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Abstract

The year 2013 marked the centennial of Niels Bohr’s theory of atom
ic and molecular constitution, a pioneering contribution to funda
mental physics which, for the first time, incorporated the quantum 
of action in a theory of matter and light. This volume, presenting 
the outcome of an international conference held at the Royal Acad
emy of Sciences and Letters in Copenhagen in June 2013, includes 
24 articles related to Bohr’s atomic theory and his views of the quan
tum world generally. The volume is divided into four parts, the first 
addressing the origin of the atomic theory and how it was subse
quently disseminated in more popular forms. While the second part 
deals mostly with developments that built on and extended Bohr’s 
atomic theory, the third is devoted to philosophical and contempo
rary aspects relating more broadly to Bohr’s quantum theories. The 
last part of the volume contains articles of a historical nature with 
an emphasis on national, political and institutional aspects associ
ated with Bohr’s life until about 1930.
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Preface

The year 2013 was the centennial for Niels Bohr’s quantum atom, 
which was to constitute a crucial basis for much that was to come in 
physics, an exceptionally wide range of applications and indeed our 
world view. Bohr and his achievement have been duly celebrated in 
many ways, particularly in Denmark, with arrangements sponsored 
notably by the Niels Bohr Institute. My own institution, the Niels 
Bohr Archive (NBA), has been part of many of these events. NBA has 
also organized celebrations on its own, the largest and most successful 
one by far being the conference of which this book is the outcome.

Niels Bohr has been celebrated many times before, starting in 
his lifetime, and many publications have come out of it.1 2 * * * Remem
brances in general, and remembrances of scientists and their 
achievements in particular, are often viewed with suspicion by pro
fessional historians as occasions for myth-making and hero wor
ship.8 Publications from earlier celebrations of Bohr and his contri

1. It must suffice here to mention only a few examples. After several celebrations of 
Bohr, not least on his round birthdays, the 50th anniversary of his atomic model oc
curred the year after Bohr’s death and was celebrated by his colleagues at the insti
tute. The talks of reminiscences by Léon Rosenfeld, James Franck, Richard Courant, 
Oskar Klein, H.B.G. Casimir, Victor F. Weisskopf and Max Delbrück were printed 
for internal consumption only and can be read at NBA. A memorial volume, contain
ing 13 reminiscences in Danish written by some of Bohr’s closest colleagues, was 
published the same year: Niels Bohr: Et Mindeskrift, Fysisk Tidsskrift (Xi (1963). Niels Bohr: 
His Life and Work as Seen by his Friends and Colleagues, Stefan Rozental, ed. (Amsterdam: 
North-Holland, 1967), with 21 reminiscences in addition to Bohr’s “Open Letter to 
the United Nations”, was originally published in Danish in 1964. The 100th anniver
sary of Bohr’s birth in 1985 produced many publications, of which Niels Bohr: A Cente
nary Volume, A.R French and RJ. Kennedy, eds. (Cambridge, Mass.: Harvard Univer
sity Press, 1985) comes closest to these Proceedings, as it includes contributions by 
historians as well as colleagues on a variety of aspects of Bohr’s career.
2. See, in particular, the volume of the (U.S) History of Science Society’s thematic
journal that is devoted especially to this issue, Osiris 14 (1999). The volume includes a
critical examination of fellow physicists’ jocular celebration of Niels Bohr: Mara
Beller, “Jocular commemorations: The Copenhagen spirit,” pp. 252-273.
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FINN AASERUD SCI.DAN.M. I

butions consisted indeed mostly of reminiscences written by people 
who had known or worked with Bohr, and more often than not ven
erated him. Now, after a hundred years, events have come at a dis
tance, and there is nobody alive who took part in them. In the pro
cess, the earlier reminiscences have transformed from being the 
main reading for anybody interested in the history, into being 
sources for historians writing about the same events from a greater 
distance. We hope that readers will agree with the editors that the 
articles in this volume, although being part of a celebration, do not 
contribute to myth-making and hagiography, but rather allow for a 
greater understanding of the events in question and their place in 
history.

The idea to organize a history of science conference as part of the 
2013 celebrations arose early, and a call for papers was sent out to 
colleagues, relevant institutions, journals and websites. Potential 
speakers were instructed to propose a broad range of papers rele
vant to Bohr’s career, not limiting themselves to his 1913 contribu
tion. The response was impressive and included not only historians 
of science, but also philosophers and physicists. It was clear early 
on that we had the basis for a conference of broad range and high 
quality.

I am grateful to the Royal Danish Academy of Sciences and Let
ters for providing as venue for the conference the room in which the 
Academy has held their meetings since 1899, and in which Niels 
Bohr in particular took an active part from his election into the 
Academy in 1917, and then served as President for the unprecedent- 
ly long period from 1939 until his death in 1962. I am particularly 
grateful to the current President of the Academy, the anthropologist 
Kirsten Hastrup, for opening the conference with her “Prelude” re
produced at the beginning of this volume. As for practical matters, 
I thank Eva Bang-Hansen and Mette Danielsen of the Academy for 
organizing everything from hotel accommodation for the speakers 
to lunches for all participants served in the large hall on the top 
floor of the Academy’s beautiful building, as well as the conference 
dinner in nearby Tivoli Gardens. It was a great pleasure working 
with you, and your efforts were indispensable for the smooth run
ning of events and the well-being of the participants. The lunches, 
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SCI. DAN. M. I PREFACE

the hotel accommodations and the conference dinner would not 
have been possible without a generous grant to the conference from 
the Carlsberg Foundation, for which I am also deeply grateful.

Special thanks are due to my esteemed colleague3 and valued 
friend, John L. Heilbron, for agreeing to give a public lecture the 
evening before the start of the conference and for taking active part 
in the discussions during the entire event. Apart from setting a high 
standard in its own right, his lecture, given in the large lecture hall 
on the top floor, attracted general interest in the conference, which 
was subsequently attended by a full house.

3. Heilbron and I have recently collaborated on the book, Love, Literature and the Quan
tum Atom: Niels Boh.rM913 Trilogy Revisited (Ov-iorA: Oxford University Press, 2013), 
which constituted the basis both for Heilbron’s talk and for my contribution to the 
conference proper.

The possibility of publishing a Proceedings was discussed at an 
evening meeting during the conference, attended by all speakers as 
well as by Marita Akhøj Nielsen, who represented the publishing 
division of the Academy. There was unanimous agreement that a 
publication should be produced, and almost all the speakers agreed 
to prepare manuscripts for it. It was also agreed that the Proceed
ings would constitute the first volume in the the Academy’s new 
series Sdentia Danica series M, Mathematica et Physica. Working with 
Marita toward the completion of this book has been a singular 
pleasure.

Upon their receipt, the submitted papers have been distributed 
among, evaluated and commented upon by three anonymous refer
ees. In addition to the commissioned contributions by Hastrup and 
Heilbron, this volume comprises as a result as many as 23 of the 28 
talks given at the conference proper. An additional paper subse
quently submitted by a conference participant, Guido Bacciagalup- 
pi, who did not give a talk, has since been added. The editors have 
decided to present the papers in a somewhat different order than 
that in which the corresponding talks were given at the conference.

The contributions were submitted in several formats, both re
garding the presentation of footnotes and bibliography and regard
ing the use of word processing systems (notably LaTeX and Word). 
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The editors have made an effort to unify the footnote and bibliogra
phy styles, while the printers have standardized the typography. We 
are grateful to Marita Akhøj Nielsen for allowing word processing 
formats according to the authors’ preferences and to the printer for 
the patience shown in forming them into one standard for the book.

I value most of all the collaboration of my co-editor and long
time friend and colleague, Helge Kragh, whom I was able to in
volve early in the process by seeking his help in developing the pro
gram for the conference. Working with him has provided inspiration 
and has been a singular pleasure. Both of us thank the speakers for 
their contributions to the conference and to this volume, as well as 
for their ability, almost without exception, to stick to the deadlines 
we gave them. I would also like to thank the audience at the confer
ence for their participation and for their questions and comments 
which have unquestionably contributed to the quality of the contri
butions in this volume. Last but not least, I thank the permanent 
staff at NBA, Felicity Pors and Anne Lis Rasmussen, for their enthu
siastic help at all times in preparing both the conference and the 
Proceedings from it, and Kira Moss for her practical assistance dur
ing the conference itself. We editors dedicate the volume to the 
memory of my recently deceased wife, Gro Synnøve Næs, who was 
my greatest inspiration. Gro was able to attend the conference be
fore cancer took her away at a too early age.

Finn Aaserud 
February 2015



Introduction

Helge Kragh

The papers presented in this volume are the outcome of the Copen
hagen conference that in June 2013 marked the centenary of Niels 
Bohr’s atomic theory, a milestone in the history of physics. After 
Heilbron’s commissioned public lecture, the conference itself was 
set off by Hastrup’s “Prelude.” Unsurprisingly, all of the subse
quent papers deal with aspects of Bohr’s scientific work, either re
lated to his original atomic theory, to the later quantum mechanics, 
or to the still ongoing philosophical discussion concerning the 
strange quantum world. While in many of the papers Bohr is the 
central figure, in others he plays a more peripheral role. Inevitably, 
given the subject, there is some overlap between several of the pa
pers. A few of them are not primarily about Bohr and his theories, 
but focus on scientists with whom he interacted, such as Arnold 
Sommerfeld in Germany, George Hevesy in Hungary, Paul Ehren
fest in the Netherlands, and J. J. Thomson and Ernest Rutherford in 
England. Although the volume spans widely, it does far from cover 
all aspects of Bohr’s contributions to physics, philosophy, and cul
ture. To mention but one example, none of the papers deals with 
nuclear physics, a field in which Bohr did very important work in 
the 1930s. Fortunately this aspect of his scientific life is well covered 
in the scholarly literature, including volume 9 of the Niels Bohr Col
lected Works. Other possible examples are Bohr’s political activities 
and his cultural role in Danish society.

The volume is divided into four parts, the first one dealing with 
the origin of Bohr’s atomic model and how it subsequently was pre
sented in more popular forms. When 26-year-old Niels Henrik Da
vid Bohr set off for Cambridge, England, in September 1911 atomic 
theory was not on his mind. His main concern was the electron 
theory of metals, the subject of his doctoral dissertation, and also, 
with no less intensity, his beloved fiancée and later wife Margrethe 
Nørlund. As Finn Aaserud points out in his paper, the two con- 
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cerns were not separate. Based on correspondence between Niels 
and Margrethe from 1910 to 1913, to which the Bohr family has 
given him special access, Aaserud unveils traits in Bohr’s personal
ity and thinking that have not been previously appreciated, if known 
at all. Bohr, we learn, was not only a highly ambitious physicist; he 
was also a sensitive human being who shared the literary interests of 
Margrethe. Moreover, the letters offer a rare insight in his early 
views concerning philosophy and religion. Unable to believe in the 
Christian God he severed his ties to the Danish Lutheran Church in 
1912, never to return to it. The correspondence also shows how im
portant Margrethe was for his scientific project even at this early 
stage. Bohr needed someone to share his thoughts with, and Aaser
ud argues that in this respect she was essential to his scientific crea
tivity, such as it manifested itself in the great Trilogy of 1913.

The target for Bohr’s travel in 1911 was the famous Joseph J. 
Thomson, whom Bohr admired and in a letter to Margrethe de
scribed as “a tremendously great man.” It is Thomson and his pre
quantum atomic model, rather than Bohr and his model, which is 
the subject of Jaume Navarro’s paper. Or perhaps one should say 
so-called model, for Navarro argues that what is generally known as 
the Thomson model was not central to Thomson’s thinking. The 
story presented in science textbooks going from Thomson’s “plum
pudding model” over Rutherford’s nuclear model to Bohr’s quan
tum model is, if not a myth, then a truth with great modifications. 
According to Navarro, Thomson’s ideas of matter and radiation can 
be better understood in terms of so-called Faraday tubes, a concept 
which he used to explain the discrete subatomic charges that he 
called “corpuscles” (but that other physicists called electrons). Bohr 
was unimpressed by Thomson’s model, whether conceived in terms 
of Faraday tubes or electrons, just as Thomson later ignored Bohr’s 
model. Navarro suggests that he did not see Bohr’s model as a rival 
to his own, based as it was on the notion of Faraday tubes.

Whatever can be said about Bohr’s indebtedness to Thomson’s 
ideas of atomic structure, the theory he introduced in the summer of 
1913 was completely different and empirically much more fertile. 
Helge Kragh’s paper gives a brief survey of the theory and its de
velopment until the emergence of quantum mechanics, emphasiz- 
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SCI. DAN. M. I INTRODUCTION

ing the changes in the theory and the associated models that made 
the Bohr atom anno 1923 very different from the original ring atom. 
About the only common denominator was that the electrons moved 
in stationary orbits. Whereas his later and more advanced model 
was a many-electron model designed to explain the periodic system 
of the elements, the successes of his original model were largely lim
ited to one-electron atoms or ions. Kragh calls attention to two of 
the lesser-known predictions the significance of which only became 
recognized much later. One of them was the existence of atoms in 
very high quantum states, what is known as Rydberg states but 
what more appropriately might be called “Rydberg-Bohr states.” 
No less important was Bohr’s insight that different isotopes have 
slightly different optical spectra and that the spectral shift may be 
used to identify and possibly isolate isotopes. Remarkably, Bohr 
did not consider his prediction of the isotope effect very important. 
It was left to others to verify it and develop it into a powerful meth
od applicable to a wide range of sciences.

Arne Schirrmacher’s contribution analyses in a comparative 
perspective the model aspect of Bohr’s atomic theory, a theme 
which is also developed in some of the later contributions. What is 
a model and what role does it play? How does the concept of model 
relate to the concepts of analogy and metaphor? By looking at rep
resentations of different kinds of atomic models in the period from 
about 1900 to 1930, Schirrmacher places Bohr’s planetary model in 
a historical tradition that includes, among others, Jean Perrin in 
France and Johannes Stark and Arnold Sommerfeld in Germany. 
He suggests that the planetary model worked as an important con
ceptual tool for the later correspondence principle and in this way 
helped in transcending the limitations of the semi-classical Bohr 
theory. As he makes clear and illustrates with historical examples, 
atomic models may be mental or mathematical (as they are in quan
tum mechanics), but they may also be visualizable and concrete - 
made by wires and wooden balls for example. The latter kind of 
models typically serves pedagogical purposes and appears in ele
mentary textbooks and popular expositions.

In this respect there is a direct connection between Schirrmach
er’s paper and the one of Kristian Hvidtfelt Nielsen, whose subject 
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is popular science books on atomic theory in the period 1918-1924, 
that is, before the emergence of quantum mechanics. Although rela
tivity theory attracted far more popular interest than atomic theory, 
there was a market for presenting to the layman Bohr’s new ideas 
about atomic structure and the strange implications of the quantum 
atom. Nielsen analyzes a dozen popular books published in Ger
many, Denmark and the United Kingdom, paying attention to sim
ilarities as well as differences. Authors included journalists, physi
cists and philosophers (e.g., Bertrand Russell), and they made use of 
a variety of metaphors and analogies to explain the mysteries of the 
atom. As Nielsen writes, readers of such books “would have been 
able to see the Bohr atom as a planetary system, but also as different 
kinds of musical instruments, a staircase, and even an angry man.” 
Historiography of popular science has only recently attracted wide 
attention. Nielsen’s paper is a contribution to a growing branch of 
history of science which takes seriously the rich resource represent
ed by popular books and articles on science.

The second part of the volume deals primarily with develop
ments in atomic theory that built on and extended Bohr’s quantum 
theory of the atom. The earliest and most important of the exten
sions was due to Sommerfeld and his school in Munich. Sommer
feld’s biographer Michael Eckert describes how the German physi
cist responded to Bohr’s theory and eventually, after some hesitation, 
decided to engage fully in generalizing it into what became known 
as the “Bohr-Sommerfeld theory” of atomic structure. The corre
spondence that Eckert cites from the years 1913-1916 shows that 
Sommerfeld only came to embrace the Bohr atom after a period of 
considerable doubt with regard to its value and explanatory power. 
Only by late 1915, stimulated by work on the Zeeman effect and 
also the Stark effect, was he ready to generalize Bohr’s theory into a 
much more sophisticated theory in which the electrons moved in 
elliptic orbits with quantized eccentricities. By taking into account 
the theory of relativity he famously explained hydrogen’s fine struc
ture. Since then Sommerfeld and his school greatly influenced the 
course of atomic and quantum physics.

Bohr’s correspondence principle, much discussed in the past and 
still a matter of discussion among philosophers of science, is dealt 
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with by several of the authors. As Robert Rynasiewicz points out, 
there are several versions of “the” correspondence principle and dif
ferent opinions of what role it plays in atomic physics and physics 
generally. Although there may be no “correct” version, there are 
some versions that are more historically authentic than others. Bohr 
and his assistant Hendrik Kramers originally formulated it as a way 
of deriving intensities and polarizations of spectral lines, whereas 
later physicists typically conceived it, and still conceive it, as a con
straint of theory construction. By carefully following the historical 
development since 1918 Rynasiewicz seeks an answer to the “puzzle” 
of how the correspondence principle passed from one form to the 
other. Although admitting that Bohr’s statements were not always 
very clear or even consistent, he concludes that, to Bohr and Kram
ers, the correspondence principle was more than just a selection 
principle. In addition to discussing the ordinary correspondence 
principle concerned with radiation and transition probabilities, Ry
nasiewicz also refers to various extensions of it, including Wolfgang 
Pauli’s so-called mechanical correspondence principle from 1922.

One thing is the understanding of a principle of physics, while 
another is how it is actually used in connection with practical prob
lems. Martin Jähnert notes that many physicists in the early 1920s 
felt a tension between the original formulation of the correspond
ence principle and the problems they were addressing. They conse
quently tweaked the principle, in the sense that they adapted parts 
of it without changing its core idea. In connection with a case study 
of attempts to explain the Ramsauer effect before wave mechanics, 
Jähnert describes how James Franck and Friedrich Hund in Göt
tingen adapted the correspondence principle to scattering prob
lems. Although their correspondence approach did not lead to a 
satisfactory explanation of the effect, the case nicely illustrates what 
Jähnert calls “adaptive reformulation.” Most physicists at the time 
did not regard the correspondence principle as either a fundamen
tal theoretical principle or a magic wand (as Sommerfeld called it), 
but instead as a research tool that, if properly adjusted, could be 
used to solve concrete problems.

The old quantum theory scored one of its most impressive suc
cesses when Paul Epstein and, independently, Karl Schwarzschild 
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in works of 1916 were able to calculate the Stark effect in hydrogen, 
that is, the splitting of the spectral lines in an electric field. When 
three years later Kramers used the correspondence principle to cal
culate the polarizations and intensities of the components, the suc
cess seemed complete. Sommerfeld enthusiastically spoke of the 
Stark effect as “a beautiful capstone on the edifice of atomic phys
ics.” However, Anthony Duncan and Michel Janssen disagree, 
showing in their paper that the praise was not quite deserved. This 
was not clearly recognized at the time, but a detailed comparison of 
the old theory of the Stark effect and the one based on the new wave 
mechanics, as first presented by Epstein and Erwin Schrödinger in 
1926, makes the inadequacies of the older theory clear. Apart from 
giving a better agreement with experiment, wave mechanics avoid
ed a problem that was inherent in the old method, namely, that the 
predicted orbits depend on the coordinates chosen to impose the 
quantum conditions. As Duncan and Janssen demonstrate in detail, 
there is no corresponding problem of non-uniqueness in the wave
mechanical treatment of the Stark effect.

The correspondence principle was not the only general princi
ple that played an important role in the development of the old 
quantum theory. So did the adiabatic principle or, in Paul Ehren- 
fest’s original terminology, the adiabatic hypothesis - which states, 
roughly, that only adiabatic transformations can be performed me
chanically. This is the subject of the paper of Enric Pérez and Blai 
Pié, who trace the history of the hypothesis-turned-a-principle and, 
at the same time, the early relationship between Bohr and the 
Dutch physicist. Ehrenfest initially dismissed the “cannibalistic 
Bohr model.” However, after Bohr began to use the adiabatic prin
ciple - and to highlight the significance of Ehrenfest’s insight - 
Ehrenfest turned into an enthusiastic supporter of Bohr’s theory. 
In 1918 Bohr reformulated the hypothesis into what he called the 
“principle of mechanical transformability” in order to stress the dif
ference from the thermodynamical origin of Ehrenfest’s hypothe
sis. From their reading of Bohr’s later papers Pérez and Pié suggest 
that Bohr returned to an understanding of the adiabatic principle 
that was less mechanistic and more in line with Ehrenfest’s original 
hypothesis.
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Bohr’s 1918 memoir “On the Quantum Theory of Line Spectra” 
was complex, dense, and difficult to read. It was important not only 
because it introduced the correspondence principle and Bohr’s new 
version of the adiabatic principle, but also because it used the math
ematical technique of action variables and associated angle varia
bles in a quantum context. Michiyo Nakane details in her paper the 
historical roots of action-angle variables and their relation to the 
Hamilton-Jacobi equation, a story that involves in equal measure 
eminent mathematicians, astronomers and physicists. Carl Jacobi, 
Henri Poincaré and Carl W. L. Charlier, a Swedish astronomer, are 
some of them. The story also involves the quantum calculations of 
the Stark effect made in 1916 by Epstein and Schwarzschild, which 
Nakane discusses in mathematical details. It was by combining the 
ideas of the two German scientists - a physicist and an astronomer 
- that Bohr introduced his definition of action-angle variables in his 
memoir of 1918. He used it to explain the properties of condition
ally periodic atomic systems.

While the papers of Part 2 mentioned so far all deal with aspects 
of the old quantum theory, Jeroen van Dongen takes us to the year 
1926, when the “Einstein-Rupp” experiments were performed. What 
experiments? They are virtually unknown today even among many 
historians of modern physics, which van Dongen argues is because 
they have purposefully been written out of history. The German ex
perimentalist Emil Rupp is known to have been guilty of scientific 
misconduct, even to have fabricated data and imagined non-existent 
experiments. So why taint Einstein’s reputation by connecting him 
with the fraudulent Rupp? Van Dongen lifts the Einstein-Rupp ex
periments out of the dark, arguing that they were directly as well as 
indirectly important in a crucial phase of the new quantum mechan
ics. He documents Einstein’s role and the effect the experiments had 
on his thinking about light, and suggests that they played a role in 
shaping Bohr’s ideas about complementarity and quantum uncer
tainty. In a historiographical section he accuses some physicists and 
historians of science of immoral behavior by deliberately omitting 
Rupp and his experiments from the historical record.

The third part of the volume is devoted to philosophical and 
contemporary aspects relating to Bohr’s theories. The first two con- 
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tributions both deal with the concept of model in the Bohr atom, 
the issue also discussed in Schirrmacher’s paper in Part 1. Accord
ing to Giora Hon and Bernard Goldstein, there was no Bohr mod
el. Or rather, Bohr did not intend to develop a model of the atom in 
1913, but instead proposed a theory of the real constitution of the 
atom. Since Bohr did not say so explicitly, their evidence for the 
claim is and must be circumstantial, namely, based on Bohr’s and 
contemporary physicists’ use of the term “model” and associated 
terms. They consequently analyze how words were used at the time, 
making the historiographical point that philosophers and histori
ans of science should take words and phrases seriously as markers of 
concepts. Hon and Goldstein further suggest that Bohr associated 
“model” with non-quantum representations of the atom, such as in 
the theories of Thomson and Rutherford. This, they conjecture, was 
the reason why Bohr did not label the rival atomic theory of John 
Nicholson a model, but called it a theory.

Without taking issue with the model-theory problem discussed 
by Hon and Goldstein, Theodore Arabatzis and Despina Ioanni- 
dou place the Bohr model within the modern philosophical tradi
tion concerning models and analogies. Inspired by Mary Hesse, 
Ernan McMullin and other philosophers of science they argue that 
Bohr’s model - and they have no problem with “model” - was mo
tivated by the analogy between the atom and the planetary system. 
In agreement with Jan Faye they consider the Danish philosopher 
Harald Høffding a likely source for Bohr’s interest in models and 
analogies. But analogies may be positive as well as negative, and 
Arabatzis and Ioannidou pays particular attention to the negative 
analogy between electrons and planets (the first interact repulsively 
and the latter attractively). The two authors argue that the negative 
analogy served as the prime motivation for Bohr to develop Ruther
ford’s nuclear atom into an atomic model, whereas many of its suc
cesses in spectral physics were motivated by positive analogies. As 
to the concept of model, they take it to be an idealized and simpli
fied representation of a physical system.

The famous Einstein-Podolsky-Rosen (EPR) argument of 1935 
and Bohr’s reply to it have given rise to a minor industry in the phi
losophy of physics. The paper by Guido Bacciagaluppi is a contri- 
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bution to this industry, a careful reading of Bohr’s reply that differs 
from most other readings. The problem of non-locality in quantum 
mechanics was a major concern in the EPR paper, but one that 
many have argued Bohr did not find very important or perhaps 
even did not really understand. Bohr spent much of his reply dis
cussing the quantum behavior of a single particle and thus may 
seem to have missed the “spooky action at a distance” that arises 
from the two-particle EPR experiment. However, Bacciagaluppi ar
gues that there is a clear analogy between the two cases and that 
Bohr was fully aware of it. Bohr did not misunderstand the locality 
problem raised by Einstein and his coauthors. Bohr discussed the 
case of a single particle passing through a slit, which according to 
Bacciagaluppi corresponds to the EPR case of two separate parti
cles. At the end of his paper Bacciagaluppi deals with the prehistory 
of EPR, providing “a more charitable explanation” of why Bohr did 
not react to earlier versions of Einstein’s worries about locality.

While far from as well known as the EPR reply, a memoir that 
Bohr and Léon Rosenfeld wrote in 1933 on the quantum-electro
magnetic field has recently attracted a good deal of attention. Ac
cording to standard history of physics the Bohr-Rosenfeld article 
was soon forgotten, but this, say Thiago Hartz and Olival Freire, is 
quite wrong. They document in their paper that the memoir of 1933 
was read and considered important at least until the mid-1960s. 
Among the physicists who studied it and were inspired by its ideas 
were Jacques Solomon in France, Matvei Bronstein in Soviet Russia, 
and Bryce DeWitt in the United States. A major point in the Hartz- 
Freire paper is that physicists used the memoir by Bohr and Rosen
feld in a variety of ways, often with purposes and meanings quite 
different from those of the original authors. Hartz and Freire gener
alize that “science consists of uses” and advocate that uses of scien
tific theories should be given as much (or more) attention as the 
theories themselves. In this respect, their paper can be compared 
with the one of Jähnert on uses of the correspondence principle.

Bohr’s view concerning the divide between the classical and the 
quantum world has been the subject of much philosophical discus
sion with no indication so far of consensus. Henrik Zinkernagel 
enters the debate by asking if Bohr was a “quantum fundamental- 
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ist,” that is, if he believed in the ontological claim that everything is 
fundamentally of a quantum nature and, epistemologically, that 
what is in the world can ultimately be described in terms of quan
tum mechanics. He argues against recent attempts to see Bohr as an 
ontological (if not epistemological) fundamentalist, among other 
reasons because such a position would leave the measurement prob
lem unsolved. Zinkernagel’s analysis leads to the conclusion that 
Bohr was at most a “restricted quantum fundamentalist” and that, 
to Bohr, physical systems described by classical mechanics were in
dispensable. But all this is surely of philosophical and biographical, 
not scientific, interest? Not according to Zinkernagel, for he points 
out that similar problems pop up in the attempts to understand the 
very early universe and the transition from a primordial quantum 
foam to the classically describable cosmos. Bohr’s view on quantum 
mechanics is still of scientific relevance, he concludes.

If there is a single principle which permeates and even defines all 
of quantum mechanics, it is the superposition principle of states, 
the meaning and history of which Hari Dass investigates in his pa
per. This fundamental principle - “the very bedrock of quantum 
theory” - is often considered as just a consequence of the linearity of 
the Schrödinger equation, but N. D. Hari Dass points out that in a 
historical context the concept of wave function needs to be distin
guished from the concept of state. He opines that “the history of an 
idea is as important as the idea itself,” a statement that historians 
(more than philosophers) of science surely will agree upon. The 
idea of a quantum state can be traced back to the stationary states of 
Bohr’s atomic theory of 1913, when the states were associated with 
orbiting electrons. It was only with Paul Dirac’s transformation 
theory, and in particular with his classic textbook Principles of Quan
tum Mechanics, that the superposition principle came to be seen as 
truly foundational and wholly different from the superposition of 
waves in classical physics. Hari Dass writes about the “extreme al
lergy to any change” that characterizes the superposition principle, 
yet he also briefly speculates about a future development of quan
tum mechanics in which this bedrock may have to be modified.

Physicists and philosophers continue to investigate the meaning 
of quantum mechanics and suggest new interpretations of the wave 
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function. Based on the ideas known as “protective measurement” 
Shan Gao outlines a new picture of quantum reality which, he ar
gues, justifies two of the fundamental assumptions in Bohr’s old 
atomic theory: First, that electrons are particles and, second, that 
they undergo discontinuous quantum jumps. Although Gao’s pa
per is of a scientific-conceptual, and not historical nature, he does 
point out that the new picture can be seen as a revised version of 
Schrödingers short-lived proposal of 1926, namely, that the wave 
function \|/ represents the electron’s charge density by e|\|/|2. Since 
Gao also says that the motion of electrons can be conceived as guid
ed by the wave function, another possible predecessor may be Lou
is de Broglie’s “pilot wave” interpretation of 1927. Electrons and 
other particles are described as small objects that do not move con
tinuously, but discontinuously and randomly. Moreover, the picture 
presented by Gao is realistic in so far that |y|2 not only gives the 
probability of finding a particle in a certain location, but also the 
probability density of the particle actually being at this location.

It was a crucial moment in the history of quantum physics when 
Heisenberg and Pauli, in the spring of 1925, concluded that the very 
concept of electron orbits in atoms and molecules must be discard
ed. And yet Bohr’s correspondence principle requires that for large 
quantum numbers, quantum mechanics leads to classical mechan
ics. Michael Nauenberg reexamines the question of the quantum- 
classical or micro-macro relationship by referring to the historical 
situation in 1926, when Schrödinger thought he could describe el- 
liptically moving electrons as compact wave packets. However, as 
H. A. Lorentz and Heisenberg pointed out, it is not possible to con
struct permanently localized wave packets that represent electrons in 
high states of the atom. Nauenberg uses “Schrödingers misunder
standing” to consider the question from a modern perspective, re
ferring to calculations of his own and also to experiments with Ry
dberg atoms containing a single electron in a high quantum state. 
In agreement with expectations based on the correspondence prin
ciple the result is elliptic orbits resembling those of the Bohr-Som- 
merfeld theory.

The fourth and last part of the volume contains papers of a his
torical nature with an emphasis on national, political and institu
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tional aspects related to Bohr’s life until about 1930. What since 
1965 has been the Niels Bohr Institute (but until then was [Copen
hagen] University’s Institute for Theoretical Physics) was inaugu
rated in 1921 and soon became of singular importance to the devel
opment of quantum physics, indeed no less important than the 
theories emerging from Bohr’s fertile mind. As Peter Robertson 
observes in his paper on the early history of the institute, the term 
“theoretical” in its name should not be understood as opposite to 
“experimental,” but rather as referring to fundamental or pure 
physics. The institute grew rapidly in size, staff and visitors during 
the 1920s, not least as a result of generous funding from the Rock- 
efeller-funded International Education Board. Why did the Co
penhagen institute become the Mecca of quantum physics rather 
than, say, Göttingen, Berlin or Cambridge? Robertson points to 
two main reasons, one being Denmark’s neutrality during World 
War I and the other being Bohr’s personal view on international 
cooperation in science. Indeed, with 63 visiting scientists from 17 
different countries in the period 1921-1930 Bohr’s institute was 
truly international.

Bohr’s international attitude was nothing new, as Shaul Katzir 
documents in his paper on Bohr’s stay with Rutherford in Manches
ter during World War I. The war came to interfere with the scien
tific work of both Rutherford and Bohr, although in the case of the 
latter not very seriously. Bohr was eager to maintain the fragile links 
between the scientific communities of the belligerent countries, to 
mediate between scientists from Great Britain and the Central Pow
ers. At a time when both German and British scientists experienced 
difficulties in addressing each other directly, the young Danish 
physicist was able to address both and, for example, establishing an 
indirect link between Rutherford and Sommerfeld. He was a media
tor in atomic physics in the same sense that Willem de Sitter in the 
Netherlands was a mediator in general relativity theory. Katzir also 
describes Rutherford’s heavy engagement in war-related research 
and his somewhat ambivalent attitude to it. Although a patriot will
ingly applying his scientific expertise for the cause of British victory, 
Rutherford too hoped to restore the international character of sci
ence after the end of the terrible war.
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News of the Bohr atom arrived at different times and was re
ceived with different interest in the various European countries. Ga
bor Pallo describes how the model or theory was received in Hun
gary, in 1913 still part of the Austro-Hungarian Empire. This 
happened at a very early date, in a public lecture of November 1913, 
but only because the speaker, the radiochemist George Hevesy, was 
a friend of Bohr and well informed about his ideas. Indeed, while 
staying together in Manchester in 1912 Hevesy significantly influ
enced Bohr’s thoughts and subsequently became an early advocate 
of the new atomic model. But, as Pallö points out, Hevesy’s support 
was not enough to turn the model into a research subject for the 
small Hungarian community of physicists and chemists. It was not 
as a quantum theory that it attracted some interest, but instead as a 
small part of the general Zeitgeist as it manifested itself in publica
tions of a natural-philosophical kind. The local culture adapted the 
Bohr model to its own, more metaphysical interests.

As Hevesy promoted Bohr’s atomic model in Hungary, so did 
Carl Wilhelm Oseen promote it in Sweden, if somewhat later and in 
a different and, at first, more reserved way. Karl Grandin’s paper 
covers a broad ground, dealing not only with the reception of Bohr’s 
work in Sweden but also with the central role that Bohr came to 
play in the Swedish physics community, leading in 1929 to the un
precedented proposal to make him a member of the Nobel Commit
tee. Oseen was originally critical of the quantum features of Bohr’s 
model, which he wanted explaining in terms of classical physics, 
but he was nonetheless positively inclined towards the model. It 
became known in Sweden not primarily through Bohr’s writings 
but through lectures given by Bohr’s young “diplomats,” Kramers 
and Oskar Klein. Apart from describing how this happened, Gran
din details Oseen’s crucial role in the negotiations that led to Bohr’s 
Nobel Prize in 1922 and, closely connected with it, the reserved 
1921 prize being awarded to Einstein. The papers by Pallö and 
Grandin both testify to the importance of personal relations in the 
dissemination of the new atomic theory and, more generally, in 
Bohr’s life and career.

Altogether the papers in this volume give a many-facetted pic
ture of Niels Bohr, his seminal contributions to atomic physics, and 
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the scientific environment of which he was part and did so much to 
shape. They tell us about the fascinating details of Bohr’s semi-clas
sical quantum atom, about his deep thoughts concerning the mean
ing of quantum mechanics, and about how his ideas were received 
abroad. Bohr’s atomic model has long been obsolete and is today 
mainly of pedagogical and historical interest, but the consequences 
of the revolution that started in 1913 are still much alive.
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“My courage is ablaze so wildly” 
Niels Bohr enroute to his quantum atom

J.L. Heilbron*

* April House, Shilton, Burford OX18 4AB, UK. E-mail: johnheilbron@berkeley. 
edu.
The text that follows is a slightly revised version of the talk given at the opening ses
sion of the Conference; I am obliged to the editor for allowing me to retain its con
versational tone. Footnotes are given only for direct quotations.

Abstract

The paper first describes the revolutionary sacrifices 
contained in or implied by Bohr’s first paper on the 
“constitution of atoms and molecules,” and the back
ground in physics from which Bohr put his quantum 
atom together. It goes on to delineate the intellectual 
and psychological furnishings of the mind that could 
forge a compelling synthesis from such disparate ingre
dients. The delineation makes use of some hitherto 
unavailable family correspondence that suggests the 
sources and course of Bohr’s scientific creativity. A key 
factor in the account is a concept of partial truth, which 
can be traced backwards to roots as deep in Danish cul
ture as Kierkegaard’s Stages on life’s way and forwards to 
the four conflicting foundations that Bohr offered for 
his quantum postulate in his revolutionary paper of 
1913.

Key words: Niels Bohr; Harald Høffding; Søren Kier
kegaard; Bohr atom; scientific creativity
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1. Introduction

The quotation in my title comes from a letter from Niels Bohr to his 
fiancée Margrethe Nørlund. It dates from February 1912, just before 
Niels caught a train from Cambridge to Manchester. He was on his 
way to arrange a transition - it turned out to be a quantum jump - be
tween the domain of Sir Joseph John Thomson, whom Bohr ranked as 
a pioneering genius, to the laboratory of Thomson’s former student, 
Sir Ernest Rutherford, evidently the coming man in English physics. 
It was a special moment for Bohr, as he had not made a perfect success 
at Cambridge, and hoped for a better outcome at Manchester. The 
prospect of a new start, and a chance of showing himself to be the man 
of genius his family and friends took him for, might seem to explain 
sufficiently the rhetoric with which he described his frame of mind to 
Margrethe. “My courage is ablaze so wildly.”1

1. Aaserud and Heilbron (2013), p. 66.
2. Aaserud and Heilbron (2013), pp. 74-75.
3. 25 November 1912, Aaserud and Heilbron (2013), p. 37.

In fact, his correspondence with Margrethe is full of references 
to his blazing courage and boiling blood. He had arrived in Eng
land, to begin work with Thomson, “with all my stupid wild cour
age.” His blood boiled at the sight of the chapel of King’s College 
Cambridge, a pillar in St Giles Cathedral in Edinburgh, the Forth 
Bridge - not from irritation, but because great human achievements 
fired up his spirit of emulation. When he glimpsed some progress in 
his physics, his blood could get “feverish,” or so he wrote to Mar
grethe, with apologies for his “silliness” in growing incandescent 
over so little.2

Many other stimulants could provoke this ebullience: the great 
works of Goethe, Shakespeare, Ibsen, and Kierkegaard; grand sci
entific syntheses, like Hendrik Lorentz’s Theory of electrons and Joseph 
Larmor’s Aether and matter, an opera, a friend, a sense of well-being. 
After attending an opera with a colleague one fine November after
noon, he wrote semi-poetically to Margrethe, “my courage these 
days is ablaze competing with the autumn sky and with all those 
things that by turn run through my silly head.”3
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Figure 1. “My courage is ablaze so wildly, so wildly.” Niels Bohr en route to 
his atom, photographed during his return from England for his wedding in 
Denmark.
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The transition to Manchester started Bohr on the path to his 
quantum atom, brought him the success that had eluded him in 
Cambridge, and resulted in a revolution in physicists’ approach to 
the microworld. I will try to specify the revolutionary sacrifices de
manded by this approach as contained in or implied by Bohr’s first 
paper on the “constitution of atoms and molecules,” which was 
published in July 1913, almost a year to the day after he switched his 
research field from the electron theory of metals to the theory of 
atomic structure.

After identifying these sacrifices with the authoritative help of Ru
therford and Einstein, I’ll sketch the background in physics from 
which Bohr put his quantum atom together. In the foreground of this 
background were Planck’s ideas about quanta, Thomson’s program 
in atomic physics, Rutherford’s nuclear atom, Nicholson’s model of 
radiation, and Balmer’s formula for the spectrum of hydrogen.

The rest of my talk is an attempt to delineate the intellectual and 
psychological furnishings of the mind that could forge a compel
ling synthesis from these ill-assorted ingredients. In this attempt - 
and it is only a trial - I’ll make use of some hitherto unavailable 
family correspondence that Finn Aaserud and I have been permit
ted to excerpt. We all owe thanks to the Bohr family for allowing 
study of this unusual documentation of the sources and course of 
scientific creativity. A key factor in my account is a concept of par
tial truth, which can be traced backwards to roots as deep in Danish 
culture as Kierkegaard’s Stages on life’s way and forwards to the four 
conflicting foundations that Bohr offered for his quantum postulate 
in his revolutionary paper of 1913.

I’ve divided the talk into four parts: 1, Bohr’s revolutionary sac
rifices; 2, Their background in physics; 3, Bohr’s partial truths; 4, 
Their payoff.

2. Revolutionary sacrifices

To say what we all know, Bohr’s quantum model of the hydrogen 
atom allows its single electron to occupy a series of discrete station
ary states, in any of which it can rotate around the atomic center 
without radiating or losing energy by collisions, but otherwise fol
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lowing the rules of ordinary physics. Radiation occurs when it 
jumps from one state to another of lower energy; and, what is singu
lar, this radiation occurs at one and only one frequency or color 
determined solely by the electron’s loss of energy, or, less insipidly 
expressed, by the number of stationary states it jumps over.

This way of picturing radiation seemed a fatal flaw to the first 
physicist to read about it. This was Rutherford, to whom Bohr sent 
a draft of the revolutionary paper. Rutherford wrote:

Your ideas about the mode of origin of [the] spectrum of hydrogen 
are very ingenious .... There appears to me one grave difficulty in you 
hypothesis, [however,] which I have no doubt you fully realize, name
ly, how does an electron decide what frequency it is going to vibrate 
at when it passes from one stationary state to the other. It would seem 
to me that the electron knows beforehand where it is going to stop.4

4. Rutherford to Bohr, 20 March 1913, Bohr (1981), pp. 583-584.
5. Hevesy to Bohr, 23 September 1913, Bohr (1981), p. 532.

For Rutherford, whose strength as a theorist lay in picturable mod
els and robust common sense, an electron that knew its future was 
as inconceivable as a frequency without a vibration. Here then is the 
first revolutionary sacrifice: renunciation of an understanding of the 
radiation process if understanding requires a physical picture of 
events.

As Einstein observed, the situation was even worse, or, as he put 
it, Bohr’s “achievement” was even greater. We have this information 
from a letter from the chemist George Hevesy, whom Bohr met in 
Manchester and who much later became an ornament of Bohr’s In
stitute here in Copenhagen. When Hevesy told Einstein that spec- 
troscopists had confirmed Bohr’s attribution to helium of certain 
lines they had awarded to hydrogen, then, according to Hevesy,

[Einstein] was extremely astonished and told me: “Than the frequen
cy of the light does not depand at all on the frequency of the 
electron .... [T]his is an enormous achiewement. The theory of Bohr 
must then be wright.5
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Einstein had pinpointed the peculiarity of Bohr’s theory in its dis
connection of the frequency of the emitted light from the orbital 
frequency of the electron supposed to emit it. And indeed, since the 
jump involves two stationary states, two different orbital frequen
cies intervene, and the single color given off by the leaping electron 
obviously could not be equal to both. (To avoid confusion, I’ll 
speak of the color of radiation and reserve frequency for the peri
odic motions of orbiting electrons.) The relationship between the 
frequencies of the participating orbits and the color associated with 
the electron passing between them is distant and opaque. For exam
ple, in the case of a line in the Balmer series, of which more later, the 
color of the nth line, associated with an electron jumping from the 
nth to the 2nd stationary state, is the orbital frequency of the second 
state minus one half of n times the orbital frequency of the nth state. 
There was not much purchase for a mechanical picture there!

When describing this disconnection as an enormous achieve
ment Einstein may have had in mind the liberation of radiation 
from the usual picture, implicit in Rutherford’s reaction to Bohr’s 
theory, that a radiating electron directly stimulated a vibration 
whose color was that of the electron’s frequency. The dissolution of 
this bond consequently deprived physicists of the conceptual tools 
with which they had handled the extensive domain of radiation 
phenomena. That was agreeable to Einstein, whose light quanta did 
not involve vibrations in the medium through which the radiation 
traveled.

To Bohr also the disconnection of the color of the radiation from 
the frequencies of the electrons in the participating stationary states 
was the most revealing and distinctive feature of his atom. Disagree
able as it was, nature compelled physicists to shelve the tools of 
their trade when tinkering in the microworld. “We have been forced 
to assume that a system of electrons will [emit and] absorb radiation 
of a frequency different from the frequency of vibration of the elec
trons calculated in the ordinary way.”6

To most readers then and now, the most striking and persuasive 
result of Bohr’s three-part paper of 1913 was and is the calculation

6. Bohr (1913). p. 16. Bohr (1981), p. 176.
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in the first installment of an obtrusive number that recurs in formu
las for the colors of spectral lines. This number, called the Rydberg 
constant or, more familiarly, “the Rydberg,” after a Swedish spec- 
troscopist, appeared to be “universal,” that is, it had the same value 
irrespective of the element giving rise to the spectrum. Evidently, it 
concealed something fundamental. Bohr’s calculation expressed 
the Rydberg in terms of the charge and mass of the electron and 
Planck’s quantum of energy, all supposed to be fundamental con
stants, or building blocks of matter. When Bohr took into account 
that ordinary mechanics required the nucleus to move around the 
center of mass of the atom, his calculation agreed with measure
ment to five significant figures in the case of hydrogen and ionized 
helium. So good indeed was the agreement that Bohr suggested 
that his expression for the Rydberg constant could be used to refine 
the accepted values of the fundamental constants it contained.7

3. Their background

In proposing that his quantum atom might bring an improvement in 
the values of the electronic mass and charge, Bohr was echoing 
Planck, who had recommended his radiation formula primarily be
cause his theory of it gave privileged access to the dimensions of the 
microworld. His colleagues agreed and proposed to award the No
bel Prize in Physics to him in 1908 for his way of calculating the 
electronic charge. The prize for chemistry would add further empha
sis, for it was to go to Rutherford for getting a similar result by 
counting the accumulated charges carried by a known number of 
alpha particles. This symmetry broke, however, when the Swedish 
Academy of Sciences learned that the theory underlying Planck’s 
calculation was out of tune with sound physics. The Academy 
dropped him and changed the motivation for the prize to Ruther
ford.

The sticking point in Planck’s theory was its covert consequence, 
which not even Planck had noticed, that every exchange of energy 
between radiation and matter must occur in certain fixed amounts. 

7. Bohr (1913), p. 14. Bohr (1981), p. 174.
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He had modeled material radiators as electrons attached to perfect 
springs of different frequencies. His energy condition, introduced 
to bring theory into line with experiment, required that the energy 
element equal the oscillator’s frequency multiplied by a fixed num
ber that by Bohr’s time was known as Planck’s constant or Planck’s 
h. The requirement is bizarre from the standpoint of ordinary phys
ics. For it comes down to saying that a very large amount of energy 
is required to budge a very stiff micro-spring by even a nanometer.

When a Planck oscillator emits radiation it must do so in multi
ples of its basic energy quantum. In most presentations of his theo
ry around 1913, this emission took place one quantum at a time; but 
in the form then preferred by Planck himself, an oscillator of fre
quency v could deliver itself of a single quantum of frequency-color 
m> or n simultaneous quanta of frequency v. Bohr would use all these 
conflicting versions, also simultaneously, when working Planck’s h 
into Rutherford’s nuclear model.

Although it had been in existence for over a year when Bohr took 
it up, the nuclear model had not aroused much interest among phys
icists. Their disinterest had two main causes. For one, Rutherford 
had introduced the model to explain why thin metal foils sometimes 
reflected alpha particles that fell upon them, a most improbable feat 
unless atoms contained tiny, highly charged kernels. This geometry 
challenged the arrangement in the model Thomson had devised and 
applied with some success to a wide variety of physical and chemical 
phenomena. In Thomson’s model the electrons circulate in concen
tric rings within a resistanceless space that acts as if positively 
charged. Since alpha particles could pass through or by these spaces, 
and were seldom deflected much by the relatively flimsy electrons, 
they could not receive a smart enough blow to be knocked back
wards in traversing thin foils. But although Thomson could not ex
plain alpha scattering plausibly, he could account for much else, for 
example, the periodic properties of the elements, for which Ruther
ford could not offer a competitive explanation.

This brings me to the second set of reasons for the initial indiffer
ence to the nuclear atom. Thomson’s explanation of chemical peri
odicity rested on calculations of the stability of different arrange
ments of the orbiting electrons against small disturbing forces.
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Only stable configurations could represent chemical atoms and 
Thomson showed analogies between some of the acceptable ones 
and the rows and columns of the table of the elements. The nuclear 
atom is not mechanically stable for any configuration involving 
more than one electron, and did not lend itself to an analysis of 
Thomson’s type.

There is one exception to this generalization. An electron ring in 
a nuclear atom oscillating perpendicularly to its plane can be sta
ble; it is the oscillations in the plane that tear the atom apart. In 
1912 a Cambridge mathematician named John William Nicholson 
calculated the frequencies of the stable small perpendicular oscilla
tions of rings containing a few electrons. He managed to match 
closely the frequencies of a dozen or more unattributed lines in the 
spectra of the sun’s corona and of certain nebulae; and by this as
tonishing performance succeeded in extending the purview of the 
nuclear atom well beyond the original application of Rutherford’s 
model and, in respect of spectra, well beyond the confines of Thom
son’s program. Moreover, Nicholson was able to connect his mod
els with Planck’s h by drawing on the latest deliberations on the 
subject.

These were the proceedings of the Council that assembled in 
Brussels in 1911 at the invitation of an enthusiastic architect of 
world systems, Ernest Solvay, who on the side ran and owned the 
largest chemical conglomerate in the world. The Solvay Council 
considered problems in radiation theory and the puzzle of Planck’s 
h. Many of Solvay’s councilors, notably Planck and Einstein, be
lieved that the phenomena to which h had been applied, like radia
tion, specific heats of solids, and the photo-effect, were not tractable 
by ordinary, or, to use their new term, classical physics. Others, 
among whom Rutherford probably should be placed, thought that 
with moderate changes classical physics could account for the awk
ward phenomena. And several of the councilors, including Planck 
and Arnold Sommerfeld, agitated the questions whether the proper 
category of Planck’s h was energy, action, or angular momentum, 
and whether the theoretically significant value of Planck’s constant 
was h, h/2, or h/2n.

Nicholson must have been one of the first attentive readers of the 
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Council’s proceedings, which came out in 1912. He promptly an
swered the questions about the category and quantity of Planck’s 
constant: it measured angular momentum and its proper measure 
was h/lft. By working backwards from his association of the nebular 
and coronal lines with his nuclear ring atoms, he could calculate the 
angular momentum of their electrons; and this, in every case, came 
out to be a small multiple of hilft.

Nicholson’s excursion into spectroscopy did not include an elu
cidation of the Balmer formula for a series of lines in the spectrum 
of hydrogen. This simple formula, which relates the lines’ colors to 
two integers and the Rydberg constant, was purely empirical and 
arithmetic, even numerological; its simplicity had enticed a few 
bold physicists to attempt derivations from physical models, but in 
the quarter century since Johann Jakob Balmer enunciated it, no 
one had proposed anything plausible or useful. The quantitative 
relation that would provide the test of Bohr’s quantum atom was 
well removed from the concerns of atom builders in 1912.

4. Partial truths

It took courage and confidence to cook up an atom from the ingre
dients available in 1912 and more of both to dish out the needed 
sacrifices to the skeptical community of physicists. Einstein regard
ed Bohr’s performance as extraordinarily bold, and Einstein was 
not a timid physicist. Where did Bohr’s intellectual courage, not to 
say recklessness, and his self-confidence come from? The new mate
rial, especially the letters to Margrethe, opens approaches to an an
swer. Bohr’s reaction to her gift to him of Thomas Carlyle’s bom
bastic book On heroes and hero worship is a good place to begin.

Carlyle’s heroes include the Norse god-man Odin and lesser 
mortals like Mohammed, Luther, Cromwell, and Shakespeare. Mar
grethe apparently saw some resemblance between these over-achiev
ers and her Niels. He liked the first chapter, on Odin, because, as he 
put it lukewarmly, everything about the old North made his blood 
boil. But he soon grew tired of Carlyle’s noise and nonsense, and 
said so. Margrethe must have been affronted, since her hero felt 
obliged to apologize. Here is what he wrote:
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You ask what I meant by what I wrote about Carlyle ... . By compar
ing [his style] with a sermon I just mean that one does not demand 
from a sermon that everything in it should be true, in the same way as 
from a great work of literature. There exist so many different truths .... 
With the sermon the main purpose is to show your sympathies and 
make others enthusiastic about them; and that can of course be just 
as important as trying to create something which one calls greater - 
that is, more universally human - and the truth of which will be of a 
somewhat different kind, coming closer to the so-called scientific 
truths, which again are of a somewhat different kind. This is so stu
pidly and badly put, but... it is something I feel very strongly about; 
I can almost call it my religion, that I think that everything that is of 
any value is true.8

8. Aaserud and Heilbron (2013), pp. 51-52,155-156.
g. Høffding (1905), pp. 82-83.

Although Niels did not state the source of this religion, it is easy to 
spot parallels to its sparse dogma in the teachings of his professor of 
philosophy, Harald Høffding, and Høffding’s friend and admirer 
William James. Parallels and connections of this kind have been 
proposed before, to provide a background for Bohr’s later philoso
phy of complementarity; but they lacked hard evidence and hard
headed physicists and historians have tended to downplay or reject 
them. As the excerpt I’ve just given suggests, the hitherto unavail
able early letters provide much firmer ground for these parallels and 
connections and, as will appear, for tracing even deeper roots of 
Bohr’s thought in Danish culture.

Before proceeding to a second example, I should point to texts 
of Høffding and James that resemble Bohr’s belief that whatever 
has value is true. We read in Høffding’s Problems of philosophy, a short 
presentation of his approach to the great problems in life, that truth 
is a word for a successful analogy between “things in being and in 
human thought;” truth does not signify a reproduction or mirror of 
reality, but, rather, a utility, whose value lies in “mak[ing] intelligi
ble experience possible.”9 James says similar things more succinctly 
in his lectures on Pragmatism given in 1906. “The true is the name 
of whatever proves itself to be good [that is, useful and thus valua- 
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ble] in the way of belief.” This definition allows for, indeed, re
quires, many truths. “The whole notion of the truth is an abstrac
tion from the fact of truths in the plural.”“ The notion is also 
confused. We must “overhaul the very idea of truth, for at present 
we have no definite idea of what the word may mean.”10 11 12 Bohr took 
up the challenge. We know from a letter to Margrethe that he was 
confident enough in his answer to expose it to the criticism of math
ematicians at a lunch party in Cambridge. None of them, he re
ported, had ever heard the like before. Apparently they had not 
read Høffding or James.

10. James (1907), pp. 30, 92.
11. James (1907), p. 74.
12. James (1907), p. 55.
13. Aaserud and Heilbron (2013), p. 47.

My second example concerns real religion, organized religion, 
which Niels repudiated when a teenager. Although his mother was 
a non-practicing Jew and his father, who bore the name Christian, 
was an atheist, they brought Niels up in the Danish state church in 
order, as he later supposed, that he not feel different from other 
boys. Niels took to religion more readily than his parents may have 
liked. He tried very hard, so he wrote Margrethe, to believe in the 
Lutheran faith and the salvation of his soul, to understand what 
salvation might mean, and to divine why it depended on acceptance 
of improbable stories. But, as James wrote, “[God’s] animal spirits 
are too high, his practical jokes too monstrous,” for rational recon
struction." The task overcame even Niels’ power to reconcile con
tradictions.

