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Electron: The Name of the Rose ()

As to their nature, physicists were divided along narional lines:*

Brtish (consensus): Cathode rays are comprised of nogatively-
supponting. evidence were specularions by C.F. v-d«.ndw-mc:wha
thar cathode rays are due to jonisation of gas in the vacuum twbe when the gus
paricles come into contact with the cathode (187 1-1879); their deflection by 8
magnetic field observed by Julius Pliicker (1858) and Heinrich Hersz (1883); 1.
s measurement of their velocity us less than that of light (1894); and Jean
Perrin's measurement of their negative charge (1895).
Germunr {almost universal): Cathode reys are pulsations in the cther that are
pitidogs St ey il 5 5

evidence was the permeabilty of thin metal foils 1o the cathode ayt; and Helnich
Hertz's crroncous results of 1883,
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An exception ta the Germanic opinion was Emil Wiechert who conjectured on
the basis of preliminary cxperiments that the constitucnts of cathode rays are
smaller thas hydrogen atoms. He went on to measure their velocity 1o be of the
ander of /10, In Scptember 1897 Wicchert delivered a Jﬂ-iled report on his more

on their vebocity and ch o. But this was too
fis, becia 1], Thomion smaenced W doorcey o€ he Slctros i Marc 1097

1. Thomson: Discaverer of the Electron

©n 11 March 1897 JJ. Thomson, sddressed the Philosophical Society in
Cambridge with some resnlts on his exploration of cathode rays; he developed
these comments in his Friduy evening lecrure of 30 April 1397 ar the Royal
Institution (published in The Electrician, 21 May 1897); and then in full derail in
an Oceober 1897 paper in the Philosophical Magazine* The clectron’s discovery
dates from these papers, although others were hot on the il Briefly, Thomson's
claim 10 fame rests on his determination of the electron’s change-to-mass ratio —
the order of 107 ennw/gm. But of equal importance ks his assumption that cathode
rays are not cthereal rays but are comprised of fons of electricity, which Thomson
considered 10 be the truc primordial atom of Prout. Thomson's reason for this
atomistic assumption was simply that it was the most straightforward way to deal
with his data.

During 1698:1899 Thomson performed a serics of experiments that further
dlarified the nature of cathode rays. For example, he established their identity
with the particles in the photoelectric effect, demonstrated their connection with
Ronigen tays, and determined their charge 10 be on the order of 10+ esu. This
value would be fusther sefined by Robert A. Millkan during 1911-1912 who
claimed to demonstrate as well that it is the fundumental unir of electric charge.

With understarement Thomson pointed out that the value of e/m was the
same as that found in spestroscopy by the Dutch physicist Pieter Zeeman ar Leiden
in 18% and then deduced by Zeeman and his colleague HA. Loseats from
Lorentz's. clectromagneric theory. In other words, Thomson had discovered
the clementary particle that Lotentz had postulared in 1592 for usc in his
dectivkgaie theork

B bsic problemss remained in 1899 beciuse, os Thotnson wiote, « We have
no means yet of knowing whether or not the mass of the negative ion is of electrical
origine. Because if this is the case, then the constancy of e/m could not be
expected to persist for velosities approaching that of light, (Thomson established

2 Sce AL Mawen, Albern Eimereon's Speci! Theory aof Relovivity: Emergonce {19%03) and Early
Iutecpretation (1905-1911) (Reading. MA: Addison Wesky, 1981, reprinted. New York. Springer,
1998), Chapeer
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the constancy of the ion's charge). Thomson’s reasosing is based an resula he had
ined in 1881 and 1839; owing to 2 self-induction effect, the mass of a moving

ricity in cathode rays was
cferred to as an welectrons, s torm cained in 1891 by George Johnston Stoney. In
%02 Lorcntz and Zeeman were awarded the Nobel Prize for their work on the
Lcemin . Thomson was awarded the Nobel in 1906 for his rescarch on the
 winvestigation of the conducdon of electricity by gascs», not sperifically for the
_qhﬂmhdimﬁyﬁﬁﬁplmmdmhmmrdedhlmwﬁmahi
 work on cathodc rays», in the words of the Nobsl commirece. In the end, no one
 peceived a Nobel Prize dircetcd at the electron's discovery. May it be thar we are
guilty of some sort of Whig history when we project backward from a more
wodern time when discovering new particles was focuscd on? Peshaps. In his cusc,
howeves, pethaps some Whigsism s acceptable, particulary o in an iavented?)
centennial for the elecrron.

