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INTRODUCTION

Plus de détails, plus de détails, disait-il a son fils, il
n’y a d’originalité et de vérité que dans les détails . . .
Stendhal, Lucien Leuwen

I

This book of essays in honor of Martin Klein represents an effort on
the part of his students and colleagues to pay tribute to a lifetime of
dedication to physics and the history of physics. The papers contained
in this volume mirror Martin Klein’s contributions to the history of
physics, reflecting his influence as scholar, teacher, and colleague. The
title of this book stems from a quotation used by Martin as an epigraph
in one of his papers. It characterizes Martin’s work and the aspirations
of all of us in its call for meticulous attention to historical detail.

Of the themes of this book, more later; it behooves us, at the outset, to
try to give some representation of the career to which this tribute refers.
This effort labors under a major adversity: A significant portion of the
impact of Martin Klein’s work comes from the sheer pleasure of reading
it, so that any representation of it by another hand necessarily falls short.
The pleasure in the reading flows, in part, from the skill with which the
words and equations are deployed, so as to convey the message both
clearly and vividly. Standing behind this skill, however, controlling and
commanding it, is something more basic and more important: an attitude
of respect toward both the subject and the reader.

The subject, in Martin Klein’s historical writing, is multiple: it is
the science; it is the scientist; it is the history. The science is respected
through the meticulous care with which it is treated; it is treated not
as some epiphenomenon of social history or mere impediment to the
smooth flow of historical narrative, but rather as a thing of beauty and
significance, important in its own right. Similarly, the scientist is not
treated as mere feed for the historian’s mill, but rather as a person,
with whom the historian interacts at a distance, but who must still

ix
A.J. Kox and D.M. Siegel (eds.), No Truth Except in the Details, ix-xxi.
© 1995 Kluwer Academic Publishers.



X INTRODUCTION

be respected as a person. Respect for persons is integral, embracing
the direct experience of present individuals as well as the vicarious
experience of historical figures. The third subject, the history, is treated
with respect as well, through scrupulous honesty, careful construction
of narrative, and avoidance of ideological slant.

Beyond this, the reader’s situation is kept in mind, to is needs are
perceived and attended to. Definitions of words, concepts, symbols are
always given. Issues that will be puzzling to the reader, questions that
will arise, are anticipated and dealt with; what this requires on the part
of the writer is sensitivity and insight into the situation of the reader, as
well as a commitment to minister to his needs. In a word, it is respect
for the reader, as a person, as a fellow intellect, as a fellow student of the
history of science, that drives this process. Beyond all of this, however
— to return to the theme with which we began — it is the supreme skill
and artistry with which Martin Klein’s work is presented that provides
the vehicle through which his positive sentiments toward his subjects
and his readers are realized in historical narratives that give the highest
kind of pleasure and insight.

Let us begin at the beginning, with Martin Klein’s work in physics.
This work was in the area of statistical mechanics, and in this field he
made important theoretical contributions pertaining to the magnetiza-
tion of thin films. Taking an interest also in questions of the foundations
of statistical mechanics and the work of Paul Ehrenfest on this subject,
Klein’s concern then began to turn toward the history of Ehrenfest’s
contributions and their broader context in both the history of statisti-
cal mechanics and Ehrenfest’s own life history. This phase of Klein’s
career resulted in two important books: the definitive edition of Ehren-
fest’s collected scientific papers; and a biographically framed study of
Ehrenfest and the history of statistical mechanics — including quantum
statistical mechanics — that constituted a milestone contribution both to
the broader history and to our understanding of Ehrenfest himself.

Martin Klein’s work in the history of statistical mechanics then
branched out in two directions. First, in the direction of classical ther-
modynamics and statistical mechanics, as exemplified in the work espe-
cially of Rudolf Clausius, James Clerk Maxwell, and Josiah Willard
Gibbs. Threading through Klein’s work in this area and unifying it is
the question of the nature and foundation of the second law of thermo-
dynamics; this work promises to stand as definitive on the history of
the second law in the second half of the nineteenth century. To single
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out just one aspect, Klein’s account of the role of Maxwell’s demon in
his reasoning on this subject has shed clear light on one of the most
perplexed issues in the history and foundations of thermodynamics and
statistical mechanics.

The other branch in Klein’s work led on to the history of quantum
statistical mechanics and quantum theory in general. His studies of the
origin of the quantum hypothesis in the work of Max Planck were
pioneering, showing that analysis in depth can shed light on even the
most singular and puzzling events in the history of science; strong
continuity with Klein’s other work was maintained, as Planck’s thinking
on the foundations of the second law played a crucial role in his framing
of the quantum hypothesis. Most important for Klein’s continuing work
on the history of the quantum theory, however, was his growing interest
in Albert Einstein’s contributions in that area. It was Einstein, as Klein
has shown, who clarified the nature of Planck’s quantum hypothesis,
applied it to light itself, and first saw through to the depths of the
changes of our view of physical reality that would be required to come
to grips with the conundrums generated by quantum theory, especially
the wave-particle duality. Martin Klein’s intense involvement with the
legacy of Albert Einstein has continued in his Senior Editorship of The
Collected Papers of Albert Einstein, where his direction of that major
enterprise is ensuring a product worthy of its subject.

Martin Klein’s contributions to the history of physics and the history
of science are attributable no less to his personal and institutional activ-
ities than to his writing. As Professor of Physics at Case Institute of
Technology to 1967, and as Professor of the History of Physics at Yale
University thereafter (becoming Eugene Higgins Professor in 1974 and
Bass Professor in 1991), Klein has trained a generation of students to go
forth and practice the discipline with the clarity, integrity, and skill that
characterize his own work. Beyond this, owing to the respect in which
he is held in both the physics and the history of science communities,
Martin Klein has been an effective facilitator of positive interaction
between those communities in the history of physics enterprise. Per-
haps the greatest problem of the modern university — and the greatest
problem of the intellectual enterprise that is housed in the university —
is the fractionalization of learning, the breaking down into departmen-
tal and disciplinary feudal domains. Martin Klein is one of those few
broad and gifted individuals who is able to bridge the disciplinary gap,
producing scholarship that will travel well across disciplinary boundary
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lines and convince those on each side that the other side has some-
thing of value to offer. Especially in bringing history of physics to the
physics community, Klein has been an indefatigable ambassador. In
numerous lectures and articles directed especially toward physicists,
Klein has presented the history of physics as a discipline for which the
physicist can have respect. As Chair of the Division of the History of
Physics of the American Physical Society, in two separate tours of duty,
Klein has done much to further the relationship between the history of
physics discipline and the physics community. In a long series of distin-
guished lectureships, including the George Sarton Memorial Lecture to
the American Association for the Advancement of Science, the Morris
Loeb Lectures at Harvard, and others, Klein has brought his message
to a broad audience of scientists, science teachers, and a variety other
constituencies. Not least in his work with the Einstein Papers, Klein
has made, and is making, a major contribution to the cooperation of
these communities. Serving him in this endeavor have been the respect
in which his scholarly contributions are held, as well as the respect in
which he is held as a person.

The honors that have come Martin’s way reflect the catholicity of
his intellectual approach and activity: He is a Fellow of the American
Physical Society as well as a full member of the Académie Interna-
tionale d’Histoire des Sciences and of the American Academy of Arts
and Sciences; his election to the National Academy of Science in 1977
was noteworthy as designating one of a very small number of member-
ships allocated to individuals who are not primarily scientists. Martin’s
activity in bringing communities together is manifested also in interna-
tional ties. There has been a strong connection with the Netherlands,
first in his studies of Ehrenfest, which involved his working in Leiden
(where Ehrenfest had succeeded H. A. Lorentz), and then through his
appointments at the University of Amsterdam, first as Van der Waals
Visiting Professor and later as the first Pieter Zeeman Visiting Profes-
sor. Martin Klein thus has been, throughout, a unifier of knowledge and
of the disciplinary and national communities that generate knowledge.
Honors, acknowledgment, and respect for his work have in turn come
from many quarters and in profusion.
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II

Martin Klein’s work in the history of physics has been primarily focused
on the late nineteenth and early twentieth centuries, but his influence,
through students and colleagues, has touched on the history of physics
and related disciplines since Newton — that is, from the seventeenth
through the twentieth centuries. The present volume, in like manner, has
its primary focus in the late nineteenth and early twentieth centuries,
with extensions both earlier and later.

Part I presents a pair of studies dealing respectively with the mathe-
matical and experimental foundations of the physics discipline, as they
developed in the late eighteenth and early nineteenth centuries. Eliza-
beth Garber begins with the French mathematical tradition, embodied in
the rational mechanics of the eighteenth century and its generalization in
the early nineteenth century, as exemplified especially in work of Joseph
Fourier; she then goes on to discuss the transformation of this tradition,
especially by the British followers of Fourier and his Continental col-
leagues, into what may be properly designated mathematical physics.
Garber’s paper not only advances our understanding of the emergence of
a flourishing physics discipline in the course of the nineteenth century,
her essay also furnishes background for an understanding of continuing
issues, through the nineteenth and twentieth centuries, of the demarca-
tion of physics from mathematics and of the interaction of the two at
their borderline. The themes broached in Garber’s paper continue into
Part II of this volume, in which the work of William Thomson and James
Clerk Maxwell on the mathematization of electromagnetic theory are
discussed.

The companion paper to Garber’s in Part I is by Russell McCorm-
mach, on Henry Cavendish’s weighing of the earth. The tradition of pre-
cision experiment is the other leg on which the developing nineteenth-
century physics discipline stood, and no better example of the roots
of this than Cavendish’s experiment may be found. In recent decades,
among historians of science, experiment has been given short shrift:
either experiment has been regarded as unproblematic, and hence unwor-
thy of probing historical analysis; or experiment has been deemed to be
so theory-laden, so derivative from theory, as to have no independent
significance worthy of study. Most recently, however, there has been a
dawning realization among historians that the malleability of experiment
—the tendency of its results to be influenced by theoretical expectations —
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is accompanied also by a certain recalcitrance of experiment, a tendency
to resist manipulation and confound theoretical expectation in certain
instances — as working scientists have known all along. Questions of the
independence of experiment and the interaction of theory and experi-
ment are important in several of the subsequent articles, especially those
by Hiebert, Buchwald, Holmes, Kox, and Brush. McCormmach’s arti-
cle also provides acute insight into aspects of Cavendish’s personal life
and how it interacted with his science — a theme that continues most
conspicuously in Part V of this volume, dealing with Albert Einstein.

Following the discussion, in Part I, of the eighteenth- and early
nineteenth-century foundations of the physics discipline, the follow-
ing two sections of the volume then go on to consider the blossoming
of the physics discipline in the nineteenth century, on the basis of those
mathematical and experimental foundations. Parts II and III consider
respectively the two broad areas of investigation that constituted the
central foci of the development of the physics discipline in the nine-
teenth century: electricity and magnetism; and thermodynamics and
matter theory. To separate these two areas is in fact a bit artificial, as
there were very important interactions between them, both conceptually
and with respect to individual scientists who participated in both. In
fact, most of the central figures to be treated in Parts II and III, includ-
ing Hermann von Helmholtz, William Thomson, James Clerk Maxwell,
Heinrich Hertz, and J. Willard Gibbs, made central contributions in both
areas.

The first article in Part II, by Ole Knudsen, shows the depth of the
connections between energy physics and electromagnetic theory from
the outset, that is, from the years around 1850, when the energy law
was being formulated. William Thomson started out in electromagnetic
theory as described by Elizabeth Garber in her article, namely, as a fol-
lower of Fourier’s mathematics and methodology. However, as has been
shown in recent work, especially by Knudsen himself and by Norton
Wise, energy concerns very soon began to play a central role in Thom-
son’s thinking about the electromagnetic field. Knudsen here argues, in
particular, that the concept of potential energy in electromagnetic theory
was won with much more difficulty than has been realized hitherto, as
shown by the fact that both Helmholtz and Maxwell made fundamental
errors in their treatments of the relationship between electromagnetic
induction and the potential energies of magnetically interacting circuits.
It was only Thomson who was able to get this straight, and that, Knudsen
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argues, was owing to his familiarity with the concept of internal energy
from his work with that concept in connection with the energy law and
thermodynamics.

Following on directly from Thomson, both in the history of electro-
magnetic theory and in the current volume, is the work of Maxwell.
It was Maxwell who established, in enduring form, the relationship
between electromagnetism and optics, in what emerged as the elec-
tromagnetic theory of light. Peter Harman, in his article, presents a
synthetic overview of the development of Maxwell’s thinking on this
subject, drawing upon his own previous work in this area as well as that
of his colleagues in the Maxwell industry; added to this in Harman’s
article is the particular insight he brings on the basis of his expert knowl-
edge of archival Maxwell materials, as brought to light in the course of
his continuing work on a three-volume edition of Maxwell’s scientific
letters and papers.

Last in Part II, and bringing the story up toward the end of the nine-
teenth century, is Erwin Hiebert’s article on the history of electrical
discharge in rarefied gases, from Faraday onward, to the period just
before J. J. Thomson’s work in that area, leading to the discovery of the
electron. Taken in conjunction with the previous two articles, Hiebert’s
article completes the treatment, in the present volume, of the Faraday—
Thomson-Maxwell triumvirate in the history of field theory. The article
itself, however, is rather more concerned with the experimental aspect
of the work of Faraday and his successors in this field of research, and
in this sense follows on most directly from McCormmach’s article in
Part I. Hiebert argues for the primacy of experiment in directing research
with electrical discharge tubes in the course of the nineteenth century.
Those carrying out the research admitted that they knew little about the
physical processes taking place inside the tube, and they did not under-
take experiments in order to confirm or refute fundamental theories
of the phenomenon. Instead, they relied on largely unarticulated feel-
ings, hunches, and low-level generalizations concerning the observed
phenomena to direct their attempts to manipulate situations and gener-
ate new, and perhaps more revealing phenomena. Technical advances
in dealing with the tubes — as in sealing electrodes, pumping to high
vacuum, introducing various gases, shaping the tubes, and introducing
various objects into the tubes — had more to do with the development of
the research than any theory. Part II thus ends on a note of considerable
current historiographical interest.
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Part III, dealing with thermodynamics and matter theory, parallels
Part II chronologically in dealing with nineteenth-century develop-
ments, and, as we have seen, there was in fact much interaction between
thermodynamics and electricity and magnetism during that period. It is
in Part III that we begin to move directly into the part of the history of
physics that Martin Klein has made his own. In his article on “Gibbs
and the Energeticists,” Robert Deltete employs a historical gambit that
is familiar to readers of Klein’s work: using what one historical fig-
ure or set of figures had to say about another figure or set of figures,
in order to illuminate the world views and presuppositions of both. In
illuminating the energeticist movement and its views concerning the
history, nature, and significance of thermodynamics, Deltete’s work is
important for our understanding both of the beginnings of the energy
law and thermodynamics — especially in the work of Robert Mayer, seen
by the energeticists as the founder of their movement — and of the role of
thermodynamics in the decline of the mechanical worldview toward the
end of the nineteenth century. The philosophical orientation implied in
the energeticist movement, especially in the form developed and trans-
mitted by Ernst Mach, was to be of great importance for Einstein, whose
work is discussed in Part IV below.

Jed Buchwald’s paper on Heinrich Hertz deals with a scientist per-
haps best known for his experimental work in electricity and magnetism,
namely, in the generation and detection of electromagnetic waves. It is
Hertz’s experimental work relevant to issues in thermodynamics and
kinetic theory, however, that Buchwald explores here. In thematic con-
tent, Buchwald’s article continues the emphasis on the integrity of the
experimental tradition that was broached in McCormmach’s article on
Cavendish and further developed in Hiebert’s article on gas discharge
studies. Buchwald sees Hertz’s experiments on electromagnetic waves
and his experiments on evaporation as both stemming from the same
scientific impulse, the same methodology: the attempt to produce new
phenomena in the laboratory, using hints and suggestions stemming in
part directly from experience in the laboratory and partly from theoreti-
cal ideas. Even when there was theoretical input, however, the primary
and overriding object was not to verify or falsify the theory, but rather
to use the theory for what it was worth in trying to produce new phe-
nomena. Hertz’s work on evaporation was hardly as successful as the
work on electromagnetic waves, but that circumstance is perhaps all for
the best in helping to illuminate Hertz’s experimental methodology.
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Last in Part III is an article by Frederic L. Holmes, which begins with
a problem posed by Antoine Lavoisier in the later eighteenth century,
relating to the site of oxidation reactions in the body and the attendant
production of heat; the story ends with the answer furnished by the
work of Felix Seyler-Hoppe in the 1860s and 1870s, in terms of the
transport of oxygen through the bloodstream by hemoglobin, to support
oxidation in the individual cells of the body tissues. From Lavoisier’s
work onward, and especially as manifested in his collaboration with
Pierre Simon de Laplace on the subject, the question of animal heat was
closely bound up with the physical sciences, and this matter was central
for both Mayer and Helmholtz in their pioneering work on the con-
servation of energy. More directly relevant thematically for the present
volume, however, is Holmes’s treatment of the interaction between the-
ory and experiment. On the one hand, Holmes shows how the posing
of the question of oxidation in the body influenced both the program
of experimentation that was undertaken and the conceptualization of
the results that were obtained; this tends to diminish the independence
of experiment. On the other hand, Holmes’s account of the influence
of developments in experimental technique on the experimental out-
comes and their interpretation, and his detailing of how these in turn
brought about changes in the phrasing of the questions that were asked
of experiment, tends to enhance the element of independence in the role
of experiment. It is, above all, a balanced account of the interaction of
theory and experiment that Holmes presents.

Moving on to the early twentieth century is Part I'V, on Einstein, a topic
central to Klein’s oeuvre, which has become even more central since
he assumed the Senior Editorship of the Einstein Edition. It is thus not
surprising that two of the contributors in this section are involved in the
editing of Einstein’s papers. Robert Schulmann’s paper draws heavily on
new archival material, to a large extent unearthed by himself, that sheds
new light on Einstein’s Swiss years. Schulmann argues convincingly
that the old myth of Einstein as an outsider, who suddenly, through his
revolutionary work on relativity, statistical physics, and quantum theory,
was called back into academia from his exile in the Bern patent office,
is indeed a myth. Throughout the patent office years Einstein kept in
touch with some of his academic colleagues, and his return to academic
life was carefully prepared and executed. The article by Kox shows,
through the example of an episode in Einstein’s life, the importance to
historians of having an edition such as the Einstein edition available.
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The article concerns the writing, submission, and eventual retraction,
in 1911-1912, of a paper by Einstein on the theory of residual rays. By
putting together the various pieces of evidence that can be culled from
Einstein’s correspondence of that period, now conveniently collected
in Volume 5 of the Einstein Papers, the background to the paper, most
of its contents, and the reason for its retraction can be reconstructed.
As in earlier articles in this volume, in Kox’s article, too, experiment
and its interaction with theory take a central place, as it was Einstein’s
disbelief in certain experimental results that prompted his paper, and
it was his eventual acceptance of those same results that made him
retract it. In the meantime he had argued for a different interpretation
of the data, an interpretation based on theoretical considerations. In
the article by the renowned Einstein scholar Gerald Holton, finally, we
encounter another aspect of Einstein’s personality: his love of books.
Holton traces Einstein’s intellectual development through the books
he read and outlines an important future research project, namely, to
study the influence of various books on Einstein’s thinking through an
analysis of the detailed inventory of Einstein’s library that is currently
being prepared.

In a variety of ways, Einstein’s work is a culminating point in the
history of science; so also in the composite narrative that emerges from
Martin Klein’s contributions to the history of physics, and so also in the
present volume, where the threads collected in their bearing on Einstein
diverge in various directions in Part V, Further Perspectives. Stephen
Brush’s paper on prediction and theory evaluation continues the theme
of the interaction of theory and experiment. It has been widely believed
that predictive power furnishes an especially acute test of theory, so that
a theory which makes successful predictions — especially if the phe-
nomena predicted run counter to existing belief — will command assent.
What Brush demonstrates, in brief, is that this is not true historically.
Other issues, such as whether the predicted experimental result is seen
as of core relevance to the theory, and whether the theory itself has
the kind of internal coherence and structure that will make it generally
acceptable, are more important, and will overweigh a given incident of
successful prediction in molding the opinion of the scientific communi-
ty. Experimental tests of the general theory of relativity furnish one set
of Brush’s examples, and there is, it might be suggested, another Ein-
stein connection as well, having to do with his delineation of two aspects
of theory evaluation, respectively the “internal” and the “external.” The
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internal criterion has to do with the internal coherence, harmony, etc.
of the theory; the external criterion refers to the fit with experiment. As
Brush’s investigation shows, especially in the case of Hannes Alfvén’s
astrophysical and cosmological theories, if the internal criterion is not
satisfied, no amount of successful prediction will be convincing.

Two of the articles in Part V, by Daniel Siegel and Abraham Pais
respectively, address historiographical issues bearing on the location
of the history of physics enterprise at the borderline between physics
and history of science, where technical material characteristic of the
physics discipline is treated, but with the methods and perspectives of
the historian. Martin Klein’s work has been at this borderline, furnishing
paradigmatic examples of what can be accomplished in this area that will
command the respect of both historians and physicists. The history of
science discipline was institutionalized in the universities in the period
after World War 11, partly in response to the feeling that, in the aftermath
of the development and use of nuclear weapons in that war, it was nec-
essary for society and, in particular, the intellectual community, to come
to grips with the interactions between science, technology, and society,
in part through studying the history, philosophy, sociology, and politics
of science. The history of science enterprise was envisioned, in this
context, as a highly interdisciplinary kind of undertaking, having rela-
tionships with science, history, philosophy, sociology, political science,
etc. In recent decades, however, history of science has become more
of a subdiscipline of history than a truly interdisciplinary undertaking,
and relationships with the sciences have been de-emphasized as a result.
Pais and Siegel, in their respective articles, voice some discontents with
this state of affairs.

Pais’s concern in this is primarily with the writing of history, while
Siegel is concerned with the reading of historical documents. Pais dis-
cusses the primacy of narrative in historical writing, from the journalistic
to the scholarly: it is the telling of the tale that matters, that bears the
magic, as Pais illustrates with a Chassidic legend. And when the tale is at
the borderline between physics and history of science, the teller should
be one who understands the physics — otherwise the magic disappears.
Siegel, in a parallel argument, suggests that the reader of a historical
text that has technical content must be one who is prepared to read that
technical material as it was meant to be read, that is, with pen or pencil
in hand, poised to fill in the missing steps in the argument, as the reader
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of mathematical material is almost always called upon to do. Siegel as
well makes use of a literary example: a poem by Maxwell that must be
read as it was meant to be — out loud — in order to get its message. The
concern with reading, writing, and narrative brings us full circle: back
to the perspective of the historian, no matter how technical the historical
materials may be.

Finally, in the paper by Roger Stuewer on the seventh Solvay Confer-
ence, held in Brussels in 1933, we come to the chronological end of the
volume. Martin Klein has made good use of conferences, including the
Solvay Conferences, as microcosms for the study of historical situations
in science; Stuewer here applies the approach to a later time and a dif-
ferent topic, namely, nuclear physics. The seventh Solvay Conference
represented both a coming to an end and a new beginning. With the
intellectual migration of that period (illustrated by Stuewer as relating
to the participants in the conference), the old order characteristic of the
period covered by this volume, in which the history of physics was a
story of European, especially British, French, and German science, was
breaking down, thus beginning the transition to a Post-World-War II sit-
uation in which science and technology in the Americas and in Asia play
central roles. Also, in physics itself, there was what appeared, briefly,
to be an ending, which then very quickly gave way to a new beginning:
The quest for the ultimate building-blocks of the universe had been
taken down to the molecular level in nineteenth-century kinetic theo-
ry, then down to the atomic and subatomic levels in the decades after
1890, and finally to the nuclear level in the second and third decades
of the twentieth century. For a moment in the 1920s the quest appeared
to have ended with the identification of the proton and the electron as
the elementary positive and negative charges and the ultimate elemen-
tary particles. However, with James Chadwick and the discovery of the
neutron; P. A. M. Dirac, Carl Anderson, and the positron; and Hideki
Yukawa and the meson (as variously discussed in the articles of both
Stuewer and Brush), this paradise turned out to be, if not exactly a fool’s
paradise, then perhaps an Eden lost.

With Roger Stuewer’s article, then, we write finis to the period in
the history of physics characterized by Cavendish, Fourier, Faraday,
William Thomson, Maxwell, Gibbs, Hertz, Einstein, and Rutherford,
and anticipate the nuclear zoo and other novelties of the end of the
twentieth century. Our survey of the period from Cavendish to Ruther-
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ford, especially by way of Maxwell, Gibbs, and Einstein, constitutes
our tribute to Martin Klein on his seventieth birthday. May he flourish!

A.J. Kox, Daniel Siegel
June 25, 1994



MARTIN KLEIN AT YALE

I first met Martin Klein to talk to in 1964 and in curious circumstances:
a few miles above the North Atlantic aboard a KLLM airplane bound for
Amsterdam. We were, I seem to recall, only three passengers: the third
was Derek Price. We talked of many things, and the flight seemed short,
at least to me. It may have seemed short to Martin, too, and certainly was
when compared to another flight of his, also connected with Amsterdam,
where he had stopped to buy cigars on his way home from Denmark. His
plane out was hijacked and flown via Beirut to Cairo where it was blown
up while he was running away from it through the desert in someone
else’s shoes. Since then his travel luck has been better, though not of the
best.

Martin stayed in Amsterdam, while Derek and I flew on to Hamburg
and began plotting ways and means of inducing him to join us at Yale —
it took three years, but we succeeded.

In the interval he came to New Haven to give several memorable
colloquia which caused the formation of the nucleus of a growing band
of faithful followers who do not willingly miss a lecture of his. We
were not surprised that he became a popular teacher among Yale’s
undergraduates and that he achieves his popularity sacrificing neither
his subject’s dignity nor his own.

His excellence as a lecturer and expositor rests, of course, first on his
intimate and detailed knowledge of the warp and weft in the fabric of
physics of the late nineteenth and early twentieth century: he can in an
instant trace the threads that connect any two related events. His style
at the lectern is as far removed from the histrionic as one can imagine,
though not without art. He plays his cards quietly and cunningly from
a carefully arranged deck and addresses his audience directly, without
the intervention of a manuscript, always keenly aware of his listeners’
limitations and needs.

I saw a striking example of this last in a lecture to the Connecticut
Academy of Arts and Sciences whose chief claim to glory is the publi-
cation in 1875-1878 of Gibbs’s “On the Equilibrium of Heterogeneous
Substances” in its Transactions. A celebration of this event’s centenary
seemed in order, and Martin was the obvious choice for celebrant. He
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had prepared himself with the promised presence of most of Yale’s
physicists in mind. However, at the very last moment we learned that
a departmental emergency prevented them from attending, so he faced
an audience void of expertise in physics (though not of intelligence).
Without so much as a blink — at least as far as this observer could see —
he proceeded to give one of the best lectures I have heard, elegant, with
few technicalities, yet rich in substance, obviously not the one he had
planned, but perfectly attuned to the unforeseen situation.

As said, Martin came to Yale in 1967. Because of an administrative
tangle, he was given a presidential appointment, and it became my
pleasant task to announce his arrival to Yale’s Board of Permanent
Officers. To prepare myself I looked carefully at his curriculum vitae
and was startled to learn that he had been a child prodigy, for he exhibited
none of the conventional tell-tale signs. Indeed, he had graduated from
Columbia University in his native New York City with a bachelor’s
degree in physics at age eighteen, and obtained his master’s degree
there two years later. He was all of 24 years old when he became a
doctor at MIT, but he had by then spent two years in war research for
the US Navy - it had to do with the propagation and detection of sound
under water (he is an excellent swimmer).

Martin began his tenure at Yale on leave so he could finish, and see
through the press, his book on Paul Ehrenfest. I remember well, and
with pleasure, an expedition toward New York City in search of an
early copy of the New Yorker magazine that had in it Jeremy Bernstein’s
review of it — an informed and enthusiastic long essay. We all basked
in his glory. It is, of course, a remarkable book, beautifully written as
is all his published work, with great clarity and insight, and ample, but
not too many technical details. It can be, and has been read with profit
and pleasure by professional and lay alike. I have talked with several
scientists who had known Ehrenfest, and all thought it astonishing that
Martin, who had not, was still able to capture his essence to perfection.

Martin’s principal field of work and mine are separated in time by
some two millennia, yet we joined forces in a seminar on Newton’s
Principia and slogged our way through it proposition by proposition. It
was heavy going — Newton did not feel kindly toward his reader — but
it was great fun and I, for one, learned much.

We held the seminar at the end of the sixties, the golden decade of
academic life in America. Never before or since have academic endeav-
ours been so eagerly and generously encouraged and supported, and
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never before or since and, for that matter, nowhere else, has academic
life been so exciting and flourishing. They were heady days, and we
were fortunate to have excellent graduate students and visitors, also
from abroad, many attracted to Yale by Martin’s presence. They all left
with his imprint on their standards and style of work.

It behooves old men to count their blessings, but all too many must,
alas, find it all too simple. I am not among them for I have been very
fortunate and my blessings are many and great. Not least among them
is having had a profession and been in circumstances that brought me
Martin Klein as a colleague and friend.

Asger Aaboe

Emeritus Professor of Mathematics, History of Science, and
Near Eastern Languages and Literatures

Yale University

U.S.A.



RUSSELL MCCORMMACH

THE LAST EXPERIMENT OF HENRY CAVENDISH*

Martin Klein, who has a long-standing interest in the life of the physicist
Josiah Willard Gibbs, gave an address to the History of Science Soci-
ety in 1982 in which he contrasted Gibbs with another physicist, Paul
Ehrenfest. No two personalities in the same field could be more unlike
than the austere and reticent Gibbs and the irrepressible Ehrenfest. Klein
found Ehrenfest the more accessible of the two. In Klein’s reading of
Ehrenfest’s writings in physics, Ehrenfest’s personality comes across on
every page. Ehrenfest’s forte was criticism, which makes for vivid biog-
raphy, as Klein’s biography of Ehrenfest certainly is. By contrast, the
characteristics of Gibbs’s most important work are generality and logical
simplicity, which are decidedly not characteristics of the biographer’s
subject, that most complex of things, the unique human personality.

In his search for Gibbs in Gibbs’s work, Klein turned to one of
Gibbs’s early self-proclaimed apostles, Pierre Duhem. Duhem referred
to Gibbs’s “retiring disposition.”! Gibbs had no need or desire to try out
his scientific ideas on colleagues; he revealed his work to the world only
after it was fully worked out. A man of regular, almost monkish habits,
Gibbs rarely ventured outside the society of his university, Yale. His
powers of scientific concentration were extraordinary. Gibbs’s retiring
disposition can be seen in his scientific work, Duhem believed, and
so does Klein. “Retiring” does not conjure up dramatic scenes, but
they are not what Gibbs’s life is about. To Gibbs’s biographer, a single
expression, “retiring disposition,” can serve as the starting point for
understanding the person.

The subject of this paper is Henry Cavendish, who poses the same
problem to his biographers: to bring substance to the shadow, to recre-
ate a thinking, feeling person, in large part from scientific writings.
Charles Blagden, the colleague who knew Cavendish best, described
Cavendish’s lifelong habits as “retired.” It is Duhem’s and Klein’s word
for Gibbs. Blagden’s choice of the word for Cavendish would seem
equally well chosen. Like Gibbs, Cavendish had intense powers of sci-
entific concentration, and he was reluctant to take part in the ordinary
affairs of society. Born to the high aristocracy, extremely rich, Cavendish
was not drawn to the places of public drama open to him, such as politics
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and war. Taciturn when not mute, guarded and shy in the extreme in the
presence of strangers, Cavendish lived all of his adult life in and around
London in solid houses with servants to protect his privacy. These hous-
es he turned into places of science. That was where the drama of his life
was staged, unseen, internal, and profound.

When Cavendish died in 1810, an official, anonymous biographi-
cal notice appeared.? The authorship is established by a fragment of
the notice in Blagden’s handwriting; the fragment breaks off abruptly
with the word “secluded.” The circumstances of Blagden’s notice are
explained in two letters to Blagden from Lord George Cavendish, who
along with his sons inherited the bulk of Henry Cavendish’s estate. The
first letter informed Blagden that the Duke of Devonshire, head of the
Cavendish clan, had approved Blagden’s sketch of Cavendish’s “char-
acter” for the “Publick Papers.” The second letter, written the next day,
informed Blagden that the corrections Blagden meanwhile had sent had
arrived too late: anxious that nothing about Cavendish appear in public
before Blagden’s notice, Lord George had already sent it to press. At
the bottom of Lord George’s letter to him, Blagden wrote out again the
three corrections he had requested. They are brief and two of them of no
consequence here. The third correction indicated that Blagden wanted
Cavendish’s habits to be called not “retired” but “secluded.”® Perhaps
the substituted word sounded better to Blagden’s ear, but as a writer
he was more exacting than elegant, and I think that it was a nuance
of meaning he wanted. Weighing the alternative characterizations of
Cavendish, “retired” versus “secluded,” each conveying much the same
impression, Blagden preferred the one that better matched the impres-
sion Cavendish had made on his contemporaries. “Retired” suggests
withdrawn or inactive, “secluded” shut up.* The second word, Blagden
thought, is definitely the better word for Cavendish.

The best word for describing the condition of Cavendish biographers
is bewilderment. The wealth of scientific manuscripts Cavendish left
behind confronts them with studies on every topic in the physical sci-
ences, carried out independently of one another, without rhyme or reason
other than with the implicit goal of totality. That is a first impression. If
the biographers persist, they see that the studies fall into groups, con-
nected by large goals, which belong to the science of Cavendish’s time.
One extended group of papers has to do with his researches on the earth,
including its gaseous envelope and its location and orientation in the
solar system. Researches on the earth that were most significant in the



THE LAST EXPERIMENT OF HENRY CAVENDISH 3

eighteenth century tended to involve numbers of investigators working
together, in contrast to those on general laws of nature, which tended to
be done by individuals on their own, at least in the first instance. Thus, in
the several organized researches on the earth that Cavendish took part
in, he worked with others, while preserving his measure of essential
privacy. However in his last published experiment, — the determination
of the mean density of the earth — Cavendish worked in seclusion in
the ordinary sense of the word: He brought the earth into his place of
seclusion, his home, where he experimented on it virtually alone. Then,
because it was science he was doing, he submitted his results to the
Royal Society for publication. This experiment came to be known to
scientists as the Cavendish experiment. It was well named.

I. THE ROUTE TO CAVENDISH’S LAST EXPERIMENT

In 1760, at age twenty-nine, Cavendish was elected Fellow of the Royal
Society. The society was, just then, preoccupied with one of the great
eighteenth-century scientific projects. In conjunction with societies and
academies in other countries, it was planning expeditions to observe
the transit of Venus across the sun in 1761. These transits are periodic
events, occurring in pairs eight years apart and then not again for 113
years. Their great interest in the eighteenth century was in providing an
opportunity to determine the mean distance of the earth from the sun. The
newcomer Cavendish was not formally brought into the preparations for
the transit of 1761, as he would be into those for the paired transit of
Venus eight years later, in 1769. The first evidence of Cavendish’s
involvement in the transit of 1769 is a letter by him to the president of
the society, in 1766; later, the next year, he was appointed to a committee
to consider the proper places, methods, and persons for observing the
transit.> Here is the earliest known participation by Cavendish in a
measurement pertaining to the earth, and it is the beginning of his service
as a committeeman of the Royal Society, possibly its most called upon
and certainly its most versatile.

Newton had concluded, and Huygens had too, that owing to the
attraction of the earth and to the centrifugal force of its rotation, its
shape ought to be an ellipsoid of revolution, a spheroid flattened at
the poles.® This theoretical conclusion was disputed by others. On the
grounds of previous French measurements, the Cartesian astronomer
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Jacques Cassini held the opposite opinion, that the earth is a prolate
spheroid, elongated at the poles, like an egg. The implication was clear:
if Newton was right, the length of a degree of latitude should increase as
one moves from the equator toward a pole, but if the other opinion was
right, the length of a degree should decrease. To settle this dispute, two
expeditions were sent out, one under P. L. M. de Maupertuis to Lapland,
in the direction of the north pole, and the other under Pierre Bouguer
and Charles Marie de 1a Condamine to a place in Peru (now in Equador)
near the equator. The question was answered in favor of Newton and
his supporters, the “earth flatteners.”

Peru is a land of high mountains. If gravitation is a universal law, as
Newton reasoned it is, then a plumb bob in the vicinity of a mountain
should be affected. Newton calculated the attraction: a hemispherical
mountain of earth matter with a radius of three miles would deflect a
plumb-line by a minute or two of arc. He thought that the effect was
too small to measure, which judgment was received by his eighteenth-
century followers as a challenge. Since astronomical instruments de-
pended on a plumb-line to establish the vertical, observations taken with
them could be sensibly distorted, and Bouguer and La Condamine took
precautions in their determination of the length of a degree of latitude.
But since the attraction of mountains had not actually been observed,
they did an experiment to see if it really did exist. With a quadrant orient-
ed by a plumb-line, they measured stars directly overhead in two places,
one beside the 20,000 foot extinct volcano Chimborazo, the other on a
plateau far removed from the mountain. They did see a deflection of the
plumb-line in the expected direction, but quantitative measurement was
too difficult with the instrument at hand. Returning from the expedition
in 1744, Bouguer said that he would like to see the experiment on the
attraction of mountains repeated under proper conditions in Europe. His
La figure de la terre, determinée par les observations de Messieurs De
la Condamine et Bouguer . . . , published in 1749, would be Cavendish’s
starting point in his work on the problem.’

The figure, density, and internal structure of the earth are connected
properties, which in turn are connected to a seemingly remote phe-
nomenon, the precession of the equinoxes. This precession is the slow
motion of the earth’s axis of rotation relative to the stars caused by
the attraction of the sun and the moon on the earth’s equatorial bulge.
In an unpublished study of the precession of the equinoxes, Cavendish
tried to reconcile Bouguer’s result for the figure of the earth (which
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was Newtonian, in general), as obtained by mensuration, with the figure
that agreed with the variation of gravity with latitude, as determined by
theory and tested by pendulums. He could not,

without assuming some very improbable hypothesis of the density of the earth (if there
is any hypothesis which will answer that purpose) or else without denying the theoryl[,]
which seems too well founded to be shaken by these observations(;] & as the irregularity
of the surface of the earth particularly in the high mountains of Peru where one of these
observ. were made may cause an alteration in the direction of gravity & thereby disturb
the accuracy of the experiment . . . we may fairly reject this experiment[al] mensuration
& assume that diff, of axes which agrees with the differences of gravity .. .3

Cavendish was inclined to favor theory over measurement in this case:
the gravitational theory was solid, and the French observations were
subject to question, especially in view of the attraction of mountains.
He proceeded to calculate the part of the precession caused by the sun
using A. C. Clairaut’s more probable hypothesis of the earth’s interior.
(In 1743 Clairaut had published a celebrated theorem relating gravity
to latitude, assuming that the interior of the earth consists of concentric
strata of uniform density.) Cavendish’s result was much larger than what
Newton had given, “yet it may perhaps agree full as well with exp. as
his[,] as neither the force of the moon to move the equinoxes nor the
form and internal struc. of the earth is known.” Cavendish did not, as
we will see, think that Clairaut’s assumption was correct either. The
figure and interior structure of the earth remained unknown, and the
latter might be unknowable.