In an instant, suddenly, completely, discontinuously, Niels per
ceived that Christian dogma could not be true in any of the many 
senses of truth he could admit. When he confessed this leap into 
non-faith to his father, whom he idolized, he received a sage smile in 
reply. He recalled the episode for Margrethe: “That smile, my little 
one, taught [me] a lot.” “[M]y courage roared so wildly, so wildly, 
for [I thought] then that [I] too could think.”13 The approving smile 
of the man he most admired in the world taught him that he be
longed among the few who could reason their way free from the 
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standard beliefs of their class and culture, place and time. He would 
repeat the performance when recognizing that ordinary mechanics 
represented the truth of the microworld only a little better than con
ventional religious beliefs accorded with the meaning of life.

Bohr’s rejection of conventional religion brought as much dis
tress to Margrethe’s devout parents as his quantum atom would to 
classical physicists. True to himself and to the memory of his father, 
who had died in 1911, Bohr refused to be married in church. In a 
beautiful reply to an unhappy letter from his future mother-in-law, 
he touched again on his theory of knowledge:

There was a time when I completely believed every single word, or 
perhaps more correctly fought hard and victoriously with my 
doubts .... [Sjuddenly I understood that all of it was not true; under
stood it in a way that to me was beyond any doubt.... But you must 
not think that I do not believe in anything at all; I believe that there 
is meaning in the world, a meaning that human beings cannot under
stand, but can only sense. And that does not make life poorer for me, 
on the contrary it would be so infinitely trivial if I thought I could 
understand it. I further understand quite logically that there must be 
something a human being does not understand.14

14. Aaserud and Heilbron (2013), p. 77.

The striking statement that a logical demonstration exists that 
proves the limitation of human understanding sends us again to the 
sources. Høffding put it this way: “all understanding is conditioned 
by the relation between continuity and discontinuity,” by which he 
meant between rational connection and arrangement, on the one 
hand, and resistance to analysis, even impenetrability, on the other. 
The rational and continuous cannot completely render our experi
ences. There will always be something discontinuous, “an irrational 
relation between the principles which may compose our conscious
ness and the Being itself from which our experiences are drawn.” 
Or, as James summarized Høffding’s position, facts are abstrac
tions, completion an ideal. “Neither is given in experience, nor can 
either be adequately supplied by our reason; so that, above and be
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low, thought fails to continue, and terminates against an ‘irratio
nal’.”15

15. Høffding (1905), pp. 60, 84-85. James, in ibid., p. xi.
16. Høffding (1896), pp. 2 (quotation), 63, 66.
17. Høffding, (1896), pp. 57, 63.
18. Bohr, as quoted by Rud Nielsen (1963), p. 27.

Kierkegaard says the same thing even better, as Bohr could have 
read in Høffding’s succinct summary of the philosophy of “the 
greatest of our thinkers.” According to Kierkegaard, it is logically 
impossible for us to create a complete account of Being because our 
knowledge and experience grow and change; and as we are part of 
the Being we are trying to capture in thought, we are attempting to 
grasp something unformed or continually forming. We live for
wardly, understand retrospectively. Only the dead, for whom Exist
ence does not change, can devise a complete system, and, as far as 
we know, they are not in a condition to do so. And even this dour 
assessment is over-optimistic, for the dead are no more able than the 
living to explain how we can understand retrospectively the neces
sity of what was open-ended prospectively.16

Kierkegaard regarded his main task as criticism, as raising diffi
culties about accepted beliefs. Among his preferred targets was the 
assumption that we can make “a smooth and continuous connec
tion [among the parts of] our knowledge.” That was wrong both 
intellectually and morally. “It is only reprehensible laziness or impa
tience to believe that there must be something complete and 
closed.”17 Kierkegaard’s claim to the role of universal critic added to 
his attraction for Bohr. For if there was anything at which both ex
celled it was slicing to the bottom of things. Bohr: “[Kierkegaard’s] 
honesty and willingness to think the problems thorough to their 
very limit is what is great [about him].”18

The centerpiece of Høffding’s précis of Kierkegaard is the no
tion of distinctive and even discontinuous stages or types of civi
lized life. Bohr extolled one of Kierkegaard’s presentations of this 
theme, a lively book entitled Stages on life’sway. Here we are on unu
sually solid ground because in 1909 Niels sent his copy of the book 
to Harald as a birthday present with a commendation that reads as 
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follows: “It is the only thing I have to send; nevertheless, I don’t 
think I could easily find anything better .... I think absolutely that 
it is about the most beautiful thing that I have ever read.”19 20

ig. Niels Bohr to Harald Bohr, 20 April 1909, Bohr (1972), p. 501.
20. “Skraep,” in Niels Bohr to Harald Bohr, 26 June 1910, Bohr (1972), p. 513; on 
proclivity to criticism, same to same, 1 August 1909, ibid., p. 107.
21. Aaserud and Heilbron (2013), pp. 56-57.

Harald returned the book in which one of Niels’ grandsons, To
mas Bohr, recently found some manuscript notes. Although they 
are not in Niels’ hand, they may yet be the critical remarks that, 
notwithstanding his admiration of Stages, he told Harald that he had 
written about it. In another letter he refers self-deprecatingly to 
himself as “Skraep,” which I take to be a further reference to his 
ability and proclivity to criticize; for Skraep was the old Norse 
sword so sharp that it could cut through the toughest knot and the 
hardest steel without blunting its edge.80 Here is part of what Skraep 
wrote (or may have written) about Kierkegaard:

From my point of view I must condemn his life and behavior while 
respecting his struggle and his work, whose fruit is among the most 
beautiful writing in the world .... I,who do notfeelin anyway united 
with, even less, bound to a God, and therefore am much poorer [than 
Kierkegaard] would say that the good [is] the overall lofty goal .... 
But, oh God, Kierkegaard, how rich a person you are.21

I’ll return directly to what might have been meant by Kierkegaard’s 
riches. First, however, I must say a word about Bohr’s circumstanc
es when at the age of 24 he expressed himself so ecstatically about 
Stages on life’s way. He sent the book to Harald from a parsonage to 
which he had withdrawn from the bustle of Copenhagen to prepare 
for his master’s thesis and examination. It was just the place for a 
romantic intellectual. “I walk here in solitude [he wrote Harald] 
and think about so many things.” He thought about physics, of 
course, and mathematics and logic, but also about the problem of 
cognition, the stages of life, the nature of the good. I assume that 
the document Tomas Bohr found is either a copy of the original
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Figure 2. “The parsonage where Bohr walked alone.”

written at the parsonage or notes taken there to Bohr’s dictation, a 
method of working characteristic of him.ss

The reference in the notes to Kierkegaard’s riches returns us to 
the problem of truth. His insight into the human condition was so 
deep that he had to divide himself into a dozen different personae 
to do justice to it. These personae appear in his books as characters 
and on his title pages as pseudonyms. He needed six of them to 
convey the truths in Stages. The earliest stage, the aesthetic, which 
for some people lasts a lifetime, is a period of carefree experimenta
tion, of flitting from one experience or idea to another. Kierkegaard 
depicts it through speeches given by four of his avatars at a sympo
sium on love, life, and the universe. Each says something true, 
though his statement conflicts with what the others say. Another 
avatar, a self-satisfied judge, sets forth the merits of a good mar- * 

22. Niels Bohr to Harald Bohr, 20 April 1909, Bohr (1972), p. 501 (solitude); 17 and 
27 March 1909, ibid., p. 499 (logic); 26 Apr 1909, p. 503 (notes); 26 June 1910, p. 513 
(cognition); 9 June 1909, p. 505 (mother as amanuensis).
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riage, the essence of the second or ethical stage. The judge’s wife 
was patient, understanding, supportive, protective, enabling him to 
reach the highest level his talents and training permitted; neither he 
nor she could achieve as much apart as they did by pooling their 
complementary qualities; each contributed an equal share to the 
truths of married life. Bohr needed such a partner more than most 
men. As for the third and final stage, the religious, it can be reached 
only by a leap of faith, which, as we know, was a quantum jump that 
Bohr made in the opposite direction.

Another of Kierkegaard’s personae made a perfect model for a 
romantic young critic walking in solitude around a country person
age. This was young Johannes Climacus, who had a passion for 
thinking so intense that he could not think about girls. Instead he 
worried about the meaning of the key of philosophy, the slogan de 
omnibus dubitandum est. Having a “romantic soul which always looked 
for difficulties,” that is, being a consummate critic, Climacus man
aged to prove that the foundational principle, “modern philosophy 
begins with doubt,” did not mean anything at all.33 And if it did 
mean anything, it would exterminate the race of philosophers, since 
every student would be obliged to doubt the words of his teacher, 
and each generation would slay its predecessor. And so poor Clima
cus never advanced even to the threshold of received philosophy. 
“He became more and more retiring, fearing that thinkers of dis
tinction might smile at him when they heard that he too wanted to 
think.”84

23. Kierkegaard (1958), pp. 103, 116 (1st quotation), 126, 140 (2nd quotation).
24. Ibid., pp. 138,115 (quotation).

I would guess that the multiplicity of points of view in Stages, all 
of which have some value and hence some truth, and Kierkegaard’s 
invincible amor intellectualis, as represented by Johannes Climacus, 
were among the great attractions of Kierkegaard’s aesthetic writ
ings for Bohr. Bohr’s mental furniture certainly contained some 
principal items from the workshops of Kierkegaard and Høffding 
and, perhaps, also of William James. This does not mean that Bohr 
was a thorough student of philosophy; like Climacus, he never 
crossed the threshold of the profession. Nonetheless, he had a 23 24 
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strong interest in a few philosophical problems as posed and an
swered by Høffding, who, in turn, had a high regard for Bohr’s 
philosophical acumen. Could it be that the “young friend” from 
whom Høffding expected “much in philosophical respects” and 
who, around 1902, offered a criticism of his Philosophy of religion, was 
Niels Bohr?85 Though only 17 in 1902, Niels had been present at 
informal meetings in his home at which his father discussed general 
philosophical and scientific questions with Høffding and two of 
their colleagues; and, not much later, Niels corrected a passage in 
one of Høffding’s textbooks.

25. Høffding to Ferdinand Tönnies, 27 March 1902 in Bickel and Fechner, eds. 
(1989), p. 90.

I fear that I may have created a monster in harping on the philo
sophical ideas that Bohr picked up during his adolescence and while 
studying at the University of Copenhagen. The letters to Margrethe 
document a lighter side, though perhaps overly intellectual for some 
tastes. They quote poetry to one another, Goethe, Ibsen, Shake
speare, and sometimes descend to Dickens novels. Bohr loved adven
ture stories, and as a boy was addicted to the tales of James Fenni
more Cooper. The ridiculous feats of Cooper’s Indians and marksmen 
in the great American forests perhaps reminded him of the exaggera
tions of the Icelandic sagas, for which he also had a taste.

And, of course, there was Margrethe. Departing here from Jo
hannes Climacus, Niels came to think almost as obsessively about 
her as Quidam in Stages, the Seducer in Either/Or, or Kierkegaard 
himself in real life did about their girlfriends. But, as Margrethe 
understood perfectly, she would have to share Niels with his work. 
In reply to a question put to her in several ways in their letters, she 
acquiesced in this ménage å trois and professed, in so many words, 
to love his work as she loved him. She bore the test cheerfully when 
spending her honeymoon in Manchester helping Niels finish a pa
per on the life history of alpha particles. Before her marriage Mar
grethe worried that she might not know enough, or be able to learn 
enough, to be a companion to a compulsive thinker and his 
thoughts. Her future mother-in-law assured her that she need not 
know anything except the value of intellectual work.
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Figure 3. Margrethe and Niels in their engagement photograph.
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You are so genuinely good, and also wise precisely because your soul 
is so sensitive to everything really good and wise. Wisdom is not the 
amount of knowledge but the understanding of and love for the value 
of intellectual work, which is so rarely valued because so few know 
what it requires of strength, diligence and unselfish striving .... [You 
know] what a rare treasure Niels is.26

26. Aaserud and Heilbron (2013), p. 18.

5. Their payoff

In the interest of time and clarity, I will conclude with a caricature 
of the way Bohr’s special mind set could have assimilated and trans
formed the conflicting ingredients of his quantum atom. A carica
ture is not an untruth but an exaggeration designed to bring out 
some features at the expense of others. A good caricature is a mem
orable expression of a partial truth - and, although I certainly do 
not claim that mine is memorable, I can say that it is fitting. For 
what, after all, was Bohr’s quantum atom but a caricature contrived 
to bring out certain aspects of the microworld?

Convinced that human beings can never arrive at a coherent 
theory of everything, Bohr did not worry, but rather expected, that 
classical physics had its limits. One of the advantages of the nuclear 
atom was that it exposed the limits: it represented several features of 
the microworld simply and cleanly, but could not be a mechanical 
structure. To proceed further Bohr needed a quantitative discrimi
nation or definition of quantum concepts. For this he adapted 
Planck’s mysterious relation between the energy and frequency of 
an oscillator. An electron ring rotating around a nucleus is not much 
like a Planck oscillator. Nonetheless, Bohr made the assimilation 
work at first by confining his attention to the atom in its ground 
state, in which it does not radiate at all; and so, evidently, would be 
useless as a model for the theory of radiation from which Bohr took 
Planck’s famous, and famously obscure precept, E = hv.

In Planck’s theory the same symbol, v, stood for the color of the 
radiation and the frequency of the oscillator, which are identical on 
his model. At first, when he confined himself to the ground state, 
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Bohr did not have any reason to distinguish between them. So he 
took the frequency of the orbit in the ground state as the quantity 
required in Planck’s precept. For the corresponding energy, Bohr 
took the amount lost by the electron during its binding by the nu
cleus, which, in a nuclear atom, is just equal to the electron’s orbital 
kinetic energy. Thus obscuring or disguising the ambiguity between 
color and frequency, he had a model with which to pursue Thom
son’s program to elucidate the periodic table. This program re
mained his purpose throughout the trilogy. Even in its first part, 
after delivering his theory of the hydrogen spectrum, he specified 
that his subject was the behavior of atoms in their ground state.87

The interaction with Nicholson, which turned Bohr’s attention 
to spectra, provoked him to a compromise in which Nicholson’s 
atom described the radiation process and Bohr’s the ground-state 
behavior. There had to be some truth in Nicholson’s model! It had 
value: it agreed well with experiment and married quantum theory 
to ordinary physics. Even after Bohr had invented his own account 
of radiation and had discarded Nicholson’s, he did not reject it alto
gether, and reinstated it to scatter light.

Absorption of Nicholson’s papers increased the ambiguity of 
Bohr’s model atom by introducing higher stationary states, in each 
of which an electron had an orbital frequency proportional to its 
kinetic energy. As long as he left radiation to Nicholson, the in
creased ambiguity could be papered over: for the frequencies of the 
small oscillation of the electrons perpendicular to their ring, to 
which Nicholson ascribed radiation, were the colors of the light 
emitted, as in Planck’s theory.

A glance at the Balmer formula written in the suggestive form 
v„ = R(l/22 - l/n2) revolutionized the subject in Bohr’s prepared 
mind. He multiplied the formula by h and read it as a Planck pre
cept, or energy equation; since hv„ would equal a change in energy, 
the equation immediately suggested hRhr as the kinetic energy of a 
hydrogen atom in its nth stationary state. It appeared that the radia
tion process was the locus of the quantum difficulty: radiation did 
not take place by oscillation around stable orbits but by abrupt 

27. Bohr (1913), p. 20. Bohr (1981), p. 222.
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transitions or jumps between them. And, since the frequencies of 
the participating orbits differed, the color of the light emitted could 
not be equal to both of them and, in fact, was equal to neither. Bohr 
then had a crisp dichotomy between stationary states, in which elec
trons behaved as if Newton had designed the atom, and quantum 
jumps, in which not even a Newton could follow them.

With what satisfaction a student of Høffding’s would have con
templated this outcome! The master had taught that the world con
sisted of the continuous, describable, and rationally explicable, and 
the discontinuous, irrational, and novel. Here, in a simple case, 
Bohr had found one of those closed doors at which continuity must 
stop; or, to adopt the words Niels used to reconcile his future moth- 
er-in-law to her daughter’s marriage outside the church, a place 
where we confront the demonstrable truth that there are things hu
man beings cannot understand. What struck Rutherford and Ein
stein as spectacularly bold conclusions were for Bohr only what was 
to be expected. That physicists had to renounce their ambition to 
give rational accounts of all physical phenomena was in the nature 
of things as viewed from Copenhagen.

The identification of the Balmer terms as energies of stationary 
states was one of two components that made possible Bohr’s theo
retical derivation of the Rydberg constant. The other was the postu
late that the ratio of kinetic energy to orbital frequency in the nth 
stationary state equals n times Planck’s constant divided by 2 
(T„ = nh&Jl). Bohr was too responsible a physicist to want to rest his 
derivation on so obscure a postulate. So he offered a more basic 
foundation, or foundations; in all, he gave no fewer than four such 
groundings or partial truths. Two of these truths are analogies to 
Planck’s radiation theory, one based on each of its chief formula
tions in 1913. The third partial truth brings the radiated color into 
asymptotic agreement with the frequencies of the participating or
bits by requiring that at great distances from the nucleus, where the 
electron is almost free and the energies in nearest neighboring or
bits almost equal, the color as calculated by jump equals, almost, 
the approximately equal orbital frequencies. The fourth partial 
truth or grounding appears to be a mathematical reworking of the 
basic postulate T„ = nho\J2 into the familiar condition on the angu- 
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lar momentum of an electron in a stationary state, the only one of 
the four partial truths now remembered.

The grounding via analogy to Planck’s precept E = hv contains 
whatever truth there is in Planck’s radiation theory. As we know, the 
analogy does not fit the nuclear atom very well and Bohr soon gave 
it up as “misleading.” He came to prefer the asymptotic grounding. 
This he later generalized into the Correspondence Principle, which 
required that at some limit classical and quantum calculations 
should agree. It contains the partial truth, or vague requirement, 
that where the domains of validity of contradictory theories over
lap, the quantitative descriptions they give should coincide. The 
Correspondence Principle may appear to plug the breech between 
the micro- and the macroworld. It does not. For although the calcu
lations may agree, the physical pictures underlying them do not.

The fourth grounding is not a mere reworking of the postulate. 
It is conceptually quite different from the other three. They mix to
gether quantities pertaining to the radiation emitted, and to the mo
tions of the electrons somehow responsible for it, whereas the con
dition on the angular momentum relates only to the orbit. But it too 
is only a partial truth, as, indeed, are the electron orbits themselves. 
As Bohr puts it in a typically oracular phrase,

While there obviously can be no question of a mechanical foundation 
of the calculations given in this paper, it is, however, possible to give 
a very simple representation of the calculation ... by [the] help of sym
bols taken from the ordinary mechanics.28

This foundation that is not a foundation is the condition on the 
angular momentum.

As we all know, Bohr’s quantum atom initiated a development 
that, within a decade (taking time out for World War I), produced 
quantum mechanics and revealed to Bohr the philosophy of Com
plementarity. It rested on the perception that partial truths come in 
pairs, not trios or quartets. Each pair has the property, characteristic 
of Bohr’s thought, of being formally inconsistent and even contra- 

28. Bohr (1913), p. 15. Bohr (1981), p. 175.
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dictory, and yet necessary for a complete representation of experi
ence. Thus wave and particle, space-time and causality, as applied 
to the microworld, and free will and determinism, mechanism and 
vitalism, as applied to wider human concerns. These last extrapola
tions were not evidences of a turn to philosophy by a decaying phys
icist, but of a return to the broad questions that Bohr had encoun
tered through Høffding in the old days when he discovered that he 
too could think.
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Prelude

Kirsten Hastrup

President of the Royal Danish Academy of Sciences 
and Letters

It is a privilege to preface this exciting volume, the result of an im
pressive symposium held in The Royal Danish Academy of Sciences 
and Letters as part of the celebration of the centenary of Niels 
Bohr’s ground-breaking articles in 1913. It is not for me to intro
duce the scope of the proceedings, but to briefly introduce readers 
to the Academy and to Niels Bohr, who served as its president from 
1939 until 1962. Succeeding presidents cannot but stand humbly in 
his shadow, not only because of his contribution to physics and to 
science more generally, but also because of his achievements in ad
vancing the public standing of scholarship in Denmark and be
yond.

Let me start by looking further back. At its inauguration in 1742, 
The Royal Danish Academy of Sciences and Letters had as its main 
objective to contribute to the promotion of basic scientific research 
in the general interest of advancing knowledge for the benefit of 
society. In the age of the European Enlightenment, when the Aca
demy was founded, science and knowledge were seen as the univer
sal means to social progress. There was a dawning sense that a more 
systematic pursuit of knowledge of the world in terms of both its 
history and its nature would enable people to set new goals for 
themselves and to prosper. In the 17th century many European acad
emies were set up, supported by kings and statesmen, who would 
not risk falling behind in these pursuits. Between them, the acade
mies differed in terms of scope and main interest, but they shared a 
commitment to the furthering and systematization of knowledge.

In Denmark, where the Academy was established under royal 
protection and has remained so, there were originally two dominant 
interests. The first one was in antiquities, including the coins and 
medals in the Royal Collection, in which the absolute monarch took 
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a deep personal interest. The second one was in cartography, which 
catered for a specific national concern. In the 18th century, the king
dom included Norway, the Faroe Islands, Iceland and Greenland 
towards the north, and the two duchies of Schleswig and Holstein 
in the south. A proper mapping of this extensive territory was expe
dient, and the king asked the Academy to make it happen. Gradu
ally, the tasks evolved and multiplied in the general interest of fur
ther substantiating knowledge about the world, in both the depth 
of time and the width of space. Soon after its inauguration, the in
terests were explicitly expanded, and the members became organ
ized into three “classes” - antiquities (including classical literature), 
physics, and mathematics.

In physics, the time was the heyday of Newtonian science, which 
ultimately led on to quantum physics in early 20th century and fur
ther still, as testified to by the impressive contributions to this vol
ume. This shows how, since the Academy’s infancy, the state of sci
ence and the nature of the questions posed have of course changed 
dramatically, while in another sense the Academy has always been, 
and still is, bound by the original effort of furthering knowledge in 
the interest of society.

This was certainly also a high priority for Niels Bohr, when he 
served as president of the Academy, to which he was elected in 1939. 
At the time he was of course already a very high-profiled physicist, 
having published his three epoch-making articles in 1913 and hav
ing received the Nobel Prize in 1922. Yet, when he took office in 
October 1939, the sense of celebration was clouded by an all too 
possible war. In his first address to the Academy after the election, 
given on 20th October 1939, he mentioned the anxiety that one 
must feel for the country, and for the scientific and scholarly activity 
that remained the purpose of the Academy. He expressed his hope 
that the Academy might be fortunate enough to be able to sustain 
“that collaboration between all nations in the fields of science and 
scholarship that had proved so fertile until now”, even if, or when, 
borders closed. The anxiety was further aggravated by the German 
occupation in April 1940, in spite of which Niels Bohr decided to 
continue the meetings of the Academy so as to honour its obliga
tions to serve science and society.
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Thus, the work continued albeit on a more subdued level, with 
less publicity. At the Academy’s bicentennial in November 1942, the 
celebrations were very modest. A couple of significant new publica
tions from the Academy were presented, but most importantly in 
this context, the President gave a remarkable address that bore all 
the marks of the troubled times. In this address, Niels Bohr talked 
about the entwinement of scientific and social goals, and stated that 
“the fulfilment of our wishes (i.e., those of the Academy) is inextri
cably tied up with a happy destiny for our whole society; indeed, 
nor can it be detached from maintaining the cooperation of all na
tions for the advance of science. It is into these hopes we today put 
our trust.”

His own fate did not follow a smooth line in the following years. 
The until then rather quiet German occupation became more ruth
less and rumours of an imminent action against Danish citizens of 
Jewish origin made Bohr and his family flee to Sweden in late Sep
tember 1943. From there Bohr himself went on to England and the 
US, where he made a strong effort at raising the awareness about 
the dangers of nuclear weapons. The Academy chose to await his 
return, rather than to elect another president, even though Bohr’s 
term ran out before he was finally able to return to Denmark after 
the liberation in May 1945. With some hesitation he agreed to take 
another term, given the precarious situation in the scientific world; 
in spite of this initial reluctance to continue even for one period he 
was to accept re-election also in 1949,1954, and 1959.

Quite apart from the upheavals in international science and pol
itics in the years following the war, resulting in the famous Open 
Letter to the United Nations in 1950, Niels Bohr also faced some 
local turmoil, not least in the aftermath of another open letter to the 
Danish public by August Krogh, another Nobel laureate. Krogh 
was dissatisfied by the conservative bent of the Academy, and by its 
unwillingness to admit more and younger members on the one 
hand and to advise society on new scientific solutions to pressing 
social problems on the other. August Krogh made a public de
nouncement of the Academy, and resigned from it with much noise. 
Within the Academy it was discussed how to react, and several 
drafts of possible answers were discussed in the presidium. While
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The prominent Danish artist Peder Severin Krøyers large painting from 
1897 of a meeting at the Royal Danish Academy of Sciences and Letters. 
The painting hangs in the room where the conference was held.
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these reflected the concerns of the fellows, in the end the presidium 
chose a very short answer, simply acknowledging receipt of the let
ter (which was after all an open one), and expressing their regret at 
Krogh’s decision. Sadly, Krogh died shortly after, before peace 
could be re-established.

Yet, the Academy did become more active, as testified by a pub
lic campaign by Niels Bohr, who made a declaration (in 1951), in 
which he re-stated the purpose and commitment of the Academy, 
and advocated an improvement of the conditions for basic science 
in Denmark - in the deeper interest of society than the more imme
diate practical social concerns that Krogh wanted to heed.

Bohr thus did what he saw as his presidential duty, which re
mained strongly tied to his visions for society, albeit in a different 
way from Krogh’s. This manifested itself in an open letter, asking 
the state to take responsibility for supporting fundamental research 
in a systematic manner. In his campaign, which certainly had the 
ear of the powers that were, Bohr stated the urgent need for state 
grants that should not be given to facilitate solutions to urgent 
post-war social problems but to fundamental research, aiming ”to 
deepen our knowledge of nature and human life and thereby to cre
ate the basis for, and give impulses to, the solution of tasks incum
bent on society.”

In a speech broadcast on Danish radio in 1951 he implored peo
ple to understand the absolute necessity of public support to sci
ence - in a deep echo of the Enlightenment view. He stated that the 
pursuit of knowledge for its own sake was the main road to well
being and economic progress in Denmark (as elsewhere), and said: 
“we must be aware that if we lag behind in the field of science in 
relation to other nations, we will have cut ourselves off from oppor
tunities which to a considerable degree will be decisive for the living 
conditions in our country and for the confidence of the people in 
our culture’s future.” So for him the support of pure science was 
obviously a matter for the state.

His position in science and in society almost guaranteed the suc
cess of his campaign, but that the government passed a bill of a 
“General Science Foundation of the State” already the following 
spring remains an astonishing feat on his part, and of course on the
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part of the Academy, who supported him actively. Within the Acad
emy, the membership grew considerably in the following years part
ly in response to the new economic infusion to science that allowed 
for more scientists, and partly in response also the growth of Aarhus 
University, which had been established in 1928 as the second uni
versity in Denmark. In its own quiet way, this also contributed to a 
redemption of August Krogh, who had wanted both to augment 
and to rejuvenate the membership.

To end this short tale of Niels Bohr’s presidency, unfolding in 
the building where the Academy has had its home since 1898, and 
featuring Krøyer’s wonderful painting of a meeting in the Academy, 
it is appropriate to relate that Bohr presided over his last meeting on 
16 November 1962, two days before his death. It had been a long 
and productive period, but also a period that demanded a lot of the 
president both during and after the war. At a commemorative meet
ing held a month later, and attended by both the king and the 
queen, the Secretary, the mathematician Jakob Nielsen, gave a de
tailed account of Bohr’s life achievements and ended by saying:

“Geniuses belong to the world as a whole, but few have been as true 
citizens of the world as Niels Bohr has been throughout his work. But 
we also know that he was so intimately connected with Danish culture 
and the Danish mode of thought and feeling that had he grown up in 
another country - he would not have been Niels Bohr.”

Through the chapters to follow, readers will come close to both the 
cosmopolitan scientist crossing impossible boundaries, and the 
home-grown ideals of human worth and a tranquil family life. In my 
view they came together both here in the Academy, where he pre
sided over the scientific development in Denmark, and in his home 
at the honorary domicile at Carlsberg, where he and his family re
ceived scores of international visitors.

With these words, I shall simply express my hope that through 
the deliberations on One Hundred years of the Bohr atom, you may also 
get closer to the powerful nuclei of scientific advancement in gen
eral.
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The quantum atom:
Origins and popularization
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CHAPTER 1.1

Love and physics: Margrethe Nørlund 
and Niels Bohr’s scientific creativity, 

1910-1913

FinnAaserud*

* Niels Bohr Archive, Blegdamsvej 17, DK-2100 Copenhagen, Denmark. E-mail: 
aaserud@nbi.dk.

Abstract

Previously unavailable correspondence between Niels 
Bohr and his fiancée (and later wife) Margrethe Nør
lund during Niels Bohr’s stay in England from Sep
tember 1911 through July 1912 indicates that Bohr’s 
immense creativity behind the formulation of his atom
ic model in 1913 was to a great extent inspired by the 
strong emotional relationship between the two. Their 
correspondence about mutual interests in literature, 
philosophy and religion, as well as Bohr’s situation 
and research, documents not only Bohr’s broad inter
ests, but also his singular need to share his ideas with 
others, and in particular his fiancée, in order to get on 
with his life and work. The correspondence brings new 
understanding to the origins of Bohr’s atomic model 
and presages the role that Margrethe was going to play 
throughout Bohr’s life.

Key words: Niels Bohr; Margrethe Nørlund; Harald 
Bohr; correspondence; Bohr atomic model; scientific 
creativity; literature; spouses.

6i



FINN AASERUD SCI.DAN.M. I

This contribution is based on my article in the book Love, Litera
ture, and the Quantum Atom: Niels Bohr’s 1913 Trilogy Revisited co
authored with J.L. Heilbron.1 2 The book was made possible by the 
Bohr family kindly giving me permission to study the early cor
respondence between Niels Bohr and his fiancée and later wife 
Margrethe Nørlund. The family wished that I should write some
thing on the basis of these letters for the 100th anniversary of the 
Bohr atom, for which the rich correspondence between the two 
while Bohr was in England from September 1911 through July 
1912 was particularly important. During the process of writing 
an article on the basis of these letters, Heilbron—who in 1969 had 
published a seminal article with Thomas S. Kuhn on the origins 
of the Bohr atom8—took an interest in the work, and we agreed, 
with the permission of the Bohr family, that he should write a re
vised interpretation of how Bohr arrived at his revolutionary 
model on the basis of the letters quoted in a draft of my article.3 * 
Oxford University Press then agreed to publish our two articles, 
along with the original 1913 “Trilogy” in which Bohr first pre
sented his quantum atom, as a 1913 celebratory volume, which is 
the book referred to.

1. Aaserud and Heilbron (2013).
2. Heilbron and Kuhn (1969).
3. Heilbron’s conclusions were summarized in the plenary lecture for the 1913
centenary conference, reprinted at the beginning of this volume.

In the article in the book, and more briefly here, I concentrate on 
the nature of the Niels-Margrethe relationship and its importance 
for Bohr and his creativity generally speaking. In addition to the 
correspondence between Bohr and his fiancée, my article in the 
book by Heilbron and me includes previously unpublished letters 
between Bohr and members of his family, which shed further im
portant light on his personal and scientific development.

Niels Bohr was born in Copenhagen on 7 October 1885 as the 
second child of Christian and Ellen Bohr (née Adler). His father 
was a physiologist at the University of Copenhagen, where he ad
vanced to professor in 1886. He was twice nominated for the No
bel Prize for Physiology and Medicine. As was common at the 
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time, he and his family lived on the premises of his laboratory, 
where the young Niels showed an early interest in scientific work. 
Christian Bohr also had broad philosophical, literary and politi
cal interests, which his son was introduced to early in life. He died 
in 1911 at the early age of 55, only months before his son defend
ed his doctoral degree. The father was a veritable role model for 
the son.

Niels Bohr’s mother was the daughter of a prominent banker. 
She too was a strong support in Niels’s life, as was her unmarried 
sister, Hanna, one of the first two women in Denmark to take a 
physics degree at the university. Hanna Adler was also a pioneer in 
introducing co-education in Denmark, establishing a school of her 
own in Copenhagen, where the young Bohr occasionally substitut
ed as a teacher. She followed his career closely, advising him during 
his first stay in England about the English educational system and 
encouraging him to stay on good terms with their shared physics 
professor, Christian Christiansen, in order to maintain good rela
tions with physics at the University of Copenhagen.

Margrethe Nørlund entered Niels Bohr’s life in 1909 through 
her older brother, Niels Erik Nørlund, a fellow student of Bohr at 
the university. Margrethe and Niels Erik’s father was a pharmacist 
in the provincial town of Slagelse, some 60 miles south-west of Co
penhagen. Niels and Margrethe were engaged in August 1910. It 
appears from Margrethe’s later letters that she was secretly in love 
with Niels for some time before he became aware of it. When Mar
grethe was about to move to Copenhagen shortly after the engage
ment, it was Niels who bombarded Margrethe with letters, showing 
his strong feelings for her. In one of several letters dated 20 August 
1910, Niels reacted to a photograph of Margrethe that he had just 
received in the mail from her parents:

I cannot say that I was happy for it. Do you think that I will have 
anybody between you and me, and do you think that I care the least 
about knowing what an abominable and silly photographer thinks 
that you look like. ... Had it only been one of your mother’s own pic
tures. ... Luckily, I have a picture inside me of you yourself that is not 
so easily disturbed (to be quite sure of this, however, I have put the
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Figure 1. It may have been one of these photos of Margrethe that Niels 
disliked.

disgusting picture in the bottom of a drawer and decided not to look 
at it before you come here).4

4. This letter, and other family correspondence quoted in this article, are reproduced 
both in the original Danish and in English translation in Aaserud and Heilbron 
(2013).

In the fall of 1909 Margrethe had enrolled at the notable Zahle’s 
School for Female Specialist Teachers (Zahles Faglærerindeskolé) in Co
penhagen, which the pioneering educationalist Natalie Zahle had 
established in 1905. However, being of poor health in her youth, not 
long after the engagement she was admitted to the hospital of the 
renowned physician Knud Faber, who was a friend of the Bohr fam
ily. While Niels was away from Copenhagen in order to write his 
doctoral dissertation in physics in peace and quiet, his mother, El
len, visited Margrethe at the hospital regularly, reading Dickens
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aloud to her. In December 1910 Margrethe was depressed, being un
certain as to whether or not to pursue her own career. Obviously, she 
had expressed her concern to her prospective mother-in-law, for on 
10 December Ellen Bohr wrote a letter to her, which reads in part:

I think that the task that you have chosen, to tie your life to such a 
rare nature as Niels, is the best evidence of your own rare nature, and 
if you could make his life, and thus your own, so rich and happy as 
you can with your loving, mild and gentle character, then this pur
pose is a sacred and great purpose, just as serious and just as good as 
if you devoted your strength to studies or other activities that could 
give you what in your foolish little mind you think that you are lack
ing, the ability to talk about all kinds of things.

To Ellen Bohr the choice was obvious, as in fact it also was to Mar
grethe’s mother, Sophie, as evidenced by the correspondence be
tween mother and daughter.

Margrethe was soon out of the hospital, yet did not continue her 
studies at Zahle’s; the last mention of Margrethe in the school re
cords is dated July 1910. Instead, she concentrated on assisting 
Niels in completing his doctoral dissertation on the electron theory 
of metals, which he defended at the University of Copenhagen in 
May 1911. He dedicated the dissertation to his deceased father. 
Niels’s wish to continue his studies at the University of Cambridge 
was no doubt informed by his father’s close ties to British science in 
addition to a desire to study with Professor Joseph John Thomson, 
who had discovered the electron a little more than a decade earlier. 
Bohr’s wish was realized when he succeeded in obtaining support 
from the Carlsberg Foundation for studies abroad. He left for Cam
bridge in September, leaving Margrethe behind in the expectation 
that they would marry and move together upon his return.

Niels was particularly close to his mathematician brother Harald, 
who, although being nearly two years younger, had completed his 
doctoral studies before Niels. Niels and Harald shared concerns 
with regard to both personal and scientific matters. Like their moth
er, Harald was strongly supportive of the affiliation with Margrethe. 
The relationship between Niels and Harald is neatly encapsulated 
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in Harald’s birthday greeting to Niels dated 4 October 1911 and the 
photograph enclosed, which Harald described as follows:

I think it symbolizes a certain aspect of our relationship with one 
another. My impudence and your being a little embarrassed on my 
behalf, but also—as it was I who said it, and as we always have been a 
little fond of each other—then you think nevertheless in all your nice
ness that it was nevertheless quite amusing to have such an impudent 
little brother.

Like his mother and Aunt Hanna, Harald wrote supportive letters 
to Niels during his first experience alone in a foreign country.

Niels found another kind of comfort, as well as a means to im
prove his English, in reading his mother’s favourite author, Dick
ens, in the original English language. More specifically, he read Da
vid Copperfield, sharing the experience with his fiancée. In his 
correspondence with Margrethe he also showed his own literary 
flair, particularly up to Christmas 1911, as expressed in this combi
nation of reality and fantasy dated 21 December 1911 about the two 
of them flying to the northern lands:

And then we fly above the great ocean. But we do not fly the shortest 
route, for it is Christmas Eve and we fly higher toward the north, 
where Christmas resides. See. See, the great house alight in the mid
dle of the snow. See the spruces quite covered by snow in fantastic 
forms, and see the stars that shine and glitter in the frosty night, and 
see the moon that lights it all up more sharply and garishly than the 
clearest sunshine. See, see, for that a human being has never seen who 
has not been far up north. Let us just look into the great house. See 
the beamed hall with the mighty fire and the huge Christmas tree, 
and all the happy people. See, there is the little boy and his aunt and 
his cousin and the little boy has grown up and talks about philosophy 
with an old gentleman. But we do not enter. And still, that Christmas 
Night, when he went to bed, his courage roared so wildly, so wildly, 
for he thinks that he too could think, and images rolled up before 
him. My little one, can you care for him, see his silly wild presump
tion, what came out of it. My own little darling, if you will care for 
him, he will try to find meaning in his wild courage; if with all your
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Figure 2. Photograph, taken c. 1902, given to Niels Bohr on his 26th birth
day by his brother Harald.

infinite love you will pay the debt for his poor soul, he will try out 
whether he too can get something out of it.

Margrethe’s independent interest in literature is shown by her sug
gesting that Niels read a particular book by the British author, 
Thomas Carlyle, OnHeroes andHero Worship and the Heroic in History, first 
published in 1841.5 Niels was enthralled by Carlyle’s dealing with 
Nordic mythology, yet in a letter to Margrethe of 15 January 1912 
expressed reservations:

5. Carlyle (1841).
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You ask what I meant by what I wrote about Carlyle—I was sorry 
about what I wrote for, as I said, I was not quite sure whether it was 
right or just my own reaction; but one of the next few days I will get 
the book again and read it through and write to you again. —By com
paring it with a sermon I just mean that one does not demand of a 
sermon that everything in it should be true, in the same way as of a 
great work of literature. There exist so many different truths, they will 
of course always be more or less dependent on the sympathies of the 
author. With a sermon the main purpose is to show your sympathies 
and make others enthusiastic about them; and that can of course be 
just as important as trying to create something which one calls great
er—that is, more universally human—and the truth of which will be of 
a somewhat different kind, coming closer to the so-called scientific 
truths, which are again of a somewhat different kind. This is so stu
pidly and so badly put, but we will talk about it sometime in greater 
detail, for it is something that I feel very strongly about; I can almost 
call it my religion, that I think that everything that is of any value is 
true (or, perhaps more precisely, real). It is so difficult to explain what 
I mean by this; I mean, among other things, that when a work of art 
is good, then it refers to something specific that one can see, or even, 
if this is not possible, to something one can hope to see. It is perhaps 
even more difficult to understand that this is something other than a 
triviality, and perhaps it is too; but I think that I draw from it conse
quences that not everyone agrees with. But it is all something you 
must help me with, if you can care about my silly thoughts, even 
though they should not be right. But for now you must promise me 
not to pay attention to this silly scribbling. If you will not promise me 
not to try to find the meaning in it that perhaps is not there, then you 
must promise me to burn it immediately.

Thus, Bohr’s reading of Carlyle provoked him to express his philo
sophical views, which are most likely similar to those that he pre
sented to the Cambridge mathematicians Godfrey Harold Hardy 
and John Edensor Collingwood at a private dinner on 9 December 
the year before. The letter also showed his great need for discussing 
and checking his thoughts with Margrethe.

In a letter from Cambridge of 15 February 1912, Bohr again 
showed his appreciation of literature, this time by expressing his 
love for Margrethe with a quotation from the beginning of the Nor- 
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wegian author Henrik Ibsen’s drama Brand, where Einar expresses 
his love for Agnes:6

6. Ibsen (1865).

No, I shall gather you up with such care,
and lock you away as heart’s treasure;
there you can play your whole life long
the game that you’ve learnt gives most pleasure!

Niels went on to repeat his gratitude for Margrethe’s willingness to 
“pay all the debt for me that my poor little soul may incur.” This 
debt most likely referred to what Niels felt that he owed not least to 
his family, who supported him so strongly. While not evoking God 
and Christianity, he may have been inspired to this way of thinking 
by the literature he read. Thus, Ibsen’s drama just quoted contains 
the following dialogue between the clergyman Brand (who by this 
time had captured Agnes from Einar) and his dying mother:

Brand: ... the soul once winged for aspiration
you’ve wing-clipped into worldliness.
That is your debt. What shall you do
when God requires His own of you?
Mother (abashed): What shall I do? What then?
Brand: Don’t fret
your son takes on himself your debt.

Margrethe not only gave Niels an outlet for his literary side and his 
felt need for repentance; he also approached her with regard to 
more practical matters relating to his work and career in physics.

... yesterday I would have asked you whether, if my plans are realized 
as at the moment I think best, you might want to be like a mother to 
my students, for otherwise I would never have the strength myself to 
try to be a little bit of a father to them. I am sitting thinking of Father, 
of everything that he has been to so many, many. Will you help me; 
just to dare think of his example.
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Figure 3. Niels visiting Margrethe in Denmark, Easter 1912.]

Three days later Margrethe responded without hesitation:

... there are no limits at all to how much I wish that I could be allowed 
to try to be a mother to your students, and how we will think about 
your father together.

Clearly, Christian Bohr was a role model for both. As we now know, 
Niels’s wish and Margrethe’s promise that she would mother his 
students were more than fulfilled.

In early November 1911 Niels visited James Lorrain Smith, a 
physiologist and close colleague of his father, in Manchester. Lor
rain Smith introduced Niels to Ernest Rutherford, professor of ex
perimental physics at the University of Manchester. There is no re
cord of what Niels Bohr and Ernest Rutherford discussed on this 
occasion, but the meeting was the beginning of a relationship that 
would last until Rutherford’s premature death in 1937. The meeting 
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augured the major breakthrough in Bohr’s career. On 15 March 
1912 Niels started to work in Rutherford’s laboratory, after two 
terms in Cambridge during which his scientific development, and in 
particular his contact with Thomson, had been less than hoped for. 
However, although Rutherford had proposed the nuclear atom the 
year before on the basis of experiments, in Manchester Niels contin
ued pursuing his original interest in the electron theory of metals 
while learning experimental techniques in radioactivity research.

This was still the case when Niels visited Denmark for Easter. 
While there, he canceled his membership in the Danish State 
Church. He was confirmed in his decision when he visited relatives 
in Edinburgh a couple of weeks later. His relatives took him to a 
sermon in St Giles Cathedral, where the Minister spoke about the 
Titanic disaster, which had taken place on the night between 14 and 
15 April. The Minister spoke of the disaster as predetermined by 
God, to which viewpoint Niels responded in a letter to Margrethe 
dated 23 April, after he had returned to Manchester:

It is scarcely poorer and everything is scarcely less, just because one 
understands that human beings cannot know whether such answers 
[as the predetermination of the Titanic disaster] are true or not, or, 
more correctly, that they do not know, and can in the nature of the 
matter not know what it would mean if they were true or not. (And 
talking about priests, then it may be convenient to recall that it is usu
ally only the less gifted who think that they can explain anything at 
all by the pious misunderstandings they call religion, but the sharper 
ones, as you certainly know, tend to emphasize as the most important 
[aspect of] religion that there are more things in the world than peo
ple can understand, only they tend to forget to say that human beings 
can understand that this is the way it had to be).

In the same letter Niels reported the great impression that the ca
thedral itself had made on him. He was amazed by

... what a mighty impression of strength and power such a pillar [in 
the cathedral] can give. Is it possible that human beings can do such 
a thing. They can when their mind is moved deeply by something that 
is great. There are things in the world which are greater than human 
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beings can understand; but that makes the world no poorer for a hu
man being to live in; it sets the blood boiling ever so wildly, when 
suddenly one senses, senses that it can be sensed.

In a letter written to Margrethe shortly after his arrival in Cam
bridge, he had made a similar observation regarding the King’s 
College Chapel:

(My little one, it is wonderful that people can make something so 
great that other people think that they become so small by looking at 
it) ... it is always the towers of King’s College Chapel that rule here.

These statements of every human being’s independence to think for 
himself or herself and to achieve great things stand in remarkable 
contrast to Niels’s own often-stated need for Margrethe to pay his 
debts. It is tempting to conclude that in this case Bohr lived by his 
own dictum that there are several kinds of truth.

As has been long established by students of Niels Bohr’s early 
work, it was not until the second half of June 1912 that Bohr turned 
from his original theoretical interest in the electron theory of metals 
to an understanding of the nuclear atom, for which work he would 
eventually gain world acclaim and which has been celebrated at the 
100th anniversary in 2013 with, among many other things, the con
ference on which the present publication is based. Before he left 
Manchester for Copenhagen at the end of July 1912 Bohr had been 
able to discuss his new ideas with Rutherford, but it took another 
year of thinking and incorporating experimental results until the 
first instalment of the Trilogy, which contains his revolutionary 
model of the hydrogen atom, was published.

In the meantime, Niels and Margrethe were married in Slagelse 
on 1 August 2012. Niels was so impatient about continuing his work 
that he insisted on a morning wedding, so that the couple could 
leave for their honeymoon that very evening. In the end, the honey
moon was not going to take place in Norway as originally planned, 
but in Scotland by way of Cambridge and Manchester where Niels 
showed Margrethe the places he had corresponded so enthusiasti
cally about and where Rutherford helped him complete a publica- 
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tion. In early April 1913, he visited Rutherford again, this time to 
discuss the first instalment of the Trilogy, which Rutherford had 
insisted be shortened before publication. Niels stubbornly insisted 
that everything should be kept as it was, and as is well known, Ru
therford gave in. After speaking with Rutherford, Niels wrote to 
Margrethe:

I have spoken so pleasantly with Rutherford, and I look forward so 
much to coming home and to really get going and try to get the other 
parts done quickly. Shall we really try? My dearest little one. Ruther
ford should only know that it is you who have to do it all.

In conclusion, the letters between Niels Bohr and Margrethe Nør- 
lund, up to the publication of the Trilogy, and in particular the in
tensive correspondence during Bohr’s stay in England, bring forth 
previously unexplored traits of Bohr’s personality and thinking. 
The couple’s shared interest in literature, as well as Niels’s own flair 
for literary allusions and writing, exhibit a broadness of interest 
that cannot be separated from his scientific work. In particular, his 
early philosophical viewpoint concerning different categories of 
truth, which J.L. Heilbron argues was crucial for Bohr’s argument 
behind the atomic model,7 was closely connected with his literary 
interest as well as his religious views. Most of all, the correspond
ence testifies to Bohr’s need for constant attention to his thinking 
by the people closest to him, whether or not they were engaged in 
his own field of work. As such, Bohr’s last statement quoted above 
from the letter about Rutherford should be taken quite seriously, 
even though Margrethe’s background in physics was limited to say 
the least. Margrethe’s choice not to pursue a career on her own, but 
to devote her life entirely to Niels, was essential to his early scien
tific creativity. A close study of their continued relationship can be 
expected to show that Margrethe’s role in this regard did not abate 
during the rest of their lives.

7. Aaserud and Heilbron (2013), p. 175.

It is not often that such private correspondence of scientists is 
available, and even more rare that it is used for scholarly purposes.
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If the case of Bohr is in any way representative, such material can be 
expected to illuminate the career of other scientists as well and in
deed open up for a reinterpretation of scientific creativity and the 
scientific process.

Acknowledgements: I want to thank an anonymous referee for 
helpful and critical comments on an earlier version of the paper.
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Plum puddings and Bohr’s atom
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Abstract

Folk history of science speaks about a plum pudding 
atomic model, formulated by Joseph John Thomson 
with the use of his corpuscles (electrons), which was 
largely abandoned after Ernst Rutherford’s experi
ments and Niels Bohr’s quantum atom. In this paper I 
explore two related issues: to what extent should we 
understand Thomson’s views as a model for the atom, 
and what happened with this model in the years after 
1913. I argue that J.J. Thomson did not formulate a 
consistent atomic model with electrons as the main 
building block, since his views on electricity, matter 
and radiation always relied on what he called “Faraday 
tubes”. These consisted of ether vortical tubes whose 
properties were meant to explain the mass and electri
fication of the corpuscles and of the atoms. They also 
became the physical structures underpinning any ex
planation of quantum phenomena like atomic spectra, 
the emission of light and, later on, in the late 1920s, 
electron diffraction. Thus, the only model he consist
ently defended were these Faraday tubes and not so 
much a plum pudding atom.

Key words: Joseph John Thomson; Faraday tubes; 
plum pudding model; ether; atomic model; corpus
cles.
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1. Introduction

The annual summer meeting of the British Association for the Ad
vancement of Science in 1913 took place in Birmingham from 10 to 
17 September. The first of three papers in Philosophical Magazine in 
which Niels Bohr presented his atomic model had appeared only in 
July, while the second instalment was fresh from the press in the 
September issue, and the third would appear two months later. 
Thus, Bohr’s ideas were mentioned only in passing, and in the 
broader context of a discussion on the quantum theory of radiation. 
Indeed, the meeting was the first major event in which British phys
icists publicly engaged in an open debate on the validity of the 
quantum theory, a debate that was led by James Jeans.1 2

1. Navarro (2013).
2. For the origin of this expression see Hon and Goldstein (2013).
3. See Aaserud and Heilbron (2013), chapters 1.2 and 1.3, for a first-person account 
of Bohr’s experiences in both places.

As is well known, most physicists, especially in the British tradi
tion, had so far been working with the loose image of what was 
known as JJ- Thomson’s plum-pudding model;8 a model that 
stressed the role of the corpuscle-electrons and their configuration 
within the atom as a way to account for the physical and chemical 
properties of the elements, while leaving the nature of the positive 
electrification somewhat undefined. That had paved the way for 
Ernst Rutherford’s suggestion that the positive charge might be oc
cupying a minuscule position in the centre of the atom to make an 
impact among those interested in imagining and modelling a struc
ture for the atom based on the intra-atomic configuration of elec
trons. Niels Bohr disappointing research stay in Thomson’s Cam
bridge and later move to Rutherford’s Manchester completes the 
picture of the genesis of Bohr’s atom.3

The story-line one normally finds in popular books and histori
cal introductions to science textbooks follows the pattern Thom
son—Rutherford—Bohr, transmitting the idea of not only a continu
ity between these three “models”, but also of the almost inevitable 
substitution of one model by the next. As a matter of fact, this pat- 
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tern is the one we find under the pen of historian John L. Heilbron, 
whose seminal work sets the formulation of the new quantum mod
el by Bohr within the tradition of atomic model building that had 
originated with Thomson’s own plum-pudding.4

4. Heilbron (1964) and (1981).
5. For a detailed account of this story, see Navarro (2012).

In this paper, I want to explain a rather different story about 
Thomson’s model. My purpose is to emphasise that his work be
tween 1891 and 1930 can also be understood putting his Faraday 
tubes, rather than his corpuscles (later electrons), at the centre of 
his worldview. I shall stress the importance of this ether-based 
structure in what is usually known as the plum-pudding model, 
and the permanence of the tubes in his ulterior atomic models. As 
we shall see, Thomson used these tubes to account for the nature of 
the positive electrification in his early atomic model, later to be
come crucial in providing a more conventional—“classical”—expla
nation of the theory of the quanta. Furthermore, Faraday tubes 
became increasingly real in the mind of J.J. Thomson, a process 
that culminated with the direct observation of electron diffraction 
in 1927, which he took as the ultimate proof of his ether-based 
worldview.5

2. The origin of Faraday tubes and their relation to the 
electron

“Faraday tubes”, “Faraday tubes of force”, or, simply, “tubes of 
force” were a working tool that J.J. Thomson started using in 1891, 
and which he managed to spread among many British physicists 
thanks to his influential position in early twentieth-century physics. 
This mental model was a sui generis extension of Faraday’s lines of 
force designed to give an explicit dynamical account of the discrete
ness observed in electric phenomena. Electrostatically, they were 
unit tubes of electrostatic induction, all with the same strength cor
responding to the electrolytic unit of charge; mechanically, they 
were structures in the ether in the form of vortical tubes that begin 
and terminate in matter or form closed circuits. These tubes had a 
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direction that determined the character of the charge (positive or 
negative) received by the atoms at the extremes of each tube.

In his presentations, Thomson attributed these tubes of force to 
Faraday and Maxwell, thus setting himself in the tradition of the 
two British authorities on electricity and magnetism. In his 1893 
book Recent Researches on Electricity and Magnetism, for instance, which 
was intended as a sequel to Maxwell’s Treatise, Thomson explicitly 
quoted the latter’s description on how to generate a tube of induc
tion force from a line of force: “If the line of force moves so that its 
beginning traces a closed curve on the positive surface, its end will 
trace a corresponding closed curve on the negative surface, and the 
line of force itself will generate a tubular surface called a tube of 
induction.”6 But, as Olivier Darrigol has pointed out, Thomson’s 
Faraday tubes were a complex hybrid of concepts from Faraday and 
Maxwell, as well as from William Hicks, John H. Poynting, Her
mann von Helmholtz and Arthur Schuster.7

6. Maxwell (1873), § 82.
7. Darrigol (2000), p. 269.
8. “Experience has, I think, shown that Maxwell’s conception of electric displacement 
is of somewhat too general a character to lend itself easily to the formation of a 
conception of a mechanism which would illustrate by its working the processes 
going on in the electric field. For this purpose the conception of tubes of electrostatic 
induction introduced by Faraday seems to possess many advantages. If we regard 
these tubes as having a real physical existence, we may, as I shall endeavour to show, 
explain the various electrical processes, - such as the passage of electricity through 
metals, liquids, or gases, the production of a current, magnetic force, the induction 
of currents, and so on, - as arising from the contraction or elongation of such tubes 
and their motion through the electric field” (Thomson (1891), pp. 149-50).

Although triggered by his research project designed to under
stand the interaction between ether and matter in the phenomena of 
electric discharge in tubes filled with gases, Faraday tubes were, from 
the very beginning, much more than simply an ad hoc instrument to 
explain one specific set of phenomena: they constituted the basic 
structure of the ether itself, which Thomson understood in terms of a 
dynamic fluid. Furthermore, they were also an instrument to circum
vent Maxwell’s concept of electric displacement, which Thomson 
found impossible to visualize and, therefore, to fully rationalize.8
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Figure 1. Faraday tubes represent the electric field in a discharge tube (OP) 
and in the interior of every molecule (AB, CD, EF). A perturbation in OP 
would lead to its fracture and the split and rearrangement of molecules.