Some historians have questioned whether Wicchert ought to share the
colades with Thomson for discovering the electran. Needless to say, Thomson had
competitors who were close on the tral, such as Waher Kaufmann (more in 3
moment) and Wiechert (although unknown to Thomsonl. Nevertheless, it was.
Themson who did the mast complete set of experiments, drew the proper
conclusion and published it firsr. Is this not science in the making? I believe that
nothing more need be suid on this isue.

Walter Kaufiane: The First High Energy Experimenter

This brings us to the experimentalist Walier Kaufmann working in Berlin
during 1897-1899. Simuliancously and independently Kaufmann was engaged in
the same sort of experiments as Thomson, only with much more accurate
equipment, Yer being a follower of the positvist philosopher Emmst Mach,
Kaufmann could not bring himself 10 the conclusion that carthode rays were
comprised of submicroscopic particles. For this omission he missed out on the

velocity electrons. This Kaufmann became the first bigh cnergy experimentalist.
Using clectrons from radium bromide sabs, Kaufmann demonstrated that their
mass ddocs indeed increase without limit as their velocity approaches thar of light.
Why was Kaufmann carrying out these soris of experiments?

“Ihye answer is contained in the very first presentation of bis stunning resulis in
Seprember 1901 where he pointed out the central role played by the electron in

U believe that Pais was the first 10 do so. see Pas, imsend Bourd, Chipter 4.
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such wide ranging fields as dispersion, stellar sberration, clectrolysis, the electron
theory of metals, the decay of Uranium compounds, and that the election charge
caleulared from Max Planck's theory of cavity radiation was almost identical to that
ehesined from clecuical experiments. Modem philosophers of science call this
phenomenon convesgeace — in this case it means that clectrons really cxist. To
Kaulmann and many other physicist in 1901, convergence also meant the possibliey
of unification of the then known forces, electromagnerism and gravitation within o
single theory — namely, H.A. Lorents’s electromagnetic theory, This research
programme was referred to s the clectromagnetic world:picture. 1t was the Theory
af Everything of its day and so was the cuttiog edge of physics in the first decade
of the 20 century. One of its first predictions was that the electron’s mass is
gencrated by it own electric and magnetic ficlds and o should be a velacity —
dépendent quantity. Thomson had shown this ro be the case for macroscopic
charges and had intimazed that this sitation should hold for ions us well.
Kaufmann had verified .

Kaufmann's experimental arrangement differed drawically from oncs used by
Thomson und the ones he himself had used in 1857. Instead of perpendiculas electric
and magnetic fields, Kaufmann used parallel oncs. The dats analysis hecomes much
more difficult because instead of a spot on & photographic plate or o cathode
say whe, be had 10 caleulute the electron's charge-to-mass o from delicate

took 24 hours of exposure which meanr, among other varisbles, raintaining a
wacuum for 48 hours. Nevertheless, Kaufmann's 5 data points per run were deemed
state of the am. Theoris wee calld fo 1o prochuce ansyical expressons for the
could fit Koufinana's ks 10dd

1o Lorentz's electromagnetic theory that wwmedrhrdnp:ofm. elecrans.

By the end of 1904 there were three viable theories of the dectron: Max
Abrahan’s rigid clectron theory: Lorenrz's election theory in which the moving
electron underwent a Lorents contraction; end one due to Alfred Bucherer and
Paul Langevia tscparately} in which the moving clectron becomes deformed in
such a way that its volume remains unchanged. By this time that man for all
seasons Henri Poincaré had become involved and proved that only Larentz's
preserves a principle of relativity. The stakes, therefore, were high because
Abraham’s theary seemed to fit Kaufmann's data the best

Tn September 1905 a paper appearcd in the Aunalew der Physik that seemed
of some importance — «On the Electrodynamics of Moving Bodiess — anly
becuuse in its final section the lintle known authar in Ber, Switzerland, Albert
Einstein, was able 10 derive with no approximations certain results conceming the
electron’s mass for which Lorentz was forced o use suspect methods. In November
1905 and January 1906 Kaufmann published his ultimate experimental runs in
which he now referred 10 Lorents's theory as the Lorentz Einstein theory of
the clecron. The Pacent Clerk Albent Einstein did not demur at the reverse
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phibetical arder. Kaufmana's results apreed only with Abrahatn's theory, What
happened next I can only sketch out.