Throughout his research on the earth, Cavendish kept in close touch
with the astronomer Nevil Maskelyne. With the approach of the first
transit of Venus and on the recommendation of James Bradley, the
Astronomer Royal, Maskelyne was sent by the Royal Society to St.
Helena to make observations. The passage of Venus across the sun was
clouded over, so the main point of the expedition was lost. Maskelyne,
however, proposed to do another experiment, while on St. Helena, to
measure the parallax of the brightest and supposedly closest star, Sirius,
using the earth’s orbit as base line. That measurement would give the
distance of the earth not from the sun but from a fixed star. The paral-
lax of stars is implied by the moving earth of the Copernican system,
and astronomers had looked hard for it. Maskelyne had to make reliable
observations if his experiment was to stand a chance. Heeding the warn-
ing to astronomers contained in Newton’s calculation, Maskelyne took
into account the possible influence of the attraction of the mountainous
island on the plumb-line of his zenith sector. He planned to make cor-
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rective observations from the north and south sides of the island, but his
instrument proved defective and nothing came of this attempt either.’
Yet all was not lost. It had long been known that a pendulum beating
seconds is shorter near the equator than at higher latitudes. Newton and
Huygens and those who came after them recognized that comparative
measurements of the lengths of a seconds pendulum at different latitudes
could serve as an experimental means of determining the shape of the
earth. Experiments with pendulums had been made at various places
around the world, and Maskelyne made another at St. Helena. Using a
pendulum clock, he compared the (Iessened) gravity on St. Helena with
that at Greenwich. He did not, however, draw conclusions about the law
of the variation of gravity with latitude or about the figure of the earth.
He explained why in his paper reporting on the pendulum observations:
If the body of the Earth was homogeneous throughout, not only the figure of the Earth,
but also the law of the variations of gravity in different latitudes would be given, and
would be the same as Sir Isaac Newton has described them. But if the Earth be not
homogeneous, and there seems great reason, from late experiments, to doubt if it be so,
we can form no certain conclusions concerning the figure of the Earth, from knowing

the force of gravity in different latitudes; as this force must depend not only on the
external figure, but also in the internal constitution and density of the Earth . .. 10

It is an “intricate” subject, Maskelyne concluded.

The goals of observations of the transits of Venus and of experiments
on the density of the earth were similar in that they were both about
the earth in relation to the solar system; also, measurements of both
remained uncertain in the eighteenth century. The distances of the plan-
ets were expressed in terms of the distance of the earth from the sun;
likewise, the densities of the sun and some planets were known only
relatively, so that the density of the earth had first to be determined to
know the density of the other bodies.!! As one would expect, the same
persons worked on the transits of Venus and the density of the earth,
among them Cavendish, Maskelyne, and another of Bradley’s assistants,
the English astronomer Charles Mason.

Upon returning from the Cape of Good Hope where they had gone
to observe the transit of Venus for the Royal Society, Charles Mason
and his associate Jeremiah Dixon were hired in 1763 to settle the old
boundary dispute between the colonies of Pennsylvania and Maryland.
This painstaking job took them nearly five years. While they were at it
and with the consent of the Royal Society, they measured the length of
a degree of latitude. The question was then raised whether Mason and
Dixon’s measurement could be flawed by the attraction of any mountain
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and Maskelyne thought not.!? Reviewing the measurement, however,
Cavendish disagreed with Maskelyne. Taking into consideration the
attraction of the Allegheny Mountains to the northwest and the defi-
ciency of mountains in the Atlantic Ocean to the southeast, Cavendish
calculated that Mason and Dixon’s degree could fall short by sixty to
one hundred Paris toises. One toise equaling about two metres, this was
a considerable error. Cavendish made similar criticisms of the measure-
ments of the length of a degree by R. J. Boscovich between Rome and
Rimini and by N. L. de Lacaille at the Cape of Good Hope. Cavendish’s
study of the length of a degree as measured by Mason and Dixon and
the others concluded as follows: “No regular figure can be assigned to
the earth which will agree with all these observations so that either the
figure of the earth is irregular or the observations have been influenced
by the attraction of mountains or some of the observations were not
sufficiently accurate.”!?

The problem of the length of a degree was a tangle of several prob-
lems; in particular, the form of the earth and the attraction of the earth,
taking into account its mountains and its subsurface irregularities, were
closely connected, and Cavendish titled his comprehensive discussion
of them “Paper Given to Maskelyne Relating to Attraction & Form of
Earth.” This paper also drew on Cavendish’s study of the precession of
the equinoxes, and he told Maskelyne that the best way to determine the
form of the earth was by gravity, not by mensuration, giving as a reason
the better fit with the precession of the equinoxes.!

Maskelyne became Astronomer Royal in 1765 and was now in a
position to initiate projects of his own. The next in line was the attrac-
tion of mountains. The issue was broached in 1771, in a letter from
Maskelyne to Cavendish containing two theorems for calculating the
attraction of a hyperbolic wedge and an elliptic cuneus; on the back of
the letter Cavendish rewrote Maskelyne’s two formulas. The analysis
of the attracting mountain was underway.!’

“Paper Given to Maskelyne” reads like a continuation of the letter
Cavendish had received from Maskelyne; it gives Cavendish’s rules for
finding the attraction of a particle at the foot of and at a distance from
geometrical solids generated by lines and planes and obeying the law
of universal gravitation. After these mathematical preliminaries on the
attraction of slabs, wedges, and cones, Cavendish turned to the subject
of scientific interest, the real world of attracting bodies. These included
the great irregular masses that the earth actually throws up, which distort
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astronomical observations but which also provide a means for measuring
the density of the earth.

Cavendish told Maskelyne, “I know but 2 practicable ways of finding
the density of the earth,” by the seconds pendulum and by the plumb-
line. He began with the first way, using observations from “Bouguer
figure de la terre.” To judge the effect on the length of a pendulum of the
great masses of the Cordillera, Cavendish constructed an approximation
to the mountain Pinchincha by joining his Platonic mountains, two half
cones, and placing them on an infinite slab, by which he represented, as
Bouguer had, the rest of the Cordillera. Assuming that the mean density
of the Cordillera is the same as that of the earth, Cavendish calculated
the increase in the length of a seconds pendulum placed at the top of the
mountain and compared his value with the French observations. There
was a difference, and from this difference Cavendish inferred that the
mean density of the earth is 2.72 times the density of the surface layer,
whatever that should turn out to be. He next did the same calculation as
Bouguer had done for an observational site lower down the mountain,
at Quito. This time the mean density of the earth came out to be 4.27
times the surface density. He did a further calculation with a different
representation of the mountain, this time as a segment of a sphere, and
he arrived at the value of 4.44, which was close to Bouguer’s 4.7.16
These were Cavendish’s first estimates of the mean density of the earth.

In practice, pendulum lengths depend not only on latitude and on
surface masses like mountains but also on the internal structure of
the earth. Even if the simplest assumption is made about the earth’s
interior, it can be shown that the mean density of the earth is much
greater than its surface density. To give Maskelyne an idea of what they
might expect, Cavendish drew on an entirely different kind of evidence,
John Canton’s experiment on the compressibility of water. Supposing,
Cavendish said, that even if the surface and the interior of the earth
are of the same substance, the internal parts will be compressed and
therefore be denser, the more so the closer the parts are to the center.
Beginning with Canton’s demonstration that the density of water is
increased 44/1,000,000 by the pressure of one atmosphere, and making
a quantitative assumption about the compressibility of earth relative
to that of water, Cavendish constructed a table for the densities of the
earth at different distances from its center. From these assumptions, he
deduced that the mean density of the earth should be more than eleven
times the surface density.!” This value was much higher than the French.
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Cavendish did not comment on it, since the interior of the earth was an
unknown. quantity. Only this far could Cavendish go with theoretical
reasoning and observations made by others with the seconds pendulum.
What were needed were new observations from a new experiment.

The second practicable way, Cavendish said, was “by finding the
deviation of the plumb line at the bottom of a mountain by taking
the meridian altitudes of stars.” By comparing the acceleration of a
pendulum at the top of a conical hill with the deviation of a plumb-line
at its foot, he concluded that although the pendulum method is easiest,
the plumb-line one is the “more exact.” His main point was that a plumb-
line seemed “much less affected by any irregularity in the density of the
internal parts of the earth.” From experiments on gravity, there was good
reason to believe that such irregularity exists, and Cavendish made a
drawing for Maskelyne of a possible interior of the earth.!® The method
of plumb-lines was the one that Cavendish and Maskelyne would pursue
in the Royal Society’s experiment on the attraction of mountains.!?

In 1772 Maskelyne proposed an experiment on the attraction of
mountains, which would make the “universal gravitation of matter
palpable.”?° In July of that year the council of the Royal Society appoint-
ed a committee to consider the experiment and to draw on the society’s
treasurer as needed.?! In a paper written for his fellow committee mem-
ber Benjamin Franklin, Cavendish described what kinds of mountains
were best, the main consideration being that the mountain be big and
that the observing stations to the north and south be close together. He
told Franklin how to estimate the sum of the deviations of the plumb-
line on the two sides of the mountain by sectioning the mountain, fitting
geometrical solids to it, and then consulting Cavendish’s enclosed table
of deviations. The want of attraction of a valley, he told Franklin, was
as good as the attraction of a mountain and perhaps better; so his “cor-
respondent” should watch out for valleys too.?

Maskelyne wrote to Cavendish in January 1773, returning his “Rules
for Computing the Attractions of Hills,” having made a copy to keep.
Maskelyne said that the rules were “well calculated to procure s the infor-
mation that is wanted” and that the “dimensions of [an] extraordinary
valley [Glen Tilt] deserve a more particular inquiry.”?? The committee
began to draw on the treasurer,2* and in mid-1773 the council called on
Charles Mason to go to Scotland to observe its mountains and valleys.?
At the end of July 1773 the council’s instructions were made more
specific, and Mason thereafter set off on horseback into the Scottish
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Highlands.?6 In early 1774, a year and a half after the committee had
been formed, a final decision was made on the basis of Mason’s survey.
The choice was a 3547 foot-high granite mountain in Pertshire, “Maid-
en’s Pap,”? also known as “Schiehallien,” meaning “constant storm.”
Schiehallien was made to Cavendish’s order, a regular, detached moun-
tain, with a narrow base in the north-south direction.?® Losing no time,
the committee selected Mason to do the experiment on the attraction
of this mountain, but Mason turned down the invitation, and with it
unforeseen glory. In his place, the committee hired Maskelyne’s new
assistant observer at the Royal Observatory, Reuben Burrow.? It was
by then dead winter, there was no hurry; the committee had time for
second thoughts. The Greenwich assistant did not seem equal to this
important assignment; the committee told the council: “it would add to
the lustre and authenticity of the observations to be made in Scotland, if
Mr Maskelyne could be prevailed on to undertake the direction of them
upon the spot.” Maskelyne was prevailed upon and duly received per-
mission from the King to absent himself from the Royal Observatory.3°
The experiment required a large number of instruments, one of which
was a dipping needle in need of repair, which was refurbished under the
supervision of Cavendish, who had by now succeeded his father, Lord
Charles, as the society’s expert on instruments in general 3!

Loaded down with instruments in working condition, Burrow preced-
ed Maskelyne to Schiehallien, where with William Menzies he deter-
mined the size and shape of the mountain. Maskelyne arrived at the
end of June to make astronomical measurements on forty-three stars.
Because of the storms, the experiment dragged on. Maskelyne returned
to Greenwich only at the end of October, and Burrow and Menzies
stayed on to do more surveying. When Burrow returned, he was paid
off and told to give over the original papers of his survey. Cavendish
and C. J. Phipps were charged by the council to compare Burrow’s
scarcely legible Schiehallien papers with his own fair copy, and in April
1775 Cavendish and Phipps declared the copy faithful and Burrow an
excellent surveyor. Maskelyne was empowered to hire persons for the
calculations.3? This was the end of Cavendish’s formal involvement in
the experiment on the attraction of mountains, but it was not the end of
his interest in the quantity it addressed, the mean density of the earth.

The attraction of Schiehallien was palpable, if barely. The experi-
ment had been genuine, its success not guaranteed, as is clear from
Cavendish’s attempts to estimate in advance its likelihood of succeeding.3
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True to Newton, to his own promise, and to the outcome of the exper-
iment, Maskelyne told the Royal Society in July 1775 that “we are to
conclude, that every mountain, and indeed every particle of the earth, is
endued with the same property (attraction), in proportion to its quantity
of matter,” and further that the “law of the variation of this force, in
the inverse ratio of the squares of the distances, as laid down by Sir
Isaac Newton, is also confirmed.” For this experiment, Maskelyne was
awarded the Copley medal in 1775. In his address on the occasion,
the president of the society, John Pringle, said that now the Newtonian
system was “finished” and that every man must become a Newtonian.34

Maskelyne and the president’s conclusions could have come as no sur-
prise to Cavendish. What interested him, however, was the mean density
of the earth, which had to wait for the calculations of the mathematician
Charles Hutton, whom Maskelyne had employed for the purpose. It
was not until early in 1778 that Hutton finished his paper. The hundred
pages of “long and tedious” calculations had demanded his “close and
unwearied applications for a considerable time.” They came down to
this number: the ratio of the mean density of the earth to the density
of the mountain was 9 to 5. Hutton pointed out that the density of the
mountain was not known and that only an empirical study of its internal
structure could reveal it.

Hutton’s calculation was not the same or as satisfying as another
number, the mean density of the earth expressed in terms of the standard,
the density of water. That number Hutton estimated by assuming that the
mountain is “common stone,” the density of which is 2%; the density of
the earth is therefore 4% times the density of water. Newton’s best guess
that the mean density of the earth is between 5 and 6 was close (“‘so much
justness,” Hutton said, “even in the surmises of this wonderful man!”).
Reminding his readers that this experiment was the first of its kind,
Hutton hoped that it would be repeated in other places. New methods
of calculation had had to be invented, he said in explanation of why it
had taken him so long. The delay was despite labor-saving methods of
calculation, which he said he owed to Cavendish.3’

Legend has it that Maskelyne threw a bacchanalian feast for the
inhabitants around Schiehallien complete with a keg of Scotch whisky,
and a ballad exists testifying to it.* It is hard to imagine Maskelyne
himself or indeed Cavendish taking part in this licentious affair, but then
Cavendish was not on the mountain. Cavendish had done the compre-
hensive planning for the experiment, but he did not go into the field to
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look at the mountain, nor did he make the astronomical observations on
it, nor did he make the final calculations of the earth’s density; others did
these things. In the imagery of the experiment, Cavendish was the valley,
not the mountain. As he demonstrated, the valley offered the same effect
and likely greater accuracy than the mountain, but the experiment was
done on a mountain, a feature of the landscape that draws the eye more
than the valley does. Cavendish’s work on the experiment went unseen
except by others who worked on it too. Work through committees could
be a haven for a man of secluded habits.

II. CAVENDISH WEIGHS THE WORLD

Some twenty-five years separated Cavendish’s work with the Royal
Society on the determination of the earth’s density and his own, pri-
vate determination of it. In the meantime Cavendish continued to study
the earth. The Royal Society’s experiment on the attraction of moun-
tains coincided with what might be called scientific mountain fever.
Throughout Europe in the 1770s mountains were being scaled not for
their challenge or their sublimity but for the rarity of their air. Scientifi-
cally minded men carried their barometers up mountains in the hope of
perfecting a practical method for determining heights (not a new idea but
a new hope). This went on even while Maskelyne was on Schiehallien
making his experiment. Among the visitors he received there was his
good friend William Roy, Surveyor-General of the Coasts and Engineer
of Military Surveys for Great Britain. Roy brought his own barometers
in order to measure the height of the mountain, which he then com-
pared with the geometrically determined height. In Roy’s experiment,
Cavendish had a part too, having assisted Roy in experiments on the
expansion of mercury for just this sort of measurement.’” In Cavendish’s
first publication, in 1766, in pneumatic chemistry, he referred to a rule on
the density of air, given by the French astronomers “who measured the
length of a degree in Peru,” for “finding the height of mountains baro-
metrically.” Later Cavendish made his own experiments on the height of
mountains. They were, in fact, a main objective in his singular journeys
outside of London in the 1780s. These journeys carried Cavendish far
from his London haunts and were as close as he came to undertaking
scientific adventures of Bouguer’s and Maskelyne’s kind. (When these
journeys are looked at closely, however, they do not seem like a great
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departure from Cavendish’s ordinary forms of seclusion: he traveled
with Blagden in a closed coach, on a predetermined course, stopping
only at geologically and industrially interesting sites, and meeting there
with a few persons who had been contacted by Blagden in advance.)

For the purposes of this article, the most interesting of Cavendish’s
journeys was his second, an eight-hundred mile tour through the east-
ern coal counties in 1786. He and Blagden stopped for several days
in Thornhill, near Wakefield in Yorkshire, to visit the rector of St.
Michael’s Church there, John Michell. Cavendish had known Michell
for a long time, and he had followed Michell’s work ever since Michell
had been Woodwardian Professor of Geology at Cambridge. Michell
and Cavendish were both elected to the Royal Society in 1760. In that
year, before their election, Michell’s great paper on the cause of earth-
quakes was read in five consecutive meetings of the society. Cavendish
was present at all of these meetings.’® Michell’s subject, the structure
and strata of the earth’s interior, would link his and Cavendish’s interests
thereafter.

On his visit to Thornhill in 1786, Cavendish obtained from Michell
a remarkable table of strata going down 221 yards into nearby coal
pits,3 and he and Blagden looked over Michell’s collection of fossils
found in these strata. They all also took a geological side trip over
the limestone country, where with Cavendish’s barometer they hoped
to measure heights; they managed to take some lower elevations, but
foul weather prevented them from “ascending any mountains.”* There
was another interest: Michell had been working for years on a great
reflecting telescope, 2% feet in aperture. It caused a stir in London, and
in Blagden’s opinion (but I doubt Cavendish’s) it was the reason he
and Cavendish were visiting Michell at all. They looked through the
telescope but with disappointing results since Michell had cracked the
speculum.*!

There is no mention of any apparatus for determining the density of
the earth in the letters and the journal from Cavendish and Blagden’s
visit with Michell in 1786. But Michell’s intended experiment on the
density of the earth would certainly have been discussed on this visit.
Cavendish’s interest and encouragement are on record in a letter he
wrote to Michell three years before, in 1783. He knew that Michell
was already in trouble with his telescope because of its enormous scale.
He wrote: “if your health does not allow you to go on with that [the
telescope] I hope it may at least permit the easier and less laborious



14 RUSSEL McCORMMACH

employment of weighing the world.”#? This letter of 1783 contains the
earliest mention of Michell’s and ultimately Cavendish’s “weighing the
world.”

“Experiments to Determine the Density of the Earth,” Cavendish’s
paper in the Philosophical Transactions for 1798, opens with a histor-
ical paragraph that establishes his connection with Michell. There was
another connection between the two of them through Francis John Hyde
Wollaston:

Many years ago, the late Rev. John Michell, of this Society, contrived a method of deter-
mining the density of the earth, by rendering sensible the attraction of small quantities
of matter; but, as he was engaged in other pursuits, he did not complete the apparatus till
a short time before his death, and he did not live to make any experiments with it. After
his death, the apparatus came to the Rev. Francis John Hyde Wollaston, Jacksonian

Professor at Cambridge, who, not having conveniences for making experiments with it,
in the manner he could wish, was so good as to give it to me.*

Michell died in 1793, and he had not finished building his apparatus
until shortly before then. How the apparatus came into Wollaston’s
hands Cavendish does not say, nor does he say who initiated the gift of
the apparatus from Wollaston to Cavendish, though from all that passed
before it was almost surely Cavendish. In any case, Michell, Cavendish,
and Wollaston were all on familiar terms. Wollaston belonged to a
dynasty of men of science and the Church, all of whom, like all of
the principals in this scientific episode — Cavendish, Maskelyne, and
Michell — were Cambridge men. The educational, scientific and person-
al connections between the Wollastons, Michell, and Cavendish are as
many as they are hard to keep in mind, given the large number of Wollas-
tons and the family parsimony in assigned first and middle names.** It is
— this is the point — entirely reasonable that Michell’s apparatus should
end up in Cambridge with one of the Wollastons, and that Cavendish
knew its whereabouts, coveted it, and was given it to use.

Cavendish was nearly sixty-seven when he weighed the world. His
most recent publication of experiments had been on chemistry ten years
before, and it would have been his last if it had not been for Michell’s
work, which Cavendish finished for him. Cavendish’s experiment was,
in reality, several “experiments,” seventeen in number, each consisting
of many trials. The first experiment was done on 5 August 1797, and
the first eight were done a few days apart through the rest of August and
up to the last week in September. The remaining nine experiments were
done the following year, from the end of April to the end of May. The
paper reporting the experiments was read to the Royal Society on 21
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June 1798, just three weeks after the last experiment. This lengthy paper
must have been largely written before the completion of the experiment.

Cavendish began the report of his work with a promising beginning:
“The apparatus is very simple.” The apparatus, which Cavendish largely
remade, is in truth easily described. Its moving part was a six-foot
wooden rod suspended horizontally by a slender wire attached to its
center, and suspended from each end of the rod was a lead ball two
inches across; the whole was enclosed in a narrow wooden case to
protect it from wind. Toward the ends of the case and on opposite sides
of it were two massive lead balls, or “weights,” each weighing about
350 pounds. The weights could be swung to either side of the case to
approach the lead balls inside, and in the course of the experiment this
was regularly done. The gravitational attraction between the weights
and the balls was able to draw the rod sensibly aside. From the angle
of twist of the rod, the density of the earth could be deduced; but for
this to be done, the force needed to turn the rod against the force of the
twisted wire had to be known, and for this it was necessary to set the
rod moving freely as a horizontal pendulum and to observe the time of
its vibrations.

To the modern reader the way Cavendish got from the mutual attrac-
tion of the lead “weights” and balls to the density of the earth seems
roundabout, which is to be expected. Cavendish did not write equations,
and he did not distinguish between weight and mass, so no gravitation-
al constant appears. He introduced an artifice, a simple pendulum, the
length of which was one-half the length of the wooden rod constituting
the horizontal beam of his apparatus. The simple pendulum, which was
not part of the experiment but only of the analysis, oscillates in a verti-
cal plane under the action of the earth’s gravity. It does not look at all
like Cavendish’s horizontal beam oscillating freely as a horizontal pen-
dulum, but the two pendulums are described mathematically the same
way; they are both “pendulums” performing simple harmonic motion.
By combining and manipulating the formulas that relate the forces on
the two pendulums, certain proportionalities result, which include the
wanted expression for the density of the earth in terms of the measures
of the apparatus and two things observed in the experiment, the period
of the torsion balance and the displacement of the beam by the attraction
of the weights. The reason why the earth enters this expression is that
the “weights” have weight owing to the attraction of the earth, which is
proportional to the matter of the earth. Using modern terminology and
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notation, this derivation can be done with a few lines of equations, but
they would not correspond to Cavendish’s reasoning.*

In the earlier experiment on the attraction of mountains, it was an open
question if a mass the magnitude of a mountain was sufficient to cause
a detectable effect. In Cavendish’s experiment, the detectable effect
was readily achieved by weights small enough to fit into an apparatus.
The lead balls were what he “weighed” with his apparatus, thereby
weighing, indirectly, the world. This was not an obvious weighing like
the chemist’s weighing with his balance (Cavendish, as chemist, was
renowned for his weighings of this sort*). Rather, it measured the
attraction of lead spheres, which led by a chain of theoretical arguments
to the weight, or density, of the world.*’

Cavendish’s experiment was a precision measurement of a seemingly
inaccessible magnitude. Newton had made the calculation of the attrac-
tion of two one-foot spheres of earth matter placed one quarter inch
apart to show that the force was too feeble to produce a sensible motion;
he thought it would take a month for the spheres to cross the quarter
inch separating them.®® The force between the spheres in Cavendish’s
experiment was only 1/50,000,000 part of their weight, so that the min-
utest disturbance could destroy the accuracy of it. To guard against any
disturbance, Cavendish placed the apparatus in a small, closed “room,”
about ten feet high and as many feet across. From outside the room, he
observed the deflection and vibration of the rod by means of telescopes
installed at each end. Verniers at the end of the rod enabled him to read
its position to within 1/100th of an inch. The only light admitted into the
room was provided by a lamp near each telescope, which was focussed
by a convex lens onto the vernier. The rod and weights were manipulat-
ed from outside the room. In doing the experiment, Cavendish brought
the massive weights close to the case, setting the rod in motion. Then
peering through the telescope into the semi-dark room, he took readings
from the illuminated vernier at the turning points of the motion, and he
timed the passing of the rod past two close-lying, predetermined divi-
sions. The experiment was a trial of the observer’s patience: depending
on the stiffness of the suspension wire, a single “vibration” could take
up to fifteen minutes, and a single experiment might take two and one
half hours.

Much of the time Cavendish spent on the experiment was taken up
with errors and corrections. He traced a minute irregular motion of the
rod to a difference of temperature between the case and the weights,
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which gave raise to air currents. One entirely negligible correction he
published as an appendix to his paper. This was the attraction on the rod
and balls by the mahogany case that enclosed them, the counterpart of
the attraction of ideal mountains in Cavendish’s previous calculations:
it amounted to an exhaustive summing of the attractions of the box on
the movable part of the apparatus, only instead of the cones and other
figures he had used to represent mountains, here he used rectangular
planes to represent the regular boards of the wooden case. It is fitting
that Cavendish’s paper should read like a dissertation on errors. Errors
were, after all, the point at which he had entered the subject: the first
evidence of his interest in the density of the earth was his criticism of
astronomical observations that ignored the attraction of mountains.

“To great exactness,” Cavendish concluded, the mean density of the
earth is 5.4 times the density of water.*> That number was the object of
Cavendish’s last experiment, the work of ten months near the end of his
life and the reward for twenty-five years of tenacity.

In addition to the precision of the technique and the knowledge of the
earth’s interior that it offered, there was another reason, I believe, why
Cavendish did this last major experiment. He had long since completed
the principal researches of his middle years; his fundamental researches
in electricity, chemistry, and heat, for which he is famous. By the end
of the eighteenth century, in all of these fields scientific opinion had
moved away from his. But his experiment on gravity was not subject to
the vagaries of scientific opinion in the same way. This is not to say that
he did not expect criticism. In any case, he got it.

The challenge came in connection with continuing claims for the
earlier preferred method of determining the density of the earth. Caven-
dish’s paper brought a prompt response from Charles Hutton, who had
done the calculations on Schiehallien. The paper in manuscript had
been given to him by Maskelyne, and it had not given him pleasure.
Just a year or so before Cavendish’s paper, Hutton had called attention
to his calculation of the density of the earth from the Royal Society’s
experiment. In the article “Earth” in his Mathematical and Philosoph-
ical Dictionary, Hutton wrote of the density of the earth: “This I have
calculated and deduced from the observations made by Dr. Maskelyne,
Astronomer Royal, at the mountain Schiehallien, in the years 1774,
5, and 6.” In this work he took pride. Then came Cavendish’s paper.
On the same day that Hutton received a second copy of Cavendish’s
paper from the Royal Society, he wrote to Cavendish from the Royal
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Military Academy in Woolwich where he worked. He went straight to
the point: Cavendish’s “ingenious” paper, which made the density of
the earth 5.48 that of water, concluded with a paragraph that called
attention to the earlier, much lower value of 43, in the “calculation
of which” he, Hutton, had borne “so great a share.” Anyone who has
looked at Hutton’s heroic paper can sympathize with the plaintive note.
Hutton thought that Cavendish’s wording hinted at inaccuracies in his
calculations and seemed to disparage the Royal Society’s experiment.
That experiment, Hutton reminded Cavendish, had determined not the
density of the earth but only the ratio of that density to the density of the
mountain, 9 to 5. Hutton had supposed that the density of the mountain
is the density of ordinary stone, 2% times that of water, but the actual
density of the mountain was unknown, as Hutton had remarked at the
time. All that was known was that Schiehallien was a “mass of stone.”
Hutton now believed that the mountain’s density was higher, 3 or even
31, which would then make the density of the earth “between 5 and 6”
— or exactly where Cavendish (and, inexactly, Newton) had put it — and
“probably nearer the latter number.” The Royal Society had not finished
its experiment because it had not determined the density of the stone,
Hutton said. Even now, he hoped the society would finish it, so that
“an accurate conclusion, as to the density of the earth, may be thence
obtained.”°

Cavendish believed that he had just drawn that accurate conclusion
and that it was 5.48. Hutton wanted the density of the earth to depend
on what could never be made precise, the density of “stone.” At the
bottom of Hutton’s letter to him, Cavendish drafted a brief response.
Without referring to Hutton’s guesswork or excuses, it read: “According
to the experiments made by Dr Maskelyne on the attraction of the hill
Schiehallien the density of the earth is 4% times that of water.” As to
which density, his or the society’s, was better, Cavendish did not commit
himself, since the society’s determination was “affected by irregularities
whose quantity I cannot measure.”!

It would have been known to Cavendish that Hutton had not let
go of the problem of determining the earth’s density by the attraction
of mountains. In 1780, two years after his calculation of the density
of the earth, Hutton had published another paper following up “the
great success of the experiment” on Schiehallien to “determine the
universal attraction of matter,” in which he repeated his wish that more
experiments of the same kind would be made.’? Hutton was to have his



THE LAST EXPERIMENT OF HENRY CAVENDISH 19

wish but not his way. In 1811 he got John Playfair to do an investigation
of the structure of the rocks of Schiehallien. Playfair found the density
of the rocks to be between 2.7 and 2.8. Originally, Hutton had guessed
2.5, so Playfair’s result raised his calculated density of the earth, but
only slightly, to 4.7. Cavendish’s density, 5.48, is much closer to, within
one percent of, the accepted value today, 5.52. Readers who know
the history of the Royal Society in the eighteenth century will recall
that the Charles Hutton of the attraction of mountains is the Charles
Hutton who had last his job as foreign secretary at the Royal Society
in the early 1780s, precipitating a bitter feud known as the society’s
“dissentions.” Maskelyne who had brought Hutton into the experiment
on the attraction of mountains, had earlier been a vigorous supporter
of Hutton’s losing side in the dissentions. By contrast, Cavendish had
given decisive support to Hutton’s nemesis, the society’s president,
Joseph Banks.>3 If this unhappy experience of Hutton’s at the Royal
Society and the suspected opposition of Cavendish had anything to do
with Hutton’s continuing efforts to keep alive his method of determining
the attraction of mountains as an alternative to Michell and Cavendish’s
method, it is impossible to say. Hutton had a vested interest in the earlier
method, after all; but for completeness, the personal circumstances are
here acknowledged. Hutton lived to 1823, long enough to know of the
high regard in which Cavendish’s experiment came to be held, though
not long enough for him to know that it was the Cavendish experiment.

Cavendish was the first to be asked to repeat his own experiment on
the density of the earth. From Paris, Blagden wrote to Banks in 1802,
telling him of a conversation what Laplace about Cavendish’s exper-
iment and suggesting that Banks pass along what Laplace had said.
What Laplace said was that the attraction Cavendish measured might
involve electricity as well as gravity, and Laplace expressed the wish
that “Mr. Cav. would repeat it [the experiment] with another body of
greater specific gravity than lead.”>* If Cavendish got the message he
never repeated the experiment, but there was no need to; others would
do it, and many times, ever with the desire to achieve even greater accu-
racy and perfection than Cavendish had. Experiments on the attraction
of mountains ceased to be regarded as a precise way to determine the
earth’s density, although the attraction of mountains remained a consid-
eration as a source of error in astronomical measurements of location
and distance.>
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The Cavendish experiment survived as an active research tool even
after scientists had left behind them the problem of the density of the
earth. That it did has to do not only with its precision but as well with its
subject, a fundamental and still enigmatic force of nature, gravity, with
its characteristic universal constant. It became the experiment to deter-
mine “big G,” as C. V. Boys explained in 1892: “Owing to the universal
character of the constant G, it seems to me to be descending from the
sublime to the ridiculous to describe the object of this [Cavendish’s and
now Boys’s] experiment as finding the mass of the earth or the mean
density of the earth, or less accurately the weight of the earth.”®

Still today, three hundred years after Newton and two hundred after
Cavendish, gravity is at the center of physical research. To quote from
a recent publication by contemporary researchers in gravity: “The most
important advance in experiments on gravitation and other delicate mea-
surements was the introduction of the torsion balance by Michell and
its use by Cavendish ...It has been the basis of all the most signifi-
cant experiments on gravitation ever since.”’ That is why Cavendish’s
experiment became the Cavendish experiment.

III. CAVENDISH IN SECLUSION

Cavendish initiated no more ambitious programs of research, and his
only publication after the one on the density of the earth came some
ten years later, a short paper on a typical concern, a way to improve the
accuracy of astronomical instruments.’® Except for going regularly to
meetings of the Royal Society and to other meetings of scientific men,
he stayed home, which is where he had done his experiment on the
density of the earth.

Cavendish’s main house was his country house at Clapham Com-
mon. Today Clapham Common is swallowed up by London, but in the
eighteenth century it was a commuting suburb. Cavendish’s house was
a substantial brick villa overlooking the common, yet it was modest
by comparison with some of his neighbors’ houses. What set his apart
was its use: by all accounts Cavendish converted his house into an
eighteenth-century version of a scientific institute. The drawing room
was a laboratory, the adjoining room a workroom with a forge, the
upstairs an observatory, and stuck all about the house were thermome-
ters and other gauges. Long after Cavendish’s death, Clapham Common
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neighbors would point to the house and tell their children that that was
where the world was weighed. Although Cavendish was not the first
owner of that house, after his death it was known as the Cavendish
house.>®

Times have changed. John Henry Poynting, for his repetition of the
Cavendish experiment a hundred years later, received a grant from the
Royal Society, and he was given a workplace in an institute, in the labo-
ratory at Cambridge named after Henry Cavendish. Clerk Maxwell, the
first director of the Cavendish Laboratory, gave Poynting permission to
do the experiment.®® Poynting’s repetition of the Cavendish experiment
belongs to physics when it had become an established discipline with
its principal home in places of higher learning, complete with institutes,
directors and grants. Cavendish did his experiment at home.

In connection with the determination of the earth’s density, Cavendish
brought into his home one person from the outside, George Gilpin, not
a Fellow of the Royal Society but its clerk, whom Cavendish asked to
make the last two experiments. Replacing Cavendish at the telescope,
Gilpin gave the world another actor and a witness and another set of
observations by which to judge the experiment and the experimenter.
He was no doubt cast by Cavendish as a detector of error as well as a
confirmer of observations.

Mountains high on the earth and open to the sky could deflect weights
too; the earth could be weighed that way, and Cavendish had worked
with the astronomers who weighed it that way. But his own experiment
was better suited to his temperament. With his experiment he did not
need to go out into the world to know it; he could know it and know it
more precisely by staying home, manipulating his apparatus and reason-
ing from universal principles. The world came to Cavendish. (Another
way of viewing it is that Henry Cavendish was a Cavendish, and the
Cavendishes liked to stay home and let the world come to them, but this
is another discussion.) Cavendish stayed at home, inside of a building,
looking inside of a room and through a slit into a case inside of which
was the world — his world, on his terms.

The observer of this world is recognized by his traits: extreme cau-
tion, endless fussing over errors, tolerance only of tolerable certainty,
thoroughness to the point of exhaustion, then finally lassitude. Like the
cut of his coat and the style of his wig, Cavendish’s experiment bore
the unmistakable stamp of the man. That, I believe, is true, but it is
only a half-truth. It has been noted that while there is much talk about
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the effect of the scientist’s personality on science, there is little of the
other, perhaps more profound, effect of science on the personality.5! In
Cavendish we see both effects, mutually reinforcing.

From the beginning Cavendish turned away from what he found diffi-
cult, ordinary society, and toward nature and its understanding through
science, and through science he came into a society he found, if not
comfortable, to his liking. Precisely those traits that in his casual con-
tact with people gave rise to anecdotes about his eccentricities were the
traits that in his scientific work made him extraordinary. To do science,
Cavendish did not have to overcome his extreme diffidence, he had only
to adapt it to science. That he did, and in so doing he adapted science
to his personality. This most impersonal of investigators left a personal
impression on science. It worked both ways. The experiment on the den-
sity of the earth is arguably not Cavendish’s most important experiment,
but if it is looked at for what it reveals about the experimenter, like a
diary (which he did not keep) or a portrait (which he did n=t allow), it
is the most expressive of his experiments.

No preliminary manuscripts connected with the experiments on the
earth’s density have survived or, anyway, surfaced.2 That cannot be said
of any other important experiment by Cavendish. The quirky history of
his papers after his death enabled Cavendish this time to exclude not
only his contemporaries but his biographers from his behind-the-scenes
labors. With his paper of 1798, he appeared before the world finished,
complete.

The man who weighed the world was a secluded figure and yet a
constant companion of men of science, posing and symbolizing the his-
torian’s perennial problem of the relationship of the individual person
or event to collective actions. Through the experiment on the density
of the earth, Cavendish worked out his own destiny, and at the same
time he was the able representative of a long development and also
of a beginning in science. His experiment exemplified the drive for
precision measurement, which began in Cavendish’s time and which
has gathered force ever since.®> He carried out the experiment seclud-
ed in Clapham Common, but his experiment belonged to a nexus of
established scientific Eroblems, instrumental possibilities, and interest-
ed, qualified parties.5

The Cavendish experiment provided more than precise information
about the earth, it became an ideal of scientific practice. Cavendish was
not a “geophysicist” or a “physicist,” he was a universal natural philoso-
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pher. But at the time of his last experiment, the discipline of physics
was emerging. In Germany, for example, the early physics journal was
the Annalen der Physik und Chemie. When after eight years of opera-
tion its founder, F. A. C. Gren, died, in 1798, the year of Cavendish’s
experiment, its new editor, L. W. Gilbert, wrote a foreword to the new
beginning under him, and under the new, restricted title, Annalen der
Physik. Explaining that the richest vein of material for his journal would
continue to be mined from foreign sources, Gilbert hoped that in his jour-
nal work by the best physicists in Germany would stand side-by-side
with the best work from abroad, such as Henry Cavendish’s experiment
on the density of the earth with its wonderful “exactness.”®> The ideal of
the time could not be more exactly put. Cavendish’s experiment, in this
sense, belongs to the history of physics in the nineteenth and twentieth
centuries, to which Martin Klein’s writings on Gibbs, Ehrenfest, and
others have given such impetus.

1204 Oak Drive
Eugene, OR 97404
U.S.A.

NOTES

* For his very helpful comments on this paper, I wish to thank Robert Deltete.

! Martin J. Klein, “Lives in Science: Gibbs and Duhem,” presented to the History of
Science Society in Philadelphia, October 29, 1982. Duhem did not originate the phrase
“retiring disposition” but appropriated it, with acknowledgement, from gifted student
and later colleague of Gibbs, Henry Andrews Bumstead. Bumstead wrote a biographical
memoir for the American Journal of Science in 1903 and included it in an expanded
version in his and Ralph Gibbs Van Name’s edition of The Scientific Papers of J. Willard
Gibbs, 2 vols. (New York, 1906); the phrase quoted is in vol. 1, p. xxiii.