The immediate role of Faraday tubes was to obtain a tentative visu
al explanation of the process going on inside a discharge tube. Fig
ure 1, extracted from Recent Researches, is rather self-explanatory:9 the 
short Faraday tubes AB, CD and EF represent molecules of the gas 
which, in the presence of a field between the ends of the tube, rep
resented by the long tube OP, line up in the direction of the field. 
The molecules of the gas thus polarized will attract the long tube 
OP, since this is of opposite sign to AB, CD and EF. When the field 
is strong enough, there will be a splitting of the tubes, which means 
a splitting of the molecules, creating what was known as a Grothus 
chain (last stage on Figure 1).

g. Thomson (1893).

As Isobel Falconer has thoroughly documented, the introduc
tion of Faraday tubes was a first step towards the treatment of charge 
in discrete units, a move that, in retrospect, was crucial for Thom
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son’s explanation of electricity in terms of corpuscle-electrons.“ 
Prior to 1890, Thomson did not think in terms of discrete charges 
but rather in terms of exchanges of energy. The use of Faraday tubes 
(together with the analogy with electrolysis) changed things: charge 
was now a phenomenon at the interface between ether and matter, 
between Faraday tubes and matter, and, since the former had a fixed 
and specific strength, the magnitude of the electric charge was not 
continuous but discrete. If the tubes of force were real physical enti
ties, and not merely ideal devices, there should be an actual physical 
limit to their divisibility. This idea opened the door to a quantifica
tion of energy and charge within the framework of a continuous 
ether: discreteness was not, for Thomson, an essential quality of the 
ether. In other words, Faraday tubes allowed for a theory in which 
electric charge was at the same time discrete and a boundary phe
nomenon, not a substance.

Thomson finally managed to formulate a theory of the conduc
tion of electricity in gases making use of the corpuscles he found in 
1897. As a matter of fact, Thomson’s corpuscles were at first the tool 
for a final theory of conductivity, and only later a universal constitu
ent of matter and a subatomic particle.10 11 Moreover, as we shall see in 
the next section, the staging of the corpuscle did not, in the least, 
diminish the importance of Faraday tubes: both entities were com
patible, but belonged to different explanatory layers.

10. Falconer (1987).
11. Falconer (2001).

3. The “corpuscular” theory of matter

Once the existence of corpuscles was settled, around 1900, J.J. 
Thomson began to explore all the possibilities of an entity that 
seemed to hold the key to the intimate connection between electric
ity and matter. It was the summit of his long-term project of under
standing the relationship between matter and electricity - between 
matter and ether - that had been the driving force of his research 
programme on electric discharge in gases. It would also support a 
monistic understanding of nature if one could not only explain at- 
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oms in terms of corpuscles but also understand corpuscles in terms 
of the ether. For a while, this monistic view of nature seemed to be 
only a step away.

The highlight of this period was Thomson’s course in Yale, in 
May 1903, published immediately afterwards as Electricity and Matter. 
As was typical of him in those early years of the electron, the story
line he drew sought to demonstrate, first and foremost, the exist
ence of corpuscles and their role in explaining electrification. For 
example, Chapter 4, “The Atomic Structure of Electricity”, comes 
before the chapter on “The Atomic Structure of the Atom”. With
out the former, he could not argue for the latter. The contemporary 
reader may be further surprised by the content of the first three 
chapters, which are devoted to Thomson’s discrete Faraday tubes. 
Corpuscles had not done away with them, on the contrary. Corpus
cles were actually better explained in terms of Faraday tubes when 
supposing that the “mass of a charged particle arises from the mass 
of ether bound by the Faraday tube associated with the charge.”18 
Thomson thus generalized his 1881 calculation of the apparent 
mass of a charged body due to the electromagnetic inertia, a calcu
lation usually regarded as one of the foundations of the electromag
netic theory of matter.12 13

12. Thomson (1904a), p. 41.
13. Thomson (1881).

Thomson showed that this electromagnetic inertia was compa
rable to the inertia of a homogeneous fluid ether dragged by the 
tubes of force, this drag being maximal when the tube’s axis was 
perpendicular to the motion of the tube, and zero in the parallel 
configuration (as would be the case for an open pipe moving 
through water). As he knew (from Heaviside) that the relative den
sity of tubes in the equatorial plane increased with the velocity of 
the charged body, he concluded that the electromagnetic inertia 
should increase with the velocity of the particle, in qualitative agree
ment with the German theories of a purely electromagnetic elec
tron: “When a Faraday tube is in the equatorial region it imprisons 
more of the ether than when it is near the poles, so that the displace
ment of the Faraday tubes from the pole to the equator will increase 

81



JAUME NAVARRO SCI.DAN.M. I

the amount of ether imprisoned by the tubes, and therefore the 
mass of the body.”14 Thomson went on to show that the “assump
tion that the whole oj'the mass is due to the charge',15 to which he was highly 
inclined, agreed with Walther Kaufmann’s measurement of the ve
locity-dependence of the mass of the corpuscle (electron).

14. Thomson (1904a), p. 43.
15. Thomson (1904a), p. 48 (emphasis in the original).
16. Thomson (1904a), p. 50.
17. Thomson (1904a), p. 51.
18. Thomson (1904a), p. 71.

If the mass of the moving charged sphere was associated with the 
mass of the ether carried along by the Faraday tubes, this would 
mean that, in principle, the mass of any charged particle extended 
indefinitely with the tubes. That was not a problem, he argued, tak
ing into account that in small particles like the corpuscles, the mass 
of ether carried by the tubes decreased according to the fourth pow
er of the distance from the particle, and thus, “all but the most insig
nificant fraction of mass is confined to a distance from the particle 
which is very small indeed compared with the dimensions ordinarily 
ascribed to atoms.”16 And from this he advanced his dreamt-of-on- 
tology: “that the whole mass of any body is just the mass of ether 
surrounding the body which is carried along by the Faraday tubes 
associated with the atoms of the body. In fact, that all mass is mass 
of the ether, all momentum, momentum of the ether, and all kinetic 
energy, kinetic energy of the ether.”17

And what was the relationship between these Faraday tubes and 
the charges of electricity? Only that the latter were “the beginnings 
and the ends” of these tubes. Here language failed him, since he was 
actually saying that there was no clear distinction between mass, 
charge and ether. If the mass of a particle expressed the mass of 
ether carried by Faraday tubes, electrification was the phenomenon 
at the ends of tubes. “If this view of the structure of electricity is cor
rect, each extremity of a Faraday tube will be the place from which 
a constant fixed number of tubes start or at which they arrive.”18

As for the structure of the atom, Thomson cited various empiri
cal evidence that corpuscles could be ejected from the atom, and 
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concluded: “It may thus not be superfluous to consider the bearing 
of the existence of corpuscles on the problem of the constitution of 
the atom”. At this stage, he did not have, strictly speaking, a model 
for the atom, but a research programme: “although the model of the 
atom to which we are led by these considerations is very crude and 
imperfect, it may perhaps be of service by suggesting lines of inves
tigation likely to furnish us with further information about the con
stitution of the atom.”19 20 21 22

19. Thomson (1904a), p. 92.
20. Thomson (1904a), p. 93.
21. Thomson (1904a), p. 94.
22. Thomson (1904b).

And what was this atom like? J.J. Thomson thought of it as a col
lection of what he called doublets, “with a negative corpuscle at one 
end and an equal positive charge at the other, the two ends being 
connected by lines of electric force which we suppose to have a ma
terial existence.”80 Thus, the atom appeared as an assemblage of 
Faraday tubes with one very condensed end, forming the individual 
corpuscles, and another end spreading over a comparatively much- 
larger space. In this way, he could imagine that “the quantity of 
ether bound by the lines of force, the mass of which we regard as the 
mass of the system, will be very much greater near the corpuscle 
than elsewhere”,81 or, in other words, that the mass of the atom 
could be considered as the sum of the masses of what we see as cor
puscles. This gives us an atom about which we can speak at differ
ent levels. Deep down, it is basically an assemblage of Faraday 
tubes; but, at the next level, we can visualize it as an assemblage of 
corpuscles in a sea of positive electrification. With the latter image, 
he discussed the problem of the stability of such a system, the light 
this threw on chemical bonding and also on radioactivity. And that 
is the part of the story that was really influential and which forms 
the backbone of the canonical histories on the modelling of the 
atom.

The highly speculative tone of the Yale lectures partly disap
peared in a 1904 paper in the Philosophical Magazine.™ Certainly, in 
that paper, as well as in a public lecture on 10 March 1905, Thom
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son described his atoms as an assemblage of corpuscles, without 
reference to their intrinsic nature as endpoints of Faraday tubes. 
His starting point was then the existence of corpuscles, the only 
building block from which he constructed his atomic model, with
out reference to their intimate nature: “if the corpuscles form the 
bricks of the structure, we require mortar to keep them together. I 
shall suppose that positive electricity acts as the mortar, and that 
the corpuscles are kept together by the attraction of positive 
electricity.”83 Faraday tubes and corpuscles were entities at different 
ontological levels and Thomson thought it would be more helpful 
to present his model of the atom on the basis of corpuscles, leaving 
their nature for other, more speculative, audiences like the one in 
the Silliman lectures in Yale.84 In this way, he managed to present 
his atom in a fashion that was very appealing to chemists as well as 
physicists. J.J. Thomson wanted to be very clear in 1905 that his 
corpuscular atom was both the atom of the physicists and of the 
chemists and, thus, he could claim to have found the final link be
tween the two scientific traditions.

4. Faraday tubes and radiation

From 1907 to 1910, J.J. Thomson did not explicitly speculate any 
further on his atomic model. He did not change or abandon it, but 
he certainly had no further arguments to give it more consistency, 
due to the problem with positive electrification and the challenge it 
posed to his monistic view. That explains why his research shifted 
toward the analysis of “positive rays”, an experimental program 
that would occupy him thereafter and on which he would have 
great expectations.85

Like many other physicists, Thomson was also busy trying to 
understand the nature of radiation, especially the new x rays. Fara
day tubes were again the explanatory tool he used since, being dis-

23. Thomson (1905), p. 1.
24. The Silliman lectures were designed to show the presence and providence of God 
as manifested in the natural world and were, thus, a forum for speculative thinking.
25. Falconer (1988).
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crete ether structures, they could account for both the corpuscular 
and undulatory aspects this radiation seemed to possess. Only indi
rectly, his explanations of radiation phenomena based on Faraday 
tubes implied a continuation of his atomic model.

As early as 1898, Thomson published a paper in which he put 
forward “a theory of the connexion between cathode and Röntgen 
rays.”“6 When a moving corpuscle suddenly came to a halt, some 
time was required for the change to propagate through the sur
rounding electric and magnetic fields, the further away from the 
corpuscle the more time it took. Such a change would be communi
cated in the form of a pulse generated by the stopping of the charged 
corpuscle in the electromagnetic field. In 1903, he developed this 
idea more fully and in the more visual terms of his Faraday tubes:87

26. Thomson (1898).
27. For a full account of Thomson’s work to explain radiation see Wheaton (1983).
28. Thomson (1903), pp. 537-539.
29. Thomson (1904a), p. 62.

Let us consider the case of a charged point moving so slowly that the 
Faraday tubes are uniformly distributed, and suppose the point to be 
suddenly stopped, the effect of stopping the point will be that a pulse 
travels outwards from it..., but as the Faraday tubes have inertia they 
will until the pulse reaches them go on moving uniformly ... , i.e. they 
will continue in the same state of motion as before the stoppage of the 
point. ... Thus the stoppage of the charged particle is accompanied 
by the propagation outwards of a thin pulse of very intense electric 
and magnetic force; pulses produced in this way constitute, I believe, 
the Röntgen rays.26 27 28

Now that he had a theory to account for x rays, light surely had to 
be explained in similar terms. Thus, if one pulse of vibration on a 
Faraday tube came from the sudden stopping of a corpuscle, one 
could equally imagine that “if a charged body were made to vibrate 
in such a way that its acceleration went through periodic changes, 
periodic waves of electric and magnetic force would travel out from 
the charged body.”29 These would, by Maxwell’s theory, be light 
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waves. With this link between Faraday tubes and the propagation 
of light, Thomson introduced some sort of discreteness in the struc
ture of light:

The Faraday tubes stretching through the ether cannot be regarded 
as entirely filling it. They are rather to be looked upon as discrete 
threads embedded in a continuous ether, giving to the latter a fibrous 
structure; but if this is the case, then on the view we have taken of a 
wave of light the wave itself must have a structure, and the front of 
the wave, instead of being, as it were, uniformly illuminated, will be 
represented by a series of bright specks where the Faraday tubes cut 
the wave front.30

30. Thomson (1904a), p. 63.
31. Thomson (1907), p. 421.
32. Millikan (1917), pp. 221-223.

A few years later, he followed this thread in trying to visualize the 
discrete structure of light. In 1907, he supposed that “the ether has 
disseminated through it discrete lines of electric force and that these 
are in a state of tension and that light consists of transverse vibra
tions, Röntgen rays of pulses, travelling along these lines.”31 32 The 
energy of the wave would be concentrated in these pulses, thus giv
ing a discrete appearance to the wave-front when traversing a black 
screen: “the energy of the wave is thus collected into isolated re
gions, these regions being the portions of the lines of force occu
pied by the pulses or wave motion.” The effect would be, of course, 
very similar to that given by what he calls “the old emission theory” 
that spoke of corpuscles of light. The independence of intensity was 
explained in the following terms: “if we consider light falling on a 
metal plate, if we increase the distance of the source of light,” and 
considering spherical symmetry from the source, “we shall diminish 
the number of these different bundles or units falling on a given 
area of the metal, but we shall not diminish the energy in the indi
vidual units.”

Although, ten years later, Robert Millikan saw this theory as al
most equivalent to Einstein’s 1905 corpuscular theory of light,38 it is 
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clear from Thomson’s words that his structured light is perfectly 
within the bounds of ether physics. It is the physicality of Faraday 
tubes which allows for this structure of light:

Thus the structure of the light would be of an exceedingly coarse 
character, and could perhaps best be pictured by supposing the par
ticles on the old emission theory replaced by isolated transverse dis
turbances along the lines of force. The greater the frequency of the 
light the greater is the energy in each unit, so that if it requires a defi
nite amount of energy to liberate a corpuscle from a molecule of a 
gas, light whose wave length exceeds a particular value, which may 
depend on the nature of the gas, will be unable to ionize the gas, for 
then the energy per unit will fall below the value required to ionize 
the gas.33

33. Thomson (1907), p. 423.
34. Stuewer (1975).
35. Thomson (1925), p. 15. Wheaton (1983) takes its title from this quote.

As is well known, the dichotomy between corpuscular and undula- 
tory theories of light would persist until the general acceptance of 
the Einstein’s quantum of light and the formulation of a general
ized principle of wave-particle duality, both in the mid-1920s.34 In 
the meantime, physicists had to come to terms in the best way they 
could with what Thomson famously called a “battle between a tiger 
and a shark.”35

A related conundrum was the increasing impact of the quantum 
theory. J.J. Thomson could certainly not agree to a theory in which 
the transfer of energy was in discrete units not as a result of the na
ture of mechanism (like in his Faraday tubes model) but as an a 
priori imposition on the model. The quantum had to be a conse
quence, not a pre-condition. That is why Thomson moved a step 
forward in his search to accommodate the discrete phenomena of 
light in a continuous ether-filled world.

Around 1909, he thought of reducing the number of Faraday 
tubes originating from a corpuscle to one. Following the tradition 
that the electric field spreads out from a charged body in all direc- 
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tions, J.J. had so far imagined a large number of Faraday tubes 
starting from one corpuscle and dispersing with spherical symmetry 
into space. But now he decided to regard this uniformity of the field 
in all directions as a statistical measure stemming from the fact that 
most work on electricity was done with bodies containing a large 
number of corpuscles, “the result [being] the same whether each 
individual field is uniformly distributed in all directions or is con
fined within a small solid angle.”36 What he got from this was that 
“the electric field due to a number of corpuscles is a mosaic, as it 
were, made up of a number of detached fields. The electric field it
self, as well as the electric charges in it, being molecular in constitu
tion.” As in his previous model, radiation would originate in the 
sudden stopping of a corpuscle and the transmission of the corre
sponding kick along the Faraday tube. By contrast, however, energy 
would not spread in all directions but only in one: the direction 
corresponding to the one and only Faraday tube.

36. Thomson (1910), p. 302.
37. Thomson (1910), p. 311-312.

As for phenomena like interference, he thought that, unlike a 
purely corpuscular theory of light, his theory could also account for 
those. In his view, one could get interference if a large number of 
Faraday tubes with related frequencies in their fluctuations went 
through a slit. And this might be possible, taking into account that, 
although each Faraday tube was originating in one corpuscle only, 
one could easily imagine that corpuscles close to each other would 
have movements of related frequencies: “For consider a corpuscle 
vibrating in a definite period; in its neighbourhood there will be 
many other systems having the same time of vibration, and the vi
brations of these will be excited by resonance and will be in phase 
relation with the primary vibration.”37 Even though, as usual, Thom
son basically stayed at a qualitative level, his model seemed to be 
superior to the quantum hypothesis, since the latter could not at all 
explain interference phenomena.

The interaction between radiation and matter, which had been 
the origin of Planck’s hypothesis, was a different matter. The early 
quantum theory was gaining in popularity since it was successfully 
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explaining an increasing array of phenomena. In 1913, he chal
lenged the quantum theory by suggesting that “we cannot assume 
that the forces due to the charges of electricity inside the atom are of 
exactly the same character as those given by the ordinary laws of 
Electrostatics.”38 And he imagined that corpuscles inside the atom 
were subject to two kinds of forces: an attractive one, proportional 
to the square of the distance, and a repulsive one, proportional to 
the cube of the distance. Capitalising on his earlier suggestion that 
every corpuscle was the origin of only one Faraday tube, he now 
assumed rather that each corpuscle was trapped in one tube of 
force, not entering “at this stage into any consideration as to the 
origin of this force; we shall simply postulate its existence.”39 The 
atomic corpuscle could oscillate in the direction of the tube, but 
needed a minimum amount of energy to move transversely and quit 
the tube. This minimal energy would coincide with multiples of 
Planck’s constant. Once again, his main point was to emphasize 
that one need not assume that “radiant energy is molecular in struc
ture,” but that the same results could be obtained “if the mechanism 
in the atom by which the radiant energy is transformed to kinetic 
energy is such as to require the transference to the mechanism of a 
definite amount of energy.”40 However, the mechanisms Thomson 
was putting forward to explain radiation were more and more ad hoc 
and were not fully capable of giving a consistent picture of the 
structure of the atom.41

38. Thomson (1913), p. 793.
39. Thomson (1913), p. 794.
40. Thomson (1913), p. 792.
41. See also Thomson (1912)

5. Faraday tubes after the Great War

Bohr’s atomic model, especially after the work done by Sommerfeld 
during and immediately after the war, did not bring Thomson’s 
speculations to an end. Faraday tubes had increasingly become more 
and more real in Thomson’s mind, and he sought to legitimise them 
by using them in areas other than radiation. Particularly interesting 
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is their migration to explain chemical bonding. Already in 1914 he 
had suggested that the key to understand the bond between atoms 
in a molecule was twofold: the tendency of all atoms towards “satu
ration” and the existence of Faraday tubes. The former was achieved 
when the atom had eight corpuscles in the outmost layer. In that 
case, corpuscles were fixed in their relative positions. When their 
number was less than the maximum eight, corpuscles were mobile 
inside the atom, a mobility that was only limited by the fact that 
every corpuscle was linked to the positive part of the atom - which 
he by now accepted occupied a central position in the atom - by a 
Faraday tube. This allowed for the possibility of a particular corpus
cle gaining stability, not by abandoning the atom, but by having its 
Faraday tube ending in the positive part of another nearby atom.48

42. Thomson (1914), p. 782.

As was often the case, Thomson did not explain the mechanism 
by which this dislocation of the Faraday tubes might take place, but 
he merely emphasized the explanatory power of this model for a 
large number of molecules, especially organic compounds. During 
the War, the school of organic chemistry headed by Gilbert N. Lew
is in America was highly influenced by Thomson’s ideas on molecu
lar bonding, and they regarded him as one of the founding fathers 
of the new field of physical chemistry. In turn, Thomson would see 
the dashes used in organic formulation as a representation of his 
Faraday tubes.

A last use of his Faraday tubes as an explanatory tool both for the 
structure of the atom and the discreteness of radiation came in 1925. 
Thomson gave a lecture on the structure of light in which he chal
lenged what he saw as the uncritical acceptance of Bohr’s theory, a 
lecture that was much reported in the popular science media. In it, 
Thomson stressed that quantification was only the result of a process 
in the continuous medium. Figures 2 and 3 show very graphically his 
idea for the process of photon emission and absorption, respectively, 
in the simple case of a hydrogen atom. Assuming, as he did, that the 
proton (P) and electron (E) in the atom interacted by means of a 
Faraday tube connecting them, one could imagine what happened 
to the tube when an electron “jumped” from one orbit of high ener- 42
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gy to an orbit of lesser energy. The Faraday tube would first bend, 
and then form a loop that would detach from the original tube: this 
would constitute the emission of a photon. Similarly, a quantum of 
radiation, in the form of a closed-loop Faraday tube, could be ab
sorbed by the tube uniting a proton and an electron, providing the 
energy for the electron to jump to a higher energy state.43

43. Thomson (1924) and (1925).
44. Navarro (2010).
45. Thomson (1928a), p. 191.

Faraday tubes received a last boost when J.J. Thomson’s son, 
George Paget Thomson, obtained the first photographs of electron 
diffraction, thus proving the principle of Louis de Broglie.44 The 
father felt his ontology had proved true and that electron diffraction 
was a sign that discrete models of matter and energy were only 
rough approximations of reality. In his mind, the “very interesting 
theory of wave dynamics put forward by L. de Broglie,” was not in 
contradiction to classical mechanics. In the first of a series of papers 
he tried to show that “the waves are also a consequence of classical 
dynamics if that be combined with the view that an electric charge 
is not to be regarded as a point without structure, but as an assem
blage of lines of force starting from the charge and stretching out 
into space.”45
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The diffraction experiments showed that “we have energy locat
ed at the electron itself, but moving along with it and guiding it, we 
have also a system of waves.”46 Following the similarities with his 
structure of light of 1924, he supposed that the electron “had a dual 
structure, one part of this structure, that where the energy is locat
ed, being built up with a number of lines of electric force, while the 
other part is a train of waves in resonance with the electron and 
which determine the path along which it travels.”47 For him, the as
sociation of a wave with an electron was not a new phenomenon. It 
had already been made when, in the late eighteenth century, the 
corpuscles of light that Newton had postulated needed to be com
plemented by wave explanations. It was not so strange to see that 
the new corpuscles, the electrons, had to receive similar treatment. 
And Faraday tubes were the key to this dual conception.

46. Thomson (1928b), p. 22.
47. Thomson (1928b), p. 23.

6. Conclusion

Having discussed the background to J.J. Thomson’s highly popular 
(then and now) plum pudding model and the fundamental impor
tance of his Faraday tubes, we can now have a more informed com
parison between Bohr’s and Thomson’s atomic models. One could 
argue that Bohr’s 1913 atom was a physical model tout court, in the 
sense that it included a clear set of pieces (electrons and nuclei) ar
ranged in a very particular way (quantised orbits), while Thomson’s 
was not so much a model but a consequence of a larger research 
program (with his Faraday tubes as the key feature). Thus, Thom
son’s underdetermined model was more flexible than Bohr’s early 
atom. The importance of Faraday tubes in the mind of J.J. Thom
son also explains why he did not see Bohr’s as a competing atomic 
model but only as a (for him invalid) theory of radiation. Faraday 
tubes had been and still were his true model and Bohr’s atom came 
only as a challenge and an opportunity to expand their explanatory 
power and, thus, to reinforce their reality as ethereal structures.
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CHAPTER 1.3

The many faces of the Bohr atom

Helge Kragh

Abstract

The atomic model that Bohr proposed in 1913 consti
tuted a break with all earlier conceptions of the atom. 
Keeping to the theory’s basic postulates - the station
ary states and the frequency condition - he conceived 
the model as preliminary and immediately began de
veloping and modifying it. Strictly speaking there was 
no single Bohr atom but rather a series of different 
models sharing some common features. In this paper I 
start with calling attention to some less well known as
pects of Bohr’s early model of one-electron atoms the 
significance of which only became recognized after his 
death in 1962. I then briefly sketch how he abandoned 
the ring model for many-electron atoms about 1920 
and subsequently went on developing the ambitious 
orbital model that he thought would unravel the se
crets of the periodic system. Bohr’s model of 1921-1922 
marked the culmination of the orbital atom within the 
old quantum theory, but it would soon be replaced by 
a symbolic and non-visualizable view of atomic struc
ture leading to the atom of quantum mechanics.

Keywords: Niels Bohr; atomic theory; Rydberg atoms; 
isotope effect; periodic system; electron orbits.
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1. Rydberg atoms and isotope effect

Among the unusual features of the atom that Bohr presented in the 
first part of his trilogy of 1913 was that the hydrogen atom, and 
other atoms as well, did not have a fixed size. For the radius of a 
one-electron atom with nuclear charge Ze he derived the expression

2

where r = 1, 2, 3,... and the other symbols have their usual meanings 
(A = Planck’s constant, m = electron’s mass, and e = elementary 
charge). For a hydrogen atom (Z = 1) in its ground state r = 1 he 
found the value ax = 0.55 x 10'8 cm as compared to the modern value 
0.53 x 10'8 cm. Known as the Bohr radius, the quantity is usually 
designated the symbol a0 rather than . As Bohr pointed out later 
in his paper, because the radius of the atom varies as r1 2, an atom in 
a highly excited state can be remarkably large: “For r = 12 the diam
eter is equal to 1.6 x 10'6 cm, or equal to the mean distance between 
the molecules in a gas at a pressure of about 7 mm mercury; for r = 
33 the diameter is equal to 1.2 x 10'5 cm, corresponding to the mean 
distance between the molecules at a pressure of about 0.02 mm 
mercury.”1 Because the area of the electron’s orbit varies as r4, for r = 
33 it is about a million times the area in an ordinary atom.

1. Bohr (1913a), p. 9.
2. Bohr (1913a), p. 10. See also Graetz (1918), pp. 74-75.

Bohr used his observation to come up with a clever explanation 
of why only 12 of the Balmer lines had been found in experiments 
with vacuum tubes, while astronomers had observed as many as 33 
lines. He argued that spectral lines arising from hydrogen atoms in 
high quantum states required a very low density, although “for si
multaneously to obtain an intensity sufficient for observation the 
space filled with the gas must be very great.” These conditions he 
thought might exist only in the rarefied atmosphere of the stars. 
“We may therefore never expect to be able in experiments with vac
uum tubes to observe the lines corresponding to high numbers of 
the Balmer series of the emission spectrum of hydrogen.”8
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Bohr returned to the question in his section on the absorption of 
radiation, where he discussed experiments made by the American 
physicist Robert Wood on absorption of light by sodium vapour. 
Wood had observed about 50 absorption lines and that although 
the pressure was not very low. This Bohr explained as “an absorp
tion of radiation which is not accompanied by a complete transition 
between two stationary states [... but] is followed by an emission of 
energy during which the systems pass back to the original station
ary state.”3 With this he probably meant that the transition is not 
complete because the end stationary state cannot survive in a colli
sional environment. The collisions force the system to return to the 
original stationary state, with no emission of radiation (and hence 
true absorption rather than scattering). In the low-pressure case, it 
would be mere scattering because the return to the original state 
would be accompanied by the emission of radiation at the same fre
quency as the absorption frequency.

3. Bohr (1913a), p. 18.
4. The term “Rydberg atom” only came into wide use in the late 1970s. According to 
the Web of Science, it was first used in the title of a scientific paper in 1971. Kleppner, 
Littman, and Zimmerman (1981) emphasize Bohr’s role as the founding father of the 
physics of Rydberg atoms.

The kind of monster-atoms introduced by Bohr was later called 
“Rydberg atoms” because the frequencies are included in the spec
tral formula that Janne Rydberg proposed in 1890. Since Rydberg’s 
work was purely empirical, “Rydberg-Bohr atoms” might seem to 
be a more appropriate name.4 In 1913 Bohr derived the quantized 
energy levels of hydrogen by considering quantum jumps between 
adjacent states at very high values of r, where the separation of ad
jacent energy levels varies as l/r\ For the ratio of the mechanical 
frequencies of the states r = N and r = A- 1 he found

= (N - l)3

which tends toward unity for N 1. The point is that the frequency 
of the radiation emitted during a transition between state N and 
state A- 1 agrees almost precisely with the orbital frequency. Bohr 
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used the result to argue that for highly excited states the radiation 
frequency due to quantum jumps would be almost the same as the 
mechanical frequency of revolution. Thus, in this first discussion of 
the correspondence principle for frequencies he was in effect using 
Rydberg states as an illustration.

Bohr’s expectation with regard to highly excited atoms turned 
out to be basically correct. Isolated Rydberg atoms were first ob
served deep in interstellar space.5 In 1965 scientists from the Na
tional Radio Astronomy Observatory in the USA detected micro
wave radiation from hydrogen atoms corresponding to transitions 
between energy levels near r = 100, and later radio astronomers have 
detected states as large as r = 350 in outer space. Because of the ex
ceedingly low density in interstellar gas clouds, Rydberg atoms can 
exist for long periods of time without being ionized. Whereas the 
life-time of an ordinary excited atom is of the order 10'8 second, Ry
dberg atoms may live as long as a second. Astronomers have for 
long been familiar with a radiation from the heavens at a frequency 
of 2.4 GHz that is due to a transition in hydrogen from r = 109 to r 
= 108. It was only with the arrival of tunable dye lasers in the 1970s 
that it became possible to study Rydberg atoms in the laboratory, 
after which the subject became increasingly popular. Today it has 
grown into a minor industry.6 *

5. Dalgarno (1983).
6. See Gallagher (1994) for a comprehensive but largely non-historical review of
Rydberg atoms. There is no scholarly study of the history of the subject.

After Bohr had presented his atomic theory in the July 1913 issue 
of Philosophical Magazine, the British spectroscopist Alfred Fowler ob
jected that Bohr’s theoretical wavelengths for hydrogen and the he
lium ion He+ did not agree precisely with those found experimen
tally. According to Bohr’s theory,

1 _ /1 1 \ 27r2me4

As is well known, Bohr responded to Fowler’s challenge by taking 
into account the finite mass of the nucleus, namely, by replacing the 
electron mass m by the reduced mass given by
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Figure 1. Variation of Rydberg’s constant with the atomic weight J. Source: 
Harvey E. White, Introduction to Atomic Spectra (New York: McGraw-Hill, 
1934), p. 37.

mM m
m + M 1 + m/M'

where M denotes the mass of the nucleus. In this way the Rydberg 
constant would depend slightly on M, causing the discrepancies 
mentioned by Fowler to disappear.7 For an infinitely heavy nucleus 
(m/M = 0), Bohr calculated

7. Bohr (1913b).
8. Fowler (1914). The presently known proton-to-electron mass ratio is about

^co (1 +—) = 109735 ein1
\ mhJ

where Mh is the mass of a hydrogen nucleus (Figure 1). In his Bake- 
rian Lecture of 1914, Fowler used Bohr’s expression to derive a mass 
ratio of the hydrogen nucleus (proton) and the electron of M-^Irn = 
1836 ± 12.8
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In late 1913 Bohr realized that the introduction of the reduced 
mass would result in a small shift between the lines of two isotopic 
atoms. As early as September 1913, during the Birmingham meet
ing of the British Association for the Advancement of Science, he 
had suggested that the positive rays that J. J. Thomson ascribed to 
the H3 molecule might be due to a hydrogen isotope of mass 3 (that 
is, 3H+ instead of Thomson’s H3+).* * 9 10 While he did not think of a spec
tral shift as evidence for the hypothesis in Birmingham, this is what 
he did a few months later. Together with his colleague in Copenha
gen, the spectroscopist Hans Marius Hansen, he even conducted 
experiments to detect the H-3 isotope later known as tritium.“ It 
follows from Bohr’s theory that the isotope shift would be

1836.152 with a standard uncertainty of less than 10'6.
g. For the story of triatomic hydrogen and references to the literature, see Kragh
(2012a).
10. See Kragh (2012b), pp. 97-98 and Kragh (2012c). Tritium does not exist naturally. 
It was first produced in nuclear reactions in 1939.
11. Nature 96 (1915), p. 240.

/ 2mÅT-ÅH = 1 - — = 3.6 x 1()“4UT H \ Rt) h 3m + 3MH H H

Bohr continued for some time to think of the isotope shift. Although 
he did not refer to it in his publications, he mentioned it at the Sep
tember 1915 meeting of the British Association in Manchester, from 
where it found its way into Nature.11 Apparently he did not consider 
it very important.

The spectroscopic isotope effect was discovered in molecules in 
1920, in dependently by Francis Loomis in the United States and 
Adolf Kratzer in Germany who were both able to separate the vibra
tional frequencies in HC1 due to the isotopes Cl-35 and Cl-37. It 
took another twelve years until the corresponding atomic effect was 
confirmed. In 1913 Bohr had contemplated the existence of H-3 but 
not the isotope of mass 2 that Harold Urey, George Murphy, and 
Ferdinand Brickwedde detected spectroscopically in 1932. The No
bel Prize-rewarded discovery of deuterium was directly guided by 
Bohr’s old theory of the isotope effect. This effect later became very 
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important as a method applicable to a variety of sciences ranging 
from physics and chemistry over astronomy to geology and biolo- 
gy-IS

12. Wolfsberg, Van Hook, and Paneth (2010). For the discovery of deuterium, see 
Brickwedde (1982).
13. See Heilbron (1967) and Kragh (2012b), which include references to the literature.
14. Tolman (1922), p. 222 and p. 226. The pancake metaphor was also used by 
Sommerfeld, see his letters to Landé as quoted in Heilbron (1967), p. 479.

2. Many-electron atoms

Bohr’s theory of 1913 was much more than just a theory of the hy
drogen atom. In the second part of the trilogy he ambitiously pro
posed models also of the heavier atoms, picturing them as planar 
systems of electrons revolving around the nucleus. The lithium 
atom, for example, would consist of two concentric rings, an inner 
one with two oppositely located electrons and an outer one with a 
single electron. Ring structures of this kind had already been pro
posed by Thomson in his older atomic theory, and Bohr relied to 
some extent on Thomson’s method with regard to calculations of 
mechanical stability. Bohr’s ring-atoms were soon developed by 
Walther Kossel, Arthur Compton, Peter Debye, Lars Vegard and 
other physicists who for a while thought that the model was sup
ported by X-ray spectroscopic data. However, by 1920 at the latest 
it was realized that the planar ring atom was inadequate and had to 
be replaced by a more complex model that made both chemical and 
physical sense.12 13

In a lecture of 1921 the American physical chemist Richard Tol
man criticized the physicists’ “absurd atom, like a pan-cake of rotat
ing electrons” and their naive picture of the carbon atom “as a posi
tive nucleus with rings of electrons rotating around it in a single 
plane.”14 However, this was no longer Bohr’s view. Neither was it a 
view shared by the majority of quantum physicists, who by then had 
arrived at the conclusion that the atom must have a spatial architec
ture. As an extension of Arnold Sommerfeld’s Ellipsenverein-modd of 
1918, Alfred Landé developed a class of models governed by cubical 
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and other polyhedral symmetries, what he called Würfelatome. Landé’s 
cubical atoms, with electrons moving in small orbits at the corners of 
concentric cubes, were seen as a welcome break with the planar atom 
and for this reason received positively in the physics community. 
Bohr found Landé’s ideas to be of such interest that he invited him to 
Copenhagen. However, when Landé gave his lecture in Copenhagen 
in October 1920, Bohr had reached the conclusion that the cubical 
atom was not the answer to the puzzle of the complex atoms.

Bohr agreed that the simple ring atom had to be abandoned, 
such as he wrote to Owen Richardson on Christmas day 1919: “I am 
quite prepared, or rather more than prepared, to give up all ideas of 
electronic arrangements in ‘rings’.”15 Half a year later he was work
ing on a new picture of the atom as consisting of spatially structured 
elliptical orbits. There is little doubt that the new picture was in part 
motivated by the unsatisfactory calculations that he, together with 
his assistant Hendrik Kramers, had performed in order to under
stand the helium atom. Bohr and Kramers came to the conclusion 
that the ground state of helium could not be represented by a pla
nar structure but more likely be pictured as two intersecting circular 
orbits (Figure 2).

15. Bohr to Richardson, 25 December 1919, as quoted in Heilbron (1967), p. 478.
16. Quoted in Kragh (2012b), p. 272. Bohr (1977), p. 711

In a letter to Rudolf Ladenburg of 16 July 1920 Bohr wrote, “it 
also seems that an assumption of rings already has to be given up 
because of insufficient stability and that we are forced to expect 
much more complicated motions of the electrons in the atoms.”16 
What these more complicated motions were he first revealed in a 
lecture to the Physical Society in Copenhagen on 15 December 1920. 
A published version of his new ideas only appeared in March 1921, 
in an unusually long communication to the letters section of Nature.

3. The final orbital atom

In the period from about 1921 to 1924, Bohr’s new model of com
plex atoms, or of the periodic system of the elements, was widely 
discussed and acclaimed. Sommerfeld’s response to Bohr’s first an- 
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Figure 2. The helium atom with 
two crossed orbits according to 
Bohr and Kramers. Source: Max 
Born, Vorlesungen über Atommechanik 
(Berlin: Julius Springer, 1925), p. 
331.

nouncement of his theory - that “it evidently represents the greatest 
advance in atomic structure since 1913” - was echoed by many of 
his colleagues in atomic and quantum physics.17 Bohr himself held 
great hope in his theory which he developed in several papers and 
discussed in high-profile lectures such as the Wolfskehl lectures in 
Göttingen in June 1922 and the Nobel lecture in Stockholm six 
months later. He elaborated his original version in another letter to 
Nature of September 1921 and, in great detail, in an extended pub
lished version of a lecture he gave in Copenhagen the following 
month. “The Structure of the Atom and the Physical and Chemical 
Properties of the Elements” gained a wide readership and convinced 
many physicists that Bohr’s approach was the key to unlock the se
crets of the atom.18 Apart from Bohr’s own writings and lectures, the 
theory appeared prominently in scientific as well as popular books. 
Sommerfeld dealt with it in his AtombauundSpektrallinien (1922,1924), 

17. Sommerfeld to Bohr, 7 March 1921, quoted in Kragh (2012b), p. 298. Bohr 
(1977), p. 740.
18. Bohr (1922), with translations into English, French, and Russian.
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Max Born in his Vorlesungen über Atommechanik (1925), and Kramers 
and Helge Holst in their popular book The Atom and the Bohr Theory of 
its Structure (1923).

Rather than describing the historical development and recep
tion of the theory, I shall summarize its basic features and method
ological foundation in the form the theory was known in early 
1923.19 Bohr adopted the extension of his original theory that Som
merfeld had proposed in 1915 by replacing the circular electron or
bits with elliptical orbits. Following Sommerfeld, he specified the 
orbit of an electron by its principal quantum number n and its azi
muthal quantum number k, the two numbers attaining values given 
by n = 1. 2, 3, ... and k = 1, 2,.... n. In the case of k = n the orbit is cir
cular, whereas k < n indicates a Kepler ellipse whose eccentricity in
creases with /7 - k. To build up a theory on this basis, Bohr relied on 
two hypotheses, the Aufoau principle and the penetration effect. By 
using these and other hypotheses he hoped to explain the so-called 
Rydberg rule, according to which the number N of elements in the 
various periods can be written as

19. For details, see Kragh (1979) and Kragh (2012b), pp. 271-302. The chemical 
aspects of Bohr’s theory are examined in Kragh (2013).

N = 2n2,n = 1,2,3,...

Bohr considered the structure of a neutral atom to be the result of 
how it was formed by the successive addition of Z electrons to a bare 
nucleus. According to the so-called Aufbauprinzip (construction or 
building-up principle), the addition of electron number/; to a par
tially completed atom with p - 1 bound electrons would leave the 
quantum numbers of the p - 1 electrons unchanged. When, in this 
building-up process, a new atom is formed, the principal quantum 
number of the last captured electron will differ from that of the al
ready bound electrons in the outer shell only if the atom being 
formed belongs to a new period of the periodic system. Thus, in 
each new period n increases by one unit.

In order to explain the finer details of the periodic system, and 
especially the transition groups and the rare earths, Bohr made use 
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of the hypothesis of penetrating orbits, which was essential to his 
entire line of argument. According to this hypothesis, the valence or 
optical electrons moving in eccentric elliptical orbits would pene
trate the inner shell of eight electrons that characterize the noble 
gases. The idea of penetrating orbits was independently suggested 
by Erwin Schrödinger in 1921, but only Bohr applied it systemati
cally to the periodic system. In Bohr’s theory, the penetrating orbits 
not only accounted for the spectra of the alkali metals, but above all 
they played the role of a coupling effect. He pictured the penetrat
ing orbits as divided into two parts: outside the core of the atom the 
optical electron moves in an approximate Keplerian ellipse exhibit
ing a perihelion precession; when it penetrates the region of the 
core, the electric field is changed and the internal orbit is no longer 
a simple continuation of the outer elliptical orbit. Instead, it per
forms an orbit much closer to the nucleus and therefore is more ef
fectively bound.

From a methodological point of view, Bohr’s theory was mark
edly eclectic, relying on a peculiar mixture of empirical evidence 
and theoretical reasoning (Figure 3). Among the empirical evidence 
were data from X-ray spectroscopy, which he investigated together 
with the Dutch physicist Dirk Coster, but these played no role in his 
original formulation of the theory.

The two components were tied together by a more intuitive un
derstanding of the mechanism in the building up of atoms. Al
though the new theory was no less dependent on empirical knowl
edge of the chemical elements than the 1913 theory, Bohr stressed 
that it was not derived inductively from such knowledge. It was the 
use of general principles that distinguished the new theory from 
earlier ideas of atomic structure and supplied it with Bohr’s per
sonal imprint. These general principles he used in a philosophical 
rather than physical or mathematical way, in the sense that they 
were not stated quantitatively but were qualitative considerations 
of an intuitive kind. Foremost among them was the versatile corre
spondence principle which permeated the entire theory in a char
acteristic but also opaque way. For example, he claimed that the 
quantum state of an atom could be inferred from a “closer investi
gation” based on the correspondence principle. Bohr’s “closer in-
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EMPIRICAL CONCEPTSGENERAL CONCEPTS

Figure 3. The conceptual structure of Bohr’s 1922 theory of atomic struc
ture. Source: Kragh 1979, p. 145.

vestigation” - a favourite phrase in his idiosyncratic terminology - 
remained unclear, except that it did not imply a mathematical 
deduction from quantum theory or, for that matter, calculations at 
all.

More often than not, the correspondence principle acted as a 
deus ex machina, or so it seemed to many contemporary physicists out
side the Copenhagen group. Kramers, who knew Bohr’s style of 
physics intimately, recalled how he had arrived at his theory: “It is 
interesting to recollect how many physicists abroad thought, at the 
time of the appearance of Bohr’s theory of the periodic system, that 
it was extensively supported by unpublished calculations which 
dealt in detail with the structure of the individual atoms, whereas 
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the truth was, in fact, that Bohr had created and elaborated with a 
divine glance a synthesis between results of a spectroscopical nature 
and of a chemical nature.”80

4. The orbital atom dismounted

The result of Bohr’s elaborate considerations was a picture of the 
atom as consisting of electrons moving in an interlocked, harmoni
ous system of elliptical orbits with different eccentricities. Because 
of the slow precession of the ellipses, the orbits would not be closed 
but slightly open. Moreover, the orbits would penetrate into the in
ner electronic system and for this reason the form of the part of the 
orbit within the core would change. In the plates that Bohr used for 
his lectures and which were reproduced in Kramers and Hoist’s 
book on his atomic theory, the atoms were shown in two dimensions 
and with all the orbits roughly drawn to scale (Figure 4). In reality 
the electron orbits made up a three-dimensional structure. Is this 
what Bohr thought an atom looked like? Did he consider the pic
ture as a realistic or merely a symbolic representation of the atom?

Commenting on their diagrams, Kramers and Holst warned 
that, “Although the attempt has been made to give a true picture of 
these orbits as regards their dimensions, the drawings must still be 
considered as largely symbolic.”81 Also Bohr seems to have believed 
that pictures of the atom should be understood as analogies or sym
bols. In a letter of 22 September 1922 to the Danish philosopher 
Harald Høffding, Bohr expressed his doubts “that we shall be able, 
in the world of the atom, to carry through a description in space and 
time of a kind which corresponds to our ordinary sensory image.” 
He stressed that “one is operating with analogies.”88 On the other 
hand, at the time neither Bohr nor Kramers had apparently any 
doubt about the reality of electron orbits or the fertility of the semi
mechanical model concept on which Bohr’s new theory rested. Al-

20. Kramers (1935), p. 90.
21. Kramers and Holst (1923), p. 192. On this book, see Kragh and Nielsen (2013).
See also Arne Schirrmacher’s paper in the present volume.
22. Quoted in Kragh (2012b), pp. 352-353. Bohr (1999), p. 513.
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ARGON (IQ)

Figure 4. Bohr’s symmetric 
structure of the argon atom,
showing its orbitals denoted as nk, 
where w is the principal and k the
azimuthal quantum number. 
Source: Kramers and Holst
(1923), plate II.

though the atom did not quite look like the picture, it might still be 
something like it. Bohr may not have thought of his atom as some
thing corresponding to “our ordinary sensory image,” and yet this 
was the impression his lectures and articles conveyed to most of his 
colleagues in physics.
Bohr’s atomic theory of the periodic system was short-lived. It was 
soon replaced by Pauli’s theory based on the exclusion principle, 
which stood in stark contrast to Bohr’s. Pauli not only denied the 
validity of the correspondence principle in building up atomic 
structures, he also rejected the concept of electron orbits. To Bohr 
he wrote: “I have avoided the term ‘orbit’ altogether in my paper .... 
I think the energy and [angular] momentum values of the station
ary states are something much more real than the ‘orbits’.”83

By the summer of 1924 the kind of visualizable model that char
acterized Bohr’s theory was no longer considered a candidate for 
the real structure of atoms. Objections to the orbital model had 
been around for some time, raised in particular by the youngsters 
Pauli and Heisenberg, whereas it took more time for Bohr to aban-

23. Pauli to Bohr, 12 December 1924, quoted in Kragh (2012b), p. 307. See also 
Heilbron (1983).
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don the orbits.84 In the autumn of 1923 he still maintained orbits in 
the stationary states, although no longer governed by the rules of 
classical mechanics. In the Bohr-Kramers-Slater (BKS) theory from 
1924, describing the atom as an orchestra of virtual oscillators, the 
electrons orbiting in stationary states had finally disappeared. To 
the extent that the atom of the BKS theory can be called a model at 
all, it was entirely different from the pictorial model that Bohr had 
introduced with such confidence just three years earlier. This was 
even more the case with the symbolic model of the atom that Heisen
berg proposed in the summer of 1925 and which marked the begin
ning of quantum mechanics.

Acknowledgments: I want to thank an anonymous referee for help
ful and critical comments to an early version of the paper.
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CHAPTER 1.4

Bohr’s genuine metaphor: On types, 
aims and uses of models in the history 

of quantum theory

Arne Schirrmacher*

Abstract

Modern physics is discussed often with concepts as 
“model,” “analogy” or “metaphor,” which apparently 
allow to bridge a gap that cannot be overcome by a 
straightforward application of mathematical formal
ism or experimental analysis alone. From drawings, the 
most common kind of these epistemological bridge ob
jects, the scope extends to models of various kind and 
(material) quality, which can be found at a wide range 
of places from scientists' notebooks and workshops to 
university collections or public exhibitions. My discus
sion concerns the field of quantum physics and aims at 
putting Bohr's atomic model - in all its representation
al forms - into a wider context of drawings and arti
facts related to quantum and atomic physics. The the
sis is, that from a historical epistemological perspective 
Bohr's atomic model was a “genuine metaphor” (T. 
Kuhn), which made it a creative tool pushing forward 
theoretical research, rather than an illustration of es
tablished aspects of nature.

* Institut für Geschichtswissenschaften, Humboldt Universität zu Berlin. 
Email: Arne.Schirrmacher@hu-berlin.de.
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1. Model, analogy, metaphor

Among the many attempts to grasp historically the quantum revo
lution as a rather longterm development that transformed mechan
ics from its classical foundation to quantum mechanics, three terms 
are often invoked: model, analogy and metaphor.1 Their function 
apparently lies in their power to bridge a gap that cannot be over
come by a straightforward application of mathematical formalism 
or by improvements of deductions from experimental findings. Be
sides drawings (as actual inscriptions that historians can often find 
in letters and notebooks) the most concrete kind of these epistemo
logical bridge objects are also models, often even material models, 
either improvised ones or ones carefully manufactured that eventu
ally found their way into exhibitions or university collections.

i. Darrigol (1992), Petruccioli (1993), Schirrmacher (2009a).

I will thus ask: What is the role of such models in the history of 
quantum and atomic physics? Or, putting this question slightly 
differently: How can we embed these objects and graphical render
ings or even suggestive descriptions into a long-term history of 
quantum and atomic physics? In order to answer this question I 
will consider various examples of models of different kinds, rang
ing from Max Planck’s oscillators of 1900 and Jean Perrin’s verbal 
description of a planetary atomic model in 1901, to Niels Bohr’s 
early drawings of atoms and molecules, exhibition objects built ac
cording to the instructions of Arnold Sommerfeld in 1918 in Ger
many or according to the instructions of William Lawrence Bragg 
and Douglas Hartree in Britain some years later, or even to Harvey 
Elliott White’s machine from 1931 that mechanically produced pic
tures of quantum mechanical electron orbitals in three dimensions. 
Within this broad range of models we may distinguish three classes 
with respect to how they relate to quantum concepts: one purely 
classical, one employing concepts of the old quantum theory and 
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one making reference to quantum mechanics. Before I go into more 
detail about such models, I shall first motivate why the analysis of 
models such as that proposed by Niels Bohr provides an important 
ingredient for the long-term history of quantum physics by turning 
to Thomas S. Kuhn as my main staunch ally.

In the late 1970s Richard Boyd and Thomas Kuhn engaged in a 
pointed exchange on the role of metaphors, analogies and the like 
in science which essentially shifted the discussion from hard-to- 
grasp metaphors to rather concrete models. Both authors agreed on 
the “interaction view” of metaphors that had been put forward by 
Max Black8 as they shared the understanding that among the meta
phors used in science many are merely decorative and could be 
eliminated by adequate non-metaphorical formulations while oth
ers are such that

2. Contributions by Boyd and Kuhn in Ortony (1979) and Black (1962). Cf. also 
Hesse (1963).
3. Boyd (1979), p. 360.
4. Boyd (1979), p. 359.

... metaphorical expressions constitute, at least for a time, an irre
placeable part of the linguistic machinery of a scientific theory: cases 
in which there are metaphors which scientists use in expressing theo
retical claims for which no adequate literal paraphrase is known. 
Such metaphors are constitutive of the theories they express, rather 
than merely exegetical.2 3

However, when it came to making this distinction for concrete ex
amples controversy arose. For Boyd, Bohr’s atom was just an exam
ple of the sort of metaphors that can be eliminated, since

one can say exactly in what respect Bohr thought atoms were like so
lar systems without employing any metaphorical device, and this was 
true when Bohr’s theory was proposed.4

For Kuhn, however, Bohr’s atomic model was rather one of the 
“genuine metaphors” or “analogies”. He thus proposed a more dif
ferentiated view:
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Bohr and his contemporaries supplied a model in which electrons 
and nucleus were represented by tiny bits of charged matter interact
ing under the laws of mechanics and electromechanic theory. That 
model replaced the solar system metaphor but not, by doing so, a 
metaphor-like process.5

5. Kuhn (1979), p. 414.
6. Cf. Schirrmacher (2007a).
7. Kuhn (1979), p. 415.
8. Eckert (2009).
9. Schirrmacher (2009b).
10. Kuhn (1979), p. 415.

Although one might question the extent to which Bohr’s atom was 
taken literally in the various stages of quantum theory - from J. J. 
Thomson who never accepted it to Peter Debye who actually made 
experiments to measure the electron orbits and their spatial rela
tions6 for Kuhn it appeared clear that

... even when that process of exploring potential similarities had gone 
as far as it could ... the model remained essential to the theory. With
out its aid, one cannot even today write down the Schrödinger equa
tion for a complex atom or molecule, for it is to the model, not di
rectly to nature, that the various terms in that equation refer.7

Models like the Bohr atom provide in this way, according to Kuhn, 
an “interactive, similarity-creating process” that has an epistemo
logical dimension. The typical reduction of models, however, to 
“historical” models (e.g., to avoid controversy)8 and teaching aids 
or motivations that should eventually lead to more advanced and 
abstract theory well beyond pedagogical or heuristic uses,9 is mis
leading according to Kuhn:

Models are not, however, merely pedagogic or heuristic. They have 
been too much neglected in recent philosophy of science.10

Kuhn’s call for more attention to models reminds us today of Ian 
Hacking’s dictum on experiments. Thus the epistemological battle 

114



SCI. DAN. M. I BOHR’S GENUINE METAPHOR

cry “Models have a life of their own!” is at least one way to elucidate 
the nature of models in physics - as it was for experiments particu
larly with Hacking and Peter Galison.11 12 Indeed, philosopher Marga
ret Morrison probably spelled out this approach best when she 
identified models as “autonomous agents”. She explained that in
stead of looking at models of phenomena, models of data, models 
of theory, their representational character, their ontology, their im
plications for scientific realism, explanation and the possibilities for 
laws of nature etc.,18 one may take a break and put aside all these 
philosophical discussions for a moment in order to concentrate on 
the epistemological role of models.

11. Hacking (1983), Galison (1987).
12. Cf. e.g., the similar discussions in Frigg and Hartmann (2006).
13. Morrison (1999), p. 39.
14. Morrison (1998), p. 85.
15. Cf. in general on the relation between models and mental models Büttner, Renn,
and Schemmel (2003), Renn (2007) and Renn and Hyman (2012) pp. 20-29, on rela
tivity Renn and Sauer (2007).

By looking particularly at the practices of science and analyzing 
knowledge creation or knowledge change, Morrison holds that one 
can arrive at two interesting claims: (1) that it is models rather than 
abstract theory that represent and explain the behavior of physical 
systems and (2) that they do so in a way that makes them autono
mous agents in the production of scientific knowledge.13 If it is true 
that in this way models “occupy a separate domain of scientific in
vestigation” a history of the development of quantum physics has 
hence to look into models.14

A second way to bring models to the fore in the field of physics 
comes from the side of historical epistemology, as developed by his
torians of science who relate scientific models to mental models. A 
prominent example is the work of the Berlin Max Planck Institute 
for the History of Science on the basic interpretational framework 
for the analysis of Einstein’s path to general relativity.15 * * For the pur
pose of this essay it suffices to explain very generally how mental 
models relate to material models, and I will do this by simply citing 
three central tenets of the proponents of mental models on repre
sentation, transmission and longevity:
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Mental models can, as a rule, be externally represented by material 
models which also serve as the element of continuity in their trans
mission ... .l6

16. Renn and Sauer (2007), p. 127.
17. Büttner, Renn, and Schemmel (2003), p. 43.
18. Heilbron (1994).
19. Hacking (1983), p. 216.

