ference across a pair of plates, i is the current, and expressions for A and B are
formulated in terms of properties of the ions, including their charge. The pa-
per ends by considering various asymmetries between negative and positive
electricity in the light of Thomson’s mathematical theory and the observed
asymmetry in ion velocities.

The paper immediately following Thomson’s in the March issue of
Philosophical Magazine is by William Sutherland, entitled “Cathode, Lenard,
and Rontgen Rays.”” This entire paper is in response to Thomson’s sub-
atomic proposal: “Before a theory of such momentous importance should be
entertained, it is necessary to examine whether the facts to be explained by
it are not better accounted for by the logical development of established or
widely accepted principles of electrical science.””" The principles Sutherland
has in mind are those of ether theory and Larmor’s etherial electron. He
summarizes his alternative theory in two propositions: “The cathode and
Lenard rays are streams, not of ions, but of free negative electrons. The R 6nt-
gen rays are caused by the internal vibrations of free electrons.””> Negatively
charged free electrons are generated when an immaterial “neutron” consist-
ing of a positively and negatively charged pair becomes dissociated.

In a curt reply published in the following month’s issue,”® Thomson
points to questions about whether an impacting quasi-mass is sufficient to
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produce x-rays and to questions about how aetherial electricity can be dis-
tributed within the atom, invoking the Zeeman effect to suggest that “the
electron thus appears to act as a satellite to the atom.” Thomson summarizes
the situation from his point of view:

As far as I can see the only advantage of the electron view is that it avoids
the necessity of supposing the atoms to be split up: it has the disadvantage
that to explain any property of the cathode rays such as Lenard’s law of ab-
sorption, which follows directly from the other view, hypothesis after hy-
pothesis has to be made: it supposes that a charge of electricity can exist apart
from matter, of which there is as little evidence as of the divisibility of the
atom: and it leads to the view that cathode rays can be produced without
the interposition of matter at all by splitting up neutrons into electrons.’

Thomson’s other 1899 Philosophical Magazine paper was originally pre-
sented at a meeting of the British Association a few months earlier. The pub-
lished version, the next to last paper in the December issue, would have been
a fitting final word of the nineteenth century from this journal. The paper
consists of five parts. The first summarizes the findings of the paper, con-
cluding, “we have clear proof that the ions have a very much smaller mass
than ordinary atoms; so that in the convection of negative electricity at low
pressures we have something smaller even than the atom, something which
involves the splitting up of the atom, inasmuch as we have taken from it a
part, though only a small one, of its mass.”* The second part presents a novel
method for measuring e/m of the electric discharge in the photoelectric
effect, the results from which indicate that this discharge has the same m/e as
Thomson’s cathode ray corpuscles. The third part uses essentially the same
method to determine the e/m of the electrical discharge from incandescent
filaments, showing this too is the same. The fourth part uses the method of
the December 1898 paper to obtain the charge e of the ions discharged in the
photoelectric effect, concluding it agrees with the value obtained in that pa-
per. The final part first draws conclusions about the fundamental character of
this quantity of electricity and about the mass of the particle in cathode rays
and these discharges (holding open the question whether it is quasi-mass); it
then draws on the findings of this and related papers to elaborate a new
“working hypothesis” about the microphysical mechanisms underlying not
only electrical phenomena in gases but also electrolysis and ionic bonding.

Because the photoelectric and incandescent-filament discharges could
not readily be collimated into beams that fluoresce glass, neither of the meth-
ods Thomson had used to determine m/e for cathode rays was applicable to
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The cycloidal path of the photoelectric discharge under the action of an electric force par-
allel to the x-axis and a magnetic force parallel to the z-axis. For an appropriate combina-
tion of electric and magnetic force, the particles will cease reaching the collecting plate at
a distance d from the emitting surfact. (The same approach was used in measuring the e/m
of the incandescent discharge.)

them. His new method employs crossed magnetic and electric fields to a di-
fterent effect. Let the x-axis be normal to the surface producing the discharge,
and let the electric force be parallel to the x-axis and the magnetic force be
parallel to the z-axis (figure 1.4). Thomson shows that the trajectory of a neg-
atively charged particle starting at rest on the emitting surface will then be a
cycloid. Let a plate be located parallel to the emitting surface a short distance
away from it. So long as the electric force is great enough, all the emitted
charged particles will reach the plate. As the electric force is reduced, how-
ever, a value will be reached where the number of charged particles reaching
the plate will abruptly diminish. If Vis the voltage between the emitting sur-
face and the plate at which the amount of charge reaching the plate drops, H
is the magnetic field, and d is the distance between the emitting surface and
the plate, then:

e 2V

m  PH

According to this theory, there should be a sharp cutoft point where the
charges cease to reach the plate. In practice Thomson found this not to be
the case. He consequently modified the approach a little. He still varied the
voltage, but he now compared the amount of charge reaching the plate with
and without the magnet on, searching for the voltage where this comparison
would first show a difference. The formula for e/m remained the same.”

In the case of the photoelectric discharge, the paper gives the results of
seven trials of the experiment with different distances d. With the exception
of one slight outlier, the values obtained for e/m show relatively little varia-
tion. Inverted to ease comparison with the m/e values obtained for cathode
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rays, these values all lie between 1.17 X 107 and 1.43 X 1077 except for one at
1.74 x 107, Save for this exception, then, the range of these values falls within
the range of the cathode ray m/e values Thomson had reported for the cross-
field method. The same is true of the five e/m values obtained in the case of
the incandescent filament discharge. Again inverted for ease of comparison,
they all lie between 1.04 X 107 and 1.36 X 1077 except for one at 0.88 x 107".%
Thomson concludes “that the particles which carry the negative electrifica-
tion in this case are of the same nature as those which carry it in the cathode
rays and in the electrification arising from the action of ultraviolet light.”*®

The experiments for measuring e/m of the incandescent filament dis-
charge had initially been confounded by positively charged ions of gas re-
leased from the filament. These positively charged particles behaved quite
differently from the negatively charged discharge, giving Thomson occasion
to mention Wien’s results for Canalstrahlen in reaching a further conclusion:
“the carriers of positive electricity at low pressures seem to be ordinary mol-
ecules, while the carriers of negative electricity are very much smaller.””

Two results by Thomson’s research students lay behind his determin-
ing the charge e of the photoelectric discharge. First, C. T. R. Wilson had
shown that this discharge produces cloud formation once an electric field is
applied to the discharge so that it moves away from the emitting surface.'®
Second, as noted earlier, Rutherford had measured the velocity of the dis-
charge particles per unit electromotive force, thereby giving the value u
needed in order to infer e from neu.'" In developing the technique for cloud
formation with the photoelectric discharge, Wilson had found that, just as
with x-rays, the determination of the number of droplets n was best done
with ultraviolet light of limited intensity. This, together with the relatively
long times of ultraviolet irradiation required for measuring e, made the mea-
surement sensitive to nonuniformities in the ultraviolet intensity. Thomson
blames this for the larger variation in the values of e obtained here than in
those in his 1898 paper.

Still, the variation in Thomson’s results for the photoelectric e is not
all that large, and more importantly their mean, 6.8 X 107, is close to
the 6.5 X 107" he had obtained for the ions produced by x-rays. A series of
no less complex experiments on the diffusion of ions in gases that were be-
ing carried out at Cavendish by Townsend had in the meantime provided
stronger evidence than Thomson had given at the end of the 1898 paper that
the charge on the ions produced by x-rays is the same as the charge on an

102

atom of hydrogen in electrolysis.'”> Thomson concludes from these results

“that the charge on the ion produced by ultraviolet light is the same as that

on the hydrogen ion in ordinary electrolysis.”'*
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Thomson then joins the e/m and e results presented in this paper with
the m/e results for cathode rays of the October 1897 paper to draw two ma-
jor conclusions:

In gases at low pressures negative electrification, though it may be pro-
duced by very different means, is made up of units each having a charge of
electricity of definite size; the magnitude of this negative charge is about
6 X 107" electrostatic units, and is equal to the positive charge carried by
the hydrogen atom in the electrolysis of solutions.

In gases at low pressures these units of negative electric charge are al-
ways associated with carriers of a definite mass. This mass is exceedingly
small, being only about 1.4 X 107 of that of the hydrogen ion, the small-
est mass hitherto recognized as capable of a separate existence. The pro-
duction of negative electrification thus involves the splitting up of an atom,
as from a collection of atoms something is detached whose mass is less than
that of a single atom.'™
In a very real sense, then, the experimental results of this paper complete the
line of argument that Thomson had first laid out tentatively in the 30 April
1897 talk before the Royal Institution.

A brief pause is required here to consider the logic of this line of argu-
ment—more especially, the way in which the conclusions Thomson reached
in the October 1897 and December 1898 paper are entering into the rea-
soning. I have called these conclusions “extended working hypotheses” be-
cause each extended the basic working hypothesis underlying the key
experiments presented in the paper by appending a value, admittedly rough,
to it: the first, a value of m/e for the particles forming cathode rays, and the
second, a value of e for the distinctive quantity of electricity involved in the
ionization of gases by x-rays. My further point in calling them extended
working hypotheses was that, while Thomson had not established their truth,
he had provided strong grounds for predicating ongoing research on them.
We can now see the way in which they entered his ongoing research. They
did not play the role of assumptions in the experiments presented in the De-
cember 1899 paper. Rather, they functioned as premises in the evidential
reasoning yielding the conclusions quoted above. Further research was pred-
icated on them in the sense that they made a line of evidential reasoning pos-
sible that would have had the character of pure conjecture without them. In
effect, Thomson is invoking a version of one of Newton’s four rules for in-
ductive reasoning in science, same effect, same cause. The version here is,
same distinctive value for a characteristic property of two things, two things
of a single kind—or, more precisely, same distinctive order of magnitude for
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the value of a characteristic property of two things, two things of a single
kind.'”® Because the values Thomson is invoking are precise at best only to
their order of magnitude, his evidential argument does not establish once and
for all either of the conclusions quoted above. Nevertheless, it does provide
compelling grounds for accepting them provisionally for purposes of contin-
uing research.

The next sentence in the second of the paragraphs quoted above is,
“We have not yet data for determining whether the mass of the negative atom

19 Thomson is backing off his earlier insistence

is entirely due to its charge.
that the mass is not quasi-mass, most likely because the magnitude of mass he
has now obtained would entail, if taken to be quasi-mass, a radius of the cor-
puscle of the order of 107" cm, a not altogether implausible value. Typical of
the style he has evidenced throughout the three papers included here, he is
prepared to leave the question of mass versus quasi-mass for subsequent ex-
perimental investigation, suggesting one possible line of experiment himself.

The transition to the final segment of the paper, which considers the
electrification of gases generally and not just at low pressure, is effected by
Thomson’s noting the three different kinds of carriers of charge in gases that
experiments have revealed: a carrier of negative charge, with mass three or-
ders of magnitude less than that of the hydrogen atom; carriers of positive
charge with masses equal to or greater than that of the hydrogen atom; and
carriers of negative charge with masses equal to or greater than that of the hy-
drogen atom. The first of these dominates electrical conduction in gases at
low pressures, and the other two dominate it at higher pressures. Glaringly
absent is a carrier of positive charge with small mass, a counterpart to Thom-
son’s corpuscle. This gives his corpuscle a special status which, when joined
with the fact that its charge is the characteristic charge of the more massive
carriers of both kinds, leads him to the following proposal:

These results, taken in conjunction with the measurements of the negative
ion, suggest that the ionization of a gas consists in the detachment from the
atom of a negative ion; this negative ion being the same for all gases, while the
mass of the ion is only a small fraction of the mass of an atom of hydrogen.
From what we have seen, this negative ion must be a quantity of fun-
damental importance in any theory of electrical action; indeed, it seems
not improbable that it is the fundamental quantity in terms of which all
electrical processes can be expressed. For, as we have seen, its mass and its
charge are invariable, independent both of the processes by which the
electrification is produced and of the gas from which the ions are set free.
It thus possesses the characteristics of being a fundamental conception of
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electricity; and it seems desirable to adopt some view of electrical action
which brings this conception into prominence.'”’

Thomson is still resisting the term “electron,” doubtlessly because of Larmor’s
use of the word to cover both positive and negative immaterial centers of
charge. Nonetheless, the conclusion of this paper is that the negative ion
Thomson is here referring to fulfills the requirements of Stoney’s electron, so
that the shift to this term had clearly become appropriate at this point.

The second of the paragraphs just quoted ends with the sentence,
“These considerations have led me to take as a working hypothesis the fol-
lowing method of regarding the electrification of a gas, or indeed matter in
any state.” The three pages that follow are richer in detail than the listing of
main points I offer here can indicate:

1. All atoms contain negatively charged corpuscles “equal to each other,” with
a mass around 3 X 107 grams, a very small fraction of the mass of any atom.'*®
These corpuscles are somehow neutralized in the normal atom.

2. Electrification of a gas involves the detachment of a corpuscle from some of
the atoms, turning these atoms into positive ions; negative ions result from a free
corpuscle attaching to an atom.

3. In the release of anions and cations at the electrodes during electrolysis of so-
lutions, “the ion with the positive charge is neutralized by a corpuscle moving
from the electrode to the ion, while the ion with the negative charge is neutral-
ized by a corpuscle passing from the ion to the electrode. The corpuscles are the
vehicles by which electricity is carried from one atom to another.”'"

4. Assuming the hydrogen atom has the positive and the chlorine atom the neg-
ative charge in a molecule of HCI, the mass of the hydrogen atom in this mole-
cule is less and the mass of the chlorine atom is greater than their nominal values.
The extent to which the mass of an atom can vary from association and dissoci-
ation of corpuscles in known processes is proportional to the valence of the atom.
5. In the ionization of gases by x-rays and uranium rays, it appears that no more
than one corpuscle can be detached. But the many lines of the spectrum in the
Zeeman effect are evidence that atoms generally contain more than one corpus-
cle, raising the possibility that a process with sufficient energy can tear more than
one corpuscle from an atom.

Needless to say, Thomson is calling this a “working hypothesis” not
in the narrow sense that I have been using, but in the customary broad sense
of a manner of conceptualizing the phenomena in question by which, in
the phrasing of Recent Researches, “they can be coordinated.” Even so, this
working hypothesis differs radically in logical status as well as in substance
from the one in Recent Researches. It is not just a conjecture that can be made
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qualitatively consistent with known experimental results. It is anchored to
a core that has grown from the two premises on which the m/ and e mea-
surements were predicated: (1) cathode rays and other negative discharges
consist of charged particles with a distinct mass-to-charge ratio, and (2) the
ionized atoms in an electrified gas have a characteristic magnitude of
charge. The results of these m/e and e measurements, supplemented by the
measurements Thomson and his research students carried out on velocities
of ions in electrified gases, had yielded experimentally dictated extensions
and refinements of these two initially narrow premises. Moreover, the ex-
perimental techniques and laboratory technology employed in these mea-
surements were opening the way to further empirically driven extensions
and refinements of this core. The extent to which the working hypothe-
ses—in my narrow sense—forming its core had been fleshed out by ex-
periments designed to answer specific questions was the most compelling
reason to think that Thomson’s new working hypothesis was on the right
track.

Four other points about the new working hypothesis should be noted.
First, even though the available evidence was indicating that all ionization
involves liberation or attachment of a single corpuscle, the magnetic splitting
of lines in the spectrum was indicating more than one corpuscle per atom.
Thomson leaves the question of the number of corpuscles per atom open for
subsequent investigation. Indeed, the new working hypothesis leaves all
questions about atomic structure open.

Second, even though Thomson extends his working hypothesis be-
yond gases to the electrolysis of liquids and ionic bonding, and he says at the
outset that it holds for electrification of matter generally, he does not here
expressly extend it to conduction in metals. A few months later, at an inter-
national conference in Paris, he did propose a free-electron-based account
of electrical conduction in metals along the lines that came to be called the
Drude theory.'" By the time he delivered the lectures at the Royal Institu-
tion in 1906 that became The Corpuscular Theory of Matter, however, he had
backed off this view. The problem of the conduction of electricity in metals
involved special phenomena, like the Hall effect, that the electron by itself
did not shed much immediate light on.""

Third, a more conspicuous element missing from the new working hy-
pothesis is any mention of the electrical phenomena in gases on which Recent
Researches had placed primary emphasis, namely electrical breakdown and the
spark discharge at normal pressures and the visible discharge, especially the
striated positive column, at reduced pressures. Thomson rectified this by ex-
tending his working hypothesis in a paper read to the Cambridge Philosoph-
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ical Society in February 1900 and published that September in Philosophical
Magazine under the title, “On the Genesis of the lons in the Discharge of Elec-
tricity through Gases.”''? The central idea of this paper is that corpuscles,
when sufficiently accelerated by an electric field, produce further corpuscles
either directly when they strike molecules or indirectly from the x-rays then
generated. Electric breakdown and the spark discharge occur when corpuscles
are liberated in a cascading fashion at high voltages—a proposal Thomson
shows is consistent with observed trends, like the electrical force required for
breakdown being roughly proportional to the density of the gas. In the case
of evacuated tubes, experiments at Cavendish reported in Thomson’s paper of
March 1899 had led to “the conclusion that there is one centre of ionization
close to the cathode, and another in the negative glow.”'"> Corpuscles accel-
erated away from the cathode produce ionization in the negative glow, and
corpuscles liberated in it produce the striated positive column. The luminous
striae are regions where corpuscles have reached accelerations sufficient to
produce ionization, which then reduces the electric force locally, slowing
their acceleration; in the dark regions the energy reached by the accelerating
corpuscles is below that required for ionization. The asymmetry between phe-
nomena at the anode and cathode result from corpuscles being so much more
effective than positive ions in producing ionization.'*

Fourth, one should note the absence of the ether—more precisely, the
ether continuum—in the working hypothesis elaborated in the three pages.
The negatively charged electron, not some state or process in the ether, is
doing the work. Needless to say, Thomson’s experiments had not shown
anything about the constitution of electricity in its own right. This is why
Thomson speaks carefully of the “carriers of charge.” Rather, what the work-
ing hypothesis was implying was that a theory covering a wide array of elec-
trical phenomena could be developed without having to address the question
of the ultimate constitution of electricity at all. The ether had ceased having
arole to play in ongoing research in the areas Thomson was concerned with.

Earlier I remarked that his December 1899 paper would have been a
fitting final word of the nineteenth century for Philosophical Magazine. The
experiments reported in the three papers examined above are very much a
product of nineteenth century science. The scientific laws underlying them
and the instruments used in them, as well as the various phenomena they
exploit and the laboratory practices followed in dealing with these phe-
nomena, are almost entirely products of the nineteenth century where sci-
ence had reached a position that allowed Thomson, with the help of two
working hypotheses, to penetrate experimentally into the microphysics of
electrical phenomena.
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AFTERMATH—THE NEXT DECADE

The working hypothesis Thomson elaborates at the end of his December
1899 paper comprised only an initial fragment of a theory. A huge amount
of experimental work remained to flesh this fragment out in detail, to pin
points down, and to revise and refine it where needed. Thomson’s order-of-
magnitude numbers had generated promissory notes that would remain out-
standing until precise values for m/e, e, and m had been determined. Only
then would his insistence on their uniqueness be fully justified. Several ad-
vances were made in the immediately following years on m/e. In 1900 Henri
Becquerel used crossed magnetic and electric fields to determine that the m/e
of the uranium discharge is around 107. The velocity he found in the exper-
iments exceeded 60 percent of the speed of light. This led Kaufmann to de-
velop much more precise measures of m/e of these particles in 1901-02,
correcting for the theoretical change of mass with velocity implied by the
Lorentz-FitzGerald equations. The value of e/m he zeroed in on was 1.77 X
107 or, inverted, an m/e of 0.565 X 107. By the end of the decade values were
being given to as many as four significant figures.'*®

Progress on e came more slowly. Thomson and his cadre at Cavendish
recognized the uncertainties in their 1898 and 1899 results better than any-
one, including uncertainties beyond those noted in the papers and above,
such as the possible confounding effects of droplet evaporation. C. T. R.
Wilson continued to refine techniques in using cloud formation, among
other things determining an expansion ratio for which droplets would form
almost exclusively on negatively charged ions. Thomson redid the 1898 mea-
surement taking advantage of these advances and using uranium instead of
x-rays as the radiation source to achieve a more uniform intensity of irradia-
tion. These results, which he published in 1903 dropped his value of e from
6.5% 107" to 3.4 X 107!, In the same year Harold Wilson added the further
refinement of an electric field aimed vertically upward, counteracting the
effects of gravity on the droplets. The values he published ranged from 2 X
107" to 4.4 X 107", with a mean of 3.1 X 1071,

R. A. Millikan picked up from where Wilson left off, first with water
drops, then a single water drop, and finally switching to oil drops to elimi-
nate worries about evaporation. His single-water-drop experiments, pub-
lished in 1909, gave comparatively stable values clustering around 4.6 X 107°.
With the oil-drop experiments, which he initiated in 1909, he zeroed in on
the tight value of 4.774 X 107'%, published in 1913 and tightened further in
1917. Even though this value had to be refined two decades later to elimi-
nate a systematic error arising from an inaccuracy in the viscosity for air, the
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tightness of Millikan’s results rightly settled almost all questions about, in his
words, “the atomicity of electricity.”''®

Some may want to accuse Thomson of having overreached the earlier
data in saying that his corpuscles all have the same m/e and e. One thing that
can be said in reply is that his taking m/e and e to be uniquely valued, rather
than merely having characteristic orders of magnitude, involved little risk.
Neither the results of his experiments nor the evidential reasoning on elec-
tricity in gases issuing from these results would have been undercut if elec-
trons had later turned out to have several different values of m/e and e, all of
the same order of magnitude.

Moreover, Thomson’s stance can be defended as a sound approach to
empirical research, reminiscent of Newton’s first rule of inductive reasoning:
No more causes of natural thing should be admitted than are both true and
sufficient to explain their phenomena, restated for the case at hand as, No
more complexity or degrees of freedom should be granted inferred entities
than is dictated by the phenomena from which they are being inferred. What
lies behind this dictum is more than just a blind faith in the simplicity of na-
ture. The simpler a domain of nature is, the easier it is not only to develop a
theory of'it, but also to marshal high quality evidence bearing on the theory.
‘Where nature is not simple, the best hope for developing a theory and mar-
shalling evidence may be to proceed by successive approximations, starting
with the most simple construal of the domain that shows promise of allow-
ing experimental results to extend and refine it in a step by step fashion. In-
troducing more degrees of freedom in the early stages of theory construction
than are absolutely needed runs the risk of having misleading ways of ac-
commodating further experimental findings, heading the theory develop-
ment process oftf on a garden path. It is safer to insist that further degrees of
freedom and other complexities be added only when clearly forced by ex-
perimental results. Something of this general sort happened historically when
electron spin proved necessary for the free-electron theory of conduction in
metals.'” No experimental results on conduction in gases and liquids had
given reason to grant corpuscles spin, and the subsequent addition of spin in
no way undercut any of the evidential reasoning that had issued from these
results.

Thomson published the first edition of Conduction of Electricity Through
Gases in 1903, well before Millikan’s results. With the exception of a section
on radioactivity, this book amounts to a rewrite of the long chapter on the
subject in Recent Researches from ten years earlier, but now reflecting the new
working hypothesis from December 1899 and the huge body of experimen-
tal research attendant to it. The second edition of the book appeared three
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years later. Even though it dropped the section on radioactivity, leaving that
subject to Rutherford’s Radioactivity, published a year earlier, more recent re-
search expanded the new edition to 670 pages. Remarkably much of this sec-
ond edition went over almost intact into the third edition two decades later,
which Thomson authored jointly with his son. The Bohr model, quantum
theory, and the wave character of the electron necessitated less revision of the
account of electric conduction in gases than one might think, though they
added immensely to it, expanding the work to two volumes and 1,100 pages.
In the same year that the second edition was published, 1906, J. J. Thomson
received the Nobel Prize for his research on electricity in gases.

That year also marked the first full year of his experimental research on
Canalstrahlen or, as he renamed them, rays of positive electricity. He used
strong crossed electric and magnetic fields to measure e/m, initially manag-
ing to get clean results only for hydrogen and helium, which he published in
a Philosophical Magazine paper in 1907. He continued to develop the tech-
niques involved in these experiments, joined in the effort by his new ex-
perimental assistant, E W. Aston, in 1910. By 1913, the year in which
Thomson’s Rays of Positive Electricity appeared, they had established two dis-
tinct values of e/m for neon, corresponding to atomic weights of 20 and 22,
though at that time the interpretation of these results was still very much up
in the air. Aston continued this work after WWI, developing the mass spec-
trograph, which enabled him first to make a decisive case that these were two
distinct isotopes of neon and then to distinguish isotopes of a great number
of other nonradioactive elements.

Thomson had begun research on rays of positive electricity at the end
of 1905 to obtain additional experimental basis for elaborating his “plum-
pudding” model of the atom. Much of his effort in the first decade of the
twentieth century went into this model. He published two books in which
the subject of atomic structure is central during these years, both initially se-
ries of lectures, Electricity and Matter at Yale in 1903 and The Corpuscular The-
ory of Matter at the Royal Institution in 1906."'® Both of these books hark back
to the hope expressed in the passage from his 1895 paper “The Relation be-
tween the Atom and the Charge of Electricity carried by it” quoted earlier:
an explanation of the connection between ordinary matter and the electrical
charges on the atom should go a long way toward establishing a theory of the
constitution of matter. Both books hark back to his earlier work in other
ways, too, including the role played by Faraday tubes, especially prominent
in the first. For Thomson the plum-pudding model was more than just a hy-
pothesis about atomic structure; it was an attempt at a grand synthesis of his
life’s work.
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When read today, both of these books on atomic structure have far
more the flavor of unfettered conjecture than do the three seminal papers of
1897-99, even after adjustments are made for our awareness that the plum-
pudding model led nowhere. This gives an impression that Thomson some-
how became less a scientist in the years immediately following these papers.
This is wrong. No less than before, Thomson was trying to open a pathway
that would enable experimental research to develop a detailed theory:

From the point of view of the physicist, a theory of matter is a policy rather
than a creed; its object is to connect or coordinate apparently diverse phe-
nomena, and above all to suggest, stimulate, and direct experiment. It
ought to furnish a compass which, if followed, will lead the observer fur-
ther and further into previously unexplored regions. Whether these re-
gions will be barren or fertile experience alone will decide; but, at any rate,
one who is guided in this way will travel onward in a definite direction,
and will not wander aimlessly to and fro.'"”

The difference in the case of atomic structure lies in Thomson’s failure to find
even a fragment of a theory that lent itself to continuing elaboration and re-
finement through experimental research. This was accomplished by the
Danish physicist Niels Bohr, who worked briefly with Thomson in Cam-
bridge before going on to Manchester to work with Rutherford. Manches-
ter provided an atmosphere conducive to Bohr’s theoretical approach, and it
was there in 1913 that he developed his model of the atom. The most telling
piece of evidence Bohr offers for his model in his 1913 Philosophical Magazine
paper is his purely theoretical calculation of the Rydberg constant:

2 4 2.5
e’ _ 2me (’”)=3.1><10b.

w o e

Bohr used 4.7 X 107 (esu) for e and 1.77 X 107 (emu) for e/m in this calcu-
lation, obtaining a value within 6 percent of the observed value.'*

Thomson contributed to the Bohr model in one other respect, albeit
indirect. Starting while he was Thomson’s research student at Cavendish,
C. G. Barkla carried out extensive investigations of x-ray scattering during
the decade, establishing a wide range of results, including that these rays are
transverse electromagnetic waves. Thomson had published a theoretical for-
mula for x-ray scattering in the first edition of Conduction of Electricity through
Gases, adapting Larmor’s old theory of radiation from an accelerated electron.
In 1904 Barkla used this formula to infer from scattering results that the num-
ber of corpuscles per molecule of air is between 100 and 200. In 1906 Thom-
son published a paper, “On the Number of Corpuscles in an Atom,” in which
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he concludes on the basis of a refined version of Barkla’s result and two other
methods that this number is the same as the atomic weight.'*' Looked at care-
tully, the most that can be said for Thomson’s reasoning here is that the num-
ber implied by scattering, using then available values of the relevant
quantities, was closer to the atomic weight than to any other salient number.
‘While his conclusion misled Thomson in one respect in his work on the
atom, it did not in another, for it showed that almost all the mass of the atom
is due to something other than corpuscles. Barkla corrected the situation in
1911: “Using the more recently determined values of e/m, e, and n (the num-
ber of molecules per cubic centimetre of gas), the calculation gives the num-
ber of scattering electrons per atom as about half the atomic weight of the
element.”'** Bohr cites Barkla on this in 1913.'*

THOMSON’S CONTRIBUTION TO THE ELECTRON

The lesser part of Thomson’s contribution to the discovery of the electron
was his order-of-magnitude measurement of m/e for cathode rays and the
proposal that the particle in these rays is subatomic. The major part of his
contribution was his characterization of this particle as the asymmetrically
acting, fundamental factor in ionization and electrical discharges. This part of
the contribution, which dates from 1899 and culminates the effort on ion-
ized gases begun by Thomson and his research students early in 1896, had
the consequence of redirecting research on electrical conduction and related
phenomena by indicating that a detailed theory of these phenomena could
likely be developed without having to address questions about the funda-
mental character of electricity. From the point of view of the history of
research into atomic structure, what Thomson’s December 1899 pa-
per contributed was primarily an experimentally determined order-of-
magnitude for the electron mass, adding support for the subatomic thesis.
This explains why most discussions of the discovery of the electron put com-
paratively little emphasis on this paper, for, viewed from that standpoint, it
appears not much more than an addendum to the 1897 paper. From the point
of view of the history of research on electrical conduction and the electrifi-
cation of gases, however, the 1899 paper is most important. Only with it did
it become clear that the electron is fundamental to ionization and a variety of
electrical discharges and that no positively charged counterpart to it enters
into any of these phenomena.

In a sense of the term that has not received the attention it deserves, the
December 1899 paper established these claims about the electron. Of course,
given the limited extent and quality of Thomson’s data, this paper did not es-
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tablish them once and for all. But it did provide decisive grounds for accept-
ing them as an initial fragment of a theory and, pending evidence to the con-
trary, taking them for granted in further research aimed at extending this
fragment. The success of the continuing further research—Dboth before, but
even more so after Bohr added his corresponding initial fragment of a theory
of atomic structure—resulted en passant in the increasingly deep entrench-
ment of Thomson’s claims. Nothing has been more central to twentieth cen-
tury science than the electron. Thomson’s 1899 paper has strong claim to
being the point of departure for most strands of this effort.

Neither of the limited working hypotheses from which Thomson
started—that cathode rays consist of charged particles and that ionization in-
volves a characteristic magnitude of charge—originated with him. Nor did
the idea that ions form when a unit charge becomes dissociated from atoms
or molecules. What was original in Thomson’s contribution was the design
of a series of complex experiments predicated on these working hypotheses,
enabling order-of-magnitude values of microphysical quantities to be in-
ferred from macrophysical measurements. These values provided the basis for
the claims made in the 1899 paper about the fundamental, asymmetric action
of the electron. Save perhaps for the subatomic thesis, Thomson’s work dur-
ing this period is not marked by bold proposals. Even the extraordinary con-
clusion about the asymmetric role of the electron was less a bold proposal
than it was a straightforward inference from experimental results. Thomson’s
contribution in these years thus lies not so much in the conceptual history of
science as in the history of evidence. With the work at Cavendish from 1896
to 1899, effective empirical access was gained for the first time to the micro-
physics of electricity.

Society’s predilections in judging the importance of advances in science
incline one to underestimate Thomson’s achievement with the electron. He put
forth no mathematical theory, nor even any lasting laws. His discovery of the
asymmetry of charge required no deep insight, and, anyway, this asymmetry is
so second nature to us now that we have trouble appreciating how contrary to
expectation it was. The experimental evidence Thomson and his research stu-
dents produced has long since been supplanted by a vast array of higher quality,
more definitive evidence, leaving no reason to appeal to it. Indeed, the only one
of his experiments from the 1897 to 1899 period that still gets mentioned in
physics textbooks is the cross-field experiment on cathode rays, usually with the
misleading implication that the modern technology of cathode ray tubes dates
from this experiment; in fact, Ferdinand Braun had published his paper de-
scribing the cathode-ray oscilloscope, from which CRT technology grew, on 15
February 1897, months before Thomson’s experiment.'**
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What considerations like these overlook is how difficult and, even
more 50, how important to the history of science it is to get a sustained, ex-
perimentally driven process of theory elaboration oft the ground. This is
what Thomson accomplished. The crucial respect in which he went beyond
Wiechert, Kaufmann, and others at the time was his successful pursuit of fur-
ther experiments in 1898 and 1899 to answer questions about the role the
electron plays in electrical phenomena.
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CORPUSCLES TO ELECTRONS

Isobel Falconer

On 30 April 1897, J.]J. Thomson, the Cavendish Professor of Physics at
Cambridge, announced the results of his pr evious four months experiments
on cathode rays.! The rays, he suggested, were negatively charged subatomic
particles that were a universal constituent of matter and whose arrangement
determined the chemistry of the element. He called the particles “corpus-
cles,” but they became known as “electrons,” and Thomson has been hailed
as their “discoverer.”?

I have argued elsewhere that Thomson’s work was not the outcome of
a concern with the nature of cathode rays but of a much more general inter-
est in the nature of gaseous conduction.” In this chapter, I discuss the accept-
ance of Thomson’s corpuscle theory.

In recent years an attributional account of discovery has become wide-
spread. While my discussion may lend credence to such a model of the “dis-
covery” of the electron, it is distinct in at least two important ways.* First, it
is agnostic as to whether there was actual a “discovery” and of what that dis-
covery was constituted; it makes explicit that what we are considering is
opinions. Second, it avoids some of the connotations of “discovery” that seek
to locate discovery in a specific place, time, and actor or team; “acceptance”
accommodates easily an episode that extends over several years, involves a va-
riety of workers, and is a subject for debate.

Thomson later recalled that his corpuscle theory was not generally ac-
cepted until two years later when he spoke of it again at the British Associa-
tion Meeting in 1899.° By 1900 also, the existence of electrons was becoming
fairly widely accepted, and a whole new electromagnetic world view was be-
ing developed on this basis by H. A. Lorentz, J. Larmor, E. Wiechert, W.
Kaufmann, and others.® But were these “electrons” the same as Thomson’s
“corpuscles,” and how important were Thomson’s experiments in establish-
ing the existence of electrons?

In examining the acceptance of a theory we need to look at the evidence
other scientists considered important in its favor. I have chosen two accounts
of the development of the electron hypothesis: one British, one German. I



[sOBEL FALCONER 78

look first at their accounts of the development of the electron idea, up to the
point at which they declare that the electron exists, then at their accounts of
the acceptance of the electron idea and of the role of the Cavendish experi-
ments in this. This comparative approach highlights clearly, but crudely, the
complexity of what was going on in the 1890s. In particular, it demonstrates
how differing traditions led to different concepts of the electron, and how
identical experiments meant different things within these traditions.”

The British account is Oliver Lodge’s book Electrons, based on lectures
given in 1902 but published in 1907.* Lodge was a leading British physicist,
professor at Liverpool and later principle of Birmingham University. He was
comparatively independent, owing no allegiance to Cambridge or the
Cavendish, but it is worth noting that his book is dedicated to Thomson. The
German account is Walter Kaufmann’s “The Development of the Electron
Idea,” a lecture given to the seventy-third Naturforscher Versammlung at
Hamburg in 1901.° Kaufmann was at the time assistant at the Physics Insti-
tute at Gottingen; he later became director of the Physics Institute at Konigs-
berg. He was to make his name by his accurate experiments on the mass of
the electron. Since both men were experimentalists, rather than theoreti-
cians, one might naively expect that, allowing for nationalistic bias and per-
sonal credit seeking, their accounts would be broadly similar.

Neither account pinpoints a “discovery” or “discoverer” of the elec-
tron; both are reconstructions that attempt to trace how the idea grew and
what evidence was important in its favor. Nevertheless, in both accounts,
there comes a point at which the author considers that the evidence is sufhi-
cient, that the electron has a real existence, and in this sense that it has been
discovered. Their accounts might thus help resolve what appears to be the
weak point in Achinstein’s model of discovery, that is, how one defines when
an actor knows enough to have “discovered” an entity."