% Gentleman’s Magazine, March 1810, p. 292.

3 Lord George Cavendish to Charles Blagden, 9 and 10 Mar. 1810, Blagden Letters, C
17 and 19, Royal Society Library.

4 “Shut up apart” is an eighteenth-century meaning of “seclude.” Oxford Universal
Dictionary, 3rd rev. ed., 1935, p. 1825.

5 Entries for 19 June 1766 and 12 Nov. 1767, Minutes of Council, vol. 5, 1763-1768,
pp. 157, 184. Cavendish’s letter to the president is dated 9 June 1766. At a council
meeting on 12 Nov. 1767, Cavendish was appointed to a committee to “consider the
places proper to observe the ensuing transit of Venus, — and the methods, the persons
fit, — and other particulars.” Ibid., p. 184.

6 Assuming a rotating fluid of uniform density, Newton calculated the flattening of the
earth to be 1/230; Huygens calculated it to be 1/577; the truth lay in between. The later
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understanding was that the flattening also depends on the distribution of the internal
density of the earth. K. E. Bullen, The Earth’s Density (London, 1975), pp. 8-9, 43,
62-64, 87.

7 In his System of the World, Newton wrote to discourage this objection to his work
but only succeeded in challenging his successors: if all bodies attract, why do we not
see them do it on earth? Newton’s answer was that “terrestrial bodies do not count.”
He calculated that “a sphere of one foot in diameter, and of a like nature to the earth,
would attract a small body placed near its surface with a force 20000000 times less
than the earth would do if placed near its surface; but so small a force could produce
no sensible effect. If two such spheres were distant but by % of an inch, they would not,
even in space void of resistance, come together by the force of their mutual attraction in
less than a month’s time . . . Nay, whole mountains will not be sufficient to produce any
sensible effect. A mountain of an hemispherical figure, three miles high, and six broad,
will not, by its attraction, draw the pendulum two minutes out of the true perpendicular
..." Sir Isaac Newton’s Mathematical Principles of Natural Philosophy and His System
of the World, trans. A. Motte, rev. F. Cajori, 2 vols. (Berkeley and Los Angeles, 1962)
2: 569-570. Derek Howse, Nevil Maskelyne: The Seaman’s Astronomer (Cambridge,
1989), p. 129.

8 «Precession of Equinoxes,” Henry Cavendish MSS, VIII 9, pp. 14-15, Devonshire Col-
lections, Chatsworth. I thank the Duke of Devonshire and the Trustees of the Chatsworth
Settlement for their permission to quote from the papers of Henry Cavendish.

The part of the manuscript on precession I quote is written out in two versions. The
one I select is different from the one printed in The Scientific Papers of the Honourable
Henry Cavendish, FR.S., vol. 2: Chemical and Dynamical, Edward Thorpe, ed. (Cam-
bridge, 1921), p. 436.

° Howse, Maskelyne, pp. 129-130. “Maskelyne, Nevil,” Dictionary of National Biog-
raphy 12: 1299-1301.

10 Nevil Maskelyne, “Observations on a Clock of Mr. John Shelton, Made at St. Hele-
na: In a Letter to the Right Honourable Lord Charles Cavendish, Vice-President of the
Royal Society,” Philosophical Transactions of the Royal Society of London 52 (1762):
434-443, on 442.

1 Charles Hutton, “An Account of the Calculations Made from the Survey and Mea-
sures Taken at Schehallien, in Order to Ascertain the Mean Density of the Earth,” Phil.
Trans. 68 (1778): 689-788, on 784. B. E. Clotfelter, “The Cavendish Experiment as
Cavendish Knew It,” American Journal of Physics 53 (1987): 210-213, on 211.

12 Nevil Maskelyne, “Introduction to the Following Observations, Made by Messieurs
Charles Mason and Jeremiah Dixon, for Determining the Length of a Degree of Lati-
tude, in the Provinces of Maryland and Pennsylvania in North America,” Phil. Trans.
58 (1768): 270-273, on 273. Maskelyne said that Boscovich was the first to take notice
of the effect of the attraction of mountains in his account of the measurement of the
length of a degree of latitude in Italy. Maskelyne also said that Mason and Dixon’s
measurement could not be affected because the degree passes through level country.

13 Nevil Maskelyne, “Postscript by the Astronomer Royal,” Phil. Trans. 58 (1768):
325-328, on 328. Maskelyne’s postscript follows the paper by Mason and Dixon on
the length of a degree of latitude, which his paper, note 12, introduces; in it he took
back what he had said about mountains and about Mason and Dixon. The reason was
that “Cavendish has since considered this matter more minutely, ...having mathe-
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matically investigated several rules for finding the attraction of the inequalities of the
Earth.” Cavendish’s suppositions had to do with the attraction of the Allegany and the
Atlantic masses and deficits. Maskelyne mentioned that Cavendish had also found that
the degrees measured in Italy and at the Cape of Good Hope were probably affected
by attraction of mountains and the deficiency of attraction of seas. “Observations of the
Length of a Degree of Latitude,” Henry Cavendish MSS, VIII 16, Devonshire Collec-
tions, Chatsworth.

14 «paper Given to Maskelyne Relating to Attraction & Form of Earth,” Henry
Cavendish MSS, VI(b) 1, p. 18, Devonshire Collections, Chatsworth.

15 Letter Maskelyne to Cavendish, 10 Apr. 1771, Henry Cavendish MSS, VIII 4, Devon-
shire Collections, Chatsworth.

16 «paper Given to Maskelyne,” pp. 12-14, 19.

17" «paper Given to Maskelyne,” pp. 15-16.

18 Cavendish’s reason for thinking there is irregularity is that the observations of pen-
dulums in different places ‘“‘differ more than I should think could be owing to the error
of experiment.” If that is so, the crust is thinner in some places than in others, and so the
gravity at the top of a mountain cannot be calculated by the inverse square law reckoned
from the center of the earth; “no certain conclusion could be drawn from experiments
on the pendulum at the top & bottom of a mountain in such place.” By contrast, with
the plumb-line method it is clear that the measurements would be unaffected by an
irregularity of this sort. “Paper Given to Maskelyne,” pp. 19-20.

19 Cavendish also calculated the attraction on a plumb bob by ocean tides treated as
infinite slabs, and he compared his result with Boscovich’s. Cavendish further calcu-
lated the errors in plumb-line measurements due to the effects of irregular refraction in
viewing near-zenith stars as caused by variations in temperature on mountains. ‘“Paper
Given to Maskelyne,” pp. 9-10; the three pages on refraction are unnumbered.

2 Nevil Maskelyne, “A Proposal for Measuring the Attraction of Some Hills in this
Kingdom by Astronomical Observations,” Phil. Trans. 65 (1775): 495-499, on 496.

2 Money was left over from the king’s grant for observing the transit of Venus, and
he approved the new use for it. Entry for 23 July 1772, Minutes of Council, vol. 6,
p. 145. The members of the committee were Cavendish, Maskelyne, Samuel Horsley,
Benjamin Franklin, and Daines Barrington.

22 “On the Choice of Hills Proper for Observing Attraction Given to Dr Franklin,”
Cavendish MSS VI(b) 3, p. 5. Cavendish counseled Franklin on the kind of zenith
sector to be used and where and how observations were to be made once a hill was
selected.

B Letter, Maskelyne to Cavendish, 5 Jan. 1773, Henry Cavendish MSS, X(b); published
in full in Cavendish, Scientific Papers 2: 402. Cavendish included his calculations on
Glen Tilt in his “Rules for Computing the Attraction of Hills” (which has a covering
sheet not in Cavendish’s hand, “Mr Cavendish’s Rules for Computing the Attraction on
Mountains on Plumb Lines”) and in the preliminary version of that paper, “Thoughts on
the Method of Finding the Density of the Earth by Observing the Attraction of Hills,”
Henry Cavendish MSS, VI(b) 2 and 6, Devonshire Collections, Chatsworth.

24 The committee recommended payment to John Greenwood, who aided the committee
member Samuel Horsley in making measurements in Wales. Entry for 21 Jan. 1773,
Minutes of Council, vol. 6, p. 163.

25 Entry for 24 June 1773, Minutes of Council, vol. 6, p. 180.
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%6 Entry for 29 July 1773, Minutes of Council, vol. 6, pp. 185-186.

7 Untitled study of “Maiden’s Pap” and another Scottish mountain. Henry Cavendish
MSS, Misc., Devonshire Collections, Chatsworth.

28 Nevil Maskelyne, “An Account of Observations Made on the Mountain Schehallien,
for Finding Its Attraction,” Phil. Trans. 65 (1775): 500-542, on 503.

¥ Entry for 27 Jan. 1774, Minutes of Council, vol. 6, pp. 210-211.

% Entry for 5 May 1774, Minutes of Council, vol. 6, p. 234.

31 The actual repair was to be done by the instrument-maker Jeremiah Sisson. With
Sisson, Cavendish was also charged with procuring a variation compass.

32 Entries for 11 Aug., 11 Oct., 22 Dec. 1774 and 30 Mar., 6 and 27 Apr. 1775, Minutes
of Council, vol. 6, pp. 242, 244, 255, 260-261, 267-269.

33 Calculating from cones and spherical segments, Cavendish had prepared a table
of deviations of the plumb-line in seconds of arc for the use of persons looking for a
suitable mountain. If the observations on a steep slope could be made with the same
accuracy as on level ground, Cavendish reasoned that the observer should be able to
determine the difference in the zenith distances of the stars on the two sides of the
mountain with “tolerable certainty” to 3", and would not be “likely to err” more than
1%". Based on this estimate of accuracy, Cavendish further reasoned that “if the mean
density of the Earth is not more than 7 times greater than that of the surface the effect of
attraction must pretty certainly be sensible[,] & it is an even chance that it will come out
such that we may with tolerable certainty pronounce [it] to be not owing to the error of
observation[,] & even if the mean density is 14 times greater than that of the surface the
effect of attraction will most likely be sensible.” “Thoughts on the Method of Finding
the Density of the Earth by Observing the Attraction of Hills,” unnumbered sheet. There
are a good many assumptions behind this cautious statement about tolerable certainty.
To Franklin, Cavendish wrote: “It will be needless to send an account of any hill or
valley if the sum of its deviations is less than 50" or 60" as I am in hopes some may
found nearer home near as good as that.” “On the Choice of Hills Proper for Observ-
ing Attraction Given to Dr Franklin,” unnumbered sheet. Maskelyne’s results fell just
within Cavendish’s estimated limits of tolerable certainty. The apparent difference in
the position of the stars at the two sides of the mountain was 54.6", and the difference in
latitude of the two stations, as determined by measuring, was 42.94"; so the difference,
11.6", was the true combined effect of the two attractions, or 5.8" was the effect of the
attraction of Schiehalllien on the plumb bob of the zenith sector.

34 John Pringle, A Discourse on the Attraction of Mountains, Delivered at the Anniver-
sary Meeting of the Royal Society, November 30, 1775 (London, 1775); the remark on
the Newtonian system comes at the end of the discourse.

35 Hutton, “An Account of the Calculations Made from the Survey and Measures Taken
at Schehallien, in Order to Ascertain the Mean Density of the Earth,” 689-690, 750,
766, 781-783, 78S.

36 Howse, Maskelyne, pp. 137-138.

37 Maskelyne listed his many visitors, including Roy, in “An Account of Observations
Made on the Mountain Schehallien for Finding Its Attraction,” p. 525. William Roy
referred to Cavendish’s assistance on p. 673 and to his experiments on Schiehallien
while Maskelyne was there on pp. 718-722 and 760, 775 in “Experiments and Obser-
vations Made in Britain, in Order to Obtain a Rule for Measuring Heights with the
Barometer,” Phil. Trans. 67 (1778): 653-788. Bouguer too had determined heights with
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a barometer on the expedition to Peru, and Roy discussed his observations, pp. 748 ff.
The practical connection of the heights of mountains and other problems of the earth
is evident from Roy’s comment: “the perfecting of the theory of the barometer is not
the only advantage that would accrue from a combination of these observations (on
mountains); for, while they were carrying on in different climates, or zones of the earth,
good opportunities would offer of determining the refractions, as well as the force of
gravity and figure of the globe, from the vibrations of the pendulum.” Roy called for the
“united labours” of philosophers in researches to perfect a solution to the barometric
g)roblem. Ibid., pp. 766, 769.

8 Henry Cavendish, “Three Papers, Containing Experiments on Factitious Air,” Phil.
Trans. 56 (1766): 141 ff.; in Scientific Papers 2, 77-101, on 83. The meetings of the
society were on 28 Feb., 6 and 13, 20, and 27 Mar. 1760. Journal Book of the Royal
Society, vol. 23, 1757-1760, pp. 782, 795, 800, 802, and 807.

% «Strata Which Michell Dug Through for Coal.” The table, is on p. 13 of the 14-page
untitled account in Cavendish’s hand of the 1786 journey. Henry Cavendish MSS, X(a)
3, Devonshire Collections, Chatsworth.

40 At Thornhill, Blagden recorded their activities in his diary. On 2 Sep.: “At Mr
Michell’s took some altitudes & looked over his fossils . ... At night looked thro’ his
telescope.” On Sunday, 3 Sep.: “Mr Michell’s sermon I had heard or read before. Went
over the track of yellow limestone country.” Blagden Diaries, Osborn Collection, Bei-
necke Rare Book and Manuscript Library, Yale University. I thank the Beinecke Library
for permission to quote. Letter, Blagden to Joseph Banks, 1 Sep. 1786, British Museum
Add MSS 33272, p. 5.

4l The year before Blagden had written to Michell: “I endeavoured to persuade our
friend Mr Cavendish to make you a visit at Thornhill in order to see it [the telescope].”
Blagden too wanted to see the telescope, but so far he had failed to persuade Cavendish
to go and look. Letter, Blagden to Michell, 25 Apr. 1785, Blagden Letterbook, Osborn
Collection, Beinecke Rare Book and Manuscript Library, Yale University. Letter, Blag-
den to Banks, 19 Aug. 1786, British Museum, Add MSS 33272, p. 2.

2 Cavendish added: “for my own part I do not know whether I had not rather hear
that you had given the exper. — of weighing the world — a fair trial than that you had
finished the great telescope.” Letter, Cavendish to Michell, 27 May 1783, draft, Henry
Cavendish MSS, Devonshire Collections, Chatsworth. The relations and the correspon-
dence between Cavendish and Michell I discuss in my article, “John Michell and Henry
Cavendish: Weighing the Stars,” British Journal for the History of Science 4 (1968):
126-155.

“ Henry Cavendish, “Experiments to Determine the Density of the Earth,” Phil. Trans.
88 (1798): 469-526; in Cavendish, Scientific Papers 2: 249-286, on 249.

44 Wollaston’s father, Francis, born the same year as Cavendish, took his degree in
law but entered the Church instead. He had a passion for astronomy, and he had his
own observatory with first-class instruments. With at least that much in common, in
1768 Cavendish brought Francis Wollaston as a guest to a meeting of the Royal Soci-
ety, the usual way friends and colleagues introduced prospective members. In 1769
Francis Wollaston’s certificate of membership was put up in the society’s public meet-
ing room, signed by Cavendish along with Maskelyne and several other prominent
members; Wollaston was elected that year. Cavendish brought Francis Wollaston as a
guest on 8 Dec. 1768; Wollaston’s certificate is dated 12 Jan. 1769. Journal Book of
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the Royal Society, vol. 26, 1767-1770. “Wollaston, Francis,” Dictionary of Scientific
Biography 21, 778-779. One of Francis Wollaston’s sons, William Hyde Wollaston,
was an eminent chemist. Cavendish proposed him, as he had his father, as a member of
the Royal Society; he too was elected, in 1793. “Wollaston, William Hyde,” Dictionary
of National Biography 21: 782-787, on 782. Another of Francis’s sons, George Hyde
Wollaston, was one of Cavendish’s neighbors at Clapham Common, where Cavendish
performed his experiment on the density of the earth. “Wollaston of Shenton,” Burke’s
Geneological and Heraldic History of the Landed Gentry (London, 1939), p. 2479.
George Hyde Wollaston’s house as well as Cavendish’s are in the map of Clapham
Common, “Perambulation of Clapham Common 1800,” from C. Smith, Actual Survey
of the Road from London to Brighthelmston. Yet another of Francis’s sons was Fran-
cis John Hyde Wollaston, Jacksonian Professor of Chemistry, from whom Cavendish
received Michell’s apparatus. Michell’s association with the Wollastons went back as
far as Cavendish’s. To give but one indication: as a recently elected Fellow of the
Royal Society, Michell’s first recommendation for a new member, in 1762, was for
Francis’s youngest brother, George Wollaston, Fellow and Mathematical Lecturer of
Sidney-Sussex College, Cambridge. “Wollaston, Francis,” p. 779.

4 As is to be expected, the modern analysis of Cavendish’s experiment is simpler than
Cavendish’s. But what modern accounts usually say that Cavendish did, he did not do.
He did not derive the universal gravitational constant, though it can be readily got from
the results of his experiment, which is the point of B. E. Clotfelter, “The Cavendish
Experiment as Cavendish Knew It,” American Journal of Physics 55 (1987): 210-213.
Cavendish wanted the density of the earth, and there is nothing in his analysis to require
the gravitational constant nor any reason why, at that time, he should have regarded
such a formulation as desirable. Although the unit of force is not necessary to derive the
gravitational constant, the unit suggests it, and the unit did not yet exist for expressing
F = GM;M,/r*, the attraction between two masses, M; and M,, separated by a
distance r.

% Maurice Daumas, Scientific Instruments of the Seventeenth and Eighteenth Centuries,
trans. M. Holbrook (New York and Washington, 1972), p. 134.

4T The chemist’s balance was used to determine the earth’s density, but only later, in
attempts to improve upon Cavendish’s experiment; notably by P. J. G. von Jolly in
1878-80, J. H. Poynting in 1890, and F. Richarz and O. Krigar-Menzel in 1898. Edward
Thorpe, “Introduction,” Cavendish Scientific Papers 2: 1-74, on 72-73.

8 For the quotation from Newton, see note 7 above.

4 «Experiments to Determine the Density of the Earth,” p. 284.

30" Quotation from “Earth,” in Charles Hutton, Mathematical and Philosophical Dictio-
nary, vol. 2 (London, 1796): 407. Letter, Charles Hutton to Cavendish, 17 Nov. 1798,
Henry Cavendish MSS, Devonshire Collections, Chatsworth.

5! Ibid. “Experiments to Determine the Density of the Earth,” p. 284.

52 Charles Hutton, “Calculations to Determine at What Point in the Side of a Hill Its
Attraction Will Be the Greatest, etc.,” Phil. Trans. 70 (1780): 1-14, on 3.

53 The full part played by Cavendish was hidden because of his form of seclusion. It
is recoverable from the correspondence of the time, which provides documentation for
my article, “Henry Cavendish on the Proper Method of Correcting Abuses,” in Beyond
History of Science: Essays in Honor of Robert E. Schofield, E. Garbor, ed. (Bethlehem,
1990), pp. 35-51.
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54 Letter, Blagden to Banks, 1 Apr. 1802, British Museum, Add MSS 33272, pp. 172
173. Notable repetitions include R. Reich, Versuch iiber die Mittlere Dichtigkeit der
Erde mittelst der Drehwage (Freiburg, 1838); Francis Baily, Memoires of the (Royal)
Astronomical Society of London 14 (1843): 1-120; C. V. Boys, “On the Newtonian
Constant of Gravitation,” Phil. Trans. 186 (1895): 1-72.

55 For example, John Henry Pratt’s criticism of the observations taken in the Great Indi-
an Survey in the middle of the nineteenth century: his criticism was based on the neglect
of the attraction of the Himalayas and his own calculation of their attraction: Mott T.
Greene, Geology in the Nineteenth Century (Ithaca and London, 1982), pp. 238-243.
58 Boys is quoted by Clotfelder to make the point about the shift in interest in Cavendish’s
experiment. “The Cavendish Experiment as Cavendish Knew It,” p. 211. Boys first cal-
culated G from the Cavendish experiment, and then from it he calculated the mean
density of the earth. Conversely, to obtain G from the density of the earth, Boys said, he
could have recalculated the attraction of the earth by viewing it as an ellipsoid of similar
shells of equal density, which is the way J. H. Poynting had calculated it in 1892. Boys
recommended using a room with a more uniform temperature than Oxford’s, a detail
that will be appreciated by anyone who has experienced the chill of Oxford’s rooms.
His accuracy was very great, despite his room; he believed that his G had an accuracy
of 1 in 10,000.

57" A. H. Cook, “Experiments on Gravitation,” in Three Hundred Years of Gravitation,
S. W. Hawking and W. Israel, eds. (Cambridge, 1987), p. 52. Significantly, Cook talks
of the Cavendish experiment only in connection with G and not with the density of
the earth. Only recently, he says, has the accuracy of G been improved upon over
what can be obtained from Cavendish’s own experiment, and although in the study of
materials we can achieve an accuracy of 1 part in 10'2, we still know G only to about
1 part in 10°. Cook refers the torsion balance to electrostatics as well as to gravitation.
In a footnote in his paper of 1798, on p. 250, Cavendish too referred to Coulomb,
who had used an apparatus of the same kind for measuring small electric and magnet-
ic attractions. Cavendish said: “Mr. Michell informed me of his intention of making
this experiment, and of the method he intended to use, before the publication of any
of Mr. Coulomb’s experiments.” As far as Cavendish knew, the torsion balance was
independently invented by Michell and by Coulomb. Coulomb’s biographer discusses
the question of priority: Stewart Gillmor, Coulomb and the Evolution of Physics and
Engineering in Eighteenth-Century France (Princeton, 1971), pp. 613-665.

8 Henry Cavendish, “On an Improvement in the Manner of Dividing Astronomical
Instruments,” Phil. Trans. 99 (1809): 221-231.

% Cavendish weighed the world not in his house proper but in an outbuilding in his
garden. No picture or plan or description of the house as it was in Cavendish’s day has
survived, but among Cavendish’s scientific manuscripts is a sketch in Cavendish’s hand
of the drains at his Clapham property. Included in the sketch is a building separate from
the house, and in the accompanying commentary on the drains and cess pools, there is
mention of a “greenhouse.” Although a greenhouse seems unlikely, it is possible that the
building Cavendish sketched is the separate building in which he weighed the world.
It does not matter; Cavendish weighed it at home. “Plan of Drains at Clapham and
Measures Relating to Bason,” Henry Cavendish MSS, Misc., Devonshire Collections,
Chatsworth. A good case for an outbuilding shown in a map of 1827 is made by P. F.
Titchmarsh, “The Michell-Cavendish Experiment,” The School Review, No. 162 (Mar.
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1966), pp. 320-330, on p. 322.

€ 1. H. Poynting, “On a Determination of the Mean Density of the Earth and the Gravi-
tation Constant by Means of the Common Balance,” Phil. Trans. 182 (1892): 565-656,
on 565-566. It is a noteworthy coincidence that Poynting should do this experiment in
Cavendish’s spirit, to improve upon Cavendish’s accuracy, in the Cavendish Laboratory
directed by Maxwell; for Maxwell was the editor of Henry Cavendish’s electrical papers,
and his edition was reprinted as the first volume of Cavendish’s Scientific Papers.

¢! Philip J. Hilts, Scientific Temperaments: Three Lives in Contemporary Science (New
York, 1982), p. 11.

62 In this denial, one manuscript should be mentioned. Cavendish experimentally deter-
mined what we would call the moduli of bend and twist for wires and glass tubes.
He compared the vibrations of his twisting apparatus with the vibrations of a simple
seconds pendulum. He tried wires of different materials, iron, copper, silver, and brass,
suspending from them rods of wood, brass, and zinc. His undated experiments on twist
show Cavendish’s interest in torsion, but they are not necessary for his experiment with
Michell’s torsion balance. “Exper. on Twisting of Wire Tried by the Time of Vibration,”
Henry Cavendish MSS, VI(b) 22, Devonshire Collections, Chatsworth.

% It was only at the end of the eighteenth century that precision measurement “becomes
a really essential factor in scientific progress.” Maurice Daumas, “Precision of Mea-
surement and Physical and Chemical Research in the Eighteenth Century,” in A. C.
Crombie, ed., Scientific Change (New York, 1963), pp. 418-430, on p. 429.

% 1. W. Gilbert, “Vorrede,” Annalen der Physik 1 (1799): unnumbered page in the
three-page foreword. This quotation connects Henry Cavendish with the starting point
of Christa Jungnickel and Russell McCormmach, Intellectual Mastery of Nature, 2 vols.
(Chicago, 1986) 1: 35.



ELIZABETH GARBER

READING MATHEMATICS, CONSTRUCTING PHYSICS:
FOURIER AND HIS READERS, 1822-1850

Historians consider that early nineteenth-century French mathematical
physics is one of the roots of modern theoretical physics. This is prob-
lematic: French mathematical physics is mathematics, not physics. What
evolved from this mathematics was the first logically defensible form
of the calculus.

Throughout the eighteenth century, the calculus had developed
through the mathematical exploration of the equations of mechanics.!
Physical imagery may appear at the beginning of those same papers, but
on searching the papers, the physics content is absent.2 Nevertheless,
seen from the late twentieth century, and given the power of mathemat-
ics in the development of contemporary physics, mathematics seems a
natural language for physics. We expect physics, and we then read it
into the papers, whether its demonstrably there or not.

In the eighteenth century, physics was experiment and used a rich
store of imagery expressed in the vernacular.> Mathematics was not a
part of its explanatory arsenal. Even after the development of quantita-
tive experiments in France, physics was experimental physxcs Mathe-
matical physics was a branch of mathematics.

The process of transformation from explanations developed in the
vernacular to those developed in the languages of mathematics fused
with physical imagery, to create theoretical physics, is usually seen as
a linear and inevitable appropnatlon of a mathematized physics already
developed in France by 1820.# Modern physics is characterized by the-
ory and experiment integrated into one discipline unified by general
physical laws. If French mathematical physics is mathematics rather
than physics, however, then the process of its transformation — together
with its sister discipline of quantitative experimental physics — into mod-
ern physics needs careful reexamination. This reexamination requires
us to reread early nineteenth-century mathematical physics as mathe-
matics, removing much of the later interpolation of readers determined
to see this work as physics.

31
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One problem we have to face is that historians tend to treat mathemat-
ics as merely a tool that has been used, then replaced on the shelf. Georg
Simon Ohm’s work on galvanic currents has been classified as physics,
not mathematics, because Ohm did not treat series and differential equa-
tions as mathematicians do. Yet mathematicians in the 1820s preferred
functional equivalents of infinite Fourier series, and most assumed that
solutions existed for all differential equations that emerged from physi-
cal processes. Thus, Ohm was acting as a mathematician of the 1820s.
Mathematics can no longer be regarded as a tool with no history of its
own. Rather, it must be discussed as having developed and interacted
with the other sciences in complex ways that need deciphering if we are
to understand how mathematics became the language of physics in the
mid-nineteenth century.

It seems particularly useful to look at Joseph Fourier’s work on the
conduction of heat, and how it was read in the mid-nineteenth century,
in order to trace some of the twists and turns in the development of
modern physics. Fourier has been seen as seminal by many historians
of physics.5 The most extensive examinations of the importance of
Fourier for physics, however, treat Fourier in terms of twentieth-century
measures of the content of Fourier’s theory of heat, reading back into it
matter that is frankly not present. For example, while seeing Fourier as a
theoretical physicist, John Herivel notes that Fourier’s most significant
physical concept was the notion of flux. Yet Fourier never treated this
notion physically, nor did he name it.” What we need to do is examine
Fourier’s work in light of the standards of early nineteenth-century
mathematics, then see how Fourier was read by his contemporaries, both
in France and beyond, in the crucial middle decades of the nineteenth
century.?

“Physique-mathématique” (mathematical physics) was mathematics,
not physics.’ French mathematics began in experimental results and
with physical imagery, but the end-product was mathematics. Some-
times particular physical models were used to formulate the actual
differential equations to be solved; but whether the model was actu-
ally connected to the structure of the mathematical expression of the
problems, or used to interpret the meaning of that problem’s solution
in physical terms, is another matter. In fact, the mathematics was nev-
er used to interpret the physical world, nor to develop the physical
model with which the mathematician began his analysis. The model
never changed, nor did the model limit the generality of mathematical
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solutions sought.!® Experiment guaranteed that a mathematical solution
existed. It also guided the mathematician to the expression for the partial
differential equations whose solution the mathematicians then sought.
Once experimental results were translated into mathematical form, all
connections with the original physical problem were lost. The solutions
to the partial differential equations were mathematical, interpreted and
argued over as mathematical results, not physical ones. If a particu-
lar solution was found, rather than the mathematically general one, it
was through mathematical devices, such as chopping off series, chang-
ing variables, expressing functions as constants, and ignoring factors
as small with respect to others, without any reference to the physical
situation in which the problem originated, or whether, under the physi-
cal conditions of the problem, these processes made sense. Sometimes
the mathematician would reach a numerical result, especially if previous
experiments offered points of comparison. Whether the conditions of the
mathematics matched those of experiment was fortuitous, not planned.
If the results coincided with experiment, it was seen as validating the
mathematics.

Important results in the development of analysis emerged from the
mathematical consideration of a series of particular physical problems.
For example, Jean le Rond d’ Alembert’s expression, then solution of the
wave equation, led to a dispute with Leonard Euler on what constituted
a function. For d’Alembert, a function had to be continuous in the same
manner as a geometrical figure. For Euler, continuity was an algebraic
notion and could be defined within limits of values for the function.
Daniel Bernoulli’s suggestion for a physically guided solution to the
wave equation was simply ignored.!! It was Jean-Louis Lagrange who
offered the definitive eighteenth-century, functional solution to the wave
equation. 2

Standard approaches to the solutions of such problems were well
defined by the end of the eighteenth century. The mathematician sought
the most general solution to the partial differential equation, then turned
to specific particular forms. Solutions were in functional form. Trigono-
metric series, unless used as particular solutions, were problematic, as
there was no way to prove in general that they converged. From 1800
onwards, quantitative experimental results in electrostatics, as well as
the conduction of heat and light offered the mathematicians new starting
points for their explorations of mathematics. '3
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Much more was at stake in French mathematical physics than the
priority of reaching the general solutions to new partial differential
equations. In the early nineteenth century, physics problems and the
equations they generated were the battleground over the very founda-
tions of the calculus. This began with Lagrange in the 1780s, who was
faced with teaching the calculus. He realized that there was no systemat-
ic way of proceeding from axioms, definitions, and theorems to known
results. Lagrange based his form of the calculus on Taylor’s theorem. 4
The shortcomings of Lagrange’s version of the calculus were perceived
as more and more French mathematicians turned to the same issues.
André-Marie Ampere, Poisson, Fourier and others were participants in
the acrimonious debates that led in the 1820s to the form of the calculus
established by Augustin Cauchy. These internal rifts within mathemati-
cal physics were deep and critical for the direction of the development of
mathematics. Issues of the legitimacy of initial physical models, hence
quarrels over the validity of the basic partial differential equations to
be solved, as well as questions of the rigor of proofs and the permis-
sibility of mathematical methods and results, divided individuals from
one another and decided careers in the fiercely competitive world of
Napoleonic French science. This led to long, discursive papers, with
acrimonious discussions of other’s results, which were often rederived,
or generalized one step further, or developed along different mathemat-
ical paths.!

Into this developing Parisian, professional, and disciplinary quagmire
waded the outsider Joseph Fourier. His initial paper, submitted to the
Institut in 1807, was less complete than the prize essay of 1811, but was
a stunning achievement: It was also subversive of the basic standards of
mathematics. Fourier considered a series of physical problems that led
to particular solutions of the “equations of motion for heat,” which were
themselves of limited mathematical generality. In some cases, only par-
ticular solutions were open to him, but in finding his solutions, Fourier
used the separation of variables. Some of his solutions were in the form
of trigonometric series, not in their equivalent, functional forms. This
was legitimate, if the limits on the series allowed for convergence. How-
ever, Fourier proceeded to an extended discourse on the expression of
arbitrary functions in terms of these finite series and also in their integral
form - that is, Fourier analysis. Yet he presented no proof that in general
these infinite series were convergent. The power of his mathematics was
clear, but was it correct?
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The mathematical lacunae were quickly pointed out by Denis Pois-
son, even before any of Fourier’s work appeared in print.'® Poisson
only commented on Fourier’s physics in the most general terms, with
no mention of the idea of flux. Poisson’s detailed remarks were confined
to Fourier’s mathematics, its lack of generality and rigor.!” Although
the contents of Fourier’s paper of 1811 were generally known among
mathematicians in Paris by 1815, the paper itself, crowned in 1811, was
only published, in two parts, in 1824 and 1826, by the Académie des
Sciences, of which he was by then the permanent secretary.!® Between
1811 and 1822, Fourier published three articles on particular mathe-
matical points of his work and a separate vernacular discussion of the
physics of radiant heat.!®

Fourier’s 1822 text was both a defense and his first chance to present
his work fully to the mathematical public. And it was this version to
which most of his readers, especially outside of France, referred.? In
his “Introduction” Fourier placed his work firmly in the tradition of
mathematical physics. The source of the problems might be physical,
but the goal of the enterprise was mathematics. Physics guaranteed the
existence of a solution and that it be meaningful:

Profound study of nature is the most fertile source of mathematical discoveries. Not
only has this study, in offering a determinate object to investigation, the advantage of
excluding vague questions and calculations without issue; it is besides a sure method
of forming analysis itself, and of discovering the element which it concerns us to know,

and which natural science ought always to preserve: these are the fundamental elements
which are reproduced in all natural effects.?®®

The conduction of heat was the occasion for Fourier to explore new
areas of analysis that lay undiscovered using conventional methods.
This publication was his first chance to persuade his readers that his
new methods were legitimate. The consideration of particular examples
could lead to the mathematically general solution, and trigonometric
series were the key to that general solution. He approached this issue
first through informal appeals to simplicity:

We might form the general equations which represent the movement of heat in solid
bodies of any form whatever, and apply them to particular cases. But this method would
often involve very complicated calculations which may easily be avoided. There are

several problems which it is preferable to treat in a special manner by expressing the
conditions which are appropriate to them.2%®

He also demonstrated that solutions to very particular forms of the
equations of motion for heat became the most general ones if one gener-
alized the problem as far as possible, for example by considering a ring
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of masses generalized to a continuum. However, at some point, these
demonstrations depended upon the reader accepting Fourier’s expres-
sions for arbitrary functions in terms of trigonometric series. Prolif-
eration of examples substituted for more formal proof. This made his
extended discussion of the representation of arbitrary functions, Fouri-
er’s theorem, plausible, but he did not prove the necessary theorems in
general.?! The problem of generality and the convergence properties of
this series were still not satisfactorily solved, and functional alternatives
were already available in the literature.??

Even on the technical level Fourier broke with his peers in his use of
the method of separation of variables. If we consider the equation for
the motion of heat in two dimensions at stationary temperatures 7',

2T 8T
—_— "t —— = 0,
ox?2  Oy?

usually the solution would be written as T' = F(z + iy) + f(z — iy).
Fourier chose the solution T' = F(x) f(y), demonstrating that this was
indeed a legitimate solution to the equation. He then constructed the
general solution

oo
T = Z are” "% cosnyy
r=1

with the boundary conditions T = 0, when y = *1l,and T = 1
when z = 0.23 Here, as elsewhere, the boundary conditions are defined
mathematically, not physically.?*

The problems that led to the restricted forms for the equations of
motion for heat were disparate. What these examples allowed Fourier
to do was to generalize his mathematics in ordered steps.? Initially,
Fourier used physical cases to establish particular forms for the equa-
tions of motion for heat, but the solution of these was delayed until he
had stated the most general equation of motion for an infinite three-
dimensional solid. He then solved the particular cases when the tem-
perature at a point in the solid is a constant, and when it is a function
of time. In this case, he had to bring in more physical observations —
namely, he used Newton’s law of cooling at the surfaces of the vari-
ous solids. Within these particular cases, he introduced trigonometric
series solutions to his equation of motion, with additional analytical
conditions.?S In his discussion of the examples, he did not develop the
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basic notion of “the linear motion of heat” physically in any more depth.
The physical observations upon which Fourier based his mathematics
were qualitative, but clearly and precisely stated. He used no specif-
ic imagery to transform these physical images into mathematical form.
The linear flow of heat was transformed into mathematical form without
discussion of any process on the microscopic level within the solid.

Fourier had tried a microscopic model in the one-dimensional case,
but it had not worked mathematically, so he abandoned the atternpt.27
This was the point at which Biot and Poisson questioned Fourier’s
methods and their disputes with him began. Fourier explicitly stated
that the equations of motion for heat were not reducible to those of
mechanics; this was one of Poisson’s points of difference with him. In
one important aspect of his work, Fourier did try to go beyond his peers
in discussing the physical implications of his results. However, all he
could show was that his analytical deductions were compatible with the
principles with which he had initiated the argument.?8

Experiment is marginal in the text. Experiments delineate the behav-
ior of heat and hence set the principles upon which the equations of
motion must be based. They are mentioned as confirming certain results
at some points in the argument, i.e., at a point where mathematical
deductions are worked out and the form of the function representing
the temperature can be compared with experiment. Yet no details of
the experiments are given, nor is the data.?” Fourier describes, briefly,
an experiment on heating a metal ring at different points and measur-
ing the temperature at various points when the ring reached equilib-
rium. He claims that these experiments “fully confirm” the results of
theory.? The only difference between Fourier’s citation of experiment
and those of Poisson or Laplace is that they are his own experiments.
Fourier was also more careful to reduce the mathematics to a case that
matched experiment. In either case, experiment confirmed the rightness
of the mathematics; it was not meant to probe the nature of heat or
conductivity.!

For the reader of this text — and this is the Fourier known to most
of his readers — physical problems are transformed into an elegant,
new form of analysis, with explorations of some of its mathematical
possibilities. This is not, however, an example of theoretical physics.
While particular physical cases were necessary for Fourier to establish
his mathematics, the physical cases were chosen for their mathematical
possibilities. Experiment and observation enter at the beginning and end
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of the process, to help set up the mathematical equations to be solved
and to assure the reader that the analysis is correct. Fourier’s Theory is
mathematics recognizable as such to his readers, but with many of the
usual elements of that tradition reworked to redirect that tradition into
new paths. While we see it as a triumph, some of Fourier’s contem-
poraries were less sanguine. Exception was taken to his assumption of
Newton’s law of cooling, seriously undermined by 1820 by the work of
Dulong and Petit and Delaroche and Bérard. There were also questions
about his assumption of the linear motion of heat. This was sniping at
the very foundations of his mathematics — its experimental base. These
and his mathematical solutions were all suspect.

However much his contemporaries might criticize his work, the
younger generation of French mathematicians extended and developed
it along new mathematical paths. Joseph Liouville expanded Fourier’s
work by treating non-homogeneous bodies and the case of an unequally
polished bar, as well as the two-dimensional problem of a plate. This
was mathematical as was the contemporary work of Joseph Bertrand,
Michel Chasles, J. M. C. Duhamel and Gabriel Lamé.32 Thus, the tradi-
tion of mathematical physics continued in France through the nineteenth
century, as did the separate discipline of experimental physics. Howev-
er, this has been lost to view in the twentieth century, as we have seen
the beginnings of contemporary mathematics and physics in Germany
and Britain. French science has even been seen as in “decline.” Yet
for three decades from 1820, French mathematical physics and exper-
imental physics were the models for mathematics and physics in both
Germany and Britain.