The backbone of the long-term transmission of mental models is the 
transmission of their material counterparts.

[Mental models are] characterized by a remarkable longevity across 
historical breaks as becomes clear when considering such examples as 
the mental model of an atom, of a balance, of the center of gravity or 
of positional weight.17

Among the models that played an important, if not crucial role in 
the genesis and development of quantum theory and have a long
term model history are in particular the virtual oscillator model and 
the planetary model of the atom. As the virtual oscillator has been 
treated already in a number of other works, I shall only recall some 
points, which turn out to be related to the planetary model; here I 
can follow largely along a path marked by John Heilbron.18 With 
regard to the planetary model I shall focus on discussion of draw
ings and material models used for both research and dissemination. 
I shall ask when the models were introduced in writing, drawing or 
assemblages, what changes their status underwent and when, if at 
all, they were withdrawn from the scientific discourse. This analysis 
is based on the assumption that contrary to Hacking, who sees 
models only as mediators acting on some level between theory and 
phenomena, viz., as something that one has in one’s brain rather 
than in one’s hands,191 shall claim that models are around, that you 
can touch them, you can manipulate them, they can be constructed 
and they can also be destroyed. In short, models do have a life of 
their own - one that is real rather than a pipe dream.
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2. Key models in the history of quantum mechanics

In a long-term perspective the history of quantum mechanics starts 
at least with Planck’s introduction of the quantum of action, which 
is closely related to the picture of oscillators describing radiation 
phenomena and extends well beyond the formulation of quantum 
and wave mechanics. The many problems related to treating quan
tum mechanical systems very quickly rehabilitated the picture that 
was so essential to the old quantum theory: particle trajectories. Al
though discarded by the new theory, they resurfaced in order to 
tackle more complicated systems, as mentioned by Kuhn above.

The concept of virtual oscillators predates quantum theory as 
basically any classical wave theory of light rests on an infinite num
ber of virtual oscillators called the ether. However, only with the 
electron as an evident particle and in particular with the discussions 
of the Bohr atom and further on the route to quantum mechanics 
did virtual oscillators play a central role in solving problems. As 
John Heilbron has explained, it was the “humble resonator” that 
stood at the foundations of the theory of atomic structure. The Zee- 
man effect became the first means to analyze atomic structure when 
Lorentz identified - at least for radiation purposes - the atom with 
“a collection of oscillators each consisting of a charged particle 
bound elastically to a fixed point.”80

For Drude, matter could be understood as a collection of virtual 
oscillators that had different charges and that displayed dispersion. 
Here an important interpretation can be found, which became crucial 
for both the Bohr atom and Heisenberg’s route to quantum mechan
ics: Drude’s theory accounts for resonant frequencies not by finding a 
single entity that corresponds to this frequency, but rather by identify
ing the frequency from parameters representing the whole collection 
of virtual oscillators.81 Similarly, Heilbron has argued that also Ritz’s 
combination principle for spectral frequencies hinges on sets of vir
tual oscillators.88 Hence, Ritz’s contribution to revealing the Rydberg

20. Heilbron (1994), p. 179.
21. Drude (1906)
22. Voigt (1911).

II?



ARNE SCHIRRMACHER SCI.DAN.M. I

constant as a universal constant goes back to virtual oscillators. Clear
ly, Planck’s resonator was also a virtual oscillator and while he thought 
that the energy of each individual oscillator could vary continuously 
and only the total energy had to obey the new quantum of action, 
Einstein made it clear that this must hold for each oscillator separate
ly. In this way the quantized virtual oscillator was introduced. Again 
the question would arise whether the frequencies of spectral lines 
would coincide with those of mechanical motions in radiating atom 
- even when quantized.83 Within the theory theory of solid bodies it 
was the treatment of specific heats developed by Einstein as well as by 
Max Born and Theodore von Karman where virtual oscillators played 
once more an important role, as they finally did in Richard Laden- 
burg’s work on dispersion with his “Ersatz oscillators”.

23. Heilbron (1994), p. 182.
24. Heilbron (1994), p. 184f.

Physicists replaced Bohr’s original conception of an electron orbit by 
an infinite set of virtual oscillators ‘conjugated’ to each stationary 
state. Each of these Ersatz oscillators had the frequency of a spectral 
line that could be emitted or absorbed by an electron in the state con
jugated with them.23 24

While the model of the virtual oscillator did not leave behind artis
tic rederings, the planetary model quickly extended much farther 
beyond verbal descriptions.

As a young lecturer of physical chemistry at the Sorbonne, Jean 
Perrin was the first to introduce the planetary model to an audience 
of students and friends of the university on 16 February 1901. It is 
instructive to look at the suggestive notions (below in italics) he 
had introduced to explain the workings of the microcosm:

Chaque atome serait constitue, d’une part, par une ou plusieurs mass
es tres fortement chargees d’électricité positive, sorte de soleils posittfs 
dont la charge serait tres supérieure a' celle d’un corpuscule, et 
d’autre part, par une multitude de corpuscules, sorte de petitesplanétes 
negatives... .
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Si une force électrique suffisante agit sur un atome elle pourra 
detacher une des petites planétes, un corpuscule (formation de rayons 
cathodiques) ....

Les dure'es de gravitation des differentes masses intérieures å l’atome cor- 
respondraient peut-étre aux differentes longueurs d’onde des lu- 
miéres que manifestent les raies du spectre d’emission.

Un calcul simple donne une premiere indication dans ce sens ... ; c’est- 
å-dire d’aprés les dimensions de eet atome, environ 10'7 centimetres; 
nous trouverons que la durée de cette gravitation (l’année de cettepla- 
néte) est environ 10'15 secondes ... .

25. Perrin (1901), p. 460, my italics. This twelve page article reproduces a special 
lecture for both students and friends of Paris university and appeared strictly speak
ing not in a scholarly journal but in the influential Revue sdentifique, a journal of a very 
elevated interdisciplinary or even semi-popular level. For its role cf. Rollet (1996). In 
English (my italics):

Each atom would consist, first, by one or more masses strongly charged with posi
tive electricity, sort otpositive suns whose charge is much higher than that of a cor
puscle, and secondly, by a multitude of corpuscles, sort of little negative planets... .
If a sufficient electric force acts on an atom it can detach one of the little planets, a 
corpuscle (formation of cathode rays) ....
The times of revolution of the different internal masses of the atom may correspond to 
the different wavelength of the light which appear as the rays of the spectrum of emis
sion.
A simple calculation provides a first indication in this direction. ...; that is to say 
according to the dimensions of this atom, about 10 centimeters, we find that the 
time of revolution (the year oftheplanet) is about 10 11 seconds ... .
If the atom is very heavy, that is to say, probably very large, the particle farthest 
from the center, the Neptune of the system, will be poorly retained in its course by 
the electrical attraction of the rest of the atom ....

Si l’atome est tres lourd, c’est-å-dire probablement tres grand, le cor
puscule le plus éloigné du centre, - le Neptune du Systeme -, sera mal 
retenu dans sa course par l’attraction électrique du reste de l’atome ...25

With this description of the atom as a small planetary system in
cluding “positive suns” and “negative planets,” but also the transla
tions of the concepts of “year” for the revolution time and “Nep- 
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tune” (Pluto was not yet discovered) for the outermost particle, 
Perrin saw explanations in reach for such problems in physical the
ory as the frequencies of spectral lines, or even radioactivity.

In 1904 in his contribution to the review journal Naturwissen
schaftliche Wochenschrift, August Becker expanded on Philipp Lenard’s 
1903 Annalen paper, in which absorption experiments with cathode 
rays demonstrated the emptiness of the atomic scale. As the com
parison with the universe of stars and planets is already in the An
nalen, only a suggestive description of Lenard’s ideas, including the 
need to adapt celestial mechanics for atomic physics, is communi
cated in the more popular review journal. In considering a case like 
the negative hydrogen ion Becker wrote:

... indeed each cathode ray particle contained within a force field 
[will] orbit rapidly around the positive point or describe paths, the 
knowledge thereof is to be expected from a yet-to-be-found solution 
to the three-body problem, which takes into consideration not only 
attracting forces but also repelling ones.26

26. Becker (1904), p. 532.
27. Meyer (1905), Meyer (1910), see Schirrmacher (2007b) for discussion.

The more one delves into reviews and popular scientific texts from 
the early years of the 20th century, the more often and more explic
itly one can find the planetary model emerging as the picture of the 
microcosm. Further prominent examples can be found in articles 
written by astronomer Max Wilhelm Meyer (the “Urania-Meyer” 
who, together with Werner von Siemens and Wilhelm Förster, ran 
the Berlin Urania institution, a prominent forum for further educa
tion). He presented the planetary model in the two bestselling pop
ular German science journals before the Great War, Äiwwand Na
tur, and he invoked the micro-macro analogy in descriptive as well 
as romanticizing ways when speaking of suns, planets, orbits and 
the like in the atomic realm.27

The first, however, to establish a connection of orbits within an 
atomic setting consisting of a central charge and revolving electrons 
with the quantum hypothesis was Johannes Stark. He tried to ex
plain band spectra from a recombination of a detached valence elec-
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Figure 1: Drawing from Johannes Stark’s three-volume work on Atomdyna
mik using the planetary model in combination with the quantum hypothesis 
for the discussion of band spectra. (Source: Stark (1911), p. 112).

tron to its ground state that involved elliptical revolutions of de
creasing size giving raise to the whole band spectrum (Figure 1). 
Some scholars have even interpreted Bohr’s atom as a mere adapta
tion of Stark’s Atomdynamik, actually a three-volume work that Bohr 
had readjust before writing his trilogy.“8

28. Stark (1908), Stark (1911), on Bohr’s knowledge of Stark’s work see Hermann 
(1969), p. 172f.
29. Cf. Heilbron and Kuhn (1969), pp. 237-255, Kuhn (1978), pp. 222-226, and Bohr 
(1981), pp. 103-134.

It appears, however, that Stark’s strong interest in using the 
quantum for solving problems of atomic physics did not turn out 
very fruitful for his own work - his results had rather limited success 
- but they ignited Sommerfeld’s interest in the matter, which was 
crucial for the development of quantum theory, probably even more 
than the impact Stark’s writing had on Bohr, although he found his 
way to atomic structure from the very same question of absorption 
of charged particles.“9

Concerning Bohr and his use of the planetary model, it is inter
esting to note that he had employed it in many elaborate drawings 
in his 1912 Manchester memorandum even before he read Stark 
(Figure 2). The memorandum shows how Bohr’s ideas on the hy
drogen atom were embedded in a much more far-reaching theory of 
molecules and matter. It was seen to account for empirical facts
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Figure 2: Drawings by Niels Bohr for the atomic structure of various simple 
molecules from his so-called Machester memorandum written in summer 
1912. (Source: Bohr (1981), p. 138.)

about the periodicity of atomic volumes or the existence of hydro
gen molecules in distinction to the non-existence of helium mole
cules among others.3“ We can thus argue that Bohr’s revised 1913 
theory of the atom actually emerged from thought and drawing 
processes that had involved a plethora of uses of the planetary mod
el, which Bohr did not have to invent but just to use, as it had been 
part of the scientific and popular discourse for more than a decade.

30. Bohr (1981), p. 105.
31. See Sommerfeld (2013), pp. 52-55, and Jordi (2013).
32. Sommerfeld (1924).
33. Schirrmacher (2003).

The years after Bohr’s trilogy were even more under the spell of 
the planetary model. Sommerfeld used it to extend and refine the 
theory, Peter Debye made very explicit use of the model.30 31 32 It is, how
ever, important to observe that Sommerfeld’s later criticism towards 
modelling, which he expressed strongly, for example, in his 1924 
Naturwissenschaften paper, only came after a rather long commitment 
to the planetary model.38

This commitment made him create the atomic symbol that eventu
ally became the signet of an atomic age and he was also the first to craft 
a planetary exhibition model.33 Hence, discussions of Sommerfeld’s 
general engineering, crafting or even opportunistic attitudes towards 
models have to be analyzed with care, as he was the one who drew

122



SCI. DAN. M. I BOHR’S GENUINE METAPHOR

Figure 3: Drawings by Arnold Sommerfeld for the the construction of an 
atomic model for hydrogen made for the Deutsches Museum. From a letter 
by Sommerfeld to Armin Süssenguth, dated 4 December 1918. (Source: 
Deutsches Museum, Bildarchiv, BN 51885.)

the basic icon of the atomic age and displayed the first wood-and-wire 
model at one of the leading science museums (Figures 3 and 4).34

34. Cf. Seth (2010) for a recent discussion of Sommerfeld’s technical or crafting ap
proach and Eckert (2003) for its relation to mathematics and physics paradigms.

It was also Sommerfeld who gave Wolfgang Pauli his topic for 
his dissertation: the calculation of the orbits for the simplest mole
cule, the hydrogen molecule ion, which consists of two protons as 
atomic nuclei and a single electron. Pauli was particularly con
cerned with the problem of mechanical stability and worked hard to 
calculate and classify all orbits that were possible according to the 
old quantum theory. He tried to identify all stable orbits and hoped 
to produce the right experimental predictions as well as to find a 
route for going beyond the old quantum theory. Although Pauli 
was not really happy after concluding his study in 1922 - he realized 
that he had not fully solved the problem - an important finding re
sulted: instability renders simple, symmetric and circular orbits in
capable to account for (mechanically) stable molecules. Only when 
the electron fills some shell-like surface with its path does a half-way

123



ARNE SCHIRRMACHER SCI.DAN.M. I

Figure 4: Model of hydrogen built according to Sommerfeld’s instructions 
in 1918 and exhibited at the Deutsches Museum, Munich. (Source: 
Deutsches Museum, Bildarchiv, BN 2936.)
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2. Symmctrwcta Bahnen. Da» Elektron bewegt »ich sym
metrisch sur Mittelebene und erfüllt einen Bereich, der von

zwei Zonen von Rotationsellipsoiden Å = const und den beiden 
zur Mittelebene symmetrischen Zonen von Rotationshyper
boloiden ± u = const begrenzt ist, überall dicht (Fig. 6).

Figure 5: Drawings in Wolfgang Pauli’s dissertation sketching the shape of 
a mechan- ically stable solution of the hydrogen ion molecule. (Source: 
Pauli (1922), p. 208.)

suitable, stable configuration emerge (Figure 5). Unfortunately, not 
much is known about the full story of Pauli’s dissertation, which 
actually appeared in an improved version in the Annalen-,35 we do 
know that somebody - probably again Sommerfeld - thought Pau
li’s model was important enough for material modelling and for 
putting on display at the Deutsches Museum (Figure 6).

From the point of view of rationally reconstructing the history of 
quantum mechanics or typical conceptual histories of quantum the-

35. Cf. Enz (2002), pp. 63-70.
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Figure 6: Model of hydrogen molecule ion built according to Pauli’s calcu
lations c. 1923 exhibited in the Deutsches Museum. (Source: Deutsches 
Museum, Bildarchiv, BN 2935.)

ory, Paulis’s work has not yet been identified as important. From the 
point of view of basic models that guided physicist in the quantum 
revolution, the result that the simple planetary model gives rise to 
orbital surfaces already for very simple molecules exhibits a remark
able power of the old quantum theory to foreshadow typical models 
of quantum mechanical description, viz. electron clouds and quan
tum mechanical orbitals.

Similarly Bohr’s second atomic theory helped much to under
stand the periodic table and the chemical properties of elements 
despite the fact that, under more careful scrutiny, it could not offer 
a lasting and convincing theory.36 Figure 7, taken from Bohr’s notes 
of 1920 shows nicely how the planetary model was put into relation 
with the periodic table. This was part of a major new conceptualiza
tion of atomic theory that Bohr developed between 1918 and 1922.

36. Cf. Kragh (1979).
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Figure 7: Drawing of electron orbits and considerations on the periodic 
table in notes of Niels Bohr. (Source: Kragh (1985), p. 55.)

It was actually this theory that was taken up most actively by Ger
man quantum physicists and probably had the greatest impact on 
the programme leading to quantum mechanics, as it has been usu
ally related to the Göttingen 1922 Bohr Festspiele, when Heisenberg 
too entered the picture. Bohr made clear that electrons need not be 
arranged in concentric rings or in configurations of polyhedral sym
metry as Sommerfeld, Landé and other had tried with limited suc
cess, instead it were rather penetrating orbits that establish cou
plings of inner and outer electrons. (These so-called “Tauchbahnen” 
had also been discussed by Schrödinger in 1921.)37

37. Cf. Schrödinger (1921).

However, the greatest impact of the planetary model on the de
velopment of atomic theory, I would argue, lay in its role as an im
portant conceptual tool for the correspondence principle. In his 
1921 letter to Nature on “Atomic structure” Bohr wrote:

...; but the application of the correspondence principle seems to offer 
for the first time a rational theoretical basis for these conclusions and 
for the discussion or the arrangement of the orbits of the electrons 
bound after the first two.

127



ARNE SCHIRRMACHER SCI.DAN.M. I

Viertes Kapitel.

Das Atom als Planetensystem.
Einleitung.

Wir sind nunmehr an die großen und tiefgehenden, bisher nur 
oberflächlich berührten Fragen nach dem Aufbau und der Wir
kungsweise des „Atommechanismus“ selber gelangt. Die erste 
Frage ist: Wie ist die „Architektur“ des Atoms, d. h. welche Stel
lung nehmen die positiven und negativen Teile des Atoms zuein
ander ein, und wie viele sind von jeder Art vorhanden ? Noch tiefer
geht die zweite Frage: Welcherart sind die Prozesse, die in einem 
Atom vor sich gehen, und wie können wir mit ihnen die physikali
schen und chemischen Eigenschaften der Grundstoffe erklären? 
In diesem Kapitel wollen wir uns im wesentlichen an die erste 
Frage halten.

Die ersten wichtigen Beiträge zu ihrer Lösung verdanken wir 
den schönen experimentellen Untersuchungen von Lenard in 
Heidelberg. Dieser Forscher untersuchte schon vor mehr als 20 Jah
ren sehr genau die Abbremsung, welche Kathodenstrahlen er
fahren, wenn sie durch Gase oder feste Stoffe hindurchgehen. 
Fallen z. B. Kathodenstrahlen auf eine dünne Metallplatte, so 
zeigen die Versuche, daß, wenn die Platte hinreichend dünn ist, 
ein großer Teil der Elektronen durch sie hindurchgehen und sie auf 
der anderen Seite verlassen kann, ohne einen größeren Geschwindig
keitsverlust oder eine größere Richtnngsänderung zu erleiden. 
Lenard konnte hieraus schließen, daß die materiellen Atome sich
gegenüber schnell bewegten elektrischen Teilchen als sehr poröse 
Gebilde verhalten mußten, und dies stand in schöner Übereinstim
mung mit der Auffassung, daß die Elektronen selber, von denen ja 
eine Anzahl auch in den Atomen zugegen sein mußte, im Verhält
nis zu der Ausdehnung der Atome sehr klein seien. Eindeutige 
Aufschlüsse darüber, wie es mit der positiven Elektrizität in den 
Atomen bestellt ist, waren aus diesen Versuchen nicht zu ent-

Figure 8: The German version of the book of Kramers and Holst with un
folded plate of atomic drawings. (Source: Kramers and Holst (1925), p. 77 
and plate.).

... this principle offers a simple argument for concluding that these 
electrons are arranged in groups in a way which reflects the periods 
exhibited by the chemical properties of the elements ... .38

38. Bohr (1921), p. 105.
39. Kramers and Holst (1923), for discussion cf. Kragh and Nielsen (2012).

The widest dissemination of the planetary model occurred through 
the two disciples of Bohr, namely Hendrik Kramers and Helge 
Holst. Their book The atom and the Bohr Theory of its structure. An elementary 
presentation appeared in English in 1923 with a foreword by Ruther
ford.39 The Danish original is from 1922, the German edition from 
1925, the Dutch from 1927 etc. The two-colour drawings (Figure. 8) 
were actually reproduced from larger plates Bohr had used in lec
tures. These drawings could soon be found in many scientific and 
popular science media including a German radio magazine or a
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Spanish popular science journal.40 Interestingly, there are subtle 
differences between the editions in different languages. While the 
Danish and German versions actually have a chapter heading using 
the term “planetary system” the English does not, here it reads “The 
nuclear atom.” The drawings were put at the very end and were 
meant to be folded out so that they were visible throughout reading 
the whole book.

40. Cf. Bosca (2009), p. 73, Schirrmacher (2008), p. 367.
41. Hartree (1923a), Hartree (1923b).
42. For more details see Schirrmacher (2009a) and Schirrmacher (2009c).

A number of different, yet no less impressive material models 
stem from the work of Lawrence Bragg. In 1920 he was still very 
critical of Bohr’s model; however, this changed due to Douglas 
Hartree. Three years later Hartree would publish two papers that 
meticulously calculated the penetrating orbits and then demon
strated that from the dimensions of the orbits he could verify results 
of Bragg’s X-ray spectra of certain crystal.41 42 Hartree’s combination 
of computational skill (which he had developed in war ballistics) 
now applied to more complicated arrangements of electron orbits, 
together with his talent for powerful approximation methods and 
his experimental understanding, which allowed him make contact 
with empirical data from X-ray scattering that Bragg’s group had 
published, obviously motivated the latter to start a whole industry 
of model building. This included material models of at least hydro
gen helium, lithium, sodium, magnesium, aluminum and even rock 
salt (Figure 9), which demonstrates to what great extent orbital 
models were taken to explain the structure of matter.48

At the same time as this British model crafting, Max Born was 
also intrigued by the planetary model and its variations. He grew 
however increasingly uneasy regarding the question of how far it 
could lead the physicist beyond the few manageable simple cases, as 
his strategy was to make perturbation theory reveal a new mechan
ics. In Naturwissenschaften^^ confessed:

One of the strangest and at the same time most attractive results of 
Bohr’s atomic theory is the conception that atoms are planetary sys-
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Figure 9: Lawrence Bragg’s model for rock salt c. 1923, which was on dis
play at the British Empire Exhibition at Wembley in 1924 and 1925. Photo
graph from the exhibit of the Science Museum, London. (Source: Science 
Museum, Documentation Centre, Paper Technical Files of Inv. 1926- 
371/377, here Inv. 1926-376.)

terns in the small. ... In any case, we see that the similarity of atoms 
with planetary systems has its limitations.43

43. Born (1923), p. 537 and 542. Together with Heisenberg, Born also tried to make 
progress by classification of possible orbits of helium similar to Pauli’s earlier ap
proach, cf. Born and Heisenberg (1923).
44. Kirchberger (1928). Paul Kirchberger (1878-1945) obtained his doctorate in 

Even after quantum mechanics was established, the planetary pic
ture still found application, at least for simple interpretations of 
wave mechanics. In the popular science journal Kosmos m interest
ing visualization of “Quantization as eigenvalue problem” was pre
sented in an article by the prolific physics writer Paul Kirchberger 
(Figure 10), who also popularized quantum and atomic physics in 
German newspapers and wrote a number of (semi-)popular books.44
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Figure 10: Drawing originally designed as a visualization of possible ener
gy eigenstates in an article on quantum mechanics in Kosmos. (Source: 
Kirchberger (1928), p. 111.).

Interestingly, the planetary atom did not only survive in popular 
accounts but should still play a role in quantum mechanics as did 
the virtual oscillator.

mathematics in 1902 with David Hilbert and turned science writer in 1922 after a 
career as high-school teacher, see also Kirchberger (1922) revised 1929, and Kirch
berger (1923).
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3. Classical models and quantum mechanics

With this brief inspection of some examples of atomic models, 
which have materialized in drawings or as physical objects, my ini
tial thesis that Bohr’s atom should be regarded as a genuine meta
phor, and as such as a creative tool, as Kuhn had already suggested, 
may have received some corroboration. Besides visualization as well 
as the visual and structural suggestions that come with each visuali
zation and thereby produce epistemological power as seen in the 
cases from Perrin to Hartree, models also represent ways of approx
imation, computational strategy and descriptive vocabulary. This is 
what Kuhn hinted at in the debate with Boyd when arguing that the 
Bohr atom even in the quantum mechanical era remains indispensa
ble for treating more complicated systems.

The more general question, which I cannot discuss here in suffi
cient detail, would address the extent to which quantum mechani
cal models are able to convey a form of atomic knowledge compara
ble the Bohr-Sommerfeld theory. One thing, however, seems clear 
concerning planetary models of the atom: they exert a certain spell 
that few people, even physicists, can evade. In Bohr’s case we have 
the observation of Lawrence Bragg. He wrote to the director of the 
London Science Museum in 1946 that the material models of the 
early 1920s, which were still on display at the museum, were of 
much interest and he “even found Bohr himself gazing at them in a 
fascinated way when he visited us last summer.”45

45. Lawrence Bragg to Herman Shaw, 13 December 1946, Science Museum, Docu
mentation Centre, W.L. Bragg Files.
46. White (1931), for discussion see also Grosholz (2007), pp. 139-142.

In 1931, Physical Review published a paper on “Pictorial Representa
tions of the Electron Cloud for Hydrogen-like Atoms” which con
tained “photographs of the electron cloud for various states for the 
hydrogen-like atoms ...” which soon were to be found in many text
books of physics and chemistry (Figure 11). While in Physical Review 
the above phrase continued “...as obtained from various models and 
the device shown in Fig. 5,” (here Figure 12), the reprints of the “pho
tographs” did not go into the details of the creation of the pictures.46
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Fig. 6. Photographs of the electron cloud for various states of the hydrogen-like atoms as 
obtained from various models and the device shown in Fig. 5. The proability density 4'4'*  is 
symmetrical about the $ or magnetic axis which is vertical. The scale for each figure may be 
obtained from Fig. 4.

Figure 11: Plate with photographs of White’s machine. (Source: White 
(1931), p. 1423.)

133



ARNE SCHIRRMACHER SCI.DAN.M. I

Figure 12: White’s 
machine. (Source: 
White (1931), p.
1422.)
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Before he returned to Berkeley, Harvey Elliott White, Cornell grad
uate and 1929/1930 Rockefeller fellow in Berlin under Friedrich 
Paschen, was the inventor of both the iconic “photographs” of elec
tron clouds and a mechanical device which, when photographed 
with sufficiently long exposure time, produced the pictures. Thus a 
classical mechanical machine was used to simulate quantum me
chanical results. Only when computer graphics evolved some 50 
years later did these images begin to vanish. White’s starting point, 
however, was a more intricate relation between classical and quan
tum mechanics, which became obvious from the fact that classical 
concepts of the old quantum theory had not been superseded when 
it came to concrete problems and to their understanding:

With all the successes of the quantum mechanics one still hears on 
every hand, for want of an atomic model, the terms electron orbits, pene
tratingorbits, non-penetrating orbits, etc. This is of course due to the fact 
that in many cases one may think in terms of the simpler electron or
bits and be led to a result which is the same or very nearly the same as 
that given by the quantum mechanics.47

47. White (1931), p. 1416.
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White’s observation of a desire for classical concepts and pictures 
made him try to fill the gap with his machine and the suggestive 
photographs. In the long run, however, a revival of semi-classical 
methods in quantum theory became a strong reason for the physi
cists to employ classical concepts in order to guide intuition, organ
ize calculation and choose approximations, while the public never 
did get rid of the old pictures and models. White himself did not 
champion pure quantum mechanical imagery but eventually be
came a prominent educator in the US, presented physics programs 
on TV nationwide and later became director of the Lawrence Hall 
of Science in Berkeley.48

48. See Seaborg (1989).
49. For an overview of literature see Gutzwiller (1990) and Gutzwiller (1998) for a 
pointed reinterpretation of the relation of old and new quantum theory.
50. Svidzinsky et al. (2005), see also Trabesinger (2005) and Herschbach, Scully and 
Svidzinsky (2013).

It has become clear that, in a decisive sense, models of atoms ac
cording to quantum mechanics lack the structural information one 
could get from old quantum theory. One could argue that even to
day physicists may agree that semi-classical approximations often 
carry more insight than straight-forward quantum mechanical ap
proaches. A more detailed history of how the planetary model (but 
also the virtual oscillator) guided scientists during the various stag
es of quantum mechanics and quantum field theory until they ac
quired new prestige in the semi-classical research programs starting 
in the late 1950s and leading to new fields like quantum chaos, how
ever, remains to be written.49 Particularly effective approximation 
methods on the basis of Bohr’s model have recently stirred physi
cists to reconsider orbital model building as well.50

The old quantum theory with its classical concepts of particle 
and trajectory, and thus the planetary model, was at least one rung 
of the ladder that was needed to climb up to quantum mechanics. 
If physicists, after the first successes of the new theory for simple 
systems, were quick to throw away the means that helped that as
cension, they were just as quick to get back to it when it came to 
more intricate problems that demanded intuition and computabil- 
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ity, probably more so in creative practices than in scholarly writ
ing.
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CHAPTER 1.5

The Bohr atom bound in cloth: Textual 
exposition of quantum theory in popular 

science books, 1918-1924
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Abstract

toO

Analyzing a dozen popular books published in Europe 
between 1918 and 1924, this paper traces metaphors 
used to explain quantum theory of the atom to non
specialist audiences. The metaphor most commonly 
used is the planetary model, i.e., the comparison be
tween the solar system and the atom. This idea pre
dates quantum theory, but was given new attention in 
the light of Niels Bohr’s 1913 model of the quantum 
atom. The planetary model suggested that the struc
tures of the universe and of the atom, respectively, are 
more or less identical; it also provided physicists and 
others with a simple mental image for comprehending 
the invisible; and, finally, it offered epistemological as
surance in a time of rapid scientific change. However, 
other metaphors stemming from classical physics and 
ordinary experience were used. It can be concluded 
that the exposition of quantum theory in popular sci
ence books was rich in metaphors for the Bohr Atom, 
allowing authors and audiences to reflect on the broad
er meaning of the new scientific results and theories.
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To the eye or to the touch, ordinary matter appears to be continuous; 
our dinner-table or the chairs on which we sit, seem to present an 
unbroken surface. We think that if there were too many holes the 
chairs would not be safe to sit on. Science, however, compels us to 
accept a quite different conception of what we are pleased to call “sol
id matter”; it is, in fact, something much more like the Irishman’s 
definition of a net, “a number of holes tied together with pieces of 
string.” Only it would be necessary to image the strings cut away un
til only the knots were left.1 2

1. Russell (1923), p. 7.
2. Leane (2007), p. 24 uses the term “boom in popular physics books;” Bowler 

1. Popular atomic physics in the early 20th century

Around 1920, publishers in several European countries were issuing 
books conveying the new quantum theory of the atom to non-spe- 
cialist audiences. With the general acceptance of quantum theory 
amongst physicists after the First World War, science writers and 
physicists actively tried to present in everyday language the quan
tum-based conception of the constitution of matter. Although their 
efforts to make accessible to general audiences the new ideas about 
atomic structure spanned a large continuum in terms of accessibili
ty and exposition, the authors all shared the notion that the quan
tum theory of the atom deserved to be popularized. The early 20th 
century proliferation of popular science books about quantum the
ory, but also about other big topics such as relativity, cosmology, 
and evolution, has led historians and rhetoricians of science to con
clude that this period was characterized by a virtual popular science 
boom, but also by an increasing conceptual gap between science 
and the public.8
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At least one of the popular “atomic books” entering the market for 
popular science in the late 1910’s and early 1920’s has already at
tracted detailed attention from historians of science Helge Kragh 
and Kristian H. Nielsen. They argue that the book, authored by 
Danish science writer and librarian Helge Holst in collaboration 
with Niels Bohr’s former student and close colleague Hendrik A. 
Kramers,3 not only attempted to make quantum theory comprehen
sible in non-technical language and visual images, but also high
lighted Bohr’s contribution to the development of quantum theory, 
thus celebrating Bohr as “a national hero of science.”4 Historians of 
science Arne Schirrmacher and Peter Bowler trace into the late 19th 
century public interest in new scientific ideas about matter and en
ergy based on among other things the discovery of X-rays, radioac
tivity, and electrons.5

(2009), pp. 33-52 describes the “big picture books;” and Bensaude-Vincent (2001) 
mentions the increasing “conceptual gap.” As Bell and Riesch (2013), p. 517 observe, 
the notion of popular science boom is difficult to qualify and may in fact “reflect little 
more than the consequence of publicity materials and/or nostalgically considered 
golden ages.”
3. The book was orginally published in Danish (1922) and then translated into 
English (1923), German and Spanish (1923) and Dutch (1927), see Kragh and 
Nielsen (2013).
4. Kragh and Nielsen (2013), p. 283.
5. Bowler (2009), pp. 34-38; Schirrmacher (2007). Schirrmacher concludes that 
before 1919 relatively few articles published in Germany dealt with atomic structure. 
Bowler finds that most British authors publishing after 1920 fully embraced the new 
quantum theory, while just a few, such as Sir Oliver Lodge, who in his Atoms and Rays 
of 1924 indicated that quantum theory could not be the ultimate way in which to 
make sense of the new developments in atomic physics, propounded more cautious 
views.
6. Whitworth (1996).

Other studies of popular physics books in the early 20th century 
include Michael Whitworth’s analysis of books written by scien
tists, philosophers, and British science writer J. W. N. Sullivan, who 
in 1923 authored at least one book about atomic physics.6 A histo
rian of publishing, Whitworth examines sales numbers, prices, edi
tions, and reviews, to conclude that, in effect, there were two dis
tinct aspects of the popular demand for books dealing with the new 
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physics of quantum theory and relativity. First, the books sold well. 
Second, the books made sure that the new physics became popular 
with the (educated) public by means of “straightforward exposi
tions of the new physics ... [and] its wider implications.”7

7. Whitworth (1996), pp. 57-58.
8. Fyfe (2004); Fyfe and Lightman (2007); Lightman (2007); Secord (2000).
g. Daum (2002); Schwarz (1999).
io. Bowler (2009); Broks (1996); Daum (2002); Schwarz (1999).

The popular “new physics books” appeared in a transformative 
phase of popular science when major developments in the publish
ing industry, the trade of journalism, and science were taking place. 
The increased interest in new theories of the atom, evidenced by the 
large number of popular books about atomic physics, was not only 
stimulated by rapid developments in quantum theory, but also by 
publishers’ recognition of the books’ potential sales and by the fact 
that some freelancejournalists and independent writers were trying 
to make a living from popular science writing. Historians of science 
such as Bernard Lightman, James Secord, and Aileen Fyfe have 
shown that these developments emerged in Victorian Britain.8 In 
Germany too, the field of popular science in print (and talk) ex
panded during the 19th century, not least as a result of an emerging 
bourgeois public sphere, accompanied by the expansion of the mid
dle-classes, growing rates of literacy, accessibility of literature, and a 
new kind of critical journalism.9 io. Throughout the early 20th century, 
the interest in reading about and discussing scientific ideas contin
ued to expand (and so did the educated middle classes), and pub
lishers, writers, and scientists proved to be more than willing to 
meet the demand.“

In the early 20th century, popular books about atomic physics 
were being supplied to expanding markets for scientific ideas in 
print in many European countries and in the United States. Even 
though these books all shared the same topic, the books were far 
from uniform. As we shall see, some framed quantum theory as a 
revolutionary and/or counterintuitive idea. Others were more cau
tious in expressing views with respect to the nature of quantum 
theory. Some used many metaphors to convey the basic ideas of 
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quantum theory to lay audiences with no or rudimentary mathemat
ical skills. Others again more or less stuck to the mathematical de
scriptions, employing very little textual exposition. The use of visu
al imagery was very limited, which was probably due to the cost of 
printing images, and not to the lack of interest in visual depiction 
on the part of authors and publishers.

2. Popular “atomic books” as a discursive resource for 
scientists and others

The historical literature dealing with popular science is growing.11 
The very term popularization can be tricky as it sometimes is being 
used in a derogative way and sometimes to provide cultural legiti
mation for science proper. An important contribution from histori
ans of science to the field of popular science, as Jonathan Topham 
has noted, is to historicize ideas about popular science:

11. For recent reviews and discussions, see Topham et al. (2009).
12. Topham (2009).
13. Hilgartner (1990).

When and where did such notions originate? What ambiguities and 
complexities have they exhibited, and in what diverse and perhaps 
conflicting ways have they been used? How has their meaning and 
use changed over time, and what differences and continuities have 
their histories exhibited in different regions, countries, and 
languages?12

Surely, scientists and science writers have many reasons for engag
ing in the popularization of science. Most obviously or trivially, 
they want to make popular new scientific ideas. In a situation where 
there is controversy or discussion about new scientific ideas, they 
may also want to promote certain views or interpretations that for 
various reasons are not easy to communicate in the specialist litera
ture.13 Since quantum theory very much was in the making (and 
unmaking) in the historical period of our concern, it seems useful to 
think about popular books about atomic physics in this period as a 
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discursive resource for scientists and others, a kind of “interpreta
tive retreat,” as they grappled with new ways of understanding the 
constitution of matter.14

14. Kragh and Nielsen (2013); Nikolow and Schirrmacher (2007).
15. Kragh (2012).
16. Bohr used the term “principal assumptions”: 1. The transition between different 
stationary states cannot be treated on the basis of classical mechanics; 2. The 
transition is followed by the emission of homogenous radiation described by the 
equation AE=/?v, see Kragh (2012), pp. 61-62.
17. The sample of atomic books consists of eight books published between 1918 and 
1924. It is a convenience sample as no effort has been made to survey more 

In the period from 1913 to ca. 1926, Bohr’s atomic model was 
developed into the fully-fledged quantum theory, with the celebra
tory presentation in Bohr’s Nobel Lecture in 1922 as one of its 
peaks. But soon thereafter it began to attract criticism, which even
tually led to the conceptualization of quantum mechanics by Wer
ner Heisenberg in 1925. The growing dissatisfaction with the old 
quantum theory in the scientific community from 1923 and on
wards, partly due to the increasing number of anomalies faced, led 
to a gradual decline and ultimate dismissal of the theory by the end 
of the 1920s. Around 1920, most atomic physicists recognized that 
quantum theory had proven highly promising for future advances. 
Still, there was concern that quantum theory gave a less than ade
quate explanation of atomic structure, mainly because of the radical 
and uncertain nature of the quantum assumptions or postulates put 
forward by Bohr in his original contribution.15

Physicists and writers aspiring to popularize atomic physics 
around this time were faced with a number of challenges. As quan
tum theory was mostly expressed in mathematical notation and spe
cialist language, they had to make decisions about the degree of 
textual exposition, i.e., the extent to which they wanted to translate 
quantum theory into everyday language. Also, questions relating to 
the epistemological uncertainties of quantum theory, in particular, 
the two quantum postulates made by Niels Bohr in his original arti
cles, had to be tackled.16 In what follows, the ways in which “quan
tum popularizers” in their books responded to such challenges of 
exposition will be addressed.17
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3. Textual expositions of quantum theory

Exposing quantum theory to general audiences was not an easy 
task. Scientists were making rapid advances with new empirical and 
theoretical results appearing regularly. Bohr’s atomic theory, first 
advanced in his three 1913 publications, was generally well received 
by the majority of physicists, many of whom contributed signifi
cantly to the development of quantum theory. Some of the most 
important contributions during the First World War were made by 
German physicists, especially Arnold Sommerfeld. In two impor
tant works dating from 1915-16, Sommerfeld developed Bohr’s pla
nar atomic model into a three-dimensional model governed by two, 
rather than just one, quantum number. In other words, the Ruther
ford-Bohr model of the hydrogen atom, where the negatively 
charged electron confined to an atomic shell encircles a small posi
tively charged atomic nucleus, had given way to the Bohr-Sommer- 
feld atom with elliptical electron orbits that had quantized orienta
tion in space and with relativistic variation in the mass of the 
electrons.18

systematically the market for books about quantum theory in this period. The 
purpose of this paper is not to provide an exhaustive survey of popular expositions 
of the Bohr atom, but rather to give a first insight into some of the rhetorical strategies 
employed by authors of such books.
i8. Kragh (2012).
ig. Graetz (1918); Sommerfeld (1919).

Given the extent and importance of contributions from German 
physicists, it is perhaps unsurprising that the first popular books 
about quantum theory appeared on the German market. Leo 
Graetz, professor of physics in Munich, published six lectures about 
atomic theory in 1918 and, one year later, Arnold Sommerfeld pub
lished his Atombau und Spektralinien, which was also based on lectures 
held at the Ludwig Maximilian University of Munich.19 Despite dif
ferences in scope - Graetz’ book numbered just 88 pages while 
Sommerfeld’s, in its first edition, contained 550 pages - the authors 
agreed that the new developments in atomic physics were in need of 
popular exposition. Graetz expressed his conviction that the topic 
of atomic theory would stimulate “general interest” amongst “most 
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scientifically literate persons.”80 Sommerfeld was even more ambi
tious in presenting his book as aiming to be “generally understood” 
by “lay persons,” which meant that the use of mathematics was kept 
at a fairly elementary level.81

20. Graetz (1918), preface.
21. Sommerfeld (1919), p. v. Kragh (2012), p. 153 has noted that the level of 
mathematical abstraction could only be seen as “elementary” according to 
Sommerfeld’s own standards.
22. For excerpts of the pre-quantum theory history of planetary models in German 
magazines, see Schirrmacher (2007).
23. Graetz (1918), p. 71.
24. Sommerfeld (1919), p. 68.
25. The Titius-Bode law begins with the sequence 0, 3, 6,12 etc., where each number 
after the 3 is double its predecessor. Then, add 4 to each and divide by 10 to arrive at 
0.4, 0.7,1.0,1.6, 2.8, 5.2,10.0, etc. To within 5% or so, these numbers correspond to 
the distances of the known planets at the time when expressed in astronomical units, 
the unit of the Earth’s average distance from the Sun. Interestingly, the Titius-Bode 
law, which probably is nothing more than a numerical curiosity, predicted the 
distance of Uranus, Neptune and the dwarf planet Ceres, see Pickup (2012).

3.1. The planetary model

Both Leo Graetz and Arnold Sommerfeld likened the new quantum 
atom to a miniature planetary system.88 Graetz wrote: “Every atom 
consists of a positive electric nucleus of very small dimensions ... . 
Around this positive nucleus, negative electrons move in circles (or 
as the case may be in elliptic orbits), just as planets move around the 
sun.”83 On the same page, he also mentioned the crucial difference 
between a real planetary system and the atom, namely that, whereas 
planets in principle were able to move around the sun in every pos
sible orbit, electrons were only allowed to move in a fixed numbers 
of orbits defined by the square of integers: 1:4:9:16:25:36 etc. Som
merfeld compared the discrete orbits of “our atomic planet system” 
to those of the solar system.84 In a footnote, he compared the quan
tum theory of the atom to the Titius-Bode law of the solar system, 
according to which the orbits of planets in the solar system follow a 
simple arithmetic rule of discrete numbers quite closely.85 The anal
ogy between the atomic planet system and the solar system also con- 20 21 22 23 24 25 
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cerned the elliptical orbits, introduced into quantum theory by 
Sommerfeld:

Just as in the solar system, the general movement of the electrons 
around the nucleus forms an ellipse, the focus of which is the nucleus, 
but these “Kepler ellipses” are only available in a limited and discrete 
number and, on the basis of quantum theoretical calculations, are 
arithmetically characterized by fixed eccentricities and major semiax-

The planetary model, attractive as it was to some, but certainly not 
all authors of popular atomic books, was appealing in several ways. 
First of all, it offered ontological coherence by suggesting that the 
structures of the universe and the atom, respectively, were more or 
less identical. Moreover, it gave physicists and others a simple men
tal picture for comprehending the invisible. Finally, it provided a 
way in which to understand the rapid scientific changes of the time. 
Sir Oliver Lodge, British physicist, was very explicit about this lat
ter connection between the discovery of the laws of motion of the 
universe and the discovery of the laws of motion of the atom. He 
wrote:

To many of us it appears that we are certainly living in a Keplerian 
age: that is to say, in an age when all sorts of hypotheses are put for
ward, and are being compared with experiment and observation to 
see if they hold good, and even if their rationale is not at the time un
derstood, and although they may have to wait, for full explanation, 
for the Newtonian age which in process of time ought to follow. Some 
of us have even suggested that a Newtonian age is beginning now; 
not because any one man is of the magnitude of Newton, but because 
there are so many men well equipped with mathematical methods of 
investigation, and standing on the shoulders of the great men of the 
past.26 27

26. Sommerfeld (1919), p. 68.
27. Lodge (1924), p. v.
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3.2. Philosophical implications of quantum theory

Besides the two physics professors from Munich, Paul Kirchberger, 
a secondary school teacher from Charlottenburg, also published 
popular books in German about atomic theory.“8 Author of many 
books and articles about physics and astronomy, Kirchberger took 
a somewhat different approach from Leo Graetz and Arnold Som
merfeld. Kirchberger wanted to bring out the philosophical impli
cations of the atomic theory. He explicitly aimed to address philo
sophically minded “spirits, who for epistemological-critical reasons 
are unable to understand that science performed by humans is able 
to make claims about dimensions that compare to the millimeter as 
the millimeter compares to the diameter of the earth.”“9 Kirchberg
er stressed from the beginning that what the physicists were doing 
was seeking new answers to the enigma of the constitution of mat
ter. How can we describe the existence of the table, he asked? Is the 
table somehow more than the sum of its parts? Is matter seen as 
being constant, continuous, or discrete?3“

28. Kirchberger (1922a); Kirchberger (1922b).
29. Kirchberger (1922b), p. v.
30. Kirchberger (1922b), p. 1.
31. Russell (1923). At the time of writing, Russell earned a living as author of popular 
book about physics and many other topics, see for example Russell (1925) and 
Russell (1975), p. 152.
32. Russell (1923), p. 8.

The philosophical speculations introduced by Kirchberger reso
nated with the book authored by British philosopher, mathemati
cian, and science writer Bertrand Russell and published in 1923 (see 
also the introductory quote).28 29 30 31 32 Like Kirchberger, Russell dwelt on the 
philosophical challenges of combining in a meaningful way quantum 
theory and everyday experience. Referring to the planetary model of 
the atom, Russell identified two kinds of discontinuities between the 
phenomenal world and the world of the quantum atom: “An atom,” 
he wrote, “is found to be a sort of solar system, with sun and planets; 
the empty regions between the sun and the planets fill up vastly more 
space than they do, so that the greater part of the volume that seems 
to us to be filled by a solid body is really unoccupied.”3“
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Moreover, atomic processes are liable to sudden discontinuities 
or jumps from one state of continuous motion to another. How are 
we to reconcile this new view of discontinuous matter with the fact 
that things appear to us as “unbroken surfaces” obeying the old 
laws of dynamics, Russell asked? He provided one possible analogy 
as a way of answering this question, referring to a well-known cul
tural item, the cinema:

There is a possibility that the old laws, which represented motion as a 
smooth continuous process, may be only statistical averages, and 
that, when we come down to a sufficiently minute scale, everything 
really proceeds by jumps, like the cinema, which produces a mislead
ing appearance of continuous motion by means of a succession of 
separate pictures.33

33. Russell (1923), p. 16.
34. Lodge (1924), p. 136.

3.3. What is the quantum?

Whereas Bertrand Russell exposed some of the counterintuitive im
plications of quantum theory, Oliver Lodge tried to familiarize his 
readers with the quantum by illustrating “the kind of discontinuity 
which the quantum represents.”34 He gave five examples based on 
everyday experiences:

1. A block or a pillar set up on a table can be upset by a critical force 
applied to it horizontally, but any force less than that need not 
cause any disturbance. The upset is a sudden or discontinuous re
sult achieved by a definite force, and any force greater than the 
critical value can do no more than upset it.

2. Or take an explosive substance, say gunpowder. A spark of suffi
cient suddenness will ignite it and produce a violent result. A 
stronger spark will do no more, but an unsuitable spark of flame 
will do nothing.

3. Or take an example from agriculture. A seed thrown in the ground 
will germinate and produce a bush or tree of appropriate size. But 
half a seed would presumably decay and produce nothing. Indeed, 
seeds may be said to exist in quanta.
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4. Again, a clock gives the time in quanta. The hands of the clock do 
not move continuously, but in jerks.

5. The heavenly bodies are obviously discontinuous. There must be 
some reason, which indeed has been partly ascertained, why mat
ter is distributed in the large masses that we call stars and not ag
gregated into one great lump by reason of gravitational attrac
tion.35

35. Lodge (1924), pp. 136-137.
36. Lodge (1924), p. 138.
37. Russell (1923), p. 14.
38. Russell (1923), p. 63.

From these examples, Lodge concluded:

Some of the above illustrations may serve to show that there is noth
ing altogether novel and perturbing in the idea of physical disconti
nuities like quanta. And every example of their detection in unex
plored regions of enquiry must be helpful and instructive, and 
contributory to further knowledge to a remarkable degree.36

3.4. Personification of the Bohr Atom

Bertrand Russell offered reconciliation between quantum theory 
and ordinary experience, making an attempt to personify the quan
tum atom. In explaining the process of radioactivity, he compared 
the nucleus to a family:

The nucleus of any atom except hydrogen is a tight little system, 
which may be compared to a family of energetic people engaged in a 
perpetual family quarrel. In radio-activity some members of the fam
ily emigrate, and it is found that the energy they used to spend in 
quarrels at home is sufficient to govern an empire. If this source of 
energy can be utilized commercially, it will probably in time super
sede every other.37

Russell too used personification in trying to explain the spontane
ous and instantaneous jump from one stationary state to another: 
“An electron is like a man who, when he is insulted, listens at first 
apparently unmoved, and then suddenly hits out.”38
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3.5. Acoustic models

Some authors gave acoustic analogies for the Bohr Atom. Oliver 
Lodge presented a rough illustrative mechanical model to explain 
the quantum constitution of the atom, the so-called staircase model: 
think of a marble rolling down a circular staircase, like a conical 
pyramid cut into steps. When it comes to the edge of a step, it tum
bles over and acquires speed in its descent, so that it is moving more 
rapidly than before, but when it strikes, there is a noise and some of 
the energy is lost. If the marble was running round the steps in a 
sort of spiral, if the distance between the steps would increase from 
the top downwards, and if the marble could bounce over some of 
the steps, “then we would have a very rough and unsatisfactory 
model, but one which does suggest a discontinuous kind of fall, and 
also the emission of radiant energy in the form of sound or vibration 
every time there is an impact.”39

39. Lodge (1924), pp. 133-134.
40. Lodge (1924), p. 65.
41. Holst and Kramers (1922); Kramers and Holst (1923). Note: Their book appeared 
in print before Lodge’s.

Lodge also used another acoustic analogy to explain atomic 
spectra. Comparing the atom to “an assemblage of quiescent tun
ing-forks of different sizes,” he presented the readers with the fact 
that atoms are only able to absorb certain frequencies of light just as 
tuning-forks only vibrate in tune with certain incoming sound 
waves. Moreover, when light of a specific frequency falls upon a 
specific atom, the atom also is able to fling away an electron, which, 
in the musical analogy, would amount to placing pellets in proxim
ity to the tuning-forks and then having them being pushed away 
when they come into contact with the tuning-forks due to their vi
bration.40

The acoustic analogy and the staircase model propounded by 
Lodge were combined in the book authored by Helge Holst and 
Henrik A. Kramers.41 They asked their readers to compare the atom 
with a hypothetical musical instrument consisting of a series of cir
cular discs placed one above another, each disc being smaller than 
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the one below. A ball would move with no friction around any of the 
discs, corresponding to a system in a stationary state; it might then 
fall down to a lower disc, emitting a sound. Passing from one sta
tionary state to another, the system would lose a quantity of energy 
equal to the work necessary to raise the ball again. The energy lost 
by moving from one state to another would be emitted as a sound 
from the instrument. If the smallest disc was grooved in such a way 
that the ball could fall no further, then “this fanciful instrument can 
provide a rough analogy with the Bohr atom. We must beware, 
however, of stretching the analogy farther than is here indicated.”48

42. Kramers and Holst (1923), p. 120.
43. Lodge (1924), p. vi.

4. Many ways of popularizing the Bohr Atom

Oliver Lodge in his preface to Atoms and Rays deplored the fact that 
few scientists took the time to provide literary exposition of scien
tific discoveries.42 43 He partly attributed scientists’ lack of interest in 
popular science to their belief that “once a statement has been prop
erly formulated there is no need of repetition, no need for full dis
cussion and exposition of it in all its bearings.” Lodge, however, 
saw things differently. He urged for multiple examination, discur
sive treatment, plentiful illustrations, books and essays and expla
nations and appreciations and criticisms innumerable, before any 
subject gets hold on the general mind.

Surely, fewer popular science books were appearing compared 
to popular books about culture (at any rate, this was Lodge’s con
cern) . Still, on the basis of the popular books surveyed in this paper 
it seems fair to conclude that quantum theory was indeed exposed 
to the kind of discursive treatment or literary exposition that Lodge 
wanted for all of science. Most books providing the kind of literary 
exposition that Lodge called for were printed in Great Britain. The 
three German books surveyed were rather technical and did not 
mention any analogies besides the planetary model. The British 
books were far more varied in terms of technicality, but also in their 
literary “clothing” of the Bohr Atom. If a reader in Great Britain 
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would have picked up all of the books mentioned, he or she would 
have been able to see the Bohr Atom as a planetary system, but also 
as different kinds of musical instruments, a staircase, and even an 
angry man. This imaginary reader would also have read about the 
nucleus as an energetic family prone to quarrels and break-ups, and 
he/she would have understood quantum discontinuities in terms of 
the cinema, as a block or a pillar set up on a table, an explosive sub
stance, a seed, or a clock.

Some popular quantum books also went to some length to pre
sent some of the ontological and epistemological problems arising 
from the new quantum theory. Bertrand Russell, for example, start
ed his book with a discussion of reconciling quantum theory with 
everyday experience (see the introductory quote), while Edward N. 
da C. Andrade explained that the acceptance of quantum theory 
amounted to relinquishing the idea of finding the absolute truth.44 
The justification for quantum theory lied in its success. Holst and 
Kramers, in their otherwise celebratory book, noted that quantum 
theory is “inconceivably far from being able to give a description of 
the atomic mechanism, such as would enable us to follow, for exam
ple, an electron from place to place during its entire motion, or to 
consider the stationary states as links in the whole instead of isolat
ed ‘gifts from above’.”45

44. Andrade (1923).
45. Kramers and Holst (1923), p. 132.

To summarize, the Bohr Atom as presented in popular science 
books had many facets. Depending on which book the casual read
er would pick up, he or she would be presented with quite different 
literary expositions of the Bohr Atom and quantum theory. The 
level of mathematical abstraction ranged widely, with some books 
relying a great deal on mathematical expressions and calculations 
and others not containing a single formula. The structure of the 
atom would be described in more or less the same terms, using 
words like discontinuous, stationary states, jerks, quanta, and 
jumps, but the metaphors comparing the Bohr Atom to everyday 
experience would differ. The period from 1919 to ca. 1926 was char
acterized by many developments in science, but also a great deal of 
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experimentation as regards the best ways to understand the new 
development in ordinary language. In the period, scientists, science 
writers, and publishers took advantage of the general interest in 
popular science that had been cultivated in many European coun
tries and in the United States since the middle of the 19th century, 
marketing a broad range of ideas in relation to the new and fascinat
ing quantum physics. More than simple promotion of well-estab
lished scientific theory, the popular atomic books represented hon
est attempts to communicate in ordinary language wide-ranging 
interpretations of some of the most counter-intuitive insights of 
physicists like Niels Bohr.
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Early atomic theory: 
Principles and techniques
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CHAPTER 2.1

Extending Bohr: Sommerfeld’s early 
atomic theory, 1913-1916

Michael Eckert*
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Abstract

The development of the so-called “Bohr-Sommerfeld 
theory” has been the subject of considerable scrutiny.* 1 2 
Most historical studies of Sommerfeld’s contributions 
have aimed at a reconstruction of the theoretical pre
requisites that sparked the subsequent development 
towards quantum mechanics. The aim of this paper is 
different: I do not portray Sommerfeld’s achievement 
with a focus on the crucial innovations for the ensuing 
development of quantum theory, but from the perspec
tive of Sommerfeld’s contemporary correspondence8 - 
the main source for such a historical reconstruction - 
and his biography.3 The focus is on the dynamics that 
drove Sommerfeld’s atomic research in the time span 
between the publication of Bohr’s model (July 1913) 
and the presentation of Sommerfeld’s memoirs to the 
Bavarian Academy of Science (December 1915).4 *
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Key words: Niels Bohr; Arnold Sommerfeld; atomic 
theory; Zeeman effect; Stark effect.