THE EXISTENCE OF ELECTRONS: LODGE’S ACCOUNT

By 1902 the development of an electromagnetic view of nature was well un-
der way and this is the main thrust of Lodge’s book. The first ninety pages,
however, cover electron theory up to 1900. Table 2.1 summarizes Lodge’s ac-
count of the discovery of the electron. He starts with the properties of a
charged particle in motion, reviewing rapidly Heaviside’s work on the state
of the surrounding ether, Poynting’s on the transmission of energy, and Lar-
mor’s on the radiated energy of such particles. This leads up to a chapter on
J. J. Thomson’s formulation of the concept of electromagnetic mass in 1881,
“one of the most remarkable physical memoirs of our time.”!" This was the
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Table 2.1
Lodge’s account of the development of the electron
‘Worker
Evidence Cavendish elsewhere
Theory of motion of charged particles Heaviside
Poynting
Larmor
Electromagnetic mass Thomson
Faraday’s laws imply a unit of electricity, Stoney
the “electron” Loschmidt
Kelvin
Cathode rays, attempts to explain Crookes
Goldstein
Lenard
Perrin
Mobility of carriers in gaseous conduction Townsend Schuster
1897. m/e for cathode rays, suggestion rays Thomson

are “corpuscles”

Electron/corpuscle exists

idea that a moving charged particle has extra inertia associated with it that de-
pends on its velocity. It later proved fundamental to the electromagnetic
worldview.

Lodge next turns to tracing the idea of an indivisible unit of electric
charge, starting with Faraday’s laws of electrolysis. He credits Johnstone
Stoney with naming this unit “the electron,” and he derives the ratio of mass
to charge for the hydrogen ion, citing experiments by Stoney, Loschmidt,
and Kelvin."? Here Lodge slips in, implicitly, the idea that the electron might
be a particle rather than simply a set amount of charge.

Lodge then moves on to the problems of understanding the nature of
cathode rays. The general belief was that they were negatively charged par-
ticles. But particles of atomic dimensions would be too big to pass through
thin metal foil, as cathode rays did, or to have the observed long mean free
path in air. Moreover, Arthur Schuster, and later J. S. Townsend, had ob-
served that the carriers of negative electricity in a discharge tube were highly
mobile, implying a very small size."? Lodge suggests that they might be iso-
lated charges or “electrons.”

Lodge summarizes, “The magnitudes which need experimental deter-
mination in connection with cathode rays, in order to settle the question and
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determine their real nature, are the speed, the electric charge, and if possible
the mass, of the flying particles.”** It is worth noting this evidence for Lodge’s
unquestioned adherence to the mechanical philosophy—the belief that all
phenomena could be reduced to matter in motion and described by their
mass and velocity. In this he was typical of most British physicists.

The scene was thus set for J. J. Thomson’s experiments of April 1897 in
which he measured the velocity and ratio of mass to charge for cathode rays
by his first method. This involved combining the magnetic deflection of the
rays with their heating effect on a thermocouple." He found velocities of up
to one-tenth that of light, and mass to charge ratios only one-thousandth that
for the hydrogen ion. Furthermore, the mass to charge ratio proved inde-
pendent of the nature of matter present (i.e., of the gas in the discharge tube
or the nature of the electrodes). It appeared likely, according to Lodge, that
the mass associated with the cathode ray particle must be 1,000 times smaller
than the hydrogen atom, and the particles might be the “detached and hith-
erto hypothetical individual electrons.”'®

For Lodge, then, by the end of April 1897 the existence of the electron
had been established through experiments on cathode rays. Note that this
was before Thomson had found the charge to mass ratio by his classic method
using electric and magnetic deflections.'” Lodge’s account, in increasingly ab-
breviated form, is the one that has been included in British textbooks ever

since.!®
THE EXISTENCE OF ELECTRONS: KAUFMANN’S ACCOUNT

Kaufmann’s account is summarized in Table 2.2. We might be forgiven for
thinking we were talking about a different entity. Kaufmann starts with We-
ber’s electromagnetic theory of the 1860s and 1870s, of electric atoms acting
at a distance. It had, Kaufmann said, described the electrodynamical phenom-
ena known at the time. Weber, however, had made no attempt to calculate
the size of the electrical atom. Then Faraday and Maxwell had suggested
that a finite rate of propagation should replace Weber’s action at a distance.
Hertz’s confirmation of Maxwell’s theory in 1887 appeared to spell the
end for Weber’s views. Maxwell’s formulae were wholly void of any atomis-
tic conceptions, could explain fundamental phenomena as well as Weber’s,
and were the only way of representing Hertz’s waves.'”

Kaufmann thought, however, that physicists were in danger of throw-
ing out the baby with the bath water. The success of Maxwell’s theory in ex-
plaining Hertz waves blinded them to its inability to explain some optical
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Table 2.2
Kaufmann’s account of the development of the electron
Worker
Evidence Cavendish elsewhere
Electric atom theory of electromagnetism Weber
Optical dispersion by mechanical oscillators Helmbholtz
Optical dispersion by electric oscillators Lorentz
Faraday’s laws imply unit of electricity, Helmbholtz
the “electron” Stoney
Maxwell’s continuum electromagnetic theory Maxwell
Hertz
Estimates of size of “electron” Richarz
Ebert
Stoney
Reconciliation of Maxwell’s and atomic theories Helholtz
of electromagnetism Lorentz
1986. magnetic splitting spectral lines Zeeman
Lorentz

Electron exists

phenomena such as deviations in predicted refractive indices and dependence
of refractive index on color.

Helmholtz had tried to explain these by a mechanical theory of disper-
sion, founded on the vibrations of material molecules. In 1880 H. A. Lorentz
laid the foundations of an analogous electromagnetic theory of dispersion
that regarded every molecule as containing material points charged with
electricity, the origin of electric vibrations of a definite period.

Like Lodge, Kaufmann stresses that Faraday’s laws of electrolysis pro-
vided evidence for the existence of electric atoms. These, Kaufmann claims,
must be the electric particles Lorentz postulated. Hertz’s demonstration of
electromagnetic waves in 1887 stimulated physicists to try to reconcile the
two opposing theories of electromagnetism. Between 1890 and 1893 works
by E Richarz, H. Ebert, and Johnstone Stoney attempted to determine the
magnitude of the elementary electrical quantity, which Stoney named “elec-
trons.” Most of these dealt with the emission mechanism of luminous vapors,
and calculations were based on the kinetic theory of gases. Ebert showed that
the size of the electron might be very small compared with the molecular di-
ameter. The charge on an electron was determined by electrolysis.*
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Kaufmann continues: “The edifice of the electromagnetic theory of
light” was completed in 1892 by Lorentz, who showed “how the assumption
of vibrating charged particles in transparent bodies eliminates all the difficul-
ties in the way of an adequate explanation of the propagation of light in mov-
ing bodies.”*?

Then, “In view of the facility with which Lorentz’s theory explains the
dispersion and observation phenomena, a direct proof of its truth was hardly
required.”* But in 1896 Zeeman’s discovery of the splitting of spectral lines
in a magnetic field provided this proof. The effect was predicted by Lorentz’s
theory and allowed, for the first time, a determination of the size of the vi-
brating charges. The negative charges proved to have a mass to charge ratio
about 2,000 times smaller than the hydrogen ion, forcing the conclusion,
Kaufmann said, that the vibration is that of the electron itself. Thus, for Kauf-
mann, the electron was formulated theoretically, and its existence was then
established in the Zeeman effect in 1896.

CONCEPTS OF THE ELECTRON

These accounts by Lodge and Kaufmann are so entirely dissimilar that we are
left searching for explanations. We might expect that Kaufmann, as a Ger-
man, might value German contributions more highly than Lodge did. We
might also expect that, as a rival of Thomson’s for credit for measuring m/e
for cathode rays, he might downplay Thomson’s contribution, as indeed he
does, relegating him to the role of a mere experimenter. He notes that “an
unobjectionable explanation of the numerical results [for gaseous conduc-
tion], especially as obtained by J. J. Thomson and his followers, is only pos-
sible on the assumption of wandering particles within the gas,”** with no
mention of Thomson as the author of this theory.

‘What we would not expect, judging by traditional accounts of the dis-
covery of the electron, is an entirely different conceptual buildup to the elec-
tron. Like Lodge, Kaufmann was an experimentalist, yet the development he
concentrates on was theoretical and formulated to answer an entirely differ-
ent set of questions from those posed by Lodge. The question arises, was the
outcome of these two developments the same? Was the “electron” whose
existence Lorentz and Zeeman established in 1896, the same as Thomson
demonstrated in 18977 The situation is further obscured by the fact that
Lodge’s and Kaufmann’s accounts both talk of “electrons,” whereas in 1896
Lorentz termed his particles “ions,” while Thomson called his “corpuscles.”
Lorentz switched to “electrons” in 1899, while Thomson clung to “corpus-
cles” until 1911 or 1912.
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Were either ions or corpuscles the same as the “electron” we now deem
to have been discovered in 18972 If different, what was the origin of the
differences and how did the views become unified? We must begin by con-
sidering the differing nature of German and British science, and by looking
at the work of Joseph Larmor, a British physicist neglected in both accounts.”

The essential difference between British and German world views, ac-
cording to McCormach and Buchwald, was that the Germans held to a par-
ticulate world view.? They were concerned with material particles embedded
in a stationary ether, and, as Kautmann points out, they had a tradition of
atomistic theories of electricity. The problem of trying to reconcile these
views, and the phenomena they explained, with the apparent success of
Maxwell’s continuum theory loomed large. Lorentz succeeded in doing this in
1892 with his electric particles, which were material, charged, and embedded
in a stationary ether.” These “ions” were elastically bound within the mole-
cules and mediated the interaction between ether and matter, but the coupling
mechanism was not specified and neither was the structure of the ether. Nor
did Lorentz’s theory give any indication of the size of the ions or a method of
finding this. His terminology suggests that he thought them comparable to
electrolytic ions. Following Zeeman’s calculation of e/m for the ions, Lorentz
briefly named his particles “lightions,” thus distinguishing them from the ions
of electrolysis,?® before switching to “electrons” in 1899.%

In Britain similar problems with the inability of Maxwell’s theory to
explain some optical phenomena were occupying physicists. But they came
from the opposite direction, that of continuum mechanics. At first reading,
their work often appears more atomistic than the German work, and they
seem preoccupied with reducing the world to matter in motion. But a sec-
ond reading shows that, for them, matter is merely a structure of the ether,
often a vortex ring or center of strain.”® By 1894 Joseph Larmor had inde-
pendently arrived at a theory of electric particles that addressed the same
problems as Lorentz’s theory.” Following FitzGerald’s suggestion, Larmor
named his particles “electrons,” defining them as centers of radial strain in a
rotationally elastic ether.?? Larmor was the first to suggest that matter might
be purely electromagnetic in origin, writing in the spring of 1895 that “ma-
terial systems are built up solely out of singular points in the aether which
we have called electrons and that atoms are simply very stable collocations
of revolving electrons,”* although he constantly hedged his bets on this sub-
ject.** He had previously shown that if the mass was purely electromagnetic,
then electrons must be capable of moving near the speed of light, and he had
noted their possible connection with cathode rays.*® Until the discovery of
the Zeeman effect, Larmor assumed that his electron was associated with a
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mass at least as massive as the hydrogen atom. In 1897 he revised this as-
sumption and identified his electron with the small oscillating charges pos-
tulated by Zeeman and Lorentz.*

Thomson worked within the same theoretical framework as Larmor
and was familiar with Larmor’s work, which he refereed. Like Larmor and
Lorentz, he was deeply concerned about the interaction between the ether
and matter, but his theory was formulated to answer a completely different
set of questions from theirs. He was unique in seeing chemical effects as im-
portant and in seeking atomic models that would explain chemical, rather
than optical or thermodynamic, phenomena.” For the previous fifteen years,
he had seen gaseous discharge (but not cathode rays in particular) as the ex-
perimental key to untangling the matter-ether relationship. Throughout, he
relied on an analogy between gaseous discharge and electrolysis, which thus
placed the problems and concerns of electrochemistry in a central position in
his program. By 1890, based on his discharge work, he had worked out qual-
itatively a view of discrete units of electricity, and by 1895 he had a tentative
explanation of how these interacted with matter. It is worth examining
Thomson’s views of 1890-95 more closely, for they explain why he did not
accept Larmor’s theory, why he was in a unique position in 1897, and why
his “corpuscle” differed from contemporary “electrons.”

Like Larmor, Thomson was trained in Maxwell’s electrodynamics, and
his early beliefs belong to this tradition. Maxwell relegated electric charge
and electric current to the status of secondary phenomena—they were the
by-product of processes in the field. The Maxwellian view of electricity was
of a strain state of the ether. The ether was continuous and pervaded all mat-
ter. The strain state was also continuous throughout any medium, but there
was a discontinuity at the boundary between media, with different ratios of
conductivity to dielectric permeability. Electric charge was a manifestation of
this discontinuity. It was smeared uniformly over the boundary and could not
exist anywhere except at the boundary.”®

Around 1890 Thomson felt forced by the evidence from electrolysis,
which he believed analogous to discharge, to recognize that charge must be
discrete rather than continuous. The Faraday tube theory that he devised rec-
onciled the experimentally found discrete charges with Maxwell’s theory.”
Based mainly on Poynting’s work on the energy of the electromagnetic field,
Thomson suggested that electromagnetic effects were propagated by the
motion of “Faraday tubes,” which carried electrostatic force. The tubes ei-
ther formed closed loops or terminated on atoms. They were all of the same
strength, corresponding to the charge of the electrolytic hydrogen ion. Thom-
son pictured these tubes as vortex filaments in the ether.
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Faraday tubes were essentially discrete, and the electrification produced
at the end of them was discrete also. Continuing the Maxwellian tradition,
Thomson believed that a charge could exist only at the boundary of the di-
electric and a conductor; that is, Faraday tubes could end only on matter.
Blake and Sohncke’s experiments had shown that molecules could not be
charged, hence Thomson concluded that Faraday tubes could end only on
atoms.* By 1895 he had developed this conclusion into a theory to account
for the differing attractions that different chemical atoms had for electricity.*!
He suggested that the atom behaved as though it contained a large number
of outward-pointing “gyrostats.” An incident ethereal vortex Faraday tube
would modify the motion of the gyrostats depending on whether the tube
and gyrostats were rotating the same or opposite ways. In one case the en-
ergy of the atom would be lowered, in the other raised. Different atoms
might have differently rotating gyrostats and thus have a preference for one
particular type of vortex tube or charge.

For our purposes, the essential feature of this theory is that charge re-
mained a boundary effect between matter and ether. Both chemical atom and
vortex tube had to be present before a charge could exist. This may account
tor Thomson’s remark that he did not find Larmor’s (purely electromagnetic)
theory very useful*? and certainly explains his emphatic statement in 1896
that “the idea of charge need not arise, in fact does not arise, as long as we
deal with the ether alone.”* Furthermore, the particular structure and chem-
istry of atoms was implicated in the nature of electric charges.

This belief placed Thomson in a unique position among physicists.
‘When he identified cathode rays as small, negatively charged “corpuscles,” he
made their structural implications clear, citing Prout’s and Lockyer’s chemi-
cal ideas of divisible atoms as precedents, rather than Lorentz’s or Larmor’s
electromagnetic theories (though he did point out that his results were in
broad agreement with Zeeman’s).** Two months later Thomson proposed an
atomic structure based on the stable grouping of corpuscles in a uniform
sphere of positive electrification.* Although he was not explicit about the
nature of a corpuscle, he continued to treat it on occasion as the locus of in-
teraction between the end of a vortex tube and some material part of the
atom, which might have no more extension than a mathematical point. The
whole entity, matter plus boundary plus vortex, however, was an essential
part of the atom.

Thus Lorentz’s ion was different from Thomson’s corpuscle and was
different again from Larmor’s electron. Table 2.3 summarizes the character-
istics of all three. The later idea of an electron took elements from all three
theories.
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Table 2.3

Summary of features of Lorentz’s, Larmor’s, and Thomson’s theories of 1897

Lorentz Larmor Thomson

Stationary ether stationary, rotationally state of ether not mentioned

elastic ether

Material, particle ethereal, strain center boundary effect between

electron either vortex and atom
Electron embedded in mat-  electron provides ethereal corpuscle a building block
ter but separate from it origin of matter of chemical atoms

ACCEPTANCE OF THE ELECTRON

Given these differences, how did Thomson’s corpuscle theory become ac-
cepted and transmuted into the later electron? If we return to our two ac-
counts, there is more general agreement about the acceptance of electron
theory than about its origin, but there are still some significant differences.
Tables 2.4 and 2.5 summarize the accounts. We have two aspects of electron
theory to consider: first, the electric particles of Lorentz and Larmor,
whether ethereal or not, which explained optical phenomena, and then
Thomson’s corpuscle, which also explained atomic structure.

Lorentz and Larmor both had theories with far-reaching implications
but a dearth of definite experimental evidence to back them up. They had
both seized on Zeeman’s results as support for their theory and were seeking
further support.* Thomsons measurement of the mass to charge ratio for
cathode rays provided this. George FitzGerald realized the implications for
Larmor’s theory immediately. Writing in the same issue of The Electrician in
which Thomson’s results were published, he suggested that Thomson’s mea-
surements be reinterpreted as showing that cathode rays were “free elec-
trons.”’

Thus FitzGerald rejected the importance of corpuscles for atomic
structure and shifted the context of Thomson’s results to Larmor’s electron
theory. He ensured that the term “electron” was associated with Thomson’s
experimental work several years before there was full assent to Thomson’s
theory. That “electrons” were originally proposed as an alternative interpre-
tation of the cathode ray results to “corpuscles” was forgotten.

The continental situation was similar, except that here Thomson was
seen as just one of many who determined the mass to charge ratio for cathode
rays and not necessarily the most reliable. Kaufmann’s measurements were
generally deemed the most accurate.* Kaufmann credits Emil Wiechert with
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Table 2.4
Lodge’s account of the acceptance of the electron
‘Worker
Evidence Cavendish elsewhere
m/e for cathode rays Lenard
Kaufmann
m/e for Lenard rays Lenard
Velocity of cathode rays Wiechert
m/e for photoelectric carriers Thomson Lenard
Ionization by incandescent metals Thomson Branly
McClelland Preece
H. A. Wilson Fleming
Richardson
Owen
Ions in flames H. A. Wilson
Gold
Number of ions in a conducting gas Thomson Lenard
Rutherford Righi
Zeleny Beattie
McClelland De Smolan
McLennan
Richardson
H. A. Wilson
Owen
Mobilities of ions Townsend
Zeleny
Measurement of e Thomson
H. A. Wilson

first suggesting that the cathode ray particles and Lorentz’s ions were the

same.* For Lorentz, the existence of a direct means of experimenting on ions

was immensely insignificant, and he recast his whole theory in terms of indi-

vidual particles, now called “electrons,” rather than averages over many ions.*

What both accounts show is that the ultimate success of Lorentz’s and

Larmor’s electron theories depended on their potential for unification. A

wide variety of hitherto unrelated experimental phenomena could be en-

compassed. And the suggestion that all matter might be electromagnetic in

origin, first made by Larmor, promised fundamental advances in physics.

Kaufmannn stated, “Although much may appear hypothetical, it is clear . . .
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Table 2.5

Kaufmann’s account of the acceptance of the electron
Worker

Evidence Cavendish elsewhere

m/e tor cathod rays Wiechert
Aschkinass
Kaufmann

Thomson Lenard

Des Coudres

Suggestion cathode rays are electrons Wiechert

Metallic conduction Riecke
Drude

m/e for photoelectric arriers Lenard

Gaseous conduction Thomson et al.

Measurement of e Thomson

m/e for rays Becquerel
Dorn
Kaufmann

Electromagnetic view of nature Thomson Lorentz
Wien

that these electrons are one of the most important foundations of our whole
world structure,” while Lodge, ever more florid in style, agrees that “[w]e
are now beginning to have some hope of obtaining unexpected answers to
riddles—such as those concerning the fundamental properties of matter—
which have proposed themselves for solution throughout the history of
civilization.””!

Both accounts suggest that Thomson played a major role in achiev-
ing this unification. Throughout the diverse branches of physics that were
brought within the orbit of electron theory, Thomson’s name crops up as
having made significant contributions. Philip Lenard is the only other physi-
cist whose name occurs so universally, and it is noteworthy that Lenard re-
ceived his Nobel Prize in 1905 for his work on cathode rays, the year before
Thomson received his for his work on “conductivity of gases.” Neither cita-
tion mentioned electrons.

The major difference between the two accounts is the importance they
assign to other work on gaseous conductivity, largely done at the Cavendish.
For Lodge, the idea of an electron had arisen from investigations of gaseous
conduction. Electron theory and Thomson’s conductivity theory were mu-
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tually self-supporting; the success of one depended critically on the success
of the other. For Kaufmann, gaseous conduction was merely another cor-
roboration of a theory derived from and supported by advances in electro-
dynamics.

This difference shows most clearly in their attitude to Thomson’s ex-
periment of 1898 that measured the charge on a gaseous ion, and later a pho-
toelectric particle, directly.® For the British, two lingering doubts had
remained: for Thomson, that the small value of the mass to charge ratio might
be due as much to a large charge as to a small mass®; for FitzGerald, Larmor,
and probably Lodge, that the corpuscle might not be the same as the elec-
tron.”* When Thomson established for the first time the actual value of the
charge, all doubts as to the smallness of the mass and the equality of charge
on corpuscle and electron were removed. His results were later refined by his
student H. A. Wilson.>® This experiment was, for the British, so fundamen-
tal that Lodge wrote, “it seems to me one of the most brilliant things that has
recently been done in experimental physics. Indeed I should not need much
urging to cancel the ‘recently’ from this sentence.”*®

Kaufmann, conversely, dismisses the experiment with a one-liner, “J. J.
Thomson has even succeeded by observation of conducting gases in measur-
ing the absolute magnitude of the charge of a single ion, and found good
agreement with the elementary quantity previously obtained.””” He added
that Planck had also derived the charge from black-body radiation. Kauf-
mann evidently felt the value of the electronic charge sufficiently well estab-
lished from electrolysis. The experiment appears to have had significance
only for the British. Ramsay was still stressing it in 1912 as was O. W. Rich-
ardson in 1916. For the continentals, however, it appeared unimportant. In
his Theory of Electrons of 1909, Lorentz did not discuss it at all.”®

Thus, the first aspect of Thomson’s corpuscle—that it was a very small
electrified particle—appears to have been accepted readily, explicitly because
it supported Lorentz’s and Larmor’s theories. Disagreement continued over
whether the particle was material or ethereal and how it was structured. This
difference was brought into focus when Kaufmann attempted to discover
whether the electron had purely electromagnetic inertia.*” He measured the
masses of beta rays traveling at various velocities approaching that of light and
compared them with theoretical values for electromagnetic inertia devel-
oped by Thomson and O. Heaviside. He initially used Searle’s model of the
electron as a spherical shell over which charge is uniformly spread, and he
obtained the result that only one-fourth to one-third of the mass was
electromagnetic. Dissatisfied with this result, Max Abraham revised Searle’s
analysis on the assumption that the electron was a conducting sphere.
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Thomson also took up Kaufmann’s results, but he applied his own
ideas, treating the particle as a mathematical point (the center of the tubes of
force). Both Abraham and Thomson found the entire mass to be electro-
magnetic. This result was physically preferable because, to quote Lodge, “it

" and Kaufmann revised his analysis.

enables us to progress and is definite,”
Interestingly, Thomson’s own ideas vacillated on this point and by 1907,
while agreeing that the corpuscle had purely electromagnetic mass, he em-
phatically refused to speculate about its ethereal structure or about the dis-
tinction between matter and nonmatter.®'

‘What of the second aspect of Thomson’s corpuscle—that it was a build-
ing block of a divisible atom? This was much harder for physicists to enter-
tain. It is not clear from Lodge’s account at what point he, and the British,
accepted it. It is evident, however, that initially they all rejected it. A divisi-
ble atom smacked of alchemy. If corpuscles were a building block of a divis-
ible atom, then their production involved disrupting or dissociating the atom,
and it appeared that this should change the chemical nature of the atom and
also allow the reaggregation of corpuscles into new atoms. FitzGerald was
clear that this was his objection to the corpuscle theory, writing that the free
electron hypothesis “is somewhat like Prof. J. J. Thomson’s hypothesis, ex-
cept that it does not assume the electron to be a constituent part of an atom,
nor that we are dissociating atoms, nor consequently that we are on the track
of the alchemists.”%?

Thomson’s experiments were sufficient to support electron theory,
with which they intersected neatly, but not to establish corpuscle theory. An
editorial in The Electrician on 2 July 1897 bears this out. It acknowledges the
implications of corpuscle theory but would “wish to see the hypothesis ver-
ified at an early date by some crucial experiment.” Such an experiment was
not forthcoming, at least from Thomson.

Although the increasing power of electron theory added prestige to
Thomson’s experiments, physicists remained uncertain about the constituent
role of corpuscles in atoms. Indeed Lodge in 1906 appears totally confused,
writing, “While the units of negative charge appear in some cases with a sep-
arate existence,—perhaps carrying with them part of the atom, in which case
they might be called corpuscles, having a material nucleus; perhaps pure dis-
embodied electricity, whatever that may be—an electrical charge detached
from matter—a mere complexity in the ether, in which case they would cor-
respond with those hypothetical entities familiar in theoretical and mathe-
matical treatment as ‘electrons.””®?

There are three things to note about this quotation. First, Lodge deems
electrons “familiar” while corpuscles were not. Second, and most significant
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here, he still has not understood the distinction between Larmor’s “electrons”
and Thomson’s “corpuscles,” nor the constituent role of corpuscles. Despite
his advocacy of the electronic theory of matter, he here divorces electrons
from the matter of which Larmor claimed they were the origin. He speaks of
negative charges “carrying with them” some part of the atom rather than ac-
tually of being an integral part of the atom, as Thomson would have it. Third,
Lodge was unable to make his attempted distinction stick, and he failed to ad-
here to it through the rest of the book, betraying further confusion.

It appears that even in 1906 and in Britain, the corpuscle’s constituent
role was far from firmly established, and Thomson’s theory might have dis-
appeared into oblivion were it not for the discovery of radioactivity. Bec-
querel showed that beta rays could be deflected magnetically, and Dorn
demonstrated their electric deflection. Becquerel, and then Kaufmann him-
self (not Thomson), showed that their mass to charge ratio was the same as
for cathode rays, thus identifying them with electrons or corpuscles.®

Kaufmann’s account suggests that this was a turning point.”® Here was
the crucial evidence that atoms might emit corpuscles without any external
influence. Corpuscles were not an artifact of the interaction of atoms and the
electric field, but must have been contained within the atom. Equally im-
portant, in 1903 Rutherford and Soddy argued that in radioactive decay
atoms did change their chemical nature.® Physicists were on the track of the
alchemists. Thus the corpuscle’s constituent role was finally accepted, al-
though by now it was almost universally known as an “electron” and this ter-
minology stuck. Indeed, Kaufmann’s beta ray experiments gave additional
momentum to electron theory, enabling his experiments on electromagnetic
mass to which I referred earlier. These ensured the success of the electro-
magnetic view for several years to come.

CONCLUSION

The story I have been telling traces two parallel and apparently quite similar
theoretical developments by Lorentz and Larmor, although Larmor’s is now
largely submerged. Yet they were based on fundamentally different concepts
of nature. Intertwined was a series of experiments that were ultimately suc-
cessful largely because they got hijacked by both theoretical camps. The ex-
istence of the phenomena demonstrated by Thomson was sufficient evidence
for Lorentz and especially Larmor, but the quality of the experiments was not
sufficient to establish Thomson’s own corpuscular theory in opposition to the
electron theories. The potential unifying power of the electromagnetic view
of nature concentrated attention on the electron’s charge and mass, and these
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became its defining characteristics ./ The one respect in which Thomson
does seem to have been before others is in deflecting cathode rays electrosta-
tically. His cross-field e/m method, said to involve fewer assumptions than
Wiechert’s or Kaufmann’s original measurements, came to exemplify the
new physics.

In this process, a significant historical contingency is that Lodge’s ac-
count, which set the tone for many later histories, was delivered to the Insti-
tution of Electrical Engineers. As Gooday points out, electrical engineers
were a far larger community than academic physicists and were also inti-
mately familiar with the history and potential of vacuum tube technology.®®
Lodge’s decision to present the electron development through a familiar
technology rather than a more abstruse theoretical path was well received and
was perpetuated by a wide audience. Thus, even “acceptance” begins to look
more complex than it at first appeared for, as well as the background concepts
of the author, we have to take into account the potential influence of the in-
tended audience.

Both accounts agree that cathode rays were particularly compelling ev-
idence for the existence of electrons. Even Kaufmann, who placed the real-
ity of electrons prior to 1897, considered that “[w]e have in the cathode rays
the electrons—which in optical phenomena lead a somewhat obscure exis-
tence—bodily before us so to speak.”*® In Britain, Thomson was the first to
produce this evidence, while in Germany, Wiechert performed a similar role.
That Wiechert is now largely forgotten while Thomson is remembered as
“the discover of the electron” is due to more than the contingency that Thom-
son had a large and increasingly powerful group of former research students
who extolled his work. It is due in part to the nature of Thomson’s corpuscle
suggestion. In speculating about the role of the corpuscle in the structure
of the chemical atom, Thomson initiated a research program in subatomic
physics among these students that was to dominate British physics in the
first half of the twentieth century. By the 1920s the ethereal concepts in
which Thomson’s work was founded were outmoded, yet his ideas under-
pinned subatomic physics and his successors needed to justify their belief in
them. His students, unable to accept his concepts, transformed his experi-
ments into a paradigm of pure physics research. They thus used his cathode ray
work to make their own enterprise acceptable (and fundable).”

Ultimately Thomson’s corpuscle added an important property to elec-
tron theory, expanding its evidential context to the chemical atom.”* But the
accurate, precise, and sometimes crucial experiments were done by many

different workers. The weight attached to these experiments depended on
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the differing metaphysical orientation of the physicists concerned and high-
lights the interplay of the differing traditions.
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THE QUESTIONABLE MATTER OF ELECTRICITY:
THE RECEPTION OF J. J. THOMSON’S “CORPUSCLE”
AMONG ELECTRICAL THEORISTS AND TECHNOLOGISTS

Graeme Gooday

[W]hen I brought these results before the meeting of the British Associa-
tion at Dover in 1899, . . . I think I made a good many converts.

—7J. J. Thomson, autobiographical reminiscence, 1936'

No scientific discovery of prime importance has been announced during
the recent meeting.

—Electrician editorial on the BAAS meeting at Dover, September 18992

What is an electron, and what are its properties? This, we conceive is the
most pressing question at the moment for the physicist.

—“The Theory of Electrons,” Electrician editorial on the BAAS meeting at
Bradford, September 1900°

I do not know what electricity is, and I do not know what matter is.

—J. J. Thomson at Institution of Electrical Engineers, 1907*

In this chapter I look at the ways in which J. J. Thomson’s “corpuscle” was—
or indeed was not—taken up by practitioners in the complex overlapping
domain between physics and electrical engineering in the decade following
1897. It will be shown that J. J. Thomson’s allegedly crucial measurements of
corpuscle mass to charge ratios, published in 1897 and revised in 1899, were
neither sufficiently convincing nor even strictly necessary for his contempo-
raries to incorporate some of his results into their working practices. Instead,
I will argue that the reception of J. J. Thomson’s claims among physicists and
electrical engineers involved diverse agendas and contexts of application and
exploration with comparatively little weight being attached to purely quan-
titative evidence. I show that the reception—or perhaps better the “ap-
propriation”—of Thomson’s researches on corpuscles was prolonged and
complex. It was a process that intersected with debates over spectroscopy,
cathode rays, x-rays, wireless telegraphy, radioactivity and metallic conduc-
tion, and was coextensive with deliberations over the long vexing question
of what constituted “electricity.” I contend that J. J. Thomson’s work was only
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accorded a great significance from around 1900 onwards when a number of
other British and continental practitioners deployed the somewhat heteroge-
neous notion of the “electron” to a wide range of theoretical contexts into
which Thomson’s results were then widely assimilated. Yet I shall emphasize
that notably few, if any, of Thomson’s contemporaries interpreted his work
in precisely his own “corpuscular” terms, and indeed some were perplexed
by Thomson’s persistent ambivalence about the relationship between the
corpuscle and the “electron.”

In broader terms I shall suggest that it was not Thomson, nor at first
even his Cavendish students®, but contemporaries in the world of electrical
engineering who were chiefly responsible for the assimilation of the “elec-
tron” into the laboratory, workshop, and the theoretical treatise. Accordingly
I will focus on some of the major characters who worked at the interface of
physics and electrical engineering, dubbed by Sungook Hong as the “scien-
These included John Ambrose Fleming (University College
London), Oliver Lodge (University College Liverpool, later Principal of the

6

tist-engineers.

University of Birmingham), Silvanus Phillips Thompson (Finsbury Techni-
cal College), and Elihu Thomson (General Electric in the United States);
passing reference will also be made to important figures in Germany, includ-
ing Wiechert, Kauffman, Drude and Braun. I will cover in detail the role of
the British journal most conspicuously devoted to the interlinked issues of
electrical science and technology, The Electrician, and its columnist Fournier
D’Albe. Much attention will also be given to other interested and active na-
tional organizations: Section A of the British Association, the Royal Institu-
tion, the Institution of Electrical Engineers, and the Society of Arts. By way
of an ironic technological counterpoint, I will also suggest that Thomson’s
corpuscular researches were not particularly important for early develop-
ments in twentieth century electronics such as the thermionic valve and cath-
ode ray oscilloscope, however much later electron-centered stories of their
genesis might have anachronistically suggested otherwise.

It need hardly be said that I shall not offer any support to the historio-
graphically problematic claim that J. J. Thomson “discovered” the electron
in 1897. Indeed, in my conclusion I suggest how the “discovery” story so fa-
miliar from Thomson’s own autobiography’ and perpetuated by his protégés
was promoted much later in the 1920s and 1930s in creating a local folk
history of the Cavendish laboratory in Cambridge. Popular accounts un-
helptully continue today to privilege 1897 as a chronological watershed, to
fetishize Thomson as a unique individual discoverer, to describe his work as
referring unambiguously to the “electron,” and to claim that the electronics
of valves and oscilloscopes were direct “applications” of his putative discov-
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ery.® I would suggest rather that informed observers of electrical research in
the two decades after 1897 would have considered it bizarre to attach any
such singular significance to the rather coarse “measurements” on the mass
to charge ratio of cathode ray particles that Thomson undertook in 1897.
They might well have been more concerned, along with George FitzGerald,
Elihu Thomson, and H. E. Armstrong, with the implications of Thomson’s
somewhat heretical—even alchemical—claim that atoms were divisible by
the loss of corpuscles.

From what I present here it should be obvious that commentators at
the turn of the century would have explained the early years of the “electron”
with reference to the prior spectroscopic identification of the “electron’s”
mass to charge ratio in late 1896 by the Dutch physicist Pieter Zeeman, the
earlier cathode rays researches of William Crookes and Arthur Schuster, and
the contemporaneous measurements of mass to charge ratios undertaken by
Kauffman and Wiechert. Certainly I will show that this is how historiogra-
phies of the “electron” presented the story in the decade up to 1907, not-
withstanding the tendency of later scientists and historians to downgrade the
significance of such work by casting it as mere “supporting” evidence for
Thomson’s heroic “discovery.” Historians in this book, most notably Isobel
Falconer and Theodore Arabatzis’, have of course been careful to refine
long-entrenched popular mythologies on this point, recognizing that they
can only be upheld by oversimplified narratives and distorted chronologies.
Yet the ramifications of challenging the premises of this older tradition of
Thomson-centered and discovery-oriented historiography of the “electron”
have not yet been fully examined. Having challenged these assumptions ex-
plicitly, my strategy in this chapter will be to explore the reception of Thom-
son’s researches among physicists and electrical engineers on a somewhat
different basis.

THE ELECTRICIAN AND THE QUESTION CONCERNING ELECTRICITY

UNSOLVED QUESTIONS—Our knowledge of what electricity will do
is still daily advancing, and we are justified in predicting that this will be of
immense service in the future; but when we ask what electricity is, we have
to confess that very little is known about it.

—Review of G. R. Wormell, Magnetism and Electricity: An Elementary
Textbook for Students, in The Electrician, July 1882'

A schoolmaster once said to one of his boys, “Can you tell me what Elec-
tricity is?” The boy replied “Please, Sir, I have heard, but I have forgotten.”
“Alas,” said the Schoolmaster, “what a misfortune! The only person who
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ever knew what electricity was, has forgotten it!” Thirty years ago we were
all in the same state of ignorance, but now, thanks to the researches of em-

inent men, we do know something at least about electricity and its nature.