The earliest reactions to Fourier’s mathematics outside of France were
from the Germans. Peter Lejeune Dirichlet had spent the years 1822 to
1826 in Paris, accepted into the circle around the now powerful Fourier.
In many of his later papers Dirichlet drew upon the work of French
mathematics and hence began with mathematical problems suggested
by physics. However, Dirichlet’s research was directed to mathematics:
His work on definite integrals and infinite series grew out of Fourier’s
work, but addressed a new mathematical rigor. He helped to establish a
tradition with German mathematics which was firmly oriented towards
mathematics, not physics. Thus Dirichlet’s work on the stability of
the solar system was directed to criticizing the mathematical methods
of Poisson and Laplace, not to the astronomical problem that gave
rise to the mathematical issues. In his examination of boundary values
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problems, his attention was on extending the analysis of the potential
function to any number of dimensions. While boundary values problems
were important in physics, Dirichlet did not connect his mathematical
work to physics.33

Much the same can be said of some of the work of Bernard Riemann.
His text is on definite integral solutions to the partial differential equa-
tions of Fourier’s theory of heat. First, Riemann discusses all the neces-
sary mathematical techniques required; then he launches into a section
on ordinary differential equations, before turning to partial differential
equations of the second order. Fourier is introduced by setting up the
most general form for the equation for the flow of heat in three dimen-
sions. Riemann then takes a series of mathematically special cases that
lead to definite integral solutions. Restrictions are mathematical bound-
ary conditions. None of the mathematical development is accomplished
with any hint of physical explanation.3# The mathematical goals are also
manifest in Karl Friedrich Gauss’s work on the potential, Carl Gustav
Jacob Jacobi’s lectures in mechanics, and Alfred Clebsch’s work on
elasticity and other “physical” subjects.3> These were the direct descen-
dants of the mathematical tradition of French mathematical physics. Of
what possible use these treatises could have been to their contempo-
raries in physics is problematic. And they have been rather problematic
for historians.3

For the physicists in the German States, consciously breaking away
from the hyperbole and hypotheses of Naturphilosophie, the French
offered a highly successful alternative. Physics was quantitative exper-
iment, whose results were taken over into the separate discipline of
mathematical physics. The most complete, successful, and available
example of the latter was Fourier. There are few indications that the
Germans saw mathematical physics as either exclusively mathematical
or physical. Even if the German physicists read Fourier as physics, we
still have to examine how, given that the text makes its mathematical
ends manifest and does not return to the original physical problem,
physicists related this text to their goal of understanding certain phe-
nomena and processes of nature. As research, mathematical ghysics
usually appeared in Crelle’s journal, rather than Poggendorff’s.3’ In the
case of handbooks of physics that appeared in the 1830s, mathematical
physics was in its own separate section.®

All of French mathematical physics was absorbed and used as it suited
the problem in hand. Fourier had followed the general pattern of French
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mathematical physics, using experiment to establish the equations to
be solved. However, only Georg Simon Ohm had tried to use those
equations in his work on galvanic currents. Yet in the 1820s he chose
the less controversial functional solutions to those equations.3® Despite
Franz Neumann’s detailed reading of Fourier’s Theory, its influence on
him was programmatic rather than specific. He, too, separated exper-
imental and mathematical explorations of phenomena, but he did not
choose to follow Fourier’s mathematical example.*’ This and Ohm’s
behavior reflects available mathematical methods in Berlin and the state
of German mathematics, rather than disciplinary differences. Physics as
a discipline was at this time still experiment.*!

The only specific use Neumann made of Fourier was in his experi-
mental work on the specific heats of crystals. This was after his appoint-
ment at Konigsberg in mineralogy, and what he did there was to follow
French mathematical work also in mineralogy. However, Neumann was
investigating nature, not mathematics, and this led him later to reject
Poisson’s model of matter as nonsense and to choose particular mathe-
matical paths in optics as choices based in physics. While apologizing
for using the wave theory of light, Neumann argued physically about
the conditions at the boundary of two media and chose the mechani-
cally physical one to develop mathematically. However, his solutions
omitted any discussion of physical processes because he had reject-
ed physical models. Similarly, his published lectures on mathematical
physics follow the French model.

Other physicists were also turning mathematical physics to their own
needs. In his examination of elasticity, Gustav Theodor Fechner dis-
cussed various theories of elasticity and their shortcomings. This was in
the section of his text on experimental physics and was expressed in the
vernacular. In his discussion of mathematical physics, however, Fechner
particularly criticized general solutions to the partial differential equa-
tions of elasticity by Poisson as useless. More important, Fechner tried
to extract physical meaning from the mathematics, hence his need for
specific solutions. In this mathematical section Fechner tried to compare
experimental results with deductions from the mathematics.*?

As Neumann'’s and Fechner’s initial steps indicate, German physicists
needed to go beyond the limitations of French methodologies to create
a new kind of physics. The first step was to make mathematical physics
accountable to experiment, then to make physical choices to guide the
initial direction of the mathematics. The final break was accomplished
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by Wilhelm Weber, who integrated hypotheses into the exploration of
the mathematics itself. Fourier was not enough, either in terms of his
general method or his mathematics.

The British travelled the same general route, but with more intimacy
with French mathematical physics than the German physicists. By the
time Fourier’s Theory was published, the British had already embraced
French mathematical physics and were busy embedding it into the math-
ematical Tripos. Their model was, however, Lagrange, whose calculus
was geometrical, elegant and expressed in the problems of mechanics —
the core of the educational system of Cambridge. The characterization
of “geometrical” was given to Lagrange’s work by Poisson as a form
of derision. Lagrange translated the variables of mechanics into points
in space, removing their connection to the physical world that guar-
anteed the validity of the mathematics deduced from them. However,
Cambridge mathematicians were not the first to examine French math-
ematics and see in it possibilities that Newton’s fluxions could not give
them.* Institutions as well as individual mathematicians responded to
French mathematics. Driven by the Tripos, the Cambridge curriculum
changed. Systematic teaching in the new mathematical methods was
necessary.** Fourier published a new kind of mathematics just as the
first generation of young men were in the thick of committing Cam-
bridge to a rival mathematics.

A decade later this generation was split over the place for such tech-
nically demanding mathematics within that same curriculum. While
William Whewell might have admired the new French mathematics,
including Fourier’s, he questioned the need for it within the Tripos.
John Herschel placed mathematics in a decidedly inferior role in the
sciences, as a tool for observation and experiment. To understand those
reversals by Whewell and Herschel, we need to examine their respec-
tive careers. Whewell became responsible for the education of all the
students at Trinity, and his perspective on the role of mathematics in
education had to change from that of a very bright young undergrad-
uate out to modernize his University. Mathematics as “training of the
mind” is not the same as the training needed for mathematical physics.
The latter developed only the narrow, technical expert. Whewell could
hardly sell that as the result of a “liberal education.” In the 1820s, Her-
schel, along with Charles Babbage, had published on aspects of the new
mathematics that the French developed further. Herschel stayed a very
restless young man until he followed into his father’s profession, obser-
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vational astronomy. Here, mathematics became a tool for the reduction
of results.and for corrections of measurements, and that was the only
place he allowed for it. George Biddell Airy travelled the same path,
from Tripos scholar to observational Astronomer Royal.*’

While Whewell and Herschel, both firebrands of reform and active in
placing French mathematics into the Cambridge curriculum, modified
their positions on mathematical physics, it was too late. Other mem-
bers of this generation embraced the French mathematics, and with it
Fourier. George Green was the first to mention Fourier’s mathemat-
ics, but Fourier did not influence him; Green’s mathematics remained
Lagrangian.* It was George Peacock who introduced Fourier to the
general scientific public, in his report to the British Association in 1833.
Much of this report placed French mathematics within the domain of
Peacock’s own interest, symbolic algebra. Fourier was only one of
many French mathematicians whose work intersected with Peacock’s
own. Fourier entered in the section on the representation of discontinu-
ous functions, and Peacock noted the unsatisfactory nature of Fourier’s
proof with respect to his use of series.*’

In the following year, before the same group, Whewell examined the
mathematical theories of heat, light, magnetism, and electrostatics. His
charge was to compare the mathematical theories with the facts that were
thought to confirm them, not to discuss their details. Whewell treated all
mathematical theories here as theories about physical phenomena, not
explorations into analysis. Indeed, in his section on heat, Whewell noted
that mathematicians were led beyond the needs of “physical science”
into “that deep and charmed labyrinth”, leaving most of the rest of us
behind. No doubt this could have been otherwise, had they chosen a
mathematics such as Newton would have used. And although some
rigor might be lost, important though that might be, “such solutions
would have been just in all the material points.” Whewell was already
very distant from French mathematical physics and its goals.*®

Just how many in his audience or at Cambridge would have agreed
with him is unknown at this point. There are some indications that he
was speaking for very few. While some, like Philip Kelland, would try to
develop a physical model for heat, the mathematics remained firmly that
of Fourier. Kelland rejected the caloric theory as incapable of accounting
for radiation and turned to Poisson’s microscopic model for a physical
process. This was qualitative and in the vernacular. When it came to the
mathematical theory of heat, Kelland switched completely to Fourier,
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and his ideas remained as separate halves captured between the same
book covers. Four years later, however, Kelland tried to compare the
various physical theories of heat with the available experimental evi-
dence, to judge their validity. In doing so, he was careful to “examine
for ourselves such of the formulae as appear parallel to the experi-
ments we possess.” And he worked out specific examples that might
be tried experimentally, although not for all four theories he identified.
Unfortunately, “theoretical writers on this branch of physics” — and he
pointed directly to Poisson — “have not presented their results in a form
sufficiently tangible to direct or suggest the application of experiment
to them.” His own choice was then in limbo.* In his textbook, Kel-
land worked out a limited number of mathematical cases, all of which
suggest experimental ones. He clearly considered the exercise as one
within physics; discussed the theories as physical ones reflected in the
mathematics and went on to construct a meeting point between theory
and experiment. There is much more here than a misunderstanding of
Fourier.>

It would take longer for others trained like Kelland in the Tripos to
reach this point. By the time Whewell addressed the British Associ-
ation, there was a coterie of mathematicians, in Cambridge, London,
Dublin, and Edinburgh, interested in all French mathematical methods
and eager for more. And in 1839 they got their own outlet, the Cambridge
Mathematical Journal. In the opinion of its first editor, David Gregory,
mathematical problems have arisen that were not encompassed within
the mathematical methods of mechanics. The mathematical theories of
heat and light had introduced problems of discontinuities, whose repre-
sentation was intimately connected with the theory of definite integrals.
Given the journal’s contents in the following decade, we can assume
that Gregory’s purpose was to provide a forum for this new analysis at
Cambridge. In addition, the journal would discuss problems likely to
appear on the Tripos examination and would publish these, as well as
research papers. Initially, the journal published both kinds of articles.
The research subjects began as small and timid but became bolder. It was
not a journal for run-of-the-mill students, but for would-be wranglers,
faculty, and interested mathematicians across Britain.

As if to emphasize the journal’s commitment to the new analysis,
Gregory himself wrote the first article to appear, on Fourier. Ironically,
he tried to reexpress some of Fourier’s results in functional form, partly
to address the problems of Fourier’s proofs.’! In these early papers, as
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in William Thomson’s paper of 1841, Fourier’s proofs were discussed
and im?roved, rather than considering the broader implications of his
work.’

In general, in its first decade, this journal did publish a small number
of articles on the physical principles behind some of the mathematics,
separately and in the vernacular. For the majority of papers, if any began
with physical problems, the actual point of the paper, original or not,
was mathematical not physical. Yet as the decade of the 1840s rolled
on, a distinctly British style of mathematics emerged in its pages. The
operational algebra instituted by Peacock became so popular that the
editor — by this time William Thomson, who succeeded Robert Ellis —
begged papers from Stokes, so that something else might appear on its
pages. And for Thomson, it was getting to be too much of a research
journal. By this date it was also a recognizable modern journal of math-
ematics. Cayley and Boole, for example, were treating the problems of
mechanics or light as particular cases of a type of partial differential
equation, as well as publishing their work in “pure” mathematics.

William Thomson became editor of this journal in 1845 and continued
until 1850. Looking through those pages, I do not see that he changed
the direction of the journal, other than including the Irish within its title
and pages. Thomson expanded coverage by including electrostatics and
hydrodynamics, largely written by himself and George Gabriel Stokes.
In 1841, the connection that Thomson saw between the motion of heat
and electrostatics lay in the mathematical forms they shared. This I
think everyone agrees with. But rather than seeing these as a path to
physical analogy (as Maxwell used this paper), Thomson used those
mathematical samenesses to mediate solutions to mathematically tricky
problems that occur in both subjects. Then, by inverting the process,
he converted theorems in the theory of the attraction of ellipsoids into
statements about the flow of heat. He did so by demonstrating how one
can replace a series of sources of heat, electrical charge, gravitational
attraction by an “Isothermal” surface.

None of this is new in the history of physics. However, historians
do not note that Thomson in these first papers included problems in
gravitational attraction in his mathematical net. Attraction was the term
used, with electrostatics only as one example of attraction. In one place
he stated (as did Gauss) that by replacing particular constants in his
basic equations one could do the problem in all three areas — heat,
electrostatics, and gravitation.
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Thomson’s examination of Isothermal surfaces followed that of the
French mathematicians Duhamel and Liouville. Isothermal refers to a
surface with certain mathematical properties; it has no physical signif-
icance or existence here. Thomson finished up by using the theory of
heat to play with ideas about orthogonal surfaces, defining a point using
curvilinear coordinates and then following what kinds of surfaces are
generated by the equations of motion of heat in as general a case as he
could possibly handle.>3 Some aspects of these papers are confusing, as
Thomson moves back and forth between the physical cases that carry
with them the mathematics he wants to connect together. For a read-
er trained in French mathematical physics, the physical names label a
type of mathematics and do not necessarily refer to anything beyond
the mathematics. To further confirm the rightness of this mathemati-
cal approach, Thomson verified a fundamental proposition in Gauss’s
work on attraction by replacing the material points with his mathemati-
cal surface. Thomson also discussed the differences of the electrostatic
and gravitational cases. Gauss’s proposition was put in the mathemat-
ical terms in which Gauss expressed it, as were his deductions, either
analytical or geometrical. Thomson was dealing with the properties of
functions and surfaces, although he concluded that the experimental
result that there is no electric charge within a hollow conductor “is
confirmed,” by the mathematics.>*

Physics was the instrument for generating mathematics, not the
reverse. What Thomson was moving towards was a generalized math-
ematical method of treating these disparate physical cases through one
mathematical approach, as opened up by Fourier. The picture of Thom-
son that I am drawing is markedly at odds with the usual one. Thomson
is normally seen as a physicist first and always, building a new physics
based upon the mathematics of “geometric,” i.e., macroscopic, entities.
This approach is traced back to the unique philosophical framework
given natural philosophy in the Scottish higher education system by the
Common Sense philosophy.>® Yet at Glasgow University mathematical
and experimental natural philosophy, although taught by the natural phi-
losophy professor, were separate courses, and there is no evidence as to
whether mathematical natural philosophy grew directly out of the theo-
retical ideas presented in the other course, or whether, as with Kelland,
they lived alongside each other yet unconnected.

Most historians of physics who analyze Thomson’s first paper on
Fourier forget that gravitation was also involved, and that Thomson was



46 ELIZABETH GARBER

doing a mathematics built on a different foundation than we expect.
That foundation is physical problems, not other mathematical ones,
although that is what it develops into. The usual interpretation also
reflects Maxwell’s characterization of Thomson’s work. We forget that
Maxwell used Thomson for his own purposes, which may have had
little to do with what Thomson was groping towards in the 1840s.

For the same reasons, Thomson’s article in Liouville’s journal is
French mathematical physics. It is more than reconciling different
approaches to electrostatics. Thomson is building a mathematical theory
that transcends all physical theories and uses Fourier to accomplish it.
The experiments of Coulomb and Faraday cannot be at odds. Both are
true. And what’s more, a mathematical theory will bring them together.
Which does not mean that we have a physical theory of what is going
on. In three places at least he points out that his is a mathematical theory,
“independent of physical hypothesis.” Fourier’s laws for the motion of
heat

constitute a mathematical theory, properly so-called; and when we find the corresponding
laws to be true for phenomena presented by electrified bodies we may make them the
foundation of the mathematical theory of electricity: and this may be done if we consider
them merely as actual truths, without adopting any physical hypothesis.*

This was written in Paris, in that summer of 1846 in which his whole
life changed. Thomson spent 8-10 hours a day in Regnault’s laborato-
ry, then rushed over to Liouville for mathematical company. The dual
nature of his existence and of the separation of mathematics and physics
was duplicated in the geography of his summer. The dual nature of this
existence continued for at least five more years with his appointment as
Professor of Natural Philosophy at Glasgow. The demands on him in
Glasgow began to push him in entirely different directions. He had to
deal with students becoming engineers, not liberally educated gentle-
men, and to continue to show that he was not merely a mathematician.
He turned to experiment, and to the volunteer labor of students.

Also that summer he was introduced to Clapeyron’s mathematization
of Carnot’s theory of heat. And here Thomson performed again as a
conforming mathematician, extending the mathematics of Clapeyron.
But this time he drew out of the mathematics implications about the
measurement of heat — the Absolute Scale of Temperature. Physics came
directly from the mathematics. This was reinforced in his second paper
on Carnot’s theory, when his brother James deduced the result of the
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decrease in freezing temperature with pressure that William Thomson
then confirmed by experiment.

Joule’s results — equally experimental posed a very real problem to
the foundations of all Thomson had done with Carnot’s theory. In this
case, Thomson needed to go beyond the bounds of mathematics and
experiment to embrace the mechanical theory of heat. He had to accept
hypotheses as a necessary aspect of the construction of physics, and as
an explanation of the processes of nature.

Some measure of the change by 1850 lies in treatment of irreversibili-
ty. He had always dealt with irreversibility in the mathematics of Fourier.
Yet in the 1840s the problem of negative time-values was simply a math-
ematical, not a physical one. From the middle of 1850s, the mathematical
expression of a system at zero time carried physical and even cosmic
meaning. Negative time was meaningless.>’

From 1845 there was also the influence of George Gabriel Stokes.
Stokes had already begun to divert mathematical physics from an exclu-
sively mathematical path into one useful for physics. Although he wrote
on some of the mathematical aspects of Fourier’s work, Fourier was only
one of many French mathematical sources that informed his work. Many
papers with seemingly physical titles turn out to be mathematical exer-
cises. Yet in others Stokes does draw strictly physical conclusions from
his mathematical derivations.”® And, he does not necessarily pursue
those mathematical implications if they have no important mathemat-
ical or physical point to them. However, in this decade he discussed
physical hygotheses in separate articles, usually in the Philosophical
Magazine.’

He understood when he wanted to address a physics, not a mathemat-
ics problem. When he tackled hydrodynamics, he only used mathematics
that made physical sense. And he taught that to Thomson. Yet he was
also a careful mathematician. In his paper to the Cambridge Philosoph-
ical Society in 1847 on Fourier, he is all mathematical business. While
noting that the mathematics under discussion was useful for solving
physical problems (heat, electrostatics), Stokes did not include these in
the pages of this paper. They are his concern elsewhere.5

Stokes’s gift, freely given to Thomson and Maxwell, was his ability
to separate the physically necessary from the mathematically interest-
ing. This was absolutely crucial to both, and they acknowledged it.
And in Thomson’s case, Stokes forced Thomson to specify his physical
ideas in ways that could be mathematized. Stokes also understood the
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amount of mathematics needed to solve the physics problems mean-
ingfully. Conversely, he clothed the mathematics in physical meaning
while remaining aware of his own assumptions. He also attributed to
other mathematicians the same physical goals as he had himself, an
interpretation he passed to Thomson and Maxwell.

French mathematical physics was then influential, especially in
Britain, but not in quite the ways depicted by historians. Whether we
can point to any one French mathematician with singular influence is
debatable. French mathematical physics was absorbed whole, and it is
difficult to isolate Fourier and his influence as unique even on Thom-
son, despite his later testimony. Both the British and the Germans found
French mathematical physics insufficient to explain the physical pro-
cesses of nature. To fully explore nature, hypotheses were necessary,
and these had ostensibly been rejected by the French. Fourier and others
were the means both of opening up the possibilities of the mathematical
explorations of physical phenomena, and of demonstrating the limita-
tions of this strictly mathematical approach.

Fourier and French mathematical physics also spawned a number of
disciplines, all of which claimed mathematics and physics within their
domain. By the end of the nineteenth century these disciplines merged at
their boundaries. Both mathematicians and physicists worked under the
rubric of mathematical physics and argued over how much mathematics
or physics is necessary within that discipline. Felix Klein discerned the
differences in the approaches of physicists and mathematicians who car-
ried the same label but practiced different disciplines.®! Within physics,
theoretical and mathematical physicists argued over the same issues.
With this work reread as physics, not mathematics, and with the kind
of mathematics he practiced superceded in mathematics itself, Fourier
became a model for a seemingly powerful approach to the solution of
physical problems. This was reinforced by the increasing importance of
his mathematical techniques within physics. Yet, experimental physics,
reaffirmed as the core of the discipline in the nineteenth century, could
still claim in the 1930s that physics was experiment, the rest was only
mathematics.?

Department of History
State University of New York at Stony Brook
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ELECTROMAGNETIC ENERGY AND THE EARLY
HISTORY OF THE ENERGY PRINCIPLE

1. INTRODUCTION

The story of the concept of electromagnetic energy began, one might
claim, in 1845, when Franz Neumann realized that electromagnetic
forces and torques could be derived from a potential function, and that
the law of electromagnetic induction could be formulated by means of
the same potential function.

Neumann’s paper appeared in the memoirs of the Berlin Academy
for 1845 (Neumann 1889), and a substantial extract was published in
Poggendorff’s Annalen (Neumann 1846). Two years later Neumann
published yet another paper, in which the electrodynamic potential fig-
ured as the basic quantity in electrodynamics (Neumann 1892).

The 1845 extract caught the attention of the young army surgeon
Hermann Helmbholtz, who was just then working on his famous essay
on energy conservation. (Stationed in Potsdam, Helmholtz did not have
access to the Berlin memoirs; fortunately, however, the local Gymnasium
subscribed to the Annalen.)

When Helmholtz’s essay appeared in 1847 (Helmholtz 1907) it con-
tained a final section entitled “Kraftiquivalent des Magnetismus und
Electromagnetismus.” In this section Helmholtz made use of Neumann’s
potential to work out the consequences of the energy principle as applied
to the interaction of electrical circuits and magnets. One consequence
seemed to be that the existence of electromagnetic induction, as well as
the mathematical law for induced electromotive forces, could be derived
from the energy principle (cf. Bevilacqua 1993, pp. 330-332).

As I show below, Helmholtz’s reasoning was erroneous. It is in fact
not possible to derive the law of induction from the energy principle,
and modern textbooks invariably reverse the procedure, i.e., they first
postulate the law of induction and then derive from this an expression for
the energy of an electromagnetic system. Nevertheless, Helmholtz’s way
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of reasoning is very seductive. A year later, William Thomson published
an argument very similar to Helmholtz’s (Thomson 1882, 91-92), and
James Clerk Maxwell published a similarly erroneous treatment in his
first article on electricity and magnetism, written in 1855-56. Even
in his 1873 Treatise, Maxwell repeated Helmholtz’s argument almost
verbatim, remarking without any reservation that

they [i.e. Helmholtz and Thomson] showed that the induction of electric currents
discovered by Faraday could be mathematically deduced from the electromagnetic

actions discovered by Orsted and Ampere by the application of the principle of the
Conservation of Energy (Maxwell 1891, II, art. 543).

The earliest correct treatment of the energy of two electric circuits is
found in an unpublished memorandum, written in 1851 by Thomson.
A report of the result of this investigation was published by Thomson
in 1860, while the memorandum itself was published only in 1872
(Thomson 1872, 441-443). It is interesting that Maxwell followed his
account in the Treatise of Helmholtz’s argument by quoting Thomson’s
correct result, namely
.. . that when work is done by the mutual action of two constant currents, their mechan-
ical action is increased by the same amount, so that the battery has to supply double

that amount of work, in addition to that required to maintain the currents against the
resistance of the circuits (Maxwell 1891, II, art. 544, his emphasis).

Apparently, Maxwell did not see that the derivation of this statement was
in conflict with the earlier treatments by Helmholtz and Thomson. In
the third edition of Maxwell’s Treatise, J.J. Thomson inserted a footnote
showing that the law of induction cannot be derived from the energy
principle. This argument was, however, based on Maxwell’s theory of
electric circuits, in which the expression for electromagnetic energy was
based on the postulate that electromagnetic energy is of the nature of
kinetic energy, so that a system of circuits may be treated by analytical
mechanics. For this reason J.J. Thomson’s argument does not give a clear
indication of the precise nature of Helmholtz’s error, and his reasoning
is difficult to follow for a modern reader.

Evidently, a historian interested in the early history of the concept
of electromagnetic energy meets with a certain amount of error and
confusion in the primary sources. Secondary accounts are often of little
help, witness the above-mentioned discussion by J.J. Thomson, or E.T.
Whittaker’s few scattered remarks, which are purely verbal and so brief
as to be unintelligible to the uninitiated reader (Whittaker 1951, 218—
219, 221-222).
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Fig. 1.

In this paper I analyze in detail the writings of Helmholtz, William
Thomson, and Maxwell on this point. As my aim is to clarify the logical
structure of the various arguments, I use a standardized modern notation
(with SI units) almost everywhere, but I shall of course take care not
to invest the symbols with a physical content foreign to the writer in
question.

In Sections I and III, I present a modern textbook account of the con-
cepts of electrostatic and electromagnetic energy, with special emphasis
on the question of the relation between energy conservation and the
law of induction. This account is fairly trivial and serves merely as a
background for the historical discussion in the following sections.

II. TWO POINT CHARGES

As a preliminary to our discussion of electromagnetic energy, let us
consider a simple electrostatic system consisting of two point charges
(Figure 1) e; and e;, with position vectors r; and r,, and with relative
position vector

rypy =r; —r.
This system has a potential energy U, given by

€162

2.1 Uvu, = —"—
2.1) P dmegrn

with the property that the electrostatic force F'; on e is given by

22 F,=-VU,
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where the gradient operator refers to ry, the position of e;.

If e; undergoes a small displacement dr; under the action of the force
F\, e; being held fixed, the kinetic energy T of the system increases by
an amount equal to the work performed by the force F:

(23) 6T = 6W = F1 . 61‘1.

Note that (2.3) is a consequence solely of Newton’s second law of
motion and the usual definition of kinetic energy in terms of masses and
velocities of the two particles.

Now, the existence of the potential energy function U, with the
property (2.2) means that we may rewrite Equation (2.3) as

24 6T =-6U,
or as

25) T+6U,=0
and this leads to

26) T+U,=FE

where E is a constant representing the total energy of the system.
These three equations are just slightly different expressions of the
principle of conservation of mechanical energy, defined as the sum of
kinetic and potential energy. Helmholtz stated this principle as follows
... der Verlust an Quantitat der Spannkraft [ist] stets gleich dem Gewinn an lebendiger
Kraft, und der Gewinn der ersteren dem Verlust der letzteren. Es ist also stets die

Summe der vorhandenen lebendigen und Spannkrdfte constant (Helmholtz 1907, 14,
his emphasis).

From Helmholtz’s definitions of “lebendiger Kraft” and “Spannkraft”
it is unproblematic to identify these concepts with kinetic and potential
energy, respectively, and to see the whole passage as a verbal explanation
of Equations (2.4) and (2.6). The word “Spannkraft” or “tension force,”
with its connotations of springs and elastic materials in general, suggests
in this context something like “force stored in the system,” so that there
is no large step to a modern conception of Equation (2.6) as expressing a
balance between kinetic energy and internal electrostatic energy stored
in the system.

A word must be added on Helmholtz’s use of the term “potential.”
It is introduced in the beginning of the section on electrostatics (with
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a reference to Gauss) as the negative of our U, so that the increase in
kinetic energy is equal to the increase in the potential of the system.
This was of no great conceptual significance to Helmholtz, since the
potential was a mathematical function devoid of physical meaning; but
the difference in algebraic sign is an additional source of confusion to a
modern reader.

Finally, it is worth emphasizing a fairly trivial point, namely that
Equations (2.4) and (2.5) hold for any system which possesses a potential
energy function. For arbitrary small displacements within such a system,
the differential work performed by the internal forces and torques will
always be given by

Q2.7) W = —6U,.

The replacement of 6W by 6T follows, as already noted, from Newton’s
second law without any further assumption (or, in the case of angular
displacements, from the angular momentum principle).

III. TWO CIRCUITS

After these elementary observations, we are ready to consider a system
of two electric circuits ¢; and /5, carrying currents I; and I, produced
by galvanic batteries supplying electromotive forces V) and V,. With the
symbols shown in Figure 2, the total electromagnetic force F| exerted
by circuit ¢, on circuit £; is given by the following formula, which
combines the Lorentz force expression with the Biot-Savart law for the
magnetic field produced by /;:

31) F = Illz%f dly x dlz X rlz)
A

where dl; and dl, are line elements of circuits 1 and 2 respectively, and
the integrations are over the closed circuits. The total force F, on circuit
¢, is given by a similar expression, and one can show that these forces
satisfy the third law of motion:

32) F=-F,

It can also be shown that these forces may be derived from a potential
energy function of the form

(33) Up=-5L%1p=-0L%y
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Fig. 2.

where ®,; is the magnetic flux through ¢; due to the current in /5, and
®,; is the flux through ¢, due to ¢;.
The fluxes in Equation (3.3) are given by the formulas

(3.4) ®,=ML
(3.5) &y = MI,

where M is the mutual inductance, given by an expression known today
as Franz Neumann’s formula:

Ko dly - dl,
6 M=HEf Ll %
(36) ar 7{ 7{ ™
A

The result is that the potential energy function may be written as

1 - dl
3.7) U,=-MLL= —ﬂlllzf?( dli-dy
47 D T12
1 @

Proofs of these formulas may be found in for instance (Grant and Phillips
1975, 154-159).

The function Uj, is essentially the electrodynamic potential that Neu-
mann introduced in 1845. His major contribution was the theorem that
the induced electromotive force in the circuit £, produced by ¢5, can be
expressed mathematically by putting I; equal to unity and then taking
the time derivative of U, (Neumann 1846, 38-40). From Equation (3.3)
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it is easily seen that this theorem is equivalent to the modern expres-
sion of induced electromotive force as minus the time derivative of the
magnetic flux (cf. Equation (3.16) below).

As a simple illustration, analogous to the one in Section II above, of
the relation of U, to kinetic energy and work, we consider a small, rigid
translation, 6a;, of the circuit /,. Let a; be the position vector of an
arbitrary point O, fixed with respect to £;, so that the position vector
r; of any circuit element d/; is

(3.8) r =a;+r)
where r} is constant during the translation. Then
39 F,=-Viy,

where V| means the gradient operator referring to a;. From this it
follows that the work performed by the electromagnetic force on /) is
given by

(3.10) 6W =TF, -ba; = (~V,U,) - a, = —6U,.

If ¢, is moving freely we may, just as in the electrostatic case, use the
second law of motion to replace the work performed by the increase in
kinetic energy, and write

(3.11) 6T + 6U, =0.

So far, we have a complete formal analogy with the electrostatic case.
However, as textbook writers sometimes take care to warn their readers,
Equation (3.11) cannot be interpreted as a correct expression for the
energy balance in the system. In particular, U, does not represent the
energy stored in the system (cf. Grant and Phillips 1975, 154n).

To see why this is so, we must involve Ohm’s law and Faraday’s law
of electromagnetic induction. If our two circuits are at rest, we have by
Ohm’s law

(3.12) Vi = R{1;
and

(3.13) Vo =R,
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where R; and R; denote resistances. Multiplying by, respectively, I;6t
and I,6t, we get the following expressions for the energy balance in the
two circuits during a short time interval 6t:

(3.14) W I,6t = R I?6t
(3.15) VaL6t = RyI26t.

Here the left-hand sides are the amounts of energy supplied during 6t by
the two batteries, while the right-hand sides are the amounts of Joulean
heat developed in the two circuits.

Let us now go back to the case where ¢; undergoes a rigid translation
6a; during the time interval 6¢, while ¢, is kept in a fixed position. By
Faraday’s law the induced electromotive force in a circuit is given by

ad
. V=-—
(3.16) 7
where @ is the magnetic flux through the circuit. Hence Equations (3.12-
3.13) must now be replaced by

dd
(3.17) V; — —dt—‘ =R\ I,

dd
aw)%—gf=mb

The flux through ¢; is given by
319 &=L+ M,

where L; is the self-inductance of £; and M is the mutual inductance
given by Equation (3.6). As we have assumed ¢; to be rigid, L, is
a constant, while M varies with the changing relative position of the
two circuits during the translation of ¢;. As a further simplification we
assume the batteries to be regulated in such a way that the two currents
keep constant values during the translation. Then the only non-constant
quantity in Equation (3.19) is M, and we may rewrite Equations (3.17—
3.18) as

M
3.20) V| — I2dd_t =R I
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aM
3.21) V- Il—dt— = Rylp.

Before we use these equations to analyze the energy balance in the
system, let us take stock of the energy contributions we have considered
so far. These are the following:

— The energy 6W, supplied by the batteries. This is given by
(3.22) W, = V1 I} + VaI)ét.

— The Joulean heat 6@ produced by the currents in the two circuits,
given by

(3.23) 6Q = (R I? + RyI2)6t.

— The work 6W performed by the electromagnetic forces. By the
discussion leading up to Equation (3.10) we may write

(3.24) §W = —§U, = L L6M.

— The change 6U in the internal energy U of the system.

Since the energy supplied by the batteries must equal the changes in
the various forms of energy appearing in the system, we can write the
following equation for the energy balance during the translation:

(3.25) W, = 6Q + §W + 6U.

Here the only unknown quantity is 6U. We might replace the other terms
by the expressions (3.22-3.24), and in a certain sense 6U would then
be determined from given quantities. These quantities would, however,
include the electromotive forces of the batteries and the resistances of
the circuits, and so we would not be able to express U solely as a
function of the currents and of the form and relative position of the two
circuits.

To reach this goal, we multiply Equations (3.20-3.21) by I;6t and
I,6t, respectively, and add the results. This gives

aM

T ot

(3.26) (ViI} + Vabh)ét = (R I? + Ry I2)6t + 2111,
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or, replacing (dM/dt)ét by 6 M and using Equations (3.22-3.24),
(3.27) W, = 6Q + 26W.

Combined with Equation (3.25) this leads to
(3.28) 60U =o6W = —6U, = 11,6 M.

Although our analysis has been confined to the very special case of
a rigid translation with constant currents, Equations (3.27-3.28) show
some features which are true in general. One is that for every motion
with constant currents, the increase in the energy stored as internal
energy is precisely equal to the mechanical work performed by the
electromagnetic forces, so that the batteries have to supply an amount
of energy equal to twice the work performed (in addition to the amount
spent in Joulean heat). This means that the potential energy function U,
does not play the role it does in electrostatics or gravitational theory,
that of energy stored in the system. This role is played instead by the
function U, given by

(3.29) U= -U,

In fact, a more complete analysis including variable currents gives the
result that Equation (3.29) is true in general, and that the internal energy
of a system of two circuits is given by

@w)U=lh®+lb%=lhﬁ+Mﬂb+lh@
2 2 2 2
(cf. Grant and Phillips 1975, 236-239; or Reitz and Milford 1967,
231-236). Clearly, the last term in Equation (3.28) follows from Equa-
tion (3.30) in the special case of constant currents and constant self-
inductances.

The above analysis gives a clear view of the possibility of deriving
the law of electromagnetic induction from the energy principle, Equa-
tion (3.25), for we have derived three of the four energies involved
without using the law of induction or even presupposing the existence
of the phenomenon of induction. However, in Equation (3.25) the inter-
nal energy appears as an unknown quantity, so before one could derive
anything from this equation one would have to make some kind of
conjecture about this quantity. Given the analogy with the electrostatic
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case, the most obvious procedure would be to identify the internal ener-
gy with the potential energy Up,. By Equation (3.10) the two last terms
in Equation (3.25) would then cancel out and the latter would reduce to

(3.31) W, = 6Q.

This is simply the sum of the two equations (3.14-3.15) which have been
derived from Ohm’s law applied to stationary circuits. One would thus
obtain two conservation equations, one for mechanical energy, namely
Equation (3.10), and one for electrical energy, namely Equation (3.31).
The latter would imply that Equations (3.12-3.13) would hold also for
moving circuits, in other words that induced electromotive forces do not
exist. It is thus possible to frame a theory, even a very plausible one,
which conforms to the principle of energy conservation but denies the
existence of electromagnetic induction. This proves conclusively that
the law of induction cannot be derived from the energy principle. Only
by using the law of induction, Equation (3.16), can one obtain a correct
expression for the internal energy stored in a system of two circuits.

IV. HELMHOLTZ

I shall now take a closer look at the arguments by which Helmholtz,
Thomson, and Maxwell claimed to derive the law of induction from the
energy principle. One difficulty about these arguments is that Helmholtz
and Thomson both began by considering a system of a circuit and a
permanent magnet in relative motion and then went on to extend the
argument to a system of two circuits. They no doubt regarded the former
system as the simpler one; however from a modern point of view a
permanent magnet is a very complicated system, so modern textbooks
tend to avoid discussing it. I shall return to this problem in Section V
below.

Helmbholtz’s argument, as it is found in his 1847 essay (Helmholtz
1907, 47-50), runs somewhat as follows: The amount of vis viva gained
by a magnet which is moving under the influence of a current, must
be supplied from the tension forces (“‘Spannkrifte””) consumed in the
current. According to (Neumann 1846), this amount of vis viva gained
in a short time interval 6t is I(dE/dt)6t, where I is the intensity of the
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current and E is the potential of the magnet relative to the conductor
when the current in the latter is unity. Thus,
daE

(4.1) VIt = RI*&t + IE 5t

where V is the electromotive force driving the current and R is the
resistance of the conductor. Hence

V — (dE/dt)
R

and we have thus deduced, from the energy principle, the existence
of a new kind of electromotive force, induced electromotive force,
represented by —dE/dt.

In the case of two conductors in relative motion, the same reasoning
leads, according to Helmholtz, immediately to the equation

dE
4.3) (il + VaL)6t = (R I? + RyI2)6t + 1112% 5t

42 I=

where E now denotes the potential of the two conductors when both are
carrying currents of unit intensity. If I, < I; we may set V; =~ Ry,
and we then have

@4 L2 L(dE/dt)

R,

Again we have derived from the energy principle the existence of an
induced electromotive force, given by the expression —I; (dE/dt).