1. The first reaction to Bohr’s model

Sommerfeld reacted swiftly to Bohr’s model, in fact earlier than any 
other physicist outside Rutherford’s circle: “The problem of ex
pressing the Rydberg-Ritz constant by Planck’s h has for a long 
time been in my mind,” Sommerfeld wrote to Bohr about the “great 
feat” of the model. “Will you also apply your atom model to the 
Zeeman effect? I intended to deal with the latter.”5 The Zeeman ef
fect, i. e., the splitting of spectral lines in a magnetic field, was the 
subject of Sommerfeld’s most recent research effort (see below). 
Planck’s h had been in the focus of Sommerfeld’s agenda for a cou
ple of years. In his “/i-hypothesis,” presented at the First Solvay 
Congress in 1911,6 Sommerfeld had assumed that the energy E and 
time T involved in “molecular elementary processes” are related via 
Et = h. In the photoelectric effect, for example, this hypothesis im
plied that an atom accumulates radiation within a time span r until 
an electron is emitted with energy E. Sommerfeld applied this hy
pothesis also to the production of x-rays (Bremsstrahlen), radioac
tive decay and other elementary processes. But it was doomed to 
failure. The accumulation time in the photoelectric effect, for ex
ample, could amount to years, as Sommerfeld admitted in July 
1913.7 Another quantum topic on Sommerfeld’s agenda concerned 
the kinetic theory of gases. Sommerfeld presented some ideas on 
gas quantization following Debye’s approach in the theory of the 
specific heat of solids in April 1913 at a conference in Göttingen 
(“gas week”). But he could not bring this theory “to a satisfying 
completion”.8

5. Sommerfeld to Bohr, 4 September 1913. NBA. English translation in Bohr (1981), 
p. 123. The original German text is reproduced on p. 603 and in Sommerfeld (2000), 
p.477.
6. Sommerfeld (1911). For more detail on the //-hypothesis see Hermann (1969), pp. 
125-126, and Eckert (2011).
7. Sommerfeld (1913b), p. 711. See also Wheaton (1983), pp. 180-189.
8. Sommerfeld to Hilbert, 14 October 1913. SUB, Cod. Ms. D. Hilbert 379 A.
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While these attempts to understand “Planck’s h” were rapidly 
losing ground, the other item mentioned in Sommerfeld’s first reac
tion, the Zeeman effect, received new attention in 1912 with the dis
covery of the Paschen-Back effect, i.e., the transformation of the 
“anomalous” line splitting in weak magnetic fields into a “normal” 
line splitting in strong magnetic fields. Sommerfeld attempted to 
account for this phenomenon by extending Lorentz’s classical the
ory of the Zeeman effect. He replaced the isotropic oscillation of an 
electron in Lorentz’s model by anisotropic oscillations (with three 
slightly different oscillation frequencies along the three directions 
of a Cartesian coordinate system) ,9 10 “These days I have conceived a 
paper on the Zeeman phenomenon following Paschen-Back,” he 
wrote in January 1913 to Carl Runge, an expert on spectroscopy, 
“and I would like to know from you whether it is new.”“ He also was 
in close contact with Friedrich Paschen who shared with him his 
recent measurements on the Zeeman effect.11 12

9. Sommerfeld (1913a).
10. Sommerfeld to Runge, 17 January 1913. DMA, HS 1976-31. Also in Sommerfeld 
(2000), pp. 468-469.
11. Paschen to Sommerfeld, undated (ca. 10 March 1913), 18 March 1913, 21 March 
1913, and 1 April 1913. DMA, HS 1977-28/A, 253. The first of these letters is also in 
Sommerfeld (2000), pp. 469-471.
12. Voigt to Sommerfeld, 26 January 1913. DMA, HS 1977-28/A,347.
13. Sommerfeld to his wife, 14 March 1913. Private estate.
14. Sommerfeld to Voigt, 24 March 1913. DMA, NL 89, 015. Also in Sommerfeld
(2000), pp. 471-474.

Another correspondent with whom Sommerfeld exchanged his 
ideas on the Zeeman and Paschen-Back effect was Woldemar Voigt, 
an authority on magneto-optics. Voigt had raised the idea of aniso
tropically bound electrons much earlier.18 The mutual exchange al
most turned into a “very unpleasant” rivalry.13 Sommerfeld avoided 
a clash by acknowledging Voigt’s primacy, but he expressed doubt 
about Voigt’s trust in the underlying physical model. “As long as we 
do not have a theory of spectral lines each theory of magneto-optics 
remains piecemeal.”14 *
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2. Proving grounds

Bohr’s model offered the prospect for such a theory of spectral 
lines. The most persuasive evidence concerned a series of spectral 
lines that had been named “Pickering lines” and ascribed to hydro
gen.15 According to Bohr’s theory these lines belonged to the spec
trum of ionized helium.16 Although the issue was not yet definitively 
settled in the spring of 1914, Bohr’s arguments were seriously con
sidered by the leading spectroscopists.

15. Edward Charles Pickering taught physics at Massachusetts Institute of Techno
logy and investigated stellar spectra at Harvard College Observatory.
16. Kragh (2012), pp. 69-71.
17. Sommerfeld (1914).
18. Bohr to Sommerfeld, 23 October 1913. DMA, HS 1977-28/A,28. Also in Sommer
feld (2000), pp. 478-479.
ig. Bohr (1981), p. 325. Bohr’s note was published in March 1914.
20. Sommerfeld to Langevin, 1 June 1914. ESPC, Langevin papers, L 76/53. Also in 
Sommerfeld (2000), pp. 484-485.
21. Bohr (1981), p. 261. The experimentally determined atomic unit for the magnetic 
moment (“Weiss magneton”) was an order of magnitude smaller than the magnetic 
moment due to an electron rotating in the smallest circular orbit around the hydro
gen nucleus (“Bohr’s magneton”).

With regard to the Zeeman effect, however, Bohr’s model had 
little to offer. When Sommerfeld addressed the Zeeman effect again 
in a paper in 1914, he did not use Bohr’s model but Voigt’s theory.17 
Bohr regarded the Zeeman effect merely as “promising on account 
of the close analogy between the hypothesis of the universal con
stancy of the angular momentum of the electrons and the theory of 
magnetons.”18 The question of an elementary unit of the magnetic 
moment had been subject of previous debates. But Bohr’s subse
quent note on the Zeeman effect did not live up to these expecta
tions.19 20 21 In a letter to Paul Langevin, dated 1 June 1914, Sommerfeld 
expressed the opinion that there is “much truth in Bohr’s model; 
and yet I believe that it has to be re-interpreted in a fundamental 
manner. At the moment I find it particularly disturbing that it yields 
a wrong value for the magneton.”80 Bohr himself was well aware of 
this discrepancy, as he noted in an unpublished draft.81

Another proving ground for Bohr’s model was the splitting of 
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hydrogen spectral lines in electric helds discovered in 1913 by Jo
hannes Stark and, independently, by Antonio Lo Surdo.88 The new 
phenomenon was immediately perceived as a challenge. Emil War
burg, the president of the Physikalisch-Technische Reichsanstalt 
(PTR) in Berlin, regarded the Stark effect as a phenomenon “which 
cannot be explained on the ground of classical electrodynamics.” 
He regarded Bohr’s theory as promising but concluded that it re
quired some modifications.83 The astronomer Karl Schwarzschild 
approached the problem with an analogy from celestial mechanics: 
the case of a planet orbiting around two suns. The configuration of 
the Stark effect corresponded to the case when one sun (nucleus) 
was moved to infinity by increasing at the same time its mass 
(charge) so that its gravity (electric field) was perceived by the plan
et (electron) as a homogeneous superposition to the central field of 
the first sun (nucleus). The periods of the distorted electron orbits 
in this configuration, however, did not agree with Stark’s experi
mental observations.84 In January and February 1914, Bohr ex
changed his own ideas on the Stark effect with Warburg and 
Schwarzschild. He assumed that the electric field deforms the circu
lar into elliptical orbits. In agreement with experiments he obtained 
a frequency shift proportional to the strength of the applied electric 
field, but the magnitude of the frequency shift was about 30 percent 
too high.85

22. Leone et al. (2004).
23. Warburg (1913), p. 1259 and p. 1266.
24. Schwarzschild (1914a).
25. Bohr (1981), pp. 321-323.
26. Kragh (2012), pp. 143-146.

A third proving ground for Bohr’s theory opened up when James 
Franck and Gustav Hertz measured the “ionization potential” of 
atoms in the passage of cathode rays through a mercury vapor. Bohr 
interpreted these experiments differently: the observed bumps did 
not correspond to ionization but to the energy differences between 
the stationary states in the mercury atoms.86

All of these proving grounds for Bohr’s model were closely ob
served and discussed in Sommerfeld’s colloquium during the sum- 
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mer semester of 1914. By the end of this semester Bohr visited Som
merfeld and offered the participants of his colloquium a first-hand 
presentation “On Bohr’s atomic model, with particular emphasis 
on the spectra of helium and hydrogen.”87 Thus atomic theory 
ranked high on Sommerfeld’s research agenda. Yet none of these 
proving grounds yielded irrevocable corroboration of Bohr’s theo
ry. Sommerfeld did not yet feel compelled to turn his wait-and-see 
attitude into a crash program on Bohr’s model.

3. A lecture course on “Zeeman effect and spectral lines”

The First World War delayed research in atomic theory further. 
Sommerfeld, at the age of 45, was not sure whether he would be 
drafted for military service. “Judging from what I have heard at the 
general headquarters, it seems that they are not very eager to make 
use of my services,” he wrote to Schwarzschild in October 1914. “If 
they leave me at home, it’s just as well since I’ve never felt myself 
militarily strong.” He asked Schwarzschild for news about the theo
ry of the Zeeman effect because he intended to dedicate a course of 
lectures in the coming winter semester on “Zeeman effect and spec
tral lines” if he would not have to serve for the military.88

When it became clear that he would not be drafted, Sommerfeld 
resumed his effort towards a theory of the Zeeman effect and dedi
cated his special lecture course to this subject—as foreseen in his 
correspondence with Schwarzschild.89 Another correspondent on 
this topic was Paschen. “You will be in for a bad shock when you see 
the complicated Zeeman types,” Paschen informed him about new 
measurements on the anomalous Zeeman effect.3“ In February 1915 
the shoptalk between the Tübingen spectroscopist and the Munich

27. Physikalisches Mittwoch-Colloquium. DMA, 1997-5115. Bohr’s presentation on
15 July 1914 was titled “Über das Bohrsche Atommodell, insbesondere die Spektren 
von Helium und Wasserstoff.”
28. Sommerfeld to Schwarzschild, 31 October 1914. SUB, Schwarzschild 743. Also 
in Sommerfeld (2000), pp. 485-487.
29. Sommerfeld to Schwarzschild, 18 and 30 November 1914. SUB, Schwarzschild 
743. Voigt (1913); Schwarzschild (1914b); Sommerfeld (1914).
30. Paschen to Sommerfeld, 15 December 1914. DMA, HS 1977-28/A,253. 
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theorist turned to the “Pickering series”. “Due to Bohr’s theory 
Fowler suspects that these are helium lines,” Paschen reported 
about the opinion of the leading British spectroscopist, but he 
wished to perform the pertinent measurements himself. “We will 
publish the evidence only when the experiments are completed. 
Unfortunately this cannot happen now because of the war.”31 32 The 
dispute about the “Pickering lines” had already surfaced in Bohr’s 
Munich colloquium talk (“with particular emphasis on the spectra 
of helium and hydrogen”). Sommerfeld must have discussed this 
issue again in his lectures, so that Bohr’s theory became again a hot 
subject towards the end of the winter semester 1914/15. “I have lec
tured on Bohr during this semester and am extremely interested in 
his theory as far as the war permits,” Sommerfeld wrote to Wilhelm 
Wien. “Today’s 100,000 Russians, however, are even more beautiful 
than Bohr’s explanation of the Balmer series. I have marvelous new 
results in this regard.”38

31. Paschen to Sommerfeld, 7 February 1915. HS 1977-28/A,253.
32. Sommerfeld to W. Wien, 22 February 1915. DMA, NL 56,005, C III. Also in Som
merfeld (2000), pp. 491-493. The remark about the “100,000 Russians” alluded to the 
defeat of the 10th Russian army in the “winter battle” in East Prussia when about 
100,000 Russian soldiers became prisoners of war.
33. Lenz to Sommerfeld, April 1915. DMA, NL 89, 059.
34. Sommerfeld to W. Wien, 3 May 1915. DMA, NL 56, 005. Also in Sommerfeld
(2000), pp. 493-494.

From the available archival sources it is not clear what “new re
sults” Sommerfeld had obtained in February 1915. They must have 
concerned the Stark effect, because his assistant Wilhelm Lenz, who 
spent his military service at the western front in northern France, 
congratulated Sommerfeld in April 1915: “I got excited about your 
discovery with regard to the Bohr model and the Stark effect, and I 
am very curious about the further progress.”33 Sommerfeld also 
mentioned his “discovery” in another letter to Wilhelm Wien: “Dur
ing the past semester I obtained an interesting approach for the 
Stark effect from Bohr’s theory of the hydrogen lines.”34 * The crucial 
idea for Sommerfeld’s “discovery” originated from a paper which 
Stark had recently published on the “fine-decomposition” of the 
Balmer series in an electric field: the number of components in
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creased with the index of the Balmer line.35 “The number of line 
decompositions in the Stark effect of hydrogen” had also been dis
cussed on 16 January 1915 in Sommerfeld’s colloquium.36 If a Balm
er line consists of coinciding lines, originating from different orbits 
with equal energies, then the coincidence is removed when a distur
bance such as an applied electric field deforms these orbits so that 
they have no longer equal energies. This must have been the idea 
that prompted the “interesting approach” with which Sommerfeld 
now intended to extend Bohr’s model.

35. Stark (1914).
36. Physikalisches Mittwoch-Colloquium. DMA, 1997-5115.
37. Sommerfeld to W. Wien, 3 May 1915. DMA, NL 56, 005. Also in Sommerfeld 
(2000), pp. 493-494.
38. Sommerfeld to Schwarzschild, 31 July 1915. SUB, Schwarzschild 743. Also in 
Sommerfeld (2000), pp. 498-499.
39. Bohr (1981), p. 335. Bohr’s paper is reprinted on pp. 392-413. On Kossel’s con
tributions see Heilbron (1967).
40. Physikalisches Mittwoch-Colloquium. DMA, 1997-5115.

4. Two papers for the Bavarian Academy of Science

In the same letter to Wien in which Sommerfeld mentioned his “dis
covery” he also wrote that he had no time to elaborate upon it be
cause “problems of war physics” had cropped up.37 Einstein’s new 
theory of general relativity further added to the distraction. “I lec
tured this semester on relativity as presented by Einstein in his re
cent Berlin communication and am enthusiastic about it, almost as 
much as about Bohr in the preceding semester,” Sommerfeld wrote 
to Schwarzschild at the end of the summer semester 1915.38 He 
would certainly have mentioned the extension of Bohr’s model if he 
had elaborated upon it already by this time.

The event that finally triggered this elaboration was presumably 
Bohr’s paper “On the Quantum Theory of Radiation and the Struc
ture of the Atom,” published in September 1915.39 “Recent work by 
Bohr” was the theme of Sommerfeld’s presentation in his colloqui
um on 27 November 1915.40 A few days earlier Paschen had in
formed him about his measurements of “Bohr’s H and He series” 

168



SCI. DAN. M. I EXTENDING BOHR

and concluded that “Bohr’s theory is exactly confirmed except the 
complicated structure of the lines 4686 etc.”41 42 Bohr’s theory correct
ly ascribed “4686” to the spectrum of ionized helium, but could not 
explain the remaining discrepancy: its fine structure. At this point 
Sommerfeld’s earlier “discovery” about the fine-decomposition of 
lines in the Stark effect offered a solution. By November 1915 he 
must have drafted his ideas in the form of manuscripts and sent 
them to Paschen and Einstein, because both mentioned these man
uscripts in their response.48 “So the ‘discrepancy’ is theoretically 
required!”, Paschen congratulated. “There is nothing like a nice 
theory!”43

41. Paschen to Sommerfeld, 24 November 1915. DMA, HS 1977-28/A,253. Also in 
Sommerfeld (2000), pp. 499-500.
42. Einstein to Sommerfeld, 28 November 1915. DMA, HS 1977-28/A,78. Also in 
Sommerfeld (2000), pp. 500-503. Paschen to Sommerfeld, 12 December 1915. DMA, 
HS 1977-28/A,253. Also in Sommerfeld (2000), pp. 504-506.
43. Paschen to Sommerfeld, 30 December 1915. DMA, HS 1977-28/A,253. Also in 
Sommerfeld (2000), pp. 513-514.
44. Sommerfeld (1915a), p. 449.

On 6 December 1915, Sommerfeld presented the first of these 
two papers to the Bavarian Academy of Science. In one paragraph 
he revealed that his effort on the Zeeman effect had nurtured his 
view that Bohr’s model requires a basic extention, and that he re
ceived from the Stark effect the idea how this could be accom
plished: “Lorentz’s fundamental theory of the Zeeman effect is 
based on the assumption that in each spectral line three equal fun
damental oscillations of a quasi-elastic and isotropically vibrating 
electron coincide. The magnetic field does not create new oscilla
tions, but decomposes the original ones .... This view may be trans
ferred immediately to the Stark effect of the Balmer series. Accord
ing to our view there is a number of frequencies of different origin 
coinciding in each Balmer line. The electric field affects the various 
elliptic orbits in a different manner and thus decomposes the origi
nally coinciding frequencies.”44 Three days later, on 9 December 
1915, Einstein informed Sommerfeld that “Planck works on a simi
lar problem like you (quantization of the phase space of molecular 
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systems).”45 On 22 December 1915 Kossel presented in Sommer
feld’s colloquium the results of a dissertation by a student of Manne 
Siegbahn which contained conclusive evidence that Kossel’s inter
pretation of x-ray spectra in terms of Bohr’s theory was correct.46 
From this observation Sommerfeld concluded that the same mecha
nism, the decomposition of originally coinciding frequencies, is 
also the cause for the previously unexplained x-ray doublets.

45. Einstein to Sommerfeld, 9 December 1915. DMA, HS 1977-28/A,78. Also in Som
merfeld (2000), pp. 503-504. On Planck’s work, see Eckert (2010).
46. Physikalisches Mittwoch-Colloquium. DMA, 1997-5115. See also Heilbron 
(1967), p. 465.
47. Sommerfeld (1915b).
48. Sommerfeld to Schwarzschild, 28 December 1915. SUB, Schwarzschild. Also in 
Sommerfeld (2000), pp. 509-511.
49. Sommerfeld to W. Wien, 10 February 1916. DMA, NL 56, 010. Also in Sommer
feld (2000), pp. 525-526. The stage that led to the Annalen paper is beyond the scope 
of this article. See Sommerfeld (2000), pp. 436-445, 514-566.

In his second memoir, presented to the Bavarian Academy after 
the Christmas holidays on 8 January 1916, Sommerfeld showed that 
a decomposition of lines not only results from an external distur
bance (like the electric field in the Stark effect) but also from the 
relativistic motion of an electron in elliptic orbits with quantized 
excentricities.47 The fine-structure of spectral lines was thus ex
plained as a relativistic effect, and the doublets in the x-ray spectra 
appeared as an extension of the fine structure in the hydrogen spec
trum. “I show that for all elements from Z = 20 to Z = 60, where 
measurements are available, A v/(Z—1 )4 = A vH ! A v = difference of 
frequencies of the x-ray doublets, A v„ = difference of frequencies of 
the hydrogen doublet,” Sommerfeld wrote to Schwarzschild. The 
hydrogen doublets appear “extremely magnified” as x-ray doublets 
in the spectra of heavy elements. “After all I am convinced that my 
theory of the quantized ellipses correctly accounts for the physical 
facts, and definitively unveils the riddle of the spectral lines.”48

Despite such success Sommerfeld regarded the theory as prelimi
nary. “My spectral lines are finally printed in the Academy in a pro
visional manner,” he explained to Wilhelm Wien, the editor of the 
Annalen der Physik. “They will appear in t'acAnnalen in a refined form.”49
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5. Conclusion

Sommerfeld’s extension was not a single feat but a process that 
went through several stages. The stage considered in this paper, 
from Bohr’s “trilogy” in summer 1913 to Sommerfeld’s treatises for 
the Bavarian Academy in December 1915 and January 1916, marked 
the beginning of what became known as the Bohr-Sommerfeld the
ory. Initially Sommerfeld aimed for a theory of the Zeeman effect 
(including the Paschen-Back effect) and the Stark effect. Bohr’s 
theory failed in this respect. In the course of lectures in the winter 
semester 1914/15, when Sommerfeld reviewed recent spectroscopic 
research, he received from a recent paper on the Stark effect the idea 
how to extend Bohr’s theory so that it also applies to the splitting of 
lines in magnetic and electric fields. The main actors with whom 
Sommerfeld corresponded on these issues were Schwarzschild and 
Paschen. The local fora for discussing pertinent results and intro
ducing new concepts prior to publication were his special lecture 
and his colloquium.

It is ironic that Sommerfeld could not transform the idea which 
he received from Stark’s paper on the decomposition of Balmer 
lines in electric fields into a theory of the Stark effect itself. This was 
left to Schwarzschild and Paul Epstein for a dramatic rivalry in 
spring 1916. Nor was the theory of the Zeeman effect part of Som
merfeld’s extension. He reserved this for a separate study in sum
mer 1916, but could only recover the normal Zeeman effect. The 
anomalous Zeeman effect remained a bone of contention for the 
Bohr-Sommerfeld model. It climaxed in 1921 when Sommerfeld re
interpreted Voigt’s theory in terms of quantum theory and offered it 
to his student Werner Heisenberg (then in his third semester) for 
further elaboration.50 But this is another story.

50. Cassidy (1979).
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CHAPTER 2.2

The (?) correspondence principle

Robert Rynasiewicz

Abstract

One finds, even in texts by distinguished physicists, di
verse enunciations of the correspondence principle. Typ
ical is that quantum mechanics should agree with classi
cal mechanics in some appropriate limit. Most 
commonly, the limit specified is that of high quantum 
numbers, or of large masses and orbits of large dimen
sions. But sometimes it is specified as mean behavior 
when large numbers quanta are involved, or sometimes 
even as just the average of quantum mechanical varia
bles. Sometimes, the principle is even taken as a prescrip
tion for replacing the classical dynamical observables 
with an appropriate mathematical operator. In 1918, 
however, Bohr proposed what he would later call the cor
respondence principle as a way of deriving amplitudes 
and polarizations of emitted and absorbed spectral lines. 
I will begin with Bohr’s principle and trace the evolution 
of correspondence considerations into the 1920s, with a 
view as to whether in each case it is supposed to play the 
role of a theorem, an adequacy constraint, an inductive 
hypothesis or a heuristic. Kramers, although a master of 
Bohr's uses of the principle, appears to be the first to for
mulate it as a constraint in the limit.

Key words: Correspondence principle; old quantum 
theory; atomic theory: dispersion; Niels Bohr; H.A. 
Kramers; Wolfgang Pauli; John H. van Vleck.

* Department of Philosophy, Johns Hopkins University; E-mail: ryno@lorentz.phl. 
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1. Introduction

Most physicists and physics students understand the correspond
ence principle as the requirement that the results of quantum phys
ics go over to those of classical physics in some appropriate limit, 
say of high quantum numbers, or of large numbers of quanta, or as 
Planck’s constant h goes to zero. This is what one typically finds in 
textbooks. One can also find such formulations by participants of 
the quantum revolution. For example in his 1933 lectures published 
under the title Moderne Physik, Max Born cites Bohr’s correspond
ence principle as the Grundidee of the provisorische Atommechanik prior 
to the emergence of matrix mechanics. According to Born, it de
mands that “the new mechanics goes over into classical mechanics 
for the limit of large masses or large orbital dimensions.”1 2 In 1925, 
at the very birth of the new quantum mechanics, in “The Funda
mental Equations of Quantum Mechanics,” Paul A. M Dirac char
acterizes the correspondence principle as the requirement that “the 
classical theory gives the right results in the limiting case when the 
action per cycle of the system is large compared to Planck’s con
stant h, and in certain other special cases.”8 According to these for
mulations, the correspondence principle functions as a constraint on 
theorizing.

1. Born (1933), p. 67.
2. Dirac (1925), p. 642.

This leaves us with a kind of puzzle. Bohr’s two fundamental 
postulates, the principle of stationary states and the Bohr frequency 
condition,

E' - E" = hv, (1)

when applied to atomic systems, yield only predictions about the 
frequencies of radiation emitted or absorbed in transitions between 
stationary states. They do not yield, on the one hand, any predic
tions about the state of polarization of emitted radiation. On the 
other, they do not make any predictions about the emission and 
absorption probabilities. This means they say nothing about which 
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transitions are allowed or forbidden and nothing about the intensi
ty of the radiation emitted from an ensemble of systems. The above 
formulation of the correspondence principle as a constraint on 
quantum theorizing provides for empirical content at best by 
constraining the determination of stationary states in the limit (of 
low frequencies or large quantum numbers). It cannot milk out of 
the two fundamental postulates any information about transition 
probabilities or polarization. Yet in the period prior to matrix me
chanics the correspondence principle was widely presumed to do 
just that. As a “rational” generalization of classical electrodynamics 
into the quantum realm, it served to give quantum physics predic
tive muscle, something that can accrue to theory only by the an
nexation of substantive physical hypotheses. The puzzle then is 
that if the correspondence principle was introduced to extend the 
quantum theory to make predictions not just about frequencies, but 
about polarization and transition probabilities as well, how did it 
come to pass that the correspondence principle is now most com
monly taken to constitute a constraint on theory construction?

In speaking of “the” correspondence principle, we must be care
ful about what is to be understood. In what follows I first develop 
the original strategy associated with Bohr’s correspondence princi
ple before attempting to identify a definitive formulation of the 
principle. When looking for such a formulation, we will then find 
that Bohr was not uniformly consistent in stating the principle. 
Nonetheless, formulations can be found that include the major pre
dictive components of that doctrine and thus cast the principle as 
making substantive assertions. I will then turn to a brief survey of 
various “extensions” of the correspondence principle. Apart from 
having interest in their own right, they will lead us back to the rein
troduction of the correspondence principle within the Copenhagen 
School3 explicitly as a constraint on quantum theorizing.4

3. By the “Copenhagen School” I mean principally the views of Bohr and Kramers.
4. For further historical background, see Darrigol (1992), Kragh (2012). For a more 
pedagogical approach see Fedak and Prentis (2002).
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2. The core doctrine: Transition probabilities and 
polarization

That the correspondence principle in the old quantum theory was 
intended to extend Bohr’s postulates in such a way as to provide pre
dictions about transition probabilities and polarizations is certainly 
indicated by one of the terser formulations that can be found in the 
literature. According to Back and Landé, in their 1925 monograph on 
the Zeeman effect and the multiplet structure of spectral lines:

The correspondence principle asserts that the rate of occurrence 
(probability) of a quantum jump, which is manifested by the intensity 
of the spectral emission line, as well as the polarization of the emitted 
radiation, is determined by the intensity and polarization of the “cor
responding” component oscillations [Einzelschwingungeri] of the ersatz 
classical radiation process.5

5. Back and Land«e (1925), p. 17.
6. Bohr (1920).
7. Bohr (1918a), Bohr (1918b).

For this to be helpful, though, one needs to know (a) what are “the 
‘corresponding’ component oscillations of the ersatz classical radia
tion process,” and (b) what is the determining relation.

In order to flesh this out, consider Bohr’s address “Über die Se
rienspektra der Elemente” given to the Deutsche Physikalische Gesells- 
chaft'm Berlin on 27 April 1920.6Although Bohr arguably first devel
oped the correspondence principle two years earlier in parts one 
and two of “On the Quantum Theory of Line-Spectra”7 (hereafter 
Q.O.L, following Bohr), it is on this occasion that he first used the 
terminology Korrespondenzprinzip. He introduced it in the context of 
treating the hydrogen atom.

Assume for simplicity the mass of the nucleus to be infinite in 
comparison to that of the electron. Then, as a Kepler problem due 
to the Coulomb attraction, the latter revolves classically with angu
lar frequency co around the former in an ellipse with semi-major axis 
a with
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w =
2W3

7T2e4m (2)

where e is the charge and m the mass of the electron and IF is the 
work required to remove the electron to infinity. Bohr proceeds to 
use (what he calls) the Balmer formula

K K (3)

where K is the Rydberg constant, as a quantization condition. Mul
tiplying both sides by h yields an instance of the Bohr frequency 
condition (1), suggesting that the energy of the nth state is

Substituting this for JF in (2) yields

1 l‘2h3I\3 
n3 V Tv2e4m

8. Bohr’s reasoning here appears to be that if n',n">>r, then n'and n" can be equated 
in the term

hK (4)

for the orbital frequency and semi-major axis, respectively, of the nth 
stationary state. Let n' > n'" and r = n' - n" . Then, holding r fixed, 
the ratio converges to unity as n' goes to infinity. The Balmer 
formula (3) can be rewritten

- Æ _ 2k - r n' + n" 
n"2 n'2 (t?/)2 (tt/7)2

When n' and n" are large in comparison to their difference r, we get 
from this and (4) the approximation

i? ~ ™
27T2e4m

Kh3
(5)

where © is the orbital frequency of one or the other of the two 
states.8
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Now e, m, h, and K are all independently measurable physical 
constants. It so happens that, to within experimental error,

27T2e4 * * * *m

n' + n"
(nffn")2

and

n + n 2
n2n2 n3

g. Ehrenfest (1923).
10. van Vleck (1924).
11. Of course, the derivation can be inverted to derive the equation for the Rydberg 
constant from the requirement that v ~ rco in the region of low frequencies, as Bohr 
had done earlier for the special case r = 1 in an address given before the Physical 
Society of Copenhagen in December of 1913. See Bohr (1922b), p. 13. There Bohr 
says this is based on the assumption “that it will be possible to calculate the emission of 
slow electromagnetic oscillations on the basis of classical electrodynamics.” Moreo
ver, “this assumption is very strongly supported by the results of Lorentz’s calcula
tions ....” In the Preface to the 1922 translation, Bohr writes, “The first germ of [the] 
correspondence principle may be found ... in the deduction of the expression for the 
[Rydberg] constant ... .” See Bohr (1922b), p. v. However, as Heilbron and Kuhn 
(1969), p. 251, suggest, one finds the germ in the first paper of the 1913 trilogy, where 
Bohr explains, “From the above considerations it will follow that, taking the starting- 
point in the form of the law of the hydrogen spectrum and assuming that the different 
lines correspond to a homogenous radiation emitted during the passing between 
different stationary states, we shall arrive at exactly the same expression for the [Ryd

Ä ~h?~

Thus, the root on the r.h.s. of (5), as a matter of empirical fact, is 
unity, so that (5) reduces to

Z/ ~ TUJ.

Following Ehrenfest9 and after him van Vlcck,1'1 we call this the fre
quency theorem. Although here it follows from the ad hoc use of the 
Balmer formula as a quantization condition and the experimental 
identity K =2n:elm/h3, it can be derived generally from the usual ac
tion-angle quantization conditions for multiply-periodic systems, 
as Bohr did in Q.O.L.11
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The physical significance is this. For any periodic motion of fre
quency co (and thus for elliptical motion in particular) the displace
ment x in any given direction can be represented as a function of 
time by a Fourier series of the form

x = XT cos 2tv (rx>t + cT), (6)

where the sum is taken over all positive integer values of r. Classi
cally, a charged particle undergoing such motion radiates at each of 
the overtones too of the fundamental frequency co with an amplitude 
proportional to the square of A) . This is the ersatzradiationprocess re
ferred to by Back and Landé above. The component oscillations are 
the overtones tco. The spectral line emitted quantum-mechanically 
in the transition from the «'th to the «"th state has the same frequen
cy as the rth overtone of the classical ersatz process and hence that 
quantum transition corresponds to the rth component oscillation of the 
classical ersatz process. Since I want to distinguish between the 
various components of the strategy associated with the correspond
ence principle, let us call this correspondence the correspondence map
ping.

Before moving on, it should be stressed, as did Bohr, that, al
though one arrives at this convergence in frequencies, the mechanisms 
of radiation remain utterly distinct even in the limit of slow oscilla
tions. Classically, a single atom radiates at all the overtone frequen
cies, while quantum theoretically an atom will emit radiation at a 
single frequency equal to the rth overtone corresponding to the 
transition from state «'to state n". An ensemble of atoms is required 
in the initial state n' in order to replicate the spectrum of the classi
cal radiation process.

We have now given an answer to (a) above, viz., the question, 
what are “the ‘corresponding’ component oscillations of the ersatz 

i8i

berg] constant ... , if we only assume (1) that the radiation is sent out in quanta hv, 
and (2) that the frequency of the radiation emitted during the passing of the system 
between successive stationary states will coincide with the frequency of revolution of 
the electron in the region of slow vibrations.” See Bohr (1913), p. 14. The point is 
that it wan assumption, although a plausible one as Bohr points out, that classical 
electrodynamics gives the right results for slow vibrations.
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classical radiation process.” It remains to address (b), viz., how is 
the transition probability of a quantum jump and the polarization 
of the emitted radiation determined by the intensity and polariza
tion of the radiation classically emitted by the corresponding com
ponent of the classical radiation process.

The frequency theorem leads immediately to an expectation 
concerning intensities. As Bohr put it in his 1920 Berlin address:

If we now inquire into a deeper meaning of the correspondence estab
lished, we are naturally led to expect first that the correspondence 
arises not only in an agreement of the frequencies of spectral lines 
determined by the two methods, but will remain valid also for their 
intensities-, an expectation that is equivalent to the proposition that the 
relative probability of a given transition between two stationary states is 
connected in an easily stated way with the amplitude of the corre
sponding harmonic component of the motion.12

i2. Bohr (1920), p. 431. Emphasis in original. See also Bohr (1922a), p. 27.

Assuming n', n" » r, the easily stated connection is that of identity 
between probability amplitudes and amplitudes of oscillation. In 
other words, for one dimension the connection is that the probabil
ity of a transition from state n’ to state n" is proportional to A'/. For 
the three dimensional case, we need to consider the Fourier expan
sions in the v and z directions with amplitudes I’T andZ„ respectively. 
Then the probability of the transition is proportional to A'/ + F/ + Z/ 
Call this the slow-vibration hypothesis for transition-probabilities.

Given I’T and ZT in addition to Aj , the state of polarization of the 
classical radiation component of frequency too is fully determined. 
Bohr made the additional assumption that, in the same regime, the 
state of polarization of the radiation emitted in the quantum transi
tion from state n' to state n" is the same as for the corresponding 
classical radiation. Call this the slow-vibration hypothesis for polarization.

The slow-vibration hypotheses seem like eminently rational ex
tensions of the frequency theorem. There is, of course, no question 
of finding proofs of them, as one has for the frequency theorem. For 
Bohr’s theory, as mentioned earlier, simply makes no predictions 
about intensities and polarizations of emitted light in the vast re- 
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gime in which n' and n" are not both large with respect to their 
difference r. So there is no place from which to start. Rather, the 
entire point of the slow-vibration hypothesis is to provide a point of 
entry to fill that lacuna. Bohr’s proposal is to start with the slow-vi- 
bration hypothesis and then attempt to extrapolate downward into 
the regime in which the frequency theorem fails, i.e., to take the 
amplitudes of the Fourier components as indicative in some way of 
the probabilities of the corresponding quantum transitions and the 
polarization of the light thereby emitted, even if the the quantum 
numbers lie well below the slow-vibration range. Call this the down
ward extrapolation project. How one should extrapolate downward is 
not straightforward. As Sommerfeld put it in a way that might be 
construed as criticism:

This determination of the intensity and polarisation is not, however, 
fully unambiguous, and this fact in itself characterises it as a process 
of approximation. In calculating the [Fourier expansion] are we to 
use as our basis the conditions of the initial orbit or those of the final 
orbit, or, perhaps, an intermediate orbit that is to be defined by tak
ing the mean of both? No answer is vouchsafed to this by the princi
ple of correspondence. It is easy to see in a general way, indeed, that 
with the asymptotic condition \n',n" >> r], the coefficients [A' ] that 
are obtained from the initial or final orbit, or from an intermediate 
orbit must come out appreciably equal. In the case of values of [r] 
that are comparable with [„' or however, the [A' ’s] in general be
come different for the initial and the final orbit and hence a certain 
arbitrariness remains in applying the principle of correspondence.13

13. Sommerfeld (1923), pp. 581-582.
14. Kramers (1919).
15. Hoyt (1923), Hoyt (1924).
16. van Vleck also proposed a general scheme in van Vleck (1924), p. 334. Hoyt was

Nonetheless, various averaging schemes were proposed and calcu
lations performed, most notably by H. A. Kramers in his 1919 doc
toral dissertation under Bohr14 and later by the American physicist 
Frank Hoyt15 while visiting Copenhagen as a National Research Fel
low.16 Despite a measure of empirical success, the problem of non
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uniqueness remained a thorn. As Max Born explained in his Winter 
1925-1926 MIT lectures:

By this method Kramers has succeeded in representing satisfactorily 
the results of observations in certain cases. It is not satisfactory in 
principle that we should not find in quantum theory, in the form here 
presented, a unique determination of the intensities. This is one of 
the main reasons which led us to formulate our new quantum theory, 
where the difficulty is overcome.* 17

still working along these lines as late as October of 1925. See Hoyt (1925).
17. Born (1926), pp. 30-31.
18. Sommerfeld (1923), p. 82.

There were, however, distinguished cases, in which the non-unique- 
ness problem could be overcome and the correspondence principle 
gain credibility by making correct predictions. These cases are ones 
in which the Ritz combination principle fails: certain transitions sim
ply do not occur. The correspondence principle identifies the reason 
for the “forbidden” transition with the absence of the corresponding 
Fourier components. Suppose, now, in the regime where n',n" >> r, 
the amplitudes a; ,i; ,zt vanish for some particular value of r. Then, 
according to the slow-vibration transition-probability hypothesis, the 
intensity of the classical radiation emitted is identically zero, and 
hence the probability of the transition from state «'to state n" is iden
tically zero, and so the transition simply cannot occur. This result can 
be unambiguously extrapolated downward if the amplitudes of the 
r-th component are zero not only for the initial state, but also for the 
final state and all intermediate states. As Sommerfeld explained,

In this case we shall also have no scruples in inferring the value zero 
of the radiation. The principle of correspondence then becomes spe
cialised and condensed into a principle of selection-, it forbids the occur
rence of such spectral lines the corresponding partial vibrations of 
which do not occur in the series expansion.18

The simplest example is that of a Planckian oscillator. Since for 
each state no terms occur in the Fourier expansion other than the 
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term for r = 1, the selection rule Ar = 1 for emission and Ar = -1 for 
absorption follows immediately, and the frequency v of the emitted 
radiation is just the mechanical frequency m. In Cfo.L Bohr ap
pealed to the absorption spectra of diatomic gases as an empirical 
realization of this case. The appearance in some such gases of a faint 
line at double the fundamental frequency, he suggested, is explained 
by assuming that the vibrations along the axis connecting the two 
atoms is not strictly harmonic.19 20 21

19. See Bohr (1918a) or Bohr (1918-1922), p. 16.
20. Think of a> as governing the original elliptical motion and a the rate of precession 
of the perturbed orbit about the axis of symmetry of the field.
21. See Bohr (1920) or Bohr (1922a) for details.

More sophisticated cases involved the spectra of hydrogen sub
ject to a constant, uniform external electromagnetic field. These sys
tems are not simply periodic but conditionally (or, multiply) peri
odic. The Fourier expansions involve multiple fundamental 
frequencies, in this case two, call them m and cr:ao

æ = ^2 cos 27t[(tw + + cTjK.], (7)

and similarly for v and z, where r and k are summed over all integral 
values, positive and negative. For the case of a magnetic field H 
(Zeeman effect), the effect is the superposition of a uniform rotation 
of frequency <r = eH/^mnc on the original unperturbed orbit with k 
restricted to -1 < k < 1. The selection rule for k is then Ak = -1, 0, 1 
corresponding to the splitting of the unperturbed line into the clas
sical triplet. Moreover, the correct polarizations are predicted. For k 
= 0, the oscillations are rectilinear parallel to the magnetic field with 
frequencies rm, while for k = ±1, the oscillations are in a plane per
pendicular to the field with frequencies ro> ± o.

For the case of a uniform electric field F (Stark effect), <r 
=7>eFI%7Tma(o and k is less restricted, corresponding to the prolifera
tion of new spectral lines. Again, the correct polarizations are given. 
When r + k is even, Bohr argued, the oscillations are linear parallel 
to the direction of the field, and when odd, elliptical perpendicular 
to the field."
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3. The scope of the principle

Thus, the correspondence principle, or should we say, the strategy 
associated with it, was not without its successes. That strategy, we 
found, has a number of distinctly identifiable components:

• the frequency theorem
• the correspondence mapping
• the slow-vibration transition-probability hypothesis
• the slow-vibration polarization hypothesis
• the downward extrapolation project
• the selection principle(s)

Which among these, or rather, which subset of these, constituted 
the correspondence principle?

Keep in mind that I judiciously selected the Back and Landé 
quote so as to motivate coverage of all these components of the doc
trine. But what right do we have to take Back and Landé to be any 
more authoritative than Born or Dirac? Can we not find a concise 
and definitive formulation in Bohr’s writings? Unfortunately, Bohr 
was not always clear nor necessarily consistent. There are passages 
in which the correspondence principle appears to be no more than 
a selection principle. For example,

. . . the possibility of the occurrence of a transition accompanied by 
radiation, between two states ... is conditioned by the presence of 
certain harmonic components in the expression [for] the electric mo
ment of the atom. . . . We, therefore, call these the “corresponding” 
harmonic components in the motion, and the substance of the above 
statement we designate as the “Correspondence Principle” for multi
ply periodic system.22

22. Bohr (1924a), p. 22. Bohr (1976), p. 479.
23. See Bokulich (2008), pp. 81-94, and Bokulich (2010).

Such passages have led Alisa Bokulich to insist that Bohr intended 
it to be no more than a selection principle.23 But a selection princi
ple is just a special case of zero probability, and elsewhere Bohr 
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connected the correspondence principle explicitly with both prob
abilities and polarizations. From the 7th Guthrie lecture, given 24 
March 1922, we find:

This law, which has been called the “correspondence principle,” 
states that the occurrence of each transition between two stationary 
states accompanied by emission of radiation is correlated to one of 
the constituent harmonic oscillations into which the electric moment 
of the atom considered as a function of time can be resolved, to the 
extent that the probability of the occurrence of a transition shall de
pend on the amplitude of the corresponding harmonic oscillation of 
the atom, in such a way that in the limit when the quantum-number is 
large, the intensity of the emitted radiation in unit time in the mean 
shall be the same as that which would follow from the classical laws 
of electrodynamics. A similar connection with the classical theory will 
be exhibited by the polarisation of the emitted radiation. If, for in
stance, the corresponding harmonic oscillation in all states of the 
atom is a linear vibration or a circular rotation, the radiation will have 
the same constitution as that which on the classical theory would be 
emitted by an electron executing harmonic motion of that type.24

Moreover, Kramers’s contribution to the 1923 Die Naturwissenschaften 
Festschrift for Bohr claimed to speak on Bohr’s behalf as follows:

The occurrence of a transition between two stationary states accom
panied by the emission of radiation is uniquely correlated with one of 
the harmonic oscillations into which the motion of the particle (or 
more precisely: the electric moment of the atom) can be decomposed. 
This correlation requires that the probability for the occurrence of a 
transition depends on the amplitude of the corresponding harmonic 
component, and in fact so that in the region of large quantum num
bers the intensity per unit time of the emitted radiation will be the 
same on average as would be expected according to classical electro
dynamics. The polarization of the emitted radiation will display a 
similar analogy with classical electrodynamics. Thus, if the corre
sponding harmonic oscillator in all states is a linear oscillation paral
lel or a circular rotation perpendicular to a fixed line, then the radia

24. Bohr (1922-3), p. 284. Bohr (1976), p. 428.
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tion will possess the same properties as that which is emitted by an 
electron which executes an oscillation of this type.25

25. Kramers (1923a), p. 552.
26. According to Bohr and Kramers, the correspondence principle also did work in 
perturbation theory and in the construction of the shell structure for the periodic 
chart. For the former, see Bohr (1918b) and Bohr (1920). For the latter, see Bohr 
(1921a), Bohr (1921b), and Kramers (1923a).
27. Also, what about electron capture under bombardment with the the emission of 
x rays? For Kramers’s attempt to calculate transition probabilities in this case, see 
Kramers (1923b).
28. Pauli (1922).

Kramers added to this a remarkable footnote:

It seems most appropriate to construe the correspondence principle 
thus formulated as a postulate (or axiom), in complete analogy with 
Bohr’s two fundamental postulates.

It is pretty clear that the correspondence principle thus formulated 
was more than just a selection principle. And construed as a postu
late that yields substantive predictions beyond what is entailed by 
Bohr’s first two postulates, it does not appear to have had the form 
of a constraint on theory construction.26

4. Some “extensions” of the correspondence principle

The correspondence principle thus understood provided a guide to 
the determination of transition probabilities for spontaneous emis
sion and the polarization of the emitted radiation. But what about 
transitions in the opposite direction that do not involve radiation, 
such as inelastic collisions in the bombardment of atoms with elec
trons, as in the Franck-Hertz experiment?27 How could one estimate 
the transition probabilities?

For such processes, Pauli introduced, in his doctoral dissertation 
under Sommerfeld,28 what he called a “mechanical” correspond
ence principle, which he attempted to craft in analogy with Bohr’s 
electrodynamical principle. He started with the observation that, 
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just as classical electrodynamics breaks down, so should classical 
mechanics applied to inelastic collision processes. For classically, 
the amount of energy AE that an electron can give up to its target 
system varies continuously, while quantum mechanically this is im
possible, since the target system can exist only in a discrete mani
fold of stationary states and consequently AE can take on only dis
crete values. In the limit of large quantum numbers, however, the 
energy states converge toward a continuum, and thus one should 
expect the laws of classical mechanics to hold in the limit. This can 
be taken to be the analogue of the frequency theorem, but it is 
something assumed, not proven. Nonetheless, it is like the frequen
cy theorem in that the agreement holds only for ensembles, and not 
for individual transitions. For the analogue of transition probabili
ties for high quantum numbers Pauli proposed that one take the 
averages of the classical outcomes when one fixes the initial energy 
and varies the other initial conditions (direction of the initial veloc
ity, distance of the trajectory asymptote from the centre of gravity of 
the atom, phase of the motion of the electron and of the atom bom
barded). These are to be regarded as uncontrollable. For smaller 
quantum numbers, one “extrapolates” downward: classical me
chanics “mustgive an (at least approximate) measurefor the relativefrequency of 
the various possible quantum energetic inelastic collisions (with a given initial energy 

for the colliding electron) .”S9 If a particular collision process is classically 

29. Pauli (1922), p. 187. Emphasis in original.
30. Klein and Rosseland (1921).

impossible, then one has a selection rule forbidding that transition.
Pauli realized that given the current state of the art this yields 

few if any predictions. Nonetheless he held out hope that eventually 
some of the calculational difficulties would be overcome. At least 
one gets some definite consequences by considering that the law of 
reversibility must continue to hold. Thus, for every quantum me
chanical process, the time-inverse process must also be possible. 
This leads to so-called “collisions of the second kind” postulated by 
Klein and Rosseland in Copenhagen on the basis of considerations 
concerning thermal equilibrium between atoms and free electrons.3“ 
For example, an electron should be able to experience an increase in 29 30 
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velocity when striking an atom in an excited state which decays into 
a lower energy state.

The existence of such inelastic collisions was confirmed31 32 but P. 
Tartakowsky subsequently took Pauli to task for the manner of his 
formulation of the “mechanical” correspondence principle.38 Ac
cording to Tartakowsky, Pauli’s point of departure was the require
ment that the results of quantum theory and classical mechanics 
must coincide in the case of large quantum numbers. That, howev
er, was not the complaint. It was rather that Pauli did not establish 
a correspondence, in Bohr’s sense of the word, which, for Bohr, was 
specifically between the components of the Fourier expansion of 
the motion in the stationary state and the radiation emitted in quan
tum jumps. In other words, Pauli had not established an analogue 
of what I earlier called the correspondence mapping. So Tartakowsky 
took it upon himself to establish an analogous correspondence rela
tion, in this case, between the Fourier expansion for the motion and 
the energy given up by one system to another in the absence of 
emission. Again, the self-described point of departure was the re
quirement that the results of quantum theory and classical mechan
ics agree in the realm of high quantum numbers. Tartakowsky then 
took up the problem, not of electron scattering, but of a radiation- 
free energy exchange between two quantum systems A and B that 
does not result in the production of additional kinetic energy, in 
other words for which we have the energy exchange relation

31. Cario and Franck (1923).
32. Tartakowsky (1924).

Ea-E'a = -{Eb-E'b),

where the primed quantities refer to final states. He made the con
nection with the Fourier expansions by introducing what he called 
a hidden coupling mechanism [verborgenerKoppelungsmechanismus}, the 
details of which, however interesting, we do not have time to go 
into. The important point here is that, although Tartakowsky began 
with the constraint that the results of quantum theory go over to 
those of classical mechanics in the limit of large quantum numbers, 
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he did not take this to be the principle itself, but instead only a pre
liminary to the formulation of a “mechanical” correspondence theo
rem.

Contrast this with the tenor of the first part of van Vleck’s two- 
part 1924 paper, which bears the subtitle “Some Extensions of the 
Correspondence Principle.”33 There van Vleck made it clear that, in 
the case of emission, whereas the asymptotic connection between 
quantum and classical physics for frequencies is a mathematical 
consequence of the quantum conditions,34 the existence of an analo
gous relation for intensities is a hypothesis. This is what I referred to 
above as the transition-probability hypothesis for slow vibrations, 
van Vleck called it the correspondence principle for emission and 
formulated it “analytically” by explicitly calculating the Einstein 
spontaneous emission probability (4-coefficient) in the classical 
limit as a function of the amplitudes and frequencies of the Fourier 
expression for the motion of the particle. From this he derived a cor
respondence principle for absorption, viz., that in the limit of high 
quantum numbers the energy extracted from a non-zero radiation 
field as determined by the Einstein B-coefficients for absorption and 
induced emission agrees with the classical prediction for absorp
tion. Also demonstrated in the paper was a second extension of the 
correspondence principle, this time to a correspondence principle 
for orbital distortions: in the limit of large quantum numbers the 
orbital distortion resulting from a transition between nearby sta
tionary states agrees with that which would follow as a result of 
classical radiation involving only the frequency component associ
ated with the transition.

33. van Vleck (1924).
34. Including, of course, the Bohr frequency condition.
35. He did use the selection rule for the harmonic oscillator as a consequence of “the

It is evident from this that in extending “the” correspondence 
principle, Van Vleck focused on the behavior of quantum systems in 
the limit of large quantum numbers. He did consider briefly the 
downward extrapolation project, but not under the rubric of a cor
respondence principle. He did not discuss the topic of selection 
rules.35 And there was no overt construction of a correspondence 
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mapping. This is not to say these were beyond his ken. For he 
spelled these out explicitly in his 1926 monograph-length report for 
the National Research Council.* 36 Rather, they did not serve the de
velopment towards the principal result, which was to show that 
Kramers’s generalization of Ladenburg’s quantum dispersion for
mula goes over into the classical dispersion formula in the limit of 
large quantum numbers “not just when the quantized system is a 
linear oscillator, but also when it is the most general type of non
degenerate multiply periodic orbit.”37 In the 1926 report, he called 
this the correspondence principlefor dispersion.

correspondence principle” but did not pause to consider which, among those in his 
catalogue of correspondence principles, it comes from.
36. van Vleck (1926). There he continued with the strategy of cataloguing corre
spondence principles. The reader should not find it remarkable if some of these map 
onto components of the doctrine associated with the correspondence principle out
lined above.
37. van Vleck (1924), p. 345.
38. Kramers (1924a), p. 673.

5. The correspondence principle as constraint

That the quantum dispersion formula goes over to the classical for
mula in the limit was claimed by Kramers in the letter to Nature, 
written in March of 1924, in which he first introduced that formula.

It is, however, possible to establish a very simple expression ..., which 
fulfills the condition, claimed by the correspondence principle, that, 
in the region where successive stationary states of an atom differ only 
comparatively little from each other, the interaction between the 
atom and the field of radiation tends to coincide with the interaction 
to be expected on the classical theory of electrons.38

But note that here we do not have the framing of the proposition 
that the quantum formula goes over to the classical one in the re
gion of high quantum numbers as an extension of the correspond
ence principle. Rather, that it do so, and presumably any other law 
about the interaction of radiation and matter, is taken to be a require
ment of the original correspondence principle. Here we have the implementa-
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tion from within the Copenhagen School of a new significance for 
“the” correspondence principle. Whereas just a year earlier Kram
ers had characterized the correspondence principle as something 
that could be viewed as a fundamental postulate alongside the fre
quency condition and the postulate of stationary states, it is now 
taken explicitly to function in a different capacity, viz., as a con
straint on further theory construction. To my knowledge, this is the 
first appearance in the literature of “the” correspondence principle 
as explicitly imposing a constraint.