—]J. Ambrose Fleming, “Electricity and its Manifestations,” 1931"!

At the end of the nineteenth century there was a positive Babel of voices pro-
posing theories on the nature and action of electricity. Texts written by
physicists, electricians, and electrical engineers offered, with varying degrees
of anachronism or neologism, multifarious accounts of electricity depicted as
a kind of field, or a force, or as an atomic particle, a mode of motion, an im-
ponderable fluid or pair of fluids, a form of energy or as a strain in the elec-
tromagnetic ether. This question remained an open one for James Clerk
Maxwell throughout his Treatise on Electricity and Magnetism of 1873, although
he did reserve particular skepticism for claims that electricity could be
equated with “energy” and for the “two fluid” theory of positive and nega-
tive electricities.'? Speculation on such matters was tellingly eschewed by the
young J. J. Thomson in his lengthy analysis of the five distinct mathematical
accounts of electrical action that he identified in a detailed report for the
British Association for the Advancement of Science in 1885. While he con-
cluded that theories which took account of the dielectric such as did Max-
well’s and Hembholtz’s™?, were better supported by empirical evidence than
their rivals, no reader of either of their research publications could easily
have found an explicit account of what electricity was. Even as the new
“electron” theory was being taken up by many physicists and electrical engi-
neers in 1902, its chief promoters were cautious about whether it would fi-
nally provide an answer. John Ambrose Fleming, for example, was most
reluctant to specify that the notion of “electron” offered any more than a
“hypothesis” to the great perennial question “What is electricity?”"*

The persistent disagreements about the basic nature of electricity had
not inhibited electrical engineers and physicists from effectively harnessing it
to develop the electromagnetic technologies of global telegraphy, power
generation, lighting, traction, and wireless transmission. Not even the novel
“electronic” devices, notably the thermionic valve developed by Fleming
and Marconi, and the cathode ray oscilloscope that emerged from the work
of Braun and others in the early 1900s, were obviously applications of new
corpuscular or electronic theories of matter. The communities involved in
electrical technology were not merely passive secondary recipients of physi-
cists’ newfangled electrons and corpuscles but rather provided important are-
nas and tribunals for debating the import of these parvenu entities. Thus one
of the most important British periodicals devoted to “electrical engineering
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industry and science” in the late nineteenth century, The Electrician, published
articles ranging from the mundane specifications of domestic electrical me-
ters to Oliver Heaviside’s loftier mathematical excursions into Maxwell’s the-
ory of electromagnetism. It was also one of the principal arenas for debating
the recurrent question “What is electricity?”

While not a few teachers of electrical science and engineering were
pragmatically agnostic on the subject, others—including some writers for
The Electrician, shared the view proposed by Maxwell in his Treatise on Elec-
tricity and Magnetism of 1873 that a closer examination of the electrical dis-
charge of rarefied gases would “probably throw great light” on the “nature”
of electricity.”” At the BAAS meeting in 1879 William Crookes’s had fol-
lowed up Maxwell’s suggestion by showing how the results of magnetically
manipulating cathode rays could ground speculations that such rays were
made up of a new fourth, “radiant” particulate state of matter.'* Throughout
the following two decades, The Electrician gave broad if intermittent coverage
to a wide range of researches on the use of cathode ray tubes, reporting for
example Crookes’s presidential address'” on this subject to the Institution of
Electrical Engineers in 1891. Although highly deferential in tone, The Elec-
trician’s comments were not entirely uncritical: following Maxwell’s prece-
dent eighteen years before, it challenged the terminology of “positive” and
“negative” electricity that Crookes had chosen to employ. Particularly ob-
jectionable was the implication that these were two different things rather
than “two converse manifestations of one and the same entity.”'® Further
challenges to Crookes’s claims came from Germans such as Goldman, Hertz
and his student Lenard that cathode rays were not particulate but were ethe-
rial vibrations. These were also reported without chauvinism in The Elec-
trician’s weekly column, “Contemporary Electrical Science” by polyglot
journalist Edmund Edward Fournier D’Albe."

Although of passing interest to many, the character of cathode rays only
became a pressing topic of general interest to physicists and engineers, how-
ever, after Rontgen announced that he had used them to produce a new kind
of rays, x-rays, in late 1895. The ensuing international flurry of interest is re-
flected in the mild explosion of articles published on related topics in The
Electrician during the next two years. On 10 July 1896, for example, the jour-
nal reported at some length the electrostatic deviation of cathode rays by G.
Jaumann working under Lecher in Bohemia, thereby challenging the ethe-
rialist claims of Hertz that such deviation had proved impossible.*” On 1 Jan-
uary 1897, it reported the finding of John Ambrose Fleming, Professor of
Electrical Engineering at University College London, that an electromagnet
could induce some interesting spiral effects on Crookes’s famous Maltese
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cross experiment.?' Adjacent to Fleming’s article was a piece by Elihu Thom-
son, chief research engineer at General Electric in the United States on the
extraordinary fluorescent effects of directing Rontgen rays on Crookes’s
tubes.?

Among all of this excitement, The Electrician also gave attention to spec-
troscopic developments and theoretical speculations concerning the “elec-
tron.” This was a term invented by Irishman George Johnstone Stoney in
1891 to account for the double lines in gas spectra, postulating a tiny charged
particle that emitted electromagnetic radiation as it rotated around an atom
to which it was inseparably bound.” Soon afterward the “electron” was ap-
propriated and recontextualized by theorists of the electromagnetic ether:
the “Maxwellian” Joseph Larmor in Cambridge used it to label the little vor-
tex “knots” of ether by which he sought to explain interactions between
ether and matter.** The Dutch physicist Hendrik Lorentz used the more fa-
miliar name “ion” to refer to a rather different conception of the tiny charged
particles in matter;* but it was Lorentz’s student Pieter Zeeman who stimu-
lated a reconciliation of these two research traditions by his magnetospectral
experiments.” In October 1896 Zeeman announced that he had succeeded
(where many had failed before) in splitting the spectrum of vaporized sodium
by the application of a strong magnetic field. Following Lorentz’s theory he
explained this splitting as the effect of the field in modifying the vibrational
frequency of (some) sodium “ions,” and from the angular size of the spectrum
splitting inferred that these ions had a remarkably large charge to mass ratio.”
This result was quickly communicated by Larmor’s co-Maxwellian Oliver
Lodge to the Philosophical Magazine,”® and as “The Latest Discovery in
Physics” to The Electrician of 26 February 1897.%

In his first account of this “discovery” for the readership of The Elec-
trician, Lodge claimed that Zeeman’s result had a rather fundamental im-
portance for contemporary understanding of the electromagnetic ether.
Transmuting Zeeman’s “ion” into the Larmorian electron, and drawing upon
the researches of arch-Maxwellian Oliver Heaviside and the theoretical work
of the young Professor of Experimental Physics at Cambridge, Lodge pro-
moted the view that Zeeman’s research clarified the mechanism of the atomic
generation of radiation:

The importance of the discovery lies, of course, in its theoretical bearing,
in the evidence it can furnish as to the nature of the motions which enable
matter at high temperature to disturb the ether, [and] in the conclusion that
can be drawn from it as to the physical nature of a radiating or absorbing
body . . . It has for some time now appeared likely that radiation could only



THE QUESTIONABLE MATTER OF ELECTRICITY 107

be excited by the motion of electrified particles . . . [but] some philoso-
phers have doubted about the existence or necessity for any material nu-
cleus beyond the electric charge itself; such a charge, when in motion,
would behave as if it had inertia, in accordance with well known electrical
laws, as worked out by Mr Heaviside, Prof. J. J. Thomson and others; and
accordingly the idea of radiation excited by the motion of electrons pure
and simple has been steadily gaining ground.*

‘Whatever else might be debatable about this phenomenon, Lodge was
convinced that the electron-theorist’s mechanism for electromagnetic radia-
tion would come to be regarded as “substantiated” and “established” by Zee-
man’s research. Thus for Lodge it was clearly not the case that the electron
needed to be discovered: Zeeman’s putative discovery of the empirical effect
was just ammunition to support what he—and in his view also J. J. Thom-
son—knew on (Larmorian) theoretical grounds must already exist anyway.
‘What was radically new for Lodge, however, was the extraordinarily high
charge to mass ratio of 107 (electromagnetic units) that Zeeman had inferred
for the vibrating subatomic “electron.” As Lodge reported in a follow up
piece on March 12, this value was roughly a thousand times greater than the
“customary” value for the ion found in electrolytic data, a conclusion which
evidently left him and fellow Maxwellian®' George FitzGerald in Dublin
struggling somewhat to account for this in terms of electromagnetic theory.*

Notwithstanding Lodge’s allusion to J. J. Thomson as a fellow electro-
magnetic theorist™
interest in the Zeeman effect. As Isobel Falconer has pointed out, however,
by this time Thomson had, like many other physicists, taken a keen interest

, Thomson appears at this stage to have had no comparable

in another, earlier unexpected result from experiments on radiation: the phe-
nomenon of x-rays. And it was the publicity surrounding the extraordinary
properties of x-rays that emerged in 1895-96 which turned Thomson’s at-
tention for the first time to the constitution of cathode rays.** As Thomson
happened to be president of BAAS Section A that year, a large part of his
presidential address was devoted to cathode rays and x-rays. Thomson pro-
moted the Crookesian view of cathode rays as particulate against the appar-
ent counterevidence presented by Phillip Lenard that such particles were not
stopped by an encounter with metal; indeed under Thomson’s chairmanship,
the debate that following Lenard’s own paper at the Section A meeting was
accordingly rather one-sided.”® By house custom Thomson’s address was
printed in The Electrician, on September 18th 1896 along with a portrait (fig-
ure 3.1) and biography by his old friend John Henry Poynting,*® in which
Thomson was dubbed “electrician” for his work on electrical discharge of

gases.



GRAEME GOODAY 108

(f T
LACR R s & e AP

Figure 3.1

Engraved portrait of Professor J. J. Thomson in The Electrician for 18 September 1896, ac-
companying a reproduction of his Address to section A of the British Association for the
Advancement of Science in Liverpool. Source: The Electrician, 37 (1896), opposite 672.

Thomson’s expertise evidently made some impression on the editor
of The Electrician, W. G. Bond. Three weeks later Bond wrote to Thomson
inviting him to write a book—or at least a series of articles—on “Electric
Discharge in Rarefied Gases.””” His suggestion was that the book cover the
research undertaken by himself, Crookes, Arthur Schuster, Rontgen, Lenard
and, other German researchers, and that it would complement other well-
established series of texts for electrical technologists published by The Electri-
cian, notably Ambrose Fleming on a.c. transformers, Oliver Heaviside on
electromagnetic theory of induction, and a treatise on the magnetic induc-
tion of iron published by J.Alfred Ewing, Thomson’s colleague as Cambridge
Professor of Engineering.”® Even though Thomson did not take up this offer,
it is striking that after he gave his lecture on “cathode rays” at the Royal In-
stitution on 30 April 1897, The Electrician moved with great alacrity to pub-
lish this lecture a mere three weeks later on May 21.%° Unlike Lodge’s account
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of the Zeeman effect, however, the journal did not announce Thomson’s
claims for the existence of corpuscles as the “latest discovery in physics.” And
indeed The Electrician was the only national journal that took the trouble to
publish Thomson’s lecture or comment at length upon it.* The next section
will examine why this was the case.

DISSOCIATION AND INDIFFERENCE: VARIED RESPONSES TO
THOMSON’S 1897 RESEARCHES

Much in the vein of his comments on cathode rays in his presidential address
to Section A of the BAAS in the previous year, Thomson’s Royal Institution
lecture was devoted to attacking the arguments that German etherealists had
wielded against the British particle theorists. Thus, as Falconer,*! Arabatzis,*
and Feffer® have pointed out, much of Thomson’s April lecture held few sur-
prises for anyone familiar with the previous few years of cathode ray research,
or to Stoney’s and Zeeman’s researches on elemental spectra, and one might
add to the electrostatic deflection experiments of Jaumann. The major nov-
elty of Thomson’s paper was to invert the force of Lenard’s evidential claims
about the ability of cathode rays to pass through thin metal sheets: the con-
siderable mean distance that they could travel outside the cathode tube was
entirely compatible with his thesis that cathode rays were made up of parti-
cles much smaller than air molecules. The only other apparent novelty was
the somewhat peremptory and unexpected coda in which he used a magnetic
deflection method to establish a mass-charge ratio for the cathode-ray par-
ticle of 1.6 X 1077 (much as Arthur Schuster had tried to do in 1890). Inter-
estingly, he marshaled a hand-waving order of magnitude agreement with
Pieter Zeeman’s spectroscopically inferred value of the electron’s mass to
charge ratio—albeit with the m/e value confused with e/m—to confirm the
existence of what he called “corpuscles,” not Zeeman’s electrons.**

Given the slender resources marshaled by Thomson for his claims, it is
not surprising to read in his autobiography of 1936 that one distinguished
physicist present at the lecture had thought Thomson had been “pulling” his
audience’s legs.* Since Thomson had not paid much attention to contem-
porary protocols of precision research in physics or engineering, such a reac-
tion is not hard to explain. First Thomson—or rather his assistants—had
apparently only bothered to make one measurement of the mass/charge ra-
tio. Second, he used engineering instruments—ammeters and voltmeters—
in rather cavalier ways of which many physicists would not have approved.*
Furthermore, the figures that he gave for the mass to charge were only to two
significant digits, with no estimates of his errors—a point that, as Kathy
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Olesko would emphasize, cannot have greatly impressed his German oppo-
nents.”” He drew support for his figure merely from an order of magnitude
agreement with Zeeman’s work and, given that contemporary measurements
research on for example the mechanical equivalent of heat, the gravitational
constant or the BA’s electrical measurement standards had been replicated
by many experimenters on hundreds of experiments undertaken to four or
sometimes five significant figures, Thomson’s results cannot have looked
compelling.*®

It is important to bear in mind here that the student Thomson, unlike
so many of his contemporary physicists, had not been trained in the rigorous
practices of precision laboratory measurement. Indeed at the BAAS meeting
the previous summer, Thomson had poured scorn on the tradition of British
physics pedagogy that mercilessly drilled its trainees in the minutiae of exact
measurement* and produced practitioners that were as dulled and unimagi-
native as the white knight in Alice’s Adventures in Wonderland. Such physicists
commenced their career “knowing how to measure or weigh every physical
quantity under the sun, but with little desire or enthusiasm to have anything
to do with any of them.”® Given that in 1897 the Cavendish Laboratory was
by no means the world center of research that it became in the following
decade, it was not surprising that the scientific press paid little attention to this
minor result from Free School Lane, especially given the ongoing diversions
provided by the fascinating novelties of Becquerel rays, x-rays, and wireless te-
legraphy. For example, while it did not acknowledge Thomson’s paper, Chem-
ical News showed great interest in the results of Campbell Swinton’s work on
cathode rays, reporting in full his paper given at the Royal Society on 17
March 1897, also printing the abstract of Silvanus P. Thompson’s paper on
the same subject given to the Royal Society on 17 June 1897.5 The general-
ist journal Nature made no comment whatever, despite showing an interest in
J. J. Thomson’s work on several other occasions during that year.>

The editorial staff members of The Electrician, however, were clearly
sufficiently interested in the implications of Thomson’s lecture; they appear
to have solicited a commentary on it from George FitzGerald which was
published immediately preceding the transcript of Thomson’s lecture. While
FitzGerald did indeed suggest that Thomson’s corpuscles could—in the jar-
gon of his “Maxwellian” friend Larmor—Dbe identified as “free electrons,”*
it would be a gross distortion to see this as FitzGerald’s only relevant reading
of Thomson’s work. The ftitle of his piece was after all, “The Dissociation of
Atoms,” and indeed for the large bulk of his rather convoluted and ambivalent
argument, FitzGerald addressed Thomson’s main claim as being rather that
“atoms are divisible into much smaller parts and are so divided in cathode
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rays”—quite a long way from the discourse of Larmorian ether theory.” In-
deed, alluding to contemporary debates on the mutability of chemical ele-
ments, he suggested that Thomson “ought to be able to transmute any
substance into any other he desired by passing it through the furnace of the
cathode rays.” This alchemical theme is one to which I shall return shortly.

Usually a journal of very forthright editorials, The Electrician made no
direct comment on J. J. Thomson’s work until 2 July 1897. Its comment then
was effectively a response to a qualitative speculation on the “cause of Ront-
gen rays” published in the same issue of the journal (and in its main rival, The
Electrical Review) by Elihu Thomson of the U.S. company General Electric.
The American Thomson hinted rather heavily that he too might wish to
claim priority for the discovery of the “breaking down of the elements”—an
interpretation of Thomson’s work previously pursued by FitzGerald—that
notably did not focus primarily on the character of the alleged new particle.>
In announcing his suggestion that the high frequency vibrations of J. J.
Thomson’s corpuscles might account for the generation of x-rays, Elihu
Thomson wrote

Since so eminent a physicist as Prof. J. J. Thomson has in a recent Paper
put forward the hypothesis of the breaking down of what we have been ac-
customed to call the “elements,” and has shown a reasonable basis for such
a hypothesis, the writer deems it not improper to state that a similar view
had quite independently arisen in his own mind, the origin and progress
of which may; it is thought, be interesting to others working and thinking
in the same field.

In a small note, an Electrician editorial commented that Thomson’s ex-
planation of certain cathode-ray phenomena by the “assumption of the di-
visibility of the chemical atom” led to so many “transcendentally important”
conclusions that they could “not but wish to see the hypothesis verified” at
an early date by some crucial experiment.”” Evidently the single mass to
charge measurement that Thomson had undertaken in the spring of 1897 was
not thereby deemed to be “crucially” persuasive at all. Moreover, alluding to
Elihu Thomson’s and FitzGerald’s distinctly chemical reading of J. J. Thom-
son’s experiments it added:

An hypothesis that threatens to lead us to the alchemist’s bourne, the trans-
mutation of metals, must needs give us pause, but seeing that it is put for-
ward so cogently and yet so modestly by natural philosophers of no small
insight, it is entitled to respectful consideration at the hands of even the
most sceptical.”®
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‘What is interesting in this discussion of J. J. Thomson’s work is that al-
though his putative measurement of the corpuscle’s mass-to-charge ratio is
not taken to be conclusive, its very inconclusiveness is made all the more im-
portant to resolve in view of the apparent fertility of the “corpuscular hy-
pothesis” as a resource to apply to contexts of research beyond that of just
cathode rays. Thus in a concise summary of Elihu Thomson’s work on x-rays,
the editorial note added that Elihu Thomson’s “suggestive” contribution
showed how, given a divisible atom, he could account for the origin and idio-
syncrasies of Rontgen rays, the increased vacuum observed in x-ray tubes,
the dark rifts in the photosphere in the sun, their electrical effect upon mun-
dane affairs, and the “puzzle of the sun’s well-sustained temperature.”* Such
fertile results, The Electrician’s columnist inferred, by no means decreased the
intensity of the general “desire” for a crucial experiment on J. J. Thomson’s
contentions.

It is notable then that, although both J. J. Thomson and two German
researchers—Wiechert and Kauffman—attempted to improve upon Thom-
son’s measurement of the mass/charge ratios, none of them appear to have
been sufficiently “crucial>—qua measurement experiments—to win over a
large consensus in favor of Thomson’s views. For example, when J. J. Thom-
son published more detailed results in the Philosophical Magazine for October
1897,% the results for his magnetic method ranged wildly from a smallest
value of the m/eratio 0of 0.32 X 1077 to a largest value that was about five times
greater, viz. 1.5 X 107—not perhaps the most convincing evidence for a uni-
versal constant. And the mean of the values he accomplished by electromag-
netic and electrostatic deviation differed by as much as 20 percent. In his
biography of]. J. Thomson, the younger Lord Rayleigh pointed out that this
level of “uncertainty” would hardly have been acceptable for a transaction in
a contemporary grocers’ shop—Tlet alone in a physics laboratory.*!

CONVERTS AND APPROPRIATORS AT THE BAAS MEETING OF 1899

For the next two years and with the assistance of J. S. E. Townsend and
C. T. R. Wilson, Thomson continued to try to get more convincing mea-
surements, using cycloidal cathode-ray paths and oil-drop methods to mea-
sure the charge on the corpuscle. In his autobiography he claimed that
bringing his results before the meeting of the British Association at Dover in
1899 brought “a good many converts” to his views.** It must be said, how-
ever, that Section A of the BAAS meeting 1899 was not that well attended
by British physicists and electrical engineers since such luminaries as Lord
Kelvin, William Ayrton, and Silvanus Thompson had traveled to Italy for the
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centenary celebrations of Volta. Indeed a reporter for Nature suggested that
the attendance of physicists at the sectional meeting was “rather smaller than
usual.”®® There was, nevertheless, some compensation for the Voltaic diver-
sion in the form of a visiting contingent from the Association Francaise pour
I’Avancement des Sciences which was holding its own meeting just over the
channel at Boulogne, the British and French associations mustering more en-
tente cordiale than their respective governments could manage at this time.
According to a reporter for The Electrician, Thomson’s lucid presentation of
his paper “On the existence of masses smaller than atoms” made a striking
impression on the French visitors.**

Thomson’s paper summarized his research on cathode rays to date, em-
phasizing that the mass-to-charge of particles magnetically deflected in cath-
ode ray tubes was about 1/1000 of the ratio attained from electrolytic data.
According to the Nature reporter, Thomson’s experiments with cycloidal
paths to determine the charge on cathode ray particles offered the “simplest
crucial experiment” to prove that this ratio arose from their comparatively
small mass, not any large charge on these particles. Emphasizing that this ratio
appeared to be the same in all gases used for the experiments, he then invoked
Prout’s claims on the nonuniformity of atomic masses between elements, as
well as supporting spectroscopic evidence from Lockyer and others, to con-
tend that electrification of all matter was a process that consisted universally in
atoms losing a negatively charged corpuscle much small than the atom itself.®
Yet from the only extant reportage in Nature of the discussion which followed
Thomson’s paper, it is not at all obvious that auditors offered a passive acqui-
escence to Thomson’s corpuscular claims. Rather, they actively harnessed this
opportunity to promote their own agendas, appropriating Thomson’s results
for their own ends.

M. Broca of the French contingent held forth on his own related
spectroscopic observations of sparks in Crookes tubes, emphasizing a sig-
nificant difference in the spectra obtained near his platinum electrodes and
in the space between. Arthur Riicker of the Royal College of Science drew
attention to Arthur Schuster’s work on spectra, suggesting that this showed
matter to be made up of “a complicated collection of units themselves sim-

ilar.’®

Oliver Lodge, waxing somewhat Larmorian, averred that Thom-
son’s investigations “might turn out to be the discovery of an electric
inertia” and thus might lead to a “theory of mass”—an issue to which he
had alluded in his March 1897 discussion of Zeeman’s researches.®” Sir
Norman Lockyer, the former editor of Nature, rather predictably argued
that his own prior spectrographic evidence on calcium, iron, magnesium,

and copper had already shown that atoms of (at least) these elements had a
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somewhat complex internal constitution of subatomic particles.®® The
South Kensington chemist Henry Armstrong was somewhat critical of
Thomson’s claims to have demonstrated the separability of corpuscles from
their respective atoms. Defending the integrity of the atom, as was Arm-
strong’s disciplinary wont, he repeated his recurrent accusation that Thom-
son and his Cavendish school were “insufficiently instructed in chemistry”
to judge such matters.®” Although the physicists and electrical engineers
present were evidently more enthusiastic about Thomson’s claims, it is
not clear that any of them subscribed to his own particular interpretation
of these results, and certainly none attributed to him any priority in mak-
ing a major “discovery” of a hitherto unknown particle.

The chief attraction of the B.A.A.S. meeting that year was not, in fact,
Thomson’s ingenious Cavendish experiments with cathode rays, but the first
public demonstration of cross-channel wireless transmission accomplished by
the new partnership of J. A. Fleming and Guilelmo Marconi. These trans-
missions between the BAAS meeting at Dover and the Association Francaise
in Boulogne were a central part of a spectacular lecture on wireless telegra-
phy given by Fleming. Reporting on the comparative impact of the Thom-
son and Fleming papers an editorial in The Electrician on 22 September 1899
opined that:

No scientific discovery of prime importance has been announced during
the recent meeting, neither have the proceedings been marked by any
event of unusual scientific interest, with the single exception of the re-
markable extension of the Marconi system of wireless telegraphy, which
has been carried out under the direction of Prof. J. A. Fleming. But al-
though the meeting is thus unmarked by any event of great importance to
the scientific world, two items in the week’s proceedings stand above the
level of general mediocrity and command special attention, These are re-
spectively the admirable address given by Prof. J. J. THOMSON before
Section A, on Saturday, on the subject of electrons[sic] and the ultimate
constitution of matter, and the masterly discourse with which on Monday
evening, Prof. J. A. FLEMING, charmed the entire Association . . .”

On J. J. Thomson’s paper it said that if his views on the constitution of
matter and the nature of electricity proved to be correct, they would “ne-
cessitate a complete revision” of the commonly accepted theories. For the
editorial staff at The Electrician, it appeared that Thomson’s cycloidal experi-
ments were not so definitively crucial after all. Judging from the content of
Fleming’s lecture it appeared that he did not see great immediate significance
in Thomson’s results either. This lecture was entitled “The Centenary of the
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Electric Current,” and Fleming’s narrative characteristically rendered his own
experiments on Marconi’s wireless system as if they were the climax of 100
years of research.”' Nowhere in his account of the electric current are Thom-
son’s corpuscles mentioned: Fleming still viewed current in distinctively
Maxwellian terms as a secondary phenomenon due to “certain events in the
space-filling aether,” the only aspect being determined by “what we call the
conductor” was the localization of these events.”? Although this direct expo-
sure to Thomson’s researches at Dover did not immediately change Fleming’s
understanding of the electrical current, other developments in contemporary
research soon inspired a radical transformation of the electrical engineer’s
views.

NEw TERRITORIES AND NEwW AUDIENCES FOR THE ELECTRON
AND CORPUSCLE

It is somewhat strange that after the victory of the wave theory of light, a
corpuscular theory of electricity should oust all its rivals. Yet such an oc-
currence appears about to take place.

—Editorial note in The Electrician, 24 August 19007

The year after the BAAS meeting at Dover, several individuals began actively
to appropriate Thomson’s corpuscles into other preexistent debates on the
“electron,” variously conceived in the terms of Larmor or his continental
counterparts. Throughout much of 1900 there was vigorous activity at vari-
ous locations across Europe of individuals drawing together these different
theories of the electron with Thomson’s researches in ways that drew rather
more interest and conviction from wider audiences than had putative mea-
surements of particulate mass-to-charge ratios. The German physicist and
wireless expert Paul Drude published his first analysis of electronic conduc-
tion in metals,”* Larmor’s monograph Aether and Matter appeared in that
year,”® and there were several papers arguing for the common identity of Bec-

7 In response to this, an editorial in

querel rays with cathode and Lenard rays.
The Electrician of 24 August 1900 commented “The conception of the elec-
tron has been worked out by THOMSON[sic], POYNTING”’, DRUDE,
and others,” presumably referring to Larmor and Lorentz, and “may now be
said to be fairly concrete.” It contended that “electrons” appeared to be able
to account for “almost” every known electric phenomenon.”

And it was not just the editorial staff of this journal who were now cus-
tomarily consolidating Thomson’s results on corpuscles with specifically

“electronic” theories of matter. A few weeks later at the meeting of British
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Association Section A in Bradford, with Larmor in the presidential chair, the
term “electron” was much bandied about in a lengthy discussion of George
FitzGerald’s paper on ionization in gases and liquids. Here FitzGerald inter-
preted explicitly Thomson’s “corpuscle” as an electron on the grounds that
it had the same apparent mass as the particle observed by Zeeman.” Fitz-
Gerald’s paper stimulated an editorial discussion on electron theory in The
Electrician which ranged across the many contexts to which various formula-
tions of electron theory were now being applied from radioactivity to the
production of x-rays. It concluded that further experimental evidence might
yet establish that the electron theory was the key to solving that “great prob-
lem” of physics and chemistry—the “ultimate” constitution of matter. In-
terestingly, however, this editorial did not mention Thomson’s 1897 and
1899 researches, indicating that they were not necessarily seen as central to
the ongoing debate on electrons.®

By November 1900, Ambrose Fleming had started to attribute some
significance to Thomson’s gas discharge researches, albeit only in a fleeting
mention in a lecture on “Electric waves and electrical oscillations” at the So-
ciety of Arts.®' Like all others involved in the ongoing debate—except
Thomson and his students—Fleming too did not differentiate strictly be-
tween the electron and Thomson’s corpuscle. While borrowing occasionally
from electronic theories himself, Thomson persisted in using the term “cor-
puscle” or referring to them collectively as “bodies smaller than atoms”; this
indeed was the title of the article he wrote for the American journal Popular
Science Monthly of August 1901.%? In introducing his researches to a wider
popular audience, Thomson passed rapidly over the tradition of researches on
cathode ray particles that preceded his own and focused on the extraordinar-
ily small mass to charge ratio that (implicitly) he and his Cavendish cowork-
ers had found for them. The comparable values attained by Wiechert,
Kauffman, and Lenard by different methods were invoked to support his ev-
idence, although he subtly evaded potentially controversial issues of priority
by omitting all chronological detail.® Indeed rather than defer to contempo-
rary theories of the “electron,” Thomson referred his readers to Franklin’s
one-fluid theory of the late eighteenth century as one to which his theory of
negative “corpuscles” approximated “very closely.””® Declaring next that his
researches pointed “unmistakably” to a definite conception of the “nature of
electricity,” Thomson went on to show the importance of this in that phe-
nomena as diverse as Rontgen rays, electrical conduction, radioactivity, and
atmospheric auroras could all be correlated to the behavior of corpuscles.

Responding directly to Thomson’s article, and evidently courting the
same general lay market for such “popularizations,” Fleming published a
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piece called “The Electronic Theory of Electricity” for the same journal in
May 1902.* Fleming began by giving credit to the work of Thomson and
others for showing that “so-called corpuscles” were projected from the
“kathode” of platinum wires when they carried an electrical current in an
evacuated glass vessel. Yet Fleming’s genealogy of the “corpuscle” started not
with Thomson’s experiments, but rather a quarter of a century earlier. For
Fleming the starting point of the “electronic theory” was William Crookes’s
illustration in the 1870s of how electrical discharges in high vacua evinced a
particulate and inertia-bearing fourth state of “radiant matter.” According to
Fleming, the import of Thomson’s 1897 work was largely that it furnished a
“proot™ of Crookes’s contention by quantifying the comparative mass of par-
ticulate “corpuscles” as being a thousand times smaller than hydrogen atoms.
Thereafter Fleming’s account gave relatively little emphasis to Thomson’s in-
vestigations, focusing instead on the “electron” as a tool for correlating the
work of Faraday, Weber, Stoney, and Helmholtz, then moving successively
through the atomic speculations of Maxwell, their relation to matters of
chemical valency, on to the researches of Drude and Riecke on the conduc-
tivity of metals, and thence to the ether theories of Larmor, Lorentz, and
Zeeman. Fleming now explicitly suggested that the electronic theory did
offer, at last, a promising hypothesis that might yet answer the question
“What is electricity?” So impressed was Fleming by this theory that he even
specifically conceded that an electric current was “the regular free move-
ments of electrons” in a conductor—somewhat in contrast to his Maxwellian
claims at Dover in 1899.%

Later that month, when his patron Marconi was forced to postpone his
lecture on wireless telegraphy at the Royal Institution, Fleming stood in at
short notice and used the opportunity to air an extended account of his “elec-
tronic” theory of electricity. A reviewer for The Electrician among the “large
audience” present was most impressed by Fleming’s “surpassingly lucid” pres-
entation and reported in detail the extraordinary fertility of the “electron” as
ameans of accounting for diverse phenomena. For example, Fleming was able
to harness his theory, along with Crookes’s well-known demonstrations on
the luminosity of cathode ray tubes, to explain the hitherto mysterious mech-
anism of the connection between sunspots and auroras. He argued that gusts
of electrons emitted by sun spots tended to wind spirally round the lines of
magnetic force—as had been “observed in cathode ray experiments”—and so
descended toward the earth’s magnetic poles, producing luminous circular
effects known as aurorae when they reach the layers where the air was at the
density of a Crookesian low vacuum tube. Moreover, Fleming’s interpreta-
tion of electron theory even provided a radically new answer for electrical
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engineers particularly vexed by the question of where the seat of the EEM.E
was located in the voltaic cell,*” his radical suggestion being that it was located

“equally in all parts of the circuit.”®®

THE AUTONOMY OF HARDWARE—OR NOT HARNESSING THE
“ELEcTRON” IN NEwW TECHNOLOGIES

By 1903 Fleming was bringing the electronic theory of matter to bear on the
wireless transmissions that he had undertaken with Marconi during the pre-
ceding three years.*” Having just been (temporarily) disengaged as Marconi’s
technical consultant, as Hong has pointed out,” Fleming had plenty of time
on his hands for theoretical analysis. Yet we find that in this phase of his work,
his deployment of the somewhat protean electronic theory veered back to his
original commitment to a Larmorian interpretation of etherial electrons. At
alecture on “Hertzian Wave Telegraphy” presented to the Society of Arts in
July 1903, he applied a very Larmorian ether strain version of the electron
theory to account for the means by which vibrating electrons generated
Hertzian waves. Ironically, although etherial cathode rays had now effectively
disappeared from the electron-corpuscle debate, the etherial electron was still
much in evidence in wireless technology. Indeed Fleming described the fu-
ture of electrical technology as that of “ether engineering”—significantly not
as that of harnessing and manipulating material electrons.”

‘What then was the role of the “electron,” if any, in the material prac-
tices of Fleming’s electrical engineering researches? The thermionic rectify-
ing valve that Fleming produced between 1904 and 1905 is certainly his most
famous invention. As Sungook Hong has recently shown, however, the
emergence of Fleming’s valve owed little to Larmorian ether theory and was
hardly an application of a Thomsonian “corpuscle” theory either. Rather it
was a synthetic development of several phases of Fleming’s researches in the
preceding three decades. First it incorporated the work he shared with his old
physics teacher Frederick Guthrie at South Kensington in the mid-1870s: the

electrically asymmetrical discharge of incandescent bodies®

. Also highly im-
portant, as many historians of electrical engineering have pointed out, was
Fleming’s examination of lightbulbs which revealed the curious shadows in
the carbon discharges from filaments known after his employer as the “Edi-
son effect.””

Less often emphasized by historians but nevertheless crucial was Flem-
ing’s harnessing of the techniques and agendas of a.c. power transmission and
wireless telegraphy for which Fleming had acquired a high-ranking expert-

ise.”* Furthermore, Hong has pointed out, Fleming was determined to win
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back Marconi’s interest in his work and also the lucrative consultancy fees
that he had hitherto enjoyed. The arrival of the first material artifact of twen-
tieth-century electronics soon after the development of theories of electrons
of corpuscles is thus little more than a historical coincidence. Far from being
an “application” of the electron as conventional histories of electrical engi-
neering have seen them, Fleming’s rectifying valve supplemented the cath-
ode ray and x-ray tube as technologies for exploring and manipulating
electrical discharge, whether conceived as electron flow or otherwise. Thus
the only mention of the electron in Fleming’s 1905 account of his new rec-
tiftying device to the Royal Society concerns a small matter of explication.”
To see how the “electron” became a central feature of how Fleming ac-
counted for the characteristics of his “valve,” one has to look at his much later
and rather notorious patent disputes over the “triode” with de Forest; that
has not prevented historians of electrical engineering, however, from reading
the story backwards to see the valve as the “application” of the electron to
technological ends.”

The cathode ray oscilloscope is another oft-cited technological candi-
date for an early electronic device; indeed Thomson’s son later claimed that
an early version of this device was “in essence” the original apparatus that
Thomson and his assistants had used in the 1897 laboratory determination of
e/m.”” On closer inspection, however, one finds that the origins of this de-
vice lay elsewhere in the broader Anglo-German tradition of cathode ray in-
vestigation of which Thomson’s was only one parvenu strand. In 1897, Karl
Ferdinand Braun was developing a new form of cathode ray tube that could
be calibrated to convert beam deflections to give proportional readings of the
strength of the electrostatic or magnetic field causing the deflections.” Col-
laborating with a Dr. Zenneck in 1902, Braun showed how the screen of a
cathode ray tube attached to a timing device could be deployed to display the
forms of alternate current waves.”” This technique of using virtually iner-
tia-less cathode rays to register field-strength was immediately taken up by
W. Mansergh Varley at Heriot Watt College in Edinburgh.'® He showed that
this was far better adapted to the display of high frequency a.c. waves than the
relatively insensitive mechanical oscillograph previously made by W. Dubois
Duddell and W. E. Ayrton at the Central Technical College in South Kens-
ington in 1898-1900.""