Apart from insignificant changes in notation, this is an almost ver-
batim rendering of Helmholtz’s argument. In the case of two currents,
this argument is clearly at variance with our analysis in Section III.
To pinpoint the difference, we may compare Equation (4.3) with our
Equation (3.25). The left-hand side of Equation (4.3) and the first term
on the right-hand side can immediately be identified with our §W} and
0Q, respectively, so that the difference has to do with the last term in
Equation (4.3). In view of what Helmholtz says about the corresponding
term in Equation (4.1), the most natural interpretation of his reasoning
seems to be that it represents the “amount of vis viva gained” which
Helmbholtz then expresses in terms of Neumann’s potential. This leads
us to identify this term with our 6T or 6W, expressed by means of
Equation (3.24); the quantity E in Equation (4.3) would then be the
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same as our M, the mutual inductance. What is missing in Helmholtz’s
equation, ‘then, is a term corresponding to our 6U, the change in the
energy stored in the system.

At first sight, the defect in Helmholtz’s argument is not terribly sur-
prising. After all, the missing term is, in modern theory, the change in
the magnetic field energy, and this is a concept which was completely
foreign to Helmholtz in 1847. On the other hand, one may argue that
Helmbholtz’s treatment was inconsistent from his own point of view as
well, for the following reason.

As we have seen in Section II, Helmholtz set up an equation for a
system of electrical particles which expressed a balance between the
vis viva of the particles’ motion and the “tension forces” of the system,
the latter being expressed mathematically by the electrostatic potential.
He went on to show that a similar balance existed in a purely magnetic
system, consisting of permanent magnets and soft iron, and that the
tension forces could be expressed by a magnetic potential of the same
mathematical form as the electrostatic one. He then proceeded to quote
Ampere’s result that an electric current may be replaced by a certain
distribution of magnetism on a surface bounded by the circuit, and said
that in this way Neumann had transferred the notion of potential to closed
currents, by equating the electrodynamic potential with the potential
of the magnetic surfaces representing the currents (Helmholtz 1907,
47). Thus, for Helmholtz, Neumann’s electrodynamic potential was a
quantity of the same nature as the electrostatic potential, furnishing a
convenient mathematical expression for the tension forces in the system.
Since he identified the three terms in Equation (4.1) with “the tension
forces consumed in the current,” “the vis viva produced in the circuit,”
and “the vis viva gained by the magnet,” respectively, there is some
justification for accusing him of omitting a term corresponding to the
magnetic tension forces in the system.

My conclusion is, then, that Helmholtz’s argument was not only
defective from a modern point of view, but also inconsistent with his
own treatments of electro- and magnetostatics. This statement is, how-
ever, rather too blunt as a historical conclusion and needs to be qualified
by a closer look at the historical context. First of all, if Helmholtz
had reasoned “consistently,” the analogy between the electrodynamic
and the magnetostatic case would undoubtedly have led him to iden-
tify the tension forces in the system with Neumann’s potential. As
we have seen at the end of Section III, this would have entailed the
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non-existence of electromagnetic induction, which would have been as
absurd to Helmholtz as it is to us. Secondly, it must be remembered that
before Helmholtz, “potential” denoted an almost purely mathematical
entity, which Helmholtz was just beginning to give a physical mean-
ing in terms of “tension force.” This, in turn, was a new concept that
Helmholtz himself had introduced in his general formulation of the
conservation principle: it had not yet acquired the full range of physical
significance associated with the modern concept of potential energy. In
his applications of the general principle to electricity and magnetism,
Helmbholtz preferred using the more familiar concepts of vis viva and
potential. In his section on electrostatics Helmholtz used “tension force”
only once, and in the section on magnetism not at all; in his section on
electromagnetism he used it only to denote the energy supplied by a
battery. Thus, although in order to arrive at Equations (4.1) and (4.3)
he must have used something like Equation (3.11) to equate the gain
in vis viva with the change in potential, he seems to have reverted to
an older understanding of Equation (3.11) as a mathematical formality,
forgetting its new role as an expression of the conservation principle,
entailing a notion of potential as tension force stored in the system.

One further remark is needed. Helmholtz’s Equation (4.3) conflicts
with our Equation (3.26), which we derived from Faraday’s law of
induction. So how could Helmholtz derive from it Equation (4.4), which
is a correct statement of the Faraday law? The answer is that he did so by
an erroneous argument, as we can easily see by applying his argument
to our Equation (3.26); the result will be an incorrect factor of two in
front of the induced electromotive force. To show exactly where his
argument is at fault, we divide Equation (4.3) by I;6t and obtain the
following equation:

I dE
45) Vi - R + =2 (Vz - == - R212> =0.
I, dt

Now it is true that if I/I; is small then V] ~ R,;I;, but this does
not imply that the bracket multiplying I,/I; is small as well. So the
argument is simply a mathematical blunder, involving the mishandling
of an approximation. (The manifestation of this in the straightforward
route from Equation (4.3) to Equation (4.4) is in dividing by I,, which
is of the order of zero in this approximation.)
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V. A CIRCUIT AND A PERMANENT MAGNET

Both Helmholtz and Thomson based their discussion of a circuit and
a magnet in relative motion on the tacit assumption that a permanent
magnet is totally uninfluenced by the changing magnetic field from
the circuit. Modern physics would probably not accept this as even
an idealisation of the behaviour of a ferromagnetic material. Since I
am concerned here with the consistency of 19th-century theories rather
than with the properties of real materials, I shall follow Helmholtz and
Thomson and consider a magnet at rest to produce a magnetic field
which is constant in time although of course variable in space.

We may now consider a system like that shown in Figure 2, except
that the circuit ¢; is replaced by a permanent magnet producing a time-
independent magnetic field. If ®,, denotes the magnetic flux from the
magnet through the circuit £ (as there is now only one circuit we drop
the indices), the total force on the circuit can still be derived from a
potential energy function, given by

(G.1) U, =-Id,

where I is the current in £. For a small rigid displacement of ¢, with I kept
constant, we again have an energy balance equation like Equation (3.25),
and inserting known quantities we get

(5.2) VISt = RI*6t + I6®,, + 6U.
Faraday’s law of induction gives for this case
dd

from which it follows that

(5.4) VI&t= RI*t+ I%”l 5t.

Since ®,, has no explicit time-dependence the ®,,-terms in Equa-
tions (5.2) and (5.4) are identical. We may thus write Equation (5.4)
as

(5.5) W,=46Q+ W
and combining this with Equation (5.2) we get the surprising result
(56) oU=0.
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This means that the magnetic energy stored in the system does not
depend on the relative position of the circuit and the magnet. It also
means that Helmholtz’s Equation (4.1) is in fact correct, in the sense
that it is consistent with his tacit assumption on the nature of a permanent
magnet. This does not mean that Helmholtz’s reasoning is valid, for it
was only by invoking the Faraday law that we were able to derive
Equation (5.5); the energy principle alone leads to Equation (5.2) in
which 6U is still an unknown quantity.

There is thus an essential difference between the two cases we are con-
sidering, even though Helmholtz’s reasoning in both cases was flawed
in the same way by his neglect of the internal energy term. In the case of
two circuits this led to an equation (4.3) that was in manifest conflict with
the law of induction (but from which Helmholtz nevertheless derived
the law of induction by a mathematical error), whereas in the case of a
circuit and a magnet the resulting equation (4.1) agreed perfectly with
the law of induction.

Finally a few remarks are in order about Equation (5.6) which has
some implications that seem almost absurd at first sight. As an example,
consider a cylindrical bar magnet homogeneously magnetized through-
out its length and with a solenoid wound tightly around it. Let the
current in the solenoid be adjusted so that its magnetic field everywhere
cancels that of the magnet. Now, with the current kept constant, let the
magnet be pulled out of the solenoid and removed to a great distance.
Equation (5.6) then implies that the magnetic field energy of the system
undergoes no change during this process. This is surprising because in
the initial state there is no magnetic field anywhere, while in the final
state we have a solenoid and a magnet, each surrounded by its own mag-
netic field. There would thus seem to be a positive increase in magnetic
field energy during the process, in violation of Equation (5.6). However,
inside the substance of the magnet the B-field is by assumption zero in
the initial state, while in the final state the field vectors B and H are both
non-zero but in opposite directions (assuming the magnetization to be
constant). The magnetic energy inside the magnet therefore decreases
during the process — energy is being extracted from the interior of the
magnet — and this decrease compensates for the increase in the field
energy outside the magnet.
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VI. THOMSON AND MAXWELL

William Thomson first discussed these matters in a short note published
in the British Association Report for 1848 (Thomson 1882, 91-92).
Although Thomson almost certainly had not read Helmholtz’s essay,
which had been privately printed less than a year earlier, his argument
was essentially the same. He considered a closed conductor subject
to induction by a moving magnet, and equated “the amount of work
expended in producing the relative motion” with “the mechanical effects
lost by the current induced in the wire.” Having no battery in his circuit,
he arrived at two equations which correspond to Equations (4.1-4.2)
with V equal to zero, and claimed that he had given an a priori demon-
stration of Neumann’s theorem on induction, founded on the axiom of
the equality of the work spent in sustaining the motion and the mechan-
ical effect lost in the wire. Like Helmholtz, Thomson in this note made
no mention of the possibility that energy might be stored in the system,
and, again like Helmholtz, he therefore arrived at a correct result by a
defective argument.

Three years later Thomson reconsidered the question in a mem-
orandum dated “Oct. 13, 1851” but only published much later as a
footnote in his Reprint of Papers on Electrostatics and Magnetism,
which appeared in 1872 (Thomson 1872, 441-442n). The memoran-
dum shows that Thomson had now mastered the problem completely.
Instead of attempting to derive the law of induction from the energy
principle, he now used Neumann'’s formulation of the law of induction
as a basis for the derivation of energy balance equations. His procedure
was essentially similar to the one I have used above in deriving Equa-
tions (5.5) and (3.27); his results correspond exactly to Equations (5.6)
and (3.28), namely that “the mechanical values of the current and the
magnet together are not altered,” while in the case of two circuits “the
mechanical value of two currents is diminished by (1/J)wdt.” (The
latter quantity denotes the work spent by external forces and is therefore
equal to —6W in my notation.)

In 1860 Thomson found occasion to publish, in an article for Nichol’s
Cyclopedia, a verbal statement of the insight he had reached in 1851.
The following passage is a very clear explanation of the content of
our Equations (3.27-3.28), and since it is the earliest published correct
amount of the energy balance of two circuits, it is worth quoting in full:
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If two conductors, with a current sustained in each by a constant electro-motive force,
be slowly moved towards one another, and there be a certain gain of work on the whole,
by electro-dynamic force, operating during the motion, there will be twice as much as
this of work spent by the electro-motive forces (for instance, twice the equivalent of
chemical action in the batteries, should the electro-motive forces be chemical) over and
above that which they would have had to spend in the same time, merely to keep up
the currents, if the conductors had been at rest, because the electro-dynamic induction
produced by the motion will augment the currents; while on the other hand, if the motion
be such as to require the expenditure of work against electro-dynamic forces to produce
it, there will be twice as much work saved off the action of the electro-motive forces
by the currents being diminished during the motion. Hence the aggregate mechanical
value of the currents in the two conductors, when brought to rest, will be increased in
the one case by an amount equal to the work done by mutual electro-dynamic forces
in the motion, and will be diminished by the corresponding amount in the other case
(Thomson 1872, 442-443n, his emphasis).

In addition this article contained a result not found in the 1851 mem-
orandum. Thomson explained that by applying similar considerations
to the relative motion of portions of the same circuit he had obtained a
mathematical expression for the “mechanical value” of a single current.
From his verbal description it is clear that he had found the expression

6.1) U= % LI?

which is a special case of Equation (3.30).
He went on to state another important result:

The mechanical value of a current in a closed circuit, determined on these principles,
may be calculated by means of the following simple formula, not hitherto published:

(6.2) N / / / R*dzdydz
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where R denotes the resultant electro-magnetic force at any point (z, y, z).

Since the expression (6.2) is completely equivalent to the modern
expression for magnetic field energy,

63) U=—— / B2dr
2p0

— where B is the magnetic induction, y is the magnetic permeability of
free space, and the integration is over all spatial elements d7 — we may
conclude that the concept of magnetic field energy was born sometime
between 1851 and 1860. It is at least certain that the formula (6.2) would
have allowed Thomson to think of the “mechanical value” of a current
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as residing, not in the current itself, but in the magnetic field associated
with it. As I have argued elsewhere, the mathematical analogy between
(6.2) and the expression for the kinetic energy of a moving fluid would
have supported this interpretation (Knudsen 1985, 158-164; cf. Smith
and Wise 1989, 255).

VII. MAXWELL

In his first electromagnetic paper, “On Faraday’s Lines of Force,” written
in 1855, Maxwell presented a generalized version of Helmholtz’s argu-
ment (Maxwell 1890, I, 203-205). With modernized notation and dis-
regarding missing factors as well as inconsistencies in algebraic signs,
Maxwell’s treatment may be rendered as follows:

He considered first a distribution of magnetism and introduced a
quantity called the total potential of the system. As this quantity plays
the same role as our potential energy function, I denote it by U, in
the following. Maxwell first expressed his potential in terms of “real
magnetic density” and “magnetic tension” and then transformed it into
the expression

a1y U, = —%/H-Bdr

where H is the magnetic field. Although Equation (7.1) had been derived
for a system of permanent magnets, Maxwell assumed it to be true also
for an electromagnetic system. He then transformed it once again into

1
(12) U, = —-E/A-jdv'

where j is the current density and A is the “Electro-tonic intensity,”
related to the “quantity of magnetic induction” B by

(7.3) B=VxA.

Maxwell accompanied the transformation from Equation (7.1) to Equa-
tion (7.2) by the following comment:

We have now obtained in the functions [A] the means of avoiding the consideration of
magnetic induction which passes through the circuit. Instead of this artificial method
we have the natural one of considering the current with reference to quantities existing
in the same space with the current itself (Maxwell 1890, I, 203, his emphasis).
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In view of the strong commitment to the primacy of the field concept
which characterizes Maxwell’s later work (cf. Siegel 1991, 98), it is
interesting that he at this stage should have regarded a field expression
as artificial and an expression in terms of sources as the more natural one.
In an abstract of his paper Maxwell elaborated this point by showing
that A is indeed a natural representation of Faraday’s concept of an
electrotonic state (Maxwell 1991, 373-375); this made its use especially
attractive to Maxwell.

Maxwell’s next step was to use Helmholtz’s method to derive the law
of induction in terms of the “electro-tonic intensity.” He first wrote an
expression for the work “in the form of resistance overcome™:

(7.4) 6Q = 6t/E jdr

where E is the “electromotive force.” He then expressed the “work done
mechanically by the electro-magnetic action of these currents” in terms
of the “total potential,” as

1 d _
15) 6W =80, = bt = /A jdr.

The sum of 6Q and §W represented, so Maxwell argued, the whole work
done by the external causes producing the currents. If no such causes
operated this quantity must vanish, and so, for an isolated system,

(7.6) 6Q+6W=6t/E-de+6t%%/A-jdrzo

“where the integrals are taken through any arbitrary space.” Assuming
the currents to be constant, Maxwell concluded from Equation (7.6) that
the equation

1 dA 1 O0A

7.7 E= T [(v V)A + Bt]
must hold for every point in the system. (Here v is the velocity of a
moving part of the material system.)

Maxwell’s treatment was historically important because he succeed-
ed in formulating the law of induction in the form of a partial differential
equation linking the induced electric field with changes in the vector
potential A. However, comparing Equation (7.6) with Equation (3.25)
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we see that Maxwell, like Helmholtz, lacked a term corresponding to
our 6U, the energy stored in the system (cf. the discussion in Section IV
above). And, by translating Maxwell’s equations into a consistent mod-
ern notation, we have seen that Maxwell’s reasoning leads to the wrong
result, since the resulting Equation (7.7) has an erroneous factor of 1/2
on the right-hand side. (If, instead of Equation (7.6), we use the correct
Equation (3.27), the result comes out right.) It should be added that all
of Maxwell’s expressions for the “total potential” were too large by a
factor of two, so that his final result corresponding to Equation (7.7) in
fact did not contain this erroneous factor.

VIII. CONCLUSION

In this paper I have been concerned with an episode in the early his-
tory of the energy principle. It took place in a period when the energy
concept was being extended to embrace more and more new areas of
science, and when the concept itself was receiving an increasingly well-
defined physical meaning and mathematical expression. This episode
shows one of the problems involved in this process, the problem of
arriving at a clear understanding of energy stored in the form of internal
energy in an electromagnetic system. A central aspect of this problem
had to do with the transformation of the concept of potential from a
purely mathematical auxiliary function, by means of which electrostat-
ic problems could be given a convenient mathematical formulation in
terms of the differential equations of Laplace and Poisson, to a phys-
ical quantity, potential energy, having an important role to play in the
principle of energy conservation. For its mathematical uses, potential
could be defined as a function with the property that a certain vector
field of interest — such as an electric, magnetic, or gravitational force, or
a velocity — could be derived as either plus or minus the gradient of the
potential, the choice of algebraic sign being of no consequence what-
ever. Thus Gauss chose the plus sign, while Green chose the minus. Of
the authors we have considered here, Helmholtz and Maxwell followed
Gauss, Thomson followed Green, and Franz Neumann changed from
plus in 1845 to minus in 1847. For potential energy, on the other hand,
it is essential to choose the minus sign, as in Equation (2.2), if the con-
cept is to function properly as an expression for stored energy; thus, the
vacillations in choice of sign indicate the extent to which potential was
still primarily a mathematical concept, with little physical significance.
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There were two ways in which potential began to acquire shades of
physical meaning. One was through analogy. Thus Thomson explored
the analogy between potential/force and temperature/heat flux, while
Neumann and Maxwell used pressure in a fluid as an analogy for poten-
tial. The second way consisted in relating changes in potential to work
performed, and thereby to vis viva gained or lost by the system. This
resulted in equations like our Equation (2.4), with a plus or minus sign
on the right-hand side. From this there was only a short mathematical
step to a conservation equation like our Equation (2.6). Conceptual-
ly, however, this step was not so small, as is shown by the fact that
Helmholtz had to invent a new concept, Spannkraft, in order to state
his conservation principle. It is also characteristic that when Helmholtz
came to apply his principle to electromagnetism, he made no mention
of Spannkraft (except in connection with the batteries); thus, although
he expressed the vis viva gained in terms of changes in potential, he did
not see changes in potential as associated directly with Spannkraft lost
or gained.

It is not, I think, an accident that William Thomson was the first to
reach a full understanding of the energy balance in an electromagnetic
system, nor that he achieved this in the years between 1848 and 1851.
During this period he was hard at work on the development of math-
ematical field theories of electricity and magnetism, at the same time
as he was striving to grasp Joule’s views on the equivalence of heat
and work and extend them into a dynamical theory of heat. As shown
by Smith and Wise, the concept of “mechanical value” emerged as a
central, unifying concept in Thomson’s thinking in this period. This
concept, with its financial connotation of accumulated capital, served
Thomson as a measure of the ability of a system to perform mechanical
work, and could be equated with the “total potential” of a system — a
concept that played an important role in his field theories. This means
that Thomson, unlike everybody else, had his attention firmly directed to
a notion corresponding very closely to the internal energy of a physical
system, be it thermodynamic or electromagnetic (Smith and Wise 1989,
chs. 8-10, particularly pp. 255-256). This is also illustrated by the fact
that while Thomson in 1851 published a whole paper entitled “On the
Quantities of Mechanical Energy Contained in a Fluid . ..” (Thomson
1882, 222-232), in Clausius’s first paper on thermodynamics the inter-
nal energy appeared only once, as an unnamed “arbitrary function of v
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and ¢,” which accounted for part of the heat given to a body, but had no
physical significance in itself (Clausius 1850, 384).

If Clausius in 1850 did not have a working concept of internal energy,
it is no wonder that Helmholtz did not have one in 1847. It is more sur-
prising that Maxwell in 1855 had not learned about this from his mentor,
Thomson, with whom he was in frequent correspondence while working
on his paper. It seems that what Maxwell acquired from Thomson was
primarily the mathematics of field theory and the use of mathematical
analogies; there is no evidence that he studied Thomson’s thermody-
namical work or that he knew of Thomson’s unpublished memorandum.

My conclusion is, then, that Thomson in 1850 was the only one
who possessed a fully developed conception of the internal energy of
a physical system, and that he, therefore, was in a unique position to
clear up the difficulties associated with the application of the energy
conservation principle to electromagnetic systems.

Department of History of Science
University of Aarhus
Denmark

REFERENCES

Bevilacqua, F. (1993). “Helmholtz’s Ueber die Erhaltung der Kraft: The Emergence
of a Theoretical Physicist,” in Hermann von Helmholtz and the Foundations of
Nineteenth-Century Science, D. Cahan, ed. (Berkeley: University of California
Press), pp. 291-333.

Clausius, R. (1850). “Ueber die bewegende Kraft der Warme und die Gesetze, welche
sich daraus firr die Wéarmelehre selbst ableiten lassen,” Annalen der Physik und
Chemie 79: 368-397, 500-524.

Grant, I.S. and W.R. Phillips (1975). Electromagnetism (Chichester: John Wiley &
Sons).

Helmbholtz, H. (1907). Uber die Erhaltung der Kraft (Berlin: G. Reimer, 1847), reprinted
as Ostwald’s Klassiker der exakten Wissenschaften, Nr. I (Leipzig: W. Engelmann).

Knudsen, O. (1985). “Mathematics and Physical Reality in William Thomson’s Elec-
tromagnetic Theory,” in Wranglers and Physicists: Studies on Cambridge Physics
in the Nineteenth Century, PM. Harman, ed. (Manchester: Manchester University
Press), pp. 149-179.

Maxwell, J.C. (1890). The Scientific Papers of James Clerk Maxwell, 2 vols., W.D,
Niven, ed. (Cambridge: Cambridge University Press).

Maxwell, J.C. (1891). A Treatise on Electricity and Magnetism, 3rd ed., 2 vols. (Oxford:
Clarendon Press).



78 OLE KNUDSEN

Maxwell, J.C. (1991). The Scientific Letters and Papers of James Clerk Maxwell, vol. 1,
P.M. Harman, ed. (Cambridge: Cambridge University Press).

Neumann, FE. (1846). “Allgemeine Gesetze der inducirten elektrischen Strome,”
Annalen der Physik und Chemie 67: 31-44.

Neumann, F.E. (1889). “Die mathematischen Gesetze der inducirten elektrischen
Strome” (1845), reprinted as Ostwald’s Klassiker der exakten Wissenschaften, Nr. 10
(Leipzig: W. Engelmann).

Neumann, EE. (1892). “Ueber ein allgemeines Princip der mathematischen Theorie
inducirter elektrischer Strome” (1847), reprinted as Ostwald’s Klassiker der exakten
Wissenschaften, Nr. 36 (Leipzig: W. Engelmann).

Reitz, J.R. and F.J. Milford (1967). Foundations of Electromagnetic Theory, 2d ed.
(Reading: Addison-Wesley).

Siegel, D. M. (1991). Innovation in Maxwell’s Electromagnetic Theory: Molecular Vor-
tices, Displacement Current, and Light (Cambridge: Cambridge University Press).

Smith, C. and M.N. Wise (1989). Energy and Empire; A Biographical Study of Lord
Kelvin (Cambridge: Cambridge University Press).

Thomson, Sir W. (1872). Reprint of Papers on Electrostatics and Magnetism (London:
Macmillan & Co.).

Thomson, Sir W. (1882). Mathematical and Physical Papers, vol. 1 (Cambridge: Cam-
bridge University Press).

Whittaker, Sir E. (1951). A History of the Theories of Aether and Electricity, vol. 1
(London: Thomas Nelson and Sons Ltd.).



PETER M. HARMAN

THROUGH THE LOOKING-GLASS, AND WHAT
MAXWELL FOUND THERE*

MAXWELL AND OPTICS

In his essay on “Mechanical Explanation at the End of the Nineteenth
Century,” Martin Klein remarked on “the complexity and variety of the
ideas that were current then”: this was “a time of probing and testing.”"
These judgements are aptly descriptive of the physics of James Clerk
Maxwell, and especially of his most famous innovation, the electro-
magnetic theory of light. His statement in 1862, that “light consists in
the transverse undulations of the same medium which is the cause of
electric and magnetic phenomena,” implied the unification of optics
and electromagnetism in terms of a mechanical theory of the ether that
had both optical and electromagnetic correlates.> When he wrote his
seminal Treatise on Electricity and Magnetism (1873) it might have
been anticipated that Maxwell would broaden the scope of his electro-
magnetic theory of light to encompass an electromagnetic theory of the
reflection and refraction of light. But he did not do so; and though he
gave a detailed treatment of the Faraday magneto-optic rotation (where
he appealed to the rotation of molecular vortices in the ether), the range
of his optical theory remained essentially similar in its physical content
to that first advanced in 1862 and subsequently amplified in a major
paper published in 1865.

An explanation of reflection and refraction in terms of the electro-
magnetic theory would have strengthened the argument of the Treatise.
Maxwell explained this lacuna in his February 1879 referee report for
the Royal Society on a paper submitted by George Francis FitzGerald
“On the Electromagnetic Theory of the Reflection and Refraction of
Light.”* FitzGerald outlined the situation in the introductory paragraph
of his paper as subsequently published in the Philosophical Transac-
tions:
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In the second volume of his ‘Electricity and Magnetism’ Professor J. Clerk Maxwell
has proposed a very remarkable electromagnetic theory of light, and has worked out
the results as far as the transmission of light through uniform crystalline and magnetic
media are concerned, leaving the questions of reflection and refraction untouched.
These, however, may be very conveniently studied from his point of view.®

The problem involved formulation of appropriate boundary conditions
at the surface of separation of two media, and interpretation of the
boundary conditions in terms of electromagnetic variables. Review-
ing FitzGerald’s argument, and referring to a related discussion of the
derivation of the optical laws from electromagnetic principles by H.A.
Lorentz in his Leiden dissertation of 1875, Maxwell observed that “in
my book I did not attempt to discuss reflexion at all. I found that the
propagation of light in a magnetized medium was a hard enough sub-
ject.”

In 1864, in the course of writing his Royal Society paper on “A
Dynamical Theory of the Electromagnetic Field” (1865), Maxwell had
attempted to derive the laws of reflection and refraction from his elec-
tromagnetic theory of light, proposing electromagnetic analogues for
the elastic variables employed in theories of the luminiferous ether. He
reported on his efforts to George Gabriel Stokes — both in his capacity
as Secretary of the Royal Society, and as an authority on optics and
theories of the luminiferous ether — in a letter of 15 October 1864.° He
declared that “I am not yet able to satisfy myself about the conditions
to be fulfilled at the surface [of separation of two media],” finding the
subject to be “a stiff one.” The inherent complexity of the problem led
Maxwell to exclude discussion of optical reflection and refraction from
his paper.

In his report (for Stokes) on FitzGerald’s paper, Maxwell described
his own theory of the Faraday magneto-optic effect in the Treatise as a
“hybrid theory, in which bodily motion of the [electromagnetic] medium
is made to cooperate with the electric current”; it was not a “purely
electromagnetic hypothesis.” While he recognized that an explanation
of the Faraday effect by a purely electromagnetic theory, as proposed
by FitzGerald (whose ultimate aim it was “to emancipate our minds
from the thraldom of a material ether”),” would be “a very important
step in science,” and thus envisaged a weakening of the link between
electromagnetism and its mechanical representation, he nevertheless
remarked that the value of FitzGerald’s mathematical theory would have
been greatly increased by an interpretation in terms of a “dynamical
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hypothesis.” These comments show Maxwell to be committed to the
dynamical programme of the Treatise.

Though cautious about the complexities of the wave theory of light,
by the 1860s Maxwell had established himself as an authority in two
fields within the science of optics: the study of colour vision, including
the composition of colours and the problem of colour blindness; and the
theory of geometrical optics. Yet this work was not central to the main
thrust of optical theory and experiment in the first half of the nineteenth
century, which was concerned with the wave theory of light and the
dynamical theory of the luminiferous ether. The rather marginal status
of work on colour vision in the 1850s can be deduced from correspon-
dence between William Thomson (Maxwell’s most intimate scientific
correspondent in this decade) and George Gabriel Stokes in January
and February 1856, on Maxwell’s paper “Experiments on Colour, as
Perceived by the Eye” (1855).8 Thomson queried,

Have you seen Clerk Maxwell’s paper in the Trans. R.S.E. on colour as seen by the eye?

Are you satisfied with the perfect accuracy of Newton's centre of gravity principle on wh
all theories & nomenclatures on the subject are founded? That is to say do you believe
that the whites produced by various combinations, such as two homogeneous colours,
three homogeneous colours & are absolutely indistinguishable from one another &
from solar white by the best eye? ...’

In response, Stokes, a leading authority on optics, stated that “I have not
made any experiments on the mixture of colours, nor attended partic-
ularly to the subject.”!? But by November 1857 his acquaintance with
Maxwell’s work was such as to lead him to compliment the younger
physicist that his “results afford most remarkable and important evi-
dence in favour of the theory of 3 primary colour perceptions, a theory
which you and you alone so far as I know have established on an exact
numerical basis.”!! This enthusiastic endorsement led to concrete public
approbation. At a meeting of the Council of the Royal Society in June
1859, Stokes and William Whewell nominated Maxwell for a Royal
Medal “for his Mathematical Theory of the Composition of Colours,
verified by quantitative experiments, and for his Memoirs on Mathe-
matical and Physical subjects,” and another (unsuccessful) nomination
was made the following year.'? But a nomination in May 1860 by Stokes
and the Cambridge Professor of Mineralogy W.H. Miller for the Rum-
ford Medal (which was awarded especially for studies of light and heat),
for Maxwell’s “Researches on the Composition of Colours, and other
optical papers,” met with success;!? this followed the submission of



82 PETER M. HARMAN

his paper “On the Theory of Compound Colours” to the Philosophical
Transactions,'* and his appointment to read the paper as the Society’s
Bakerian Lecture for 1860. (As he was not, however, at the time a Fel-
low of the Royal Society, he was found to be ineligible for appointment
as Bakerian Lecturer.!%)

Following his election as a Fellow of the Royal Society in May
1861,'¢ Maxwell was soon pressed into service as a referee on papers
submitted for publication in the Society’s Transactions. Stokes, a Sec-
retary of the Society, had every reason to consider Maxwell a suitable
referee for papers on optics; Maxwell was soon asked to report on a
paper by Samuel Haughton, “On the Reflexion of Polarized Light from
Polished Surfaces, Transparent and Metallic.”!” Writing to Stokes on
16 July 1862, Maxwell found that the paper contained “many valu-
able observations” and recommended publication, giving a résumé of
Haughton’s argument and conclusions.'® As an authority on optics,
Stokes had himself already written a report on Haughton’s paper;!® this
he forwarded to Maxwell in response to Maxwell’s letter. Stokes was
severely critical of Haughton’s mode of experimentation and his failure
to fully cite previous experimental work on the subject, notably by Jules
Jamin;?° Stokes also strongly questioned Haughton’s claim that the ratio
of the amplitudes of the components of the reflected waves polarized
in and perpendicular to the plane of incidence varied with the azimuth
of the polarizer. Nevertheless, Stokes declared himself “prepared, in
case the other referee be decidedly favourable to the publication, to
recommend that the paper be printed subject to slight modification . ...”

Inresponse to Stokes’s communication of this report, Maxwell imme-
diately acknowledged Stokes’s greater expertise. In a letter of 21 July
1862 he concurred with Stokes’s recommendations: “I therefore agree
with you that the author should be requested to point out the claims of
his paper to publication ....”2! This Haughton was able to do,?? and
the paper proceeded to publication, with the relation to Jamin’s earlier
work more clearly specified.?3

This episode indicates that Maxwell was not familiar with the breadth
of contemporary work in optics, admitting (in his second letter to Stokes)
that he had not read Jamin’s work, which developed the classic study by
Brewster earlier in the century on the reflection of polarized light. Until
Stokes raised the issue, Maxwell did not question Haughton’s discussion
of the ratio of amplitudes. It would seem therefore that Maxwell did not
have command over some of the intricacies of the wave theory of light.
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PROBLEMS OF ETHER THEORY

Despite Maxwell’s interest in topics of optical science, his lack of
expertise in what had, up to 1850, been seen as the optical main-
stream is not wholly surprising. The wave theory had certainly been
a major focus of debate during the second quarter of the century, fol-
lowing the assimilation of the work of Young and especially Fresnel. Its
importance for mathematical physics was certainly well recognized in
Cambridge, where it was the only field of contemporary mathematical
physics to retain its place in the Mathematical Tripos after the exclusion
of the mathematical theories of electricity, magnetism, and heat in the
reformed Tripos of 1849.24 Maxwell’s undergraduate notes on optics
are restricted to topics in geometrical optics; but his coach William
Hopkins did consider physical optics to be important, and he attend-
ed Stokes’s lectures, which included discussion of the wave theory of
light, in 1853.2 Maxwell was certainly familiar with Airy’s Mathemat-
ical Tracts, a major Tripos text, where the undulatory theory of light
was given prominence. But Airy did not venture into the recondite tech-
nicalities of ether dynamics. He discussed Fresnel’s first (and simpler)
theory of optical reflection and refraction, based on the conservation of
vis viva and of momentum, but not the subsequent and more labyrinthine
developments by Fresnel and others.?® But after 1850 the subject lost
its status as a major field of research in mathematical physics, capable
of attracting the attention of the most creative younger physicists. Yet
while Maxwell’s admission to Stokes in October 1864 that ether theory
was “stiff,” even “to the best skilled in undulations,” indicates his lack
of expertise in this field, his creation of the electromagnetic theory of
light in the early 1860s led him to investigate two central areas of ether
theory.

In April 1864 Maxwell set up an “Experiment to Determine Whether
the Motion of the Earth Influences the Refraction of Light.”?’ Having
read Fizeau’s paper?® which established that the velocity of light in a
tube carrying a stream of water “takes place with greater velocity in the
direction in which the water moves than in the opposite direction,” as
Maxwell summarized its result, he wished to investigate the matter using
a different experimental arrangement (in a manner in part suggested
by subsequent work of Fizeau’s).?’ Fizeau had explained his result in
terms of Fresnel’s theory of partial ether drag; but in calculating the
effect of the Fresnel drag on the refraction of light by a glass prism,
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Maxwell ignored the compensating change in the density of the medium.
According to Fresnel’s theory, the ether and the transparent medium
satisfy a continuity equation at their boundary; this has the consequence
that the retardation due to the refractive medium is not affected by the
motion of the earth.30 Stokes drew Maxwell’s attention to his error when
his paper on the subject was sent to the Royal Society.! Indeed, in a
paper “On Fresnel’s Theory of the Aberration of Light” (1846) Stokes
himself had considered the effect of the motion of the ether on the
refraction of light, concluding that the motion of the ether would have
no effect on refraction.>?

But in the paper sent to Stokes, Maxwell calculated the deflection
that would result from an arrangement of prisms, as in the spectroscopic
apparatus constructed by the leading London instrument-maker Carl
Becker, which involved an observing telescope, three prisms, and a
second telescope with a plane mirror at its focus, so that after refraction
through the prisms light rays would be returned along their path. Thus
“if the effect due to motion takes place . . . the ray will no longer return to
its starting point but will be displaced to an extent double of its original
displacement.” He mounted the apparatus on a turntable so that the
effect could be reversed, and he predicted a total deflection of 2% arc-
minutes; but he found that “no displacement could be observed.” Hence
“the result of the experiment is decidedly negative to the hypothesis
about the motion of the ether in the form stated here.”

Maxwell withdrew the paper in response to Stokes’s criticism of his
argument, but he did give an account of the experiment in a letter to
the astronomer William Huggins dated 10 June 1867. Here he declared
that the earth’s motion would not have an effect on the refraction of
light, now pointing out that Stokes had proved this conclusion, which
was also supported by an earlier experiment by Arago. Maxwell’s own
experiments — “tried . . . at various times of the year since the year 1864”
— had “never detected the slightest effect due to the earth’s motion.”
William Huggins included Maxwell’s letter in a paper of his own (of
1868), where it appears as a separate section of the paper;? and Maxwell
later described the experiment in his Encyclopaedia Britannica article on
“Ether.”3* He again discussed the possible measurement of ether drag,
suggesting that the ether could perhaps be detected by measuring the
variation in the velocity of light when light was propagated in opposite
directions, in a letter of 19 March 1879 to the American astronomer
David Peck Todd. After Maxwell’s death later that year, Todd sent



THROUGH THE LOOKING-GLASS 85

his letter to Stokes; the letter was 5published in the Royal Society’s
Proceedings and in Nature in 1880.3%> Maxwell’s discussion of a double
track arrangement led Michelson to undertake his famous experiments
on ether drag in the 1880s, so Maxwell’s work on the problem did have
wider influence.

As far as Maxwell was concerned, the episode made him aware of
the difficulties of incorporating a full theory of the luminiferous ether
within his electromagnetic theory. Responding in a letter of 6 May
1864 to Stokes’s critique of his attempt to detect ether drag (this letter
being the source for reconstructing Stokes’s comments on the paper),3
Maxwell declared that

I am not inclined and I do not think I am able to do the dynamical theory of reflexion
and refraction on different hypotheses & unless I see some good in getting it up, I would
rather gather the result from men who have gone into the subject.

He did not, in the event, let the matter rest there. He was here alluding
to the incorporation of the laws of reflection and refraction within the
terms of his paper “A Dynamical Theory of the Electromagnetic Field”
(1865), and in writing the paper for submission to the Royal Society he
decided to confront the issue. The evidence consists in a letter to Stokes
of 15 October 1864 and a related manuscript fragment.

In his letter to Stokes, Maxwell explained that he had been read-
ing a paper on the reflection and refraction of light published by Jules
Jamin in 1860.37 His sketchily outlined argument in the draft is based
on Jamin’s presentation.>® Jamin had discussed the boundary conditions
that determine the oscillation of the ether at the interface between two
media, following, rather than Fresnel,3? James MacCullagh and Franz
Neumann, who had supposed that “the vibrations in two contiguous
media are equivalent,” as MacCullagh expressed it.*’ From this condi-
tion, Jamin proceeded to derive the optical laws, developing equations
connecting the oscillations with the angles of incidence and refraction.

In his draft, Maxwell was attempting to establish an electromag-
netic theory of optical reflection and refraction, seeking to interpolate
results drawn from the electromagnetic theory of light into Jamin’s and
Fresnel’s expressions for the oscillations of the ether at the interface
between two media. Thus, he equated the displacement in the ether
with the “electric displacement” in the electromagnetic medium, one
of the cardinal concepts which Maxwell had deployed in obtaining his
electromagnetic theory of light.4!
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The conservation of vis viva at the interface is stated by Fresnel
as well as by MacCullagh and Neumann. This is the one feature of
the dynamical ether models that Maxwell could accept. He informed
Stokes that “I am not yet able to satisfy myself about the conditions to
be fulfilled at the surface except of course the condition of conservation
of energy.” His terminology of course reflects the establishment of the
principle of the conservation of “energy” in the late 1840s and 1850s.
Yet Fresnel, and MacCullagh and Neumann, had derived the energy
equation on different assumptions. Fresnel obtained the energy equation
on the supposition that the densities of the ether in the two media were
different; while MacCullagh and Neumann had supposed the equality
of the density of the ether in the two media. Maxwell questions Jamin’s
solution, based on the MacCullagh-Neumann boundary condition of
the “equality of the motion both horizontal & vertical in the two media”
and the assumption that “no such vibrations could exist in the media
unless they were of equal density.” Maxwell criticized the selectivity of
the conditions and assumptions, an endemic feature of dynamical ether
theories.