Like a good Popperian, on § March 1906 Lorentz wrote to Poincaré that he
would have to sbandon his electron theory in the face of the redoubtable
Kaufmann’s disconfirming data. Poincaré urged hitm to hang on. The Patent Clerk
was prerry much unfazed because the goal of his 1905 paper was 1o offer 3 new
theory of space and rime, and not a new methad 1o derive the clectron's mass in
Lorents's theary. Planck, among athers, looked deeply into Kanfmann’s method for
“data analysis and his experimental set up. They found possible inconsistencics. In
1908 Bucherer, at Bonn where Kaufmann was now his colleague, began a new
series of high velosity clectron deflection experiments. using Thomson's crossed
ficld method. His dara weighed heavily in favour of the Lorenrz-Einstein theory:
‘Exit Kaufmann who had a penche for complications that, as it tamed out, resulzed
i such problens as vacuum breakdowas.

By 1916 more precise versions of Bucherer’s expériment wene carvied out and
the question of the velaciry-dependence.of the elecaron's mass scemed scatled. By
this time the clectromagnetic world-picture had been abandened owing to another
result of the Patent Clerk’s Aanus Mirabilis of 1905, namely, light guanta which

in ) ic theary,

In summary thus far, Lorentr's electron seemed the proper one hecause
experiment supported it. That i, it scemed that way untl 1938, In that year rwo
Ametican experi carrying out el deflection using
electrons from radioactive sources. Their goal was to ascertain whether the
electrons emerging from nuclei were really Lorentz electrons and ot anes whese
mass had some weird velocity dependence 5o that neurtrings were unneccseary.
Knowing their history of physics they realised that they were repeating, with
improved apparsiws, the old cleciron deflection experiments of Bucherer and
successors. Upon Jooking into those papers from 20 odd years before they
sscertained that all of these physicists used velocity filters whose geomerry caused
severe loss of accuracy when the electrone’ velocities exceeded 7c, just the region
where mass variation becomes mmumh cvident. Consequently, the only result
that any of the old clectron deflection experiments demonstrated was that the
ehectron’s mass hm«dw«muvdmy By 1938 the problem of the proper
expression for the electcon’s mass had become moot. Nevertheless the interesting
‘problem ariscs of when should muw«muw s Einstein put it in 1946,
comparison between experiment and theory can be «quite delicates.

Atamic Physics and the Elecron

Tn 1913 the frontier of physics shified to Niels Bohr's atomic theory with its
splendidly visualisable atom. The Lorentz electron had now to be endowed with
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‘other properties such s oaly radiating when it dropped from u higher 10 a lower
allowed orbit, and not falling any lower than the atom's ground siate. During &
rransition it was unvisualisable, It disappeared and appeared like the Cheshire car.

v 1923, however, dispersion data indicated that atoms don't really respond to
Yight u3 f they were minuscule solar systems. Atomic electtons were replaced by as
anany oscillators s there were transitions o and from u particular stationary state:
the atomic cloctron became unvisualisable,

L 1924, Bobr along with Hendrik Kramers and John C. Slater, reformulated
the Bohe theory in such 1 way a5 1o avoid uny inclusion of light quanta, which Bohe
and most orher physicists wasited (o avoid on purely conceptual grounds. Basically
in the BKS theory the atomic electron responds t incident radiation by emitting
electromagnetic radiation as well as a fickl of probability, thereby endowing the
electron with yet more chasacteristics.

By mid-1925 the Bohr theory had witherad away, electrons had become
imbstinguishable (owing to results of Base and Einstcin), and a new atomic physics
<alled guantuzn mechanies was formulated by Werner Heisenberg. By mid-1926
another form of atomic physics called wave mechanics was proposed by Erwin
Schridinger. Whereas in Heiscnberg's quantum mechanies dectrons are represented as
nanvisualisable paricles. in Schrodinger's mechanics they aze waves. This dichoomy
wus not surprising in light of the wave/particle duality of electrans that had been
Pproposed in 1923 by Louis de Broglie.