Three years later, Varley and his assistant W. H. F. Murdoch presented
to the readers of The Electrician the first full account of the wide-range of uses
to which the “Braun Cathode-Ray Tube” could be deployed in displaying
phase differences, hysteresis, and oscillatory discharge.'® It is telling that in
these explorations of the nascent cathode ray oscilloscope no reference is
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made to any contemporary work by J. J. Thomson on corpuscles or elec-
trons—the crucial issues appear to have been the ability to manipulate cath-
ode rays and harness them to preexistent skills in constructing measuring
apparatus. Thus the historian must conclude that the corpuscle and the cath-
ode ray oscilloscope are related only as common products of a shared tradi-
tion of contemporary research in cathode rays. Later appropriations of the
cathode ray oscilloscope as a pedagogical exemplification of Thomson’s al-
leged “discovery” of 1897 are, however anachronistic, important vehicles for

the perpetuation of this discovery story.'®

THOMSON vs. THOMPSON: THE CONTESTED RELATION BETWEEN
CORPUSCLES AND ELECTRONS

Having shown that technologists and physicists developed early cathode ray
technologies without specific reliance on theories of electrons or corpuscles,
one should not infer that such practitioners as electrical engineers were not
interested in such theories. Far from it, they were in some respects the most
critical and the most numerous constituency for research on the electron or
corpuscle. In sheer demographic terms they constituted an audience for such
work much larger than that of contemporary physicists—thousands of elec-
trical engineers as compared to mere hundreds of physicists in the country as
a whole were kept well abreast of recent publications in the field by Fournier
D’Albe’s columns on contemporary electrical science in The Electrician,'** and
later by his successive editions of The Electron Theory from 1906.' In this
work, Fournier D’Albe, well acquainted with both the continental and the
British literature,'® presented an eloquent historiography of the electron, ig-
noring all Thomsonian talk of corpuscles, and telling a highly inclusive tale
for collective research that was marked by no single crucial experiment or
discovery. Looking back at the development over the preceding decade, he
remarked tellingly on the “almost ominous silence” with which the new
“electron theory” had made its appearance:

It has not been heralded by a flourish of trumpets, nor has it been received
with violent opposition from the older schools. No one man can claim the
authorship of it. The electron dropped, so to speak, into the supersaturated
solution of electrical facts and speculations, and furnished the condensation
nucleus required for crystallization. One after another the molecules—the
facts of electricity—fell into line, and one department of electrical science
after another, crystal on crystal, clicked into its place, dispersion first, then
electrolysis, then gas discharges, then radium rays, then metallic conduc-

tion, and lastly, magnetism.'"”
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This putative crystallization of wisdom on the electron was not yet, ac-
cording to D’Albe, “fully shaped.” And it is notable that leading academics
in the cross-disciplinary field of electrotechnology had been and continued
to be spokespersons on the articulation and synthesis of the newly emerging
“electronic” theory.

The origins of Oliver Lodge’s 1906 book Electrons lay in a lecture that
the Institution of Electrical Engineers had invited him to give five years pre-
viously (and indirectly in his account of the “Zeeman effect” in The Electri-

cian four years before that).'”

According to The Electrician, his two hour
marathon presentation in November 1902 went down so well that the elec-
trical engineers present would “gladly” have listened for another hour to
Lodge’s “masterly” exposition. Those of his audience who had followed the
development of the electron theory could “not fail to be impressed” by
Lodge’s “lucid” review of relevant research, and those members who had
come with “no definite idea” as to the nature of the electron theory were
certainly sent away “with a clear grasp of its true import.”'” Like D’Albe’s
book, Lodge’s expanded text of 1906 captured the breadth and complexity
of recent research on “electrons,” albeit much more specifically located in the

electromagnetic theory of the ether.'"”

Equally much, except in a prefatory
dedication, Lodge attached no special place to the contribution of J.]J.
Thomson'"" despite the latter’s recent award of a Nobel prize for his re-
searches on the electrical conductivity of gases.''?

In the next year, newly adorned with his Nobel Prize, J. J. Thomson
was invited for the first time to speak to the Institution of Electrical Engi-
neers, lecturing on 21 February 1907 on the “The Modern Theory of Elec-
trical Conductivity of Metals.”!'"> With another former Cavendish celebrity
R. T. Glazebrook taking the presidential chair for the meeting, Thomson
presented a semiqualitative version of Drude’s theory, augmented by some
investigations at the Cavendish Laboratory, translated back into his own lan-
guage of corpuscles. In the discussion afterward, this complete avoidance of
“electron” language brought quite a strong response from his near namesake,
Silvanus Phillips Thompson, the principal and Professor of Electrical Engi-
neering at Finsbury Technical College. Ever the forthright Quaker, the Fins-
bury Thompson said:

I have found it one of the difficulties of the study of this branch of the sub-
ject that the different authorities who write and talk about it do not always
speak in the same language. We have heard a good deal tonight about cor-
puscles; I do not think we have heard one thing about electrons. I want to
know whether in the lecturer’s usage those two words mean the same
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thing. . . . do we understand, by that, which we have been hearing of
tonight under the name of “corpuscle,” a minute portion of matter much
smaller than an atom and electrified? Or is there no matter at all in it? Is it
simply a little bit of electricity? Is it a disembodied bit of electricity which
acts as a corpuscle, or is it an electrified piece of matter? We desire some-
thing definite about the terms which are used, and precisely what they
connote.'*

Thompson continued by earnestly haranguing Thomson about his
claim that electrical conduction could be explained by corpuscles being made
to “jump” from one atom to another. This appeared to him to be a rather
“new point” in physics that required further explanation to differentiate the
basis of this new theory from that of older—implicitly Maxwellian—ac-
counts of conduction.

Before Thomson could reply, the famous post office “practician” Sir
William Preece!'® avowed an uncharacteristic deference to university learn-
ing in proposing his vote of thanks to the recent Nobel prizewinner. Yet
while he also dryly hinted that Thomson had not attained the last word on
the subject—at least not until he had answered the long-debated question of
whether electricity was a form of energy, a form of matter, or “something sui
generis.” Although Thomson’s reply to Thompson was confidently idiosyn-
cratic on the terminological question, it is significant that the Cambridge
professor was somewhat cagier about the ontological questions. Thomson
defended his somewhat individualistic terminology, declaring:

I prefer the corpuscle for two reasons: first of all it is my own child, and I
have some kind of parental affection for it; and secondly I think it has one
merit which the electron has not. We talk about positive and negative elec-
trons . . . [but] from my point of view the difference between the negative
and positive is essential, and much greater than I think would be suggested
by the term positive electron and negative electron. Therefore I prefer to
use a special term for the negative unit and call it a corpuscle. A corpuscle
is just a negative electron.''®

After this unusually explicit clarification from the patriarch of the cor-
puscle, the Finsbury Thompson asked “What do you call a positive electron,”
to which Thomson helpfully replied “I should call it a positive electron.” The
Cambridge professor liked the term electron “well enough” so long as usage
of it was not liable to “run the positive and negative” into an “equality.”'"”
He then appeared to retreat further, however, in response to Thompson’s yet
more searching metaphysical enquiries:
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Professor Thompson went into some questions which, if I could answer, I
should be very near solving the problem of the universe—the relation be-
tween electricity and matter, and whether a corpuscle was a bit of elec-
tricity or a bit of matter with a charge on it. I do not know what electricity
is, and I do not know what matter is. . . . I think I should like to ask those
people who talk about electricity and matter to try to think for themselves
what they mean by matter and what they mean by electricity. If they do so
they will not find it so easy to define the terms they mean.

After further evasions on the question of corpuscles’ movements be-
tween atoms, Thomson ended his reply and returned to Cambridge to await
the publication of his Corpuscular Theory of Matter.''® This rather more confi-
dent title indicates, perhaps, that his anxieties about the nature of electricity
and “matter” were rather contextually specific to the interrogative context of
the Institution of Electrical Engineers. Certainly when commissioned to
write some articles for the eleventh edition of the Encyclopaedia Britannica
(1910-11), Thomson did not allow his own self-disqualification to prevent
him from writing the article on “matter” based on his own “corpuscular”
theory. He did make a significant concession to Thompson, however, in sug-
gesting for the first time that the particles with the “smallest mass known to
science” were called either “corpuscles” or “electrons.”'"

When Ambrose Fleming wrote the article on “electricity” for the
same edition of the Encyclopaedia Britannica he referred to the “electronic
theory of matter” despite drawing heavily upon Thomson’s own corpuscle
researches. Quite how readers of the Encyclopaedia dealt with this discrep-
ancy in terminology is not at all clear.'” Interestingly, however, Fleming
concluded his account with a summary of views on the nature of electricity
and matter at the beginning of the twentieth century by drawing together
the somewhat heterogeneous contexts in which the “electron” had been

deployed:

the term electricity had come to be regarded, in part at least, as a collective
name for electrons, which in turn must be considered as constituents of the
chemical atom, furthermore as centres of certain lines of self-locked and
permanent strain existing in the universal aether or electromagnetic
medium.'*!

Having documented the many ways in which electrons now entered
into explanations of electric current, electromotive force, and electric
charge, he did not, however, privilege either Thomson or 1897 in his ac-
count of where matters stood. It was he said in “the hands” of Lorentz,
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Drude, Thomson, Larmor, and “many others” that the “electronic hypoth-
esis” of matter and electricity had been developed in great detail and re-
presented the “outcome” of recent research researches on electrical
phenomena. Strikingly, neither Fleming’s nor Thomson’s articles for the En-
cyclopaedia Britannia refer to anything like the “discovery” of the electron—
such stories were only to come in the 1920s and 1930s with a collective
postwar amnesia about the linguistic, theoretical, and experimental com-
plexities of the electron theory’s genesis.

EPI1LOGUE: THE INVENTION OF DISCOVERY STORIES FOR
THE “ELECTRON”

By 1923 Thomson, now retired from the Cavendish Laboratory, was using
different language: lecturing on “The electron in chemistry” at the Franklin
Institute in Philadelphia, he spoke unequivocally of 1897 as the crucial year
in which the “discovery of the electron” led to the first understanding of the
structure of matter.'”> Notably, however, Thomson did not specify who ex-
actly had made the discovery. In the following year, Robert Millikan wrote
with much reverence on Thomson’s work in the second edition of his The
Electron, but not even he credited Thomson with the specific discovery of any
new subatomic entity. According to Millikan’s account, Thomson was
responsible for creating a method of determining the mass-to-charge ratio of
cathode rays more reliable than Schuster had used in 1890 and with the find-
ing that e/m was the same for all residual gases in the discharge tube.'® Yet
Millikan otherwise appears to have no truck with simplistic discovery narra-
tives focusing on merely one individual. And in this regard it is significant
that Millikan was never directly a student of Thomson’s nor had great defer-
ence to the Cambridge sphere of influence. Falconer and Davies have sug-
gested that it was J. J. Thomson’s own Cavendish students who were chiefly
responsible for constructing and promulgating the narrowly specific claim
that Thomson had been the sole discoverer of the electron in 1897."** While
this is undoubtedly the case, little research has been done to prove exactly
which students and through which media the story that J.J. Thomson
achieved a heroic solo “discovery” in 1897 came to be canonical in textbooks
of both science and the history of science.

The creation of this story appears to have been closely linked to the
commonplace simplifications of pedagogy as well as interwar campaigns to
create autonomous funding for “pure” research. Thus, for example, the
first article encountered by any aspiring technologist reading Molloy’s
manual on Practical Electrical Engineering in 1931 would have been a piece
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entitled “How Research has Helped Electrical Engineering.” Written by
the eminent Cavendish graduate Sir Richard Tetley Glazebrook, this piece
narrated the development of electrical technology with a palpable attempt
to contrive a priority for “pure” research, as undertaken by “disinterested
seeker[s] after the truth.” After delving back into the distant past to show
“those fundamental researches” on which the engineer’s work “must be
based,” Glazebrook rounded off with an account of the “discovery of the
electron” by J. J. Thomson, in 1897. Glazebrook concluded in a somewhat
monocausal vein that the alleged “consequences of this discovery,” such as
the wireless valve, would need a whole volume by themselves to be docu-
mented properly. Yet rather than elaborate evidentially on this point, he
contended that the relationship between the electron and the wireless valve
was yet “another instance” of the way in which the selfless “desire” of
physics researchers to “advance” natural knowledge had proved of “ines-
timable” value to the engineer.'®

Yet such partisan and ideologically loaded accounts were by no means
consensual. Certainly any account of the development of the Thomson “dis-
covery” story would have to explain the long persistence of tales even by his
own former students which do not single out his 1897 work as that of a solo
“discovery.” Such is the case with the History of Science in its Relations with Phi-
losophy and Religion published in 1929 by one of Thomson’s former Cavendish
students, William Cecil Dampier Dampier-Whetham."*® Despite the fact
that, as fellow and senior tutor at Trinity College, Cambridge, Dampier-
‘Whetham was biographically and geographically close to Thomson, he chose
not to center his story of “the new era in physics” upon the cathode ray re-
searches undertaken by the master of his college thirty years previously.
Rather, his account of the “great discovery” of “ultra-atomic corpuscles” in
1897 began with Hittort’s study of cathode rays in 1869 and culminated in
the combined work of Thomson, Wiechert, and Kauffiman in equal measure,
with Kauffman achieving the first significantly “accurate” value of e/m in
December 1897.

‘Whereas Dampier-Whetham’s study was a broad-ranging and inclusive
history of science that took pains to incorporate the work of Thomson’s
contemporaries, the biographical genre of later years did not. The contrast
between Dampier-Whetham’s version and Thomson’s own self-laudatory
autobiographical reminiscence of 1936 (backed by that of his son G.P.
Thomson in 1962) could not be more striking. Certainly from the analysis
here, it should be obvious that the context for the creation of such heroic his-
toriography must have been quite remote from that which generated compa-
rable stories in the first three decades after the alleged “annus electronicus” of
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1897. Following the suggestion of Davies and Falconer, one might infer that
the instantiation of a “discovery” story centering exclusively upon J.]J.
Thomson’s work in 1897 was probably the retrospective creation of his erst-
while Cavendish students in seeking to establish an institutional genealogy
for their research on subatomic particles. Certainly an important insight into
the nationalistic and pedagogical origin of such “discovery” stories can be
gained by a brief international comparison. Nersessian and Arabatzis note
that physicists at the University of Leiden claim (equally problematically) that
it was their Dutch mentor and hero Hendrik Lorentz who should be recog-
nized as the discoverer of the electron.'”

If one is to pursue the arguments concerning the genesis of “discovery”

stories that have been put forward by Brannigan and Schaffer,'

it 1s likely
that the only way to understand the creation of the Thomson “discovery”
story is to look at the particular politics of the Cavendish laboratory and its
diaspora in the 1920s and 1930s to see what important institutional and dis-
ciplinary purposes would have been served by the cultivation of such a

myth."”
ConNcLUSION: A NEw UNCERTAINTY PRINCIPLE

In this chapter I have argued that the reception of J. J. Thomson’s researches
into the corpuscle was a long-drawn out and complex affair that fits no dis-
cretized chronology of “discovery” While Thomson’s own students were
most likely responsible for creating later myths of such a singular discovery in
1897, it was the communities and journals concerned with electrical tech-
nology that were the more important vehicles for reporting upon and mold-
ing contemporary responses to Thomson’s cathode ray researches. Over at
least a ten-year period they worked hard to assimilate the many different
strands of research from fields as diverse as spectroscopy, cathode ray research,
x-rays, chemistry, and radioactivity into a coherent body of “electron the-
ory”—a theory to which Thomson himself by no means unequivocally
subscribed until after World War I. By contrast, the work of electrical tech-
nologists on new forms of hardware, such as the cathode ray oscilloscope and
the thermionic valve, was undertaken relatively independently, despite the
fact that those involved, such as J. A. Fleming, were fully aware of the con-
temporary electron and corpuscle debate. Thus the more closely one studies
the diverse ways in which the “electron” or “corpuscle” was deployed in
physics and electrical engineering between 1894 and 1911, the harder it be-
comes to agree with J. J. Thomson’s rather overprecise retrospective claims
that he made decisive experimental contributions in either 1897 or 1899.
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PauLr ViLrLarDp, J. J. THOMSON, AND THE COMPOSITION
OF CATHODE RAYS

Benoit Lelong

The experiments conducted by J. J. Thomson in 1897 on cathode rays are
known now as the “discovery of the electron.” Until recently, these experi-
ments were considered to have definitively established the composition of
the rays.! Falconer, Feffer, and Robotti have contested this interpretation,
however, arguing that there were in fact in 1897 several concepts of elemen-
tary particles of electricity. They have shown that, at the time, the precise
identification of the particle supposedly present in cathode rays was highly
problematic. Thomson himself asserted that cathode rays were made of “cor-
puscles” in motion and he remained resolutely opposed to the identification
of his “corpuscles” with the “electrons” introduced by the theoreticians of
electromagnetism. To describe Thomson’s experiments as a moment of “dis-
covery” now appears mistaken, for it attributes a decisive character to these
events that they certainly did not possess in 1897 nor in the immediately fol-
lowing years. The studies by Falconer, Fefer, and Robotti clearly indicate
that, far from being established by a definitive and individual stroke of genius,
the composition of cathode rays only became the object of a consensus
amongst physicists after a long series of controversies.?

This calls for the study of other researches on the composition of cath-
ode rays contemporary to Thomson’s that produced different results. This
chapter deals with the experiments of the physicist Paul Villard, who claimed
in 1898 that the rays were made of charged particles of hydrogen. This was
later considered to be an “error,” and Villard’s work disappeared from the his-
tory of science. The fact that Villard’s work failed to raise any interest with
historians implies that Thomson was right, Villard wrong, and thus that the
latter’s work does not deserve any scholarly attention. Yet Villard’s position
was hardly contested in France in his own time and he was a recognized au-
thority on the subject for a decade. He was even elected to the Académie des
Sciences in 1908.°

This chapter is divided into three parts. The first examines Villard’s
work from his first researches in 1888 on gas hydrates to his work on the
chemical effects of cathode rays. Next, the approaches adopted by Villard and
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Thomson in their work on cathode rays are contrasted and the differences in
their experimental aims and methods are analyzed. Villard’s and Thomson’s
intellectual, material, and professional worlds are then reconstructed; these
are shown to be both deeply incompatible with the new electronic physics
that later prevailed. The final part deals with the period following 1898, af-
ter the publication of Villard’s and Thomson’s researches. The composition
of cathode rays gave rise to much discussion among physicists in different
places. Both scientists’ results were carefully weighed, commented, and dis-
cussed, with Villard and Thomson themselves taking an active part in these
debates. It will be seen that there was no open confrontation between their
respective views; in the end they were both replaced by a third interpreta-
tion, according to which “cathode rays are electrons.” It was only after the
closure of this process that their results were retrospectively reinterpreted:
Thomson’s as “the discovery of the electron” and Villard’s as an “experimen-
tal error.” This rereading took place in a practical and conceptual context ut-
terly alien to both Thomson and Villard, and the way in which they had
actually worked was forgotten.

This chapter seeks firstly to reestablish a symmetry between Thomson’s
and Villard’s work. Each scientist’s work was known and valued for a certain
time by a particular community of physicists, before being transformed or
forgotten. From a historical perspective, these are sufficient reasons for giv-
ing equal amounts of attention to both scientists. This temporary symmetry
led to a radical asymmetry, however, one of the outcomes becoming a “dis-
covery” and thus acceding to permanent notoriety, while the other became
an “error” and fell into oblivion. The second objective of this chapter is to
account for the progressive constitution of this asymmetry.

PAuL VILLARD AND THE CHEMICAL ANALYSIS OF SUBSTANCES

Paul Villard was born in Lyon on 28 September 1860. He was admitted to
the Ecole Normale Supérieure in 1881 and obtained his physics agrégation in
1884. He then became a professor in several provincial lycées, before finally
settling down in Montpellier. He applied for and obtained, thanks to Berth-
elot’s support, a lectureship in physics at the faculty of sciences in this city.
Villard soon stopped teaching, however, his wealth being sufficiently high to
dispense him from seeking another post in public education.* He was later
admitted as a travailleur libre, (i.e., financially independent) to the Ecole Nor-
male Supérieure chemistry laboratory directed by Henri Jules Debray. De-
bray’s group was, with Francois Raoult’s in Grenoble, one of the rare
research teams in France to specialize in physical chemistry.® Villard under-
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took with Forcrand researches on gas hydrates. He continued working on
the topic on his own from June 1888, publishing nine articles on the physico-
chemical properties of gas hydrates between 1888 and 1896.

It was already known in 1888 that certain gases could combine with
water to form gas hydrates. It had only been possible until then to form them
from easily liquefied and water-soluble gases, such as chlorine or carbonic
acid. On 4 June 1888 Villard announced that he had succeeded in combin-
ing water with methane, ethane, ethylene, acetylene, and nitrous oxide, but
that he had failed with nitrogen, oxygen, and a dozen other gases. At the end
of his paper, he proposed to “determine precisely the main properties of these
hydrates and, if possible, to establish their composition.”” On 19 March 1894
Villard published the composition of the nitrous oxide hydrate.® He had de-
composed the crystals completely by heating them, and he measured the
quantities of water and nitrous oxide liberated. He then calculated the pro-
portion in which they had previously combined. He concluded: “It is thus
likely that the exact formula would be N*O, 6 H*O.” Villard published on 6
August 1894 the composition of a second hydrate, carbonic hydrate.” His ex-
periments showed that “the exact composition seems to be represented by
the following formula: CO* 6 H*O, which is similar to that of nitrous oxide
hydrate N?O, 6 H*O.’"°

At the end of the nineteenth century the atomic notation had by no
means been unanimously accepted by French chemists."" Was Villard an
atomist? The majority of the French chemists who promoted the atomic no-
tation claimed that it was a conventional representation, no more than a use-
ful fiction."? Our sources give no indication as to Villard’s beliefs on the
existence of atoms. But they do indicate how he used atoms practically in his
scientific work and in his publications. The terms “atom,” “molecule,” and
“ion” are completely absent from Villard’s publications between 1888 and
1896. This contrasts strongly with the work done in Wurtz’s laboratory by
Boutlerov, Couper, and Wurtz. In the 1880s and 1890s they were busy build-
ing three-dimensional representations of organic molecules; they were seek-
ing to understand the geometrical and spatial organization of the atoms
constituting these molecules and the nature of the bonds linking them
(length, solidity). They studied how these atoms were exchanged or replaced
each other during a chemical reaction.” Villard’s work differed widely from
this. For him, producing knowledge about a gas hydrate did not mean trying
to determine the atomic structure of its molecule. It meant simply measur-
ing its dissociating tension, the heat necessary for its formation, its densities
in the liquid and gaseous states, or studying the effect of its crystals on po-
larized light. Villard had taken the habit of writing the formula of water
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H?2O, nitrous oxide N?O, and its hydrate N?O, 6 H*O, which signified that
water and nitrous oxide combined in a proportion of 6 to 1. For Villard, de-
termining the composition of a gas hydrate was thus no more than produc-
ing such a formula.

Villard cast aside physical chemistry at the end of 1897 and turned to
the study of rays. A note on the effect of x-rays on photographic plates ap-
peared in the Comptes Rendus on 26 July 1897."* A year later he started pub-
lishing regularly on the topic of cathode rays. The first paper appeared on 9
May 1898. Villard asked himself where the matter that constituted the rays
originated from. He stated that the base of the beam (the part closest to the
cathode) was repelled by a positive charge but found this surprising as the rays
were made of negatively charged particles. In addition, he found that the
shape of the Crookes tubes used had an influence on the shape of the beam:
the positively charged inside surfaces of the tubes tended to repel the rays.
Villard concluded: “These results can be easily explained if one admits that
the cathodic emission is sustained by an influx of positively charged matter
coming from various parts of the tube.” Villard meant by “cathodic emis-
sion” everything that was emitted by the cathode, which included not only
the cathode rays, but also the Goldstein rays (or Canalstrahlen).”” He ex-
plained in a second article published a few weeks later, on 31 May 1898, that
he had attempted to identify the matter constituting this “cathodic influx”
and the matter making up the cathodic emission:

I have shown in a previous note that cathode rays as well as Goldstein rays
are produced from an influx of positively charged matter which arrives to
the cathode at a considerable velocity. It is possible to determine the na-
ture of the matter in motion by placing on the path of these various cur-
rents carefully chosen obstacles.'®

These obstacles were in fact screens that Villard had coated with chem-
ical reagents (lead sulfate, oxidized copper). These chemicals always reacted
in the same way to cathode rays: they were reduced. This remained true even
under different conditions. Villard wrote:

Cathode rays, Goldstein rays and the cathodic influx thus seem to arise
from a matter possessing the consistent ability to reduce certain metallic
oxides, independently of its electrical state (which is neutral in the case of
Goldstein rays). This remains true whether a void is produced in the oxy-
gen, or whether one operates without any particular precautions, i.e., in
very variable conditions. It thus appears that cathode rays cannot arise from
any gas. Besides, J. J. Thomson’s recent experiments show clearly that the
properties of cathode rays are independent of the gas in which a void is
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made. Now the only reducing gas which can be found in a Crookes tube
without electrodes, washed and brought to a very high temperature, is of
course hydrogen. It is hardly possible to rid the tubes completely of water
by using dessicating agents, and glass can produce water nearly indefinitely.
I must add that when I used a tube fitted with mercury electrodes in which
a void was made on boiling mercury, only the Geissler phenomenon ap-
peared and no cathode rays were formed. The chemical and physical prop-
erties of hydrogen already separate it from the other substances in the series
of elements; it is thus not difficult to admit that it, and it alone, has the abil-
ity to produce cathode rays."”

According to Villard, cathode rays were therefore made of hydrogen,
which itself came from the tube’s surfaces. The particles of hydrogen bom-
barded the cathode, received there a negative charge, and were subsequently
violently repelled by the cathode, forming cathode rays. Villard repeated this
interpretation in an article published on 25 July 1898 in which he studied the
diffusion of cathode rays:

It is likely that when the electrified particles which constitute the cathode
rays hit an obstacle, they partially diffuse in every direction, retaining to
some extent their charge and kinetic energy. New rays result from this di-
ftusion, whose direction is quasi-rectilinear, because the field is very weak
in the region where they are formed. These are identical to the direct rays
in all respects save their specific mode of emission. Like direct rays, the sec-
ondary rays represent the trajectories of particles of electrified hydrogen.'

Villard continued to publish regularly after July 1898 on cathode rays.
He published a synthesis of his researches on the topic in 1899." He also
worked in 1899 and 1900 on x-rays, on radium rays, and on Crookes tubes.
He found, among others, new rays emitted by radium, soon named “Villard
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rays” or “‘gamma rays.

J.J. THoMsON AND PAaurL VILLARD: TwoO DIFFERENT WAYS OF
Doinc PHYSICS

J. J. Thomson had expressed an interest in cathode rays before 1897. He pub-
lished measurements of the speed of propagation of the rays in 1894.>' He
started new experiments at the end of 1896. On 8 February 1897 his exper-
iments on the detection of the electric charge and the measurement of mag-
netic deviation of the rays were presented to the Cambridge Philosophical
Society. He showed that this magnetic deviation did not depend upon the gas
contained in the tube. A second article appeared on 30 April in which ]J. J.
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Thomson suggested for the first time that the rays were composed of par-
ticles approximately a thousand times smaller than the hydrogen atom. He
measured the ratio e/m of these particles. Thomson wrote a third article on
the topic in August 1897 which was published in October of the same year.
In it, he summarized the different British and German proposals about the
nature of cathode rays. For some, he wrote, cathode rays were waves, for oth-
ers they were particles. Thomson went on to give a series of theoretical and
experimental arguments in favor of the particulate view and against the un-
dulatory interpretation. Thomson was thus working in a specific research
context, characterized by a conflict between the “undulatory theory” and the
“emission theory.”*?

Villard’s researches were patently conducted in a different environ-
ment, in another research context. Villard’s articles show that he was con-
vinced of the particulate nature of cathode rays, but that this was for him a
marginal, secondary aspect.” He was concerned instead with the determina-
tion of the substance(s) that composed these particles. For him these substances
were to be found among those used by chemists, that is, in the periodic table
of elements. Villard followed a procedure in these experiments similar to the
one used in his previous researches on gas hydrates.

Villard presented his results in 1898 as a continuation of the work of
those, like Thomson or Perrin, who wrote that particles constituted cathode
rays. He believed he was following in the footsteps of these scientists when
he showed that these particles were composed of hydrogen. In most of his
publications between 1898 and 1905, Villard explicitly sided with the par-
ticulate point of view and against the undulatory interpretation.

But Thomson actively fought the idea that cathode particles might be
made of hydrogen. He did so as early as 1897, before Villard even started
his own researches on cathode rays. In his 1897 article, Thomson asserted
that cathode particles were “corpuscles.” He believed that the atom was not
impossible to break up and that it was made of elementary particles, or
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“primordial atoms.” He explicitly rejected the idea that the substance

constituting these subatomic particles might be hydrogen:

The explanation which seems to me to account in the most simple and
straightforward manner for the facts is founded on a view of the constitu-
tion of the chemical elements which has been favourably entertained by
many chemists : this view is that the atoms of the different chemical ele-
ments are different aggregations of atoms of the same kind. In the form in
which this hypothesis was enunciated by Prout, the atoms of the different
elements were hydrogen atoms ; in this precise form the hypothesis is not
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tenable, but if we substitute for hydrogen some unknown primordial substance X,
4

there is nothing known which is inconsistent with this hypothesis . . .2
Thomson introduced the term “corpuscle” after this clarification. He
wrote that, in tubes containing rarefied gases, “the molecules of the gas are
dissociated and are split up, not into the ordinary chemical atoms, but into
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these primordial atoms, which we shall for brevity call corpuscles.
He added:

Thus on this view 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
ordinary gaseous state: a state in which all matter—that is, matter derived
from different sources such as hydrogen, oxygen, &c—is of one and the
same kind; this matter being the substance from which all the chemical el-
ements are built up.*

Ultimately, Thomson rejected the idea that his corpuscles might be
made of hydrogen because this would have meant, for him, that the corpus-
cles were made of atoms of hydrogen. And Thomson believed that corpuscles
were not atoms but elementary constituents of the atom. For Thomson cor-
puscles existed at a level of subdivision of the atom where hydrogen simply
did not exist. The question of the nature of the substance composing the cor-
puscles could thus not subsist : according to Thomson, there were not several
substances (among which that which composed corpuscles could be found)
but one substance only. The difference between oxygen and nitrogen was less
a difference in the substance than in the number and arrangement of the
corpuscles constituting their atoms. “Substance” thus represented different
things for Thomson and for Villard: for the former it was not part of the in-
tellectual resources which could be used to describe matter at its most fun-
damental level.

This is revealing of another difference between Thomson and Villard
on the status of chemistry compared to physics. For Thomson, chemistry was
de jure if not de facto a simple consequence of the properties of matter that
physics had the task of bringing to light. The prime interest in using corpus-
cles lay for him in their ability to explain the periodic table of elements.
Thomson tried to explain in his 1897 paper how corpuscles associated to
form atoms. The mathematical treatment of these arrangements was com-
plex, but it was possible to draw an analogy with magnets floating at the sur-
face of a liquid. These floating magnets spontaneously formed concentric
circles; the more magnets were added, the more circles appeared. Thomson
noticed that the increase in the number of circles was periodic, and that this
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period was also the period of the table of chemical elements. Falconer has
written about Thomson’s constant desire to use physical theories to account
for chemical phenomena in general and the periodic table of elements in par-
ticular. This tendency can already be found in Thomson’s first publication in
1882, where he proposed an atomic theory based on hydrodynamic analo-
gies such as the whirlpool. This particular approach distinguished Thomson
from the other theoreticians of elementary particles of electricity, such as
Lorentz, FitzGerald, or Larmor. The latter attempted to explain electromag-
netic rather than chemical phenomena.

Thomson practiced what would now be termed “reductionist” physics,
which sought to explain phenomena by reference to the microconstituents
of matter. This had important consequences for the values that shape the
work of the physicist. Thomson rated the value of a theory in terms of its ex-
planatory power: the greater the scope the better the theory. Thomson him-
self always sought to build universal theories.?® He also believed that the most
interesting researches were those dealing with the ultimate constituents of
matter. Thomson wrote with a patronizing tone about C. T. R. Wilson’s re-
search on the formation of clouds and rain. This was for him too far from
what he called “transcendental physics.”*

It would be vain to look for these implicit hierarchies in Villard’s work.
His publications on cathode rays were rather like an enumeration of the rays’
properties: they were deviated by the tube’s surfaces, they had no effect on
each other, they were emitted at right angles to the cathode, they were re-
flected by a metallic plate, they were propagated in a straight line, they were
refracted by a thin aluminum plate, and so forth. The fact that the rays were
made of hydrogen was simply one of many properties; it was not meant to
explain these either. This proposition thus did not possess a status more fun-
damental than the others. This can be seen in Villard’s way of justifying his
results and organizing his argument. The fact that cathode rays were made of
hydrogen was presented by him as a consequence of experimental data: he
never sought to support his results with entities that a theory based on them
would explain in turn. Villard reiterated the typical argument of the French
physicists against theories based on the atomic hypothesis. Such an explana-
tion might appear “extremely attractive,” he wrote, but there would always
remain “certain experimental details which this explanation would be inca-
pable of clarifying.”** These theories, according to Villard, could not account
for the complexity of experimental facts. He thus definitely preferred the
production and description of experimental facts to such theorizing.

Another essential difference between the two men resided in their use
of different experimental technologies. Thomson commonly employed elec-
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tromagnets, condensors, electrometers, galvanometers, and cells—all of
which only functioned in electric circuits. He was familiar with these instru-
ments, and he had been using them on a daily basis for the previous decade.
Villard, in contrast, was a newcomer to the field of electrical discharges. He
did not possess Thomson’s expertise: the only electrical instruments he used
were those needed to work his Crookes tubes.

Thomson and Villard both experimented directly on cathode rays,
studying the effect of different influences on them, but both scientists did not
use the same kinds of devices. Thomson chose to manipulate and to deviate
cathode rays using electrical and magnetic fields while Villard privileged
mechanical obstacles. Villard made cathode rays bounce off screens, pass
through metallic plates and diffuse against the edge of a plate. He also stud-
ied the role played by the shape of the surfaces and the electrodes on the form
of the beam, the trajectories and on the point of origin of the rays.

Thomson’s work centered on electrical charges. He constantly used
quadrant electrometers to detect and measure electrical charges and produce
numerical data. The experimental arrangements that he imagined and built
were always designed to produce displacements or accumulations of electri-
cal charges. The concepts of particle that he used and transformed were al-
ways derivations of the concept of jon, and were always electrically charged.
Thomson’s experimental work only rarely dealt with electrically neutral parti-
cles, whether atoms or molecules. Significantly, Galison and Assmus describe
his work as “ion physics.”*' The mathematical models that Thomson used
and formulated enabled him to calculate the movements of punctual charges
in electromagnetic fields. The physical constants that he sought to measure
experimentally were the electrical charges of elementary particles or the ra-
tio of their charge to their mass. All these elements were used in combina-
tion: the corpuscle’s e/m ratio, for instance, was derived from mathematical
models that supplied relationships between the quantitative properties of the
ion on the one hand, and the empirical data read on electrometer and gal-
vanometer scales on the other hand.

In his article, Villard appeared convinced that cathode rays were elec-
trified, but it was not a particularly interesting property to him. Cathode rays
as well as Goldstein rays and more generally everything produced by the
cathode (what he called “cathodic emission”) was for Villard made of hy-
drogen. This hydrogen was negatively charged in the case of cathode rays,
but it was in other electrical states (positive or neutral) in different parts of the
tube. In addition, for him, the hydrogen composing cathode rays originated
from the surfaces of the tube, which meant that it was initially positively
charged.” Villard, in contrast to Thomson, thus believed that the electrical



Benoi1T LELONG 144

charge carried by cathode rays was not at all an intrinsic and unalterable prop-
erty of the matter constituting them.