Therefore the general theory, which ought to be able to explain the case of media of
unequal density (even if there were none such) must not assume equality of displace-
ments, of contiguous particles on each side of the surface.*?

Maxwell did not pursue this attempt to derive the laws of reflection
and refraction from an electromagnetic theory of light. In the draft
fragment he failed to apply Fresnel’s theory consistently, as the result of
a trivial slip. The fragmentary nature of this endeavour; his admission
to Stokes that “I think you once told me that the subject was a stiff
one to the best skilled in undulations”; and his earlier remark to Stokes
of his disinclination to attack the subject and preference to “gather the
result from men who have gone into the subject,” all indicate his lack
of easy familiarity with ether dynamics, a judgement that is confirmed
by his error on the Fresnel drag. As a result he informed Stokes, in
the letter of 15 October 1864, that “I have written out so much of
the theory as does not involve the conditions at bounding surfaces
and will send it to the R.S. in a week.” Thus “A Dynamical Theory
of the Electromagnetic Field,” received by the Royal Society on 27
October 1864,%3 contains no treatment of “the conditions at a surface
for reflexion and refraction.” Nor, as Maxwell explained to Stokes in
February 1879, did the Treatise: the subject was too “hard.” In both
the Royal Society paper and the Treatise he confined his discussion of
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optical problems to the propagation of light through magnetic fields
and crystalline media; to the relation between electric conductivity and
opacity; and to the relation between the dielectric constant and the index
of refraction of transparent media. All these topics are of interest, and
gave rise to much theoretical and experimental investigation in the years
following Maxwell’s triumphant announcement, in letters of October
and December 1861 to Michael Faraday and William Thomson, of the
first version of his most famous work, the electromagnetic theory of
light. Of these problems, Maxwell’s treatment of the Faraday magneto-
optic effect is of special interest and significance, for this result has a
central bearing on the development and articulation of his field theory.
The present account of the role of optics in Maxwell’s field theory will
therefore conclude with a review of this topic.

THE FARADAY EFFECT AND TOPOLOGY

The basis of Maxwell’s physical theory of the electromagnetic field
presented in his paper “On Physical Lines of Force” (1861-62) was
a model of “molecular vortices” oriented along magnetic field lines.
In writing to Faraday in November 1857, Maxwell had looked to the
further development of his theory of the field — originally presented
in his paper “On Faraday’s Lines of Force” (1856) — in relation to
Thomson’s explanation of the Faraday effect (that is, the rotation of the
plane of polarization of linearly polarized light by a magnetic field).*
Thomson had supposed that this phenomenon was caused by the rotation
of molecular vortices in the ether, the axes of revolution of the vortices
being aligned along the direction of the lines of force. Thomson’s paper,
published in the Royal Society’s Proceedings in 1856 and reprinted
in the Philosophical Magazine the following March,* soon excited
Maxwell’s interest. Writing to his Cambridge friend C.J. Monro in
May 1857, he remarked that he was working at “a Vortical theory of
magnetism & electricity which is very crude but has some merits.”
The problem of the rotation of molecular vortices in a fluid, of special
interest to Thomson at the time, is discussed in a letter to Thomson of
November 1857; and in early 1858 he outlined an experiment on a freely
rotating magnet which could establish the effect of revolving vortices
within the magnet.*® He referred to this experiment again in letters to
Faraday and Thomson of October and December 1861, having had the
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apparatus constructed and having tried the experiment, though without
success.*’ The theory of molecular vortices of “On Physical Lines of
Force” was therefore of long gestation.

It seems likely that Maxwell had originally envisaged the paper “On
Physical Lines of Force” as being in two parts, on the theory of molecu-
lar vortices as applied first to magnetism and second to electric currents.
But during the summer of 1861 “in the country” at his home Glenlair
in Galloway (as he informed Faraday and Thomson, his two mentors in
field theory), he developed his mechanical ether theory along new lines.
He calculated the velocity of transverse elastic waves in a cellular ether,
supposing the elastic properties of the ether to have electromagnetic cor-
relates. As he informed Thomson in December 1861, he established “the
nearness between two values of the velocity of propagation of magnetic
effects and that of light.” This discovery was apparently unexpected,
leading him to triumphantly announce his “electromagnetic theory of
light,” as he later termed it,*® in the third part of the paper. To complete
his theory of physical lines of force he wished to give a quantitative
treatment of the Faraday effect in terms of the rotation of molecular vor-
tices. This had provided the starting-point of the whole investigation. In
October 1861 he asked Faraday for information about experiments on
the rotation of polarized light by magnets; he gave a preliminary account
of his theory of the Faraday effect, which formed the substance of the
fourth part of “On Physical Lines of Force,” in writing to Thomson two
months later:

I have also examined the propagation of light through a medium containing vortices
and I find that the only effect is the rotation of the plane of polarization in the same
direction as the angular momentum of all the vortices being proportional to

A the thickness of the medium

B the magnetic intensity along the axis

C the index of refraction in the medium

D inversely as the square of the wave length in air

F directly as the radius of the vortices
G......... the magnetic capacity ....*

With the alphabetization corrected, this is essentially how the argument
is presented in the published paper, where — as in the letter to Thomson
— he is able to appeal to various experimental results, notably work by
Emile Verdet, in support of his theory.5

In the Treatise Maxwell presented an account of magneto-optics
in terms of the mathematical style that pervades the work. This style
emphasised the mathematical expression of physical quantities freed



THROUGH THE LOOKING-GLASS 89

from their direct representation by a mechanical model. Thus, while
he continued to affirm his commitment to the idea that the Faraday
effect is caused by the rotation of vortices, he disclaimed the precise
model advanced in “On Physical Lines of Force.” The relation between
electricity as a rotational phenomenon was now expressed geometrically
rather than in terms of the mechanical model, in vectorial (quaternion)
terms: thus the relation between the electric current C and magnetic
force H is expressed by the equation

47C = VVH,

this last term representing the rotational character of magnetism, and
(using Maxwell’s own terminology) may be written as curl H.!

In considering the magneto-optic effect in terms of some rotational
motion in space, Maxwell introduced arguments drawn from contem-
porary discussions in topology, including Johann Benedict Listing’s
“Vorstudien zur Topologie” (1847) and his “Der Census raumlicher
Complexe” (1861), 2 in an attempt to classify the relations between
curves and surfaces; these were of central importance in the physics of
the Treatise, where the relation between “forces” acting along lines and
“fluxes” acting across surfaces was fundamental. Maxwell employed
ideas drawn from Listing’s “Topologie” in discussing the problem of
defining the directionality of linear and rotational motions. The feature
of his discussion of this problem that relates directly to his treatment
of the magneto-optic effect concerns the operation that Listing termed
Perversion, “an effect similar to that of the reflexion in a mirror” as
Maxwell explained it to Tait in May 1871.%3

Maxwell pointed out that a plane-polarized ray of light can be rep-
resented by two circularly-polarized rays, one right-handed, the other
left-handed (as regards the observer).

Any undulation, the motion of which at each point is circular, may be represented by
a helix or screw . .. [and] the propagation of the undulation will be represented by the
apparent longitudinal motion of the similarly situated parts of the thread of the screw.

A plane-polarized ray can thus be represented by a left-handed and a
right-handed helix. This geometrical representation of the two circularly-
polarized rays shows that the rays of the same wave-length are “geomet-
rically alike in all respects, except that one is the perversion of the other,
like its image in a looking-glass.” He maintains that the Faraday effect
cannot be explained simply on the supposition that one of these rays has
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a shorter period of rotation than the other. The Faraday effect is a direc-
tional phenomenon which does “not depend solely on the configuration
of the ray, but also on the direction of the motion of its individual parts.”
The rotation of light in the Faraday effect is “affected by the relation
of the direction of rotation of the light to the direction of the magnetic
force.” This leads to the conclusion that “in a medium under the action
of magnetic force something belonging to the same mathematical class
as an angular velocity, whose axis is in the direction of the magnetic
force, forms a part of the phenomenon.” Thus “some rotatory motion is
going on,” and the angular velocity must be conceived as “the rotation
... of very small portions of the medium, each rotating on its own axis:”
“This is the hypothesis of molecular vortices.”>*

The geometrical, dynamical, and optical arguments thus coalesce in
this explanation of the Faraday effect. Geometry and optics are entwined
in the “looking-glass” analogy. Writing to Tait in a “perverted” script in
March 1873, following the publication of Lewis Carroll’s Through the
Looking-Glass, and What Alice Found There, Maxwell asked:

Why have you forgotten to send Alice. We remain in Wonderland till she appears. Till
then no more from yours truly dp/dt.>

As Martin Klein has explained, it was Tait who put Maxwell’s initials,
JCM [= dp/dt), into the equations of thermodynamics.>

Department of History
Lancaster University
UK.
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ELECTRIC DISCHARGE IN RAREFIED GASES: THE
DOMINION OF EXPERIMENT. FARADAY. PLUCKER.
HITTORFE.

The phenomena connected with the discharge of electricity through
rarefied gases were observed shortly after the invention, in mid-17th
century, of the air pump and the static electrical machine.! The colour-
ful displays usually were attributed to chemical changes occurring in the
gas, but on occasion they were thought to represent the metallic spectra
caused by volatilization and ignition of the electrodes.? These phenom-
ena often were regarded mainly as curiosities to be demonstrated in
public by amateur investigators, of which there were many in England.
In the late 1830s, Michael Faraday’s experiments on electrical discharge
in attenuated gases gave a new prominence to the subject. Over several
decades these discoveries served to stimulate critical investigations at
home and on the Continent, notably in Germany.

I. FARADAY: PATRON SAINT OF ELECTRICITY

Michael Faraday (1791-1867) was a natural philosopher whose for-
mal training was almost nil. He identified himself primarily with the
field of chemistry, which at the beginning of the 19th century includ-
ed the study of heat, electricity, magnetism, and radiation. All of these
domains, in due time, were absorbed — at least in part — into the discipline
of physics. Faraday spoke of “physics” but had an intense dislike for the
term “physicist.” He was actively engaged in experimental research in
his laboratory for over three decades at the Royal Institution on Alber-
marle Street; although he lived there, with his wife, Sarah, beyond his
working days, a total of 46 years. Faraday, as John Tyndall remarked,
“swerved incessantly from chemistry to physics.”3> While under the
influence of Sir Humphrey Davy, he had devoted himself to chemistry.
In 1820 he threw himself wholeheartedly and with phenomenal success
into electromagnetic studies, shortly after he became aware of the chain
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of exciting experimental discoveries that had been made at Copenhagen
and Paris: Hans Christian Oersted’s observation of an electromagnet-
ic effect, André-Marie Ampere’s demonstration that the electrification
of a wire gave rise to temporary magnetization and the alignment of
iron filings in the vicinity, and Frangois Arago’s magnetization of steel
needles by means of an electric current.*

With his discovery in 1821 of electromagnetic rotation, Faraday set
in motion an ambitious research programme that led to the discovery
in 1831 of electromagnetic induction. By the time he had formulated
general views on electricity, around 1838, he had become convinced
that a comprehensive theory of the flow of electricity necessarily would
have to include phenomena associated with the conduction of electricity
in gases under conditions of varying attenuation.

The discovery that some gases decomposed when subjected to elec-
tric tension led to a temporary shift in Faraday’s focus from electro-
magnetism to chemistry. Before long he essentially had exhausted what
could be achieved in the area of gas discharge phenomena with the
instruments available to him. Those findings occupy but a small niche
in Faraday’s overall chemical and physical contributions. However, as
we shall see, most of the investigators who pioneered in subsequent
electrical discharge studies — persons such as Julius Pliicker, Wilhelm
Hittorf and Heinrich Hertz, all of whom greatly admired Faraday as an
experimentalist — came to the subject indirectly.

As recorded in the Diary, in June of 1836, Faraday began a two-
year study on this subject by having “an apparatus [glass globe] made
for passage of sparks, brushes, glow, etc. between wire ends in dif-
ferent gases ... The glass of the Globe was thin but good and it bore
exhaustion well and was very tight.” Faraday discovered that “the phe-
nomena vary with: Size of the ends. Distance of ends apart. P[ositive]
of N[egative] end primarily electrified. Nearness of ends or wires to
glass. Size therefore of the vessel. Nature of atmosphere within. Degree
of rarefaction. Temperature of atmosphere. Quantity of Electricity. Sub-
stance of ends? Mixture of atmospheres?” The ramifications, seemingly
endless, produced appearances “of great beauty.”

The results of these experiments were brought together in 1838 in
Faraday’s Experimental Researches in Electricity. There he spoke of the
“very remarkable circumstances in the luminous discharge accompanied
by negative glow” when electricity passes through rarefied air or other
gases. On separating the two rods (electrodes), “a continuous glow came
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over the end of the negative rod, the positive termination remaining quite
dark. As the distance was increased, a purple stream or haze appeared at
the end of the positive rod, and proceeded directly outwards toward the
negative rod; elongating as the interval was enlarged but never joining
the negative glow, there being always a short dark space between them.”
Faraday explained the dark space by suggesting that the “discharge is
taking place across the dark part of the dielectric . . . [such that] the two
electric forces are brought into equilibrium.” He found that all gases
gave the same result.®

Even a cursory examination of Faraday’s experimental researches in
electricity, beginning in 1831, reveals that his rarefied gas studies came
as the logical extension of systematic attempts to test the validity of his
theory that all electrical phenomena depend on the action of contiguous
parts. He says: “It would seem strange, if a theory which refers all the
phenomena of insulation and conduction, i.e. all electrical phenomena,
to the action of contiguous particles, were to omit to notice the assumed
possible case of a vacuum ...I think I have observed the luminous
discharge to be principally on the inner surface of the glass; and it does
not appear at all unlikely, that, if the vacuum refused to conduct, still the
surface of glass next it might carry on that action . . . My theory, as far
as I have ventured it, does not pretend to decide upon the consequence
of a vacuum ...I have only as yet endeavoured to establish, what all
the facts seem to prove, that when electrical phenomena, as those of
induction, conduction, insulation, and discharge occur, they depend on,
and are produced by the action of contiguous particles of matter, the
next existing particle being considered as the contiguous one.”” In other
words Faraday felt that a vacuum would not conduct an electric current,
but there was no way for him to experiment with a containerless vacuum.

Not much immediate attention was given to Faraday’s discharge
experiments and theoretical deliberations of 1838, except for an occa-
sional reference to his discovery of the negative dark space ~ a phe-
nomenon that continued for decades to evoke special puzzlement. A
decade later, comparisons were drawn between laboratory experiments
with attenuated gases in discharge tubes and other phenomena in the
open air. William R. Grove (1811-1896), barrister by training, electro-
chemist by inclination, inventor and supplier of improved voltaic cells
to Faraday, told his audience at one of the Friday Evening Lectures at the
Royal Institution in January 1859: “Few subjects of physical investiga-
tion possess greater interest than the electric charge; its brilliant effects
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and mysterious characteristics offer powerful stimuli to curiosity and
enquiry.” Pursuit of these studies, he believed, would become impor-
tant in reference to theories of electricity “and probably assist much
towards the proper conception of other modes of force, or as they are
termed, imponderables, heat, light, etc.” Grove, like Faraday, believed
that “ordinary matter is requisite for the transmission of electricity, and
that if space could exist void of matter, there would be no electricity:
thus supporting the views ... that electricity is an affection or mode of
action of ordinary matter.”8

There were stronger and more esoteric motivations for pursuing elec-
trical discharge studies besides the old, somehow inaccessible problem
of the nature of electricity. It was well known that the transmission of
electricity through gases was impeded (required smaller electrode sep-
arations, and more intense electric currents) both at ordinary pressures
and in highly evacuated discharge tubes. All the beautiful and puzzling
phenomena showed up between the extremes. The objective was to
establish the “easy path for the electrical force” in relation to good and
poor conduction, density, and resistance of the gas to current flow. Such
studies, Grove observed, “afford much assistance to the theory of the
aurora borealis, a phenomenon, the appearance of which, the regions
where it is seen, its effect on the magnet, and other considerations,
have led to the universal belief that it is electrical . . . [with] currents of
electricity circulating to and from the polar regions of the earth.” The
height of these “beautiful phenomena,” where the transit of electricity
takes place, “would be just that at which the density of the air is such
as to render it the best conductor.” These matters all would then be
approximated in the laboratory.’

Grove was voicing an opinion that had considerable support among
investigators at mid-century when he wrote:

Thus by our cabinet experiments, light may be thrown on the grand phenomena of the
universe, and the great questions of the divisibility of matter, whether there is a limit to its
expansibility, whether there is a fourth state of attenuation beyond the recognised states
of solid, liquid, and gaseous, as Newton seems to suspect, (30th query to the Optics,)
and whether the imponderables are specific affections of matter in a peculiar state, or of
highly attenuated gaseous matter, may be elucidated. The manageable character of the
electrical discharge, and the various phenomena it exhibits when matter is subjected to
its influence in all those varied states which we are enabled, by experiment, to reduce
it, can hardly fail to afford new and valuable information on these abstruse and most
interesting enquiries.'°
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Grove’s preoccupation with voltaic cells and electrochemical inves-
tigations led him to conclude “that gases do not conduct in any similar
manner to metals or electrolytes.” While pursuing the phenomenon of
polarization in gases, he remarked: “The dark spaces in the discharge
to which Faraday has called attention, may possibly be connected with
these [polarity] phenomena . . . T have observed, that in a well-exhausted
receiver . . . the discharge is throughout its course striated by transverse
non-luminous bands presenting a very beautiful effect.”!! The striae
mentioned by Grove were observed in experiments on gaseous mix-
tures and allotropic phosphorus, and were assumed to be associated not
with the electrical discharge as such, but with electrolysis accompanied
by electrolytic decomposition.

Grove’s comment about striations and the reference to Faraday’s
experiments caught the attention of the wealthy wine merchant and
munificent friend to science, John Peter Gassiot, F.R.S. (1797-1877).12
Gassiot promptly demonstrated that the dark bands, striae, and strati-
fications of an electric discharge were observable in a well-exhausted
receiver such as a Torricellian vacuum. Equipped, in his own home on
Clapham Common, with apparatus as good as any then to be found in
all of London, Gassiot was quick to cash in on experimental discoveries
that brought him the Bakerian lectureship for 1858.13

The striations, Gassiot was proud to report, were beautiful. They
were readily produced in a thoroughly cleaned receiver free from all
trace of moisture, in a vacuum “as perfect as can be attained with
the air pump.” They are, he remarks: “figured as concave towards the
positive end, the concavity decreasing as the bands extend towards
the negative; at the center they become straight, and then gradually
concave towards the negative terminal until they arrive at the [Faraday]
dark space which separates the bands from the negative discharge.”
Gassiot felt that “there must have been something wrong in the mode of
obtaining vacua [because they] exhibited such irregularities” from one
apparatus to another. “Nothing satisfactory has yet been ascertained as
to the cause of the stratification of light.”'4

Most striking was the action of a magnet on the stratifications: from
the positive end, the latter were “violently drawn down the tube as an
elongated spiral,” but there were not “any signs of stratification in the
negative discharge.” Gassiot was inclined to the opinion that these two
effects arose from different “distinct causes — the former from pulsations
orimpulses of a force acting on [a] highly attenuated but a resisting medi-
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um, the latter from interference.” Only further experimentation would
lead to “the elucidation of this novel and remarkable phenomenon.”!3

In an appended note and in his second communication, Gassiot noted
that he had received “vacuum tubes of great delicacy,” designed by
Heinrich Geissler in Bonn, but that they were too complex for his own
apparatus, or presumably “constructed for a different object from what
I have been pursuing, and for which I purposely had mine made in the
most simple form I could devise.”!6 Grove had provided Gassiot with
vital information; the Geissler and Pliicker tubes from Germany were
too delicate and had “reluctantly [been] laid . . . aside.” Faraday was the
prime mover and had provided the inspiration: “I cannot conclude this
Note without expressing the deep sense of obligation which I owe to
Faraday, who has, during the course of these investigations, not only
afforded me the advantage of many important suggestions, but has also
spared me much of his valuable time.”!”

Apart from Gassiot’s Faraday-inspired experiments on the phenom-
enon of stratification and Grove’s lofty words about luminary orbs and
speculations concerning attenuated forms of matter, experimentation
in England at mid-century, and beyond, provided essentially no new
insights concerning the constitution of the gaseous discharge or the pro-
cess by which an electrical discharge is sustained in gases at various
degrees of rarefaction. To the extent that Faraday’s electrical discharge
experiments were pursued in England at all, some progress is evident in
instrumentation: various intricately constructed glass discharge tubes,
improved vacuum pumps, powerful sources of electricity, and more effi-
cient induction coils. In due time such instrumental refinements would
pay off generously — but elsewhere, namely on the Continent.

II. CONTROVERSY IN THE MAKING: AN OVERVIEW

By the 1860s the center of gravity for electrical discharge studies had
been displaced to Germany. This transfer of disciplinary prowess was
generated largely by two Faraday enthusiasts — Julius Pliicker and his
student, assistant, and collaborator Wilhelm Hittorf. For about three
decades they had a corner on experimental studies connected with elec-
trical discharge in attenuated gases. With the death of Pliicker in 1868
in Bonn, one year after Faraday died, the center for these studies shifted
to Miinster, where Hittorf, in a series of classic papers (1869-1884),
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gave prominence and a new problem orientation to a subject that had
become rather sterile and exhausted from a descriptive point of view.
An examination of the contributions of Pliicker and Hittorf provides the
terminus ad quem for this paper. Nevertheless, a brief résumé of the
post-Hittorf trajectory of the history of cathode ray investigations will
serve, at this point in the narrative, to provide the requisite perspective
on a controversy that only achieved resolution hesitantly and painfully
by the end of the century.

Hittorf’s focus on cathode rays, as the salient and theoretically most
significant aspect of discharge phenomena, would set the stage for a new
round of investigations that he no longer was privileged to participate
in, but that did not escape the notice of Hermann von Helmholtz at
the University of Berlin. The challenge was then passed on to two
of Helmholtz’s most promising doctoral candidates, Eugen Goldstein
(1850~1930) and his close friend Heinrich Hertz (1857-1894).18

During a long career as experimentalist at the Potsdam observatory,
most of Goldstein’s research interests were given over to the study
of electrical discharge in gases — a subject that was of keen inter-
est to Helmholtz. In 1886, Goldstein discovered the so-called Kanal-
strahlen that emerge from holes in the anode at low pressures in the
discharge tube.!® Goldstein’s colleague, Heinrich Hertz, was drawn
into the Helmholtz circle on arriving in Berlin in 1878. An assistant
to Helmholtz at the Physical Institute of the University of Berlin from
1880 to 1883, Hertz — with the encouragement of Goldstein — became
involved in cathode discharge experiments. Two years before his death,
while at the University of Bonn in 1892, Hertz returned to the topic and
published a seminal experimental paper on the passage of cathode rays
through thin metal sheets.

After Hertz’s premature death in 1894, his student Philipp Lenard
(1862-1947) became director of Hertz’s laboratory in Bonn. It was
William Crookes’s 1879 paper on radiant matter as a fourth physical
state that originally had elicited Lenard’s attention and criticism, and
then led him to resume the cathode ray experiments that the ailing Hertz
was unable to complete. By 1892, he had constructed a window in the
cathode tube that enabled him to study the emergent rays outside of the
tube, away from the discharge process.?

All of the above mentioned German scientists — Pliicker’s colleague
Hittorf, Helmholtz’s students Goldstein and Hertz, and Goldstein’s stu-
dent Hertz — championed the view that cathode rays correspond to a
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wave-like phenomenon in the ether. By contrast Willy Wien, Jean Per-
rin, C.F. Varley, William Crookes, and J.J. Thomson took the view that
the cathode rays were particulate. The controversy drew out over a peri-
od of twenty-some years and came to a head and resolution with J.J.
Thomson’s discovery, in 1897, that the electron, carrier of the electric
current in the discharge tubes, was a particle of discrete mass and charge.
In this paper, however, the subject is pursued only to the stage at which
Hittorf left it in 1884. As has already been indicated, the search for an
answer to the nature of cathode rays proper was carried on by others.?!

IIl. PLUCKER: MATHEMATICS ABANDONED, EXPERIMENTATION
EMBRACED

Julius Pliicker (1801-1868) was born in Elberfeld and educated in Bonn,
Heidelberg, Berlin, Paris, Diisseldorf, and Marburg. He was known as
a mathematician. Throughout his life he drew heavily on, was closely
attached to, and was generously supported by the French and English,
but summarily ignored by his German mathematician compatriots. He
was, by virtue of intellectual partisanship, an intransigent Francophile.
He spent most of his academic career in Bonn teaching and conducting
research in mathematics and physics. In his provisory position as director
of the physics Kabinert at the University, and with the responsibility for
delivering lectures on physics until the chair of physics would be filled,
Pliicker decided abruptly in 1847 to quit mathematics and devote the
rest of his career to physics. A good number of his most important
contributions to mathematics and physics were published in French and
English.??

Pliicker was one of the most innovative analytical mathematicians of
the 19th century. His contributions to fundamental questions in analyt-
ical and projective geometry, the theory of curves, conic sections, and
the arithmetization of analytical geometry found acceptance in France
and England in the school of Monge, Lazare Carnot, Bobillier, and
Poncelet. His excursions into a domain of mathematical analysis that
had been dominated by Descartes, Fermat, Monge, and Lagrange for
well over a century, brought laudation from France and contempt from
the syntheticists in Germany who were pursuing an algebra/analysis
programme. The aim of Jacob Steiner (1796-1863) at the University of
Berlin, who was honoured throughout Germany as a popular teacher and
brilliant geometer, was to discover the unity inherent in all branches of
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mathematics. He harboured an intense aversion for analytical methods
and was most critical of Pliicker’s System der analytischen Geometrie,
published in Berlin in 1835.

In such a mathematics-hostile environment, it seems plausible to con-
jecture that intellectual embroilment and taciturn neglect in Berlin and
Bonn were responsible, in part, for Pliicker’s self-imposed retreat from
geometry to pursue experimental research in physics. It was only after
his death that his mathematical prowess was recognized in Germany.?3 It
is interesting to note that Felix Klein (1849-1925) at age 17 had become
Pliicker’s assistent for two years and had completed his inaugural dis-
sertation on a mathematical topic in 1868, the year Pliicker died. Klein
was determined to devote his life to physics and was appointed lecturer
at Gottingen in 1871. He soon returned to mathematics, however, to
develop a programme for the arithmetization of analysis.

Pliicker idolized Faraday, studied all of his published works, com-
municated with him, visited him in London, and was determined to
master the field of experimental physics by repeating, and hopefully
extending, Faraday’s experimental researches on the relation between
electromagnetic and optical phenomena. His escape from mathematics
into experimental physics was abrupt and unconditional - first into mag-
netic studies (1847-1857) and then into investigations on the discharge
of electricity in rarefied gases (1857-1865).

It was only during the last three years of his life that Pliicker returned
briefly to mathematics by reworking a principle that he had begun twenty
years earlier — an idea that space might be conceived, not necessarily
as a totality of points, but as a composite of lines, a Liniengeometrie.
His New Geometry of Space of 1868, revised and edited by Klein,
“was known [in England] but not considered relevant to the crucial
question about the reality of higher dimensional geometries” until so
recognized in 1878 at the meeting of the British Association for the
Advancement of Science by the mathematician William Spottiswoode
(1825-1883).24 1t is noteworthy that Spottiswoode, who in 1870 was
elected president of the London Mathematical Society, followed the
pattern that Pliicker had adopted in 1847. He dropped mathematics
in 1871 to take up experimental research on the polarization of light
and the electrical discharge in rarefied gases.? It seems to have been
characteristic of the times in mid-century England that wealthy amateurs
or persons who wanted to switch interests from one field to another, had
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a tendency to become engrossed in experimental investigations on the
conduction of electricity in gases.

Around 1855, Pliicker undertook to repeat Faraday’s experiments
with gases under conditions of increased rarefaction. His first two papers
on the subject were published in 1857 and 1858.2% His indispensable
collaborator in these experiments was the eminent instrument mak-
er and glass technologist Heinrich Geissler (1815-1879), referred to
above in connection with Gassiot’s work.?’ In 1855, in his workshop in
Bonn, Geissler had constructed a manually-operated all-glass mercury
air pump that was far superior to piston pumps of the type that Faraday
and Gassiot had used. As a master glassblower, Geissler supplied small
and thin, but sturdy and versatile “Geissler tubes” — as Pliicker called
them — “of the most different forms” that presented “an appearance of
incomparable beauty.”?

Both fused-in-glass and externally attached electrodes had been used
for gaseous discharge experiments in the late 1830s, notably by John
Gassiot. “Electric egg” electrodes also had been employed earlier by
the Parisian instrument-maker H.D. Rihmkorff and his assistant Jean
A. Quet.?® Geissler’s fused-in-glass platinum wire electrodes exhib-
ited great advantage over other metal wires because a coefficient of
expansion close to that of the glass permitted experimentation over an
extended temperature range. Geissler’s tubes, restricted to capillary size
(radically tapered cross-section) in the middle of the discharge area,
gave much brighter luminosity than heretofore and provided the close
experimental access that was advantageous for carrying out spectral
studies on the glow discharge. In order to get around the bothersome
heat-induced scattering of metallic particles from platinum electrodes,
Geissler discovered that aluminum, being less prone to vaporize, could
be employed to cover the platinum electrode areas (except for a small
tip) so as to prevent internal blackening of the tubes.>°

These minutiae of electrode technology, and Geissler’s ability to con-
struct tubes that would allow Pliicker and subsequent investigators to
realize the most inordinately demanding thought experiments, helped
to open up a “new branch of physics which led directly to the discovery
of cathode rays.”3! The new findings reached far beyond what had been
possible with the apparatus available to Gassiot. With higher vacua, a
greater variety of specially constructed vacuum tubes, and a growing
network of experimentalists who were knowledgeable about ways to
secure access to these new instruments, the study of electrical discharge
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of rarefied gases mushroomed. Investigators perceived, then as now,
that pushing the physical conditions of experimentation to the extreme
— in this case the achievement of better vacua — favoured the discovery
of new phenomena. Parallel with the expansion and growth of factual
information came recognition of the immense and unexplained com-
plexity of cathode ray phenomena. This pattern continued unabated into
the 20th century and inevitably led to controversial interpretations of
the nature of the rays and the mechanism of their production.

In his first paper, of 1857, on the action of the magnet on electri-
cal discharge in rarefied gases, Pliicker noted that Arago had predicted
Davy’s observation that the arch of light (Lichtbogen) produced by a
powerful battery would be diverted by a magnet. Pliicker discovered, as
he had surmised, that the deflection also occurred in his Geissler tubes.
Unexpected, however, was the observed division of the light-stream
(Lichtstrom), namely “its decomposition at the negative electrode into
an undulating flickering light, and the extension of the stream from
the positive electrode [positive column] into a brilliantly illuminating
fine point [the negative glow].” Different gases gave a “beautiful effect
with the greatest certainty.” Rarefaction manifested itself “suddenly by
a remarkable alteration of colour.” An analysis with the prism yielded
“variously modified spectra” that were difficult to describe “inasmuch as
the impression they produce on the eye depends upon the external illu-
mination.” Dark bands of the most varied shape formed at the “warmth-
pole” (cathode) with perfect regularity. The stratification (Schichtung)
of the light was puzzling. The negative electrode and its immediate
neighborhood were surrounded by an envelope of “variously coloured,
finely stratified light.”32

Conspicuous in the account is Pliicker’s poignant and running com-
mentary about the salient, delicately variegated, and “beautiful” visual
phenomena occurring along the full length of the tube: schoner Effekt,
besonders schones Licht, schén geschichtetes Licht, schone Ringe,
schones Spektrum, schéne Streifen, etc. It evidently was a rewarding
aesthetic experience for Pliicker, and reminiscent of Faraday’s accent
on “beautiful” discharge phenomena two decades earlier. But one can-
not resist puzzling about the motives for so precipitous a swerve from
the life of pure mathematics to a pursuit, with passion, of empirical
investigations nourished by beauty and curiosity.

There is no hint in Pliicker’s papers about possibly examining, ana-
lyzing, or even speculating about how mathematics or physical theory
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might come into the picture. Pliicker had been snubbed by the Germans
and was entranced by the non-German Faraday, who without even the
most elementary competence in mathematics, and on the strength of
imaginatively planned and executed experimental investigations, had
turned the world of electricity and magnetism inside out. Pliicker also
had been inveigled by authorities in the administration at the Univer-
sity of Bonn to add physics to his teaching duties, until such time as a
real physicist could be hired. He discovered that physics teaching was
enjoyable and less tedious than mathematics, and so he began to fight
tooth and nail for a laboratory that would be equipped with the special
apparatus he would need for conducting experiments on the discharge
of electricity in rarefied gases. We know too little about this stretch of
his life to offer further speculations. After his death he was heralded as
a great mathematician and put in place in the mathematical world from
that perspective, without reference to the empirical side of his career.
The distinctive objective in Pliicker’s experiments was to study the
effect of a magnet on discharge phenomena and to examine the spec-
tral characteristics of the discharge. He discovered that “a great upright
horseshoe magnet” drew the light in the vicinity of the negative elec-
trode into “magnetic curves, or lines of magnetic force.” These curves
rendered “the distribution of the power of the magnet visible” in the
way that iron filings strewn on a piece of paper arrange themselves in
magnetic curves — “little magnetic elements placed with their attracting
poles in contact,” i.e., rays behaving “as a magnetic thread of perfect
suppleness . . . an electrical current twisted in an infinitely thin spiral.”
It was as if iron filings strewn into space and withdrawn from the action
of gravity would arrange themselves around the light as they would
around a magnet. Pliicker was cautious on the interpretive side. “I have
merely sought to make the nature of the phaenomenon intelligible,
without in the least attempting to describe the nature of the magnetic
light itself . . . In consequence of our want of knowledge about magnet-
ic light, and of the total want of analogous phaenomena, I performed
many experiments in order to obtain magnetic light under other circum-
stances . . . All such attempts, however, were fruitless.”3? Others before
Pliicker had noted the deflection of the electrical discharge by means
of a magnet. Pliicker first recognized the remarkable difference in the
behaviours of the positive and negative discharges towards the magnet.
He subsequently sought to explain the differences, and wrote papers
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on the subject, but was unable to come to a good understanding of the
complexities involved.

Pliicker’s spectral examination of the discharge phenomena revealed,
as he had “confidently expected,” the presence of characteristic spectra
for each gas. He assumed that the spectral patterns varied along the
Geissler tube because “the ponderable matter which becomes luminous
is differently distributed through the tube ... But in all cases, whatever
may be the colour-impression produced on the eye, the distribution of
the colours in the spectrum remains for the same gas entirely of the
same kind, it is the intensity of the colour alone which changes in
different degrees in different portions of the spectrum: so that when
the eye (whose judgement is, moreover, considerably influenced by
the external illumination) is at fault, still the nature of the gas ...is
unfailingly determined by means of the spectrum.”34

The electrical discharge investigations of Pliicker in 1858 led to a
solicitous and impressively detailed description of wonderful but puz-
zling configurations and hues. Not able to achieve the “requisite degree
of accuracy” that he might have wished for in order to reach an under-
standing of how the current was being carried from one electrode to the
other, he was prepared to strike out in another direction. Uppermost in
his mind was what might be learned by spectral analysis concerning the
chemistry of the electric glow: “The most difficult question which arises
on the discharge of electricity through rarefied gases, is the chemical
nature of the ponderable substance which gives rise to so infinitely var-
ied phenomena of light. This question can only be safely discussed in
connection with the prismatic analysis of the light which is produced —
the more so as by this means every sudden or general chemical change in
the substance is recognized . . . The subject is one belonging, if I may use
the expression, to Micro-chemistry. Conditions occur in it which differ
from those under which chemical actions usually take place. It is only
on the successful solution of these questions, that many not unimportant
points for the molecular theory will be satisfactorily solved, such as —
... How are the spectra of a compound gas related to one another before
and after its chemical decomposition by the current?”’3>

We see that at one stage in his rather straightforward, phenome-
nologically-focused investigations — continuing where others had left
off — Pliicker developed a yen to explore spectroscopically the chem-
ical/physical nature of the glow discharge. The distinctions between
physics and chemistry were not so sharp at that time. By moving in
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an alternative direction to the one he already had explored, he could
anticipate uncovering a fresh set of hitherto unfamiliar phenomena that
would bring new knowledge, questions, puzzles, and conceivably new
insights into electrical discharge phenomena. As it turned out, his pur-
suits inescapably led again to problems that only could be illuminated
experimentally. That entailed, as before, serious attention to experimen-
tal finesse. The result was more description and data, and more puzzles
about what the data meant.

The records therefore show that the outcome was largely empirical;
that the experiment had been motivated more by inquisitiveness than by
theoretical guidelines. At least so it appears by hindsight. Nonetheless,
it is evident that the knowledge that had been acquired approximated a
certain level of comprehension as to what was going on in the Geissler
tubes and had provided, as well, good insights on how to continue level-
headedly and intuitively to acquire more knowledge by asking new
questions. It is plausible to assume that exploratory theories; theory-
pictures, or thought experiments, were lurking in the background, but
concerning theory-talk there is no evidence.

As in other frontier areas of scientific investigation where new do-
mains of knowledge are generated, cathode ray theory lagged far behind,
while the facts of experience took precedence and set the stage, falter-
ingly, for the promotion of theoretical comprehension. In such cases
the experiment-ladenness of theory is more in evidence than the theory-
ladenness of experimentation. By contrast, the psychology of invention
— scientific instruments are invented not discovered — is such as to keep
pace with whatever stride is set by experimentation. In virtually all
accounts of the electric discharge in gases, the concern with instruments
— their invention, improvement, refinement — is central. Although it was
said of Pliicker by his contemporaries that he personally never attained
great manual dexterity as an experimentalist, he was on the alert to
recognize, encourage, and latch on to Geissler — as imaginative and
ingenious an instrument maker as existed anywhere in the 1850s. In any
case, Pliicker engineered investigations that were more innovative, and
in the long run more significant, than those of other experimentalists
attacking the electrical discharge problem at the time.

In surveying the primary literature on cathode ray studies that were
undertaken by several generations of investigators, it is credible to sup-
pose that the drives, accomplishments, and thrills that carried the field
along were linked primarily to the challenge of taking risks and explor-
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ing frontier domains of nature per se, without openly expressed com-
mitments to potential theoretical outcome. The visual displays accom-
panying electrical discharge phenomena were, for Pliicker, intrinsically
“beautiful.” Problems of interpretation, and ideas on potential ways to
secure deeper (theoretical?) insights, had a way of becoming translated,
not so much into theoretical solutions, as into variant puzzlements that
pointed to alternative modes of experimental attack. Not every puzzle
was attractive or manageable, but certain puzzles, perennially coming
into focus, would exhibit a sturdiness that was embedded securely with-
in the realm of nature. Such a puzzle had a life of its own, not to be
snuffed out or sidestepped. It has been said that “problems worthy of
attack show their worth by striking back.”?’

