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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:

=ik 22 o 2T
N T k

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
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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



THE ZEEMAN EFFECT AND THE DISCOVERY OF THE ELECTRON 179

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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