Villard’s experimental technology focused less on electric charges than
on chemical effects. His method of determining the chemical composition
of cathode rays consisted in exposing them to substances of known compo-
sition to obtain characteristic reactions. He used for this purpose metallic
plates coated with reagents such as lead sulfate. Sometimes the material of the
plate itself was used as reagent (platinum, crystal, or oxidized copper). The
darkening of platinum plates by the rays was interpreted by Villard as the re-
sult of a chemical reduction. When he presented his results to the Société de
Physique, Villard circulated these darkened plates among the audience; this
is revealing of the status and of the conclusive power that he attributed to
these plates.”® Two years later, Villard again used these typically chemical
techniques of experimental investigation to study x-rays. X-rays were then
known to have an effect on photographic plates. Villard studied the chemi-
cal changes that x-rays produced on platino-baryum cyanide salts and
gelatino-silver bromide salts which coated photographic plates. Here again,
the chemical effects of radiations were studied and used in turn to grasp the
very nature of these rays.*

Thomson’s and Villard’s scientific backgrounds account in part for all
the differences noted above. Thomson was trained in Cambridge and learned
there its typical combination of mathematical physics, Maxwellian theories,
and the use of electromagnetic instruments. Villard, in contrast, was a
chemist and an expert at the manipulation of reagents, the determination of
substances and composition formulae, and the production of chemical reac-
tions. When both scientists turned to the composition of cathode rays, each
used the materials, tools, and the intellectual and material skills they were ac-
customed to, and for which they were acknowledged experts.

Other factors also contributed to these differences, in particular, each
scientists’ working environments. Thomson directed the Cavendish Laboratory,
Cambridge, while Villard was an independent worker at the Ecole Normale
Supérieure chemistry laboratory. Each worker was steeped in a specific local
culture, with its characteristic norms and values. Each of them had access to
a particular range of instruments and materials, and more generally to distinct
cultural, intellectual, material, human and financial resources.?

Second, both physicists addressed very diftferent publics. A reader of the
Philosophical Magazine, or a member of the Royal Society would have been
familiar with the debate on cathode rays. One could not present them with
numerical data on cathode particles without including results that explicitly
invalidated the undulatory hypothesis. On the other hand, this public was
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sufficiently in favor of atomic hypotheses to consider the possibility of split-
table atoms or atoms made of corpuscles. A reader of the Comptes Rendus de
I’ Académie des Sciences or a member of the Société Francaise de Physique
would have very likely remained rather more sceptical about this. This is sug-
gested by Langevin’s precautionary justifications for his use of atoms and ions
when he presented the ionisation of gases in 1900 as well as his own re-
searches on gaseous ions in 1902.% Each audience tended to be more sym-
pathetic to certain results, certain experimental methods, and certain ways of
presenting evidence and arguments. This also plays a significant role in the
work of the physicist busy experimenting, elaborating hypotheses, writing
articles, or preparing lectures.

AFTER 1898: THE CIRCULATION AND TRANSFORMATION OF
ScieNTIFIC FACTS

The conclusions that Thomson published in 1897 received a mixed wel-
come. Campbell Swinton and others ignored the subatomic character of
the corpuscle but retained the fact that the particulate nature of the rays had
been conclusively proven. FitzGerald reinterpreted Thomson’s experiments,
claiming that he had detected “free electrons” rather than corpuscles. Fitz-
Gerald understood “electrons” to be the elementary entities that Larmor (on
FitzGerald’s advice) had recently added to the electromagnetic ether. Thom-
son contested this reformulation of his work and he continued referring
to corpuscles until 1913. These divergences took their origin in differing
interpretations of Maxwellian methodology.”” This confusion in termin-
ology did not pass unnoticed in France. Gustave Le Bon wrote for instance
in 1904: “Some physicists, like Lorentz, use indifferently the terms ion and
electron which, for others, have very distinct meanings. J. J. Thomson calls
corpuscles the electrical atoms which Larmor and others recognize as elec-
trons, etc.”*® To clarify the situation, Alex de Hemptinne proposed in 1905
to cease using the term “ions” to describe electrified gas particles. This term
would henceforth be reserved for ions in aqueous solutions. In gases, elec-
trified particles of subatomic dimensions were to be called electrons and the
ones of atomic dimensions electrions.>

In Cambridge, Thomson and his students at the Cavendish attempted
to measure e/m for the particles emitted by incandescent metals (later the
“thermionic effect”) and by metals exposed to ultraviolet rays (what was then
the “Hertz phenomenon,” later the “photoelectric effect”). They published
values close to the e/m value for cathode rays and wrote that metals must thus
also emit “corpuscles” under very different experimental conditions. Note
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here that it was the experimental value obtained for e/m that enabled them
to claim that the particle emitted by the metal was the same as the cathode
ray corpuscle; e/m had thus to some extent become for the Cantabrigians the
corpuscle’s “signature.” This work established the existence of Thomson’s
“corpuscle” outside cathode rays. It also was intended to confront the critics
who refused to accept that the cathodic particle might be an atomic con-
stituent. In this context, the photoelectric effect took a considerable impor-
tance since Thomson succeeded in measuring with it e as well as e/m. This
enabled him to calculate the corpuscle’s mass m, which turned out to be a
thousand times smaller than the atomic mass for hydrogen. This was meant
to show that the corpuscle was considerably smaller than the atom and that it
was likely even to be a fragment of it.*’

In their scientific publications, J. J. Thomson’s old students avoided the
use of the term “electron,” preferring Thomsons “corpuscle.” Langevin
wrote for instance in his doctoral thesis, submitted in 1902: “We will retain
the name corpuscle for these cathodic particles, which was first proposed by
Professor J. J. Thomson. The term electron is also used, albeit often in a slightly
”# Langevin pointed out that the term “electron” described
the electrical charge itself, while the term “corpuscle” referred to the par-

different sense.

ticle that carried this charge.

The physicists taught by Thomson gradually adopted the practices of
the theoreticians of electromagnetism. One such instance of this develop-
ment was the preparation by Langevin and Rutherford of their communica-
tion to the Saint-Louis International Congress in 1904. Rutherford wrote to
Langevin in 1904 from Montreal. They had been entrusted to write a com-
mon communication by the committee responsible for the organization of
the congress. Langevin replied to Rutherford, and on 11 July 1904 Ruther-
ford suggested to present not one, but fwo separate communications. He pro-
posed to write himself a report on radioactivity and invited Langevin to
prepare a presentation on “elektrons.”** He also sent him a possible outline
for this paper.*”

Langevin described in it the new physics of the electron as “a new
America, where one can breathe freely, which invites all sorts of activities,
and which can teach much to the Old World.” According to him, “the con-
cept of electron [. . .| has developed dramatically in the past few years, shat-
tering the structure of the old physics and overthrowing the established order
of concepts and laws. This will lead to a reorganisation which one predicts
will be simple, harmonious and fecund.” He added that the electron was a
nonmaterial particle and that the new physics imagined that the atoms them-
selves were solely composed of “electrons of both charges.” In this new ap-



VILLARD, THOMSON, AND THE COMPOSITION OF CATHODE RAYS 147

proach, matter in its traditional meaning had disappeared; only the electrical
charge remained, itself nothing else than a particular structure of the ether.
One thus hoped to build a synthesis of physics that would do away with the
concept of mechanical mass; a synthesis in which all the energy would have
an electromagnetic origin and which would be solely based on “these two
concepts of electron and ether.”**

An old student of J. J. Thomson’s at the Cavendish, J. S. Townsend,
published in 1915 a synthesis and compilation on the ionization of gases. He
presented it as an update of J. J. Thomson’s treatise on the Conduction of Elec-
tricity Through Gases, last published in 1906 (second edition). The term “cor-
puscle” did not appear in Townsend’s new book. The word “electron”
described indifferently the negatively charged ions in rarefied gases, the par-
ticles emitted by metals in the photoelectric and thermionic effects, the
particles composing cathode rays and (-rays, the theoretical particles of
electromagnetic dynamics, as well as the negatively charged elementary sub-
atomic particles. The measurement of e/m was presented as the best means
of detecting electrons. In Townsend’s book, the rays composed of electrons
in motion were several times referred to as “corpuscular radiation.”*?

In the years 1896—1905 several French scientists researched cathode
rays: Jean Perrin, André Broca, Henri Deslandres, Henri Pellat, and Villard
himself.* All these physicists worked in Paris, and they met regularly and for-
mally at the sessions of the Societé Francaise de Physique. Their researches fol-
lowed individual paths, but they read and quoted each other’s papers. Their
articles show a common interest in the magnetic properties of cathode rays.*’

With the exception of Broca, none of these physicists reacted in any
significant way to Thomson’s or to Villard’s results. It must be said that the
composition of cathode rays was not a topic directly relevant to their re-
searches. These Frenchmen were concerned instead with identifying the
empirically observable properties of the rays. They did not, save for Broca
and Perrin, seek to interpret them in terms of microscopic particles. They
were not interested either in the chemical composition of the rays. These
issues were for these physicists neither legitimate nor even interesting.
Deslandres published in 1897 an article where he mentioned that the
“composition” of cathode rays was “complex”: this meant for him that a
cathode ray deviated by an obstacle separated into several rays deviated at
unequal angles. For Deslandres, establishing that the composition of the rays
was complex did not mean (as it did for Langevin or Thomson) showing that
they were composed of different particles; it meant instead that the rays con-
stituting cathode rays had different velocities, temperatures, angles of devi-
ation, or emission origins.*®
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Only one reaction to Villard’s results was found in the writings of
French physicists working on cathode rays. In an article dated 1899 on an-
ode rays and the sparks produced in Crookes tubes, Broca wrote that:

In M. Villard’s opinion, cathode rays are due to hydrogen. He bases this
view on their reducing action, which he has undeniably established. In the
tube that I have just described, there are at the same time cathode rays and
anode rays. The anode rays are due to a metal: it is very surprising that hy-
drogen is distinguished from the metals by its electrical properties. This is-
sue must be raised, but with the greatest caution, for there are in these
tubes a great number of unknown phenomena.*

Broca was clearly sceptical. It is significant that it was precisely Broca,
among the Frenchmen mentioned above, who was the only one to express
an interest in ions and electrons in his publications. He systematically inter-
preted his results using corpuscular theories, comparing them to the work
done by Thomson’s team. He confronted all his results on the influence of
magnetic fields to Lorentz’s work on the Zeeman effect. It is likely that Broca
was aware of the incompatibility between Thomson’s conceptions and Vil-
lard’s idea that cathode rays were made of hydrogen. This would explain why
he reacted in such a doubtful manner.> Perrin was also favorable to Thom-
son’s views, but he had abandoned the study of rays in June 1897 after sub-
mitting his doctoral thesis on cathode rays and x-rays.

In April 1900, Villard presented to the Societé Internationale des Elec-
triciens the latest researches of physicists on cathode rays, x-rays, and ura-
nium rays.”' He also wrote before July 1900 a report on cathode rays for the
International Congress of Physics which was to take place in Paris in August
1900.%* These two texts were quite different in nature, but Villard’s point of
view was argued in both places in a similar fashion. Three aspects are partic-
ularly significant.

Villard considered first that Perrin’s experiments, and not Thomson’s,
had resolved the controversy over cathode rays; this attitude contrasted
sharply with the British scientists’ attitude:

The ballistic hypothesis explains very satisfactorily the properties [of cath-
ode rays]: it lends itself to the interpretation of magnetic and electric effects
much better than the undulatory hypothesis, but it was only clearly con-
firmed by the rigorous demonstration which M. J. Perrin gave of the elec-
trification of the rays.>

In December 1895, Perrin had announced that cathode rays carried an
electrical charge. He wrote in this article that this result was “difficult to rec-
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oncile” with the undulatory hypothesis, and it “agreed instead” with the par-
ticulate interpretation.® Thomson had read Perrin’s article and reproduced
his experiments in 1897 with an arrangement he thought would produce
more decisive results. Thomson only rarely reproduced experiments that
had been already published and Falconer explains this improvement-
reproduction: on the one hand it was considered to be a crucial experiment
by Thomson, and on the other, this was the first publication of a young
Frenchman completely unknown in Britain.*® Perrin first described this ex-
periment in his doctoral thesis (submitted in June 1897) and it was published
shortly after in the Annales de Physique et de Chimie.>® It is to this article that
Villard referred in a footnote. For Villard, Perrin’s experiment was therefore
the decisive one and not Thomson’s.

The second important point is that Villard described J. J. Thomson’s
work in considerable detail, but all references to atoms (and all the more to
corpuscles) were removed. For instance, Villard wrote of the particles in mo-
tion which constituted cathode rays that:

M. J. J. Thomson was able to determine the velocity of these cathodic pro-
jectiles. The measurement of the deviation of the trajectories in a magnetic
and in an electrostatic field yields indeed two relations in which the ve-
locity and the ratio of a particle’s mass and charge are represented. This ra-
tio is approximately a thousand times greater than the ratio obtained for
electrolytic phenomena. In other words a gram of hydrogen would carry
one hundred million coulombs.>”

One of the noteworthy characteristics of Villard’s nonatomist reading
of Thomson’s work is that the term “corpuscle” was never used. Villard wrote
only of “particles” and “projectiles.” Moreover, as was pointed out above,
Thomson put forward the enormous value of the e/m ratio to justify the idea
that the corpuscle’s mass was a thousand times smaller than hydrogen’s.*® Vil-
lard also expressed surprise at this value, but he obliterated in his papers all
references to particles in this context. The value e/m did not represent for
him the ratio between two properties of a particle, but a ratio enabling the
calculation of the quantity of electricity carried by a given mass of hydrogen.

Third, Villard appropriated Thomson’s results, like FitzGerald in 1897,
and used them to support his own interpretation:

I have just argued that the chemical effects produced by the cathodic pro-
jectiles give a first indication as to their nature [. . .] More recently, M. J. J.
Thomson has established that the electric or magnetic deviation depends
solely on the potential difference which sets the particles in motion. These
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particles are thus always made from the same matter, most likely a simple
body.*

Villard concluded on “the nature of radiating matter” that composed
the rays:

If one notes [. . .] that cathodic phenomena are independent of the nature
of the gas contained in the bulbs, and that in particular the e/m ratio is in-
variable, one is led to accept the unity of radiating matter. Now, hydrogen
is the only reducing gas known. It is precisely the gas whose spectrum is
always, and often alone, visible in the luminescent layer which marks the
arrival of the influx at the cathode. This element already possesses very spe-
cial characteristics, such as its ability to pass through red-hot metals. Until
another simple reducing gas is discovered, one must consider acceptable
the hypothesis that hydrogen constitutes radiating matter.*’

Thomson used the constancy of the e/m ratio to assert that the corpuscle
was a universal particle. Villard also used this constancy but he concluded from
it that the substance composing cathodic particles was always the same. He
went on to determine this substance with characteristic chemical reactions.

Villard changed the way in which he read, understood, and presented
Thomson’s work after the Paris Physics Congress, which took place on 6-11
August 1900.°' Rasmussen has emphasized the fact that this was the very first
international physics congress. It is significant that it took place as late as 1900,
because scientists in other disciplines had organized themselves earlier and
had been meeting relatively regularly at international congresses for the pre-
vious half century. This congress in 1900 was thus the first occasion French

62

physicists were given of meeting their foreign counterparts.® This meeting
enabled them to become collectively aware of the importance that the work
done at the Cavendish under Thomson had acquired abroad. The congress
modified the classification initially planned by the organizers to include re-
cent research on ions and corpuscles. This new classification was used from
1901 in the Journal de Physique.®® The congress reports were the first texts
available in the French language that described in detail the work of Thom-
son and the Cambridge physicists.®* It is perhaps the reason why Villard pre-
sented Thomson’s work differently in the book he subsequently wrote.®® This
book was published at the end of 1900 by Gauthier-Villars, in the Scientia
collection. This collection was directed by Appell, d’Arsonval, Haller, Lipp-
mann, Moissan, and Poincaré, all members of the Académie des Sciences.
They wished to make of this collection “an account of and elaboration on the
scientific questions of the day.”
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In contrast to what he had done in his two previous texts, Villard briefly
presented in this book Thomson’s ideas on the corpuscle and its substance:

The ratio of the cathodic particles’ charge to their mass is a constant;
M. J. J. Thomson was thus led to the conclusion that cathode rays are made
of one substance only, which exists at a state of division much greater than
in gases. This substance is the same whether it comes from hydrogen or
another body. It is the hypothesis of universal matter. Without going so far,
it is worth asking if this single substance is not one of the simple bodies
known.®

This distinguished itself from Villard’s earlier texts, in that he now ex-
plicitly pointed to the differences between his own and Thomson’s positions.
Moreover, Villard no longer used Thomson’s researches to legitimate his own
interpretation. In this book, Villard wrote that “the flux of matter which cir-
culates in the tube in a radiant state seems to be made of hydrogen.” This
time, though, he drew in his demonstration exclusively upon his own ex-
periments in chemistry and no longer on Thomson’s results.

Thomson’s opposition in 1897 to the idea that cathode rays might be
made of hydrogen has already been mentioned. He did not judge it neces-
sary, however, at the time to reply to Villard. No mention of Villard’s result
was found in Thomson and his students’ scientific publications between 1898
and 1902. Only one mention was found in J. J. Thomson’s great treatise on
the ionization of gases, published in 1903. The book was a vast compilation
of current researches on conducting gases and the new rays. In his chapter on
cathode rays, Thomson wrote:

Villard found that cathode rays exert a reducing action ; thus if they fall
upon an oxidised copper plate, the part exposed to the rays becomes
bright. In considering the chemical effects produced by the rays we ought
not to forget that the incidence of the rays is often accompanied by a great
increase in temperature, and that some of the chemical changes may be
secondary effects due to the heat produced by the rays.*

‘What Thomson failed to mention was that these chemical effects led
Villard to the conclusion that the rays were made of hydrogen. Thomson
questioned Villard’s techniques of empirical investigation, and argued that
the chemical effects were secondary, that is, they were not directly due to the
nature of the rays and thus could not be applied to their understanding.

Villard was otherwise only mentioned once more in Thomson’s trea-
tise, with regard to his research on canal rays. Thomson pointed that Wien,
Ewers, and Villard had all three attempted in 1899 “to detect the positive
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charge carried by the Canalstrahlen” but that “the aforesaid physicists differ
in their interpretation of the results they obtain.” They all agreed on the fact
that the rays could, in certain cases, transfer a positive charge to a Faraday
cylinder, “but while Wien and Ewers think that this charge is carried by the
Canalstrahlen, Villard is of opinion that it is a secondary effect.” Thomson
wrote: “In spite of the indecisive results obtained by this experiment (Vil-
lard’s), the magnetic and electric deflections obtained by W. Wien seem con-
clusive evidence that the Canalstrahlen carry a positive charge.” This account
by Thomson of Villard’s researches revealed again fundamental differences in
their conception of electric charges. For Villard, the electric charge of the
canal rays was not an inalterable property of the matter constituting them: it
could be equally positive or neutral. In contrast, Thomson considered an ex-
periment as having failed which did not detect a charge carried by canal rays.
The same cognitive and cultural differences that characterized both men’s at-
titudes to cathode rays were clearly at play here again.®®

It must be remembered that Thomson’s treatise rapidly became the
work of reference for most physicists working in the field of conducting gases
and radiation. It was in particular systematically quoted in the articles of the
young physicists trained and supervised by Langevin at the College de
France, who regularly published on the ionization of gases between 1902 and
1911. Two such scientists were Eugéne Bloch and Maurice de Broglie, only
to mention the two most important ones. The following edition of Thom-
son’s treatise, which appeared in 1906, was heavily reworked and extended,
but the two passages on Villard remained unchanged. This second edition
was translated and published in French in 1912. In this work of reference,
which was widely distributed, Villard was thus only mentioned twice and
each time his results were severely criticized.®”

It is thus likely that Villard’s credibility was low in the international net-
work of the physicists who recognized J. J. Thomson as their main scientific
authority. This did not prevent him from being increasingly known among
the elite of the French physicists. A long controversy opposed Villard to Pel-
lat from February to December 1904. Pellat then occupied the chair of
experimental physics at the Sorbonne, and he headed one of the three
laboratories of the Paris Faculty of Sciences (Lippmann and Bouty heading
the two others). Pellat reckoned he had discovered that cathode rays passing
through a magnetic field were subject to anisotropic friction, a phenomenon
he termed “magnetofriction.””” Villard published an article contesting the
existence of this friction, starting a controversy between the two scientists
that lasted eleven months.”" Villard and Pellat exchanged in the Comptes Ren-
dus exceptionally long, argumented and illustrated notes.”” The controversy



VILLARD, THOMSON, AND THE COMPOSITION OF CATHODE RAYS 153

ended with a brilliant victory for Villard. Pellat explicitly admitted in his later
articles that there was no such thing as magnetofriction.” Villard and Pellat
were then considered to be the two French “specialists” on cathode rays.
They wrote far more articles on this topic than any other French physicist.
They regularly spoke at the sessions of the Societé Francaise de Physique to
present the results of their latest researches. Pellat’s defeat in this controversy
unquestionably made Villard the first scientific authority on cathode rays in
France.

The members of the Académie des Sciences awarded Villard the Wilde
prize on 19 December 1904. The jury included Levy, de Lapparent, Mascart,
Berthelot, Darboux, Troost, and Loewy. As the tradition dictated, the report
enumerated Villard’s scientific researches. After an account of his work on gas
hydrates, the report recalled that “another series of researches, no less im-
portant, relates to cathode rays, x-rays etc.,” and that Villard “has shown that
cathode rays always carry with them hydrogen.””*

Langevin and Abraham’s textbook, Ions, Electrons, Corpuscules helps one
understand the situation of Villard and his results in 1905.7 This book re-
sembled Thomson’s treatise in that it sought to become a work of reference
on radiation, conducing gases, and elementary particles of electricity. Two-
thirds of the articles reprinted in this compendium were by Thomson and his
students, and dealt with the ionization of gases. On the subject of cathode
rays, the authors presented the experimental researches of Crookes, Deslan-
dres, Hittorf, Kaufmann, Lenard, Pellat, Perrin, Pliicker, Simon, J. J. Thom-
son, Villard, and Wiechert. None of the articles written after 1898 and
reprinted there mentioned Villard’s results. In addition, all the British and
German physicists who published on cathode rays in the two or three years
preceding the publication of this book considered the rays to be made of
“corpuscles” (for the British) or “electrons” (for the Germans).

Villard’s article was specifically written for this book and presumably
dates from 1905.7° As he had done in 1900, Villard described again the chem-
ical effects of cathode rays, concluding that “cathodic projectiles are nothing
else than particles of electrified hydrogen.””” The tone of this text was that of
a textbook: the properties of cathode rays were described one after the other
with no mention of the scientist who had found them. The lack of social el-
ements is striking in this text, compared to Villard’s previous papers. The
contrast is particularly clear with Pellat’s article in the same volume, which
was also an original contribution. Pellat “converted” to ions and corpuscles
in 1904. His article was a retrospective reformulation of the whole of his
work on cathode rays since 1900; it was presented by the editors as “M. Pel-
lat’s researches on corpuscles.” Contrarily to Villard, Pellat presented his
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researches in a chronological order, in a narrative mode, making references
to the work of Thomson, Broca, and Villard himself.”®

The reading of Langevin and Abraham’s book suggests that Villard was
held in high enough esteem to be unavoidable in this kind of compilation;
and this despite the fact that his research was marginal to his contemporaries’
work. Villard’s ideas had become obsolete by 1905, but this probably did not
displease the aged physicists of the moment (such as the academicians who
had just awarded him the Wilde prize, thereby legitimating his claim that
cathode rays were made of hydrogen). This state of affairs gives an indication
of the gulf that was beginning to separate the older generation of academi-
cians from the rising generation embodied by the young physicists working
with and around Langevin at the Collége de France. The former probably
approved of the absence of atoms from Villard’s work, while the latter used
corpuscles and ions constantly in their researches on ionized gases and radi-
ation. It was precisely in 1905 that Le Radium, a journal initially devoted to
the popularisation of science, was taken over by the Curies’ and Langevin’s
groups. They changed the editorial policy, transforming it into a purely sci-
entific journal. Between 1906 and 1914 the young physicists favorable to ions
published predominantly and preferably in Le Radium. This editorial take-
over was completed in 1918 when Le Radium merged with the Journal de Phys-
ique to torm Le Journal de Physique et Le Radium.”

Villard’s research practices changed fundamentally from 1906. For a
start, the results he published were now dubbed “theories”; the first of which
was a theory of aurora borealis which he developed between 1906 and 1908.
It was presented in two parts. Villard focused initially on the shapes of the
trajectories taken by corpuscles in a magnetic field. He considered several
possibilities for the distribution of the field in space and he calculated the
trajectory of a corpuscle in motion in these different cases. He obtained
several helicoidal trajectories, the geometry of which varied in each case.
Villard then supposed that the clouds in the polar atmosphere emitted
corpuscles. He attempted to show that the Earth’s magnetic disturbance of
the corpuscles’ motion could explain the appearance of aurorae, as well as
their geographical configuration and their movements, or “dance of the
rays.”®

The production and publication of a theory based on corpuscles was a
novelty in Villard’s scientific work. To this was added the use of new literary
devices to justify his results. In his papers, Villard now first presented his the-
oretical developments before moving on to discuss their experimental con-
sequences. He then concluded that his experimental data conformed to the
theory’s predictions. The argumentation in these articles was based on pre-
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diction and confirmation instead of Villard’s earlier empirical methods of
justification.

Moreover, Villard also started in 1906 to use systematically the terms
“ion” and “corpuscle” in his experimental articles. Whereas he had earlier
described “rays,” “influxes,” “currents,” “transfers of matter,” and “particles,”’
he started, occasionally at first, more and more often later, to write of “cor-
puscle emission,” “collisions against molecules,” and of “motion of positive
ions.” This change in terminology, this reading of his results using atomist
words and concepts were radically new features of Villard’s work.®'

Villard nevertheless only ever spoke of “corpuscles,” and never of
“electrons” in 1906 and 1907. This changed from 1908 onwards: in the sec-
ond edition of his book on cathode rays, published 1908, he wrote:

In the first edition of this book, we stated that cathodic corpuscles were
particles of electrified hydrogen. This hypothesis seemed to follow logi-
cally at a time when electricity was thought to be inseparable from matter.
Indeed, it explained perfectly the reducing action of the rays and the con-
stant presence of hydrogen close to the cathode.

The remarkable researches of M. J. J. Thomson and M. Max Abra-
ham have shown that the presence of a ponderable support is unnecessary
and that the laws of electricity suffice to explain the main properties of
cathode rays. Reversing to an old hypothesis, it 1s argued that there are
electrical fluids. By analogy with ordinary matter, one supposes these flu-
ids to be made of atoms of electricity, or electrons, whose absolute value,
1.13.107" coulomb, is equal to the charge of the hydrogen atom in elec-
trolysis. It follows that an electrical charge consists of an integer of these el-
ementary indivisible units; this corresponds to an exact multiple of the
unitary charge mentioned above. In this hypothesis, cathodic corpuscles
are atoms of negative electricity, that is, negative electrons.®

Villard thus completely abandoned his position on the composition of
cathode rays, along with the methodology that had guided his work on radi-
ations since 1897. For him, cathode rays were now electrons and no longer
particles of electrified hydrogen. In his book, Villard presented the new elec-
tronic theories in detail and the current attempts to produce an electromag-
netic synthesis of the whole of physics. According to these theories, the
electron’s inertia would be of an entirely electromagnetic origin. Ordinary
inertia could thus be accounted for “if one admits that matter is only made
of electrons.” Thanks to electrons, “the mechanical properties of cathode rays
[. . .] can be explained perfectly simply.” Villard pointed that there were slight
problems with these new theories, but that: “Despite these anomalies, the
electromagnetic theory of cathode phenomena constitutes a considerable
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progress, in fact the greatest advance to be made in this branch of physics
since the work of Sir. W. Crookes.”

On the chemical effects that had previously enabled him to argue that
cathode rays were made of hydrogen, Villard only wrote: “As for reduction
phenomena, the example of light shows us that these are possible without any
input of hydrogen.”®

On 16 November 1908, Becquerel was elected secrétaire perpetuel of the
Académie des Sciences. His seat in the Physics Section of the Académie be-
came vacant and elections were organized to fill it. The names proposed by
the members of the Physics Section were ranked in decreasing order of pref-
erence. Bouty and Villard came first, followed by Berthelot, Branly, Broca,
Cotton, Pellat, and Pérot. The election took place on 23 November 1908.
Bouty won the seat with thirty-seven votes, while Villard received nine and
Branly eight.®* New elections took place again in the Physics Section on 21
December 1908 after Mascart’s death. This time, Villard came out as the pre-
ferred candidate, followed by Berthelot, Branly, Broca, Cotton, Pellat, and
Pérot. Villard won the seat, obtaining thirty-four votes against eighteen for
Branly at the elections on 28 December 1908.%

This shows that Villard was respected within the Académie, and that he
was systematically rated above all the other physicists named, with the ex-
ception of Bouty. Interestingly, he was also rated higher than the other cath-
ode rays specialists, Broca and Pellat. Branly appeared to be the only physicist
to present a serious challenge to him in the second election.®® At the end of
1908 Villard was thus awarded one of the highest possible distinctions for a
French physicist.”

In 1909, Villard wrote a manuscript note for the attention of the acad-
emicians presenting Langevin’s latest researches.®® He explained there at
length the meaning of the term “ion” and their function in phenomena of
gaseous conduction according to Langevin and Thomson. Villard had, at
least on this occasion, become the spokesman of ions and electrons at the
Académie des Sciences.

ELEMENTARY PARTICLES, INTELLECTUAL ITINERARIES AND
SCIENTIFIC SOCIAL WORLDS

This chapter has attempted to restore a symmetry between Thomson and
Villard. This has not only meant giving both equal amounts of attention, for
an attempt was also made to describe in the same terms their different research
practices. I thus hope to have reconstructed the coherence inherent to the
scientific activity of each man, without trying to distinguish between right or
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wrong. I was especially careful to avoid considering Villard’s work the way
scientific “errors” are usually dealt with, that is, by looking for the mislead-
ing effect of “prejudice” or “social and cultural influences.”

‘When Villard published his conclusions on the nature of cathode rays
in 1898, he expressed a view which J. J. Thomson had described the pre-
ceding year as being incompatible with his own. Villard knew Thomson’s
work and mentioned him in his own articles; but he never mentioned this re-
mark of Thomson’s and never justified himself in reply to it. As for Thom-
son, he clearly did not seek to publish a response to Villard, if we except the
few lines of his 1903 treatise, which are both very critical and allusive. Vil-
lard made explicit the opposition between his views and Thomson’s in 1900,
but he did not bother involving himselfin a polemic on the matter. This sup-
ports the claim that both views coexisted without open conflict, despite hav-
ing been explicitly recognized as antagonistic.

Yet Thomson’s and Villard’s writings were widely and carefully read,
and sometimes led to violent controversies. But these debates took place in
two separate scientific environments, and this is one essential aspect of this
historical situation. Villard’s researches on cathode rays were published in the
Comptes Rendus and the Journal de Physique. They were described and debated
at several sessions at the Societé de Physique. They were taken up or criticized
by Broca, Deslandres, Gouy, and Pellat. In short, they were known and rec-
ognized in a particular intellectual and social “territory,” that of the French
physicists. Thomson’s work was produced and considered in another context,
in the English-speaking community of physicists. The relative disjunction,
autonomy and indifference that separated both camps have been described,;
but several cases of transfer from one to the other have also been considered.
An example of this was Thomson’s reproduction-transformation in 1897 of
Perrin’s experiment on the charge of cathode rays. The extreme difference in
the credibility of Thomson’s and Perrin’s experimental results in their re-
spective national spaces was pointed to. What enabled the “pacific” coexis-
tence of Villard’s and Thomson’s interpretations of the composition of
cathode rays was the independence and distance between their two worlds.*

These two national spaces were far from being homogeneous. The re-
ception of Villard’s researches made possible a construction of a differential
map of the French field. Three groups were thus isolated: the French physi-
cists working on cathode rays, the academicians of the physics section, and
the young physicists trained by Langevin at the College de France working
on the ionization of gases. The members of these various groups took into
account and used Villard’s results according to their own professional inter-
ests and in different publications. The English-speaking context was socially
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and intellectually heterogeneous too—which led to different and conflicting
interpretations of the electron and the nature of cathode rays.”

The arrangement of these various milieux was far from remaining static
in the years 1895—1910. The spread of the international network of workers
on ionization is perhaps the most rapid and dramatic one described in this
study. In 1895 the experimental culture of the study of ions was localized in
the Cavendish Laboratory. Five years later the network had grown to become
international. Young physicists trained in Cambridge practiced a physics
based on the production of conducting gases, electrometric measurements,
and the detection and manipulation of corpuscles and ions. This was a re-
ductionist and atomist physics, which hierarchized matter in successive
levels of depth. These physicists enthusiastically supported Thomson’s
corpuscles for being the most elementary particles accessible to scientific in-
vestigation. These physicists found particularly interesting the attempts to
unify physics based on ether and electrons, and they ended up abandoning
Thomson’s corpuscles for electrons, as was pointed above with regards to the
St. Louis International Congress of 1904. These research practices typical of
Cambridge thus transformed while they spread geographically.

These developments greatly contributed to the introduction of Cav-
endish Laboratory physics into the French milieu. Two episodes stand out
as being particularly important in this process: the Paris International Con-
gress of Physics of 1900, and Langevin’s return to Paris after his one-year stay
in Cambridge, and his building in 1902-5 of a research group working on
ions and the corpuscles of conducting gases. The 1900 congress reports and
Abraham and Langevin’s textbook, lons, électrons, corpuscules, published in 1905,
were equally important: these publications which explained in French the
latest research on ions were both widely distributed. More specifically, these
books presented the ion physics of the Cavendish, not only atomist physics
in general. Thus when Pellat, Villard, or Deslandres substituted Thomson’s
“corpuscles” for their old “particles,” they did more than incorporate atoms
and ions in their research practices. They adopted at the same time the ex-
perimental methods and terminology of Cambridge physics (even if these
borrowings remained partial and localized). It is particularly significant in this
respect that these Frenchmen started researching “corpuscles” at the very
moment when the physicists trained at the Cavendish were moving on to
“electrons.” It is only after a similar intermediary phase of work on “cor-
puscles” that the French scientists later started in turn using “electrons.””!

From 1900 onward, after the progressive “irruption” of the network of
ionization on the international scene, the distance separating the French and
British milieux was considerably reduced in several intellectual, institutional,
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and editorial spaces. The appearance of these spaces partly explains why the
nonconflictual coexistence of Thomsons and Villard’s results ended. The
books mentioned above especially contributed to this process, by juxtapos-
ing both interpretations in the same publication. They suddenly made the
antagonism between the two scientists very visible, and brought this conflict
to the attention of an audience wider than ever.

This chapter has concentrated on the activities of the diftferent groups
that “took hold” of the “electron,” giving it a certain existence, a given shape
in their own research practices. This was only done when such regrouping
appeared valid, and we avoided dissolving scientists’ individualities in their
contexts when they obviously possessed original traits. In particular, Villard’s
and Thomson’s roles in the process mentioned here were described. These
two physicists never passively accepted the fate given to their results by other
physicists. They took an active part in the determination of events post-1898,
even if their range of action was necessarily limited.

It is worth noting that both took up and mentioned their own results,
albeit in different ways. Thomson rapidly started using his own corpuscle in
the rest of his own work. Corpuscles were everywhere in the synthesis of the
phenomena of gaseous conduction produced by rays he wrote in 1899-1900.
It has also been mentioned that Thomson succeeded in interesting most of
the young physicists working in his laboratory in the identification and the
manipulation of corpuscles. Villard reiterated his arguments to his own
public, notably in 1900 and 1905. He even gave more detailed justifications
then than the first time he published his views on the matter in 1898. But
Villard only did so in a spirit of compilation and summary, never in his cur-
rent research proper. Villard worked in the small room given to him in the
chemistry laboratory of the Ecole Normale Supérieure, and all the articles he
published between 1890 and 1914 were submitted by him alone. In the same
period, Thomson published several researches done in close collaboration
with his students or assistants (such as Mc Clelland, Rutherford, Aston). Vil-
lard’s biographers have often described him as a solitary and withdrawn
man, but this description appears to correspond better to his later years
(1918-1937). Between 1897 and 1909, Villard was enthusiastically involved
in the invention and improvement of instruments. He developed his inven-
tions in close collaboration with the instrument builders Chabaud and Char-
pentier, such as a falling process for mercury tubes, an osmo-regulator for
x-ray tubes, or a cathode valve. Villard’s experimental practices belonged so-
cially to the milieu of instrument-makers rather than of physicists.