Not only were clectrons indistinguishable, but they wee wave and paricle
simultancously, and did noe ke 1o bc ncar one another as the then myserions
Pauli Exclusion Principle dictated.

Bohr's complementarity principle of September 1927 served to pt physicists on
aotice that when certain fundamental constanis that are cwsential to corespondence
principles come into play, we must be prepared for surprises. Consequently when the
sanall but nonzero Planck's constant is taken seriously, we enter 3 world in which our
intuitvity must be redefined in onder thar something like the wave/particle duliy is
ot taken as paradowical

Quantum Electrodymansics and the Electron

The year 1925 saw the first attcmpt to combine the new quantum mechanics
with relativity; this is PAM. Dirac’s theory of the electron from which the
electron’s spin emesged naturally. Yet a price was paid, namely, ncgative energy
suntes which, at frst, were considered 1o be «physically meaningless s, and vet they
arc essential for obtaining corin clussical limits of Diracs theory. In 1928
Heisenberg, referred 1o Dirac’s theory s the wsaddest chapter in theoretical
physicss. Yet it had 1o be dealt with simply because it was the only game in town,
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 What followed was a complex succession nfcme: in which Dirac, Hei
senbers and Wollgang Puul, among ohers, sttempred to produce a relaivisic fckd
theory of the interaction between light and clectrons, a quantum electrodynumics.
r work included considering the negative states. as holes in the vacuum and
then a3 posittons, the electron’s anipartice, which was found experimentlly in
1931, Their Holy Grail was o feld theorei

and chrge. The finitc quantities that emerged such a5 vacuum polarisation did
5o in an unsatsfactory manner. Basically the appropriate field equations or
Hmﬂmnmmﬂmmed
ly  roite to success lay clscwhere, namely, in research into the
nudm initisted by Heisenberg in 1932. The discovery of the neutron by James
 Chadwick carlier that year permitted a representation of molecules and nucle in
mﬁnvlﬂhlhe pmpcrqummummnepmhlmmhawm w
explain the anructive force between a chirged proton and nevrral neyrron, This
“lnylhinl but classical. Neither was the problem of nuclear p-decay which was
ly this: How do electsons emerge from nuckei when they are not supposed
 to be there in the first place?

Heisenberg resorted 10 a theoretical free-forall in his 1932 formulation of a
theory for the auclear force that took account of P-decay, too.” In modcrn parlance
* we would say that Heisenberg tried wﬂomuhle:mnﬁcdﬂumqoh}-ﬂuomgnd
weak inteructions. Brictly Heiscnborg’s strategy was 10 assume that, for this
purpose, the neutran is a compasite of o proten and electron, which dissociates
within the nucleus. In this case, the electron acts like a Bose particle. In Hei-
senbeng’s view rhis was permissible because quantum mechanics may well not be
valid wichin the nacleus. o things can happes (1) the Bose clctron can migrate
over to a fundamental proton — in this way the
dm:mmmum:mmv:mdﬂlfmwwd:gﬁmmmkmlhmﬂm
a5 in fdecay upon which it becomes @ Fermi-Diruc particle. The concept of
particks carrying forces would be crucial in Hideki Yukawa's more correct 1934
theary of the nuclear force whose basis is Heisenberg's Hamiltonian rewritten in
such a way that the nuclear force is carried by a proper Bosc parclc. This line of
thought would be Emportant to Richard Feynman in 1948,

* See AL Mutex, Early Quarisn Elecirodynamics: A Source Book (Cambeidge: Cambridge
Ilnmqﬁ:‘l?ﬂ]ﬂqm%

¥ Sew Muaea, Early Quantum Electrodymemics, Chapter

* See Miuaen, Early Quantiom Electrodynamics, Chmnndsisawm;zﬁluhk
Men Who Mede: Dyan, Feymman, Schuinger and Tamonege (Princcton: Princeron University
Press, 1941
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Feyumsan Diagran and the Electron

In the modern-day quantum electrodynamics of Feynman, Julian Schwinger
and Sin-itaro Tomenaga, the clectron is a bare charge surounded by & quantised
clectromagneric field and u cloud of virtual electeon.positeon pairs. Al infinite
quantities are climinaed in a properly Lorentz covariant masner. Agreemen
between theory and experiment is astronomical.