Its use as such caught on immediately, especially in the literature 
on dispersion. The exchange of letters in Nature between Gregory 
Breit and Kramers that August was premised on the use of the cor
respondence principle in this capacity.39 Born, in his “Über Quan
tenmechanik” of 1924, commented concerning his quantum formula 
for perturbation energy that the first of its two most important prop
erties is that “it goes over for large nk (large in relation to rÅ.) into the 
corresponding classical formula, thereby satisfying the correspond
ence principle.”40 And again, “the [Kramers dispersion] formula in 
the limit of large quantum numbers (nk large compared to rÅ.) goes 
over into the corresponding classical formula, as required by the cor
respondence principle.”41 42 Not surprisingly, in their joint paper on 
dispersion of 1925 Kramers and Heisenberg wrote, “In particular 
the principle requires that in the region of high quantum numbers 
the actual properties of the atom can be described asymptotically 
with the help of the classical laws of electrodynamics.”48 Even Bohr, 
in a paper dated November 1,1924 on a different topic — the polari
zation of fluorescent light — followed Kramers’s lead. Despite the 
absence in degenerate systems of a direct connection between elec
tron motion and polarization, which is to be taken as analogous to 
the lack of a direct relation between mechanical frequencies and 
spectral frequencies, “the asymptotic agreement, demanded by the 
correspondence principle, of the consequences of the classical theo- 

39. Breit (1924), Kramers (1924b).
40. Born (1924), p. 389, and van der Waerden (1968), p. 192.
41. Born (1924), p. 390, and van der Waerden (1968), p. 193.
42. Kramers and Heisenberg (1925), p. 684, and van der Waerden (1968), p. 226.
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ry and the quantum theory in the limit, where neighboring station
ary states deviate relatively little from one another, is kept.”43

43. Bohr (1924b), p. 1117.
44. Kramers (1924a), p. 673, and van der Waerden (1968), p. 178.
45. Heisenberg (1925a) also proposed a Verschärfung of the correspondence princi
ple.
46. Kuhn (1925), p. 410, and van der Waerden (1968), p. 255.

6. Conclusion

I do not mean to suggest that following Kramers’s letter to Nature, 
which appeared in May 1924, all subsequent uses of the term “cor
respondence principle” suddenly fell in line with this apparently 
new usage. One has only to consider the quote from Back and Lan- 
dé’s 1925 monograph above. Nor does there appear to be any hint of 
a sensed tension between the use of the principle as constraint vs. 
postulate. Earlier in the letter in which Kramers first invoked the 
principle as constraint, he cited it in its traditional capacity:

On Bohr’s principle of correspondence, the possibility for such tran
sitions is considered as being directly connected with the periodicity 
properties of the motion of the atom, in such a way that every possi
ble transition between two stationary states is conjugated with a cer
tain harmonic oscillating component in the motion.44 45

And W. Kuhn wrote in early 1925 concerning his sum rule:

In the region of high quantum numbers, the above theorem on the 
p-summation can be directly understood as a requirement of the 
correspondence principle. In the region of low quantum numbers, in 
case the initial assumptions made about dispersion should prove cor
rect, our rule represents a strengthening Verschärfung^ of the corre
spondence principle ... .46

Of course, it takes only a minor adjustment in viewpoint in order to 
regard, e.g., the slow-vibration transition-probability hypothesis 
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not as “something we are led to expect” as a matter of inductive 
generalization from the frequency theorem, but rather as a con
straint to be imposed on any theoretical attempt to calculate transi
tion probabilities; or in order to see the frequency theorem as proof 
that the Bohr frequency condition satisfies the constraint on pre
dicted frequencies. Thus, the “claim” of the correspondence princi
ple when the theory is extended to other aspects of the interaction 
between radiation and matter.

It is important, though, not to lose sight of the downward ex
trapolation project, applied across the board, and thus the intro
duction of empirical content beyond mere constraint, as part of 
what “the” correspondence principle involved. We have seen this in 
averaging schemes, selection principles, and polarization predic
tions. There was also a tradition dating back to Sommerfeld (1921) 
of exploiting a classical-quantum correlation in the guise of replac
ing differential quotients with quotients of differences, a procedure 
referred to by Born and Jordan as a correspondence transformation 
[korrespondmzmäßige Umformung].47 Born and Jordan also referred to 
Heisenberg’s derivation of the law of multiplication in the seminal 
Umdeutung paper48 as the application of an ingenious correspond
ence consideration [geistreicheKorrespondenzbetrachtung].49 50 Indeed, ma
trix mechanics can be claimed as the ultimate fulfillment of the 
downward project. As Born, Heisenberg and Jordan put it in their 
famous Dreimännerarbeit-.

47. Born and Jordan (1925), p. 870 and van der Waerden (1968), p. 290. Duncan and 
Janssen (2007) have emphasized this as part of the lore pertaining to the correspond
ence principle.
48. Heisenberg (1925b).
49. Born and Jordan (1925), p. 859, and van der Waerden (1968), p. 278.
50. Born (Heisenberg and Jordan), p. 558, and van der Waerden (1968), p. 322.

This similarity of the new theory with the classical theory also pre
cludes any question of an independent correspondence principle in ad
dition to the theory; rather the theory itself can be regarded as an exact 
formulation of Bohr’s correspondence ideas [Korrespondenzgedanken]90 
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Without the need for any principle outside the theory, i.e., any down
ward extrapolations, what was left of “the” principle is the shell of 
the constraint.
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CHAPTER 2.3

Practising the correspondence principle 
in the old quantum theory: Franck, Hund 

and the Ramsauer effect

MartinJähnert*

* Max Planck Institute for the History of Science, Berlin. E-mail: mjaehnert@mpiwg- 
berlin.mpg.de

Abstract

The paper discusses the work of James Franck and 
Friedrich Hund on the Ramsauer effect as an example 
for the reception and adaptation of the correspond
ence principle in the old quantum theory. In their at
tempt to account for the Ramsauer effect, Franck and 
Hund incorporated the correspondence principle into 
their description of electron scattering and encoun
tered several problems in the correspondence ap
proach. In reaction to these challenges, Franck and 
Hund adapted the principle and developed both a new 
interpretation of the correspondence principle and a 
new understanding of scattering processes.

Key words: Correspondence principle; reception; ap
plication; Ramsauer effect; James Franck; Friedrich 
Hund.
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1. Introduction: The dispersion and adaptation of the 
correspondence principle

In 1922 Niels Bohr was frustrated with the reception of his work on 
the quantum theory of the atom. Complaining to Arnold Sommer
feld, he wrote: “[ijn the last years ... my attempts to develop the 
principles of quantum theory ... were met with very little under
standing.”1 2 Thereby he diagnosed that his foundational ideas - most 
importantly the correspondence principle8 - had not played an im
portant role in the rapid developments of the quantum theory of the 
atom outside of Copenhagen.

1. Bohr to Sommerfeld 30 April 1922. Sommerfeld (2004), p. 117.
2. For reconstructions of Bohr’s correspondence argument and its formulation, see 
Rud Nielsen (1976), Darrigol (1992), Tanona (2002), Bokulich (2013) and Kragh 
(2012), as well as the contribution to this volume by Robert Rynasiewicz. The most 
pronounced formulation was given by Bohr in his last grand survey article on the 
quantum theory of multiply periodic systems, Bohr (1923).
3. Bohr (1918a), Bohr (1918b). Compare the most widely received secondary ac
counts of the period: Reiche (1921), Landé (1922), Buchwald (1923), Sommerfeld
(1924), Born (1925) and Pauli (1925). For an extended bibliography and discussion,
see my forthcoming dissertation, Jähnert (forthcoming).

Physicists outside of Copenhagen had understood the core idea 
of the correspondence principle in a remarkably homogenous way: 
the principle, they knew, connected the Fourier-representation of 
the radiating system with its radiation spectrum. By the time, how
ever, they took little more from this core idea than the justification 
of selection rules, which Bohr had presented in his article “On the 
Quantum Theory of Line Spectra.”3 * * * The situation only changed 
from 1922 onwards. More and more physicists working in Munich, 
Göttingen, Breslau, Harvard, Minnesota etc. started to explore the 
significance of the principle for their work and to extend it to re
search fields ranging from atomic and molecular spectra to disper
sion or collision processes.

The dissemination of the correspondence principle within the 
networks of quantum theory and its impact on the development of 
the correspondence principle have not received much attention in 
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the historiography of quantum physics.4 Studies of the principle 
have focussed mainly on Bohr’s formulation or on the role of the 
principle in the development of quantum mechanics.5 As I intend to 
show in my dissertation and hint at in this paper, these undoubtedly 
important topics are only the tip of the iceberg in a history of the 
correspondence principle. The part below the surface consists of 
many attempts to use and adapt the principle in the old quantum 
theory. Regardless of whether - in hindsight - these attempts have 
to be considered as important steps in the conceptual development 
of quantum physics or as short-lived, unsuccessful attempts at a sin
gular problem, the study of the principle’s applications sheds light 
on how a major part of theoretical physics was done in the period 
between 1922 and 1926.

4. The work of Duncan and Janssen (2007a,b) and Jordi Taltavull (2013) are among 
the few studies that analyze the role of the correspondence principle in one particu
lar research field.
5. See footnote 2.
6. Especially Hund’s unpublished dissertation, Hund (1922), and, most importantly, 
his scientific diary, Hund Papers, did not play a role in the secondary literature. A 
short discussion of Franck’s and Hund’s approach is given by Darrigol (1992), pp. 
250-252. The only major historical study of the Ramsauer effect, Gyeong (1995), is 
dedicated to its experimental origins and leaves Franck’s and Hund’s theoretical 
discussions aside.

Of course, this paper cannot present a fullblown discussion of 
the adaptation of the principle in the widely different theoretical, 
institutional and social contexts. Instead, I will focus on one par
ticular case study and discuss the work of James Franck and Frie
drich Hund on the Ramsauer effect as an example for the transfer 
and adaptation of the correspondence principle. This case study, 
which is based on previously unused archival material,6 is particu
larly well suited to characterize some of the main features of the 
principle’s adaptive reformulation and allows an illustration of the 
mechanisms of the spreading and adaptation of the correspondence 
principle at large. The analysis of this episode will allow three more 
general questions to be addressed: What led physicists to work with 
the correspondence principle in the first place? What did they do 
with it? And last but not least, what did the application of the prin
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ciple mean for the understanding of physical problems and the 
formulation of the correspondence principle itself? As will be 
shown, the answers to these questions involve a transfer of ideas 
from Copenhagen to Göttingen, a conceptual reorganization of 
ideas exchanged between different research fields, several adapta
tions of the correspondence principle itself and the formulation of a 
new understanding of scattering processes.

2. From the 2^-deflection hypothesis to the 
correspondence principle

When Franck’s and Hund’s work on collisions between electrons 
and gas atoms began in 1921, the two physicists approached the 
newly found Ramsauer effect within the framework of classical 
physics. Neither quantum theory in general nor the correspondence 
principle in particular seemed important for their work.7 As I will 
discuss in this section, the principle only took center stage after dis
cussions between Franck, Bohr and Kramers in Copenhagen. Fol
lowing them, Franck and Hund integrated the correspondence ap
proach into their work and developed a first quantum-theoretic 
interpretation of the Ramsauer effect.

7. A general conviction that collisions between electrons and atoms had to be de
scribed quantum-theoretically did not exist at the time. The only prominent example 
concerning the relation between collision experiments and quantum theory was the 
Franck-Hertz experiment. It had to be described quantum-theoretically, as the ki
netic energy of the electron is transferred to the atom that makes transitions between 
different stationary states. Elastic collisions - as in the Ramsauer effect - however, 
did not involve such an energy transfer, so that quantum assumptions did not play a 
role. For an overview on scattering theory, see Franck (1923) and Landé (1926), pp. 
21-22.

The Ramsauer effect became a research topic for physicists in 
Göttingen following the “Deutsche Physikertage” held in Jena in 
September 1921, where Franck had witnessed a talk on the experi
ments on the passage of very slow electrons through noble gases by 
Carl Ramsauer. Ramsauer’s results showed an unexpected relation 
between the velocity of slow electrons and the atomic cross section 
measuring the strength of the interaction between atoms and elec- 
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trons. While the atomic cross section was constant for electrons of 
different velocities for neon and helium, it decreased considerably 
for very slow electrons passing through argon. Very slow electrons, 
it seemed, ceased interacting with the argon atoms and passed 
through the gas without any disturbance.

Franck was not willing to accept this implication and was there
fore quite irritated by Ramsauer’s results. If anything, very slow 
electrons should be strongly affected by atomic force fields and the 
atomic cross section had to increase rather than to decrease. The 
most likely explanation, he thought, was an experimental error on 
Ramsauer’s part. Bringing the problem to the classroom of his 
Proseminar in Göttingen, he and Max Born set students to work on 
the experimental and theoretical refutation of “Ramsauer’s crazy 
assertion.”8

8. Ramsauer’s talk was published as Ramsauer (1921a) and was followed by a series 
of papers, Ramsauer (1921b, 1922,1923). For Franck’s reception, see Franck to Bohr 
25 September 1921, Bohr (1987), p. 689, and Born to Einstein 29 November 1921, 
Born (1969), pp. 91-93.
g. For the first indications of this confirmation, see Hertz to Franck 15 December 
1921, Franck Papers, Box 3, Folder 13. See also Franck to Bohr 21 February 1922, 
Bohr (1987), p. 693, and Hertz (1922a,b).
io. Franck to Bohr 21 February 1922, Bohr (1987), p. 693.

The Göttingen community passed the stage of denial in March 
1922, after Franck’s long-time friend and colleague Gustav Hertz 
had confirmed the strange behavior of electrons in argon.9 io. None
theless, the idea that electrons ceased to interact with atoms re
mained unacceptable to Franck. As argon was the only gas known 
to show the effect, he considered the possibility of an anomalous 
interaction between the electrons and the argon atoms. Argon at
oms, Franck speculated, might have a special field of force, which 
deflected slow electrons into an angle of 2^.“ The electrons would 
go through one loop around the atom and then leave it as if no in
teraction occurred. The task of constructing such a force field was 
taken over by Friedrich Hund in his doctoral dissertation. Well pre
pared by his Examensarbeit on potential theory written with Richard 
Courant, he produced a force field for the desired 2^-deflection. Fin
ishing his work on the “argon effect” in September 1922, Hund was 
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ready to hand in his dissertation at the Georg-August-Universität in 
Göttingen. He would then work on Born’s lecture course “Atom
mechanik” and the related research program on the quantum theo
ry of atomic spectra as Born’s new assistant.

As mentioned earlier, quantum hypotheses did not play a substan
tial role in Franck’s and Hund’s early considerations. During the Bohr 
Festspiele in June 1922, Hund briefly considered a combination of the 
2^-deflection hypothesis with the idea of distinguishing quantum or
bits from classically allowed ones. However, he quickly returned to 
the purely classical approach after his idea was criticized as “too for
mal” in discussions with “Bohr’s assistants and the Bonzen.'''" In Octo
ber 1922, however, quantum theory and with it the correspondence 
principle took center stage in Franck’s and Hund’s work.

Franck developed a new interpretation of Ramsauer’s experi
ments after discussions with Bohr and Kramers in Copenhagen, 
where he and his wife stayed with Niels and Margarethe Bohr at 
Bohr’s new institute. Franck learned that Kramers was currently 
working on the continuous X-ray spectrum and its quantum-theoret
ical interpretation. The main idea of a forthcomming paper, Kram
ers informed him, was to extend the correspondence principle to 
aperiodic motions and to construct the continuous X-ray spectrum 
from a Fourier-analysis of the trajectory of a scattered electron.18

11. Hund's scientific diary 23 June 1922, Hund Papers.
12. Kramers (1923).
13. Franck himself described his new interpretation to Bohr as “pretty much sug-

This argument, Franck recognized immediately, used the de
scription of scattering that was also underlying his and Hund’s 
work on the Ramsauer effect. Notwithstanding the fact that Kram- 
ers’s work was concerned with an entirely different physical phe
nomenon - X-rays produced by electrons with an energy a thousand 
times higher than Ramsauer’s slow electrons - Franck started to 
think about the implications of the correspondence approach for 
his own work. Following them, he formulated a new interpretation 
of the Ramsauer effect, which integrated the challenging facts re
garding the continuous X-ray spectrum and the passage of electrons 
through gases.11 12 13
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The point of departure for Franck’s integration was the most 
problematic and tentative aspect of Kramers’s approach: in 1915 
William Duane and Franklin L. Hunt had already established that 
the continuous X-ray spectrum breaks off at a maximum frequency 
v„M.„ which is determined by the kinetic energy of the scattering elec
tron according to the Planck relation (ymax = Ekj„/h').Ii While the exist
ence of such a threshold made it obvious that Bremsstrahlunghad to 
be understood as the result of a quantum process, it posed consider
able problems for the correspondence approach. The Fourier-repre- 
sentation of an aperiodic process does not vanish at a maximum 
frequency but ranges from frequency 0 to co. Kramers had been at a 
loss, mathematically and physically, on how to deal with the appar
ent incompatibility of the observed spectrum and the Fourier-repre- 
sentation. Without any self-consistent justification, he simply cut 
off the spectrum obtained by the correspondence approach at the 
maximum frequency and assumed that the scattering electron 
would not radiate with higher frequencies. An electron that was 
bound by the atom, however, would still emit radiation in the form 
of characteristic X-ray lines and, as Kramers speculated, the inten
sity of these lines would be equal to the integral intensity of the cut
off part of the spectrum.

gested” by Kramers’s work. Franck to Bohr 23 December 1922, BSC (2.4). As we will 
see, neither Franck’s physical hypothesis nor Hund’s technical elaboration was a 
mere duplication of Kramers’s work.
i4.Duane and Hunt (1915).

It was precisely this speculation and with it the question whether 
there was any significance to the cut-off part that became the source 
for Franck’s new interpretation. When he considered the problem 
of the Duane-Hunt-threshold and the correspondence approach in 
connection with Ramsauer’s results, Franck developed Kramers’s 
idea in a different direction. For noble gases, he knew, the binding 
of the electron was out of the question. The cut-off part was thus 
associated with electrons that were scattered but did not emit radia
tion. Taking a huge step, Franck connected this assessment with 
Ramsauer’s experiments and convinced himself that the absence of 
radiation meant nothing but the absence of interaction in general: 
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Electrons associated with the cut-off part do not radiate «iw/pass the 
atom without being deflected:

We are now certain that electrons ... really pass the atoms without 
deflection and we believe that this is even a requirement of quantum 
theory as soon as electrons have low velocities ... . In my opinion it is 
essential that the process occurs as soon as an electron would have to 
radiate more energy quantenmäßig [quantumlike] upon its entrance 
into the atom, than it possesses.15

15. Franck to Bohr 23 December 1922, BSC (2.4).

Based on this assumption, the velocity dependence in Ramsauer’s 
experiments received a new, strikingly simple explanation: For slow 
electrons, the cut-off part of the spectrum becomes larger and larger 
so that the atom becomes transparent for more and more electrons.

Within the analysis of the adaptation of the correspondence 
principle, Franck’s visit to Copenhagen gives a first answer to the 
question of how physicists came to work with the principle. For 
Franck, the dialogue with Bohr and Kramers was the key for the 
adaptation within his work. That such a transfer of the principle 
would lead to anything like a new explanation of Ramsauer’s puzz
ling results was not obvious. Rather, it took the tentative adaptation 
of a new approach to scattering and the combination of puzzling 
facts like the Duane-Hunt-threshold and Ramsauer’s results to for
mulate Franck’s no-interaction interpretation of the effect.

3. Hund’s and Franck’s work with the correspondence 
principle: Problems and adaptations

Upon Franck’s return from Copenhagen, Franck and Hund en
gaged more deeply in the extension of the correspondence principle 
to scattering. Following the new hypothesis, Franck assumed that 
this work would be mostly technical. Hund would more or less redo 
Kramers’s Fourier-analysis, map the Fourier-representation of the 
scattering electron onto the radiation spectrum and make the cut
off at the maximum frequency to substantiate Franck’s new inter- 
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pretation. While Franck had not seen Kramers’s extensive calcula
tions, he assumed that this was a standard task for a theoretician.16 
Things turned out quite differently. Hund recognized that the new 
approach entailed many more conceptual intricacies than Franck 
had imagined. While these issues could be resolved by tweaking the 
principle, Hund nonetheless obtained untenable results. Trying to 
save the correspondence approach from its apparent failure, 
Franck's and Hund’s work came to a close with a reinterpretation of 
the scattering process, which took a first step towards a description 
of scattering in quantum-theoretical terms.

16. Franck to Bohr 23 December 1922, BSC (2.4).
17. Hund (1922), p. 43. Hund’s understanding of the principle was in accordance 
with Bohr’s formulation of the principle and did not change fundamentally in the 
final paper, Hund (1923), pp. 250-251.

Making himself familiar with Franck’s idea, Hund studied Bohr’s 
formulation of the correspondence principle and tried to extract a 
prescription for his own work. For the atom, he understood, the prin
ciple associated the frequencies and Fourier-coefficients of the sta
tionary states with the frequency and the probability of a quantum 
transition.17 In order to extend the principle to scattering, Hund real
ized, he had to think about scattering in terms of the Bohr model, i.e., 
to identify the initial and the final orbit of the scattering electron and 
the transitions between them. Only then could he sensibly think 
about a correspondence relation between the Fourier-representation 
of the states and the radiation frequency and transition probability.

This first step was already quite problematic, as aperiodic mo
tions could not be described within the framework of Bohr’s quan
tum theory of multiply periodic systems. The lack of a mechanical 
framework, however, did not put an end to Hund’s attempt to use 
the correspondence principle. He intuitively identified the electron 
approaching the atom with the initial state and - vice versa - the 
electron that had left the atom with the final state. By definition, the 
transition had to take place somewhere between these two states 
and would be connected with the deflection of the electron.

With this intuitive adaptation of the Bohr model, Hund ap
proached the second item on the agenda. Applying the correspond- 
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ence principle, he immediately realized that the newly defined “ini
tial and final orbits are straight, they have no frequencies.”18 As 
such, they could not possibly be connected with a continuous radia
tion spectrum. In other words, the new description of scattering 
was incompatible with the original correspondence principle. To 
resolve the conflict, Hund adapted the correspondence principle by 
“letftingj the frequency of the classically continued initial and final 
trajectory relate to the emitted frequencies.”19 The “classically 
continued trajectories” were of course nothing but the hyperbolic 
curves described by the electron during its deflection. Its Fourier- 
representation would lead to the desired continuous spectrum. 
With this second adaptation, Hund reached a position that allowed 
him to follow Franck’s hypothesis: He could connect the Fourier- 
representation of the hyperbolic trajectory with the continuous ra
diation spectrum, cut it off at the maximum frequency and associate 
the cut-off part with electrons that pass the atom without deflection.

18. Hund (1922), p. 43.
19. Hund (1922), p. 43.

Hund’s approach to the correspondence principle is typical of 
this time. Following the correspondence approach, most physicists 
recognized a tension between its original formulation and the prob
lem they were addressing. Reacting to this tension, they tweaked 
the principle in one way or another. In many cases this adaptive refor
mulation left the core idea of the principle intact: The Fourier-repre
sentation of the radiating system was mapped onto the radiation 
spectrum. Tweaking the principle, physicists adapted other parts of 
it. In Hund’s case, it was the reference system of the principle: the 
relevant Fourier-representation was no longer associated with the 
initial or the final state of the system. Instead the “frequencies of the 
classically continued initial and final trajectory” were associated 
with the deflection in the classical description or in other words 
with the quantum transitions.

Without reflecting on the significance of his adaptation, Hund 
moved on to the Fourier-analysis of the electron’s trajectory and 
discovered a more striking problem. Before he made any extended 
calculations, Hund estimated the dominant frequencies in the spec- 
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trum and came to the conclusion that the energies hv were “consid
erably larger” than the kinetic energy of the electrons in Ramsauer’s 
experiment.80 Because most of the scattering electrons had to radi
ate with these frequencies, Hund arrived at a drastic conclusion: 
The atom was already transparent for velocities of several volts, "of 
which one knows enough experiments that indicate the reflection of 
electrons.” In other words Franck’s “correspondence approach ap
pears to be impossible.”81

This failure of the correspondence approach did not mean, how
ever, that Franck’s basic idea had to be abandoned. Dropping the 
quantum approach, Hund considered the classical radiation of the 
scattering electron and formulated a “modified Franckian conjec
ture”: A slow electron, he argued, would not be able to leave the 
atom again if it lost too much energy during a collision. Without 
the possibility to be bound to the atom, it would crash into the nu
cleus. To prevent such a crash, Hund assumed, the electrons in 
question had to cease radiating and according to Franck’s hypoth
esis they also had to stop interacting with the atom.88

Talking to Franck about the failure of the correspondence ap
proach and his modification, Hund had a confrontation with Franck 
on the feasibility of the two explanations.83 We do not know how the 
argument was eventually resolved. Hund stuck to his interpretation 
and handed in his dissertation at the university with Franck’s ap
proval. At the same time, Franck did not take Hund’s counterargu
ment to be the final word on the subject. He and Born concluded 
that Hund’s dissertation showed that a classical explanation was 
untenable but it only gave a “first overview on the possibility” of a 
quantum-theoretical explanation.84

To save the correspondence approach, Franck developed “a new, 
very plausible conception,” as Hund noted into his diary, “in keep-

20. Hund’s scientific diary 20 October 1922 (Hund Papers). For Hund’s estimate see 
Hund (1922), p. 44.
ai.Hund (1922), p. 44.
22. Hund (1922), p. 42.
23. Hund’s scientific diary 24 October 1922, Hund Papers.
24. See Born’s evaluation of Hund’s dissertation in the Promotionszulassungen der 
mathematisch-naturwissenschaftlichen Fakultät, UAG. 
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ing with the correspondence principle.”85 In doing so Franck pro
posed a quantum-theoretical descriptions of scattering that was 
built on the idea of transitions between different states but did not 
involve the classical description of scattering. This new interpreta
tion extended Bohr’s way of thinking about the correspondence 
principle and the quantum-classical divide. According to Bohr, the 
classical description of radiation and its quantum-theoretical coun
terpart were irrevocably divided. This conceptual divide, Bohr had 
stressed time and again, was not overcome by the correspondence 
principle, which expressed a formal analogy between the conceptu
ally distinct theories. Trying to resolve Hund’s counter argument, 
Franck adopted a similar point of view. He stressed that the ob
served spectrum was a manifestation of a quantum process and had 
to be described in quantum terms. The classical spectrum of the 
correspondence approach only provided an approximate represen
tation of the observed spectrum in the absence of a detailed quan
tum description. This did not mean, however, that the underlying 
classical and quantum processes were connected on a conceptual 
level.86

25. Hund’s scientific diary 29 October 1922, Hund Papers.
26. Hund (1923), p. 254.
27. Hund (1923), p. 262, emphasis in the original.

Decoupling the classical from the quantum-theoretical spectrum 
in this way, Franck extended the divide. The classical description of 
scattering, he assumed, had nothing to do with the actual motion. 
In a future quantum theory, this motion would be described as a 
transition process from one straight line to another and the atomic 
force field no longer curved the path of the electron but created a 
probability for the transition:

During the collision of an electron with an atom a transition probability 
is created under the influence of the atomic force field [for a transi
tion] from a straight orbit, on which the electron arrives, to another 
orbit of lower energy. The new orbit also is a straight line.87

In this new description the correspondence principle could be ap
plied without running into Hund’s counterargument. The classical 25 26 27 
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trajectory of the electron was no longer part of the new quantum 
description and therefore the association of the spectral frequencies 
with the angles of deflection was no longer in play. Instead the 
deflection of the electrons into various angles was governed by a 
probability distribution, for which the classical spectrum provided 
a first approximation.

While they recognized that the new description led to additional 
problems/8 Franck’s and Hund’s work came to a close with Franck’s 
new conception of scattering. Their work was received quite posi
tively within the quantum community. Kramers hoped that Franck’s 
“nice idea, that radiationless collision means interactionless colli
sion in general, should be confirmed,”89 while Bohr took it as an
other sign of the inadequacy of a spatio-temporal description of 
transition processes.3“ A constructive effort to develop a quantum 
theory of scattering, however, was only undertaken by Born and 
Jordan in the summer of 1925. While Heisenberg and the Copenha
gen community worked on the sharpening of the correspondence 
principle in spectroscopy and ended up with Umdeutung, Born and 
Jordan followed up on the correspondence approach to scattering 
and formulated an account of aperiodic processes and a general 
“correspondence principle of motion.”28 29 30 31

28. Observing that the intensity remained finite for zero-frequency radiation, Hund 
realized that the transition probability became infinite. Thereby he encountered the 
infrared divergence for the first time. The issue was resolved by Born’s new assistant, 
Werner Heisenberg, who suggested that electrons could radiate infinitely many 
times for frequency zero during one transition. Both the problem and its solution 
were ahead of their time; they only became important in the development of QED. 
See Blum (2014).
29. Kramers to Franck 8 January 1923, Franck Papers, Box 4, Folder 9.
30. Darrigol (1992), p. 251.
31. Born and Jordan (1925).

4. Conclusion

Franck’s and Hund’s work on scattering was peripheral for the de
velopment of matrix mechanics or a successful quantum theory of 
collision processes. Nonetheless, their work is highly significant for 
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understanding the correspondence principle and its practice. It il
lustrates how the principle was dispersed and adapted within the 
old quantum theory: Driven by the challenging problems rather 
than a search for an overarching quantum theory, Franck and Hund 
- and with them many other physicists - integrated the principle 
into their research. They recognized the principle as a resource for 
the solution of their problems and adopted it as a research tool. The 
core of this tool - the connection of the Fourier-series of the radiat
ing system with the emitted spectrum - was immensely stable and at 
the same time flexible enough to be extended to phenomena as di
verse as spectroscopy, dispersion and scattering.

Dealing with these phenomena and physical models, which were 
vastly different from the Bohr model and atomic spectra, did not 
allow physicists to work with the principle as a ready-made tool in 
its proper context. Rather, practising the correspondence principle 
meant adapting it to the structure of the problems at hand. Whether 
physicists attempted to account for isolated problems or whether 
they tried to develop a new theory like matrix mechanics, this pro
cess of adaptive reformulation played an important role. In the long 
run, it led to a new understanding of challenging phenomena and a 
“sharpening” of the correspondence principle.
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Abstract

The explanation of the Stark effect in hydrogen, the 
splitting of the Balmer lines in an external electric field, 
was a major success of the old quantum theory of Bohr 
and Sommerfeld. Borrowing techniques from celestial 
mechanics, Epstein and Schwarzschild found frequen
cies for the Stark effect components of these lines that 
were in excellent agreement with Stark’s experimental 
data. Using Bohr’s correspondence principle, Kramers 
found the correct polarizations for these components 
and intensities that agreed, at least qualitatively, with 
the data. Shortly after the arrival of wave mechanics, 
Schrödinger and Epstein treated the Stark effect on the 
basis of the new theory. The two theories agree on the 
polarizations and, at least to first order in the strength 
of the external field, on the frequencies, but not on the 
intensities, where the new theory was soon found to be 
in reasonable quantitative agreement with new and 
better data. More importantly, the new theory elimi
nated the need for some additional assumptions that 
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had to be made in the old theory. Furthermore, al
though this was not explicitly noted at the time, the 
new theory solved a fundamental problem in the old 
quantum theory that manifested itself glaringly in the 
Stark effect: it depends on the coordinates in which the 
quantum conditions are imposed which orbits are al
lowed. In the new theory, this worrisome non-unique- 
ness of orbits turns into the completely innocuous non
uniqueness of bases of eigenfunctions.

Key words: Stark effect; Bohr-Sommerfeld theory; 
Hamilton-Jacobi theory; wave mechanics; Epstein; 
Kramers; Schrödinger.

1. Introduction

In 1913, the same year that Niels Bohr proposed his model of the 
hydrogen atom and showed that it correctly reproduces the fre
quencies of the lines of the Balmer series in the hydrogen spectrum, 
Johannes Stark published his detailed measurements of the split
ting of these spectral lines when a hydrogen atom is placed in an 
external electric field.1 2 The Stark effect, as it quickly came to be 
called, the splitting of spectral lines by electric fields, is the electric 
analogue of the Zeeman effect, the splitting of spectral lines by 
magnetic fields, discovered by Pieter Zeeman in 1896.“ Stark re
called that at a dinner party at Heike Kamerlingh Onnes’s house 
during a visit to Leyden shortly after he discovered the effect, the 
hostess was seated right between Zeeman and himself. This prompt
ed a risqué joke on the part of another dinner guest, Paul Ehrenfest, 
who quipped: “Well, Mrs. Onnes, now you have a choice: do you 
want to be split electrically or magnetically?”3

1. Bohr (1913), Stark (1913a).
2. Kox (1997).
3. Hermann (1965b), p. 13.

Both splittings won their discoverers a Nobel Prize, Zeeman in 
1902, Stark in 1919. In the case of the Zeeman effect, Zeeman shared 
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the award with Hendrik Antoon Lorentz, whose electron theory 
could account for Zeeman’s original findings though not for the 
more complicated manifestations of the effect found in subsequent 
years. Stark won his Nobel Prize alone, even though the Italian ex
perimentalist Antonino Lo Surdo could claim to have found the 
Stark effect independently.4 Three years before Stark won the Nobel 
Prize, Paul Epstein and Karl Schwarzschild showed that the effect 
could be accounted for on the basis of Arnold Sommerfeld’s exten
sion of Bohr’s theory.5 Although Stark did not share his Nobel Prize 
with any of these theorists either, part of the significance of the 
Stark effect was undoubtedly that it supported the Bohr-Sommer- 
feld theory. Stark, however, was a staunch opponent of the theory 
and actually spent part of his Nobel lecture railing against it.6 We 
will draw the veil of charity over this sad production and focus in
stead on Epstein and Schwarzschild.

4. See Leone, Paolette and Robotti (2004) for discussion of this case of simultaneous 
discovery. Lo Surdo only realized after he read a short note in Nature in which Stark 
(1913b) announced his discovery that he had been seeing the same effect. Lo Surdo’s 
colleague, the Italian spectroscopist Antonio Garbasso, suggested that the effect be 
called the “Stark-Lo Surdo phenomenon.” Stark vehemently opposed this suggestion 
and the name did not catch on (Leone, Paolette and Robotti, 2004, pp. 281-283).
5. Epstein (1916a,b), Schwarzschild (1916), Sommerfeld (1915a,b). For historical 
discussion, see Kragh (2012), pp. 154-156, and Eckert (2013a), sec. 4.2, pp. 44-48.
6-Kragh (2012), pp. 127-128, pp. 168-169. As is well-known, Stark later became a 
strong supporter of the Nazi movement in Germany. Lo Surdo likewise became a 
strong supporter of the fascist movement in Italy (Leone, Paolette and Robotti, 2004, 
p. 291).

Not coincidentally, as we will see, Epstein, a Polish-born Russian 
citizen who had come to Munich in 1910 and taken his doctorate 
with Sommerfeld in 1914, and Schwarzschild, director of the Astro- 
physical Observatory in Potsdam, arrived at virtually identical ac
counts of the Stark effect at almost exactly the same time. Using 
Sommerfeld’s extension of Bohr’s theory, especially the notion of 
(as we would now call it) degeneracy that came with the introduc
tion of multiple quantum numbers, and some powerful techniques 
from celestial mechanics, they derived the energy levels for a hydro
gen atom in an electric field to first order in the field strength, exam- 
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ined the transitions between these energy levels, and found what 
most experts, pace Stark, considered excellent agreement with 
Stark’s spectroscopic data.

This explanation of the (first-order) Stark effect was hailed, both 
at the time and by later commentators,7 as one of the signature 
achievements of the old quantum theory of Bohr and Sommerfeld. 
As Epstein put it in the concluding paragraph of the short note in 
which he first announced his explanation of the Stark effect:

7. See, e.g., Jammer (1966), pp. 108-109, and Pais (1991), p. 183.
8. Epstein (1916a), p. 150; translation following Jammer (1966), p. 108.
9. Sommerfeld (1919).
10. Eckert (2013b).
11. Kramers (1919).
12. Sommerfeld (1919), pp. 457-458.

We believe that the reported results prove the correctness of Bohr’s 
atomic model with such striking evidence that even our conservative 
colleagues cannot deny its cogency. It seems that the potential of the 
quantum theory in its application to this model is almost miraculous 
and far from being exhausted.8

Sommerfeld went even further. By the time he published the first 
edition of Atombau und Spektrallinien,9 10 which was to become the “Bi
ble” of the old quantum theory,“ Hendrik A. (Hans) Kramers, 
Bohr’s right-hand man in Copenhagen, had shown in his disserta
tion that, with the help of Bohr’s correspondence principle, the 
Bohr-Sommerfeld theory could also account for the polarization 
and, at least qualitatively, the intensities of the various components 
into which an electric field splits the Balmer lines.11 12 Sommerfeld 
ended the final chapter of his book with a section on the work of 
Epstein, Schwarzschild, and Kramers on the Stark effect and 
confidently concluded that “the theory of the Zeeman effect and 
especially the theory of the Stark effect belong to the most impres
sive achievements of our field and form a beautiful capstone on the 
edifice of atomic physics.”'Tn the next and final paragraph of the 
book, he suggested that the building of atomic physics was now es
sentially complete and prophesized that a “proud new wing” for 
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nuclear physics, built on the same plan as the “edifice of atomic 
physics,” would soon be added.13

13. Sommerfeld (1919), p. 458. For discussion of Sommerfeld’s Munich school in theo
retical physics, see Eckert (1993,2013c), Seth (2010), and Schweber (2012), Ch. 3.
14. Jammer (1966), p. 109.
15. Schrödinger (1926), Epstein (1926). Schrodinger’s notes and calculations for his 
paper can be found on reels 40 and 41 of the microfilms of the Archive for History of 
Quantum Physics (AH QP).
16. See Condon and Shortley (1963), pp. 400-402, for references to the experimental 
literature of the late 1920s.

Within a few years, it was recognized that Sommerfeld’s procla
mation of success had been premature. The Zeeman effect turned 
out to be one of the most thorny problems facing the Bohr-Som- 
merfeld theory. The theory performed much better in the case of the 
Stark effect. In hindsight, it is clear that this is mainly because the 
Stark effect, unlike the Zeeman effect, does not involve spin, at least 
not in the regime of electric fields used by Stark.14 Yet, as we will 
show in this paper, the old quantum theory’s treatment of the Stark 
effect also had its share of problems, especially compared to the way 
the effect is handled in wave mechanics.

Shortly after the advent of wave mechanics and independently of 
one another, Erwin Schrödinger and Epstein, who had meanwhile 
moved from Munich to Pasadena, applied the new theory to the 
Stark effect.15 To first order in the strength of the electric field, wave 
mechanics gives the same splittings of the energy levels as the old 
quantum theory. However, whereas the old quantum theory required 
some ultimately arbitrary selection rules in addition to the basic 
quantum conditions to restrict the allowed energy levels and the al
lowed transitions between them to eliminate some pathological or
bits and to match the experimental data, the new theory gives the 
correct energy levels and transitions without any further assump
tions. Wave mechanics also predicts the polarizations and intensities 
of the various components without any appeal to the correspond
ence principle. The wave-mechanical values for the intensities 
differed from those calculated by Kramers on the basis of the 
correspondence principle and were soon found to be in satisfactory, 
if not perfect, quantitative agreement with new experimental data.16
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Schrödinger and Epstein both emphasized these two advantages 
of their new explanation of the Stark effect.17 Neither of them, how
ever, commented on another advantage, the solution offered by 
wave mechanics of a more fundamental problem in the old quan
tum theory’s account of the Stark effect. Both Schwarzschild and 
Epstein in 1916 and Schrödinger and Epstein in 1926 used para
bolic coordinates to find the allowed energy levels of a hydrogen 
atom in an electric field. In the old quantum theory, one would ex
pect that, if the electric field is set to zero, the orbits in parabolic 
coordinates reduce to those readily found in polar coordinates for 
the case without an external electric field. However, even though 
the energy levels of the orbits are the same in the two coordinate 
systems, the actual orbits are not. Both Epstein and Sommerfeld 
dutifully recorded this problem and offered a rather unrealistic sug
gestion as to how it might be solved.18 Bohr also emphasized that 
which orbits are allowed in the old quantum theory depends on the 
coordinates in which the quantum conditions are imposed. He sug
gested, however, that this was a virtue rather than a liability of the 
theory.19 We side with Sommerfeld and with Epstein in particular, 
who clearly recognized it as a liability. In wave mechanics, as we will 
see, the worrisome non-uniqueness of orbits turns into the com
pletely innocuous non-uniqueness of bases of eigenfunctions in de
generate systems. The old quantum theory’s account of the Stark 
effect thus illustrates graphically one of that theory’s most problem

17. In the conclusion of his paper, Epstein (1926), p. 710, wrote that the agreement of 
the intensities he had calculated on the basis of wave mechanics with Stark’s data was 
“fair and decidedly better than that obtained from Bohr’s correspondence principle 
in Kramers’ work.” Both Epstein’s calculations and some of Stark’s data, however, 
turned out to be wrong (see note 98 and 129). Gordon and Minkowski (1929) showed 
that, once corrected, Epstein’s calculations give the same results as Schrodinger’s. 
These results agreed with the measurements of Foster and Chalk (1926,1928), which 
deviated from the intensities reported by Stark, especially in the case of the first two 
lines of the Balmer series, Ha and Hp.
18. Epstein (1916b), p. 507; Sommerfeld (1919), pp. 502-503.
19. Bohr (1918), pp. 20-23.
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atic features, a feature eliminated in the transition to modern quan
tum mechanics, namely the notion that electrons and other particles 
have well-defined trajectories.

2. The Stark effect in the old quantum theory

Shortly after the discovery of the Zeeman effect, the Göttingen the
oretical physicist Woldemar Voigt started to look into the theoreti
cal possibility of an electric analogue of the effect.80 From 1900 to 
1906, Stark worked in Göttingen, in the same institute as Voigt. 
During those years he began a series of experiments to measure the 
effect of an external electric field on the spectra of (mainly) hydro
gen and helium. His efforts finally bore fruit in 1913 in Aachen, 
where he had been appointed professor at the Technische Hochschule in 
1909. Stark found that spectral lines emitted by hydrogen and heli
um split into a number of lines when an electric field is applied. In 
a series of papers published in 1914, Stark (and his co-authors 
Georg Wendt and Heinrich Kirschbaum) presented more detailed 
measurements of the effect in hydrogen, helium, and other ele
ments.81 Like the magnetic field in the case of the Zeeman effect, the 
electric field typically turned spectral lines into multiplets with 
more than three components. Voigt’s theory, like Lorentz’s classical 
theory for the “normal” Zeeman effect, could only account for a 
splitting into three components. Moreover, unlike Lorentz’s theory, 
Voigt’s theory gave the wrong values for the frequencies of these 
components. So did a classical theory by Schwarzschild88 based on 
an analogy that he would put to better use two years later between 
the perturbation of an electron orbit by an electric field and the 
perturbation of a planetary orbit by a large but distant mass.83 Early 
attempts to account for the Stark effect in hydrogen on the basis of 
Bohr’s new quantum model of the hydrogen atom, by Emil War-

20. Hermann (1965a), Leone, Paolette and Robotti (2004), Kox (2013).
21. See the bibliography of Mehra and Rechenberg (1982) for detailed references.
22. Schwarzschild (1914).
23. Eckert (2013a), p. 47.
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bürg and Bohr himself, did not fare much better.84 As one commen
tator notes: “Precondition for a successful treatment [of the Stark 
effect] was the extension of Bohr’s idea by Sommerfeld: the addi
tion of elliptical orbits to the circular orbits of atomic electrons.”85

24-Hermann (1965a), pp. 15-16; Kragh (2012), pp. 128-129; Eckert (2013a), pp. 
18-20, pp. 26-27. See Darrigol (1992), pp. 90-92, for discussion of Bohr’s attempt.
25. Hermann (1965a), p. 16.
26. Sommerfeld (1915a), p. 450.
27. For brief overviews of this development, see, e.g., Eckert (2013c), sec. 7.4, and 
Kragh (2012), secs. 4.2-4.4.
28. Eckert (2013b), p. 32. Just adding elliptical orbits to circular orbits with discrete 
energies picked out by one quantum number gives a continuous set of orbits and 
does not provide a basis for an account of the discrete line splittings in the Stark 
effect.

Discrete sets of orbits, circular or elliptical, in and of themselves 
do not provide any new resources for the analysis of line splittings 
in electric and magnetic fields. An external field will affect the en
ergy of the orbits. If the change in energy of one orbit is different 
from that of another, this will also change the frequency of the light 
emitted in a quantum jump from one to the other. So spectral lines 
would shift. But how would we explain that they split? Our only op
tion, it seems, would be to establish that the effect of an external 
field on the energy of an orbit depends in just the right ways on the 
orientation of the orbit with respect to the field. Since the orbits in 
a gas of atoms will have different orientations with respect to the 
field, we could then use such dependence to explain the splitting of 
the spectral lines. It is unclear, however, whether that dependence 
would give us discrete multiplets or just a blurring of the spectral 
lines. In fact, Sommerfeld expected that this approach could only 
provide a natural explanation of triplets, as in Lorentz’s classical 
explanation of the Zeeman effect.86

Sommerfeld’s extension of Bohr’s model,87 by contrast, suggest
ed a whole new kind of explanation of line splittings. The impor
tance of the generalization from a discrete set of circular orbits to a 
discrete set of elliptical orbits in this context is that the latter require 
two quantum numbers whereas the former only required one.88 Som
merfeld thereby introduced the key notion of degeneracy, to use the
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modern term. The discrete set of allowed Kepler ellipses correspond 
to the exact same set of energy values as the original discrete set of 
allowed circular orbits, but the way in which these energy values 
and thus the transition frequencies are determined by quantum 
numbers is different in the two cases.

For circular orbits, the allowed energy levels are given by89

29. Bohr (1913). Here and in the rest of the paper we use our own modernized nota
tion.
30. Sommerfeld (1915a), p. 439.

(1)

where h is Planck’s constant, R is the Rydberg constant, and n is a 
non-negative integer. The frequency of the radiation emitted 
when an electron jumps from an initial orbit with quantum number 
n, to a final orbit with quantum number nf <nf is given by 
hv„.^„f= E„.~ E„f. Bohr thus arrived at the following formula for the 
frequencies of the spectral lines in hydrogen:

The well-known Balmer lines in the visible region of the spectrum 
are the ones for which nf = 2. The most striking success of Bohr’s 
model was that the Rydberg constant could be expressed in terms 
of more fundamental constants:

(3)

where p and -e are the (reduced) mass and charge of the electron, 
respectively.

For a discrete set of elliptical orbits, Sommerfeld showed, Eq. (1) 
gets replaced by3°

E(nr,nr)
hR

(nr + nY)2’ (4)
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where the radial quantum number n,. is a non-negative integer and 
the azimuthal quantum number nv is a positive integer. Eq. (2) ac
cordingly gets replaced by

(5)

where (/?,. + > (/-/, + n^f. Sommerfeld found that, unless he quan
tized eccentricity as well as angular momentum, he did not get a 
discrete set of energy values for the allowed elliptical orbits. Com
menting on Eq. (5), he wrote:

With the addition of our quantized elliptical orbits, the [Balmer] se
ries has gained nothing in terms of number of lines and lost nothing 
in terms of sharpness. Instead of the diffuse bands discussed earlier 
[before eccentricity was quantized] we once again have the discrete 
Balmer lines, but now with an extraordinarily increased multiplicity 
of ways in which they can be generated.31 32

31. Sommerfeld (1915a), p. 440.
32. Sommerfeld (1915b). This paper was presented in January 1916 but was still in
cluded in the proceedings volume for 1915.
33. Eckert (2013a), pp. 49-51.
34. Eckert (2013a), p. 33.

Sommerfeld only found new lines when he solved the Kepler prob
lem relativistically in the next paper he presented to the Munich 
Academy.38 The fine structure of the hydrogen spectrum predicted 
by this relativistic calculation was confirmed within a few months 
by the Tübingen spectroscopist Friedrich Paschen in close consulta
tion with Sommerfeld.33 Compared to this triumph, the non-rclativ- 
istic treatment of the Kepler problem was disappointing:

As long as Sommerfeld could not produce any tangible evidence [i.e., 
new lines] for the generalized Balmer formula [Eq. (5)], his theory 
compared to Bohr’s atomic model had to appear as a very interesting 
but basically unnecessary extension.34
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As Sommerfeld clearly realized, however, and as Michael Eckert 
proceeds to show, the extension from circular to elliptic orbits was 
of great importance even in the absence of “tangible evidence” de
ciding between Eq. (2) and Eq. (5).

Since the various energy levels in a hydrogen atom could be real
ized in many more ways with Sommerfeld’s ellipses than with Bohr’s 
circles, Sommerfeld’s theory provided a brand new tool for attempts 
to account for the Stark and Zeeman effects. The notion of degen
eracy, which Sommerfeld in effect introduced by replacing Eq. (1) 
with Eq. (4), suggested that one try to explain these effects by show
ing that electric and magnetic fields lift the degeneracy in the energy 
of the orbits in just the right way. After all, an aggregate of hydro
gen atoms with electrons jumping between all these different al
lowed elliptic orbits should be expected to start emitting light at 
many more frequencies than those given by the Balmer series as 
soon as an electric or a magnetic field changes the energies of those 
orbits and changes them in a way that is different from one orbit to 
another so that the radiation frequencies corresponding to transi
tions between orbits also change. Hence, even in the absence of 
“tangible evidence,” Sommerfeld’s generalization from circular to 
elliptic orbits had great heuristic potential.

Sommerfeld emphasized this potential in a section of his paper 
devoted to the Stark effect.35 Although he acknowledged that a de
tailed theory of how the electric field lifts the degeneracy in this case 
had yet to be developed, he pointed to the large number of lines that 
Stark had found and argued that this made the approach he was 
proposing especially promising. “The hour has come for a true theo
ry of the Zeeman effect,” he enthusiastically wrote to Wilhelm Wien 
on 31 December 1915,36 a few weeks after submitting the first and a 
few weeks before submitting the second paper on his extension of 
Bohr’s theory to the Munich Academy. Sommerfeld turned out to be 
wrong about the Zeeman effect, but right about the Stark effect. By 
the end of March 1916, Epstein and Schwarzschild had worked out 
a theory of the Stark effect exploiting his notion of degeneracy.

35. Sommerfeld (1915a), pp. 449-451.
36. Quoted in Eckert (2013a), p. 44.
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The other key insight that made it possible to account for the 
Stark effect was Schwarzschild’s realization that the quantum con
ditions proposed by Sommerfeld could be connected to action-an
gle variables and Hamilton-Jacobi theory, both of which Schwarz
schild was intimately familiar with because of his expertise in 
celestial mechanics.

Drawing on Max Planck’s idea of quantizing the phase space 
spanned by a coordinate q and its associated momentum p, Som
merfeld had quantized what he called the “phase integral” for peri
odic systems, initially for systems with only one degree of freedom,37

37. Sommerfeld (1915a), p. 429.

p dq = nh. (6)

The integral is to be taken over one period of the motion. The quan
tum number n has to be a non-negative integer. In this way Som
merfeld could recover, in just a few lines and in a unified manner, 
both the quantization of the energy of the harmonic oscillator need
ed in black-body radiation theory and the quantization of angular 
momentum in the Bohr model of the hydrogen atom.

Consider a harmonic oscillator, a point mass m on a spring with 
spring constant k. The characteristic angular frequency of this sys
tem is co =2m’ = yjk/m. The trajectory of the point mass in the phase 
space spanned by its position q and its momentump is an ellipse the 
size of which is determined by the energy E = p2!(2m) + kq2!2. Using 
that p = \l2mE for q = 0 and that q = \j2Elk for p = 0, we see that the 
major and minor semi-axes, c/m;l|or and dminor, of this ellipse are \l2mE 
and \l2Elk, respectively. The phase integral over one period of the 
motion is equal to the area of this ellipse, ^dmajordminor. Sommerfeld’s 
phase integral quantization condition (6) thus gives

pdq = 7i\/‘2mEy/‘2E/k = 2tvE \/ m/k = E/u = nh,

which is the familiar quantization condition E = nhv for the energy 
of the harmonic oscillator.
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In the first installment of his famous trilogy,38 Bohr had similarly 
quantized the total energy E of an electron in a hydrogen atom 
to select its allowed circular orbits (with radii r„ and orbital frequen
cies v„): \E\ = Eki„ = nhvjl.39 The relation between the kinetic energy, 
Ekm = of an electron in the nth orbit (n =1. 2, 3, ... )

38. Bohr (1913).
39. The virial theorem says that, for a 1/r Coulomb potential, Ekin = -yrpot, where Ekin 
and /.piot are the average kinetic and potential energies. For circular orbits, Ekin and /'.pot 
are constant so it follows from the virial theorem that Ekin = - yrpot. From E = Ekin + Epot, 
it then follows that E = -E^.
40. Bohr (1913), p. 15. For discussion, see Heilbron and Kuhn (1969), p. 280.
41. Sommerfeld (1915a), pp. 432-440.
42. Sommerfeld (1915b).

and its angular momentum, L = in that orbit is simply
L = E^Jm’„. Bohr could thus rewrite the quantization condition as 
L = nh, where h = /z/2^.4°When (p. t/) are chosen as (/., <p), where <p is 
one of the polar coordinates (r, <p), Sommerfeld’s phase integral 
quantization condition (6) reproduces Bohr’s quantization condi
tion in the form L = nh-.

/ L dp = 2tvL = nh.
Jo

Note, however, that we need to add to Sommerfeld’s quantum con
dition (6) in this case that n 0. There cannot be an orbit with van
ishing angular momentum.

Since the Kepler problem involves two degrees of freedom, two 
phase integrals need to be quantized for the generalization from a 
discrete set of circular orbits to a discrete set of elliptical orbits.41 42 
Solving the Kepler problem in polar coordinates, Sommerfeld ar
rived at the quantum numbers nv and nr given in Eq. (4):

l„,dr = n,K (7)

with pv = L and the additional condition nv 0 (cf. Eq. (4)). Som
merfeld then applied this same approach to the relativistic Kepler 
problem.48 As he told Schwarzschild in a letter of 28 December 
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1915, he was “moving full steam ahead on spectral lines, with fairy
tale results.”43

43. Eckert (2013a), p. 29.
44. This letter is quoted in full in Eckert (2013a), pp. 44-45. See also Eckert (2014), 
p. 151.

Two months later, on 1 March 1916, Schwarzschild sent Som
merfeld a letter in which he made the connection between phase 
integrals such as those in Eqs. (6)-(7) and action-angle variables.44 
Consider Hamilton’s equations for some multiply-periodic system 
with Hamiltonian H described in terms of generalized coordinates 
qk and their conjugate momenta pk:

One way to solve these equations is to perform a canonical transfor
mation to new variables, called action-angle variables and typically 
denoted by J and w, that have the desirable property that the Ham
iltonian, written as a function of the new variables, only depends on 
the new momenta, the action variables Jk, and not on the new coor
dinates, the angle variables wk. A generating function S(qk. Jk), which 
is known as Hamilton’s principal function and turns out to be equal 
to the action integral for the system, is used to implement the trans
formation (cp.p^) ()vkJky.

(9)

In action-angle variables, Hamilton’s equations have the simple 
form: 

(10)

where the iy’s are the characteristic frequencies of the system. The 
equations for d>k allow us to find these characteristic frequencies 
without fully solving the equations of motion. This explains much 
of the appeal of action-angle variables in celestial mechanics. Eqs. 
(10) can readily be solved. The hard part is finding the generating 
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function that gets us from Eqs. (8) to Eqs. (10). This re
quires the solution of the so-called Hamilton-Jacobi equation for 
the system, which we obtain by making the substitutions

as

(see Eq. (9)) in the Hamiltonian and setting the result equal 
to some constant.45

45. For further discussion of canonical transformations, action-angle variables, and 
Hamilton-Jacobi theory, we refer the reader to graduate textbooks in classical me
chanics such as Goldstein et al. (2002), Matzner and Shepley (1991) and Corben and 
Stehle (1994). For an insightful discussion of the use of these techniques in the old 
quantum theory and wave mechanics, see Yourgrau and Mandelstam (1979), Chs. 
10-11, pp. 97-126. See also Michiyo Nakane’s contribution to this volume.
46. That this is true, for instance, in the case of the phase integrals in Eqs. (7), is be
cause the Hamilton-Jacobi equation for the non-relativistic treatment of an electron 
orbiting the nucleus in a hydrogen atom is separable in polar coordinates (see the 
paragraph following Eq. (16) for a definition of the notion of separability of the 
Hamilton-Jacobi equation).
47. Eckert (2013a), p. 45.