Thomson actively resisted the reinterpretation of his work. He openly
criticized the new electronic theories and he continued to call “corpuscles”
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the cathode particles even when his close collaborators switched to “elec-
trons.” He ended up giving the impression of an isolated and obsolete scien-
tist. Villard, in contrast, never openly fought against electronic theories. He
ignored them completely until 1906. And then he adopted their terminology
in 1908, explicitly voicing his approval of the new theories on the nature of
electricity. He asserted that it was no longer possible to consider cathode rays
as particles of hydrogen. From this perspective, the situation in the years
1908—1913 appears quite paradoxical. We have on the one hand Thomson
refusing to admit the electrons of which he was the acknowledged discov-
erer, yet rewarded for this work with a Nobel prize in 1906. On the other
hand Villard not only replaced his “particles” with “electrons,” using them in
his own researches, but he also became its active propagandist in French
physicists’ circles.
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THE ZEEMAN EFFECT AND THE DISCOVERY OF
THE ELECTRON
Theodore Arabatzis

The discovery of the electron is usually attributed to J. J. Thomson and as-
signed a specific date and location. On this widely accepted view, the elec-
tron was discovered by Thomson in 1897, while he was experimenting on
cathode rays at the Cavendish Laboratory."! This attribution is problematic,
both from a philosophical and a historiographical point of view. On the
philosophical side, it presupposes a realist perspective toward unobservable
entities and requires a theory of scientific discovery that would support such
a perspective. As far as I can tell, no such adequate theory has been devel-
oped. On the historiographical side, this attribution downplays several British
and continental developments that were quite decisive for the gradual ac-
ceptance of the electron as a universal, subatomic constituent of matter. In
this chapter I want to examine one of those developments, an experimental
discovery (the magnetic splitting of spectral lines) by the Dutch physicist
Pieter Zeeman, and its effect on the main electromagnetic theories of the
time by H. A. Lorentz and Joseph Larmor. As I will show, Zeeman’s discov-
ery was crucial for the initial articulation of the concept of the electron within
the theoretical framework provided by Lorentz and Larmor and played a very
important role in convincing physicists of the reality of the electron. Fur-
thermore, [ will address the question of whether Zeeman should also be con-
sidered as a discoverer of the electron.

ON SCIENTIFIC DISCOVERY

Before proceeding to the historical reconstruction, some methodological re-
marks about scientific discovery are in order. To talk about the discovery of an
unobservable entity, like the electron, it is necessary to specify some criteria as
to what constitutes a discovery of this kind. Antirealist philosophers would
deny the possibility of finding such criteria, since from their point of view one
has to be agnostic with respect to the existence of unobservable entities.? Re-
alist philosophers, on the other hand, would have to suggest what constitutes
an adequate demonstration for the existence of such entities. A realist would
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have to propose certain epistemological criteria whose satisfaction would pro-
vide adequate grounds for believing in the existence of an unobservable en-
tity. Then he could reconstruct the discovery episode in question by showing
how an individual or a group managed to meet the required criteria.

It is evident that the adequacy of the proposed way for deciding when
something qualifies as a genuine discovery depends on the adequacy of the
epistemological criteria for what constitutes unobservable reality. Any dith-
culties that might plague the latter would cast doubt on the adequacy of the
former. Although this approach can be, in principle, realized, no adequate
proposal of the kind outlined has been made so far. That is, no epistemolog-
ical criteria have been formulated whose satisfaction would amount to an
existence-proof of an unobservable entity.

Thus, the historical reconstruction of discovery episodes appears to re-
quire a resolution of one of the most intricate debates in philosophy of sci-
ence. Rather than trying to resolve this debate, there is another way to
approach discovery episodes that avoids philosophical pitfalls. One should
simply try to adopt the perspective of the relevant historical actors, without
worrying whether that perspective can be justified philosophically.” On this
approach, the discovery of an entity amounts to the formation of consensus
within the scientific community about its existence. Given the realist con-
notations of the term “discovery,” one might even avoid using it when writ-
ing the history of a concept denoting an unobservable entity. In undertaking
such a task, one would show how the given entity was introduced into the
scientific literature and would reconstruct the experimental and theoretical
arguments that were given in favor of its existence. The next step would be
to trace the developmental process that followed the introduction of that en-
tity and gradually transformed the concept associated with it. The evolution
of any such concept resembles a process of gradual construction that takes
place in several stages and, thus, can be periodized.* A realist might want to
label the first stage of that process “the stage of discovery,” but this would
make no difference whatsoever with respect to the adequacy of the histori-
cal reconstruction.”

The main advantage of this approach is that it enables the reconstruc-
tion of past scientific episodes without presupposing the resolution of press-
ing philosophical issues. Since the debate on scientific realism goes on and
has proved, so far, inconclusive, it is preferable to avoid historical narratives
based, explicitly or implicitly, on realist premises. The intricacies of that de-
bate suggest that an agnostic perspective is best suited for reconstructing the
“discovery” of unobservable entities.
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‘What I have said so far relies on the distinction between observable and
unobservable entities, since my suggestion to avoid the category of discovery
concerns unobservables. On the other hand, I do not wish to imply that the
discovery of observable entities and phenomena should be treated in a simi-
lar agnostic fashion. In this case the category of discovery might be retained.
It might be possible to specify when, say, a new species has been discovered,
without relying on the notion of consensus within the relevant scientific
community.

The question that immediately arises is why one should adopt different
stances in the two cases. For two reasons, I think. First, because the realism
debate has focused on the existence of unobservable entities, with both sides
sharing a belief in the existence of observable objects and phenomena. Sec-
ond, because to talk about the discovery of an unobservable entity one has to
face a difficulty that does not appear in the case of observables. The discov-
ery of an observable entity might simply involve its direct observation and
does not require that all, or even most, of the discoverer’s beliefs about it are
true. For example, to discover “that there is a person in the ditch, . . . not
every belief about that person needs to be true or known to be true.”® This is
not the case, however, when it comes to unobservable entities where direct
physical access is, in principle, unattainable. The lack of independent access
to such an entity makes problematic the claim that the discoverer’s beliefs
about it need not be true. If most, or even some, of those beliefs are not true
it is not evident that the “discovered” entity is the same with its contempo-
rary counterpart. It has to be shown, for instance, that Thomson’s “cor-
puscles,” which were conceived as classical particles and structures in the
ether, can be identified with contemporary “electrons,” which are endowed
with quantum numbers, wave-particle duality, indeterminate position-
momentum, etc. This would require, among other things, a philosophical
theory of the meaning of scientific terms that would enable one to establish
the referential stability of a term, despite a change of its meaning. In the
philosophical literature there have been such proposals, most notably by Hi-
lary Putnam, which are applicable to terms denoting observable objects. It is
not clear, however, how these proposals would handle terms with unobserv-
able referents.” Once more, one sees that an attempt to retain the category of
scientific discovery with respect to unobservables leads us to philosophical
deep water that a historian would rather avoid.

Let us now turn to Zeeman’s discovery, which not only provided evi-
dence for the existence of the electron but also led to a specification of two
of its properties, its charge to mass ratio and the sign of its charge.
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ZEEMAN’S DISCOVERY?

Pieter Zeeman (1856—1943) began to study magnetooptical phenomena in
1890, as Lorentz’s assistant at the University of Leiden. The first phenome-
non he investigated was the Kerr effect—the rotation of the plane of po-
larization of light upon reflection from a magnetized substance. The
investigation of this phenomenon was also the subject of his doctoral disser-
tation, which he completed in 1893, under the supervision of Kamerlingh
Onnes.” In the course of that research he made an unsuccessful attempt to
detect the influence of a magnetic field on the sodium spectrum.'® Several
years later, inspired by reading “Maxwell’s sketch of Faraday’s life” and find-
ing out that “Faraday thought of the possibility of the above mentioned re-
lation [between magnetism and light],” he thought that “it might yet be
worthwhile to try the experiment again with the excellent auxiliaries of the
spectroscopy of the present time.”!" This time the experiment turned out to
be a success.'”

Zeeman placed the flame of a Bunsen burner between the poles of an
electromagnet and held a piece of asbestos impregnated with common salt in
the flame. After turning on the electromagnet, the two D-lines of the sodium
spectrum, which had been previously narrow and sharply defined, were
clearly widened. In shutting off the current the lines returned to their former
condition. Zeeman then replaced the Bunsen burner with a flame of light gas
fed with oxygen and repeated the experiment. The spectral lines were again
clearly broadened. Replacing the sodium by lithium he observed the same
phenomena.

Zeeman was not convinced that the observed widening was due to the
action of the magnetic field directly upon the emitted light. The effect could
be caused by an increase of the radiating substance’s density and temperature.
As noted by Zeeman, a similar phenomenon had been reported by Pringsheim
in 1892." Since the magnet caused an alteration of the flame’s shape, a subse-
quent change of the flame’s temperature and density was also possible. To ex-
clude this possibility, Zeeman tried another more complicated experiment.
He put a porcelain tube horizontally between the poles of the electromagnet,
with the tube’s axis perpendicular to the direction of the magnetic field (fig-
ure 5.1). Two transparent caps were attached to each terminal of the tube and
a piece of sodium was introduced into the tube. Simultaneously the tube’s
temperature was raised by the Bunsen burner. At the same time the light of an
electric lamp was guided by a metallic mirror to traverse the entire tube.

In the next stage of the experiment the sodium, under the action of the
Bunsen flame, began to gasify. The absorption spectrum was obtained by means
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of the Rowland grating and finally the two sharp D-lines of sodium were ob-
served. The heterogeneity of the density of the vapor at different heights of the
tube produced a corresponding asymmetry in the lines’ width, making them
thicker at the top. By activating the electromagnet the lines became broader and
darker. When it was turned off the lines recovered their initial form.

Zeeman, however, was still skeptical about whether the experiment’s
purpose, to demonstrate the direct effect of magnetism on light, had been ac-
complished. The temperature difference between the upper and lower parts
of the tube was responsible for the heterogeneity of the vapor’s density. The
vapor was denser at the top of the tube and, since their width at a certain
height depended on the number of incandescent particles at that height, the
spectral lines were therefore thicker at the top. It was conceivable that the ac-
tivation of the magnetic field could give rise to differences of pressure in the
tube of the same order of magnitude and in the opposite direction to those
produced by the differences of temperature. If this were the case, the action
of magnetism would move the denser layers of vapor toward the bottom of
the tube and would alter in this way the width of spectral lines without in-
teracting directly with the light that generated the spectrum.

To exclude the possibility of these phenomena, which would under-
mine the experiment’s aim, Zeeman performed a more refined experiment.
He used a smaller tube and heated it with a blowpipe to eliminate disturbing
temperature differences. Moreover, he rotated the tube around its axis and
thus achieved equal densities of sodium vapor at all heights. The D-lines were
now uniformly wide along their whole length. The subsequent activation of
the electromagnet resulted in their uniform broadening.

Zeeman was by then nearly convinced that the outcome of his experi-
ments was due to the influence of magnetism directly upon the light emitted
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or absorbed by sodium: “The different experiments . . . make it more and
more probable, that the absorption—and hence also the emission—lines of
an incandescent vapor, are widened by the action of magnetism.”"* The sen-
tence immediately following is instructive with respect to the theoretical sig-
nificance of Zeeman’s experimentation: “Hence if this is really the case, then
by the action of magnetism in addition to the free vibrations of the atoms, which
are the cause of the line spectrum, other vibrations of changed period appear”'®
(emphasis added). It is evident that Zeeman identified the origin of spectral
lines with the vibration of atoms. H. A. Lorentz, Zeeman’s mentor and col-
laborator, had developed a theory of electromagnetic phenomena that ac-
counted for the emission of light in this way. As the above excerpt indicates,
Lorentz’s theory could be used to provide a theoretical understanding of Zee-
man’s experimental discovery. As it turned out, that theory guided Zeeman’s
subsequent experimental researches and was, in turn, shaped by them. Let us
examine more closely the state of Lorentz’s theory at that time.

LorENTZ’S THEORY OF “IONS” AND ITS IMPACT ON
ZEEMAN’S INVESTIGATIONS

In 1878 Lorentz had already suggested that the phenomenon of dispersion
could be explained by assuming that molecules are composed of charged par-
ticles that may perform harmonic oscillations.'® In 1892 he developed a uni-
fication of the continental and the British approaches to electrodynamics,
which incorporated those particles. From the British approach he borrowed
the notion that electromagnetic disturbances travel with the speed of light.
That s, his theory was a field theory that dispensed with action-at-a-distance.
From the continental approach he borrowed the conception of electric
charges as ontologically distinct from the field. Whereas in Maxwell’s theory
charges were mere epiphenomena of the field, in Lorentz’s theory they be-
came the sources of the field."”

The aim of Lorentz’s combined approach, in 1892, was to analyze elec-
tromagnetic phenomena in moving bodies. That analysis required a model of
the interaction between matter and ether. The notion of “charged particles”
provided him with a means of handling this problem.'® The interaction in
question could be understood if one reduced all “electrical phenomena to
[. .. the] displacement of these particles.”'” The movement of a charged par-
ticle altered the state of the ether which, in turn, influenced the motion of
other particles. Furthermore, macroscopic charges were “constituted by an
excess of particles whose charges have a determined sign, [and] an electric
current is a true stream of these corpuscles.”?® This proposal was similar to the
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familiar conception of the passage of electricity through electrolytic solutions
and metals.

It is worth pointing out that in the last section of his 1892 paper Lorentz
deduced a formula for the velocity of light in moving media that had been
derived by Fresnel on the assumption that the ether was dragged by moving
matter. Lorentz’s derivation, however, discarded that assumption and capital-
ized on the influence of light on moving charged particles. The latter were
forced to vibrate by the ethereal waves constituting light and gave rise to a
complex interaction that produced the effect named after Fresnel. Lorentz’s
analysis enhanced considerably the credibility of his theory and facilitated the
acceptance of his “charged particles” as real entities.”'

In 1895 he explicitly associated those particles with the ions of elec-
trolysis.** The transformation of “ions” to “electrons” took place as a result
of Zeeman’s experimental discovery, which after its initial stage was domi-
nated by Lorentz’s theory. To understand how this transformation took place
it is necessary to examine Lorentz’s theoretical analysis of Zeeman’s initial re-
sults and its role in guiding further Zeeman’s experimental research. The first
form of that analysis is recorded in Zeeman’s second paper on his celebrated
discovery.?* Zeeman initially thought that Lorentz’s theory could provide an
explanation of his experimental results. Thus, he asked Lorentz to provide a
quantitative treatment of the influence of magnetism on light:

Prof. Lorentz to whom I communicated these considerations, at once
kindly informed me of the manner, in which according to his theory the
motion of an ion in a magnetic field is to be calculated, and pointed out to
me that, if the explanation following from his theory was true, the edges
of the lines of the spectrum ought to be circularly polarized. The amount
of widening might then be used to determine the ratio of charge and mass
to be attributed in this theory to a particle giving out the vibrations of light.

The above mentioned extremely remarkable conclusion of Prof.
Lorentz relating to the state of polarization in the magnetically widened
line, I have found to be fully confirmed by experiment.**

As I mentioned above, the emission of light, according to Lorentz, was
a direct result of the vibrations of small electrically charged particles (“ions”),
which exist in all material bodies. In the absence of a magnetic field an “ion”
would oscillate about an equilibrium point under the action of an elastic
force. The influence of a magnetic field would alter the mode of vibration of
the “ion.” Suppose that an “ion” is moving in the xy-plane under the action
of a uniform magnetic field which is parallel to the z-axis. The equations of
motion are:
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m— = —k*x + eHl,
dr? t
2
mdy =—k2y—eHd—x,
dr? dt

where e and m are the charge and the mass of the “ion” respectively and H is
the intensity of the magnetic field. The first term on the right side of the
equations denotes the elastic force and the second term represents the force
due to the magnetic field (the “Lorentz” force). Assuming that

x = ae'and y = Be”,
we get

ms?a = —k?a + eHs3,

ms*3 =—k*B — eHsa.

In the absence of a magnetic field (H = 0), we can easily obtain the period of
vibration of the ion:
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When a magnetic field is present the period becomes

czi By o 2mmfyy
\m 2k'm k 2k\'m

It follows that

7 -T eH e HT

T 2kdm  m 4w

1

The physical implications of this analysis are as follows:*> In the general
case, the oscillation of the ‘ion’” has an arbitrary direction in space. In the ab-
sence of a magnetic field the motion of the ‘lon’ can be resolved into three
components: a linear oscillation and two circular oscillations in a plane per-
pendicular to the first. All three oscillations have the same frequency, and the
two circular ones have opposite directions. When a magnetic field is present,
the oscillations along the direction of the field remain unaltered. But one of
the circular components is accelerated, while the other is retarded. Thus, un-
der the influence of magnetism the charged particle will yield three distinct
frequencies. If the particle is observed along the direction of the field a dou-
blet of lines will be seen. Each line represents circularly polarized light. If it
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is observed in a direction perpendicular to the field, a triplet of lines will be
seen. The middle component represents plane-polarized light, its plane of
polarization being parallel to the field. The two outer components also rep-
resent plane-polarized light, but their plane of polarization is perpendicular
to the field.

All these theoretical expectations were subsequently confirmed by ex-
periments designed specifically to detect them. In the same paper that con-
tained Lorentz’s analysis Zeeman confirmed that the polarization of the edges
of the broadened lines followed the theoretical predictions. Lorentz consid-
ered the confirmation of his predictions as “direct proof for the existence of

ions.”?°

Furthermore, Zeeman estimated the order of magnitude of the ratio
e/m. As we saw, the change in the period of vibration of an ‘ion’” due to the
influence of a magnetic field depends on e/m (see equation 1 above). Thus,
the widening of spectral lines, which is a reflection of the alteration in the
mode of vibration of an ‘ion,’ is proportional to the ‘ionic’ charge to mass ra-
tio. According to Zeeman’s approximate measurements a magnetic field of
10000 Gauss produced a widening of the D-lines equal to 2.5 percent of their
distance. From the observed widening of the spectral lines, Zeeman calcu-
lated (using equation 1) e/m, which turned out to be unexpectedly large (107
e.m.u.). As he recalled, when he announced the result of his calculation to
Lorentz, the latter’s response was: “That looks really bad; it does not agree at
all with what is to be expected.””’

It should be noted that this was the first estimate of the charge to mass
ratio of the ‘ions’ that indicated that the ‘ions’ did not refer to the well-
known ions of electrolysis, but corresponded instead to extremely minute
subatomic particles. J. J. Thomson’s measurement of the mass-to-charge ra-
tio of the particles that constituted cathode rays was announced several
months later and was in close agreement with Zeeman’s result.?® It is worth
pointing out that the priority of Zeeman over Thomson was not always ac-
knowledged. Oliver Lodge, for instance, claimed that Zeeman’s results were
obtained after Thomson’s measurements.* Not surprisingly, Zeeman did not
appreciate that remark. In a letter to Lodge, praising “your book on elec-
trons” and thanking him for being “kind enough to send me a copy,” he de-
fended his priority over Thomson:

May I make a remark concerning the history of the subject? On p. 112 of
your book you mention that the small mass of the electron was deduced
from the radiation phenomena in the magnetic field, the result “being in
general conformity with J. J. Thomson’s direct determination of the mass
of an electron some months previously.” 1 think, my determination of e/m
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being of order 107 has been previous to all others in this field. My paper
appeared in the “Verslagen” of the Amsterdam Academy of October and
November 1896. It was translated in the “Communications from the Ley-
den Laboratory” and then appeared in the Phil. Mag. for March 1897. Prof.
Thomson’s paper on cathode rays appeared in the Phil. Mag. for October
1897. [Emphasis in the original.]*

Even though Zeeman neglected to mention that an early report of Thom-
son’s measurements appeared in April 1897,°' his complaint was justified.
Thomson’s supposed priority, however, continued to be promoted. In 1913,
for instance, Norman Campbell erroneously suggested that Thomson’s mea-
surement of the charge to mass ratio of cathode ray particles preceded Zee-
man’s estimate of e/m.*> Millikan also spread the same mistaken view.*

The splitting of lines was initially observed by Zeeman in 1897.>* In-
stead of sodium he had used cadmium. Its indigo line was found to split into
a doublet or triplet depending on whether the light was emitted in a direc-
tion parallel or perpendicular to the magnetic field. This stage of Zeeman’s
experimentation was dominated completely by the theoretical insight of
Lorentz. Lorentz’s theoretical anticipations led to new aspects of the novel
phenomenon. The refinement of the experiment, however, soon led to the-
oretical advances. For instance, from the direction of polarization of the
higher frequency component of the doublet Zeeman inferred that the charge
of the ‘ions’ was negative.”> Moreover, he gave a more accurate value of e/m
and finally, by considering this unexpectedly large ratio, he was able to dis-
tinguish the ‘ions’ from the electrolytical ions.

As aresult of Zeeman’s discovery, the assumption that the radiating par-
ticles were as massive as hydrogen ions was abandoned and Lorentz’s theory
of ions was subsequently transformed into his theory of electrons. Zeeman’s
discovery had a similar effect on the transformation of the “ion’s” British
counterpart—the electron, as is testified to by Joseph Larmor’s work.*®

LARMOR’S “ELECTRON” AND ITS TRANSFORMATION BY
ZEEMAN’S DISCOVERY

The name ‘electron’ was introduced by George Johnstone Stoney in 1891 to
denote an elementary quantity of electricity.’” At the Belfast meeting of the
British Association in 1874 he had already suggested that “Nature presents us
in the phenomenon of electrolysis, with a single definite quantity of elec-
tricity which is independent of the particular bodies acted on.”** In 1891 he
proposed that “it will be convenient to call [these elementary charges] elec-
trons.”* Stoney’s electrons were permanently attached to atoms, that is, they
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could “not be removed from the atom,” and each of them was “associated in
the chemical atom with each bond.” Furthermore, their oscillation within
molecules gave rise to “electromagnetic stresses in the surrounding aether.”*’

In 1894 Stoney’s electron was appropriated by Joseph Larmor, “at the
suggestion of G. F. FitzGerald,”*' to resolve a problem situation that had
emerged in the context of the Maxwellian research tradition.*> Larmor’s
adoption of the electron represented the culmination (and perhaps the aban-
donment) of that tradition. A central aspect of the research program initiated
by Maxwell was that it avoided microscopic considerations altogether and fo-
cused instead on macroscopic variables (e.g., field intensities). This macro-
scopic approach ran into both conceptual and empirical problems. Its main
conceptual shortcoming was that it proved unable to provide an understand-
ing of electrical conduction. Its empirical defects were numerous: “It could
not explain the low opacity of metal foils, or dispersion, or the partial drag-
ging of light waves by moving media, or a number of puzzling magnetoop-
tic effects.”’® It was in response to these problems that Larmor started to
develop a theory whose aim was to explain the interaction between ether and
matter.

The first stage in that development was completed with the publication
of “A Dynamical Theory of the Electric and Luminiferous Medium. Part I”
in August 1894.* Its initial version was submitted to the Philosophical Trans-
actions on 15 November 1893 and was revised considerably in the months
that preceded its publication under the critical guidance of FitzGerald. What
is crucial here is that the published version concluded with a section, added
on 13 August, titled “Introduction of Free Electrons.”*

According to Larmor’s representation of field processes, “the electric
displacement in the medium is its absolute rotation . . . at the place, and the

% For a medium to be

magnetic force is the velocity of its movement. . .
able to sustain electric displacement it must have rotational elasticity. In the
original formulation of his theory conductors were conceived as regions in
the ether with zero elasticity, since Larmor had “assumed that the electro-
static energy is null inside a conductor.”* Conduction currents were re-
garded, in Maxwellian fashion, as mere epiphenomena of underlying field
processes and were represented by the circulation of the magnetic field in the
medium encompassing the conductor.

To explain electromagnetic induction, Larmor had to find a way in
which a changing electric displacement would change that circulation. If
conductors were totally inelastic, a changing displacement in their vicinity
could not affect them.* Therefore, Larmor had to endow conductors with
the following peculiar feature: they were supposed to contain elastic zones
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that were affected by displacement currents and were the vehicle of electro-
magnetic induction. This implied that in conductors the ether had to be rup-
tured, a consequence strongly disliked by Larmor. This problem could be
circumvented, however, if one assumed that the process of conduction
amounted to charge convection.* As he remarked,

If you make up the world out of monads, electropositive and electronega-
tive, you get rid of any need for such a barbarous makeshift as rupture of
the aether . . . . A monad or an atom is what a geometer would call a “sin-
gular point” in my aether, i.e., it is a singularity naturally arising out of its
constitution, and not something foreign to it from outside.*

There was another conceptual problem related to the phenomenon
of electromagnetic induction. Larmor had initially appropriated William
Thomson’s conception of atoms as vortices in the ether, and he suggested that
magnetism was due to closed currents within those atoms (already postulated
by Ampere).>" FitzGerald pointed out, however, that currents of this kind
would not be affected by electromagnetic induction, since the ether could
not get a hold on them. To solve this problem, Larmor suggested that the cur-
rents in question were unclosed. In connection with this issue FitzGerald sent
aletter to Larmor which provided the inspiration for the introduction of the
electron:>?

I don’t see where you require a discrete structure except that you say that it
is required in order to make the electric currents unclosed, yet I think that
electrolytic and other phenomena prove that there is this discrete structure
and you do require it, where you don’t call attention to it, namely where
you speak of a rotational strain near an atom. You say that electric currents
are unclosed vortices but I can't see that this necessitates a molecular structure
because in the matter the unclosedness might be a continuous peculiarity
so far as I can see. That it is molecular is due to the molecular constitution
of matter and not to any necessity in your theory of the ether.*?

FitzGerald’s point was that the discrete structure of electricity was an inde-
pendently established fact that did not follow from Larmor’s theory, but had
to be added to it.

In a few months Larmor reconstructed his theory on the basis of Fitz-
Gerald’s suggestion. Currents were now identified with the transfer of free
charges (“monads”), which were also the cause of magnetic phenomena. Those
charges had the ontological status of independent entities and ceased to be
epiphenomena of the field. Furthermore, material atoms were represented
as stable configurations of electrons. In Larmor’s words,
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the core of the vortex ring [constituting an atom] . . . [is] made up of dis-
crete electric nuclei or centres of radial twist in the medium. The circula-
tion of these nuclei along the circuit of the core would constitute a vortex

.. its strength is now subject to variation owing to elastic action, so that
the motion is no longer purely cyclic. A magnetic atom, constructed after
this type, would behave like an ordinary electric current in a nondissipa-
tive circuit. It would, for instance, be subject to alteration of strength by
induction when under the influence of other changing currents, and to re-
covery when that influence is removed.

Thus, the problem that FitzGerald had brought up disappeared, since the
ether could now get a hold on the core of the vortex ring and the atomic cur-
rents could be influenced by electromagnetic induction.

In July 1894 FitzGerald suggested the word “electron” to Larmor, as a
substitute for the familiar “ion.” In FitzGerald’s words, Stoney “was rather
horrified at calling these ionic charges ‘ions.” He or somebody has called
them ‘electrons’ and the ion is the atom not the electric charge.”>® This was
the first hint of the need for a distinction between the entities introduced by
Larmor and the well-known electrolytical ions. This distinction was ob-
scured, however, by the fact that the effective mass of Larmor’s electrons was
of the same order of magnitude with the mass of the hydrogen ion. In this
respect the subsequent discovery of the Zeeman effect was crucial, since it in-
dicated that the electron’s mass was three orders of magnitude smaller than
the ionic mass (see below for details).

Larmor’s “electrons” were conceived as permanent structures in the
ether with the following characteristics:

An electron has a vacuous core round which the radial twist is distributed.
... It may be set in radial vibration, say pulsation, and this vibrational en-
ergy will be permanent, cannot possibly be radiated away. All electrons be-
ing alike have the same period: if the amplitudes and phases are also equal
for all at any one instant, they must remain so . . . Thus an electron has the
following properties, which are by their nature permanent

(1) its strength [= electric charge]
ii) its amplitude of pulsation
p p

(11) the phase of its pulsation.

These are the same for all electrons. . . . The equality of (i) and (iii) for all
electrons may be part of the pre-established harmony which made them all
alike at first,—or may, very possibly, be achieved in the lapse of aecons by
the same kind of averaging as makes the equalities in the kinetic theory of
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gases.
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Furthermore, he suggested that they were universal constituents of matter.
He had two arguments to that effect. First, spectroscopic observations in as-
tronomy indicated that matter “is most probably always made up of the same
limited number of elements.””” This would receive a straightforward expla-
nation if “the atoms of all the chemical elements [were] to be built up of
combinations of a single type of primordial atom.”*® Second, the fact that the
gravitational constant was the same in all interactions between the chemical
elements indicated that “they have somehow a common underlying origin,
and are not merely independent self-subsisting systems.”>

Larmor’s electronic theory of matter received strong support from
experimental evidence. First, it could explain the Michelson-Motley ex-
periment. Inspired by Lorentz, Larmor managed to derive the so-called
FitzGerald contraction hypothesis, which had been put forward to accom-
modate the null result of that experiment.” As he mentioned in a letter to
Lodge, “I have just found, developing a suggestion that I found in Lorentz,
that if there is nothing else than electrons—i.e., pure singular points of
simple definite type, the only one possible, in the aether—then movement
of a body, transparent or opaque, through the aether does actually change its di-
mensions, just in such way as to verify Michelson’s second order experi-
ment.”*! Second, Fresnel had suggested that the ether was dragged by moving
matter and had derived from this hypothesis a formula for the velocity of light
in moving media. Larmor’s theory was able to reproduce Fresnel’s result:
“The application [of electrons] to the optical properties of moving media
leads to Fresnel’s well known formula.”*

The introduction of the electron initiated a revolution that resulted in the
abandonment of central features of Maxwellian electrodynamics. Although in
Larmor’s theory, as in Maxwell’s, the concept of charge was explicated in terms
of the concept of the ether, there were significant differences between the two
electromagnetic theories. In contrast to Maxwellian theory which did not attrib-
ute independent existence to charges, in Larmor’s theory the electron acquired
an independent reality. Furthermore, the macroscopic approach to electromag-
netism was jettisoned and microphysics was launched. Conduction currents were
represented as streams of electrons and dielectric polarization was attributed to
the polarizing effect of an electric field on the constituents of molecules.

Larmor’s “electron” was transformed as a result of Zeeman’s discovery.
Before that discovery, Larmor thought that a magnetic widening of spectral
lines would be beyond experimental detection. The widening in question
was proportional to the charge-to-mass ratio of the electron and, on the as-
sumption that “electrons were of mass comparable to atoms,” he was led to
“the improbability of an observable effect.”® Larmor’s reaction to an an-
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nouncement of Zeeman’s discovery in Nature® shows that he immediately
realized its far-reaching implications with respect to the characteristics of the
electron. In a letter to Lodge, asking him to confirm Zeeman’s results, he

writes:
There is an experiment of Zeeman’s . . . which is fundamental + ought to
be verified. . . . It demonstrates that a magnetic field can alter the free pe-

riod of sodium vapor by a measurable amount. I have had the fact as I be-
lieve it is (on my views) before my mind for months . . . [but] it never
occurred to me that it could be great enough to observe: and it needs a lot
of proof that it is s0.%

Several days later he was even more skeptical about the possibility of observ-
ing the effect: “I don't expect you will find the effect all the same. The only
theory I have about it is that it must be extremely small.”*® Lodge managed
to reproduce Zeeman’s results and informed Larmor of his success several
weeks after Larmor’s initial request: “Did I tell you that I had verified Zee-
man’s result, to the extent of seeing the broadening of a Na line from a flame
between magnetic poles. It is a small effect though.”*’
The implications of Zeeman’s discovery were clear for Larmor:

in an ideal simple molecule consisting of one positive and one negative
electron revolving round each other, the inertia of the molecule would
have to be considerably less than the chemical masses of ordinary mole-
cules, in order to lead to an influence on the period, of the order observed
by Dr. Zeeman.®

Furthermore, Zeeman’s result and his subsequent estimate of e/m enabled
Larmor and Lodge to determine a property of the electron that had been left
unspecified in Larmor’s theory, the electron’s size. The value of ¢/m obtained
by Zeeman together with the concept of electromagnetic mass made possible
an estimate of the electron’s size. The concept of electromagnetic mass was
introduced by J. J. Thomson in 1881. A charged spherical body would pos-
sess, besides its material mass, an additional inertia due to its charge. The
value of that inertia would depend on pe?/a, where p was the magnetic per-
meability of the ether and a the radius of the sphere.®” Now assuming that the
electron’s mass was purely electromagnetic, one could calculate its size.
Lodge performed the calculation and asked Larmor whether the result that
he obtained was acceptable: “Zeeman’s e/m = 107 means if m = 2e®/3a that
a= 10" ... 1is this too small for an electron?” "

Larmor’s reply is very revealing with respect to the process that led to
the construction of the concept of the electron:
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I don’t profess to know a priori anything about the size or constitution of
an electron except what the spectroscope may reveal. I do assert that a log-
ical aether theory must drive you back on these electrons as the things
whose mutual actions the aether transmits : but for that general purpose
each of them is a point charge just as a planet is an attracting point in grav-
itational astronomy. But as regards their constitution am inclining to the
view that an atom of 10® c¢m is a complicated sort of solar system of re-
volving electrons, so that the single electron is very much smaller, 107
would do very well—is in fact the sort of number I should have guessed.”

So, originally the concept of the electron was arrived in an a priori fashion,
that is, as a solution to a theoretical problem. The remaining task was to con-
struct its properties so as to accommodate the available empirical evidence.
The size of the electron, for instance, was calculated by Lodge so as to “at-
tain Zeeman’s quantitative result.””?

Larmor’s detailed analysis of the Zeeman effect was completed by No-
vember 8, 1897.7 Larmor considered “a single ion e, of effective mass M, de-
scribing an elliptic orbit under an attraction to a fixed centre proportional to

the distance therefrom.””*

If a magnetic field was introduced, Larmor proved,
by solving the corresponding equations of motion, that instead of the origi-
nal frequency of vibration three distinct ones would appear: one of them
would coincide with the original, whereas the other two would be shifted by
an amount equal to £eH/4mMc2. A “striking feature” of Larmor’s analysis was
“that the modification thus produced is the same whatever be the orientation
of the orbit with respect to the magnetic field.””> This feature resulted from
a general theorem that he had managed to prove a few weeks before he sub-

mitted his paper to the Philosophical Magazine. In his words,

the following math prop is true:—Consider any system of (say) negative
ions, with charges proportional to their effective masses, attracting each
other according to some laws & attracted to fixed centres anywhere on the
axes of the magnetic field: then their motion when the magnetic field is
turned on relative to an observer fixed is the same as when it was off rela-
tive to an observer attached to a frame rotating round the axe of the field
H with ang. velocity eH/Mc? where e/M is the constant charge/mass and
cis the velocity of radiation.”

In this respect Larmor’s analysis was superior to Lorentz’s less general expla-
nation of the results obtained by Zeeman. In other respects, such as the po-
larization of the emitted spectral lines, Larmor reached identical conclusions
to those obtained by Lorentz (see above). Larmor’s analysis, in conjunction
with Zeeman’s experiments, enabled the approximate estimate of ¢/M. As it
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turned out, “the effective mass of a revolving ion, supposed to have the full
unitary charge or electron, is about 107 of the mass of the atom.”””

As a result of Larmor’s work and the support that it received by Zee-
man’s experiments, by 1898 the electron had become an essential ingredient
of British scientific practice in the domain of electromagnetism.”