But even more than that, the fertlity of quantum dectrodynamics is clearly
demonstrated by its visual representation in temms of Feynman diagrams. Tn tum,
these diagrams have served as a guide toward a theory for unifying the clecuo-
magnetic and weak interactions, which is the Electrowenk Theory or Standard Mode!
of Weinberg, Salam and Glashow In this theory the electron is one of six leptons
along with six quarks that are taken as fundamental building blocks

Physiciets consider this theory 10 be another touchstone on the way toward
higher nifications. That this is the ease may already have boen demonstrated by
recent data from the HERA particle accelerator ring near Hamburg which indicate
the possibility of a bound state comprised of an electron and u quark, a so-called
leproguark. T the leptaquark actually exists then there is a fifth force in nare
capable of holding together an clectron and o quark. Another explanation for
current data is that the occasional violent scaucrings of positrons may result from
the positron striking a constituent of an clectron or quark, indicating tht clectrons
and quacks may not be fundamental afrer all

What i an Electron?

So, what docs all this mean with respect to the problem: What is an clectron?

Regarding a rose by any other name — any entity called an electron is
necessarily a Lorentz electron 1o which a succession of scieatific theories have
revealed more of its propertics. This is the view of scientific realism, us it can be
developed within the causal theory of reference. Scientiic theorics add to the
electron’s stercotypes (Figures 1-3).%

Perbaps the very notien that has become inruitive of the electron — that is,
being 2 wave and particle, but usually thought of as a pariicle — may have to be
wansformed s the Standard Model assumes its role as mnother clfective field
theory valid within a certain energy runge. Above this range perhaps higher modes
of vibration are excited in a superstring theory.

7 See AL Muuuk, It o Gosias: Loy s Cestidy n Sces and At (e Youk
Springer, 19961, Chapter
# Soe Mivex. lm.,», Chaier 7.
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1897 1904 1913 1925 1932 1949 1572

.

g 1. Th 4 1891 101972, was dbbed by the Englh sccarer
G Toharonc Stoney on the bas: and soch an ensky’
 exbence.

Might it turn out thar the narural-Kind term electron refers to nothing at all
slang with sll the otber particles taben as clementary in the Sundard Theory?
Might we imagine thas the sazural kind terms of tod
will sofer he same fare ax phlogiston, clori and the eher? Hilary Punam has
referred to this as the disastrous amcta-induction ». Antirealists rake this s part of
mqmmlswmmmnﬁtmhnn B, w5 we all knows, anirealism is stricly 8

“The resie dowes not. comri the inducive fallcles of predicing what scence
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— crarge — o — anomalous gfactor | — siecron 15 fundamental
— mass — radius 15 ambiguous — inieracuans with neutings
— radus — inGrunguishabity
Tl 7 Thi fgme shows how scieic (ccach add 10 and s rsricions e he cition's
ernpes therely sdling 1o cur knewledie of the lecro, sroctue. Quanium mecharics
ifornts. ws that in oeder 1o explain
theosy of the dectron, the electron has & nons Mbudu-nd.m.

o pin. According

40 Hekenberys nossainy princile, the o af s weldeined shcton o i s o b
aiive according to- classical physics i 0 be able o dissinguish
‘“Ts.“f'.;‘“.,.....b,:."‘ Mum".-u;n‘:ﬂ” it ey
sl hu e seacrion o he e il o o ght s s
am.m.mmmmm.du..wmmwu ik oeuinos Throoghon:
thcke theoesicl and expersmencal exploruions, e cecirons cnge sl s teappLT el T
Pttt e B vyl b o ok 1 by G Jolmsiane Sioncy:

l clectron & classical o the aif
billard ball. The - elocrion. The
I!]jmhlnM atomic theory in which the electron removed from classicsl
m)mﬁn-nkhmzuﬂhﬂn‘k!%mwhmpmﬂ

i 10 elecarons.
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like in the far future based on what it is now: Rather the history of seience
us of a continuity of theoretical concepts, with fentile oncs such as
u!uﬁc,nhv-ndpul:bdmmn.umubu:wmhhiﬂlmd

clectron turns out to be the ultimate guided missile.