The equations for Jk in Eqs. (10) tell us that the action variables 
Jk are constants of the motion. This makes them suitable candidates 
to subject to quantum conditions. In fact, what Schwarzschild 
pointed out to Sommerfeld was precisely that his phase integrals 
can be seen as action variables.46 Sommerfeld’s quantization condi
tions can be written as:

Jk = J Pk dqk = J = nkh. (11)

As Schwarzschild told Sommerfeld, it was only after he had cast the 
quantization conditions in this new form that they had become tru
ly compelling for him. He added that they now also provided a 
definite point of departure for the treatment of the Stark effect and 
the Zeeman effect. “There are violins hanging all over the quantum 
heavens,” he rhapsodized in another letter to Sommerfeld four days 
later.47
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Given how important we now know these techniques from celes
tial mechanics were for the development of the Bohr-Sommerfeld 
theory, Sommerfeld’s reaction to Schwarzschild’s communication 
may come as a surprise. In his reply of 9 March 1916, he admitted 
that he was unfamiliar with the techniques Schwarzschild was refer
ring to and that this would probably be true for most physicists.48 
Sommerfeld, however, immediately recognized the importance of 
Schwarzschild’s intelligence. He relayed the information to Ep
stein, now an enemy alien in wartime Munich, who, at Sommer
feld’s suggestion, had taken up the problem of the Stark effect for a 
habilitation thesis. In his interview for the Archiv efor History of Quan
tum Physics (AHQP) in 1963, Epstein recalled the sinking feeling he 
had upon hearing that Schwarzschild had resumed work on the 
Stark effect: “Now I have no prospects unless Schwarzschild should 
go to Heaven.”49 Epstein would obviously have preferred Schwarzs
child to fiddle with another problem in his quantum heaven, but he 
may not have known back in March 1916 that Schwarzschild had 
contracted pemphigus while serving on the Russian front, an auto
immune disease causing painful blisters on the skin that would kill 
him only two months later.

48. Eckert (2013a), p. 46.
49. AHQP interview with Epstein, session 1, p. 11, quoted by Mehra and Rechen- 
berg (1982), p. 225, note 355).
50. Eckert (2013a), p. 47.
51. Epstein (1916a), Schwarzschild (1916).

Whether or not he was aware of his rival’s predicament, Epstein 
understood that there was no time to lose if he wanted to beat 
Schwarzschild to the punch. Fortunately, inspired perhaps by 
Schwarzschild’s 1914 paper on the Stark effect, Epstein had already 
begun to bone up on celestial mechanics. On 21 March 1916, he 
handed in his solution for the Stark effect to Sommerfeld. Later that 
same day, Sommerfeld received a letter from Schwarzschild with a 
virtually identical solution.50

Epstein submitted a preliminary note to Physikalische Zeitschrift cm 
29 March 1916, the day before Schwarzschild submitted his paper 
to the Berlin Academy.51 Epstein’s note appeared on 15 April 1916, 
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Schwarzschild’s on 11 May 1916.52 53 54 5S Schwarzschild died that same 
day. He was only 42 years old. In a popular article published later 
that year, “The quantum theory of spectral lines and the last paper 
of Karl Schwarzschild,” Sommerfeld highlighted and praised 
Schwarzschild’s contributions to the old quantum theory.53

52. Mehra and Rechenberg (1982), p. 225.
53. Sommerfeld (1916).
54. Epstein (1916b).
55. Kramers (1919), pp. 16-18.

A few days before Schwarzschild “went to Heaven,” Epstein sub
mitted a lengthy paper with the details of his explanation of the 
Stark effect to Annalen der Physik.This paper appeared in July 1916. 
In what follows, we present the derivation of the formula for the 
energy levels in the (first-order) Stark effect in the form in which it 
appears in the dissertation by Kramers.55 Kramers cites Epstein’s 
Annalenpaper as his source.

2.1. Solving the Hamilton-Jacobi equation to find the line splittings in the 
Stark effect in hydrogen

In Cartesian coordinates (x, y z), the Hamiltonian for an electron in 
a hydrogen atom in an external electric field E in the z-direction is 
given by (in Gaussian units):

H = f-e-+£z, (12)
2/j, r

where p1 = pp + pp + pp, with (px, pv pP) the components of the mo
mentum p, and r = Vx2 + y2 + z2. The external electric field applied by 
Stark was weak compared to that of the hydrogen nucleus keeping 
the electron in orbit, which means that it can be treated as a small 
perturbation, amenable to the standard techniques of canonical 
perturbation theory borrowed from celestial mechanics.

However, in this case these techniques could not be used in ei
ther Cartesian or polar coordinates. Instead, both Epstein and 
Schwarzschild used parabolic coordinates (fi, q, fi), related to (x, y, z) 
via
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= X + » = r = <±7

where we followed Kramers rather than Epstein.56 In parabolic co
ordinates, the Hamiltonian in Eq. (12) is given by:

56. Kramers (1919), p. 17, Eq. 43; Epstein (1916b), p. 495, Eqs. 19-20. See Fig. 1, Eqs. 
(2)-(4) and note 2 in Duncan and Janssen (2014) for more detailed discussion of the 
difference between Epstein’s and Kramers’ definitions of the coordinates (<f. //. <p).
57. It had long been known that the corresponding problem in celestial mechanics,

H=h } - rG +

where (p(, p,,, are the momenta conjugate to (£ //, <p). In the old 
quantum theory, as in classical mechanics, p(&( = &<? and 
ppnPt! = VPv2 ■ It is with malice aforethought that we wrote these prod
ucts the way we did in Eq. (13): in wave mechanics p« is replaced by 
a differential operator, (7?/z) dld£, that does not commute with multi
plication by £

Setting H = a1; where aT is some negative constant giving the en
ergy of the system, multiplying both sides by 2p(<^ + //), using that

^7^ = 7 + -, + =<2-^?2, (14)

and making the substitutions

we arrive at the Hamilton-Jacobi equation for this system in para
bolic coordinates:

45(© +4ri(S) + G + G O = w+^i.cie)

At this point, the reason for using parabolic coordinates becomes 
clear: the Hamilton-Jacobi equation is separable in these coordinates, 
which means that its solution is the sum of three terms that each 
depend only on one of the three coordinates:57
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5'«,f?w) = S'e«) + S'„(f?) + ^M- (17)

the motion of a body attracted by two other bodies one of which has a very large 
mass and is at a very large distance, is separable in parabolic coordinates. This is 
noted, for instance, in Bohr (1918), pp. 20-21.
58. See Sec. 2 of Duncan and Janssen (2014) for a detailed self-contained version of 
the derivation only sketched here.
59. Einstein (1917). “In spite of its general and novel approach, Einstein’s paper was 
ignored by most” (Einstein, 1987-2012, Vol. 6, p. xxv).

S?(</>) can simply be set equal to a3q>. Hence,

(18)

When a3 is substituted for dSIdqt = dS^dcp in Eq. (16), the equation 
splits into a part depending only on g and a part depending only on 
//. Since the sum of these two parts must vanish, the two parts them
selves must be equal but opposite constants. Denoting these con
stants by =F2a2, we can schematically write the Hamilton-Jacobi 
equation (16) as* 58

Terms with —J, «i, a3 depending on £ + Terms with —cv3 depending on r/ = 0, 
dr]

' '(19)

which splits into separate equations for S) and Sq of the form

(r), 04, 04,04). (20)

We now impose the Sommerfeld-Schwarzschild quantum condi
tions (11). So far, it may have looked as if we could impose these 
conditions in arbitrary coordinates. It turns out, however, that the 
conditions can only be imposed consistently in coordinates in which 
the Hamilton-Jacobi equation for the system under consideration is 
separable. As Albert Einstein pointed out, in a paper that did not 
attract much attention at the time,59 this amounts to a severe limita
tion of the formalism of the Bohr-Sommerfeld theory, over and 
above its restriction to multiply-periodic systems, as there are many

— = u«, 04,04, 04),
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systems for which the Hamilton-Jacobi equation is not separable in 
any coordinates. The formalism, however, does work for the case at 
hand. Introducing the notation L. I,v and/^, for the action variables, 
we thus impose the quantum conditions 

(21)

where m, n,z, and nv are non-negative integers. Both Epstein and 
Schwarzschild assumed that the values of 7«, I,p and Iv in the pres
ence of a weak electric field 8 are the same as their values in the ab
sence of such a field. Where the cases 8 =0 and 8 # 0 differ is in how 
the separation constants aT and a2 depend on the action variables. 
Recall that aT is equal to the energy E. So even though the action 
variables have the same values for 8 = 0 and 8^0, the energy does 
not.

The justification of the assumption that action variables have the 
same values for 8=0 and 8 # 0 is that they are what Ehrenfest called 
adiabatic invariants. In June 1916, Ehrenfest presented a paper to 
the Amsterdam academy connecting the adiabatic principle, which 
he had already been working on for a number of years, to the Bohr- 
Sommerfeld theory.60 In July, he submitted a similar paper to An
nalen der Physik.61 In September he added a postscript to the latter 
responding to Schwarzschild’s combination of the Bohr-Sommer- 
feld theory and Hamilton-Jacobi theory:

60. Ehrenfest (1916a).
61. Ehrenfest (1916b). See Pérez (2009), pp. 83-84, for a concise overview of Ehren- 
fest’s papers on the topic in 1916.
62. Such as Peter Debye (Eckert, 2013a, p. 52)

The beautiful researches of Epstein, Schwarzschild, and others62 
which have appeared in the meantime, show the great importance 
that cases integrable by means of Stäckel’s method of “separation of 
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the variables” have for the development of the theory of quanta.63 
Hence the question arises: to what extent are the different parts into 
which these authors separate the integral of action according to 
Stäckel’s method adiabatic invariants?64

63. Staeckel (1891).
64. Ehrenfest (1916b), translation based on Pérez (2009), p. 93
65. Burgers (1917a,b,c). For discussion, see Klein (1970), pp. 290-291; Yourgrau and 
Mandelstam (1979), pp. 110-111; and Pérez (2009), pp. 93-102.
66. See Sec. 2 of Duncan and Janssen (2014) for a self-contained version of these 
calculations.

Ehrenfest’s question was taken up by one of his students in Leyden, 
Johannes (Jan) Burgers, who showed that action variables such as 
those in Eqs. (21) are indeed adiabatic invariants.65

We now return to the calculation for the Stark effect. The next 
step is to evaluate the integrals in Eqs. (21) after substitution of the 
right-hand sides of Eqs. (18) and (20) for the integrands. For/^, we 
find with the help of Eq. (18):

/ clip = 27TO3 = n,„h. 
dp (22)

In other words, a3 = so rp is the familiar azimuthal quantum 
number typically denoted nowadays by m. Similarly, although per
forming the integrals now requires some effort, we can express the 
action variables 2« and In in terms of the separation constants aT, a2, 
and a3. We then invert these relations to find the as in terms of the 
I’s and thereby in terms of the quantum numbers m, n,z, and rp. We 
need to do this twice, first for E = 0, then to first order in E # 0. We 
will not go through these calculations in detail but only state the 
end results.66

In the absence of an external field (E = 0), the sum of/«,/,z, and/^, 
for E = 0 is given by

h +
27r/ze2

v/-2/tai

Solving for a}, we find
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27r2/ze4
(Je + In + C)2

This reduces to the expression -hR/n2 for the allowed energy levels 
in a hydrogen atom in the absence of an electric field found earlier 
(see Eqs. (1) and (4)), if the sum of the quantum numbers intro
duced in Eqs. (21) is set equal to the principal quantum number n:

n = ri£ + n,; + (23)

As in Sommerfeld’s calculation for elliptical orbits in polar coordi
nates (cf. Eq. (4)), the calculation for elliptical orbits in parabolic 
coordinates for E = 0 thus leads to the same energy levels as Bohr’s 
original calculation for circular orbits (cf. Eq. (1)) but does reveal 
the degeneracy of those energy levels: 

27r2/ze4
/?2(ng + n,; + nv)2

where in the last step we used expression (3) for the Rydberg con
stant. As in Sommerfeld’s formula for the allowed energy levels in 
polar coordinates (see Eq. (4)), we need to impose further restric
tions on the allowed values of the quantum numbers in Eqs. (21).67 
First, m, /7,z, and n? cannot all three be zero as the principal quantum 
number n would then be zero. Second, even if ns / 0 and/or /?,z / 0, nv 
cannot be zero. As long as E = 0 there is no problem, but when E / 
0 this orbit becomes unstable and the electron will eventually hit the 
nucleus.

67. Epstein (1916b), sec. 4, pp. 497-501.

The degeneracy in the energy levels in Eq. (24) is lifted once the 
electric field is switched on. The integrals in Eqs. (21) now have to 
be evaluated to first order in E (where in terms of order E we can 
use the relations between as and /’s found for E = 0). In this ap
proximation, Eq. (24) gets replaced by

hR
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where C = 3h2 fejre [i. The electric field thus produces the splittings

68. The equivalents of Eqs. (25) and (26) in Epstein (1916b) are Eq. 62 on p. 508 and 
Eq. 65 on p. 509, respectively.
69. Epstein (1916b), pp. 509-510.
70. This figure is based on the numbers in Epstein (1916b), p. 512, Table I.
71. Epstein (1916b), pp. 512-513, Tables II-IV.

C £n(n^ T/j (25)

of the energy levels and the splittings

C£ ( \
~ M 77 ) ] 7 — [n(ng — (26)

of the transition frequencies.68 The splittings A/:' in Eq. (25) are sym
metric around the values for E without an external field. The split
tings Av in Eq. (26) are likewise symmetric around the values for v 
without an external field. As Epstein noted, this is in accordance 
with Stark’s experimental results.69

Figure 1 illustrates the Stark effect for the Balmer line Ha in the 
hydrogen spectrum.7“ It shows the splittings AE of the energy levels 
/7 = 2 and n = 3 in the presence of an external electric field of strength 
8 and the splittings Av of the frequencies of the radiation emitted in 
transitions from n = 3 to n = 2. Similar though increasingly more 
complicated diagrams can be drawn for Hß (n =4 —> /7 = 2), Hy (n = 5 
—> /? = 2), and H5 (/? =6 —> n = 2).71

The electric field splits the lower level (/7 = 2) into three levels. 
For 8 = 0, the energies of the orbits picked out by the values (101), 
(002), and (Oil) for the quantum numbers (jißn,Tn^) are all the same. 
For E # 0, the energy of the orbit (101) is raised by 2CE, while the 
energy of the orbit (Oil) is lowered by that same amount (cf. Eq. 
(25)). The electric field splits the upper level (/7 = 3) into five levels. 
For 8 = 0, the energies of the orbits (201), (102), (111), (003), (012), 
and (021) are all the same. For 8 # 0, the energies of the orbits (102) 
and (201) are raised by 3C8and 6C8, respectively, while the energies 
of the orbits (012) and (021) are lowered by those same amounts.

For 8 = 0, a quantum jump of an electron from any of the six pos-
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Figure 1: Stark effect for the Balmer line//,, in the hydrogen spectrum: split
tings A/:' (in units of C8 with 8 the strength of the electric field and C = 
3/r '8^e^) of energy levels for w = 2 and w = 3 [horizontal lines with values of 
AE to the left and values of quantum numbers (//.,//,;,//,,) to the right]; split
tings Av (in units of C8/1i) of the frequency of the radiation emitted in tran
sitions from w = 3 to w = 2 [arrows with values of Av to the left - solid arrows: 
parallel polarization; dashed arrows: perpendicular polarization; dotted 
arrows: violation of selection rule]. The figure is not drawn to scale: the 
energy gap between the w = 2 and w = 3 levels is much greater than the level 
splittings.

sible /7 = 3 orbits to any of the three possible /7=2 orbits is accompa
nied by the same energy loss and therefore by emission of radiation 
of the same frequency. For 0, as indicated by the arrows in Figure 
1, the energy loss in a quantum jump from /7 = 3 to /7 = 2 can take on 
fifteen different values, resulting in frequency shifts Av ranging from 
-%C£/h to + 8C8'h. This means that the frequency of the Balmer line 
Ha, emitted in the transition from /7 = 3 to /7 = 2, splits into fifteen 
different frequencies. Illustrating Epstein’s general observation 
noted above, the fourteen shifted frequencies lie symmetrically on 
opposite sides of the unshifted one.

Epstein eliminated six of these fourteen shifted frequencies, 
three on each side of the unshifted one. He adopted, at least ini
tially, a selection rule proposed by Sommerfeld, which requires 
that78

72. Sommerfeld (1915a), pp. 447-448; Epstein (1916b), p. 511, Eq. (69)
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n? < n^, < n^, < n^. (27)

According to this selection rule, the six transitions in which one of 
the three quantum numbers increases are forbidden. These are the 
transitions represented by dotted arrows in Figure l.73 The corre
sponding lines were either absent or exceedingly faint in Stark’s 
spectroscopic data, which supported Sommerfeld’s selection rule. 
The nine remaining transitions all matched lines clearly present in 
Stark’s data: the six transitions indicated by solid arrows (with Av 
equal to ±2, ±3, ±4 times CE/ti) producing light polarized parallel to 
the field; the three transitions indicated by dashed arrows (with Av 
equal to 0, ± 1 times CE/ti) producing light polarized perpendicular 
to the field.

73. Under this selection rule, the transitions ‘(003) —»(Oil)’ and ‘(003) —>(101)’ are 
also forbidden but El00}) = Einll even if £ 0 and the transitions ‘(111)—>(011)’ and 
‘(111)—>(101)’ are allowed, so this does not affect the number of lines.
74. Epstein (1916b), p. 516.

The splittings of other Balmer lines found by Stark violated 
Sommerfeld’s selection rule. To match Stark’s data, Epstein eventu
ally settled on a modified version of the rule,74 

(28)n? < n^, < n^, nfv < + 1

and emphasized that transitions violating this rule are not strictly 
forbidden, just highly improbable. As we mentioned in the intro
duction, the explanation of the Stark effect in the Bohr-Sommerfeld 
theory thus requires what in the final analysis are rather arbitrary 
restrictions, both on the allowed energy levels (see our comments 
following Eq. (24)) and on the allowed transitions between them 
(see Eqs. (27) and (28)).

With the help of these additional conditions, Schwarzschild and 
Epstein could account for the frequencies of all components into 
which the Balmer lines were observed to split in the Stark effect. 
This was rightfully celebrated as a tremendous success for the Bohr- 
Sommerfeld theory. However, neither Schwarzschild nor Epstein 
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could account for the polarizations or the intensities of these com
ponents.

2.2. Using the correspondence principle tofind the polarizations and the 
intensities of the Stark effect components of the Balmer lines

Epstein devoted a section of his paper to polarizations and intensi
ties.75 He began that section with the following disclaimer:

75. Epstein (1916b), sec. 8, pp. 514-518.
76. Epstein (1916b), p. 514.
77. Epstein (1916b), p. 515, emphasis in the original.
78. See, e.g., Kragh (2012), Ch. 5, for a recent discussion of the correspondence prin-

The theory of Bohr’s atomic model in its current form is based on the 
consideration of stationary orbits at the beginning and at the end of 
every individual radiation process. What happens during the transi
tion of an electron from one orbit to another is still very unclear to us. 
Accordingly, the goal of this section is not to draw theoretical conclu
sions about polarization and intensities ... but only to extract lawlike 
regularities from the available empirical material.76

For the polarizations Epstein stated the following empirical law. 
Even values of Nnv = rf-rf give rise to parallel polarization, odd 
values to perpendicular polarization. Note that for the dashed ar
rows in Figure 1 (polarization perpendicular to the field), An? = ±1, 
while for the solid arrows (polarization parallel to the field), Nnv = 
0. Turning to intensities, Epstein wrote:

[T]he following hypothesis seems to fit the facts best: a component... is 
stronger, caeteris paribus, the greater the largest of the three differences [between 
initial and final quantum numbers]... the idea behind this is that the 
situation is similar to when there is a difference in altitude: the greater 
the difference in quantum numbers the greater the tendency to elimi
nate that difference.77

Bohr’s correspondence principle78 provided a much more promis
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ing starting point for dealing with polarizations and intensities of 
spectral lines than Epstein’s “evening out differences in altitude” 
analogy. Consider the Fourier expansion of the position x of a 
particle:* 79

ciple. See the Nobel lecture by Bohr (1923), pp. 38-39, for a concise statement of it. 
Insightful contributions to the more recent literature on the correspondence princi
ple are Fedak and Prentis (2002), and, building on their paper, Bokulich (2008), sec. 
4.2, pp. 80-94. See also the contributions of Martin Jähnert, Enric Pérez Canals and 
Blai Pie Valls, and Robert Rynasiewicz to this volume.
79. Bohr (1918), p. 31, Eq. (31).
80. Bohr (1918), pp. 31-32.

X = CT1...Ts cos27f|(tiWi .. .rsws)t + cT1...Ts}. (29)
T1...TS

Commenting on this expression, Bohr wrote:

Now on ordinary electrodynamics the coefficients CT1...Ts in the ex
pression [Eq. (29)] for the displacement of the particles in the different 
directions would in the well known way determine the intensity and 
polarization of the emitted radiation of the corresponding frequency 
qrøj + ... + r/Oj. As for systems of one degree of freedom we must 
therefore conclude that, in the limit of large values for the „’s, the 
probability of spontaneous transition between two stationary states 
of a conditionally periodic system, as well as the polarization of the 
accompanying radiation, can be determined directly from the values 
of the coefficient CT1 ...T, in (31) correspondiong to at set of fs given by 
rk = nk'-nk"\Sni',..., ns' and«/',..., n/'are the numbers which character
ize the two stationary states.80

In other words, Bohr suggested that, in the limit of large quantum 
numbers, the intensity of the radiation of frequency v^f emitted in 
the transition from an initial orbit with the values (/7b n2, for the 
quantum numbers to a final orbit with the values (/7b n2, n3~)f should 
be equal to the square of the coefficient CT1 of a term in the Fou
rier expansion of that orbit such that

1 s,—►/ ~j~ (Ei Ef') ' ^k^~k i

k=l 
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and Tk = nk - »/.81 Bohr now took the leap of faith that this asymp
totic connection between his own theory and classical electrody
namics would continue to hold if we go from high to low quantum 
numbers. With this general prescription, both intensities and po
larizations could be handled. A transition between two orbits will 
be accompanied by radiation with a certain polarization and a cer
tain intensity whenever the relevant coefficient in the orbit’s Fourier 
expansion is non-vanishing. For very large quantum numbers it 
does not matter whether we consider the Fourier expansion of the 
initial or of the final orbit. For low quantum numbers, however, this 
does matter, rendering Bohr’s prescription ambiguous. Should we 
consider the Fourier expansion of the initial or of the final orbit? 
Some average of the two perhaps? Or an average over initial and 
final orbit and all orbits in between?8“

81. Bohr (1918), p. 30, Eq. 30.
82. As Foster and Chalk (1929), two experimentalists who made important measure
ments of the intensities of Stark effect components (see note 93), put it: “The corre
spondence principle was indefinite ... in that there were the two amplitudes in each 
case which should, perhaps, be averaged in some manner not obviously expressed. 
Kramers used, for convenience, the arithmetical mean” (p. 109). As we will see, there 
is no such indefiniteness in wave mechanics (see Eq. (41)).
83. Bohr (1918), p. 32.

Despite this ambiguity, this approach based on the correspond
ence principle was much more promising than the one taken by Ep
stein based on Sommerfeld’s selection rule (27), which Bohr reject
ed:

Thus, from the fact that in general negative as well as positive values 
for the r’s appear in [Eq. (29)], it follows that we must expect that in 
general not only such transitions will be possible in which all the n’s 
[e.g., the quantum numbers m, n,;, and nJ decrease, but that also tran
sitions will be possible for which some of the n’s increase while others 
decrease. This conclusion, which is supported by observations on the 
fine structure of the hydrogen lines as well as on the Stark effect, is 
contrary to the suggestion by Sommerfeld . . . that every of the n’s 
must remain constant or decrease under a transition.83
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In his dissertation, Bohr’s assistant Kramers adopted and elaborat
ed Bohr’s correspondence-principle approach to account for the 
polarizations and intensities of the Stark effect components of the 
Balmer lines?4 By distinguishing Fourier expansions of the motion 
in the direction of the field (z) and in the plane perpendicular to the 
field (x+iv), Kramers could account for the polarizations found by 
Stark. The exponent for the Fourier expansion of z?5 both for initial 
and final orbit, does not contain r3, which according to Bohr’s cor
respondence principle should be set equal to n?'- . This suggests

84. Kramers (1919). For discussion, see Dresden (1987), Ch. 11, sec. IV (pp. 107- 
110).
85. Kramers (1919), p. 21, Eq. (60).
86. Kramers (1919), p. 23, Eq. (67).
87. Kramers (1919), pp. 55-57, Tables I-IV.

that AUp = 0 for all transitions in which radiation polarized parallel 
to the field is emitted. Similarly, only terms with r3 = ±1 are present 
in the exponent of the Fourier expansion of x + (v?6 This suggests 
that AWp = ±1 for all transitions in which radiation polarized perpen
dicular to the field is emitted. Figure 1 illustrates that these conclu
sions based on the correspondence principle are supported by 
Stark’s findings. The solid-arrow transitions (parallel polarization) 
all have txnv = 0; the dashed-arrow transitions (perpendicular po
larization) all have An? = ±1.

Kramers could also account, at least qualitatively, for the intensi
ties of the various components Stark had found?7 In principle, 
Kramers used the average of the squares of coefficients of the rele
vant Fourier components of the initial and the final orbits to esti
mate the intensity of the corresponding line. However, even in cases 
where a certain frequency was completely absent from the Fourier 
expansion of both the initial and the final orbit, Kramers left open 
the possibility that the corresponding line might appear in the spec
trum, albeit only faintly, as its frequency might be present in the 
Fourier expansion of some orbit in between. Kramers thus allowed 
several lines that are forbidden by the selection rules (27) and (28) 
of Sommerfeld and Epstein. As we saw above, Epstein had ruled 
out six possibilities for the transition n = 3 —> n = 2 (see the dotted 
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arrows in Figure 1 with values ±5, ±6, ±8 times C&hfor Av). Kramers 
predicted (correctly as it turned out) that these Stark effect compo
nents of Ha had just escaped notice so far because of their low inten
sity.88

88. Kramers (1919), Appendix, Fig. 1 (Kramers (1956), p. 105).
89. Kragh (2012), p. 205. Similarly, Dresden (1987) writes that “[tjhe agreement be
tween theory and experiment is surprisingly good” and that “Kramers describes this 
impressive agreement in his customary guarded manner” (p. 109). Leone, Paolette 
and Robotti (2004) reproduce a diagram from Kramers’ dissertation showing ob
served and calculated relative intensities of the Stark effect components of the first 
three Balmer lines, Ha, Hp, andHy, and comment: “Kramers’s theoretical predictions 
were in excellent agreement with Stark’s measurements” (p. 288).
90. Bohr (1923), p. 39, reproduced in Kragh (2012), p. 206.
91. Bohr (1923), p. 39.
92. Adams (1923), p. 88, quoted in Kragh (2012), p. 206.
93. See the biographical memoir by Bell (1966), for a discussion (pp. 150-153) and a 
bibliography of Foster’s work on the Stark effect, which he started as a graduate 
student at Yale in the early 1920s and continued until the late 1930s as a professor at 
McGill. As his biographer points out, “[d]uring all of his work on the Stark effect he 
brooded over the design of Lo Surdo discharge tubes, and he was able to make them 
behave better than anyone else” (Bell, 1966, p. 151). See Leone, Paolette and Ro
botti (2004), especially Figs. 4, 6, 9, and 10, for a comparison between the experi

In his 2012 book on the Bohr model, Helge Kragh observes: 
“Kramers arrived at theoretical values for the relative intensities 
that he modestly described as ‘convincing’. In fact the agreement 
between theory and experiment was nearly perfect.”89 Kragh repro
duces a diagram from Bohr’s Nobel lecture showing remarkably 
close agreement between Kramers’ theoretical values and Stark’s 
experimental results for the relative intensities of the Stark effect 
components of Hy.9° Discussing this diagram, Bohr stated that “the 
theory reproduces completely the main feature of the experimental 
results.”91 92 Kragh proceeds to quote from a Bulletin of the National 
Research Council on quantum theory, in which Kramers’ results are 
hailed as “most convincing evidence for the value of [Bohr’s] 
principles.”98 Finally, he cites a 1924 paper by John Stuart Foster 
with the results of measurements of the relative intensities of some 
Stark effect components of He, the Balmer line corresponding to the 
transition n =1 ->n = 2.93 Foster wrote:
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At the time Kramers’ dissertation was published there were no 
observations with which to compare his theoretical estimates of the 
relative intensities of the Stark effect components of He. Two of the 
plates exposed . . . during this investigation show many components 
of this line . . . The relative intensities of the stronger inner compo
nents are very close to the predicted values.94

mental setups used by Lo Surdo and Stark. In 1926, Foster spent almost a year in 
Copenhagen on an International Education Board fellowship, which gave him “the 
chance to publish his most important single paper” (Bell, 1966, p. 148). In this pa
per, communicated by Bohr, Foster (1927) presented both theoretical and experi
mental results on the Stark effect in helium.
94. Foster (1924), p. 675.
95. In 1928, Chalk became the first woman to earn her Ph.D. in physics at McGill.
96. See the diagrams in Condon and Shortley (1963), p. 401, based on the experi
mental work of Foster and Chalk, Mark and Wierl and others in the late 1920s, which 
show that in most cases the quantum-mechanical predictions for the intensities of the 
Stark effect components of Ha, Hß, Hy, and Hs agree within a few percent with experi
ment. Condon and Shortley (1963), p. 402, caution that these measurements “do not 
agree in detail with the theory, but provisionally we shall regard this as due to the 
large number of variations in physical conditions in the experimental work.” The 
dependence of the results of measurements of the intensities of the Stark effect com
ponents of the Balmer lines on the experimental setup is emphasized by Mark and 
Wierl (1929), p. 538.

In subsequent experiments, however, undertaken with his graduate 
student Laura Chalk,95 Foster found relative intensities for some 
Stark effect components of Ha and Hß that differed markedly from 
those reported by Stark and from the theoretical values found by 
Kramers. The new experimental values, however, generally agreed 
with the intensities predicted by wave mechanics.96 As Foster and 
Chalk reported:

By means of wave mechanics, Schrödinger [1926] has made quantita
tive calculations of the intensities of Stark components in hydrogen 
which are commonly considered to be an improvement on the earlier 
estimates based on the correspondence principle [Kramers (1919)]. 
That this is so in the case of Hß was shown recently by the writers in a 
quantitative experimental investigation [Foster and Chalk (1926)].

The greatest variation of the new theory from Prof. Stark’s results,
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Observed
(Stark)

Wave Mechanics 
(Epstein)

Correspondence 
Principle 
(Kramers)

Il ill
Wave Mechanics 
(Schrödinger)

Figure 2: Four sets of values (one experimental, three theoretical) for the 
intensities of the six parallel Stark effect components of Ha (cf. Figure 1). 
From Foster and Chalk (1928), p. 830, Figure 1.

however, occurs in the parallel components of Ha. There are three 
pairs of such components which have been photographed; and in the 
original experiments, as well as in the older quantum theory, the out
side components were found to be the strongest. This is further sup
ported by the recent calculations of Epstein [1926] on wave mechan
ics. In contrast to these results, Schrödinger finds the greatest 
intensity for the pair with intermediate displacements. The difference 
between Schrodinger’s calculations and the observations of Stark is 
obviously rather large to be considered as an experimental error. Yet 
this is what it appears to be according to numerous plates obtained 
by the junior author in an extension to the earlier experiments, the 
new results being in general agreement with the calculations of 
Schrödinger.97

97. Foster and Chalk (1928), p. 830. In square brackets are the papers cited by Foster 
and Chalk in this passage.

The three pairs of parallel Stark effect components of Ha mentioned 
by Foster and Chalk correspond to the six solid lines in our Figure 
1, with Av = ±2, ±3, ±4 (in units of C&Ji). Figures 2 and 3 show the 
diagrams with which Foster and Chalk illustrated their claims.

Foster and Chalk suspected that Epstein’s calculations only
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Figure 3: Foster and Chalk’s measurements of the intensities of the six par
allel Stark effect components ofHa corresponding to those shown in Figure 
2. The peak at the center, the authors explain, may suggest that there is “a 
strong undisplaced parallel component, but, in reality, this is due to the 
overlapping of the images on the slit.” From Foster and Chalk (1928), p. 
831, Figure 2.

agreed with Stark’s old data because Epstein had made some errors. 
This suspicion was confirmed the following year when Walter Gor
don and Rudolph Minkowski corrected Epstein’s calculations and 
showed that they led to the same results as Schrodinger’s.98

98. Gordon and Minkowski (1929), cited by Condon and Shortley (1963), p. 400 (cf. 
note 129 below).
99. Foster and Chalk (1928), p. 116-118.

Foster and Chalk concluded that the intensities found by 
Schrödinger agreed well with their experimental findings:

Within the limits of experimental error the new results agree, we be
lieve, with the calculations by Schrödinger. The well-marked agree
ment in the lines Ha and Hß is of especial importance, since it is in the 
case of low quantum numbers that the new quantum-theoretical cal
culations show the greatest departure from the estimates of the older 
theory.99
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In a paper on the Stark effect in helium (cf. note 93), Foster gave the 
following assessment of the experimental situation concerning the 
intensities of the Stark effect components of hydrogen’s Balmer 
lines: “The question of the intensity of the components has been 
fully treated by Schrödinger, whose results form a quantitative exten
sion of the qualitative estimate given earlier by Kramers on the basis of the cor
respondence principle.”100 101 102

100. Foster (1927), p. 139 (our emphasis).
101. Jammer (1966), p. 101.
102. Epstein (1916b), p. 507; Sommerfeld (1919), p. 502-503 (see also Sommerfeld 
(1923), p. 284).

2.3. The non-uniqueness of orbits

To conclude our discussion of the Stark effect in the old quantum 
theory, we turn to the problem mentioned in the introduction that 
the electron orbits allowed by the quantization conditions depend 
on the coordinates in which these conditions are imposed. Although 
one finds the same energy levels in different coordinate systems, one 
does not always find the same orbits.1“ The analysis of the Stark 
effect in hydrogen provides a dramatic illustration of this problem. 
The orbits found in parabolic coordinates when the electric field is 
set equal to zero differ sharply from those found without an exter
nal electric field in polar coordinates. Both Epstein and Sommer
feld acknowledged this discrepancy.108 Both of them expressed the 
(idle) hope that the problem would disappear once relativistic 
effects were taken into account.

In an appendix to the first edition of Atombau und Spektrallinien, 
“Quantization of elliptical motion according to the method of sepa
ration of variables,” Sommerfeld showed how to solve the Kepler 
problem in the old quantum theory (one electron orbiting a nucle
us) by separating the Hamilton-Jacobi equation for the problem in 
polar coordinates. He then raised the issue of the uniqueness of this 
choice of coordinates

Are polar coordinates . . . the only variables in which [the Hamilton- 
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Jacobi equation for the Kepler problem] can be separated? Do other 
coordinates, should there be any, lead to the same result [for the ex
pression for the energy of the quantized orbits]?

The first question is to be answered negatively. When treating the 
Stark effect ... we saw that [the Hamilton-Jacobi equation] for the 
Kepler problem with an external electric field (and hence also for the 
problem without one) can be separated through the introduction of 
so-called parabolic coordinates. The quantum conditions that obtain 
in these coordinates and the quantized orbits that result from them 
are different from those found in polar coordinates. The main result 
of our treatment, however, remains unaffected, for the expression for 
the energy quantized in parabolic coordinates [our Eq. (24)] has the 
same form as the one found here [our Eq. (4)].

The ambiguity disappears when we treat the problem more com
pletely, i.e., by taking into account the relativistic variability of the 
electron mass ... For this problem, the nature of our task makes polar 
coordinates the preferred ones. As we must think of ordinary mechan
ics as the limiting case of relativistic mechanics, we can also consider 
our treatment of the Kepler problem in polar coordinates as the le
gitimate limiting case of the complete and non-arbitrary relativistic 
solution of the problem.103

103. Sommerfeld (1919), pp. 502-503.
104. Epstein (1916b), p. 507.

Note that Sommerfeld sidestepped the question about which coor
dinates to use for the relativistic Kepler problem with an external 
electric field. Epstein did address that question, even if he did not 
have a satisfactory answer to it:

Even though this does not lead to any shifts in the line series, the no
tion that a preferred direction introduced by an external field, no 
matter how small, should drastically (in einschneidender Weise) alter the 
form and orientation of stationary orbits seems to me to be unaccep
table. The solution of this apparent paradox is to be expected from a 
theory in which relativity and external field are taken into account at 
the same time . . . This would involve an extension of the quantum 
conditions for situations with a superposition of two effects that indi
vidually can be handled through a separation of variables.104
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It is not clear what such an extension would look like. One might 
have held out hope that an exact treatment would lead to a Hamil
ton-Jacobi equation that is only separable in one unique set of coor
dinates. One could then argue that the real orbits of the system are 
the ones found in those coordinates. Alas, the exact treatment of 
any but the simplest systems will result in Hamilton-Jacobi equa
tions that are not separable in any coordinates.“5

In the first installment of his 1918-1922 trilogy on the old quan
tum theory, Bohr also discussed the non-uniqueness of orbits in 
cases where the Hamilton-Jacobi equation is separable in more than 
one coordinate system.“6 Bohr argued that this will typically be the 
case for ‘degenerate systems’:“7

In the cases of degeneration . . . the conditions \Ik = nkh (cf. our Eqs. 
(21))] involve an ambiguity, since in general for such systems there 
will exist an infinite number of different sets of coordinates which al
low of a separation of variables, and which will lead to different mo
tions in the stationary states, when these condition are applied. As we 
shall see below, this ambiguity will not influence the fixation of the 
total energy in the stationary states which is the essential factor in the 
theory of spectra.“8

105. As Epstein (1916b) had noted a few pages earlier: “Unfortunately, the relativistic 
motion around a center of attraction under the simultaneous influence of an external 
field does not belong to the class of problems that can be solved through separation 
of variables” (p. 500).
106. Before we present our gloss on Bohr’s remarks, a word of caution seems in order. 
As Helge Kragh (2012) explains: “While the trilogy of 1913 was clearly structured 
and fairly easy to follow [though Heilbron and Kuhn (1969) showed that even that 
text is not nearly as straightforward as it may appear to be at first sight], the new tril
ogy of 1918-1922 was anything but. It was, as Bohr said with understatement to 
Ehrenfest, ‘somewhat unmanageable’. Both the structure and style of the memoir - 
Bohr did not bother to split up sections into smaller bits or to limit the length of his 
sentences - made it something of a nightmare for the reader. Important as it was, it 
was definitely not a lucid work” (p. 192).
107. See Bohr (1918), p. 20, for his definition of “degenerate systems.” For our pur
poses, all that matters is that Bohr treats the hydrogen atom without an external 
electric field as an example of such a degenerate system (see Bohr (1918), p. 21).
108. Bohr (1918), p. 20.
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Note that Bohr’s first line of defense is the same as Sommerfeld’s: 
the ambiguity does not affect the expression for the total energy. 
Also note that, while it is true that there are, e.g., infinitely many 
different polar coordinate systems or parabolic coordinate systems, 
these are still very special coordinates.“9 Bohr’s statement thus gives 
a misleading impression about the range of problems to which the 
method of separation of variables can be applied. Most important
ly, however, Bohr, unlike Epstein and Sommerfeld, saw the non
uniqueness of orbits as an asset rather than an embarrassment for 
the old quantum theory.

A few pages later, in a maddeningly dense passage, Bohr de
scribes what happens to orbits when an external field is switched 
on. Below are a few intriguing clauses from this passage:

Consider now a periodic system in some stationary state ... and let us 
assume that an external field is slowly established . . . and that the 
motion at any moment during this process allows of a separation of 
variables in a certain set of coordinates . . . we must expect that the 
motion of a periodic system . . . under the establishment of the exter
nal field cannot be determined by ordinary mechanics, but that the 
field will give rise to effects of the same kind as those which occur 
during a transition between two stationary states accompanied by 
emission or absorption of radiation. Consequently we shall expect 
that, during the establishment of the field, the system will in general adjust 
itselfin some unmechanical way until a stationary state is reached . . .no

This passage seems to suggest that, say, an electron in a hydrogen 
atom in an initially field-free region moving on one of the orbits 
found by imposing the quantum conditions in polar coordinates 
would, at the appearance of an arbitrarily small homogeneous elec
tric field, immediately and stochastically jump to one of the orbits

109. In the parameter space of all physically reasonable Hamiltonian functions to 
which an actual electron might be subjected, the set of Hamiltonians amenable to 
separation in polar or parabolic coordinates - or indeed, any of the eleven “canoni
cal” coordinate systems in which the Laplacian separates (Morse and Feshbach 
(1953), pp. 655-665) - occupy a set of measure zero.
no. Bohr (1918), p. 23 (emphasis in the original).
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“adapted” to the direction of the field at that moment, i.e., one of 
the orbits found by imposing the quantum conditions in parabolic 
coordinates. As soon as the direction of the field is changed, it 
would jump to another adapted orbit found by imposing the quan
tum conditions in different parabolic coordinates. This picture, un
attractive in and of itself, requires, as Bohr seems to acknowledge in 
the passage quoted above, that the external field experienced at any 
moment by the electron is such that there are coordinates in which 
the Hamilton-Jacobi equation for the system is separable. This re
quirement cannot be met as soon as there is any inhomogeneity in 
the electric field in the space traversed by the orbit. Worse yet, the 
inclusion of relativistic effects removes the possibility of separation 
of variables even in the case of an exactly homogeneous and con
stant external field. In short, what seems to emerge when we strip 
away Bohr’s obfuscating language is nothing but a rather bizarre 
proposal for the behavior of electrons in atoms. Had Bohr expressed 
himself more clearly, his proposal might actually have undermined 
rather than enhanced support for his theory! In the end, Bohr’s pro
posal mainly serves to reinforce Epstein’s point that “the notion 
that a preferred direction introduced by an external field, no matter 
how small, should drastically alter the form and orientation of sta
tionary orbits would seem to be unacceptable.”™

n nr I 6

1 0 1 0
2 0 2 0
2 1 1 V3/2
3 0 3 0
3 1 2 V5/3
3 2 1 2^2/3

Table 1: Angular momentum (/ times h~) and eccentricity (e) for low-lying 
orbits in polar coordinates.

hi. Epstein (1916b), p. 507.
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Table 2: Angular momentum (/ times h~) and eccentricity (e) for low-lying 
orbits in parabolic coordinates.

n rin I 6

1 0 0 1 1 0
2 0 0 2 2 0
2 1 0 1 V2 i/y2
2 0 1 1 Vz i/y2
3 0 0 3 3 0
3 1 1 1 5/1 + 8 sin2 (mJ) 2-/2 cos (7f<5)/3
3 1 0 2 ^6 i/ys
3 2 0 1 V3 5/2/3
3 0 1 2 ye l/yi
3 0 2 1 yi yys

112. See sec. 3 of Duncan and Janssen (2014) for a derivation of Eqs. (30)-(32) (the 
last one only for the special case that either or cr2 vanishes).

Tables 1 and 2 illustrate just how different the allowed orbits of the 
electron in a hydrogen atom in the absence of an external electric 
field are depending on whether the quantum conditions are im
posed in polar or in parabolic coordinates. The first three columns 
in Table 1 and the first four columns in Table 2 give the quantum 
numbers - (nr,l.) and (n{, n,p nv), respectively - for orbits with prin
cipal quantum number n =1,2, 3 (where n = nr + 1 = ns + + rQ. The
last two columns in both tables give the values for the angular mo
mentum and the eccentricity for the orbits characterized by these 
quantum numbers. These entries are based on the following rela
tions, which we will not derive here but just state."'2 The size / of the 
angular momentum in units of and the eccentricity e are related via

I = nVl — e2, e = -\/l — -^-7. (30)

V n-

We used the latter expression to find the numbers in the column for 
e in Table 1. To find the corresponding entries in parabolic coordi
nates, we introduce the quantities and <r2: 112
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o~i = - y + %), a2 =+ %)• 1 J

113. Duncan and Janssen (2007).
114. Epstein (1916b), Schwarzschild (1916).
115. Schrödinger (1926), Epstein (1926).

The eccentricity can be written as a function of these quantities and 
a phase parameter <5, which can take on a continuum of values:

e = + <J2 + 2<ji<J2 cos (27f<5) . (32)

We used this expression to find the numbers in the column for e in 
Table 2. To obtain the values in the column for /, we substituted 
these values for e into the first of Eqs. (30).

Comparing Tables 1 and 2, we see that only the circular orbits 
(with nr = ns = = 0) are the same in polar and parabolic coordi
nates. All other orbits are different.

The appearance of the phase 3 in Table 2 shows that, in many 
cases, the values of (?i*,  n,p nv) do not even pick out discrete orbits 
but rather continuous sets of orbits. Orbits were abandoned in the 
transition from the old quantum theory to matrix mechanics in 
1925, largely because of problems in dispersion theory.113 In hind
sight, we can see that one of the most celebrated successes of the old 
quantum theory, the Stark effect, should have made proponents of 
the theory suspicious of the notion of well-defined electron orbits in 
atoms well before 1920.

3. The Stark effect in wave mechanics

The derivation of the formula for the Stark effect in wave mechanics 
shows a strong family resemblance to the derivation of Epstein and 
Schwarzschild in the old quantum theory.114 Independently of one 
another, Schrödinger and Epstein applied the new wave mechanics 
to the Stark effect.115 Schrodinger’s paper was published in Annalen 
der Physik on 13 July 1926. Epstein’s paper is signed 29 July 1926 and 
was published in Physical Reviewin October 1926. Epstein had moved
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to Pasadena in 1921. In his paper, Epstein cited Schrodinger’s first 
and second “communication” (Mitteilung) on wave mechanics as 
well as Schrödingers paper on the equivalence of wave and matrix 
mechanics (which appeared in May 1926), but not the third com
munication.116 Presumably, the issue of 13 July 1926 of the Annalen 
had not reached Pasadena by 29 July 1926.

116. Epstein (1926), p. 695, note 1.
117. Epstein (1926), p. 695. Claim (2b), however, was based in part on a comparison 
of erroneous calculations with spurious data (cf. notes 98 and 129).
118. Epstein (1926), p. 695.

In the abstract of his paper, Epstein emphasized the advantages 
of the new theory of the Stark effect over the old one:

(1) Positions of lines practically coincide with those obtained in the writ
er’s old theory which gave an excellent agreement with experiment.

(2) Intensity expressions are obtained in a simple closed form: (a) Com
ponents which, in the old theory, had to be ruled out by a special 
postulate now drop out automatically, (b) The computed intensities 
of the remaining components check the observed within the limits of 
experimental error.117

In the introduction, he elaborated:

The positions of the lines turn out to be practically the same as in the 
writer’s old theory. The first order terms are identical with the old 
expressions, the second order terms [which we are ignoring in this 
paper (AD & MJ)] show a very slight difference. The main interest of 
the paper lies, therefore, in the intensity formulas, which are remark
ably simple in their structure and agree with the observed values bet
ter than Kramers’ intensity expressions derived from Bohr’s corre
spondence principle.118

To bring out the close analogy between the calculations in the old 
and the new quantum theory, we sketch the derivation of the for-
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mula for the Stark effect in hydrogen in wave mechanics.119 As in the 
old quantum theory, the starting point is the Hamiltonian (13) in 
parabolic coordinates. Instead of the substitutions (15) of dS/d£ for 
p« etc., we now make the substitutions

ug.See, e.g., Condon and Shortley (1963), pp. 398-404, for a modern textbook treat
ment that follows Schrödinger (1926) and Epstein (1926).
120. See sec. 6 of Duncan and Janssen (2014) for a more detailed exploration of the 
connection between the Schrödinger equation and the Hamilton-Jacobi equation.

to form the Hamilton operator H entering into the time-independ
ent Schrödinger equation,

F/t) = ait). (34)

where i//(£ //, ?>) is the wave function in parabolic coordinates. Fol
lowing the notation used in our calculation in the old quantum 
theory, we use aT to label the energy eigenvalues. With the substitu
tions (33) the Hamiltonian (13) becomes the Hamilton operator

n- / 4 ( d cd\ 4 ( d d\ 192\
2;i V + ’I J + J + >7 ydr^dr]J + £77 difi2J

(35)

Inserting this expression into Eq. (34), dividing both sides by i// and 
multiplying by 2/z(£ + //) (using relations (14)), we arrive at:

(36)

Note the similarity between the Schrödinger equation (36) and the 
Hamilton-Jacobi equation (16) in the old quantum theory.180 Ham
ilton-Jacobi theory played an important role in the development of 
wave mechanics. It was the embodiment of the optical-mechanical * 120 
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analogy that guided Schrodinger’s search for a new wave mechanics 
underlying ordinary particle mechanics the way wave optics under
lies ray optics.181 Schrödinger’s account of the Stark effect shows 
that the connection between wave mechanics and Hamilton-Jacobi 
theory also enabled him to transfer important mathematical tech
niques from the old quantum theory to his new theory.

121. Joas and Lehner (2009).

Eq. (36), like Eq. (16), is separable in parabolic coordinates. In 
the case of the Schrödinger equation, this means that its solution 
has the form

The wave function and the generating function S' are related via 
y = e's,h. Hence, if S' is the sum of three functions, each of which de
pends on only one of the three coordinates £ //, and cp (see Eq. (17)), 
(//will be the product of three such functions:

=

Just as we could set Sv((p)= a3<p (see Eq. (22)), we can set
with a3 = n^h and nv = m. Upon substitution of -nry for cdy/dcp1 = 
d'liydcp' in Eq. (36), we are left with an equation that splits into a 
part depending only on £ and a part depending only on //. Both 
parts must therefore be constant. Denoting these constants by =F2a2 
as we did in the corresponding Eq. (19) in the old quantum theory, 
we arrive at equations of the form

d2^ . d2^ d^r ( .
+ + ( = + <■ M = <37’

The expressions in parentheses are functions of £, and //, respective
ly, containing the separation constants aT, a2, a3, and the field 
strength 8.

As in the old quantum theory, we first solve these equations for 8 
= 0 and then to first (and second) order in 8. For our purposes, the 
first step, with 8 = 0, turns out to be the most interesting one, and 121 
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we will focus on that part of the calculation.188 We begin by study
ing the behavior of t/o(£) and t//,z(//) at small and large rand //, respec
tively. This leads us to write these functions in the form

122. See sec. 4 of Duncan and Janssen (forthcoming) for a more detailed version of 
this calculation.

= ^my2e-^2naf^, (38)

where f and g are as yet unknown functions. In the process we re
placed aT by

h . , h2 na = with a = —
\/—2gai /ze-

anticipating that n will eventually be identified as the principal
quantum number. Inserting Eqs. (38) for t/o and t//,z into Eqs. (37), 
we find equations for f and g of the form:

= o, W'+ (---)y + (• • )rz = o.

The solution of these equations will be polynomials in £ and //, re
spectively:

nn
f(£) = ^ak^ = (39)

fe=0 1=0

with recursion relations on their coefficients (of the form ak+l/ak = ... 
and bM/bI = ...). For the wave function to be square-integrable, the 
polynomials in Eq. (39) have to break off at some point, i.e., there 
must be values and n,z of k and / such that c,?t+1 = 0 and c„ij+1 = 0. 
This leads to the conditions:

0^2 nd n
2

0(2^0

2h2 '

Combining these two conditions, we find

2ÖO



SCI. DAN. M. I THE STARK EFFECT IN THE BOHR-SOMMERFELD THEORY

or, equivalently,

n = + n,; + \m\ + 1. (40)

Comparing this result in wave mechanics with the corresponding 
result (23) in the old quantum theory, we notice that the difference 
between the two results is the final term +1 in Eq. (40). This extra 
term obviates the need for a special condition to rule out |/w| = 0. 
Both Schrödinger and Epstein emphasized this point.183 Elaborating 
on point (2a) in his abstract (quoted above), Epstein commented:

123. Schrödinger (1926), p. 463; Epstein (1926), p. 708.
124. Epstein (1926), p. 708.
125. The WKB or WKBJ approximation is named after Gregor Wentzel (1926), Léon 
Brillouin (1926), and Kramers (1926), who developed it independently of one an
other shortly after the formulation of wave mechanics, and Harold Jeffreys (1924), 
who had introduced it earlier in a different context.
126. Gutzwiller (1990), p. 211.
127. See sec. 6 of Duncan and Janssen (2014) for a more detailed discussion of how 

It will be remembered that the restriction for the azimuthal quantum 
number [|;w > 0] was an additional one, not following from the 
dynamical conditions. It was introduced by Bohr for the purpose of 
eliminating plane orbits, moving in which the electrons would sooner 
or later undergo a collusion [sic] with the nucleus. In our new theory 
an additional restriction is not necessary.123 124

In the so-called WKB approximation,125 conditions similar to the 
quantum conditions (11) of the Bohr-Sommerfeld theory emerge 
from the requirement that different parts of the approximate solu
tions of the Schrödinger equation constructed according to the WKB 
method merge properly. In the regime of large quantum numbers, 
one finds conditions of the form f p,dcp =(jif + a)h in this way, where a 
is equal to | times an integer (now called the Maslov index126). In the 
analysis of the Stark effect in parabolic coordinates, a turns out to be 
equal to | and the quantum numbers m and n,z in the old quantum 
theory are replaced by ns + } and n,z +respectively. This explains the 
extra term 1 in Eq. (40) for the principal quantum number.127
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As we saw at the end of Section 2, experimentalists established 
very quickly that the values given by Schrödinger for the intensities 
of the Stark effect components of the Balmer lines agreed better 
with their data than those given by Kramers. Despite the notorious 
animosity between proponents of wave and matrix mechanics, 
Schrödinger, who had just published his paper on the equivalence 
of the two formalisms, borrowed freely from matrix mechanics to 
calculate intensities. As he explained at the beginning of the section 
on intensities in his paper:

According to Heisenberg, if q is a Cartesian coordinate, the square of 
the matrix element... should be a measure for the “transition proba
bility from the rth to the r'th state,” more precisely speaking the inten
sity of that part of the radiation connected to this transition that is 
polarized in the direction of q.128

the WKB approximation can be used to amend the quantum conditions of the old 
quantum theory.
128. Schrödinger (1926), p. 465.
129. As Gordon and Minkowski (1929) pointed out, the most serious mistake in Ep
stein’s calculation (cf. note 98 above) was that he equated the intensity with the norm 
of this matrix element rather than with its square.