To summarize here, Zeeman’s discovery was crucial with respect to the
“discovery of the electron” in three respects. First, it provided direct empir-
ical support for Lorentz’s and Larmor’s postulation of the ion-electron. As
Zeeman remarked, it “furnishes, as it occurs to me, direct experimental evi-
dence for the existence of electrified ponderable particles (electrons) in a
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flame.””” Second, it led to an approximately correct value of a central prop-

erty of the electron, namely its charge to mass ratio. The small value of that
ratio indicated that Lorentz’s “ions” were different from the ions of electrol-
ysis and, thus, led to a revision of the taxonomy of the unobservable realm.
‘Whereas before Zeeman’s experiments the term “ions” denoted the ions of
electrolysis as well as the entities producing electromagnetic phenomena, af-
ter those experiments the extension of the term was restricted to the ions of
electrolysis. That is why Lorentz started using the expression “light-ions” to
refer to the entities of his electromagnetic theory,® and later adopted the
term “electrons.”®' Third, Zeeman’s results in conjunction with Lorentz’s
analysis of optical dispersion led to an estimate of the light-ion’s mass. In par-
ticular, using his equations for dispersion Lorentz expressed the light-ion’s
mass as a function of e/m. By substituting Zeeman’s estimate of that ratio, he
obtained a value of the mass in question that was approximately 350 times
smaller than the mass of the hydrogen atom.*

The significant contributions of Zeeman, Lorentz, and Larmor to the
acceptance of the electron as a subatomic constituent of matter might
(mis)lead us to the opinion that they should be given credit for the “discov-
ery” of the electron. In fact, some have adopted this view. As early as 1901,
Walter Kaufmann suggested that the existence of the electron had been es-
tablished by Zeeman’s discovery.*> More recently, according to “the opinion
of Leiden physicists, as told to me by H. B. G. Casimir, . . . Lorentz was the
“discoverer” of the electron.”® This view is subject to all the historiograph-
ical and philosophical problems that I have pointed out elsewhere in con-
nection with the attribution of the electron’s discovery to J. J. Thomson.*> To
begin with, we have no adequate philosophical theory of scientific discovery
that could be used to justify the attribution of the electron’s discovery to Zee-
man. Furthermore, and more importantly, from the point of view of the
physics community at that time Zeeman’s experimental discovery did not es-
tablish, beyond doubt, belief in the existence of electrons.®
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It should be clear that the purpose of the preceding narrative was not
to settle a priority question and suggest that it was Zeeman, as opposed to
Thomson, who discovered the electron. On the contrary, this narrative in
conjunction with narratives about Thomson can help us to reconsider the
historiographical issues related to the “discovery of the electron.” What these
narratives tell depends on the philosophical perspective adopted with respect
to scientific realism and scientific discovery. One thing is, however, clear. The
electron was not discovered by any particular scientist. The concept of the
electron was introduced in physics in the early 1890s and was gradually trans-
formed as a result of various theoretical and experimental developments in
the context of electromagnetic theory and in the study of the discharge of
electricity in gases. Several physicists, theoreticians and experimentalists
provided evidence that supported the electron hypothesis. The most that can
be said about one of those, say Zeeman, is that his contribution to the ac-
ceptance of the electron hypothesis was significant.
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THE ELECTRON, THE PROTYLE, AND THE UNITY OF MATTER
Helge Kragh

In 1930, in an account of his recently proposed theory of holes, Paul Dirac
emphasized the attractiveness of his belief that “the electron and proton are
really not independent, but are just two manifestations of one elementary
kind of particle.” As he wrote, “It has always been the dream of philosophers
to have all matter built up from one fundamental kind of particle.”! Dirac be-
lieved that the antielectron—a hole in the sea of negative-energy electrons—
could be identified with the proton and that quantum mechanics could in
this way provide an affirmative answer to the age-old question of the unity
of matter. Although it was soon realized that Dirac’s optimism was unwar-
ranted, it is historically important that he appealed to the principle of unity
of matter and that he considered the electron to be the fundamental particle.
Dirac’s shortlived hypothesis was the last attempt to build up matter of elec-
trons alone and it can be regarded as a chapter in the search for the ultimate
constituent of matter that has its roots back in the nineteenth century.

The earliest history of the electron, from about 1880 to 1910, was
characterized by the different roles that the particle played in physical and
chemical phenomena. One may speak of the electrochemical (or Stoney-
Helmholtz) electron, the electrodynamical (or Larmor-Lorentz) electron,
the cathode rays (or Thomson-Wiechert) electron, and the magnetooptical
(or Zeeman-Lorentz) electron.” Only about 1900 did these conceptions con-
verge into a unified picture of the electron. In addition to these “versions”
of the electron, and not quite separable from them, there was what one might
call the Proutean electron, that is, the conception of the electron as the fun-
damental building block of matter. The tentative identification of the elec-
tron with the protyle served as an important stimulus to J. J. Thomson and
other researchers in their conceptualization of the particle. For a decade or
so, believers in the unity of matter hoped to have found in the electron the
protyle that earlier physicists and chemists had speculated about. This theme
in the history of the electron was mainly restricted to Britain, and was char-
acteristic of Thomson in particular. It is around this theme that this present
chapter is structured. I suggest that two lines of development may be usefully



HeLGe KrRaGH 196

distinguished in this area. One line, cultivated by Thomson in particular, fo-
cused on the empirical, negatively charged electron that was first identified
in cathode rays and luminous bodies. The aim here was to build up an elec-
tron theory of matter that could account for physical as well as chemical phe-
nomena. Another line of development, frequently intersecting with the first
one, was more concerned with the electron as a structure in the electromag-
netic field. I shall deal in some detail with the first line, but only cursorily
with the second.

THE PROUTEAN TRADITION

In his Elements of Chemical Philosophy, Humphry Davy speculated that “Mat-
ter may ultimately be found to be the same in essence, differing only in the
arrangements of its particles; or two or three simple substances may produce
all the varieties of compound bodies.”? He even suggested that perhaps hy-
drogen was the true element common to all matter. According to William
Prout’ slightly later hypothesis, first suggested in 1815-16, the chemical el-
ements consisted of multiples of hydrogen atoms. The empirical basis of
Prout’s suggestion was the atomic weights of the elements, claimed to be
multiples of that of hydrogen, but it soon turned out that atomic weight de-
terminations did not favor the hypothesis. Increasingly precise measure-
ments, made by Edward Turner, J6ns Berzelius, Jean-Servais Stas, and many
others showed convincingly that the simple version of Prout’s law was un-
tenable. But experiments were unable to refute certain modifications of
Prout’s idea of the unity of matter, such as the hypothesis that the primary el-
ement was a hypothetical substance with a weight a fraction of that of hy-
drogen. This was what Prout had speculated in 1831 when he suggested that
there was no sufficient reason “why bodies still lower in the scale than hy-
drogen . . . may not exist, of which other bodies may be multiples without
being actually multiples of the intermediate hydrogen.”* This way of pro-
tecting the principle of the unity of matter was supported by several chemists,
including Jean-Baptiste Dumas and Jean Marignac. In the 1870s the general
idea received support from two new sources of knowledge—spectroscopic
investigations of the stars and the periodic table. Although Dmitri Mendeleev
firmly denied that the periodic system had any bearing on the principle of the
unity of matter, many of his colleagues disagreed and tended to see in the
classification a key to understand the unity they believed must exist among
the chemical elements. Norman Lockyer’s astrochemical work led him to
suggest that chemical atoms decomposed into smaller parts at the extreme
stellar temperatures. Both sources greatly stimulated the imagination of
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William Crookes, whose presidential address to the British Association in
1886 was an eloquent defense of a modernized Prouteanism. He referred
approvingly to “the well-known hypothesis of Prout” and suggested that
helium—*all analogy points to its atomic weight being below that of
hydrogen”—was the real protyle.® To Crookes and many others, evidence
from spectroscopy, electrical discharges in gases, the periodic system, and the
chemistry of rare earths indicated that the atoms were composite and possi-
bly consisting of combinations of atoms of some primary matter. Only a mi-
nority of chemists supported subatomism a la Crookes, but the twin ideas of
the complex atom and the unity of matter were considered respectable hy-
potheses by many chemists around 1890. The Danish thermochemist Julius
Thomsen, a typical representative of neo-Prouteanism, emphasized in 1887
that “the atoms of our so-called elements are generated by combination of
the uniform, minimal atoms of a primeval substance.”® According to Victor
Meyer, in an address of 1895: “The complex nature of the elements, though
unproved at the present time, must today be counted as a well-founded
hypothesis which we are justified to choose as starting point for further
research.”’

It was mostly chemists who were fascinated by Prout’s hypothesis, but
there were also physicists and astronomers who speculated about the unity
and evolution of matter and the possible connections with the nature of elec-
tricity. Such ideas resonated with the Zeitgeist and found their way even to
the earth sciences.® In March 1897, shortly before J. J. Thomson announced
his discovery of the electron, Arthur Schuster declared that “most of us [phys-
ical scientists] are convinced in our innermost hearts that matter is ultimately
of one kind, whatever ideas we may have formed as to the nature of the pri-
mordial substance. That opinion is not under discussion.”” The Proutean
dream was shared by many scientists all over Europe and North America, yet,
as Crookes said in 1903, “This dream has been essentially a British dream,
and we have become speculative and imaginative to an audacious extent, al-
most belying our character of a purely practical nation.” According to
Crookes:"

The notion of impenetrable mysteries has been dismissed. A mystery is a
thing to be solved—"‘and man alone can master the impossible.” There has
been a vivid new start. Our physicists have remodeled their views as to the
constitution of matter and as to the complexity if not the actual decom-
posibility of the chemical elements. To show how far we have been pro-
pelled on the strange new road, how dazzling are the wonders that waylay
the researcher, we have but to recall—matter in a fourth state, the genesis
of the elements, the dissociation of the chemical elements, the existence of
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bodies smaller than atoms, the atomic nature of electricity, the perception
of electrons, not to mention other dawning marvels far removed from the
lines of thought usually associated with English chemistry.

The results obtained by J. J. Thomson about the turn of the century were ev-
idently an important source of Crookes’ dream. And Thomson was evidently
one of Crookes’ speculative and imaginative scientists.

According to the vortex atomic theory, introduced by William Thom-
son (Lord Kelvin) in 1867 and developed by many British mathematical physi-
cists until the end of the century, the atoms were vortical modes of motion of
a primitive and perfect fluid, the ether. This kind of theory became quite pop-
ular and formed the basis of The Unseen Universe, Balfour Stewart’s and Peter
Guthrie Tait’s influential account of Victorian philosophy of nature." The
theory of vortices and knots was mathematically complex, but also physically
appealing. Tait, who in 1876—77 investigated the vortex theory in great de-
tail, believed that it might prove as useful for chemistry as for physics and
mathematics.’> Young J.J. Thomson agreed. In his Adams Prize essay of
1882, he greatly developed Kelvin’s vortex theory and related his results to
such chemical problems as affinity and chemical combination and affinity."”

It has often been pointed out that Thomson’s early work with the vor-
tex atom provided him with a framework of thinking that was of direct im-
portance to his later interpretation of the cathode rays experiments in terms
of streams of electrons. To Thomson, vortex atoms and electron atoms were
more than mere analogies. For one thing, much of the mathematical analysis
underlying Thomson’s complicated calculations in 1882 was taken over al-
most directly in his model of the electron atom in the early years of the twen-
tieth century. For another thing, the vortex theory functioned as an exemplar
both in a methodological and an ontological sense. It was a highly attractive
theory because it built on minimum assumptions, avoided ad hoc hypothe-
ses, and operated with only one kind of primeval substance, the same that
filled empty space and made up atoms of matter. The methodological ad-
vantage of the vortex atom theory had been highlighted already by Max-
well."* Although the theory “cannot be said to explain what matter is, since
it postulates the existence of a fluid possessing inertia,” Thomson consid-
ered the vortex atom to be “evidently of a very much more fundamental char-
acter than any theory hitherto started,” and the one that “enables us to form
much the clearest mental representation of what goes on when one atom
influences another.”"®

In his analysis of several interacting vortex rings, Thomson examined
theoretically the question of stability of vortices arranged at equal intervals
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round the circumference of a circle. Using standard perturbation theory
adopted from celestial mechanics, he found after lengthy calculations a gen-
eral formula that expressed the condition of stability. His general method was
to express the perturbed coordinates as exp(bf) and then to determine the b-
coefficients. If the coefficients were imaginary, the equilibrium system would
have periods of vibration and be stable; for real coefficients a disturbance
would lead to instability. Thomson found in this way that configurations with
n=2,3,4,5, and 6 vortices would be stable, but that 7 vortices on the same
ring could not form a stable system. For larger n he relied on the analogy with
Alfred Mayer’s floating magnets experiment already pointed out by Kelvin in
1878."° Thomson realized that there was no reason why the vortices should
be of equal strength (the product of the velocity of rotation and the section
area), but for reasons of simplicity he assumed that “the atoms of the differ-
ent chemical elements are made up of vortex rings of the same strengths.”
This assumption facilitated the calculations and it also agreed with Thomson’s
inclination toward a unified theory of matter. The methods he used twenty-
one years later, in his electron model of the atom, were similar to those used
in 1883. Both from a methodological and an ontological point of view, the
analogies between the two models are striking.!”

The vortex atom approach greatly influenced Thomson’s thinking
about the complexity of atoms. For example, in 1890 he pointed out the sug-
gestive similarity between Mayer’s configurations of magnetized needles, the
arrangements of columnar vortices, and the periodicity of the chemical ele-
ments: “If we imagine the molecules of all elements to be made up of the
same primordial atom, and interpret increasing atomic weight to indicate an
increase in the number of such atoms, then, on this view, as the number of
atoms is continually increased, certain peculiarities will recur.”'® This was
very much the same view he had held earlier, in connection with the vortex
atom theory; and the same view turned up in his works from 1897 onward,
only now with the primordial atom identified as an electron."” Thomson’s
high appreciation of the vortex atom theory continued even after he had
abandoned the theory and replaced it with a theory of atomic structure based
on electrons. In 1898, shortly after having suggested that atoms consist of
electrons, he praised the vortex theory in a letter to the American physicist
Silas Holman:

I do not know of any phenomenon which is manifestly incapable of being
explained by it [the vortex atom theory]; and personally 1 generally en-
deavour (often without success) to picture to myself some kind of vortex-
ring mechanism to account for the phenomenon with which I am
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dealing. . . . Iregard . . . the vortex-atom explanation as the goal at which
to aim, though I am afraid we know enough about the properties of mol-
ecules to feel sure that the distribution of vortex motion concerned is very
complex.?

Again, in 1907, in a comprehensive account of the mature version of the
electron atom, Thomson admitted that his new atomic theory “is not nearly
so fundamental as the vortex theory of matter, . . . [where] the difference be-
tween matter and non-matter and between one kind of matter and another
is a difference between the kinds of motion in the incompressible liquid at
various places, matter being those portions of the liquid in which there is vor-
tex motion.” But Thomson, although attracted by fundamental theories of
everything, was also a pragmatist: “The simplicity of the assumptions of the
vortex atom theory are, however, somewhat dearly purchased at the cost of
the mathematical difficulties which are met with in its development; and for
many purposes a theory whose consequences are easily followed is preferable
to one which is more fundamental but also more unwieldy.”*'

The important thing to note is that Thomson, from the early 1880s
onward, was convinced that the atom had a complex constitution and that he
was predisposed toward a Proutean unity of matter. The vortex atom theory
can be seen as an extreme case of the Proutean ideal and, although Thomson
and most other researchers abandoned the theory before 1890, the idea of
unity continued to play an important role in his thinking.?* This is further il-
lustrated by Thomson’s “gyrostatic” model of 1895 in which it was supposed
that “atoms have a structure possessing similar properties to those which the
atoms would possess if they contained a number of gyrostats all spinning in
one way round the outwardly drawn normals to their surface.”* This model,
or analogy, included the idea that atoms are composite and that their energy
and charge are determined by the number and configurations of the compo-
nents. In 1883 the components were vortex rings, in 1895 gyrostats, and in
1897 corpuscles. The Proutean theme in Thomson’s thinking is further illus-
trated by his work on x-rays shortly before he turned to cathode rays. In his
attempt to understand the nature of Rontgen’s rays, Thomson once again re-
turned to the idea of atoms composed of identical and primordial particles.
In his Rede Lecture of 10 June 1896, he discussed briefly the absorption of
x-rays: “This appears to favour Prout’s idea that the different elements are
compounds of some primordial element, and that the density of a substance
is proportional to the number of primordial atoms; for if each of these pri-
mordial atoms did its share in stopping the R ontgen rays, we should have that
intimate connection between density and opacity which is so marked a fea-
ture for these rays.”** Even before Thomson made his celebrated 1897 cath-
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ode rays experiments he tried to understand Philipp Lenard’s discovery that
the distance traversed by cathode rays is inversely proportional to the density
of the gas. This suggested to Thomson that the carriers of electricity were
Proutean elements much smaller than hydrogen atoms.*

In his important 1894 memoir on A Dynamical Theory of The Electric and
Luminiferous Medium, Joseph Larmor adopted Johnstone Stoney’s term “elec-
tron” to signify a singularity in the electromagnetic ether. He concluded that
the vortex theory had to be replaced by an electron theory, although his elec-
trons had in fact many features in common with the vortex atoms. In the the-
ory of Larmor, the electrons were introduced to explain electromagnetic and
optical phenomena, and not primarily as constituents of matter. But the role
of electrons as building blocks of chemical atoms was not ignored. Larmor
described electrons as “the sole ultimate and unchanging singularities in the
uniform all-pervading medium” and conceived them as primordial units of

26

matter.”® Before explicitly introducing the electrons, Larmor referred to

LT3

“monads” in a manner clearly reminding of Crookes’ “protyles.” How to ex-
plain the fact that matter is always made up of a small number of the same
chemical elements? Larmor was well acquainted with the Proutean tradition
and referred to the Scottish chemist Thomas Graham, a firm believer in the

unity of matter.”” Larmor’s suggestion was this:**

It would seem that we are almost driven to explain this by supposing the
atoms of all the chemical elements to be built up of combinations of a
single type of primordial atom, which itself may represent or be evolved
from some homogeneous structural property of the aether. . . . We may as-
sume that it is these ultimate atoms, or let us say monads, that form the
simple singular points in the aether; and the chemical atoms will be points
of higher singularity formed by combinations of them. These monads must
be taken to be all quantitatively alike, the one set being, in their dynami-
cal features, simply perversions or optical images of the other set.

This was a view with which Thomson fully agreed. The following year,
1895, Larmor went a step further and suggested “a molecule to be made up
of, or to involve, a steady configuration of revolving electrons.” He noted
that it would then “follow that every disturbance of this steady motion will
involve radiation and consequently loss of energy.”* Larmor used Stoney’s
name electron, but understood the concept quite differently from that of
Stoney, who had first referred to “electron” in 1891 as a quantum of elec-
tric charge associated with a chemical bond. Stoney’s electrons were not
subatomic particles, were not assigned any specific mass or sign of charge
(nor were Larmor’s), and were confined to the interior of the atom.** He be-
lieved that electrons were parts of the atom and that their oscillations were
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responsible for the emitted frequencies of light, but not that the atom was
made up of electrons. “These charges, which it will be convenient to call
electrons,” he wrote in 1891, “cannot be removed from the atom, but they
become disguised when atoms chemically unite.”?! It was only in 1893 that
George FitzGerald pointed out that the electronic oscillators would have to
be of subatomic dimensions.*® Arthur Schuster was another early convert to
Stoney’s electron. He pictured the molecule as including one or more elec-
trons in equilibrium positions and argued that the number of degrees of
freedom must be much smaller than the number of spectral lines. In Janu-
ary 1895 Schuster wrote: “In the existence of the ‘electron’ I firmly believe;
and this necessarily implies a very restricted number of variables.”* Like
Stoney, however he was convinced that the electrons resided safely within
the atom. As he wrote in 1911: “The separate existence of a detached atom
of electricity never occurred to me as possible; and if it had, and had I openly
expressed such heterodox opinions, I should hardly have been considered a
serious physicist, for the limits to allowable heterodoxy in science are soon
reached.””

The electron became a more physical and definite particle in the fall of
1896 when Pieter Zeeman discovered the magnetic influence on the fre-
quency of light and Lorentz explained the phenomenon in terms of electron
theory.” The Zeeman effect, and also studies of electrical conduction and the
optical properties of metals, led Lorentz and others to consider the electron
as a subatomic, negatively charged particle with a mass-to-charge ratio some
1000 times smaller than the electrolytically determined value of hydrogen;
moreover, Lorentz’s negative electron—or “ion” as he called it until 1899—
was capable of existing in a free state. Until 1896, Lorentz and most others
had thought of electrons as corresponding to electrolytic ions, that is, of both
signs of charge and with a mass perhaps equal to that of the hydrogen atom.
Under the impact of Zeeman’s surprisingly small mass-to-charge ratio Lar-
mor reconstructed his electron and his picture of the atom. In May 1897 he
wrote to Lodge that he was inclined “to the view that an atom of 107® cm is
a complicated sort of solar system of revolving electrons, so that the single
electron is very much smaller, 10™"* would do very well—is in fact the sort of
number I should have guessed.”**

Electrical atoms were not new in the 1890s. In publications between
1838 and 1851 Richard Laming, a British chemist and industrialist, hypoth-
esized the existence of subatomic, unit-charged particles and pictured the
atom as made up of a material core surrounded by an “electrosphere” of con-
centric shells of electrical particles.”” Laming’s speculations had similarities

with the approach to electrical theory followed by Rudolf Clausius, Wilhelm
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Weber, Robert Grassmann, Carl von Neumann, Bernhard Riemann,
Friedrich Zéllner, and other German physicists. Weber considered the ether
to consist of positive and negative particles of equal numerical charge orbit-
ing around each other, a picture that resembles Larmor’s ideas from the late
1890s.?® Robert Grassmann, an amateur physicist, developed an elaborate
and highly speculative atomic system based on ether particles consisting of
electrical particles.”” Both Weber and Grassmann thought of their electrical
particles as subatomic constituents not only of ether but also of matter. Their
particles had no definite mass or charge, however, and thus were not ele-
mentary particles in the sense of the later electron. The speculations of We-
ber, Grassmann, and Zollner have their place in the prehistory of the
electron, but it is an isolated place. They received little attention outside
Germany and appear not to have influenced the scientists whose work led to
the discovery of the electron. They did have an influence on Lorentz, how-
ever, whose theory of electrons included the conception of electrical par-
ticles distinct from the field.

THE PROTYLE MATERIALIZED

With Thomson’s cathode-ray experiments of 1897 the electron became a
material reality, an elementary particle, and the basis of a theory of matter.*’
This was an important element in the discovery of the electron, and one that
distinguished Thomson’s discovery from the mass-to-charge ratio (m/¢) mea-
surements made in Germany by Emil Wiechert and Walther Kaufmann. Ac-
cording to Thomson, the electron was the universal building block of matter
in the strong sense that all matter consisted of electrons and only electrons.
Of course, he called the particles “corpuscles” rather than electrons and had
his reasons for it. In 1897 Thomson believed that there was “some evidence
that the charges carried by the corpuscles in the atom are large compared with
those carried by the ions of an electrolyte” and hence that the mass of the cor-
puscle might not be quite as small as indicated by Zeeman’s experiment. He
found it “interesting” that the m/e value of cathode rays was of the same
magnitude as Zeeman’s value of m/e, but did not follow up the remark.*!
From Lenard’s data he argued that the corpuscles were of subatomic dimen-
sions, indeed the primordial elements long sought. In his Royal Institution
lecture of 30 April 1897 he was explicit about the Proutean theme:*?

The assumption of a state of matter more finely divided than the atom of
an element is a somewhat startling one; but a hypothesis that would involve
somewhat similar consequences—viz. that the so-called elements are
compounds of some primordial element—has been put forward from time
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to time by various chemists. Thus, Prout believed that the atoms of all the
elements were built up of atoms of hydrogen, and Mr. Norman Lockyer
has advanced weighty arguments, founded on spectroscopic consideration,
in favour of the composite nature of the elements. Let us trace the conse-
quences of supposing that the atoms of the elements are aggregations of
very small particles, all similar to each other; we shall call such particles cor-
puscles, so that the atoms of the ordinary elements are made up of corpus-
cles and holes, the holes being predominant.

Thomson’s reference to Lockyer’s “weighty arguments” was to the dissocia-
tion hypothesis that Lockyer had recently published and according to which
atoms in hot stars were completely dissociated into “protohydrogen.” Inter-
estingly, two years later Lockyer derived by means of highly speculative ar-
guments that the mass of an atom of protohydrogen was about 1/600 of that
of an ordinary hydrogen atom.** No wonder that Thomson was struck by the
similarity between the hypothetical protohydrogen and the real electron. As
he wrote to Lockyer, “I get for the mass of the small particles with which I
have been dealing values which in different experiments have varied between
1/500 and 1/700 of that of the ordinary atom, so that the two lines of en-
quiry lead to very concordant results.”**

But back to 1897. The identification of the cathode-ray corpuscle with
the free electron in the sense of Larmor and Lorentz was first suggested by
FitzGerald immediately after Thomson had announced his discovery.
FitzGerald argued that the interpretation had the advantage “that it does not
assume the electron to be a constituent part of an atom, nor that we are dis-
sociating atoms, nor consequently that we are on the track of the alchem-
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ists.”* Also Larmor was quick to suggest that Thomson’s corpuscles might

“be simply electrons,” in which case “there would be about 10° electrons

in the molecule”*®

Thomson, however, considered his corpuscles to be
charged material particles and not etherial charges without matter. This was
undoubtedly a main reason why he resisted using the name electron. His ini-
tial resistance to the electron theory appeared in a note of 1899, a reply to a
paper by the Australian physicist William Sutherland: “As far as I can see the
only advantage of the electron view is that it avoids the necessity of suppos-
ing the atoms to be split up; . . . it supposes that a charge of electricity can ex-
ist apart from matter, of which there is as little evidence as of the divisibility
of the atom; and it leads to the view that cathode rays can be produced with-
out the interposition of matter at all by splitting up neutrons into electrons.”*’
In 1901 Thomson still rejected the idea that the mass of the corpuscle was
wholly or mainly electrical in origin. He found the idea “fascinating,” but

contradicted by experiments.* According to Thomson, the atom was not
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merely made up of corpuscles, it could also be broken down into corpuscles.
His atoms were not indivisible entities. In fact, this was what he believed took
place near the cathode in the discharge tube. Rather than considering the
corpuscles to be liberated from the cathode metal, he thought that they re-
sulted from dissociation of the molecules of the gas in the intense electric field
near the cathode. That is, the cathode-ray tube acted as an atomic smasher
and for this reason a remnant gas was necessary.

In his more elaborate version of October 1897, Thomson repeated his
equation between the cathode-ray corpuscles and the primordial subatomic
particles, including a reference to the views of Prout, Lockyer, and “many
chemists.”* The materiality of Thomson’s corpuscles is further underlined by
his initial conception of them as a kind of chemical element. He found that
“the quantity of matter produced by means of the dissociation at the cathode
is so small as to almost preclude the possibility of any direct chemical inves-
tigation of its properties,” but note that he dismissed chemical analysis for
practical reasons and not for reasons of principle. Compared with his April
address, Thomson went a step further, now including a sketch of a more
quantitative atomic theory based on the equilibrium states of a large number
of corpuscles:*

If we regard the chemical atom as an aggregation of a number of primor-
dial atoms, the problem of finding the configurations of stable equilibrium
for a number of equal particles acting on each other according to some law
of force . . . whether that of Boscovich, where the force between them is
a repulsion when they are separated by less than a certain critical distance,
and an attraction when they are separated by a greater distance, or even the
simpler case of a number of mutually repellent particles held together by a
central force—is of great interest in connexion with the relation between
the properties of an element and its atomic weight.

From his earlier work with vortex atoms, Thomson knew the kind of com-
plex calculations that were necessary to determine the stability of the equilib-
rium systems. As he had done in his 1883 essay, he now referred to Mayer’s
experiment as a substitute for the abstruse calculations and cited Mayer’s
polygonal arrangements for up to forty-two magnets as a striking analogy to
the periodic table. Thomson’s daring hypothesis of corpuscles as constituents
of atoms was more controversial than his conclusion about the nature of cath-
ode rays. It was only after 1899, when Thomson and his research students at
the Cavendish succeeded in determining the charge of the corpuscle (and then
also its mass) that the hypothesis received solid empirical confirmation. The
result, that the hydrogen atom was about 700 times as heavy as the corpuscle,



HeLGe KrRaGH 206

was not very precise but it did show that “we have something smaller even
than the atom, something which involves the splitting up of the atom.”! The
near equality of the charge of the corpuscle and that of the electron was an im-
portant factor in the merging of the two concepts that occurred about 1900.
For simplicity I shall hereafter refer to Thomson’s corpuscle as an electron, al-
though Thomson continued to speak and write of corpuscles up to about
1915. Among the few scientists who adopted Thomson’s terminology were
A. C. Jessup and A. E. Jessup, who in a speculative paper of 1908 suggested
that the atoms were formed as a central assemblage of corpuscles surrounded
by a number of satellite corpuscles. “For the sake of distinction from the other
corpuscles we will apply the term ‘electron’ to them,” they wrote.>?

In his mature atomic model developed between 1903 and 1907,
Thomson introduced point-like electrons configured in dynamic equilib-
rium positions in a massless positive fluid.>® The roots of his concept of elec-
trons in a Proutean tradition are particularly clear from his Electricity and
Matter, based on the Silliman lectures of 1903. For example, he used his
model to discuss why the hydrogen atom is the lightest known atom and why
there is only a limited number of chemical elements. In accordance with
Crookes, Sterry Hunt, Thomas Carnelley, and other chemists of a Proutean
inclination, he sought to illuminate these questions by referring to the inor-
ganic evolution that had supposedly formed the elements during the long
cosmic history—"“the theory that the different chemical elements have been
gradually evolved by the aggregation of primordial units.”>* Thomson’s the-
ory was ambitious and monistic, a worthy follower of the vortex atom the-
ory. It aimed at reducing matter to a manifestation of electrons in motion.
But Thomson’s electrons were negatively charged and matter is electrically
neutral, so the scheme appeared to necessitate that the negative electrons
somehow produced effects corresponding to an atomic sphere of positive
electricity. The nature of the positive electricity was a serious problem in
Thomson’s atomic model—in fact, it was its Achilles’ heel.

In the earliest theories of the electron, the particle could be both neg-
atively and positively charged and “positive electron” often referred to any
kind of elementary positive charge, not necessarily a mirror particle of the
negative Zeeman-Thomson electron.® This terminology, used by Lorentz,
Wilhelm Wien, Johannes Stark, and others, was an additional reason that
Thomson preferred to speak of corpuscles rather than electrons. True posi-
tive electrons, of the same mass as the empirically known negative electron,
were frequently discussed from about 1898 to 1906 and they entered some
of the atomic models of the period. Oliver Lodge and James Jeans, among
others, considered the atom to consist of a multitude of interacting positive
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and negative electrons. Experimental evidence for the positive electron was
missing, however, and early claims that positive electrons had been discov-
ered were not accepted by the majority of physicists. By 1907 Norman
Campbell summarized the standard view, namely “if there is one thing which
recent research in electricity has established, it is the fundamental difference
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between positive and negative electricity.”>® The charge dissymmetry was
built into Thomson’s atomic theory, but in the sense that the positive charge,
far from being massive, was considered a ghost-like entity whose only func-
tion was to keep the electrons together. In April 1904 Thomson wrote to

Lodge about his problems and hopes for the sphere of positive electricity:>’

With regard to positive electrification I have been in the habit of using the
crude analogy of a liquid with a certain amount of cohesion, enough to
keep it from flying to bits under its own repulsion. I have however always
tried to keep the physical conception of the positive electrification in the
background because I have always had hopes (not yet realised) of being
able to do without positive electrification as a separate entity, and to replace
it by some property of the corpuscles. When one considers that all the pos-
itive electricity does, on the corpuscular theory, is to provide an attractive
force to keep the corpuscles together, while all the observable properties
of the atom are determined by the corpuscles, one feels, I think, that the
positive electrification will ultimately prove superfluous and it will be pos-
sible to get the effects we now attribute to it, from some property of the
corpuscles.

Thomson never succeeded in explaining the positive electricity as an epiphe-
nomenon. On the contrary, his continued research showed that “the number
of corpuscles must be of the same order as the atomic weight.”*® It followed
that Thomson’s original belief in the mass of the atom being made up of the
masses of the electrons was unjustified. Lodge was acutely aware of the prob-
lem and considered it the main weakness of Thomson’s otherwise attractive
theory. In 1906 Lodge sketched five diftferent possibilities for the structure of
atoms, of which he found Thomson’s model the best offer. Referring to
Thomson’s recent estimate of the number of atomic electrons, however,
Lodge concluded that the Thomson atom had been reduced “to a state of ex-
aggerated uncertainty” and now constituted “the most serious blow yet dealt
at the electric theory of matter.”> The reason was that the positive electricity
had now become ponderable and seemingly defied explanation in terms of
electromagnetic theory. According to this theory, electromagnetic inertia var-
ied inversely with the radius of the charge (as n%¢?/r), meaning that it would
be negligible for the positive sphere as compared with that of a single electron.
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In 1904 Harold Wilson at the Cavendish Laboratory suggested that the alpha
particle might be a “positive electron exactly similar in character to an ordi-
nary negative electron,” a view which could be defended if the alpha particle
was supposed to be much smaller than the electron.® But Thomson’s positive
sphere had atomic dimensions and thus practically no electromagnetic mass.

In 1907 Thomson sketched a modified version of his atomic model.
Characteristically, he illustrated it with “an example taken from vortex mo-
tion through a fluid,” because this “may make this idea clearer”” From the
analogy he concluded that “the system of the positive and negative units of
electricity is analogous to a large sphere connected with vortex filaments
with a very small one, the large sphere corresponding to the positive electri-
fication, the small one to the negative.”®" In this way he explained to his own
satisfaction the large mass of the positive charge. By at the latest 1909 Thom-
son had succumbed to the electromagnetic electron. At the meeting of the
British Association that year he referred to the experiments of Walter Kauf-
mann and Alfred Bucherer on the magnetic deflection of rays of electrons.
These experiments, Thomson said, “have shown [that] the whole of the mass
of the corpuscle arises from its charge.” At that time, under the impact of his
and others’” experiments with positive rays, Thomson was ready to abandon
his original atomic model based on electrons alone. He now suggested that
“the atom of the different chemical elements contain definite units of posi-
tive as well as of negative electricity, and that the positive electricity, like the
negative, is molecular in structure.”®® This meant a farewell to the pure ver-
sion of Prout’s hypothesis.

Independent of Thomson’s determination of the number of electrons,
Lorentz felt it necessary to assume that practically the entire mass of the atom
was made up of the positive sphere, and not vice versa. If the positive elec-
tricity was homogeneous this would preclude an electromagnetic interpreta-
tion of the mass. Not ready to accept such a conclusion, Lorentz mentioned
the possibility “that part of the charge is concentrated in a large number of
small particles whose mutual distances are invariable; in this case the total
electromagnetic mass of the positive charge could have a considerable
value.”® Eight years later, in 1914, Owen Richardson suggested a similar idea
of the positive electricity being composed of positively charged subelectrons
(of which “there is no experimental evidence”) with a numerical charge
small compared with that of the negative electron. By adding the assumption
of'ad hoc non-Coulombian forces, Richardson sketched an electromagnetic,
Thomson-like atomic model in which positive subelectrons “would be reg-
ularly distributed inside [the atom] so that such clusters would behave much
like a continuous distribution of positive electrification.”** Richardson’s sug-
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gestion was not taken seriously and was perhaps not meant to be. At that time
the Bohr-Rutherford atomic model was quickly on its way to gaining gen-
eral acceptance and with it the dream of basing all matter on electrons
vanished.

Thomson’s electron was part of a theory of matter and as closely linked
to chemical as to physical concerns. Reception among chemists differed con-
siderably, from those who welcomed the electron to those who denied its le-
gitimacy. Mendeleev belonged to the latter category. He dismissed the “to
me, scarcely conceivable hypothesis of electrons,” primarily because it was a
subatomic, Proutean particle that made possible the transmutation of ele-
ments. “It appears to me that the whole question of a primary matter belongs
to the province of fancy and not of science,” he warned.®® According to the
American chemist Henry Bolton, Mendeleev was all wrong in his evaluation.
In 1898, Bolton reported a “growing belief among advanced chemists in the
theory that the elementary bodies as known to us are compounds of a unique
primary matter (protyle), and that transformation of one kind into a similar
%6 Ida Freund, too, noted the re-
vival that Prout’s hypothesis had experienced with the discovery of the elec-
tron: “The primary matter, the wp@Tn OAm, has been shifted down the scale,
and hydrogen itself appears as a highly condensed form of matter with each

one is not beyond the bounds of possibility.

of its atoms containing about 1000 of the truly elemental corpuscles (or elec-
trons) of which there is one kind only””” Not surprisingly, Crookes sup-
ported enthusiastically the electron and emphasized his own role in the path
to the discovery: “What I then [1879] called ‘radiant matter’ now passes as
‘electrons,” . .. The electrons are the same as the ‘satellites’ of Lord Kelvin
and the ‘corpuscles’ of J.J. Thomson.”®® The electron was useful to the
chemists, but what Crookes found most appealing was that Thomson’s par-
ticle justified his long held belief in the Proutean protyle. On the view that
matter is “merely congeries of electrons,” he wrote, “the electron would be
the ‘protyle’ of 1886, whose different groupings cause the genesis of the
elements.”*’

Although the Proutean conception of the electron was mostly cultivated
by British researchers, the theme was well known also to scientists on the
Continent. Kaufmann had not originally thought along this line, but in an ad-
dress of 1901 he speculated about atomic structure in a manner strikingly sim-
ilar to that of Thomson. According to Kaufmann, the electrons might well be
“the long sought-for ‘primordial atoms’ whose different groupings would
form the chemical elements had been formed; in that case the alchemists’ old
dream of the transmutation of the elements would be brought a good deal
nearer realisation.”” Moreover, if the atoms of the chemical elements consisted
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of stable configurations of electrons, “perhaps a mathematical treatment will
one day succeed in presenting the relative frequency of the elements as a func-
tion of their atomic weights and perhaps also in solving many other of the puz-
zles of the periodic system of the elements.””