And so it was with Pliicker. He pushed ahead into areas of cath-
ode ray investigations that had not yet been explored. In seven classic
papers (1858-1862), Pliicker explored various facets of the discharge
phenomena: size, shape, and composition of the discharge tube and the
electrodes; effects of current intensity and degree of rarefaction of the
various gases; characteristic spectra of gases and their current-induced
decomposition products; the effect of the magnet on the discharge in
various areas of the tube; fluorescence; thermal effects; and — notably
— the nature of and laws governing the current carriers in relation to
Faraday’s electromagnetic investigations. At every stage of Pliicker’s
probative search, Geissler’s connoisseurship was enlisted in the cre-
ation of discharge tubes of ever-escalating complexity.3® Virtuosity,
experimentation, and innovation were handsomely synchronized; both
Pliicker and Geissler exploited the implications of the collaboration to
full advantage.

On the basis of newly acquired experimental information, Pliicker
was prepared to correct previously recorded observations and suggest
alternative interpretations. Many a time he was forced to admit that
experiment had preceded theory. When the sheer complexity of the
phenomena might have been disheartening, Pliicker could reflect on
the aesthetic features of the luminous discharge and their multifarious
spectra. He was painfully aware of circumstances that conditioned the
subjective judgment of the observer. Impurities in the gases were a
nuisance, as were the chemical reactions of the gases with the electrodes,
which produced “unpleasant blackening” of the glass and altered the
concentration and therefore the degree of rarefaction in the Geissler
tubes.
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Pliicker’s analysis of the conduction of the current in the electri-
cal discharge leaned heavily on Faraday’s path-breaking discoveries.
Pliicker wrote: “The rotary motion of a magnetic pole around the [elec-
trically] conducting wire, and of the conducting wire around a magnetic
pole, are phaenomena which, on their discovery by Faraday, arrested
the attention the more, because they were not connected by analo-
gy with any previously observed phaenomena.” Pliicker believed that
he could gain keen insight into his electric discharge experiments by
adopting Faraday’s model of interacting electric and magnetic forces:
“We obtain a new point of view if we regard the conductor [of elec-
tricity] as perfectly flexible, and then inquire what would be the form
of such a conductor as current-bearer under the influence of the mag-
net.” In that case, “equilibrium can only exist . ..when the conductor
assumes the form of a magnetic curve.” For equilibrium to maintain
over a given surface, “the direction of the force acting at every point
of the conductor must coincide with the normal to the surface at this
point.” Pliicker called such curves “epipolar magnetic” (die epibolisch-
magnetische Curven).3 Pliicker’s account of the action of the magnet
upon the electric current thus involved the adaptation of Faraday’s views
to a flexible, in place of a stationary, current.

During the course of his investigations, as Pliicker became more
addicted to, familiar with, and confident about his experimental inves-
tigations, he felt obliged to stake out some priorities: “I believe that I
was the first to declare positively that the luminous appearance which
accompanies electrical discharge through long tubes of rarefied gases
is ... entirely and completely attributable to the traces of gas remaining
in the tubes; further that the beauty and great diversity of such spectra
for various gases offers a new characteristic for distinguishing them,
and that any chemical alteration in the nature [decomposition] of the
gas may be thereby at once recognized. This seemed to me to be the
most important part of the subject, pointing, as it does, to a method of
physico-chemical investigations of a new kind.”*

The much used expression “absolute vacuum,” to characterize the
state of rarefaction that bars the passage of the electric current in Geissler
tubes, annoyed Pliicker: “An absolute vacuum, like a mathematical
pendulum, is a fiction; and the practical question is only whether no
electric discharge passes through the nearest possible approximation to
an absolute vacuum that we may procure . . . I agree with the opinion that
ponderable matter is necessary for the formation of an electric current
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...[and] that the light of the discharge-current, and the consequent
corresponding spectrum of such gas-vacua, entirely depend upon the
residual traces of the gas.”*!

In 1860 Pliicker submitted an abstract of his experimental investiga-
tions and ideas to the Royal Society of London.*? There are a number of
reasons why he chose this route to publication. His British colleagues
had supported his views with enthusiasm. For at least a decade Faraday
had complained in letters to Pliicker that he could not read German and
therefore was cut off from learning about his work.*> Meanwhile, the
German scientific community was for the most part ignoring Pliicker
and his physical investigations.

As noted above, Pliicker’s experiments, which had been designed
primarily to test the action of a magnet on the electrical discharge in
rarefied gases, had led him straightaway, in 1857, to what he believed
were more challenging and more significant issues, namely the study
of characteristic spectra and the chemistry of the ponderable substances
that constitute the glow in the Geissler tube. Now, in 1860, Pliicker set
himself the more ambitious objective of extending Faraday’s laws of
electromagnetism for fixed wires carrying a current to flexible electric
currents in the discharge tube. The key idea was that the discharge, in
general, could be accounted for by regarding “the discharge as a bundle
of elementary currents, which under the influence of a magnet change
their form as well as their position in the tube, according to the well-
known laws of electro-magnetic action.” Two forms were discernable.
The discharge could be concentrated into one form (path, arc, arch) “if
the arch be allowed to constitute a part of a line of magnetic force” since
by “theory there is no magnetic action at all exerted on any element of
a linear electric current which proceeds along such a line [of magnetic
force].” The other case of “electro-magnetic equilibrium . . . takes place
if the current proceeds along an ‘epibolic curve’, i.e., along the curve
... whose elements, regarded as elements of an electric current, are per-
pendicular to the direction of the electro-magnetic force.” This implied
that “if neither of the two conditions . .. be fulfilled, i.e., if the current
cannot proceed either along a free magnetic or an epibolic curve, no
voltaic arch will be obtained, the current will be disturbed and its light
diffused.”*

The other problem area in which Pliicker made fundamental con-
tributions to discharge phenomena relates to demonstrating important
differences in the effect of the magnet on the luminous phenomena sur-
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rounding the anode and the cathode. In large tubes of cylindrical shape,
the light around the negative wire was bent by the magnet into curves
and surfaces. This was peculiar, “having no analogy with phenomena
hitherto observed,” but quite explicable with the help of the notions
of “magnetic curves or lines of magnetic force ...shown by several
philosophers, especially by Mr. Faraday.” Pliicker’s arguments rests on
an analogy to “a variable magnetic surface” that surrounds points on
the negative wire, being produced by “a chain of infinitely small iron
needles, absolutely flexible and not subject to gravity.” In conclusion:
“I think it most probable, that the luminous electric currents in question
are double currents, — going from the wire to the glass and returning
from the glass to the wire.”*

As for the action of the magnet on the luminous area surrounding the
positive wire, “where the origin of the current takes place . .. striking
phenomena were encountered when the two poles were fairly close (less
than an inch apart) in a highly exhausted sphere. The whole area is “all-
most [sic] uniformally illuminated by violet light, while the light of the
positive electrode appears at one of its extremities . . . [and] moves along
an epibolic curve.” According to Pliicker, all phenomena in this class
were “explained by the laws of electro-magnetic action” and Ampere’s
“molecular current” model of magnetism.*™ The electric discharge thus
was seen to be a “double current” — two “electric currents returning on
their own path” and separable by means of a magnet.*’

In regard to the nature of the light itself, Pliicker held that “electric
light does not exist; the light which we see belongs to the [ponderable]
gas, rendered incandescent by the thermal action of the current,” and
analyzable with the prism into characteristic spectra. Pliicker was alert
to the fact that his “primitive theoretical views [constantly] were [being]
modified, reformed, or extended by subsequent experiments” and that
his report referred “only to what I think at present to be the state of
the question.”*® In the 1860 paper Pliicker, more confidently than else-
where, and more than anyone else at this time, was exploring electrical
discharge phenomena along guidelines established by Faraday — and
this in an area of physics that on the face of it was not a self-evident
branch of mainstream electromagnetic investigation. Seven years after
the initial excursion into electric discharge territory — where every inno-
vative move was to hinge on experimental bravura — Pliicker, with the
assistance of Geissler, felt that he was in control of the best instru-
ments available anywhere. But he decided that it was equally important
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to enlist the collaborative efforts of the chemist Hittorf from nearby
Miinster. After Pliicker’s death in 1868, Hittorf produced six classic
studies on cathode rays.” His work is examined below.

In 1864, Pliicker and Hittorf submitted a joint paper to the Royal Soci-
ety in English. It was a comprehensive report on the spectra of gases and
vapours, designed to attack head on what had been denoted by Pliicker
in 1858 as “the most difficult [chemical] question which arises on the
discharge of electricity through rarefied gases.”*’ The objective of these
investigations was to employ the electric current to acquire spectra
of elementary bodies. It was anticipated that such spectra would fur-
nish information not attainable at lower temperatures by flame analysis.
With “the electric current, the heating power . . . [could] be indefinitely
increased by increasing its intensity.” Two techniques were used: the
application of a continuous electric current to a substance in the gaseous
state at varying degrees of rarefaction, or, in the case of solids, the pas-
sage, through the two extremities of the conducting wire, of a strong
spark from a large Leyden jar charged by a powerful Rithmkorff induc-
tion coil. In both cases, “the spectra are obtained the most beautifully
and are the most suitable for examination in their minute details.” The
tube experiments “confirmed and supported in a striking way ...the
theoretical conclusions of Dr. Faraday, that electricity being merely a
peculiar condition of ponderable matter cannot exist without it, and
cannot move without being carried by it.”>

An important fact “as well with regard to theoretical conceptions
as to practical applications” was that “certain elementary substances,
which, when differently heated, furnish two kinds of spectra of quite
a different character, not having any line or band in common.” The
remarkable feature was that “the passage from one kind of spectra to
the other is by no means a continuous one, but occurs abruptly.” In the
case of nitrogen, for example, spark discharge gave “a beautiful richly
coloured spectrum” not continuous but divided into bands that were
resolved into dark lines (up to 34) on applying four prisms; Caveat: “but
psychological effects of this description may be quite different: partly
by our own will, partly by exterior circumstances.”!

With the discontinuous discharge from an interposed Leyden jar, the
spectrum of nitrogen (this was their test case) had no resemblance to
the former “variously shaded bands, ...[being] replaced by brilliant
lines on a more or less dark ground.” What did these spectra reveal
about nitrogen? “Certainly, in the present state of science, we have not
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the least indication of the connexion of the molecular constitution of
the gas with the kind of light emitted by it, but we may assert with
confidence that, if one spectrum of a given gas be replaced by quite
a different one, there must be an analogous change of the constitution
of the ether, indicating a new arrangement of the gaseous molecules
... [namely] a chemical decomposition . . . We conclude that the change
of the molecular condition of nitrogen which takes place if the gas
be heated beyond a certain temperature by a stronger current, does
not permanently alter its chemical and physical properties but that the
gas, if cooled below the same limit of temperature, returns again to its
former condition.” The surmise was that the abrupt changes represented
nitrogen in “the molecular and atomic states.”

In a similar way spectra were obtained for organic and inorganic gases
and metals in the vapour state. Dependent on temperature, pressure, and
electrical tension, the spectra nevertheless were seen to be distinctively
characteristic for each substance in a given state. As in the case of spectra
discovered by Fraunhofer for the arc and flame some thirty years earlier,
this meant that electrical discharge spectra might be useful for substance
identification.

The special investigations of Bunsen and Kirchhoff in the 1860s,
which gave rise to methods of analysis of chemical elements by flame
and spark, were given support when Pliicker and Hittorf published their
findings on the electricity-induced line and band spectra for gases under
rarefied conditions. By varying the intensity of the electric current, and
thus changing the temperature in the discharge tube, they observed and
recorded changes in the line spectra. This discovery was later correlat-
ed with Norman Lockyer’s observations of prominence spectra at total
eclipse in 1868. Acclaimed in England, these advances were largely
unacknowledged in Germany, being overshadowed by the more spec-
tacular discoveries of Bunsen and Kirchhoff.>3 The 1870s, in general,
saw an expansion in the study of the emission and absorption spectra
that enveloped electric sparks, li%htning, northern lights, solar protuber-
ances, stellar light, and nebulae. 4

Having focused primarily on Pliicker’s experimental investigations
on the conductivity of electricity in gases, we now turn our attention to
some of the contextual factors in Pliicker’s life; they help to illuminate
his activities and methodology as a scientist. As already mentioned,
Pliicker owed a great deal by way of intellectual sponsorship to Fara-
day. A running correspondence with Faraday over a period of 15 years
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(1847-1863) shows how much these two men esteemed each other’s
view as experimentalists.>> Numerous references in the Diary through
August 1855 show that Faraday was repeating Pliicker’s experiments
and challenging some of them. Faraday recommended Pliicker for elec-
tion to membership in the Royal Institution in 1849 and the Royal
Society in 1856. In 1868, as foreign member, Pliicker was awarded
the Society’s coveted Copley Medal for his contributions to electrical
discharge in gases.?®

The Faraday—Pliicker contacts had begun in November 1847, when
Pliicker wrote to Faraday and sent him a number of reprints on mag-
netism, diamagnetism, and magnecrystallic action — subjects in which
Faraday had pioneered. There were some differences of opinion as to
what the experiments showed and meant. Faraday had little to say in
response to Pliicker except that he could not read German and that the
state of his health was deteriorating. As he wrote in June of 1848, “I
am nearly 57 years of age — have worked long hours in my life and as
to material strength am somewhat worn. In such cases a man may be
patched but he cannot be remade.”>” By the late 1850s Faraday’s men-
tal acumen in fact had markedly deteriorated, and so it is to Pliicker’s
letters, mainly, that one looks for clarification of the issues taken up in
this paper.

Pliicker’s venture into electrical conductivity studies in 1867 was
preceded by ten years of experimental investigations into the domain of
magnetism in its various forms.’® By 1857 Pliicker’s interests had turned
to the conductivity of electricity in gases. In July he wrote to Faraday:
“Lately . . . I made a series of experiments in order to get an explanation
of the stratification of light exhibited ... within certain rarified [sic]
vapours . . . The various experiments are beautiful . . . but most beautiful
is the effect, when the tubes are placed in the Electromagnet in different
ways, as well axially as equatorially . ..”>° Faraday responded: “I am
very glad that you are working on the stratified electric light — I hope
that you will very shortly give us the fundamental explanation of the
phenomenon. I cannot help thinking that it will aid us in developing
some very important points about the nature of the electric discharge. We
would rejoice to understand, truly, the first principles of that very striking
electric action.” Two weeks later Faraday added: “I have been obliged to
give up thinking about the luminous current but whilst such as you and
Gassiot and others work on the subject I know it is progressing.” Faraday
was especially interested in “the arch . . . corresponding to the Magnetic
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line of force and that other one of which you speak . . . that [seems] to be
directly at right angles to the course of the Electric current.” Concerning
“the question of transmission of the discharge across a perfect vacuum
or whether a vacuum exists or not? is to me a continual thought and
seems to be connected with the hypothesis of the ether. What a pity that
one cannot get hold of these points by some experiments — more close
and searching than we have yet derived.” It is clear that Pliicker had
done a good job of conveying his ideas to Faraday in his papers (they
were now being published in English) and that Faraday’s mind was by
no means yet in limbo.%

Pliicker invited Faraday to Bonn. Faraday could not manage it: “Years
and their consequences limit our powers, and though I trust yours will
long run on successfully, mine are drawing nigh to their end.”®! The least
Pliicker could do was to help Faraday become informed about the Bonn
experiments: “The discharge of Electricity through the tubes, exhibiting
the stratified light, cannot be the transport of light, or luminous matter
from one end of the tube to the other. There is, I think, within the tube a
distribution of ponderable matter produced by the discharge, that matter
becoming luminous by it, while the discharge is a dark one, as you call
it, from one luminous place to another . .. I showed the beautiful effect
they present, at the Meeting of Bonn ... Since that time I observed a
quite new series of phenomena, which exhibit a very fine appearance. I
can, in a few words join no better account of them but by saying that I
am enabled by means of the electric light, to render luminous your lines
of magnetic force.”s?

Six months later Pliicker was producing *“beautiful electric spectra by
conducting the discharge of Riihmkorff’s Apparatus through a capillar
[sic] tube.”®3 It took Faraday eight months to respond. Letter-writing
made his head ache; he was “fit for nothing now but small gentle acts
of thinking.” He believed that “the luminous phenomena of the Electric
discharge . . . [were] so numerous so varied so indicative and yet . . . so
little understood in respect of their law or fundamental principle that I
cannot retain them in my mind . .. But though I cannot discuss these
beautiful . . . phenomena with you I can enjoy them and your success in
the development of them and I doubt not some day the whole beautiful
encircling cloud of luminous results will open up into perfect order and
intelligence and you will either produce that result or be a chief leader
in attaining it ... In the meantime I commend myself to you as-an old
worker in science that loves to look on the present bands of worker
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[sic] & as far as he can keep up relations with them if it be only by
reminiscences and the memory of the past times.”6* Pliicker continued
to give Faraday an account of his experiments. Faraday wrote: “Your
results on the gas spectra are exceedingly interesting. What a wonderful
branch of research that of luminous lines has become, and great honor
belongs to Kirchoff [sic] and Bunsen.”%

IV. HITTORF: DISCOVERY AND EXPLOITATION OF CATHODE RAYS

After Pliicker died (1868), his erstwhile collaborator Hittorf confirmed
the magnetic effects and the fluorescence; he also noticed that insula-
tors or conductors placed in the path of the cathode beam stopped the
cathode glow. This led to the observation that in an L-shaped tube, with
electrodes at the extremities, the Glimmlicht (“rays of glow”) was gen-
erated at the cathode and proceeded linearly from the cathode. These
rays subsequently were referred to as Kathodenstrahlen, or “cathode
rays.” By varying the shapes of the vacuum tube, the location of the
electrodes, and the degree of rarefaction of the gas, and by observing
the effects of the rays on objects placed inside the tube, Hittorf was
able to amass a great wealth of important information about cathode ray
phenomena over a period of 20 years.

Wilhelm Hittorf (1824-1914) was born in Bonn, educated in Berlin
and Bonn (with Pliicker in 1846-1847) and spent his entire academic
career at Miinster.% His forte was electrochemistry and electrolumines-
cence. In a series of classic experiments on the transport and mobility of
ions in solution (1853-1859), he laid the foundations for the electrolytic
solution theory of Arrhenius, van 't Hoff, and Ostwald. The work was
not properly acknowledged until the end of the century.5” As assistant
to Pliicker in the mid-1860s, Hittorf became involved in the study of
electric discharges in gases and their spectra — work that after Pliicker’s
deatl}5 8in 1868 led him to the discovery and characterization of cathode
rays.

Hittorf’s analysis in the 1869 paper begins with a somewhat cynical
evaluation of the state of knowledge concerning the mechanism of cur-
rent conduction in gases: “The most obscure part of the present science
of Electricity is undoubtedly the process by which the transmission of
the current is effected in gaseous bodies. While for solid and liquid con-
ductors, whether they are metallic or electrolytic, the relations between
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the facts have been collated, and have acquired acommon bond in Ohm’s
law, our knowledge of the conductivity of gases, notwithstanding the
endeavours of distinguished physicists, is of a decidedly fragmentary
kind, and rests mostly on observations which are imperfect and isolat-
ed. The theory of the electrical spark, the longest known and the most
striking of all electrical phenomena, can only be established when the
condition of our knowledge is improved.”

The problem, as Hittorf saw it, was that “gases at low temperature
have an almost infinitely great resistance for electricity at such low
tension as it is furnished by a voltaic element, and only begin to lose their
insulation at red heat . . . [since] at ordinary temperatures, the electricity
must have a higher tension” if the most “characteristic” phenomena
of the gaseous state are to be investigated under rarefied conditions.
What was needed, in his opinion, were better air pumps to produce
better vacua and barometers and manometers that would show when
the gas (he suggested that air or nitrogen were optimum) had reached
the requisite degree of rarefaction. Hittorf identified three parts to the
problem: “The positive light, the dark space, and the negative glow-
light.”%?

Hittorf’s conception of a characteristic state of the gas and the iden-
tification of ways to achieve it set the stage for his production, recog-
nition, and examination of cathode rays. His term for these rays was
Glimmlicht. He recognized that the hurdles to be overcome were largely
technical. He found it advantageous, for example, frequently “to change
the shape and dimensions of the metallic . . . electrodes,” to make them
of aluminum instead of platinum (as others mostly had done), and to
fix them into the ends of the tube with sealing-wax instead of fusion so
as to have them “easily done and undone.” In a typical set-up the glow
began at the anode and extended over the entire length of a tube 60 mm
in width at a pressure of 0.33 mm (4 x 10~* atm.). This glow-light
took a rectilinear path such that each point on the cathode constituted
the apex of an arc of rays.”” Two observations followed: First, as was
to be expected, “that all the rays of glow-light which proceed from the
particles of the negative surface endeavour to join the positive light. If
this is not possible, the glow ceases.” What could not be foreseen was
that “the positive light . . . would find great difficulties for its formation
in the vicinity of the kathode.””!
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Hittorf’s summary conclusions were that: “Special conditions exist in
the neighbourhood of the kathode which do not allow of the propagation
of electricity in the same manner in which it takes place in the positive
light, and prevent this current from entering the negative surface. It must
therefore be supposed that the conduction there is due to the glow.” The
effect of the magnet was that the rays of negative light behaved like
simple currents that flowed “from the neighbourhood into the kathode.”

Hittorf’s explanation was well in hand: “According to the law which
Laplace deduced from the experiments of Biot and Savart, a pair of
forces are at work between each particle of a linear current and the pole
of an infinitely thin magnet, which are at right angles to the parts of the
current and the pole, and whose intensity is inversely as the square of
the distance between them, as well as directly proportional to the sine of
the angle which the particles of the current form with its connecting line
with the poles. Since, for a finite magnet, the tangent to magnetic curve
which passes through the particle of the current represents the direction
towards the pole, the force acting on the element of the current is at
right angles to the plane which passes through it and the magnetic curve
of its locus.””? While working with Pliicker in Bonn, Hittorf had been
exposed to the conception of magnetically induced spirals moving in the
axial direction, and negative rays that, in contradistinction to magnetic
laws, coincide with the magnetic curves. Such views had enticed Hittorf
to take up studies of the magnetic behaviour of the glow rays. He
mentioned that: “The illness and unexpected death of my honoured
teacher prevented me from bringing before him [my] experiments.””>

On the pivotal question of the nature of “the rays of negative light,”
Hittorf reasoned that since “by their magnetic properties [they had]
revealed themselves as simple currents which take the direction of the
kathode, it can no longer be doubted that in gaseous media the prop-
agation of electricity takes place in a two-fold manner.” The positive
light was seen to be analogous to conduction in metals and electrolytes,
whereas the conduction in gases — that belongs to the glow-light “and
deserves greater consideration than has hitherto been paid to it” — has
its starting-point at the kathode and “propagates itself uniformly as
rays in all directions in the gaseous medium, and agrees therein with
wave-motion” (my emphasis).”*

The task ahead was to “investigate the conditions for the glow-light.”
By formulating the problem in this way, that is, by deciding not to pay
attention to all of the horrendously complex phenomena associated with
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electron discharge phenomena in order more exclusively to focus on the
conditions for and nature of the Glimmlicht, Hittorf was establishing
a new research programme in an old and somewhat weary enterprise
that was muffled — choked up with too much empirical information.
But Hittorf had done more than establish an agenda for future exper-
imental investigations. He had coupled his discovery with the strong
suggestion (growing out of that discovery) that the Glimmlicht was a
wave-like phenomena in the ether, and not particulate. Thus began a
thirty-year cathode ray controversy that wound up negating his wave
theory interpretation in favour of the particulate view.

Hittorf assuredly knew that he had put electric discharge studies on a
new course that was potentially of fundamental significance: “If I do not
deceive myself, these comparisons are peculiarly favourable for form-
ing conclusions as to the nature of the electrical current itself; it is not
impossible that, as with the theory of heat, gases will enable us to rec-
ognize most easily the essence of phenomena, and will liberate modern
physics from the last of the imponderables, the electrical one.””> Heat
had been shown to be a wave-like phenomenon and not an imponder-
able substance. Hittorf was confident that electricity, and therefore the
Glimmlicht, would be shown to be a wave-like vibration in the ether.

Having said as much, Hittorf was disquietingly sensible of what it
might take, technically, to resolve problems that still stood in the way.
For example, since the conductivity of the gaseous particles was known
to be “dependent in a far higher degree on the temperature than is that
of metals and electrolytes,” it would be necessary to determine resis-
tances with “such feeble currents that the temperature of the medium is
not appreciably changed, and must by other means reach that level by
which the conduction can be recognized in our galvanometers.” Hittorf
continued: “It is easy to formulate this requirement, but difficult or even
impossible to realize it completely. For gases only begin to lose their
insulation for our more accurate measuring-instruments at red heat, a
limit at which our means of maintaining a constant temperature are
very restricted. The greatest drawback, however, lies in the fact that in
those conditions of heat in which gases conduct, all other bodies that
we know behave similarly, and no solid insulators exist. We cannot,
therefore, restrict the current to a definite geometrically simple path in
the gaseous medium, and in these measurements we shall remain far
from that accuracy which can be obtained with metals. This view must
not, however, lead us to neglect the subject. Even somewhat less del-
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icate determinations may reveal facts of fundamental importance, and
crude approximations, provided they are correct, may be of the greatest
interest.” But there were many more “drawbacks [that] . ..decidedly
preponderate.””® There certainly was a new focus, but the experimental
barriers, as before, were formidable. In fact, Hittorf never was able, for
experimental reasons, to reach the goal that he had set for himself.

Although Hittorf proceeded in his investigations with considerable
confidence, he wanted it to be known that his views were to be con-
sidered “as only preliminary studies and reconnaissances, which are
necessary since the field is so unknown.” Discouraged perhaps by tech-
nical difficulties, indecision about the best avenue of approach to the
subject, and the need of equipment that he “could not procure,” Hittorf
waited for five years to return to his investigations on the conduction of
electricity in gases.”’

After a long interval Hittorf, as he said, “felt more strongly than
before the necessity of being able to work with the current of the voltaic
circuit, as well as with that of the induction-coil and of the electri-
cal machine, for it has been most minutely investigated [since the late
1860s] in every direction.” The first requirement, as Hittorf saw it, was
to use a stronger galvanic current. He mentioned that Gassiot deserved
the credit for having first demonstrated, in 1863, that “the enigmatic
luminous phenomena [could] be produced by the galvanic circuit” but it
had been accomplished with 3520 (later he mentions 3620) cells. With
tubes of small dimensions and sufficiently rarefied gases, Hittorf discov-
ered that 400 Grove’s elements sufficed. Nevertheless, as suggested in
1869, Hittorf still felt that higher temperatures would solve some prob-
lems that otherwise were unmanageable: “The longer I busy myself
with the discharge of electricity through gases, the more I am convinced
that the enigmas which here present themselves will be solved when the
electrical relations of matter in the third state of aggregation [presum-
ably gases] at high temperature have been investigated. At a red heat
all gases, as we shall see, lose the insulation which they possess at a
low temperature, even for feeble tensions, and may be called conductors
with just the same right as metals and electrolytes, even if the process
itself is essentially different and its laws are completely unknown . .. So
long as these important facts are not more closely investigated, the basis
for the subsequent construction of a theory will be wanting.”’® Having
examined methods of elevating the temperature in the discharge tube
by means of flame and heat-producing chemical reactions, in which
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“the formation of the glow-discharge is very beautifully seen,” Hittorf
comments: “all these means are available for the investigation of the
discharge in rarefied gases. By using them we shall be able, with sur-
prisingly low tensions of a few elements, to produce the glow discharge
in rarefied gases.””?

In the mid-1870s Hittorf was so preoccupied with teaching assign-
ments and other academic responsibilities that it was not possible for
him to devote his “scanty leisure to investigating the electrical conduc-
tivity of gases.” With access to 1600 improved immersion batteries in
1879, he abandoned attempts to increase the temperature in the dis-
charge area and took up voltaic methods: “The idea I had in view in
fitting up this battery is manifest. With the help of this most efficient of
all known sources of electricity, I hoped to produce the so-called glow-
discharge in gases continuously, and thus obtain the great advantages for
the investigation, which a continuous current offers, in contradistinction
to a discontinuous one [with spark-discharge methods].”% In making
this switch it was acknowledged that he had benefited from the work
of many others and that he and Pliicker had committed errors in their
spectral studies by using very hot flames and chemical action rather than
more intense voltaic currents.®!

Anxious to clarify the nature of continuous discharge phenomena
as in the Spitzenlicht, the “brush-light” that Faraday had described in
his Experimental Researches (Nos. 1434 to 1447), Hittorf was keen to
emphasize “that a transmission of particles of air accompanies the brush-
light . ..[and] is best of all demonstrated by the vane [Flugradchen]
which is caused to rotate rapidly by the reaction.”8? With the pointed
end of a strip of metal as one electrode and the vane as the other, “it
was possible to observe its behaviour at the ordinary pressure as well as
at any required degree of rarefaction . .. In order that the rotation may
occur, glow-discharge must not take place in the intermediate space,
but must remain confined to the immediate neighborhood of the point
[as brush-light]: At the pressures under 70 mm [10~2 atm.] it was very
easy, with the number of cells at my disposal, to cause and prevent the
rotation at will, by suitably altering the resistance introduced into the
circuit.”

What did these “radiometer” experiments tell about the conduction of
electricity in gases? Hittorf believed that the glow-rays did not directly
cause any rotation. In this he was in disagreement with William Crookes,
who recently, said Hittorf, “without referring to my investigations,”
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brought the ideas “before the Royal Society in London and the French
Academy ... [using] his radiometer as a fly-wheel, by fitting it up with
aluminum plates, covered with mica on alternate sides.”* We may note
here that Crookes felt that he had demonstrated that the cathode rays
were particulate and not wave-like in character. By contrast, Hittorf
suggested that “it is the thermal radiation of the glass side . . . which first
causes a rotation.”

In his own experiments, Hittorf “used a light moving windmill . . . but
it remained stationary when the whole bell-jar was filled with the glow-
discharge.” His conclusion was: “Reviewing all the facts in this para-
graph, and having regard to the delicacy of fly-wheels and vanes, there
is no doubt that in the glow-discharge there is no propagation of gas
particles; and that, therefore, when it takes place, the transmission of the
current everywhere, including the dark layers of the positive light and
the dark space, is due to another cause.” Faraday also held this view.

In two final information-rich and congested papers, Hittorf present-
ed the end-results of his investigations under the same heading he
had used for 15 years: Ueber die Electricititsleitung der Gase.80 The
caption, however, was not representative of the closely allied subject
that had been explored. The investigations of electroluminescence and
the Glimmlicht phenomena had spilled over into atomic and molecular
spectra, the effects of the magnet, chemical reactions, flame and spark
methods, the design of Geissler tubes, and the improvement of vacu-
um techniques, galvanometers, and condensors. The 1883-1884 papers,
documented with thirty densely-packed tabular résumés, did not offer
much more by way of interpretation than already had been presented
in the earlier papers. Although Hittorf announced a final paper on the
subject — perhaps to pull his ideas together — it apparently never saw
publication.’’

By the 1880s the study of gaseous discharge phenomena had become
a homet’s nest of interlinked islands of experimental inquiry that
enveloped branches of physics and chemistry such as crystal-, electro-,
piezo-, radio-, chemi-, and thermo-luminescence and phosphorescence,
as well as spectroscopy and astrophysics (notably auroral). More than
any other investigator before 1890, Hittorf saw in his Glimmlicht stud-
ies the essential route to understanding the nature of the glow discharge
phenomena produced by the electrical current in rarefied gases. Correl-
ative to Hittorf’s discovery of cathode rays came the inference-of the
wave-like/light-like disposition of those rays. Tentative and conjectural
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as that suggestion was, it nevertheless set into motion a legacy that
for twenty years dominated the views of his German compatriots and
initiated a controversy that ultimately led to rejection of the wave-like
nature of cathode rays in favour of the particulate view. In 1897 it was
shown — but not quite definitively and not accepted everywhere — that
cathode rays were electrons.

Hittorf’s work on electroluminescence was not widely acknowledged
among his contemporaries. This, in part, was because his papers were
so burdened with empirical details that important interpretations he had
to offer were covered up by the data. Another factor in the neglect of his
work was that so many papers were being published in the expanding
domain of electrical gas studies — most of them being devoted to check-
ing, duplicating, and demonstrating what already was known — that the
effort to keep up in the field must have been rather formidable.

There is another explanation lurking in the background that is worthy
of comment. Hittorf’s public image had a low profile and revolves on his
reticence at self-advertisement. Many persons who were close to him say
as much and consider that others received the credit for much of what he
had accomplished earlier and on the basis of less creditable evidence.
It is noteworthy that his earlier work on ionic mobility (1853-1859)
encountered the same neglect by his contemporaries, only coming into
its own years later, when it was recognized that this work was crucial
for the establishment of an electrolytic solution theory consistent with
the new views on ionic dissociation.

V. CONCLUDING REMARKS

Essential and perhaps unconscious theoretical constructs and intuitive-
ly formulated hypothetical objectives are known to be at work, often
unobtrusively, in the thought experiments and mental images of the sci-
entific investigator. Intuition is used in this context to denote the direct
inner perception that results from expert knowledge and superior expe-
rience in a scientific domain in which problematic and uncharted issues,
phenomena, or conceptions are open for investigation. Experimentalists
who bring knowledge and experience — that is, good intuition — to bear
on a domain-related but unsolved problem, are at a decided advantage
when it comes to insight and discovery. It is self-evident that intuition
may not always provide the necessary or sufficient conditions for the
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requisite insight. Nature commands its own complexities and regular-
ities. The history of investigations into electric discharge phenomena
in gases provides a seminal example of a frontier domain of science
in which theory-neutral expertise loomed paramount and on occasion
promoted insight and progress, in situations where theory manifestly
was absent or held in abeyance by the investigator.

Experiments, it rightfully is asserted, are theory-laden; yet that
emphasis often is uncritically invoked. Theories also are experiment-
laden — some more than others. In the case of 19th-century gaseous
discharge studies, history teaches that investigators, who were engaged
in creating knowledge in order to achieve understanding, were inundated
with experimental information for almost a century before satisfactory
explanations were reached in regard to the physical or chemical nature
of the constituents of the discharge, their mode of production, and the
mechanism of current conduction. The field was littered with appar-
ent discoveries and embryonic attempts at explanation that invariably
evaporated with the acquisition of additional experimental evidence,
reanalysis of the data, or change of mental framework. At times the
would-be interpretations were too ambitious and too inclusive to be
put to decisive test. Then intuition, rather than “theory,” comprised the
essential focus for subtle differentiation and interpretation of puzzling
experimental observations. Foregone and plausible but unproved expla-
nations, on the other hand, functioned as barriers to advancement. They
either blocked the way to understanding or led to roundabout strate-
gies inferior to the path suggested by more straightforward, enlightened
empirical inquisitiveness, especially when sustained by superb instru-
mental craftsmanship.

It is understandable for an investigator to be so convinced of the out-
come of an experiment or an unanticipated reality that discarded views
and conceptions block essential understanding long after favourite pre-
dispositions have been cleared away. Intrinsically complex phenomena
are then uniquely put in jeopardy by the heavy armory of preconceived
theoretical guidelines. In the case of electric discharge studies, it invari-
ably proved to be the case that genuinely potent, unforeseen, and vexa-
tious puzzles provided, on their own, the essential signposts and instru-
mental means for deciphering an appropriate language of nature and
mapping the way to a more compelling puzzle — one, for example, that
would lead to a reshaping of the questions that had been asked, and then
to the design of experiments and instruments that would be essential
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to pursue the newly formulated agenda. The Austrian dramatist Franz
Grillparzer has captured the philosophy of the kind of puzzle-solving
inherent in 19th century electric discharge studies: “Where riddles led
me on to further riddles, to them the truth was quite precisely known.”88

The emphasis given in this paper to the prominence and dominant
role of experimentation in electrical discharge studies may be countered
by saying that the inadequacy, irrelevance, or absence of theory does not
imply that the experimental investigations were carried out in a theory-
neutral mental setting. In fact, it is highly probable that a plurality
of incipient theoretical hints and options on “what to do and how to
proceed” was lurking “off stage.” It also must be said that theories, such
as these were, undoubtedly furnished points of departure, motivations,
and transitory heuristics for the ongoing search for solutions to the
problems encountered — even when they tended to vanish on subsequent
investigation.

Two responses are offered. First: virtually all of our investigators
were remarkably taciturn in print and correspondence about theoretical
commitments and generalizations. Indeed, speculation was not much in
evidence. Second: for better or for worse, there is a style of research
on display here in which high premium is assigned to authentic and
deep curiosity about nature and its inscrutable ways. This is coupled
with traits of unsparing attention to fine-grained details, virtuosic tac-
tile and visual sensitivity, craftsmanship, and above all a deferential
and even celebratory acceptance of the endlessly exploration-worthy
complexities of natural phenomena. Indeed, it could hardly have been
otherwise in a field of research where, with every discovery, things
became more complex. The boundary conditions for the investigations
were tolerably well defined. There was a shared agenda in relation to the
acquisition of knowledge, even in the midst of disagreement about the
experimental results and interpretations. Astride such a mental disposi-
tion, the experiment-laden search for understanding became an end in
itself, liberated from nervous concern about grand and final solutions.
Conspicuous, above all, was the readiness to live with contradiction
while playing an intellectually-directed experimental game.

The substance and focus of this paper has been to examine a style
of scientific inquiry characterized by a narrowly identified domain of
investigation — the conduction of electricity in gases — that attracted
a genre of experimentalists who, within a specific intellectual dispo-
sition, were content to spend considerable time and effort exploring



ELECTRIC DISCHARGE IN RAREFIED GASES 127

complex issues and puzzles where ultimate solutions were not readily
forthcoming. Unlike the history of relativity, quantum physics, chemical
thermodynamics, physical acoustics, or the conduction of electricity in
solids, liquids, and solutions, the history of the conduction of electricity
in matter in the gaseous state represents an area of scientific investiga-
tion in which advancement (the acquisition of knowledge) was uniquely
tied to a brand of experimentation that was scarce on theory. Experimen-
tation invariably was in advance of theory. Theoretical comprehension,
generalization, and a measure of closure came only toward the end of
the century.

Faraday’s authority in the domain of electricity, coupled with his brief
entrée into the field of electrical conductivity in gases in the 1830s, set the
stage for the exhaustive gas discharge experiments of the mathematician
Julius Pliicker of Bonn and the physical chemist Wilhelm Hittorf of
Miinster. An historical examination of investigations along similar lines
after 1880 — not included in this paper — would show that this branch
of electrical studies was appropriated mainly by physicists from within
the Helmbholtz circle in Berlin: Eugen Goldstein, Heinrich Hertz, and
Philipp Lenard. Following three decades of controversy concerning the
nature of the “rays” produced in the electrical discharge — wave-like
or particle-like? — it was demonstrated at the end of the century that
the “cathode rays” are streams of electrons. This brought the century-
old electric discharge phenomenon and its attendant puzzles to a point
of closure and set the stage anew for exploration of the constituents,
structure, and reactions of the atom and its nucleus.