Thomson’s original belief that electrons were a sort of chemical proto-
substance was taken to its extreme by a few chemists who suggested that the
electron was a new element, not differing qualitatively from sodium or mer-
cury. Janne Rydberg, the Swedish chemist and physicist, proposed in 1906
that the electron was an atom of a chemical element for which he assigned
the symbol E. He placed it in the periodic system in the same group as oxy-
gen and with atomic weight zero. Rydberg’s “discovery” received wide no-
tice in the press but was ridiculed by Arrhenius and other Swedish chemists.”
Several other scientists speculated at the time about elements with atomic
weights less than hydrogen’s. The Russian Nikolai Beketov, the Yugoslavian
Sima Losanitsch, and the American Benjamin Emerson all found a place for
the electron in the periodic table.” Nor were such speculations restricted to
obscure scientists. William Ramsay, the eminent British chemist and Nobel
laureate of 1904, argued in 1908 that “Electrons are atoms of the chemical
element, electricity; they possess mass; they form compounds with other el-
ements; they are known in the free state, that is, as molecules; . . . the elec-
tron may be assigned the symbol ‘E’.””> And the following year: “Recent
researches make it probable that what used to be called negative electricity is
really a substance.””* Ramsay’s ideas belonged to the same Victorian tradition
as those of Crookes and Thomson, but it was a tradition that was no longer
in vogue at the time Ramsay took it up.

THE PROTYLE DEMATERIALIZED

The electron could be seen as a material particle, an atom of a kind, but dur-
ing the first decade of the twentieth century it was far from obvious what ma-
teriality meant. At about the time that Thomson’s electron became accepted
as the primary particle of matter, it began to lose its material attributes as a re-
sult of the popularity of the electromagnetic world view. With the theories
of Wiechert, Wien, Max Abraham, Paul Langevin, and others there appeared
a new picture of the electron, a purely electromagnetic particle. By 1906 the
cautious Lorentz was also “quite willing to adopt an electromagnetic theory
of matter and of the forces between material particles.” Concerning the ulti-
mate electrical particles of matter he wrote that “We should introduce what
seems to me an unnecessary dualism, if we considered these charges and what
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else there might be in the particles as wholly distinct from each other.
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Many physicists conceived the electron (of whatever sign of charge) to be a
kind of concentrated ether, the ether itself being scarcely distinguishable
from the electromagnetic field. According to this view, ultimately the world
consisted of one substratum only, the electromagnetic ether, and the electri-
cal particles of matter were merely material manifestations of this underlying
substratum. This was a truly unified picture of matter, with the protyle being
the continuous ether rather than some elementary particle. The picture
found its way even into chemistry, a science dealing with ponderable matter.
Could chemical matter be just an epiphenomenon, a special version of the
ether or of the electromagnetic field? Some chemists, inspired by the new
electromagnetic world view, suggested that the electron might be a link be-
tween the ether (hence physics) and ponderable matter (hence chemistry).
Richard Ehrenfeld, a German chemist and historian of science, concluded
with Thomson that “Electrons are the final realities of matter, electricity then
the material of which the atoms of our elements are constructed.” He then
went on: “But what is electricity itself? Light ether in a certain state . . . the

776 Another German chemist,

light ether is thus the universal primary matter.
H. Strache, attempted to explain the periodic system on a similar view,
namely, electrons as tiny particles of ether. “Electrons,” he wrote in 1908,
“are identical with the smallest parts of the world ether . . . the smallest parts
of which the atoms can be conceived to consist (the corpuscles) can be re-
garded as identical with ether particles and electrons.””” The degree of suc-
cess of Strache’s electron-ether chemistry may be judged from his prediction
of four new elements, with atomic weights 99, 176, 233, and 235.

The unitary ether-based view was popular, but not accepted by all
physicists. Max Planck, for one, favored a dualistic theory. In a letter of 1909,
he wrote:”

According to the modern theory of electrons, the ether is, first of all, com-
pletely different from the electrons. The presently customary view of the
ether is an absolute continuum, ... both inside and outside the elec-
trons. . . . It is precisely the modern theory of electrons which has estab-
lished the fundamental doctrine that matter and electricity are atomistic,
whereas the ether is constituted continuously; in this respect the electrons,
that is, the atoms of electricity, are therefore much closer to the ponder-
able matter than to the ether.

On the whole, the relations among electrons, the ether, and the electromag-
netic field were not clear.”” The advent of relativity did nothing to make the
relations clearer. Although Einstein’s theory was often believed to be an elec-
tron theory, a variant of Lorentz’s, in fact it was neutral with regard to
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whether matter consisted of electrons or not. Einstein indicated his distance
from contemporary electron theory by writing that his result of mass varia-
tion with velocity, although derived from the Maxwell-Lorentz theory, was
“also valid for ponderable material points, because a ponderable material
point can be made into an electron (in our sense of the word) by the addition
of an arbitrarily small electric charge.”® This was a strange kind of electron.
Although the ether was considered indispensable by most electron theorists,
it was, in the view of many physicists, a highly abstract ether devoid of ma-
terial attributes. Lorentz’s ether was “the receptacle of electromagnetic en-
ergy,” and he saw “no reason to speak of its mass or of forces that are applied
to it.”®" Planck equated “ether” with “vacuum’ and added that “I regard the
view that does not ascribe any physical properties to the absolute vacuum as
the only consistent one.”® From this position there is but a small step to de-
clare the ether nonexisting, a step that Emil Cohn had already taken in his
version of electron theory.® Physicists could consistently deny the principle
of relativity and the ether, as Cohn did; or deny the relativity principle and
accept the ether, as Abraham did; or accept both the relativity principle and
the ether, as Lorentz did; or deny the ether and accept the principle of rela-
tivity, as Einstein did. No wonder some physicists were confused.

The dematerialized ether was more popular on the continent than in
Britain. Although Thomson came to accept the electron as an electromag-
netic particle, his view was different from that held by Lorentz and the Ger-
man electrodynamicists. In a little known work of 1907 he pictured the ether
as an “etherial astral body” glued to electrical particles and thought that these
were “connected by some invisible universal something which we call the
ether. . . [and that] this ether must possess mass . . . when the electrified body
is brought into motion.” Thomson concluded his 1907 discourse on matter
and ether with a formulation that illustrates how little his thoughts had
changed since the 1870s when he first encountered The Unseen Universe:
“We are then led to the conclusion that the invisible universe—the ether—
to a large extent is the workshop of the material universe, and that the natu-
ral phenomena that we observe are pictures woven on the looms of this
invisible universe.”®*

The electromagnetic program received its most sophisticated and am-
bitious formulation with the theory developed by the German physicist Gus-
tav Mie between 1912 and 1914. Like his predecessors, Mie believed that
ultimately the world consists of structures in the electromagnetic ether. Bas-
ing his theory on a generalization of the Maxwell-Lorentz equations, but
otherwise in accordance with the views of Larmor, Wien, and Abraham, he
wrote:®
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Elementary material particles . . . are simply singular places in the ether at
which lines of electric stress of the ether converge; briefly, they are “knots”
of the electric field in the ether. It is very noteworthy that these knots are
always confined within close limits, namely, at places filled with elemen-
tary particles . . . The entire diversity of the sensible world, at first glance
only a brightly colored and disordered show, evidently reduces to processes
that take place in a single world substance—the ether. And the processes
themselves, for all their incredible complexity, satisfy a harmonious system
of a few simple and mathematically transparent laws.

Mie believed that the electron was a tiny portion of the ether in “a particu-
lar singular state” and pictured it as consisting of “a core that goes over con-
tinuously into an atmosphere of electric charge which extends to infinity.”*
That is, strictly speaking the electron did not have a definite radius. From
Mie’s fundamental equations it was possible to calculate the charge and mass
of the elementary particles as expressed by a “world function.” This was a no-
table advance and the first time that a field model of particles was developed
in a mathematically precise way. The advance was limited to the mathemat-
ical program, however, and the grandiose theory was conspicously barren
when it came to real physics, not to mention chemistry. In 1913, two ele-
mentary particles were known, the electron and the hydrogen nucleus, and
their properties could in principle be derived from the theory. Alas, in prin-
ciple only, for the form of the world function that entered Mie’s formulas was
unknown. It was the spirit and aim of the theory, rather than its details, that
appealed to mathematical physicists. As Hermann Weyl expressed it in 1919:
“These [Mie’s] laws of nature, then, enable us to calculate the mass and charge
of the electrons, and the atomic weights and atomic charges of the individ-
ual elements whereas, hitherto, we have always accepted these ultimate con-
stituents of matter as things given with their numerical properties.”®’

The aim of a unified theory is to understand the richness and diversity
of the world in terms of a single theoretical scheme. The mass and charge of
the electron, for example, are usually considered to be contingent properties
(“things given”), that is, quantities that just happen to be what they are; they
do not follow uniquely from any law of physics and could, therefore, pre-
sumably be different from what they are. According to the view of the uni-
ficationists, the mass and charge of the electron (and, generally, the properties
of all elementary particles) must ultimately follow from theory—they must
be turned from contingent into law-governed quantities. Not only that, the
number and kinds of elementary particles must follow from theory too; not
merely those particles that happen to be known at the time but also particles
not yet discovered. In other words, a truly successful unified theory should
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be able to predict the existence of elementary particles; no more than exist in
nature and no less. This is a formidable task, especially because physical the-
ories cannot avoid relying upon what is known empirically and thus must re-
flect the state of art of experimental physics. In 1913, the electron and the
proton were known, and thus Mie and his contemporaries designed their
unified theories in accordance with the existence of these particles. But the
impressive theories of the electromagnetic program had no real predictive
power. For all its grandeur and advanced mathematical machinery, Mie’s the-
ory was a child of its age and totally unprepared for the avalanche of particle
discoveries that occurred in the 1930s. When Mie died in 1957, the world of
particles and fields was radically different from what it had been in 1912. It
was much more complex and much less inviting to the kind of grand unified
theories that he had pioneered in the early part of the century.

As shown by Daniel Siegel, the electrical theory of matter survived the
decline of the electromagnetic world view that had already started when Mie
began his work.®™ The mathematically complex theories of Abraham and Mie
were only theories of matter in a rather abstract sense and were of limited in-
terest to the physicists and chemists who were trying to understand atomic
and molecular structure. What appealed to these scientists were not so much
the particular theories of the electron as the general idea, common to all the
theories, that matter consisted of particles with a mass of electromagnetic ori-
gin. Rutherford, Richardson, Harkins, Nicholson, and others identified the
hydrogen nucleus with the positive electron and argued that it was a heavier
and tinier counterpart of the negative electron. William Harkins and E. Wil-
son, two American chemists, noted the revived interest in the idea “that all
matter is composed of some primordial substance” and welcomed the recent
insight that “energy, or some form of it, electricity, might be this primordial
substance.”® Rutherford concluded that “the electron is to be regarded as a
condensed charge of negative electricity existing independently of matter as
ordinarily understood.” He furthermore found it probable that “the hydro-
gen nucleus of unit charge may prove to be the positive electron, and that its
large mass compared with the negative electron may be due to the minute-
ness of the volume over which the charge is distributed . . . It would be nat-
ural on this view to suppose that the positive and negative electrons are the
two fundamental units of which all the elements are composed.”* This was
a form of Prout’s hypothesis, although one operating with two different
protyles and therefore not a pure form of the principle of the unity of mat-
ter. It was the beginning of the two-particle paradigm that reigned supreme
in atomic physics until 1932 when the neutron and the positron were dis-
covered and made it even more difficult to believe in any simple form of the
principle of unity of matter.
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The transition from a unitary to a dualistic conception of electricity is
turther illustrated by the views of Arnold Sommerfeld. Originally an electron
theorist in the style of Abraham, by the 1910s Sommerfeld had become a
leading relativist and an authority in quantum theory. He was no longer con-
cerned with the ether or models of electron structure. In the first edition of
his influential Afombau und Spektrallinien he advocated the then standard view
that electricity is essentially negative electrons and that positive electricity is
the absence of electrons. But he stressed that a purely unitary view of elec-
tricity was untenable because the two kinds of electricity were different in
their essence: whereas the electron was the true representative of negative
electricity, the positive electricity or hydrogen nucleus was material in na-
ture. “Is [electricity] substantial or energetical, matter or force?” he asked.
“Surely,” he answered, “negative electricity is . . . something materially, . . .
one of the universal elements which stands on an equal footing with the
other element, the positively charged matter.””' In 1922, after Francis Aston’s
work on isotopes, Sommerfeld was more inclined toward a dualistic concep-
tion of electricity and the idea of the unity of matter: “In the same way that
negative electricity consists of ordinary negative electrons, according to
Prout’s old hypothesis and Aston’s most recent experiments . . . matter de-
composes probably into positive hydrogen ions. As a fundamental con-
stituent of matter and positive electricity, the positive hydrogen ion deserves

the name positive electron.”*?

CoNcCLUSION: TOWARD THE QUANTUM ELECTRON

The classical electromagnetic electron was an extended particle with an in-
ternal structure. The shape of the moving electron, the distribution of its
charge, its deformability, and the partition between mechanical and electro-
magnetic mass were central questions for a period of twenty years, eagerly
discussed by electron theorists such as Abraham, Poincaré, Lorentz, and
Langevin. With the demise of the electromagnetic world view, however, the
structured electron gradually disappeared from physics. Niels Bohr simply
ignored the question in his theory of 1913 where he treated the atomic elec-
trons as points. So did Sommerfeld in his relativistic extension of Bohr’s the-
ory. On the other hand, some scientists outside mainstream atomic physics
were less restricted in their view of the electron and pictured it in whatever
shape they found suitable. To indicate this kind of speculation, consider two
examples. The American chemist Alfred Parson in 1915 developed a theory
of valency in which the electron had the shape of a thin ring rotating on its
axis.” Five years later Harkins suggested a model of the nucleus with elec-
trons in “the form of rings, or disks, or spheres flattened into ellipsoids.”*



HeLGe KrRaGH 216

Such pictures of the electron might serve specific purposes, but they had no
physical justification and were not taken seriously by the physicists.

The complex, extended electron was not declared dead, but there ap-
peared to be no use for it in the quantum theory of atoms. When Yakov
Frenkel in 1925 demanded that electron models be abandoned, he merely
gave methodological sanction to an already etablished practice. Frenkel’s ar-
gument against the old picture of the electron was philosophical in tone and
harmonized with the antimodel attitude that characterized atomic physics
even before quantum mechanics:”

The inner equilibrium of an extended electron becomes . . . an insoluble
puzzle from the point of view of electrodynamics. I hold this puzzle (and
the questions related to it) to be a scholastic problem. . . . The electrons are
not only indivisible physically, but also geometrically. They have no ex-
tension in space at all. Inner forces between the elements of an electron do
not exist because such elements are not available. The electromagnetic in-
terpretation of the mass is thus eliminated.

According to Abraham Pais, this was the first time that a physicist explicitly

argued for the point electron.”

Several years earlier, however, in relation to
continuum theories in general, young Wolfgang Pauli had made a similar ar-
gument, that the extended electron was methodologically illegitimate. In
1921 he insisted that it was meaningless to talk about an electromagnetic field
in the interior of the electron. For the operational meaning of a field is the
force acting on a test particle, and “since there are no test particles smaller
than an electron or hydrogen nucleus, the field strength at a given point in
the interior of such a particle would seem to be unobservable by definition,
and thus be fictitious and without physical meaning.”*” Dirac’s argument was
more direct. He believed that “the electron is too simple a thing for the ques-
tion of the laws governing its structure to arise.””® Whatever the validity of
these arguments, the point electron became accepted as a natural part of
quantum mechanics and the once so advanced concept of electromagnetic
mass was effectively dismissed.” The new quantum picture (or rather non-
picture) was a major reconceptualization of the electron and indirectly it
helped refute the Proutean dream of unity in its pure form. Although one
could still speak of the proton as a “positive electron”—and some continued
to do so until the 1930s'™—it could no longer be considered a true mirror
particle of the negative electron. Not only was the proton much heavier,
contrary to the electron, it was also an extended particle. When Dirac made
his heroic attempt of 1930 to resuscitate the one and only protyle, he failed.
And not only that, for ironically his attempt resulted in the prediction of

three new elementary particles, in drastic conflict with Prout’s hypothesis.'
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O. W. RICHARDSON AND THE ELECTRON THEORY OF
MATTER, 1901-1916
Ole Knudsen

To the generation of physicists who began their careers around the turn of
the century the existence and characteristics of the electron were facts, the
establishment of which constituted the latest triumph of physical science.
The various determinations of the electron’s charge-to-mass ratio, coming
from optical measurements of the Zeeman effect and direct measurements
on cathode rays agreed within ever diminishing margins of error, and in 1900
Planck could infer a very precise value for the electronic charge from his new
theory of blackbody radiation. The electron was soon established as a uni-
versal constituent of all matter, some 2,000 times lighter than the smallest
atom, and it lent a new sense of reality to microphysical theories and models
of all kinds.

One important part of the early history of the electron, the develop-
ment of models of the electron as part of the structure of atoms and mol-
ecules, ending with Niels Bohr’s famous theory of 1913, has been well
described in the historical literature.! In this chapter I study a different aspect
of the history of physics before 1916, one in which atomic structure was of
little significance but in which physicists nevertheless relied heavily on the
electron for the explanation of the macroscopic properties of matter. I do this
by focusing on the career of one such physicist, Owen Willans Richardson.
By following his career to about 1916, I hope to present some characteristic
teatures of the electron theory of matter in the period when it was still dom-
inated by classical dynamics and electrodynamics, even though the quantum
theory was, so to speak, lurking in the background.

Richardson entered Trinity College, Cambridge, in 1897 and soon be-
came one of a lively group of students, among them such luminaries as Ernest
Rutherford, C. T. R. Wilson, and Paul Langevin, who were working at the
Cavendish Laboratory to explore under J. J. Thomson’s leadership the ex-
citing new fields opened up by the discoveries of x-rays, radioactivity, and
the electron, known at the Cavendish as Thomson’s subatomic corpuscle.
Richardson’s education followed the pattern that had become standard
at Cambridge since the reform instigated by Thomson around 1890. The
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essential new element was that, instead of taking the Mathematical Tripos,
physics students could now study for the Natural Sciences Tripos which had
become a proper physics education, combining a solid grounding in differ-
ential calculus and theoretical physics with practical laboratory training at the
Cavendish.” Richardson passed the Tripos with first class honors in 1900 and
thereafter worked full time at the Cavendish until 1906 when he was ap-
pointed professor of physics at Princeton. He was elected fellow of Trinity in
1902 and won a Maxwell Scholarship and a D.Sc. (London) in 1904.°

Richardson clearly belonged to the generation that grew up with the
electron and whose scientific career centered on the physics of this new con-
stituent of matter. He began his physics education in the year of the discov-
ery of the electron and was trained as a researcher at the world’s leading
center for experimental and theoretical work on the new physics. Moreover
he stayed with the electron and did not stray much into such fields as ra-
dioactivity or x-rays; his research during the period dealt with here was
mostly concentrated on one aspect of the electron theory of matter: the ther-
mal emission of electrons. Furthermore, after about fifteen years of research
which brought him international fame (and eventually a Nobel Prize), he
took time off to write a textbook that gave a comprehensive and critical sur-
vey of electron physics up to the time of writing, thus providing us with an
insider’s view of what the electron had meant for the development of micro-
physics during this period.

Ri1cHARDSON’S RESEARCH, 1901-1916

Richardson’s first piece of work as a new research student was a typical ex-
ample of “Cavendish physics” as characterized by 1. Falconer.” It consisted in
an attempt to look for a new effect, the existence of which had been sug-
gested to him by Thomson. The idea, inspired by Thomson’s new concep-
tion of electric currents being carried by corpuscles® was that, since in a wire
carrying an alternating current of high frequency the moving corpuscles
would be confined to a thin layer near the surface, it would be reasonable to
expect the wire to emit some kind of radiation, either in the form of emitted
ions or corpuscles (like radioactive radiation) or of Rontgen radiation pro-
duced when the rapidly oscillating corpuscles collided with the atoms in the
wire. Hence Richardson tried to detect such radiation, first by means of a
photographic plate (which indeed showed a line of fogging when brought
near to the wire; unfortunately this turned out to be due to a luminous dis-
charge round the wire) and then by using a sensitive electrometer to look for
ionization in the gas near the wire in a pressure range from one atmosphere
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down to .01 mm of mercury. The results of numerous experiments of suc-
cessively finer sensitivity with wires of different metals were all negative, but
the young man learned to handle vacuum equipment and delicate measuring
instruments, skills that he would soon put to good use.*

Richardson’s next work, which marked the beginning of his long-
lasting research on the thermal emission of electrons, was an almost direct
continuation of his first: If rapidly alternating currents did not cause a wire to
emit radiation, heating a wire was known to make it emit electricity. The re-
searches of Elster and Geitel had shown that a heated wire would leak either
positive or negative electricity, depending on the temperature and the nature
of the surrounding gas, and McClelland had shown that at high temperatures
a platinum wire would emit negative electricity and that the amount emitted
increased with the temperature.” Richardson decided to concentrate on the
effect at very low pressures where the influence of the surrounding gas could
be assumed negligible, and to investigate the temperature dependence of the
saturation current from the heated wire, that is, of the number of electrons
emitted per unit time.

The apparatus that he constructed for this investigation (figure 7.2) was
a modified version of one he had used in his earlier work (figure 7.1) so that
with respect to equipment and experimental technique his study of the ther-
mal emission of electrons was closely related to his failed attempt to detect ra-
diation from alternating currents.

Richardson published his results in a paper read to the Cambridge
Philosophical Society in November 1901.% He began with a short theoreti-
cal consideration in which he reviewed the “corpuscular theory of conduc-
tion in metals” and used the Maxwell distribution of velocities to calculate
the number of free corpuscles hitting unit area of the metal surface in unit
time. Assuming that to penetrate the surface the corpuscles had to overcome
a potential discontinuity w, he could then derive the first version of the ex-
pression that would later be known as Richardson’s law for the number N of
electrons emitted from unit area of the metal surface in unit time:

N=n KL g, (1)
\ 2mr

Here n is the number of free electrons in unit volume of the metal, k Boltz-
mann’s constant, T the absolute temperature, and m the mass of an electron.’
In the experimental part of the paper Richardson first established that

the current between the wire and the cylinder was indeed caused by negative
particles emitted from the wire; with a positive potential of 400 volts on the
wire he obtained no current, while negative potentials resulted in quite large
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Figure 7.1

Richardson’s apparatus for detecting ionization in the gas round a wire ff, carrying an al-
ternating current. The spiral b was charged positively or negatively and connected to a
sensitive electrometer. Source: O. W. Richardson: “On an Attempt to Detect Radiation
from the Surface of Wires Carrying Alternating Currents of High Frequency,” Proceedings
of the Cambridge Philosophical Society 11 (1902): 175.

currents. Having made sure that the current reached saturation for a negative
potential well below 80 volts, he proceeded to measure the saturation cur-
rent as a function of temperature using a fixed potential of =120 volts on the
wire and determining the temperature of the wire by measuring its resist-
ance. To compare his results with eq. (1) he rewrote it in the form

n=i/eS =AT"?"T, (2)

where i is the saturation current, € the electronic charge, and S the surface
area of the wire. In the temperature interval from 1300 K to 1600 K where
the current increased three orders of magnitude from 2.5 X 107 to 4.0 X 10°°
amperes, he found a very good agreement between his measured values and
eq. (2). Furthermore, from his measurements he could determine the con-
stants A and b leading to the following values for n, the density of electrons
in platinum, and the discontinuity in the electric potential at the surface:
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Figure 7.2

Apparatus for measuring the saturation current from the hot platinum wire A,B,. The
wire was surrounded by a metal cylinder C put to earth through a Thomson galvanome-
ter measuring the current between the cylinder and the wire. (O. W. Richardson, “The
Electrical Conductivity Imparted to a Vacuum by Hot Conductors,” Philosophical Transac-
tions of the Royal Society 202A (1903): 507.) The purely verbal description in O. W.
Richardson: “On the Negative Radiation from Hot Platinum,” Proceedings of the Cam-
bridge Philosophical Society 11 (1902): 287288, appears to indicate that originally the wire
was straight.

1/2
= (2’““) A=13x10%cm" (3)
R
and
w b
3P =—=—=14.1volts. 4)
e ¢k

(The value of n was taken at a temperature of 1542 K while that of 8¢ rep-
resented an average between 1378 K and 1571 K.) Both values appeared to
be of the right order as compared, respectively, to the value n = 1.37 x 10%
cm™ obtained from Patterson’s measurements of the change of resistance of
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platinum in a magnetic field using Thomson’s theory of conduction,'’ and to
contact emf’s between metals.

Fifteen months after reading this paper to the Cambridge Philosophi-
cal Society, Richardson submitted a lengthy article to the Royal Society in
which he brought his theoretical and experimental research on the thermal
emission of electrons to a temporary completion. In it he repeated the der-
ivation of eq. (1) in a slightly more detailed manner and supplemented it by
an alternative derivation using the ideal gas law and the first law of thermo-
dynamics on unit mass of electrons passing from the inside to the outside of
the metal. He ended the theoretical part with a veiled remark on the analogy
between the emission of corpuscles and evaporation, thus supplementing the
concept of the electron gas by that of the electron vapor.'? In the experi-
mental part a report of his results on platinum, taken almost verbatim from
the earlier paper, was followed by descriptions of new experiments on car-
bon filaments and sodium. Because of its volatility and high photoelectric ac-
tivity, sodium posed particular difficulties that required the construction of a
completely different type of apparatus and even then made it impossible to
achieve saturation, so that it was necessary to use the current at a fixed volt-
age to measure the number of emitted electrons per unit time as a function
of temperature. The new results provided further confirmation of Richard-
son’s law, but the values of n for both carbon and sodium turned out to be
several orders of magnitude too high both from a theoretical point of view
(they would correspond to pressures of millions of atmospheres) and com-
pared to available experimental results. Richardson put this down to a slight
temperature variation of w; this assumption also helped to improve the fit be-
tween differences in his values of 8¢ and known values of contact potentials
among the three substances.

Richardson’s early work on thermal emission established his reputation
as a physicist and was instrumental for his appointment at Princeton in 1906.
The phenomenon turned out to be complicated, however, and it continued
to take up a large proportion of his efforts, both during his time in America
and after his return to England in 1914 as a newly elected FRS and Wheat-
stone professor of physics at King’s College, London. Before the outbreak of
‘World War I he had published some thirty papers on many different aspects
of “thermionics” as he dubbed the phenomenon in 1909," and the subject
had developed into a flourishing research field with many contributors, as is
amply demonstrated by Richardson’s monograph of 1916."* The interest in
this field was due partly to its relevance for the important progress of radio
technology'®, partly to its theoretical implications for the electron theory of
metals, in particular with respect to their thermoelectric properties.'®
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To follow Richardson’s later work in detail would take us too far afield,
but a few points may be mentioned here."”

First, in collaboration with his student F. C. Brown, Richardson
demonstrated experimentally that the electrons emitted by a hot strip of
platinum have velocities that agree with the Maxwell distribution, thus pro-
viding the first direct experimental verification of that distribution for any
gas. The authors interpreted this result as a support for Richardson’s original
theory of the electronic emission, in particular for the assumption that
the Maxwell distribution held for the conduction electrons inside the metal
as well. Thus they saw their work as confirming the electron gas theory of
metals.'®

Second, Richardson’s original derivation of his law relied on the kinetic
theory of the electron gas in metals. As the difficulties of this theory about
specific heats and in relation to radiation theory became more and more ev-
ident," Richardson came to rely more on purely thermodynamical argu-
ments. In two theoretical papers in 1912 he developed a new theory that
brought electron emission into relation with thermoelectric phenomena and
also led to a modified form of his law. Instead of the formula

i = ATVZe—w/Iet’ (5)
which follows from eq. (1), he now found
i = AT?e T, (6)

where i is the saturation current, w is the work function (the work an elec-
tron has to perform to pass from inside the metal to the outside), and A de-
notes different constants in the two formulas. Because the variation with
temperature was dominated by the exponential function, the difference be-
tween the two expressions could not be detected experimentally. A further
elaboration of the thermodynamical relations between the work function and
thermoelectric properties showed that the relation

w=wl)+§kT (7)

would be a good approximation for substances having a small Thomson
effect, that is, for most metals.?

Third, the basic assumption underlying the whole of Richardson’s
work was that the thermionic currents consisted of conduction electrons
evaporating out through the surface of the metal. The currents were greatly
influenced, however, by residual gases, gases occluded in the metal, impuri-
ties in the hot filament, and so forth. Already in 1903 H. A. Wilson had
found results indicating that the main part of the current from platinum was
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due to occluded hydrogen,?' and by 1912 Richardson’s results on carbon and
sodium also had been cast in doubt, so that there was a real possibility that
the emission of electrons was in all cases a secondary effect accompanying
some chemical or other process at the surface of the hot filament. In 1913
I. Langmuir of General Electric provided Richardson with specimens of
ductile tungsten and taught him the best way of removing gas from his appa-
ratus; this enabled him to prove conclusively that at least in the case of tung-
sten the overwhelming part of the current came from the conduction
electrons. The tungsten filaments could stand a high temperature for a long
time, so Richardson could show that in some of his experiments the total
number of electrons emitted was 10*~10° times the number of gas molecules
liberated from the filament or impinging on it. In another experiment the to-
tal mass of emitted electrons was close to three times the mass of tungsten lost
by evaporation or sputtering from the hot filament. Thus, the only possible
source for the thermionic electrons was that they must have flowed into the
filament from outside the tube, that is, by conduction.?

Fourth, another disturbing influence was the photoelectric effect. Al-
ready in his 1903 experiments on sodium, Richardson had had to take spe-
cial precautions to protect the emitting surface from light to remove the
photoelectric emission that for this very electropositive metal was consider-
able even at ordinary temperatures.” In 1912 he began a thorough study of
the photoelectric effect both theoretically and experimentally, the latter in
collaboration with his student Karl T. Compton. In his theory Richardson
used statistical and thermodynamical arguments, similar to those used in his
thermionic theory, to establish equilibrium conditions for the electron vapor
near a metal surface subject to blackbody radiation described by Wien’s radi-
ation law (the high frequency limit of Planck’s law). The result was an inte-
gral equation for the number F(v) of electrons emitted by a unit of incoming
radiative energy of frequency v, and a second integral equation containing
F(v) and the maximum kinetic energy T, of the electrons emitted by radia-
tion of frequency v. A solution to the first integral equation was

Fv)=0 when 0 < hv <w,,

®)
Fv)= A4, h 1- L when w, < hv < oo,
k2v2
where A, is a constant characteristic of the metal, /1 is Planck’s constant and
w, 1s the constant part of the work function, cf. eq. (3). With F(v) given by
eq. (4) the second integral equation had the solution

T, = hv W )
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These results were not surprising since Einstein had derived eq. (9) already in
1905, but Richardson emphasized that in his derivation he had used only
Planck’s radiation law, not Einstein’s lightquantum hypothesis or, as he also
called it, the “unitary” hypothesis. Hence experimental confirmation of egs.
(8) and (9) did not constitute compelling evidence for Einstein’s theory.**

Compton’s and Richardson’s experiments confirmed the general fea-
tures of the theory, particularly the linear relation between T, and v as well as
the existence of a threshold frequency below which photoelectric emission
ceased, and they provided two independent methods of determining the value
of Planck’s constant: from the slope of the experimental (7, , v)-curves or from
the experimental values of the threshold frequency v, = w,/h, using values
of w, from thermionic and thermoelectric data. The first method yielded a
value some 20 percent smaller than the well-established radiation value h =
6.55 X 107% erg sec, while the second gave a value almost as much in excess.
A fairly thorough discussion of possible sources of error did not enable the au-
thors to reach a firm conclusion about the reasons for these deviations.*

The problem that originally had turned Richardson’s attention to the
photoelectric effect was that of distinguishing it from the thermionic emis-
sion, or to prove that the latter was a genuine effect and not simply photo-
emission due to the ubiquitous blackbody radiation. His theory showed,
however, that the temperature variation of photoemission caused by black-
body radiation at the temperature of the hot filament was given by the same
expression that governed thermionic emission (eq. (2)), and his theoretical
expression (8) for the number of emitted electrons as a function of the fre-
quency of the radiation turned out to agree rather badly with experimental
results. It was only in 1916 that Richardson had enough theoretical results
and experimental data to be able to conclude with some certainty that black-
body photoemission could account for only an insignificant fraction (less
than 1/5,000 in the worst case) of the observed thermionic current from plat-
inum at 2,000 K.?¢

Richardson’s impressive research activity during the fifteen years we
have been considering clearly showed the influence of his Cavendish edu-
cation. The most characteristic feature of his work was the integration of
experiment with theory. Almost all his experimental papers were intro-
duced by a theoretical section in which fundamental theory, usually statis-
tical mechanics or thermodynamics, was combined with microphysical
assumptions to yield results that were then tested in experiments in which
ever improved vacuum technique went hand in hand with manipulation of
electrons or ions by electric fields and measurements of currents by sensi-
tive galvanometers or electrometers. An example of Cavendish ingenuity
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in solving an experimental problem by inexpensive means may be seen in
his and Compton’s method of obtaining a fresh sodium surface free of oxi-
dation by furnishing their vacuum tube with an additional bulb containing
a small electrically heated furnace by means of which they could evaporate
sodium on to their target. An external magnet acting on a piece of soft iron
connected with the target allowed them to then hoist the target back into
position in the measuring bulb without breaking the vacuum.” On the
other hand the influence of Richardson’s exposure to a different American
laboratory practice with ties to the afluent industrial laboratories may per-
haps be discerned in the apparatus he built for his 1908 determination of the
specific charge of thermionic particles.® With its precisely machined mov-
ing parts this complicated piece of equipment was a long way from the
Cavendish “string and sealing wax” approach, strikingly illustrated by
Richardson himself during his Cavendish days in a paper on electroscopes.*

‘When Richardson in 1916 published his monograph The Emission of
Electricity from Hot Bodies, summing up his own and others’ work on therm-
ionics, he was hailed by an anonymous reviewer in Nature as the acknowl-
edged master of his field:

The author was one of the first workers in this new field of work . .. A
large part of our knowledge of this subject is due to his investigations.

As a consequence, we have a first-hand account of this interesting
subject, written by one who has a full appreciation of the experimental
difficulties and the adequacy of the theories proposed.®

R1cHARDSON’S TEXTBOOK

In 1914 Richardson published a textbook called The Electron Theory of Mat-
ter (ETM), a second revised edition of which appeared in 1916.7! Based on a
course of lectures he had been giving to his graduate students at Princeton,
this was an advanced textbook aiming at bringing the students rapidly up to
the research front in electron physics in general. Thus it had a much wider
scope than his later monograph and it was praised for this by Niels Bohr in a
review in Nature:

It will be seen that the book covers a very extensive field. To give an ade-
quate representation of the entire electron theory is naturally a task of the
greatest difficulty, but the author appears to have done this in an admirable
manner.”

The value of ETM as a historical source for the first phase of the elec-
tron theory lies not only in its being probably the most comprehensive sur-
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vey available, but also in the fact that it was published at a particularly inter-
esting point in time. Again it is appropriate to quote Nature, this time from
an editorial note reporting the award of the Nobel Prize to Richardson:

Richardson’s “Electron Theory of Matter” is also well known to students
of electricity and atomic physics, and although published between the ad-
vent of the Bohr and the Wilson-Sommerfeld theories of the atom and
with a strong classical bias, is still much used.”

There is indeed a world of difference between ETM? and, say, Arnold
Sommerfeld’s Atombau und Spektrallinien, published only three years later. A
comparison makes the former stand out as perhaps the last important book
on the constitution of matter written “with a strong classical bias” by an ac-
knowledged master of electron physics in general. In the following sections
I describe some characteristic features of the book on three main points: elec-
tromagnetic principles, electrons in matter, and quantum theory.

Fundamental Principles of Electromagnetism

It is interesting to compare ETM with two other surveys of the electron the-
ory, H. A. Loren