We began with an account of Faraday’s contribution to electrical
discharge studies in gases. He will have the final word, because his
attitude to the worth of experimental knowledge characterizes a point of
view shared also by Pliicker and Hittorf. Faraday many times referred
to the impact that one particular book — the Conversations on Chem-
istry of Jane Marcet (1769-1858) — had played in his decision to take
up chemistry. Unlike other contemporary textbooks, her book appealed
to him because it had more details and was more technical. Paralleling
Humphrey Davy’s approach to the subject, Mrs. Marcet stood for chem-
istry as the key to unraveling the mysteries of nature. On the occasion
of her death in 1858, Faraday wrote to August De la Rive (1801-1873),
a Swiss physicist who had made a name for himself with a theory of
electric discharge in rarefied gases as related to aurora borealis: “Do
not suppose that I was a very deep thinker, or was marked as a preco-
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cious person. I was a very lively, imaginative person, and could believe
in the ‘Arabian Nights’ as easily as in the ‘Encyclopaedia’. But facts
were important to me, and saved me. I could trust a fact, and always
cross-examined an assertion. So when I questioned Mrs. Marcet’s book
by such little experiments as I could find means to perform, and found
it true to the facts as I could understand them, I felt that I had got hold
of an anchor in chemical knowledge, and clung fast to it.”%°

Department of the History of Science
Harvard University
U.S.A.

NOTES
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metric glow” associated with electrical discharge in rarefied gases. See Juliette and
René Taton, Dictionary of Scientific Biography, vol. 10, pp. 595-597. Joseph Priestley
(1733-1804), in his search for new varieties of “airs,” analyzed the products of electrical
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1837) employed the large electrical machine of Martinus van Marum (1750-1837) at the
Teyler Museum in Haarlem for sparking and analyzing air. The German chemist Georg
Friedrich Hildebrandt (1764-1816), early antiphlogistonist and reserved atomist, at the
beginning of the 19th century reported on colours produced with electric discharge in
rarefied gases. [Schweiggers] Journal der Chemie 1 (1811): 237.

2 See,e. g., William Wheatstone, “On the Prismatic Decomposition of Electrical Light,”
Communications to the British Association for the Advancement of Science (at Dublin
in 1835) (London, 1836), pp. 11-12.

3 John Tyndall, “On Faraday as a Discoverer,” Friday evening lecture, 17 January 1868,
The Royal Institution Library of Science, Physical Sciences 2 (1970): 52 and 56.

* The definitive biography of Faraday is: L. Pearce Williams, Michael Faraday. A
Biography (New York: Basic Books, 1965). See also the excellent short account in
the Dictionary of Scientific Biography, vol. 4, pp. 527-540. Until about 1850 Fara-
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Williams reports that “his friend and close associate at the Royal Institution, John
Tyndall, a self-styled agnostic, wrote in . .. his journal ... ‘I think that a good deal of
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He drinks from a fount on Sunday which refreshes his soul for a week.”’ Ibid., p. 527.
5 Thomas Martin (ed.) with Foreword by William H. Bragg, Faraday’s Diary. Being the
Various Philosophical Notes of Experimental Investigation Made by Michael Faraday,
7 vols. and Index (London, 1932-1936). Quote: vol. 3, §3110-3140.

6 Michael Faraday, Experimental Researches in Electricity (London, 1839), vol. 1,
§1544-1548. The characteristic visible features that accompany electrical discharge in
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a vacuum tube (from circa 10! to 10~° atmospheres pressure) are complex, colour-
ful, and tantalizing: spark discharge, negative glow, Faraday dark space, cathode glow,
Crookes/Hittorf dark space, striated positive column, anode glow, Aston dark space,
and fluorescence (begins at circa 10~° atm.). In recent times the phenomenon of glow
discharge has been recognized to be of theoretical importance for understanding the
mechanism of atomic processes in current flow. See A. von Engel, Ionized Gases (Lon-
don, 1965), pp. 217-221. The Faraday dark space phenomenon (that shows up at circa
6 x 1073 atm.) is related to the depletion of charged particles by diffusion; at this
rarefaction it becomes necessary to produce more particles in order to maintain constant
current density.

7 Faraday (1839), §1614-1615.

8 W.R. Grove, “On the Electrical Discharge, and Its Stratified Appearance in Rarefied
Media,” (1859) Royal Institution Library of Science, Physical Sciences 1 (1970): 277-
281. Quotes on pp. 277 and 280.

® Grove (1859) 280-281.

' Grove (1859) 281.

1 W. R. Grove, “On the Electro-Chemical Polarity of Gases,” Philosophical Transac-
tions of the Royal Society 142 (1852): 87-101. See pp. 87 and 100.

12 Edgar R. Morse, “Gassiot,” Dictionary of Scientific Biography, vol. 5, pp. 292-293;
William J. Harrington, “Gassiot,” Dictionary of National Biography 7 (1885-1890):
935-936. As friend and experimental collaborator to Faraday, Gassiot is featured promi-
nently in Faraday’s diary, correspondence and publications, primarily in connection
with investigations on the identity of static and voltaic electricity. Faraday, Diary, vol. 7
(1936), entries 23 Jan. 1838 to March 1858, sections 1-292; Selected Correspondence of
Michael Faraday, L. Pearce Williams, ed., vol. 1 (1812-1848) and vol. 2 (1849-1866)
(Cambridge, 1971). See General Index p. 1055.
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Proceedings of the Royal Society of London 9 (1859): 601-605.

4 Gassiot 148 (1859): 1-3.

5 Ibid. 13-14.

16 Gassiot 148 (1859): 14; 9 (1859): 601-602.

7 Gassiot 148 (1859): 16.

8 The belief that gas discharge studies would lead to fundamental insights concern-
ing the connection between electricity and the structure of matter already was strong
within the Helmholtz circle in Berlin in the late 1840s. The physical chemist Gustav
Wiedemann (1826-1899) developed a lifelong friendship with Helmholtz at that time.
AtKarlsruhe in the 1870s, while Pliicker and Hittorf in Bonn and Miinster were engaged
in their Helmholtz-motivated electric gas discharge studies, Wiedemann, in collabora-
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- to disentangle the nature of the process involved in electric discharge phenomena in
gases. Wiedemann and Rithimann, “Ueber den Durchgang der Elektrizitat durch Gase,”
Annalen der Physik und Chemie 145 (1872): 235-239, 364-399; 158 (1876): 71-87,
252-287.
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proof for Einstein’s special theory of relativity (1906) and the quantum hypothesis
(1907). In 1919 Stark was awarded the Nobel Prize in physics “for his discovery of the
Doppler effect in canal rays and the splitting of spectral lines in electric fields.” Max
Planck the same year received the Nobel Prize for his “discovery of energy quanta.”
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rays.”
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supplied by the Pliicker family. An incomplete list of Pliicker’s publications by Felix
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Julius Pliicker (Bonn, 1933), gives a more useful, because documented, portrayal and
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have been quoted. Otherwise the author has provided his own translations from the
Gesammelte Physikalische Abhandlungen.
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in Munich and Holland, established himself as a mechanic at the University of Bonn
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more information on Geissler: Hans Kangro, Dictionary of Scientific Biography, vol. 5,
pp. 340-341, and A.W. Hofman, obituary notice, Berichte der Deutsche chemischen
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28 Plicker, Philosophical Magazine (1858): 119.
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Paris that supplied scientists with induction coils that he had invented. For many years
these coils were used as the standard source of power in the operation of Geissler and
Crookes discharge tubes. Bernard S. Finn, “Rithmkorff,” Dictionary of Scientific Biog-
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0 Heinrich Kayser, Handbuch der Spektroskopie, vol. 1 (Leipzig, 1906), p. 231.
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2 Pliicker, Philosophical Magazine (1858): 119-122.
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37 Ppiet Hein, Grooks (Copenhagen, 1966), p. 2.
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% Pliicker, “Observations on the Electric Discharge,” Philosophical Magazine 18
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body, was introduced by John Herschel in Philosophical Transactions 136 (1845): 147.
“ Pliicker, ibid. 7.

“!' Plitcker, ibid. 8-12.
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GIBBS AND THE ENERGETICISTS

1. INTRODUCTION

The energeticists Georg Helm and Wilhelm Ostwald were enthusiastic
in their praise of the thermodynamic writings of Josiah Willard Gibbs.
Both admired the elegance and power of Gibbs’s work and regarded
it not only as energetic in character, but as exemplifying the course
a rightly-conceived natural science should and would take. They dis-
agreed, however, in their characterizations of Gibbs’s general approach.
Helm interpreted Gibbs as a phenomenalist, which was the approach
to science he favored; Ostwald thought Gibbs a realist, which was the
outlook he preferred. And since each regarded Gibbs’s work in ther-
modynamics as reflecting the natural development of scientific inquiry,
they also disagreed about the mandates of the Weltgeist: Helm saw sci-
ence progressing in the direction of energetic phenomenalism, while
Ostwald viewed it instead as progressing toward energetic realism.

The energeticists were wrong — in their understanding of Gibbs, at
least — as I shall try to explain in this essay. Since Helm and Ostwald
each regarded Gibbs as having furthered an approach to natural science
initiated by Robert Mayer, I will begin, in Section II, with their very
different understandings of his work. Section III, also preparatory, com-
ments on their equally opposed views about energy. Section IV then
describes Helm’s reading of Gibbs and explains why it seems clearly
mistaken. Section V, in somewhat more detail, does the same for Ost-
wald. Along the way, I try to imagine Gibbs’s likely response to the
energeticists. This is somewhat problematic, however, since Gibbs nev-
er commented on the project of the energeticists and commented only
infrequently and indirectly on the goal of physical theory. Still, enough
can be inferred from what he did say, and from the physics Gibbs pro-
duced, to conclude that he would have rejected energetic interpretations
of his thermodynamics. Section VI, a brief epilogue, sketches the real
motivation for his work.
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Since the subject of my essay is likely unfamiliar to many contem-
porary readers, a bit of context may prove useful. Let me begin with a
broad brush, and then add a few relevant details.

The great unsettled question of late nineteenth-century physics was
the status of the mechanical world view. For more than two hundred
years — from Descartes, Huygens and Newton in the seventeenth century
to Helmholtz, Hertz and Boltzmann at the end of the nineteenth —
physicists had generally sought mechanical explanations for natural
phenomena.1 Indeed, as the last century drew to a close, Heinrich Hertz
reaffirmed the classical goal of physical theory: “All physicists agree,”
he wrote, “that the problem of physics consists in tracing the phenomena
of nature back to the simple laws of mechanics” (Hertz 1894, Vorwort).
But when these words appeared in 1894, there was in fact no longer
general agreement among physicists about the nature of their project.
Many doubted, and some explicitly denied, that mechanics was the most
basic science; other candidates for that honor — thermodynamics and
electromagnetic theory, in particular — were seriously considered; and
comprehensive alternatives to the mechanical world view were proposed
and vigorously debated throughout the 1890s and early 1900s.?

Energetics was one of the alternatives. Tracing its origins to the
founders of the law of energy conservation, especially Robert Mayer,
and to the thermodynamic writings of Clausius, William Thomson, and
Gibbs, energetics was an attempt to unify all of natural science by means
of the concept of energy and of laws describing energy in its various
forms. The energeticists believed that scientists should abandon their
efforts to understand the world in mechanical terms, and that they should
give up atomism as well, in favor of a new world view based entirely
on the transfers and transformations of energy.

The emergence of energetics was largely, if not entirely, a German
phenomenon. Its main proponents were Georg Helm, a Dresden mathe-
matician and physicist, and Wilhelm Ostwald, the professor of physical
chemistry at Leipzig. Both thought that the world view of modern sci-
ence was moving toward a comprehensive theory of energy.? But, as
previously noted, they disagreed about the general form that theory
would take: Helm believed that it would be a phenomenalist theory,
while Ostwald was convinced that it would be realist in character. Each
thought, nevertheless, that the thermodynamic writings of Gibbs sup-
ported his position.
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II. MAYER AND ENERGETICS

Helm and Ostwald included all of the pioneers of energy conservation
among the founders of energetics, but they accorded a special place of
honor to Robert Mayer. Sometimes, their reasons for doing so coincided.
Each admired the boldness and independence of Mayer’s thought, his
skeptical attitude toward prevalent molecular and mechanical hypothe-
ses, and the way he steadfastly opposed any attempt to reduce heat to a
form of mechanical energy. Above all, each praised Mayer’s insight that
all natural phenomena are really energy transformations and his vision
of a unifying science of energy.* But at the same time, they disagreed
fundamentally about the content of Mayer’s insight and the meaning of
his vision.

To isolate the important issues, let me begin with Helm’s evaluation
of Mayer in his history of energetics. When Helm praised Mayer in
1898 for the clarity of his insight into fundamental principle, it was
for conceiving the possibility of a science of energy that was a “pure
system of relations,” exemplifying a phenomenalism of the sort cham-
pioned by Emnst Mach (Helm 1898, 20). Mayer had founded “a new
world view,” Helm claimed (Helm 1898, 214), that was both energet-
ic and phenomenalist in orientation. Like Mach, Mayer was interested
only in quantitatively describing and relating the data of experience,
the phenomena. Eschewing metaphysical references to underlying sub-
stance or causes, he was satisfied to show that “a relationship exists in
consequence of which one phenomenon decreases in favor of another,
or increases at its expense” (Helm 1898, 26). But he went beyond Mach
in suggesting that all our experience, and so all phenomena, are energy
related. This was Mayer’s “fundamental energetic idea” (Helm 1898,
29), the one Helm sought to promote in his own work.

This interpretation is fanciful and it conflicts with Helm’s earlier
reading of Mayer’s intent.’ But at present that is not my concern. (I
shall comment later, when I come to Gibbs, on Helm’s reliability as
an historian.) Here I want to clarify the view Helm attributed to May-
er, because Helm did think that a “pure system of relations can be
achieved by means of energetics”; this was the “fundamental energetic
idea” that Helm sought to develop, defend, and promote in his history
of the subject. For reasons to be discussed shortly, I designate this
Helm’s “official position” on the goal of energetics, and I shall col-
lect its main features under one heading, which I call the “Relations
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Thesis.” The Relations Thesis has epistemological, methodological and
anti-metaphysical dimensions. First, it claims that we can only know
phenomena and changes in phenomena, all of which — for Helm, as
for Ostwald — are energetic in character. Second, it claims, in conse-
quence, that the goal of natural science is to describe and relate energy
phenomena in the simplest and most unified manner possible. Third, it
rejects all inferences beyond the phenomena. Specifically, it rejects all
efforts to substantialize energy or to reify energetic changes in terms of
“migrations,” “transitions,” “transformations,” “conversions,” or what
have you. When he wrote his history of energetics, Helm portrayed
Mayer as the first significant advocate of the Relations Thesis.’
Ostwald disagreed. In his view, Mayer’s most important contribution
to energetics was to have ascribed reality and substantiality to energy
as well as matter. That was the “essential insight” that Ostwald sought
to promote and develop in his first writings on energetics,® but obsta-
cles had made this difficult. Sometimes, Ostwald claimed that Mayer’s
insight had been obscured by subsequent developments of the ener-
gy concept, especially in thermodynamics, where energy tended to be
regarded more as an interesting mathematical function, comparable to
the potential function in mechanics, than as a physical reality. Usually,
he put the blame elsewhere: “One may undoubtedly explain [general
ignorance of Mayer’s intent] as a consequence of the rapidly expanding
mechanistic conception of nature,” a way of thinking he found even
harder to overcome.’ Whatever the reason, Ostwald initially only want-
ed to recover and underline the importance of Mayer’s basic idea, that
energy is as real and fundamental as matter. Within a few years, though,
Ostwald was converted to the way of “pure energetics” and began to
defend in his writings the idea that only energy is substantial and real.
“The more I reflected on the nature of energy,” Ostwald wrote in 1891,
“the clearer it became to me that matter is nothing but a complex of
energy factors.” Given that realization, he soon concluded that a gen-
uine energetics had to do more than treat energy as *“a real substance and
not just as a mathematical abstraction”; it had to recognize energy a the
ultimate substance and the only reality (Ostwald 1891, 566).10 Oppos-
ing Helm’s Relation Thesis was likely on Ostwald’s agenda, therefore,
when he later recounted the history of energetics. After insisting that
his own development of the subject had not only opposed the “sterility
of unbridled mechanism” but had sought to remove energy from “the
realm of mathematical abstraction and to view it as the real substance

2 6
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of the world,” Ostwald then proceeded to criticize Helm’s initiatives as
“a retreat to a position even less progressive than Mayer’s” (Ostwald
1926, vol. 2, 157-158).

III. HELM AND OSTWALD ON ENERGY

Helm’s position was less definite and consistent than Ostwald’s criticism
might suggest. In his writings on energetics, Helm vacillates between
the ascetic phenomenalism of the Relations Thesis and some form of
energetic realism, so that his intent in a given passage is not always clear.
But two conclusions are reasonably secure. First, despite his later advo-
cacy of the Relations Thesis, Helm always spoke of the internal energy
of a system as if it were a substance. More precisely, he always attributed
to a system, as a real possession, a definite internal (or intrinsic) energy,
which was a function of its physical and chemical state.!! Sometimes,
he also seemed to be committed to a larger claim, which I shall call the
thesis of “real presence.”'? This thesis claims that the internal energy
of a system may be divided into components, each of which is really
present in the system. Usually, however, he rejected as unfounded the
idea of real presence, arguing that a system no more possesses a definite
quantity of kinetic energy than it does of heat or volume energy.!> So
we may perhaps best summarize the praxis of Helm’s history, in con-
trast to his official position, by saying that while he took for granted a
substance view of internal energy, he opposed the idea of real presence.
Hence, for example, his approval of Tait’s criticism of Clausius: “We are
quite ignorant of the condition of energy in bodies generally. We know
how much goes in, and how much comes out, and we know whether at
entrance or exit it is in the form of heat or work. But that is all” (Helm
1898, 121).!4 Helm did not object in principle to Helmholtz’s distinction
between “free” and “bound” energy as a conceptual or heuristic device,
or to Rankine’s between “actual” and “potential,” or even to Clausius’
between heat and internal work, but he generally rejected any realistic
interpretation of energy components. The appearance of different forms
of energy was a sign of intrinsic energy in transition, but these forms
were not themselves really present in different amounts in the energy
content of a body.!3

Ostwald evidently disagreed, but his own considered position is also
difficult to reconstruct. From the early 1890s, when he first began to
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write in earnest on energetic theory, he officially subscribed to a view of
matter’s relation to energy that might be called the Composition Thesis.
On that view “material objects” (or “bodies” or “physical-chemical
systems”) are nothing more than energy complexes — spatially copresent
and coupled clusters of energy. The Composition Thesis was doubtless
central to Ostwald’s conception of energetics; in fact, acceptance of
it in some form or other constitutes much of what he meant when he
spoke of his conversion to “pure energetics” (Ostwald 1926, vol. 2, 168—
170).16 In his more detailed discussions of energetic science, however,
Ostwald usually employed a quite different view of matter’s relation to
energy. Then he frequently spoke of an object or system “containing” (or
“possessing” or “having”) energy of certain kinds in certain amounts,
as if a system were not the same as, but something in addition to, its
energy content. When he did this, moreover, he usually just assumed,
without comment, that every system contains definite amounts of several
distinct forms of energy (real presence) and that in each case the total
energy content is given by the sum of the amounts of each form (really)
present.!” This view, into which Ostwald slipped whenever he attempted
the mathematical development of energetic theory, might therefore be
called the Containment Thesis.'®

A study devoted to the energetic theories of Helm and Ostwald would
require more attention to their various treatments of energy in practice,
since that practice frequently appears to undermine or contradict the
theory it is supposed to support. But as that is not my aim here, and to
avoid complications in what follows, I shall take Helm and Ostwald (at
their official words) as defending, respectively, the Relations and Com-
position Theses. In Helm’s view, then, Gibbs followed Mayer in being
a clear and consistent proponent of the Relations Thesis. In response,
I shall argue that while Gibbs was evidently aware of the security as
well as the power of phenomenological thermodynamics, he found the
asceticism of phenomenalism physically unsatisfactory. On Ostwald’s
view, by contrast, Gibbs had gone beyond Mayer (like Ostwald him-
self) in conceiving of energy as the only reality and by embracing the
Composition Thesis. In reply, I argue that Gibbs did not regard ther-
modynamics as essentially the study of energy and that he would have
rejected the realism of the Composition Thesis as physically unfounded.
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IV. HELM AND GIBBS

Like Ostwald, Helm thought the originality and importance of Mayer’s
insight had not been appreciated by his contemporaries, and to a large
extent their reasons were the same. The main problem, in Helm’s view,
was that scientists were wedded to molecular and mechanical ways of
thinking, which they were reluctant to give up. Nowhere was this more
evident, perhaps, than in the subsequent development of thermodynam-
ics and the effort expended to understand its laws. Here, Helm lamented,
most physicists insisted that “the actual scientific foundation of thermo-
dynamics had to be sought in the mechanics of atoms” (Helm 1898,
146). It was as if the laws of thermodynamics were taken to be only
“rough estimates,” useful for certain purposes, but ultimately unsatis-
factory because they did not “open up a view into the mechanics of the
interior of bodies.” Helm agreed that “to someone for whom the high-
est goal of the theoretical knowledge of nature is the resolution of all
change into the motion of atoms,” thermodynamics probably appeared
to be little more than a “bargain basement” theory, since its results were
in fact the consequences of more basic causes (Helm 1898, 144). But
he resisted that attitude as contrary to the spirit of energetics.

One can be more precise about the nature of that resistance, and in
a way that sheds light on Helm’s reading of Gibbs. In general, Helm
applauded works that contributed to a phenomenological theory of ener-
gy, and criticized those that promoted molecular and mechanical theories
of the same, conflated micro-mechanical theories with phenomenolog-
ical ones, or valued the former sort of theory more than the latter. Of
Clausius’ 1850 memoir, for example, he wrote that it marked “a decisive
turning point” in the history of energetics:

We have before us here for the first time the foundations of a system of theory that,
without hypothetically going back to mechanics or even using mechanical analogies,
can nonetheless make the same claim to unconditional and comprehensive validity as
does mechanics itself: What Carnot and Mayer aspired to is here fulfilled. This energetic
originality of Clausius’ work emerges in a particularly striking way if one compares
it to [J. M.] Rankine’s memoir, published in the same year, which arrives at many of
the same results, but which is based throughout on a mechanical hypothesis: Molecular
vortices are conceived and, hypothetically, certain mechanical relations of these vortices
are then interpreted as heat, others as temperature, in order to advance to the results
(Helm 1898, 81).

Helm’s evaluation of Clausius’ memoir is selective and misleading;
but the distinction Clausius began to formulate in that work between
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what we should now call the “general” and “special” theories of heat
does help to locate what is essential to Helm’s point of view. He enthu-
siastically praised the former theory, regarding it as fully energetic in
spirit; but he regretted Clausius’ later attempts to construct a special
theory of heat — his excursions into the molecular realm and his efforts
to provide his general theory with a mechanical basis.!® To be sure,
Clausius had been scrupulously careful to separate his work on ther-
modynamics from his ideas about molecular science, realizing that the
latter were less likely to command general assent;20 but others, such as
Rankine, were perfectly willing to incorporate ideas about molecules
and mechanisms into the very heart of thermodynamics. And Clausius,
in any case, believed that an explanation of the laws of thermodynamics
on the basis of molecular mechanics was possible, fundamental, and
needed.

Helm did not share that point of view, and neither did Ostwald.
But whereas Ostwald believed that the “subtleties of nature” sought by
mechanical theorists were actually unveiled by a properly conceived
energetics, Helm’s considered view was that the search for such sub-
tleties was not the proper task of science. If Ostwald was committed to
energy as the only real substance of the world, and to the existence of
distinct, irreducible forms of energy, Helm professed himself opposed to
metaphysics of any kind. Of William Thomson and P. G. Tait’s Treatise
on Natural Philosophy, for example, he wrote:

This work has not escaped the ancient metaphysics of matter and motion; it has only put
off discussing it until another time. But a rightly constituted theory of energy stands in
need of no such discussion. Energetics, as a pure science of relations, does not require
metaphysical speculations to support itself or to ground its applications (Helm 1898,
212).

Not surprisingly, therefore, Helm admired phenomenological thermody-
namics and preferred a theory of energy modeled on that science. In the
early parts of his history of energetics, in fact, he often simply identified
the two (Helm 1898, Parts I-IV). While not wanting to deny that “the
mechanical hypothesis” or the “molecular hypothesis” — two ideas he
also frequently ran together — had sometimes yielded important results,
he vigorously protested the tendency to interpret such hypotheses as
more than conceptual or heuristic devices, lacking ontological import.
Like Ostwald, moreover, Helm opposed attempts to defend molecular
and mechanical hypotheses by means of “all sorts of artificialities,” and
sought to expose the confusion — all too prevalent, in his view — of atom-
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ism and mechanism with what was really essential to energetics. Having
traced this confusion to the early writings of Helmholtz, especially to
his famous memoir of 1847, Helm continued:

Robert Mayer completely avoids this confusion, and in England, too, under the steady
influence of William Thomson, energetics developed more purely. In Germany the
gradually increasing predominance of the mechanical hypothesis is very clearly revealed
in the personal development of Clausius. His first work of 1850 sees in energetics [=
thermodynamics] a new science joining mechanics on an equal basis, but the molecular
hypothesis intrudes itself more and more into his later works. In the same way the entire
course of development of the science in Germany from the mid 1850s to the mid 1880s
appears as a falling away from the true clarity of Mayer’s intuition (Helm 1898, 145).

Untouched by the German decline, however, Gibbs had held fast to
Mayer’s intuition. Helm had many reasons for praising Gibbs, but what
most impressed him was the rigorously phenomenological character of
Gibbs’s work.?! Nowhere, he thought, had the Relations Thesis found
a more brilliant and productive development:

Completely free of any bias in favor of the mechanics of atoms, establishing with
complete impartiality the strict consequences of the two laws [of thermodynamics],
without any longing glances at and yearning for mechanics — thus the work of Gibbs

suddenly stands before our gaze ... Here the great old idea of Mayer has come to life
in mathematical formulae, free from all molecular-hypothetical adornment.

Helm can barely contain himself. Of Gibbs’s three great papers on
thermodynamics he exclaimed:

What a book, in which chemical processes are treated without the traditional chemical
apparatus of atoms, in which the theories of elasticity, of capillarity and crystallization
and of electromotive force, are set forth without all the usual devices of atomistic origin!
Naked and pure, the true object of the theoretical knowledge of nature stands before us:
the establishment of quantitative relationships between the parameters which determine
the state of a material system during any changes subject to investigation. No wonder
that people did not understand these works of Gibbs . .. (Helm 1898, 146).

Again, however, Helm has selectively misread the history of science,
attempting to bolster his own conception of energetics by claiming
the authority of Gibbs for that point of view. He was certainly right in
saying that Gibbs’s writings were difficult to understand, but he was just
as certainly wrong in claiming that Gibbs had no interest in a molecular
and mechanical explanation of thermodynamics.

The clearest, most explicit statement of that interest is found in the
remarkable preface Gibbs wrote in late 1901 for his treatise on statistical
mechanics, a work that was “Developed With Especial Reference to the
Rational Foundations of Thermodynamics” (Gibbs 1902, v—x). There
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we find him remarking that “the laws of thermodynamics, as empir-
ically determined, express the approximate and probable behavior of
systems of a great number of particles,” and affirming the belief, in
consequence, that the separate study of statistical mechanics “seems to
afford the best foundation for the study of rational thermodynamics and
molecular mechanics.” In fact, he put forth the view that “the laws of
thermodynamics may easily be obtained from the principles of statistical
mechanics, of which they are the incomplete expression” (vi-vii).

This point of view was not new to Gibbs’s thought: Gibbs spoke pub-
licly on statistical mechanics as early as 1884;%2 and he taught courses
on the subjected throughout the 1880s and 1890s, always with a view to
laying a conceptual foundation for the laws of thermodynamics.?3> An
obituary notice he wrote for Clausius in 1889 (Gibbs 1889) reveals the
depth of his understanding of the subject and also his concern for the
molecular approach to thermodynamics. There Gibbs compared the con-
tributions of Clausius to the molecular interpretation of the second law
with those of Maxwell and Boltzmann and made clear that he not only
understood well their arguments but also approved of their orientation.
Unlike Helm, he wrote approvingly of Clausius’s interest in “the nature
of the molecular phenomena of which the laws of thermodynamics are
the sensible expression.” He also praised Clausius for his “remarkable
insight,” for the “substantial correctness” of his ideas, and for his “very
valuable contributions to the molecular science” (Gibbs 1889; [1906,
vol. 2, 263-265]). The positive later evidence all suggests, therefore,
that Gibbs thought thermodynamics to be reducible to mechanics, even
if to some statistical version.?*

Can we reasonably project this attitude backward into his earlier ther-
modynamics writings? This is more problematic, since Gibbs did not
disclose his thoughts on the subject in these works. We may conjec-
ture that he already thought a statistical approach to the second law of
thermodynamics to be necessary, but that he did not approve of current
approaches to the problem, such as Boltzmann’s, and did not yet know
how to extend the ensemble approach adumbrated in Maxwell’s last
work.? But the only direct evidence for this conjecture is a remark he
made in the section of his memoir on heterogeneous equilibrium that
developed that well-known “Gibbs paradox.” There Gibbs noted that
since it is possible in principle for the ordinary molecular motions in
a gas to produce unmixing, with a concomitant decrease in entropy,
one cannot absolutely rule out such a process, however unlikely it may
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be. “In other words,” he wrote, “the impossibility of an uncompensated
decrease of entropy seems to be reduced to an improbability” (Gibbs
1906, vol. 1, 167-168).2

This remark is not developed in Gibbs’s thermodynamic writings;
but given the objective of those works, it is not surprising. What we find
instead are careful, if infrequent, references to the relations between clas-
sical, non-statistical mechanics and thermodynamics, for example, to the
idea that the conditions for thermodynamic equilibrium may be regard-
ed as a generalization of the condition for mechanical equilibrium.?’
A couple of passages may also suggest that Gibbs regarded classical
mechanics as reducible to thermodynamics, since he explicitly states
that real systems are thermodynamic in nature and seems to imply that
the condition for purely mechanical equilibrium is merely a consequence
of his own conditions for thermodynamic equilibrium.?® But if Gibbs
had thought that thermodynamics held the key to theoretical unity, he
would have pursued the matter, and he did not. His next work on the
fundamental equations of mechanics did not comment on the relation
between mechanics and thermodynamics or even mention the equilib-
rium conditions of his famous memoir (Gibbs 1879). Indeed, he wrote
no other major work on thermodynamics; with one exception, of no
consequence here, his later publications in the field were elaborations
of particular problems he had discussed in his memoir on heteroge-
neous equilibrium.?® Gibbs apparently thought he had already said all
that he needed to say about the fundamentals of the subject.’® It was to
statistical mechanics that he then turned to explain those fundamentals.

An indirect bit of evidence that he may have done so almost immedi-
ately is provided by E. B. Wilson, one of Gibbs’s students. Commenting
on the letter Gibbs wrote in January 1881 (Gibbs 1881), accepting the
Rumford Medal of the American Academy of Arts and Sciences for his
work in thermodynamics, Wilson wondered what Gibbs would have said
about that work had he been present in person to receive it. He especially
wondered what then occupied Gibbs’s thoughts, since he was no longer
at work on fundamental thermodynamic theory. “Was he concentrating
his attention, as Clausius and Maxwell had done and as Boltzmann and
Kelvin were doing, on the attempt to deduce thermodynamic behavior
from dynamical properties of matter and possibly to find some equation
expressing the thermodynamic functions of a body of variable compo-
sition other than perfect gases?” Wilson did not answer this question,
but he evidently did not think it an unnatural one to ask.3!
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If we meet with only limited success in determining Gibbs’s early
position on the status of mechanics, his attitude toward molecular rea-
soning in thermodynamics is much more definite. He usually imagined
a “mass of matter” under certain conditions and asked when it is in
equilibrium. He referred to the components of the mass as different
“substances,” without regard for “any theory of their internal constitu-
tion.” For purposes of general discussion, he wrote, “we may suppose
all substances to be measured by weight or mass, [although] conve-
nience may dictate the use of chemical equivalents” (Gibbs 1876-1878;
in 1906 vol. 1, 62-64).32 But Gibbs was not opposed in principle to the
use of molecular arguments. In the interest of generality, he sought in
his thermodynamic papers to do as much as possible without them. But
when general molecular assumptions were needed to draw significant
conclusions, he was not averse to making them. He even devoted a
section of his large memoir to “certain points relating to the molecu-
lar constitution of bodies,” wherein he explained phases of “dissipated
energy,” that is, states of stable equilibrium, and the action of catalytic
agents in explicitly molecular terms (Gibbs 1876-1878; in 1906 vol. 1,
138-144).

Gibbs’s attitude toward molecular hypotheses was therefore similar
to that of Clausius.33 Like Clausius, he tried to separate the general
principles of his thermodynamics, and the consequences that could be
drawn entirely from them, from special assumptions about the molec-
ular constitution of bodies and their molecular motions. But also like
Clausius, Gibbs seems to have had no doubt that matter really is molec-
ular in nature and that a more adequate scientific theory would have
to take account of this fact. In a lecture on thermodynamics given in
1899, he said: “We assume that heat has to do with motion of the par-
ticles of a body. We have little doubt that matter consists of very small
discontinuous particles and there is no reason they should not move. In
regard to molecular motion forces are conservative; there are no fric-
tional losses.”* There is also no reason to think that this statement did
not express Gibbs’s attitude a quarter of a century earlier. That is, in
any case, the one he developed in his work on statistical mechanics,
wherein each member of a given ensemble was regarded as a physical
system that could be described by a set of generalized coordinates and
momenta satisfying the laws of mechanics. For Gibbs, thermodynamics
was a general theory of the equilibrium states of material systems and
of the necessary and sufficient conditions of the stability of those states,
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but the needed mechanical and molecular explanation of stability was
to be found in the distinctive properties of stationary ensembles.*

Helm was wrong, therefore, in his evaluation of Gibbs’s thermody-
namic work. Nowhere in his long commentary on that work in 1898
does Helm mention any of Gibbs’s references to molecules, even in
his discussion of the Gibbs’s paradox (see Helm 1898, 162-163). The
likely explanation for this incongruity is that while Helm approved
of the greater part of Gibbs’s memoir, which developed and applied
a phenomenological approach consonant with the Relations Thesis,
he opposed, and thus chose to ignore, any part attempting a molecu-
lar explanation. He evidently favored a phenomenological approach to
energetics himself, and so emphasized the importance of that approach
wherever he found it, even if it meant distorting the real intentions of his
favorite authors, Mayer and Gibbs, in the process. Helm was not alone
here: Ostwald did the same thing in defending his own conception of
energetics.

V. OSTWALD AND GIBBS

Ostwald liked to recall the impact thermodynamics had had on him
as a student. He had been initiated into the “Gedankenkreise” of the
subject by Arthur von Oettingen, his physics professor at Dorpat, who
also introduced him to Gibbs and encouraged him to apply thermody-
namic reasoning to problems in chemistry.3® But that was no simple
task, as Oettingen himself had discovered; he found Gibbs “obviously
significant, but difficult to approach,” even for a physicist. The chemist
Ostwald apparently fared no better. He later remembered the strenuous
effort he had exerted to understand the principles of thermodynamics
and to bring them to bear on his own work. “I soon realized,” he wrote
in 1913, “that my only recourse was to work my way through the dense
thicket of the mathematical formulation of the second law, and to seek
an understanding in this way.”3” But that effort apparently brought little
reward, for there is little evidence in his early work that he had profited
from it.38

Ostwald was motivated to try again in the late 1880s, when it became
clear to him that thermodynamics and Gibbs’s writings on the subject
could help him answer basic questions that had long been of concern to
him regarding problems of chemical affinity, rates of reaction, and the



148 ROBERT J. DELTETE

conditions of chemical equilibrium. The catalyst seems to have been
his reading, in mid-1886, of Jacobus van 't Hoff’s studies in chemical
dynamics (Van 't Hoff 1884), which forcefully argued the applicability
of thermodynamic reasoning to a wide range of chemical problems.
Ostwald had been trying for more than a decade to focus the attention
of chemists on the problems associated with chemical change, and in
Van 't Hoff he immediately recognized a more successful ally. Starting
from a work by the chemist Horstmann (Horstmann 1873), Van ’t Hoff
developed concise, quantitative expressions for rates of reaction, affinity,
and the conditions for chemical equilibrium, and then applied them to a
large number of different situations.

Ostwald was impressed.3® Van ’t Hoff’s memoir amply demonstrat-
ed the power of thermodynamic reasoning in chemistry and apparently
resolved him to restudy, carefully, the conceptual framework of thermo-
dynamics. But the influence went deeper than that. First, Van 't Hoff’s
memoir revealed to Ostwald the importance of energy considerations
in the study of chemical phenomena. Second, it reinforced his earlier
suspicion that the key to the power of thermodynamics lay in the posi-
tion it accorded to energy and its transformations. Finally, it confirmed
his growing belief (curiously, given Van ’t Hoff’s avowedly molecu-
lar approach) that while theories based on detailed micro-mechanical
hypotheses had made little progress with many problems in chemistry,
energy-based approaches had been uniquely and dramatically success-
ful. Armed and newly motivated, Ostwald was now ready to study
energy for himself,*

This project brought him back to Gibbs. To understand that “most
important of all aids to the development of the theory of chemical affini-
ty,” as he later referred to Gibbs’s memoir on heterogeneous equilibrium
(Ostwald 1926, vol. 2, 61), he resolved to study Gibbs’s writings more
carefully. But he then had difficulty in finding them and the same diffi-
culty as before in comprehending them (Ostwald 1926, vol. 2, 63-64,
149). Ostwald later recalled that while he quickly recognized the “very
great significance” of Gibbs’s papers for the development of laws of
chemical change, he discovered that the only way to study them was
to translate them word by word, since the text was already so com-
pact that no abbreviated summary of its content was possible. Having
begun that time-consuming task, Ostwald was convinced that Gibbs’s
“long overlooked treasures” deserved a wider audience, and so wrote to
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their author suggesting that a German edition, which Ostwald would be
pleased to prepare, would promote that end.*!

Ostwald first made that proposal in April 1887, but it was not until
more than three years later, after protracted negotiations, that he final-
ly secured permission to translate Gibbs’s thermodynamic writings.*?
Once begun, however, the task occupied him for the better part of a year,
and its effect on him was deep and lasting. He wrote to Gibbs in August
1891 to send him first proofs and to comment: “The translation of your
main work is nearly complete and I cannot resist repeating here my
amazement. If you had published this work over a longer period of time
in separate essays in an accessible journal, you would now be regarded
as by far the greatest thermodynamicist since Clausius — not only in the
small circle of those conversant with your work, but universally — and
as one who frequently goes far beyond him in the certainty and scope of
your physical judgment. Hopefully, the German translation will more
quickly secure for it the general recognition it deserves.”*

Ostwald was equally laudatory later. In his autobiography, he referred
to Gibbs as “undoubtedly the greatest scientific genius produced by the
United States,”* and described, in more detail, the impact of his close
encounter with Gibbs’s writings:

This work had the greatest influence on my own development; for while he does not
particularly emphasize it, Gibbs works exclusively with quantities of energy and their
factors, and shuns entirely all kinetic [molecular] hypotheses. He thereby obtained
for his conclusions a certainty and permanence which place them at the uppermost
limit of human achievement. Indeed, no mistake has been found in either his formulae
or his conclusions — or, what is even more incredible, in his assumptions. There are
many scientific works whose logic and mathematics are indisputable, but which are
nevertheless worthless, because the postulates and assumptions used in them do not
correspond to reality. In this respect, as well, Gibbs is perfect . <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>