In modern Dirac notation, this matrix element would be written 
as129

(nr£ ,ri^,mr'\ q \nr̂  ,nrv,mr)

Neither Epstein nor Schrödinger seems to have realized that the 
new account of the Stark effect was superior to the old one in yet 
another respect. As we mentioned in the introduction, quantum me
chanics replaces the embarrassing non-uniqueness of orbits in the 
old quantum theory (see Tables 1 and 2 at the end of Section 2.3) by 
a completely innocuous non-uniqueness of bases of eigenfunctions. 
Consider, for example, the three orbits for the lower level (/? = 2) in 
Figure 1, with the values (Oil), (002), and (101) for the quantum 
numbers (n*,  n,;, associated with the use of parabolic coordi
nates in the old quantum theory. In wave mechanics, these three 
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levels do not correspond to orbits but to three (orthonormal) wave 
functions characterized by those same quantum numbers. All three 
are eigenfunctions (at least to first order in the electric field strength 
£) of the Hamiltonian (35) for the hydrogen atom in an external 
electric field. These wave functions can be written as linear combi
nations of three (orthonormal) wave functions characterized by 
quantum numbers in polar coordinates. As long as there is no exter
nal electric field (8 = 0), these wave functions are eigenfunctions of 
the Hamiltonian as well. However, as soon as the field is switched 
on (8 P 0), they no longer are; only linear combinations of these 
wave functions in polar coordinates that correspond to the eigen
functions of the Hamiltonian in parabolic coordinates are. This is 
no problem at all. In the old quantum theory, we get a different set 
of allowed physical states (represented by orbits in a miniature solar 
system) depending on whether we use polar or parabolic coordi
nates. In the new quantum theory, we get the same set of allowed 
physical states (now represented by wave functions or, more gener
ally, by vectors or rays in Hilbert space) regardless of which coordi
nates we use. We just have the freedom of writing any state as a lin
ear combination of any orthonormal basis of states in the Hilbert 
space.13“

130. See sec. 5 of Duncan and Janssen (2014) for a more detailed discussion of how 
the non-uniqueness of orbits in the old quantum theory turns into the non-unique- 
ness of bases of eigenfunctions.
131. Sommerfeld (1919), p. 440.

4. Conclusion: Stark contrasts between the old and the 
new quantum theory

The explanation of the Stark effect by Epstein and Schwarzschild in 
1916 was a triumph for the old quantum theory. In Atombau und 
Spektrallinien, from which we already quoted a few passages in the 
introduction, Sommerfeld wrote that this explanation was in such 
complete agreement with the empirical data that “any doubt about 
the correctness and uniqueness of the solution is no longer 
possible.”130 131 “[T]he classical theory,” he pointed out, “failed com- 
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pletely in the case of the Stark effect. By contrast, the quantum the
ory fully reproduces the observations in all their rich detail (includ
ing recently the polarizations).”138 A few pages later, after covering 
the work of Epstein, Schwarzschild, and Kramers on the Stark 
effect, he wrote in the concluding paragraphs of his book:

132. Sommerfeld (1919), p. 440.
133. Sommerfeld (1919), pp. 457-458.

The frequencies, especially those of the electric splittings could be 
derived with extraordinary certainty and completeness from the prin
ciples of Bohr’s theory of the hydrogen atom and of quantum emis
sion. With a sensible extension of the theory, [the polarization] could 
also be explained in a way that hardly leaves any gaps. The ravine 
that originally seemed to open up between the quantum theory and 
the wave theory of spectral lines could therefore on essential points 
already be bridged. Not much is missing for it to be definitively filled 
in. In this sense, the theory of the Zeeman effect and especially that of 
the Stark effect belong to the most impressive achievements of our 
field and form a beautiful capstone on the edifice of atomic physics.132 133

As we showed in Section 2, however, even the Stark effect revealed 
some serious cracks in Sommerfeld’s edifice. To account for the 
effect in the old quantum theory, one had to make some arbitrary 
assumptions in addition to the Bohr-Sommerfeld quantum condi
tions to rule out certain orbits. To calculate intensities of lines on 
the basis of Bohr’s correspondence principle, one had to make at 
least one more arbitrary assumption. It was not enough to stipulate 
that the intensity of a line of a given frequency is given by the square 
of the coefficient of the term in the Fourier expansion of the orbit 
with that frequency. One also had to decide whether to use the Fou
rier expansion of the initial orbit, the final orbit, or some weighted 
average of both and everything in between. Moreover, contrary to 
the calculations of the frequencies of the various lines, the calcula
tions of their intensities only gave qualitative agreement with the 
(admittedly also less secure) experimental data. Most worrisome of 
all, we saw that the actual orbits predicted by the old quantum the
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ory depend on the coordinates chosen to impose the quantum con
ditions (see Tables 1 and 2). Both Sommerfeld and Epstein clearly 
identified this problem but their response to it was little more than 
wishful thinking that the problem would somehow go away. Bohr 
made an unconvincing attempt to turn this weakness into a strength 
of the theory.

As we showed in Section 3, all these problems were solved in 
1926 when Schrödinger and Epstein explained the Stark effect on 
the basis of the new wave mechanics. The old explanation was cer
tainly helpful as the mathematical techniques needed to solve the 
problem in the two theories are very similar, as we also saw in Sec
tion 3. In particular, it suggested that the Schrödinger equation, 
like the Hamilton-Jacobi equation, would be separable in parabolic 
coordinates (cf. Eqs. (16)-(20) and Eqs. (36)-(37)). The new theory 
determines all allowed states and transitions without any additional 
assumptions. In particular, the principal quantum number picked 
up an extra term of +1 (see Eq. (40)), which obviated the need to 
rule out certain combinations of values of the three parabolic quan
tum numbers. Wave mechanics also replaced the ambiguous guide
lines based on the correspondence principle for calculating intensi
ties by the straightforward and definite prescription that intensities 
are given by the squares of the matrix elements of position, leading 
to results in reasonable quantitative agreement with the experimen
tal data. Finally, the embarrassing non-uniqueness of orbits in the 
old quantum theory was replaced by a completely innocuous non
uniqueness of bases of eigenfunctions in wave mechanics.

The Stark effect is remembered to this day as one of the few ad
mittedly qualified successes of the old quantum theory. We suspect 
that this is largely because after 1926 it became just one of many 
unqualified successes of the new quantum theory.
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Abstract

It’s widely known that Paul Ehrenfest formulated and 
applied his adiabatic hypothesis in the early 1910s. 
Niels Bohr, in his first attempt to construct a quantum 
theory in 1916, used it for fundamental purposes in a 
paper which eventually did not reach the press. He de
cided not to publish it after having received the new 
results by Sommerfeld in Munich. Two years later, 
Bohr published “On the quantum theory of line-spec
tra.” There, the adiabatic hypothesis played an impor
tant role, although it appeared with another name: the 
principle of mechanical transformability. In the subsequent 
variations of his theory, Bohr never suppressed this 
principle completely.

We discuss the role of Ehrenfest’s principle in the 
works of Bohr, paying special attention to its relation 
to the correspondence principle. We will also consid
er how Ehrenfest faced Bohr’s uses of his more cele
brated contribution to quantum theory, as well as his 
own participation in the spreading of Bohr’s ideas.
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Key words: Adiabatic principle; correspondence prin
ciple; Paul Ehrenfest; Niels Bohr.

1. Introduction

Ninety years ago an issue of Die Naturwissenschaften was released to 
commemorate the tenth anniversary of Bohr’s atom (Figure 1). 
Ehrenfest contributed a paper on the adiabatic principle, and the 
contributions by Kramers, and by Bohr himself (in fact, his Nobel 
lecture) also mentioned Ehrenfest’s hypothesis. In a similar vein, it 
is not uncommon to find references to the adiabatic principle when 
considering Bohr’s quantum theory from a historiographical point 
of view, as one of its two pillars, next to the correspondence princi
ple.1 2 Yet, the disproportion in the interest provoked and the treat
ment given to the two principles is significant. In fact, in the com
memorative issue of 1923, besides the aforementioned allusions, the 
adiabatic principle hardly appears.

1. For instance, Jammer (1966), Darrigol (1992), Kragh (2012).
2. Ehrenfest (1913a). On Ehrenfest’s adiabatic hypothesis see Klein (1970), Navarro 
and Pérez (2004), Navarro and Pérez (2006), Pérez (2009).
3. Ehrenfest (1913b).

In this paper we want to deal with the role of the adiabatic prin
ciple in Bohr’s thoughts in the years of the old quantum theory, 
mainly between 1918 and 1923, and gauge its relative importance. 
To do this, in addition to analyzing the works of Bohr, we will 
sketch how Ehrenfest reacted to the slow transformation of his hy
pothesis.

2. Ehrenfest’s adiabatic hypothesis

In 1913, Ehrenfest transformed infinitely slowly Planck’s oscillators 
into diatomic molecules to find the quantization of their angular 
momentum.’ In the same year, he drafted his first work exclusively 
devoted to the adiabatic hypothesis.3 The paper was poorly written, 
and published only in the Proceedings of the Amsterdam Academy. The ba
sic idea underlying his treatment was that allowed quantum mo-
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Figure 1. First pages of the issue of Die Naturwissenschaften released to com
memorate the tenth anniversary of Bohr’s atom in 1923.

tions transform into allowed quantum motions during adiabatic 
transformations.

Either because of the advent of war or because of the schematic 
character of the article, the proposal by Ehrenfest went nearly un
noticed and had almost no influence on the subsequent attempts to 
formulate quantization rules. Therefore, after checking the compat
ibility between his adiabatic hypothesis and Sommerfeld’s results of 
1915/1916, Ehrenfest quickly wrote a more elaborate article, which 
also included the results of another work of 1914 by himself in 
which he had found a necessary condition to be satisfied by statisti
cal weights in order to maintain the validity of Boltzmann’s princi
ple.4

4. Ehrenfest (1914, 1916). With “Boltzmann’s principle” we are referring to the 
known relation between entropy and probability postulated by Boltzmann.

In a letter to Sommerfeld he drew attention to his unknown con
tribution. In this letter, Ehrenfest expressed, in his characteristic 
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way, his regret that the work from Munich had contributed to the 
success of Bohr’s model:5

5. Ehrenfest to Sommerfeld, April-May 1916. Sommerfeld (2000), pp. 555-557.
6. Ehrenfest to Ioffé, 28 August 1913. Moskovchenko and Frenkel (1990), p. 122.
7. Bohr to Sommerfeld, 19 March 1916. Bohr (1981), p. 604.

Understandably, your work and the subsequent success of Epstein 
provided me and my friends very great pleasure. Even though I think 
it is appalling that this success will help the provisional but still so 
cannibalistic Bohr model to obtain new triumphs - I warmly wish the 
Munich Physics further success on this path!

Certainly, Ehrenfest initially considered Bohr’s ideas loathsome. So 
he confessed to his Ukrainian friend Abraham Ioffé:6

Bohr’s work “quantum mechanical consequences of Balmer’s law” 
[W] bothers me: if the Balmer formula can be obtained in this way, I 
must throw all the physics in the trash (and myself... )

Needless to say, this assessment was not reciprocal at all. In his re
sponse to Ehrenfest, Sommerfeld informed him that Bohr had al
ready told him about the adiabatic hypothesis in a very approving 
way. Bohr had written to Sommerfeld that he “... had made consid
erable use of Ehrenfest’s idea about adiabatic transformations 
which seems to me very important and fundamental ... ,”7 This was 
March 1916. Let us now go back and see when Bohr used the adia
batic hypothesis for the first time.

3. Bohr’s trilogy and his quantum theory of periodic 
systems (1913-1916)

In the trilogy by Bohr, Ehrenfest’s adiabatic hypothesis did not ap
pear. In fact, as for dates, Bohr could not have known the first version 
of the hypothesis before sending to print his first installment of “On 
the Constitution of Atoms and Molecules.” But neither is it men
tioned in the next two. What we do find in the second and third in
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stallments are slow imaginary transformations of certain annular con
figurations and even the process of formation of the hydrogen 
molecule through an approach of two hydrogen atoms, “so slow that 
the dynamical equilibrium of the electrons for every position of the 
nuclei is the same as if the latter were at rest.”8 Nevertheless, Bohr 
neither mentioned adiabatic invariants nor explicitly discussed the 
validity of mechanics in those kind of transformations, as he would 
do in later papers.

8. Bohr (1913), pp. 481-482, p. 868.
g. For further reading, see the contribution by Michael Eckert to this volume.
10. Bohr (1916). On this paper see Darrigol (1992), pp. 93-98.
11. Ehrenfest to Bohr, 30 January 1920. AHQP, microfilm AHQP/BSC-2.
12. Bohr (1916), p. 434.

By the spring of 1916, he had written down a theory that would 
group and base quantization for periodic systems. But when the 
paper was about to be published in Philosophical Magazine, Bohr re
ceived the new developments on multiperiodic systems by 
Sommerfeld,9 10 and decided to retract it. He only published “On the 
Application of the Quantum Theory to Periodic Systems”“ in 1921, 
when it was a kind of historical curiosity, and he did it because of 
the insistence by Ehrenfest, among others, who encouraged him by 
saying that its publication could help readers to follow his thought 
processes, so difficult to understand “even for an Einstein.”11 12

Bohr’s theory of 1916 was based on the assumptions that there 
exist stationary states in atomic systems and that “any change of the 
energy of the system including absorption and emission of electro
magnetic radiation must take place by a transition between two 
such states.”“ Among the conditions they have to fulfill we find:

, (1) 
<z> y 2

(Tis the average kinetic energy, co the frequency of the motion, t the 
time, h Planck’s constant, and n a whole number). According to 
Bohr, the “possibility of a consistent theory based on this assump
tion is given by:”
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8W = Q (2)

Which is the difference of the total energy for two neighbouring 
periodic motions of the same system. In other words, invariant (1) 
- whose validity Bohr extends to relativistic systems - is the quantity 
to be quantized; there is emission and absorption of radiation only 
in transitions between stationary states; (2) implies that the energy 
of a periodic system is completely determined by the value of the 
adiabatic invariant

T
a

Here Bohr quotes Ehrenfest, who had pointed out the “great impor
tance in the Quantum theory of this invariant character of [(1)]-” 
And he adds that Ehrenfest’s idea:

... allows us by varying the external conditions to obtain a continuous 
transformation through possible states from a stationary state of any 
periodic system to the state corresponding with the same value of n of 
any other such system containing the same number of moving parti
cles.

Bohr justifies this invariance by arguing that in the cases when the 
external field is established slowly and at a uniform rate, it can be 
“considered as an inherent part of the system,” and then the internal 
motion of the whole system obeys ordinary mechanics.13

13. Bohr (1916), p. 436.
14. Bohr (1918a).

4. “On the Quantum Theory of Line-Spectra” (1918)

The updating of his theory took Bohr two years.14 In the first part of 
the new (and published) version of his quantum theory, of 1918, he 
dealt with multiperiodic systems. There, Bohr presented the work 
of Ehrenfest as one of the great advances obtained recently in the 
quantum theory along with Einstein’s transition probabilities and 
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the magnificent developments by the Munich school. In “On the 
Quantum Theory of Line-Spectra,” Bohr quotes practically all the 
papers by Ehrenfest related to the adiabatic issue and formulates 
the most complete version of his hypothesis. In part I he even 
quotes the papers where Burgers extended the validity of the results 
of Ehrenfest, and in part II Burgers’ dissertation “Het Atommodel 
van Rutherford-Bohr,” appeared in 1918.15

15. Bohr (1918a), p. 17, Bohr (1918b), p. 93, footnote. Bohr writes that Burgers “has 
given a very interesting general survey of the applications of the quantum theory to 
the problem of the constitution of atoms, and has in this connection entered upon 
several questions discussed in the present paper.”
16. Bohr (1918a), p. 8.

Here Ehrenfest’s idea has a much more fundamental role than in 
1916. Now, Bohr establishes a principle according to which me
chanics still applies in continuous transformations. That guarantees 
the stability of stationary states. Moreover, he includes the statisti
cal implications to properly generalize the meaning of Boltzmann’s 
principle within the quantum theory. Bohr coins the term principle of 
mechanical transformability, in order to take distance from the thermo
dynamic reminiscences which, according to Bohr, Ehrenfest’s hy
pothesis had.

Thus, in a variation of the external conditions, systems usually 
readjust in a non-mechanical way. If, however,16

... [a slow] variation is performed at a constant or very slowly chang
ing rate, the forces to which the particles of the system will be ex
posed will not differ at any moment from those to which they would 
be exposed if we imagine that the external forces arise from a number 
of slowly moving additional particles which together with the origi
nal system form a system in a stationary state.

For simply periodic motions Bohr derives the adiabatic invariance 
of:
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(<ris the period of motion, a the number of degrees of freedom, and 
pk and qk phase coordinates). The quantization is given by the for
mula:

I=nh .

And the natural generalization for the multiperiodic case is:

Ik=nkh, (3)

with

(A’=l " r, where r is the degree of periodicity, and the integral is ex
tended over each partial period) for each periodic component in 
which the motion can be separated, according to the theory of Ham
ilton-Jacobi. In degenerate cases, where the motion of the phase point 
does not cover densely a 5-dimensional extension, the separation of 
variables is ambiguous, and so too is the quantization given by (3). 
Accordingly, for slow transformations, passing through degenerate 
motions constitutes a singularity: there the system has to adapt in a 
non-mechanical way, as in fast changes. Bohr notes that this is so be
cause of the appearance/disappearance of new vibrations: the trans
formation cannot be slow any more with respect to the period of the 
new vibration, which is very long near the point of degeneracy. Bohr 
takes advantage of this peculiar fact to devise transformations that 
connect in a continuous way different stationary states of the same 
system; this is what he calls “cyclic transformations.”

As for the statistical treatment, we read:17

17. Bohr (1918a), pp. 9-10. See Darrigol (1992), pp. 132-137.

In examining the necessary conditions for the explanation of the sec
ond law of thermodynamics Ehrenfest has deduced a certain general 
condition as regards the variation of the a-priori probability corre
sponding to a small change of the external conditions from which it 
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follows that the a-priori probability of a given stationary state of an 
atomic system must remain unaltered during a continuous transfor
mation, except in special cases in which the values of the energy in 
some of the stationary states will tend to coincide during the transfor
mation. In this result we possess, as we shall see, a rational basis for 
the determination of the a-priori probability of different stationary 
states of a given atomic system.

In other words, the quantization of adiabatic invariants meets the 
preconditions for the applicability of Boltzmann’s principle.

5. Ehrenfest’s first reaction

Bohr sent the first part of “On the Quantum Theory of Line-Spec
tra” to Ehrenfest in May 1918, along with a letter explaining the 
change in terminology for his hypothesis, now a principle. As Bohr 
explained, in the published memoir he had not been explicit enough 
in this respect for the sake of brevity:18

18. Bohr to Ehrenfest, 5 May 1918. AHQP, microfilm AHQP/EHR-17, Section 5.
ig. Ehrenfest to Bohr, 14 July 1918. AHQP, microfilm AHQP/BSC-2, Section 1.
20. Klein (2010), p. 308.

As you will see the considerations are to a large extent based on your 
important principle of “adiabatic invariance.” As far as I understand, 
however, I consider the problem from a point of view which differs 
somewhat from yours, and I have therefore not made use of the same 
terminology as in your original papers. In my opinion the condition 
of the continuous transformability of motion in the stationary states 
may be considered as a direct consequence of the necessary stability 
of these states and to my eyes the main problem consists therefore in 
the justification of the application of ordinary “mechanics” in calcu
lating the effect of a continuous transformation of the system.

It is interesting to read Ehrenfest’s response.19 20 At that time, he was 
“far away from physics,” as well as “suffering an attack of jaundice, 
depressed by the interminable war and dissatisfied with his own 
work.”80 In fact, he did not answer Bohr’s letter until three months 
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later, and even then still without having read carefully the work of 
Bohr.

Ehrenfest completely agreed with Bohr that, were the Transforma
tionsprinzip right, it would be more fundamental than thermodynam
ics. However, he added some interesting observations on why, de
spite appearances to the contrary, he claimed not to have given his 
own hypothesis the thermodynamical meaning Bohr took him to 
have had in mind. First of all, his idea was inspired by Helmholtz’s 
and Boltzmann’s considerations on (mechanical) monocycles; 
Ehrenfest thought that the expression “principle of mechanical 
transformability” should somehow be restricted, because it sug
gests that any motion could be transformed mechanically into any 
other motion, and in that case invariants become meaningless. 
Moreover, adiabatic transformations of statistical weights in a sys
tem in thermodynamical equilibrium do not necessarily lead to a 
new state of equilibrium, because the transformation is performed 
in phase space, not in the space of macroscopic variables. In this 
sense, his previous uses of the term “adiabatic” departed clearly 
from thermodynamics.

In this first letter Ehrenfest informed Bohr about the celebra
tion, the following Easter, of the Dutch Congress of Natural and 
Medical Sciences in Leyden and invited him to attend. From then 
on, correspondence between the two physicists shows how their 
friendship grew. They met for the first time in Leyden, at the afore
mentioned conference.

6. Bohr’s second fundamental postulates

By mid-1922 Bohr had finished a theoretical basis for his second 
atomic theory, which strongly departed from the ring model of 
1913.SI He presented it in his Wolfskehl lectures in Göttingen in 
June, and it appeared as a paper in January 1923 under the title: 
“On the Application of the Quantum Theory to Atomic Structure.” 
Only the first part was published: “The Fundamental Postulates.”

There, after stating the old assumptions related to the existence

2i. Bohr (1924). For Bohr’s second atomic theory, see Kragh (2012), pp. 272-297. 
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of stationary states, Bohr writes the formula which provides “the 
displacement of a particle in a given direction:”

f = 2 CT1-ruCOS 2tt([t1(U1 +••• +TuO)u]t +

where o)lt —,a>u are the fundamental frequencies and u is the degree 
of periodicity. He adds that:88

22. Bohr (1924), p. 4.
23. For further reading, see the contribution by Martin Jähnert to this volume.

The summation is to be extended to all integral values of the numbers 
r1; •••, r„. The uniqueness of the solution is conditioned by the fact that 
among the quantities co1; •••, co,, there exist no relations of the form:

™i®i + - +mucol=0 [(4)]

where m1; •••, mu are a series of whole numbers.

This way of introducing his new theory nicely captures the evolu
tion of Bohr’s thoughts in the years after 1918. Although this idea 
appeared in Part II of “On the quantum theory of line-spectra,” it 
took a more central role in the subsequent years. From 1920 on, the 
importance of the correspondence principle in the foundations of 
his theory became stronger.83 Relation (4) is precisely the condition 
that a non-degenerate movement must fulfill. Now, it is closely tied 
with the correspondence principle and, in fact, explains, along with 
the adiabatic principle, why decreasing the degree of degeneracy is 
equivalent to the appearance of new frequencies:

The addition of further conditions, if the degree of periodicity in
creases under the influence of external forces, appears too in a very 
simple light. We can, in fact, regard these conditions as an immediate 
demand for a correspondence between the new, slow harmonic vibra
tions appearing in the secular perturbations and processes of transi
tion, for which the quantum numbers already appearing in the undis
turbed motion are not changed, but only the new quantum numbers, 
appearing in the additional conditions.
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Therefore, a guideline originally devised to analyze and character
ize multiperiodic systems turned into a crucial tool to formulate the 
correspondence principle. Relation (4) also establishes that the de
gree of periodicity is the significant parameter of a system, not the 
number of dimensions:84

The assertion that the number of quantum conditions ... is exactly 
equal to the degree of periodicity, becomes a necessary demand for 
attaining an unambiguous correspondence between the various types 
of transitions and the harmonic components appearing in the motion.

Bohr recovers the terminology “adiabatic principle” without justify
ing the new change, maybe because he now refers mostly to the va
lidity of electrodynamics, not to mechanics:85

We may say that the Adiabatic Principle ensures the stability of the 
stationary states in the region in which we might on the whole expect 
that this stability can be discussed on the basis of the ordinary electro
dynamic laws.

Mechanics was definitely losing ground: ordinary mechanics does 
not apply to the motion of any stationary state. The correspondence 
principle contributed strongly to emphasize the new role of electro
dynamics. However, Bohr kept assuming the existence of quantum 
numbers even in complex systems, despite the fact that equations of 
motion cannot be solved:86

In the fixation of these quantum numbers considerations which rest 
on the Adiabatic Principle, as well as on the Correspondence Princi
ple discussed in the next chapter, play an important role. The de
mand for the presence of sharp, stable, stationary states can be re
ferred to, in the language of the quantum theory, as a general principle 
of the existence and permanence of the quantum numbers.

24. Bohr (1924), p. 25.
25. Bohr (1924), p. 14.
26. Bohr (1924), p. 16.
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That is, some transformations do not change the quantum number, 
even if they are no longer associated with the validity of mechanics. 
This use, already dissociated from mechanics, was meant to the con
struction of some atomic and molecular models.

In sum, we conjecture that the less mechanistic character of his 
theory made Bohr come back to the original denomination of 
Ehrenfest’s principle. The adiabatic transformation of statistical 
weights, originally subordinated to the validity of mechanics, re
mained as the essence of Ehrenfest’s hypothesis. Hence, it became 
more a statistical than a mechanical principle.

7. Ehrenfest on the correspondence principle

Meanwhile, after their first personal contact, Ehrenfest had plunged 
into Bohr’s atomic theory, publishing papers devoted to polishing 
and developing the results of his colleague, some of them with in
genious applications of the correspondence principle.87 The most 
telling episode of this subordination of Ehrenfest’s research inter
ests to those of Bohr occurred during the 3rd Solvay Conference in 
the spring of 1921, which Bohr could not attend for health reasons. 
On his behalf, Ehrenfest presented a paper in which he analyzed 
the implications and assumptions underlying the correspondence 
principle by Bohr and Kramers;88 he only made a slight allusion to 
the adiabatic principle when dispersion was discussed after his com
munication.

The next Christmas, in December 1921, Ehrenfest spent three 
weeks in Copenhagen with his daughter Tatiana (Pavlovna); he 
gave a couple of talks, one of them on the “mystery of energy 
quanta.”89 In one of the postcards he wrote to Bohr during a tour 
around Scandinavia, he asked what Bohr meant with “a certain ex-

27. Ehrenfest and Breit (1922).
28. Ehrenfest (1922).
29. Ehrenfest to Bohr, 11 November 1921. AHQP, microfilm AHQP/BSC-2, Section 
2.
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tension of Adiabatic Hypothesis.”3“ Probably, Bohr was then work
ing on the theory we have already outlined, and he had been dis
cussing it vividly with Ehrenfest. Indeed, according to Bohr, the 
conversations they had on that visit greatly influenced his thoughts. 
Some months later, referring to his new paper, he wrote to 
Ehrenfest:30 31 32

30. Ehrenfest to Bohr, 8 January 1922. AHQP, microfilm AHQP/BSC-2, Section 1.
31. Bohr to Ehrenfest, 19 May 1922. Bohr (1976), p. 631.
32. Ehrenfest to Bohr, 8 May 1922. AHQP, microfilm AHQP/BSC-2, Section 1.
33. Sommerfeld (1922), pp. 374-375.

This deals mostly with the general principles of quantum theory, and 
you will find that I have learned a lot from our discussions. You know 
how much the word expression means to me, and I can describe to 
you the situation not better than saying that I have felt that things 
themselves forced me to retrieve again the name Adiabatic Principle, 
and that I even have capitulated to the extent that I speak only about 
statistic weight, and had even fought against the use of a priori prob
ability with the people here.

These remarks by Bohr appear in a different light if one reads the 
letter by Ehrenfest to which Bohr was responding.38 It consists of a 
long and pathetic complaint regarding the contempt with which 
Sommerfeld had treated him in his latest edition of Atombau.33 In it, 
Sommerfeld had reduced Ehrenfest’s contribution to the adiabatic 
issue to coining the expression, and had attributed the fundamental 
and original idea to Einstein and Lorentz. Ehrenfest spent many 
pages explaining his own contributions, while acknowledging how 
Bohr had “formulated immediately in a very clear way which was 
the position of the degenerate systems,” whereas he himself had 
“stood helpless before them.”

Ehrenfest’s participation in the subsequent developments of the 
adiabatic hypothesis after 1918 was limited. As far as publications 
are concerned, there is not a single paper devoted to the topic. He 
did mention the adiabatic hypothesis in a paper with Einstein in the 
summer of 1922, in which they discussed the experiment by Otto 
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Stern and Walther Gerlach.34 In this article they laid out the difficul
ties of understanding how the silver atoms become oriented as they 
travel across the varying magnetic field. One of the options consid
ered entailed the elimination of the difference between slow and fast 
changes, a result they saw as problematic.

34. Einstein and Ehrenfest (1922).
35. Ehrenfest (1923).
36. Ehrenfest (1923), p. 543.

In June 1923, Ehrenfest himself had the opportunity to give his 
version of the birth of the adiabatic hypothesis in the commemora
tive issue of the Bohr atom with which we started our paper.35 There, 
he reproduced in some more detail what he had written to Bohr the 
year before. In this 1923 paper, Ehrenfest emphasized that Bohr 
had formulated the most complete version of the adiabatic hypoth
esis and stressed the “organic” relation suggested by Bohr between 
the correspondence principle and the adiabatic principle in the new 
version of the theory, as well as his masterful treatment of degener
ate systems.36

8. Final remarks

Ehrenfest’s adiabatic hypothesis, initially formulated by Ehrenfest 
in terms of (quantum-theoretically) allowed mechanical motions 
became, in the hands of Bohr, a necessary condition for the stability 
of the stationary states, as a logical extension of the sphere of valid
ity of mechanics: only adiabatic transformations can be treated me
chanically. This principle controlled the motions themselves as well 
as their statistical weights.

The adiabatic principle remained important in the later evolu
tion of Bohr’s theory. It turned out to have a relation to the corre
spondence principle, undoubtedly the more important principle 
after 1920. The masterful way in which Bohr tackled the degenerate 
motions Ehrenfest had bumped into, played a critical role in the 
establishment of this “organic” relation between the principles, as 
Ehrenfest pointed out in his paper of 1923. However, the calcula
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tions which could be performed with the help of the latter eclipsed 
the fundamental role of the adiabatic principle.

The later theorem of invariance of quantum numbers finally lost 
all connection to mechanics. Even then, Bohr never ceased to em
phasize the crucial role of the adiabatic principle, making it widely 
known and reserving for it a special place in the history of the old 
quantum theory. Therefore, its role as a guiding principle in Bohr’s 
efforts to increase the scope of the old quantum theory should not 
be underestimated.
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Abstract

Action-angle variables are strong mathematical tools 
for discussing the old quantum theory. In a 1918 mem
oir, Bohr used the action variables and explained in a 
footnote their importance in the quantum context. The 
idea of the action-angle variables appeared in celestial 
mechanics at the beginning of the twentieth century 
and grew within the old quantum theory thanks to the 
efforts of Schwarzschild and Epstein on the Stark prob
lem. Its development was closely connected to discov
eries of the mathematical properties of systems for 
which the Hamilton-Jacobi equation is completely 
separable. Our investigation also clarifies how notions 
that appeared in Bohr’s memoir were established, con
cerning in particular the relationship between proper
ties of the Hamilton-Jacobi equation and conditionally 
periodic motion, the treatment of degenerate systems, 
and action-angle variables.

Keywords: Stark effect; conditionally periodic motion; 
Karl Schwarzschild; Paul Epstein; Carl V. L. Charlier; 
Hamilton-Jacobi equation; Stäckel’s formulas.
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SCI.DAN.M. I THE ORIGINS OF ACTION-ANGLE VARIABLES

1. Introduction

In 1918, Niels Bohr published an important memoir in three parts 
titled “On the Quantum Theory of Line-Spectra”. The first part of 
the paper was devoted to periodic systems with one degree of free
dom and conditionally periodic motions. Bohr knew conditionally 
periodic motions occur if the system is described by a Hamilton- 
Jacobi equation for which the variables were completely separable. 
Bohr assumed such a system and, on introducing the so-called ac
tion variables that have the same dimension as action, explained 
properties of the system. While noting the relation between the ac
tion variables and invariability for slow mechanical transforma
tions, Bohr mentioned the independent work of Schwarzschild and 
Epstein on the Stark effect for which the action integral were related 
to the so-called angle variables.1 2 In a footnote, Bohr explained the 
canonical variables, which are composed of action variables and an
gle variables.8 His footnote covers the essentials of the modern defi
nition of action-angle variables.3 Bohr’s 1918 paper paid special at
tention, not to these canonical variables, but to action variables. 
However, he regarded action variables as being constructed from 
canonical variables with angle variables. This paper examines the 
historical development in constructing the action-angle variables.

1. Bohr (1918), pp. 21-22.
2. Bohr (1918), pp. 29-30.
3. For example, Goldstein, Poole, and Safko (2002), pp. 452-463.
4. We confirm that the action variables were used in celestial mechanics at latest at 
the end of the nineteenth century in Whittaker (1899), pp.153-154. However, these 
variables were not treated as canonical variables whose counterparts were action 
variables. Jammer (1966), p. 103, seemed to confuse these facts and wrote that action
angle variables were fully recognized in astronomy in the era of Poincaré and 
Charlier.

Angle variables had been used in celestial mechanics indepen
dently of their use in the Hamilton-Jacobi theory.4 Our interest is in 
the process through which angle variables when paired with action 
variables came to be treated as canonical variables. To begin, we 
shall recall this process as it evolved in celestial mechanics. In devel
oping the early Hamilton-Jacobi theory, mathematicians noted a 
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system for which the variables of the associated Hamilton-Jacobi 
equation were completely separable, and obtained a couple of 
mathematical properties guaranteeing that conditionally periodic 
motion occurs in the system.

In parallel, the Hamilton-Jacobi theory at the end of the nine
teenth century began to involve aspects of transformation theory. Re
arranging the results of his predecessors, such as Jacobi, Paul Stäckel, 
Hugo Gyldén, and Henri Poincaré, Carl Vilhelm Ludwig Charlier 
derived, in the second volume of his textbook series on celestial me
chanics published in 1907, a special set of the canonical variables 
composed of the action integral and the angle variable. These varia
bles were generalized and introduced into quantum theory by Karl 
Schwarzschild in a 1916 paper that explained the Stark effect. Paul 
Epstein published his results on the Stark effect almost at the same 
time. After encountering Schwarzschild’s ideas, Epstein rearranged 
and expanded on them. Next, we shall examine the work of these two 
scientists who Bohr mentioned in his introduction of his 1918 paper.

There are several historical articles that discuss Schwarzschild’s 
usage of action-angle variables in the Stark problem. These articles 
explain his rather modern introduction of the action-angle varia
bles.5 However, Schwarzschild did not hold this modern under
standing of these variables when he analyzed the Stark problem. 
These canonical variables were actually formulated by two others 
working on the same problem. In truth, Hamiltonian dynamics in 
general, and the Hamilton-Jacobi equation in particular, was broad
ly used in the texts on celestial mechanics and astronomy.6 Never
theless, action-angle variables were also required in considering the 
old quantum mechanics.

5. For example, Duncan and Janssen (2014a), Eckert (2013a), pp. 44-48, (2013b), pp. 
210-213, Darrigol (1992), pp. 113-116, Mehra and Rechenberg (1982), pp. 223-227, 
Hund (1974) ,pp. 85-86, and Jammer (1966), pp. 102-104.
6. Shore (2003), p. 498. Shore’s paper discusses the aspect of how the classical 
dynamical problem linked to the old quantum theory. He also notes the Stark 
problem but pays little attention to action-angle variables.

Our examination also clarifies how ideas and notions that ap
pear in the 1918 paper emerged in constructing the action-angle 
variables. We specifically note the relationship between properties 
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of the Hamilton-Jacobi equation and conditionally periodic mo
tion, and the relationship among the notions of degenerate systems, 
angle variables, and quantum numbers. The idea for the adiabatic 
hypothesis, which Bohr also mentioned in his 1918 paper, can be 
related to the history of action-angle variables; however, we shall 
not pursue this point here.

2. The origin of action-angle variables: celestial mechanics

2.1 Jacobi’s achievements

Jacobi elaborated on Hamilton’s works on mechanics7 published in 
1834 and 1835. Jacobi rearranged his results and then delivered lec
tures on dynamics in Königsberg, titled Vorlesungen über Dynamik in 
1842-1843. These lectures provided a prototype of the Hamilton- 
Jacobi theory. Among Jacobi’s accomplishments, we focus on sub
jects related to the solutions of the Hamilton-Jacobi equation.

It should first be noted that Jacobi clarified a fundamental idea 
of the Hamilton-Jacobi theory. The idea was a way to reduce the 
solutions of a system of ordinary differential equations, the canoni
cal equations,8

 (1)

to those of a special type of first-order, non-linear, partial differen
tial equation, the Hamilton-Jacobi equation,

(2)

The complete integral has the form W = W(qY qn,yl /„), where 
Xi Y„ are arbitrary constants and ft can be taken to be the total 
energy. The solutions of Eq. 1 are given by

7. For this process, see Nakane and Fraser (2002).
8. Jacobi (1866) discussed initially the case when the function explicitly depends on 
time and then formulated the time-independent case. As the function H is time
independent in dynamical problems, we are only concerned with the latter.
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where the ßx s are arbitrary constants. In demonstrating these rela
tions, Jacobi indicated that IF corresponded to the action integral of 
the system in the dynamical theory.9 10

9. Hamilton’s original idea was that solutions of equations of motion are derived 
from the action integral of the system IV obtained by solving a special type of first- 
order partial differential equation. See Nakane and Fraser (2002).
10. Houzel (1978) discusses the history of this problem.

In general, solving a partial differential equation is more difficult 
than solving a system of ordinary differential equations, but Jacobi 
noted that if one finds appropriate coordinates that completely sep
arate the variables of the Hamilton-Jacobi equation, one can easily 
solve it. Jacobi showed that by using polar coordinates the Hamil
ton-Jacobi equation for the Kepler problem was completely separa
ble. Jacobi appealed to elliptical coordinates to solve the equations 
of motion of a particle gravitationally attracted by two fixed centers, 
a problem proposed by Leonhard Euler.“ It was one of the most 
remarkable achievements of the Hamilton-Jacobi theory. However, 
Jacobi realized that his method was very limited. He confessed that 
there was no general way to find such coordinates for a given Ham
ilton-Jacobi equation.

Instances when the variables are completely separable are very 
important for our argument. We often describe the Hamilton-Jaco
bi equation as solvable if its variables are completely separable. We 
shall discuss two cases related to solvable Hamilton-Jacobi equa
tions: one in which mathematicians and physicists succeeded in 
finding appropriate coordinates to solve the equation; the other in 
which they assumed that a given Hamilton-Jacobi equation has 
such coordinates and developed their discussions.

Jacobi’s discussion of the Hamilton-Jacobi equations is reminis
cent, for those who know modern Hamilton-Jacobi theory, of the 
idea of canonical transformations. These involve changes of varia
bles that conserve the original form of the canonical equations. The 
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complete integral of the associated Hamilton-Jacobi equation in
volves such a transformation. In his 1837 paper, Jacobi character
ized what is now called the generating function of the canonical 
transformation.11 12 However, in all his papers referred to in the early 
20th century, Jacobi never indicated that a complete integral of the 
Hamilton-Jacobi equation played the role of a generating function18 
Not only mathematicians and physicists but also historians often 
miss this fact.13

11. Hagihara (1970), pp. 53-54 indicates that the term generating function was 
introduced by Carathéodory in 1935. We adopt this term for the function that 
determines the canonical transformation, while noting that Carathéodory’s definition 
of the canonical transformation was different from that of Jacobi.
12. Jacobi (1890), a posthumously published paper, involved a proof of his statement.
13. For example, see Kline (1972), pp. 743-744 and Mehra and Rechenberg (1982) p. 
226, footnote 359. Because Jacobi’s accomplishment related to the canonical 
transformation is overestimated, the historical discussion of the Hamilton-Jacobi 
theory has been confusing. Exceptionally Klein (1926), pp. 203-205, grasped 
precisely Jacobi’s accomplishment and did not connect Jacobi’s transformation with 
a complete solution of the Hamilton-Jacobi equation.
14. Charlier (1902), pp. 80-81. The present paper adopts Stäckel’s results, which were 
introduced in Charlier’s book of 1902.

2.2 Stäckel ’s and Poincare’s results

Jacobi’s ideas blossomed in the late nineteenth century. One most 
important event for the quantum theory was Stäckel’s publication in 
1893 of several mathematical properties of a separable Hamilton-Jac
obi equation. His main result, which Charlier called Stäckel’s theo
rem, is as follows:14 a condition for the separability of variables in

is the existence of arbitrary functions of one variable

where A = does not identically vanish and the functions, 4 4,z
and U are determined by
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J__öA_

In this case,

(3)

where the yÅ s are integral constants, gives a complete solution of 
Eq. 2.

Stäckel thus provided a formula for solving the Hamilton-Jacobi 
equations. Solving a given Hamilton-Jacobi equation using this for
mula however is not practical, although it was effective for examin
ing the general properties of systems associated with solvable Ham
ilton-Jacobi equations. Stäckel demonstrated that such a system 
was composed of multiple one-dimensional periodic motions. In 
accordance with the terminology of Otto Staude, Stäckel called 
these motions conditionally periodic motions.15 As we shall see be
low, the relation between a solvable Hamilton-Jacobi equation and 
conditionally periodic motion is a key relationship that the theory 
would be noted for in the old quantum theory.

15. Stäckel (1893), p.554. Let us consider a system of two one-dimensional motions 
for which the frequencies are «>j and o>2. If ft,i / «5 is irrational the orbit returns 
infinitely close to the starting point after a sufficiently long duration. The motion is 
not periodic but very similar to being periodic. Additionally, a periodic motion 
occurs if ftij / ft>2 is rational; the system involving such a motion is called conditionally 
periodic. See Arnold (1989), pp. 285-287
16. Poincaré did not obtain the correct relationship among the variables of the 
generating function, the old canonical variables, and new ones. Although his 
description was confusing, I have adopted the relations that he introduced when 
deriving Delaunay’s equations as demonstrated in Poincaré (1892),pp. 24-26.

Jacobi’s idea of canonical transformations was also developed 
further in celestial mechanics. In les Me'thodes Nouvelles de la Me'canique 
Ce'leste published in 1892, Poincaré first introduced Jacobi’s first the
orem that showed a way to solve Eq. 1 using a complete solution of 
the associated Hamilton-Jacobi Eq. 2. He next indicated that the 
complete solution becomes a generating function of the canonical 
transformation16 which transforms Eq. 1 to
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dy. dH dß dH
— =----- ,— =-------- , /=1,2,...,«,
dt dßt dt dy[

Poincaré called it Jacobi’s second theorem even though Jacobi did 
not derive it. It is Poincaré who noted that the complete solution 
works as a generating function. Poincaré actually performed the ca
nonical transformation and derived the other type of canonical 
equation, Delaunay’s equation,17 from Eq. 1, using Jacobi’s second 
theorem. However, Poincaré did not prove Jacobi’s second theorem 
in any of his books and papers.

2.3 Charlier’s textbooks on celestial mechanics

Jacobi’s theory was mainly developed in mathematics and celestial 
mechanics. Quantum physicists knew the latest Hamilton-Jacobi 
theory through Charlier’s work. Charlier introduced Stäckel’s and 
Poincaré’s achievements in his book Die Mechanik des Himmels. At the 
end of the nineteenth century, several books on celestial mechanics 
were published.18 Among them, Charlier’s books concentrated on 
discussing properties of dynamic systems associated with solvable 
Hamilton-Jacobi equations. He also demonstrated several ways to 
reduce any system to a system associated with solvable Hamilton- 
Jacobi equations. For example, he effectively used Gyldén’s idea of 
intermediate orbit, which is an approximate orbit to the original 
and is associated with a solvable Hamilton-Jacobi equation.19

17. Delaunay’s equations are

dL dH dG dH d® dH

dt dl ’ dt dg’ dt dØ ’

dl dH dg dH d0 dH

. dt dL ’ dt dG’ dt d®

where 0 is the longitude of the node, g + 0 that of the perihelion, / the mean anomaly, 
and L = y[a,G = yjaß-e2), ® = Geos/, with a. e. and i denote the major axis, the ec
centricity, and the inclination. See Poincaré (1892), p. 25.
18. See Shore (2003).
ig. Gyldén (1841-1896) was a Finnish-Swedish astronomer, a leading theorist of 
celestial mechanics and planetary perturbations. See Markkanen (2009). Whittaker 
(1899) pp. 138-144 and Poincaré (1893), vol.2, pp. 202-227 devoted a chapter to
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The last chapter of the second volume of Charlier’s book began 
with transformation theory. In accordance with Poincaré’s sugges
tion, Charlier proved that a complete solution of the Hamilton-Ja
cobi equation leads to a canonical transformation, Jacobi’s second 
theorem. However, this theorem does not ensure that one can actu
ally solve the given Hamilton-Jacobi equation. Charlier then proved 
that a complete solution of Gyldén’s intermediate orbit can also be
come a generating function of the canonical transformation. After 
the transformation, he obtained new canonical variables. Noting 
Stäckel’s relation between a solvable Hamilton-Jacobi equation and 
conditionally periodic motion, he modified the new variables. Fi
nally, he derived the canonical variables that were composed of a 
linear function of time and an element of h in Eq. 3, an action inte
gral of motion, divided by 7t, specifically,

=~—'+g -7AWdcii’ / = 1 "

introduce Gyldén’s work including his idea on absolute and intermediate orbits.
20. The mean motion n is given by h = —— where P is the period of elliptic 
motion.

where C is the total energy that appears in the equation of the inter
mediate orbit, c, s are arbitrary constants, and oscillates between 
a, and Z>,.

Charlier applied his transformation theory to the motion in 
three-dimensional space. He chose an elliptical orbit as the inter
mediate orbit and performed the canonical transformation. The 
coefficient of time then becomes the so-called mean motion.80 The 
new canonical coordinates were composed of angle variables and 
action integrals divided by n. This is the origin of the action-angle 
variables. Angle variables were very common in celestial mechan
ics. Charlier showed that these variables could be related to the 
Hamilton-Jacobi theory. Indeed, Charlier never paid any special 
attention to them, leaving it to Schwarzschild to discover their im
portance.
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3. Action-angle variables and quantum theory

Now, let us examine the contributions resulting from the Stark ef
fect published at almost the same time in 1916. The work of the two 
contributors related to the Stark problem has already been de
scribed81. Here, we confirm a well-known relation involving Som
merfeld. The German physicist was interested in the Stark effect 
and had discussed the topic with Schwarzschild. Sommerfeld had 
turned the problem of the Stark effect over to Epstein, who was 
staying at Sommerfeld’s institute in Munich. Epstein knew of 
Schwarzschild’s idea through Sommerfeld.

21. For example, Duncan and Janssen (2014a), Eckert (2013a), pp. 45-48, (2013b), 
pp. 210-213, and Mehra and Rechenberg (1982), pp. 225-227.
22. Epstein (1916a); Schwarzschild (1916).
23. Epstein (1916b); Epstein (1916c).

Schwarzschild and Epstein both considered the motion of an 
electron attracted by a fixed center of force from an atomic nucleus 
in a homogeneous electric field. Both of them introduced the Ham
ilton-Jacobi equation for the total energy as

H =—(.v2 + v2 + z2) - —------ eEx , r2 = x2 + v2 + z2, (4)
2 ' r

where (x, y z) is the position of the electron of mass m, an overdot on 
x, y z denotes the derivative with respect to time, -e is the charge of 
the electron, /e (/ > 0) that of the nucleus, and E the intensity of the 
electron field.

Schwarzschild passed away on the day the paper was published. 
Epstein submitted a preliminary note that appeared on 15 April 
whereas Schwarzschild’s paper appeared on 11 May.88 Both ob
tained similar results involving the moving area of an electron in the 
Stark effect. After submitting his first full paper, “Zur Theorie des 
Starkeffekts” to Annalen der Physik, Epstein read Schwarzschild’s work 
and published a second full paper, “Zur Quantentheorie,” elaborat
ing on Schwarzschild’s results from a mathematical point of view.83

If one wants to know only the solutions of the Stark problem, it 
suffices to examine only Epstein’s first paper noting that Schwarzs
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child had chosen the alternative use of the action-angle variables.84 
Our interest though is the formation of the action angle variables. 
We examine Schwarzschild’s and Epstein’s procedures from this 
viewpoint. In comparison with Epstein’s first paper, his second did 
not give any notable argument to explain the Stark effect in the 
Bohr-Sommerfeld theory. This second paper involved essential ar
guments that bridged Schwarzschild’s ideas and the modern Ham
ilton-Jacobi theory. Our consideration also clarifies the advantage 
of Schwarzschild’s approach over Epstein’s approach in his first 
paper, which Sommerfeld indicated.85

3.1 Schwarzschild’s approach

In “Zur Quantenhypothese”, Schwarzschild formulated action-an
gle variables, developed the notion of degeneracy using these vari
ables, and showed that degeneracy occurs in the Stark effect. He 
first pointed out that the canonical system of Eq. 1 describing con
ditionally periodic motion could be transformed to

da. dH dm. dH

dt dcoi dt dat '

where a, is an integral constant and co, an angle variable linear in 
time tand expressible as co, = n,r + /?, with /?, a mean motion and/?, an 
initial value of the angle; he did not however give a way to obtain 
these new canonical variables. Schwarzschild apparently adopted 
Charlier’s idea that canonical variables can be constructed from 
angle variables. Because a,= const, with respect to time, the first 
equation of Eq. 5 suggests ^- = 0; therefore H is independent of 
co,s, specifically, H = H (ax a„. ‘ In contrast, the second equation of 
Eq. 5 gives

dH

dat

24. Duncan andjanssen (2014b) precisely examine Epstein’s procedure demonstrated 
in his first full paper.
25. Sommerfeld (1916), pp. 39-44; Sommerfeld (1919), pp. 500-501.
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As n, is the reciprocal of time, a, has the same dimension as an action 
integral. Therefore, Schwarzschild called the set of a, s action vari
ables and co,s angle variables/6 thereby establishing these terms. He 
continued referring to an action as a, and never wrote this in an ac
tion integral form in general arguments.

Schwarzschild defined a volume of phase space, an idea originat
ing with Max Planck, in terms of these new canonical variables87 as

Then, Schwarzschild noted the case for which

holds. He called the system degenerate if it involves such a mean 
motion /?,. More precisely, he noted that degeneracy occurs if one 
can choose integers (at least one of which is nonzero) for 
which

(6)

holds. For the degenerate system, Schwarzschild showed a way to 
construct new action-angle variables (»f ,a{ a ) from the old 
ones. Ifr (i<r <»-l) combinations of Eq. 6 exist for the system, one 
sets

' = A'"”®,+...+/nl"”®n, »/ = 1,/ = 1,

for which the mean motion is 0. The other ®,'s (/ = r+l w) are 
represented by appropriate linear combinations of co, s with integer 
coefficients. New action variables a, were similarly represented as 
linear combinations of a,.

Schwarzschild used these new action angle variables and consid-

26. Schwarzschild (1916), p. 549 adopted the terms WirkungsvariablexnA Winkelvariable, 
q. Mehra and Rechenberg (1982) , pp. 208-227 set Schwarzschild’s work in the 
context of consideration of phase space done by Ishiwara, Wilson, and Sommerfeld. 
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ered the phase-space volume. He found that orbits of the motion 
appear dense everywhere in a low-dimensional surface in phase 
space whereas they can appear in all parts of phase space if the sys
tem is non-degenerate.
Here Schwarzschild showed a way to derive action-angle variables 
by a transformation from (q^p^ to

dW c'li

where function W = W(qv...,qn,av...,an) leads this transformation. 
Schwarzschild sought the leading function that involves action var
iables. Poincaré and Charlier suggested that a complete solution of 
the Hamilton-Jacobi equation associated with Eq. 1 becomes the 
leading function. Although the solution involves n arbitrary con
stants, they do not become action variables directly. Then, Schwar
zschild assumed that such auxiliary variables riv-,ri„ that describe 
the cjjS as periodic functions of riv-,ri„ with period 2?r were intro
duced. Furthermore, he supposed that the leading function W has 
the form

T = a1771 + ... +akqll+T(al,...,all,ql,...,qll), (?)

where the a, s are integral constants and T is a periodic function of 
the constants and auxiliary variables //, with period 2?r with respect 
to //,. He then obtained the æ, s and a, s that satisfy the above-men
tioned relations and which become the angle and action variables.

Schwarzschild then discussed the Stark effect. He noted that the 
Stark problem was a special case of Jacobi’s two-center problem; 
that is to say, one center is taken to infinity. Because this Jacobi 
problem is separable in elliptical coordinates, Schwarzschild was 
able to introduce “elliptical coordinates for the special case”:“8

28. Schwarzschild (1916), p. 557. There are actually parabolic coordinates, which are 
the limiting case of elliptic coordinates.

^_r+x _r-x
2 ’ fJ'~ 2 ' 28 
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in the plane defined by the direction of the electric field (he chose 
the x-direction) and the radius vector joining the nucleus (at the 
origin) and the electron. He chose (j> to describe the angle between 
the above-mentioned plane and a fixed plane through the x-axis. 
These coordinates made the Hamilton-Jacobi equation Eq. 4 com
pletely separable. Then, for the solution W, the action integral was 
written in the form

II //,(<) I // .(//)■ H j/.a).

Schwarzschild did not describe the orbit in terms of A, /z, and (j) but 
introduced action-angle variables using W. In general, h in the form 
Eq. 7 is not easy to construct. However, each (i = 1,2.3) is a one- 
variable function. He succeeded in finding the auxiliary variable //, 
for each part and represented Wf as an integral of a function of z;,/9 
setting

29. Schwarzschild (1916), pp. 558-561, integrated the function from //, = 0 to //, 2ji, set 
dlV,at (/ = 1.2) and obtained Eq. 8. Because —-= y3, he obtained U'3 = y3 ©arid set a3 9<f>

= Ys-

(8)

where ?(//,) is a periodic function of period 2zr. Using these action 
variables, he obtained the relation

dH
da3

That is, degeneracy occurs in the Stark effect. He introduced modi
fied action-angle variables and showed that an electron orbit ap
pears on a two-dimensional surface in three-dimensional space.

3.2 Epstein ’s approach

Epstein’s first full paper also succeeded in solving the Hamilton- 
Jacobi equation for the Stark effect. Epstein introduced parabolic 
coordinates 29
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which also made the Hamilton-Jacobi equation completely separa
ble. His coordinates are related to those of Schwarzschild if one sets
X = /2, /i = i;2. Distinct from Schwarzschild, Epstein obtained the or

bit of the electron in accordance with Jacobi’s method through a 
complete solution of the equation for the problem

2

n—r 42 +7/2 
V = ^, r = y]x + V = - ? ,

30. Because he considered real motions of the electron,/© > 0 and ///)> 0 were 
required. These conditions determine the two appropriate zero points for each 
function that have more zero points. See Epstein (1916b), pp. 497-501.

IF = maf + £+ £y]f2(q)dq,

where a is integral. He produced the same results as Schwarzschild, 
in that the electron moves in a lower-dimensional surface of the 
three-dimensional space. Next, Epstein assumed Sommerfeld’s 
quantum condition for the problem:

where % denote the zero points of/U") and/0/)30, h is Planck’s 
constant, and the //,s are quantum numbers. He applied them to the 
Stark effect and succeeded in explaining the experimental results. 
In addition to Sommerfeld’s application of his quantum condition 
to the elliptical motion, Epstein’s argument suggests that the coor
dinates that make the associated Hamilton-Jacobi equation com
pletely separable are appropriate coordinates for Sommerfeld’s 
quantum conditions.

In his second paper, Epstein reformulated Schwarzschild’s argu
ments on action-angle variables and introduced the idea of degen
eracy, which Epstein never introduced in his first paper. Epstein as
sumed that the coordinates q2 q„ made the Hamilton-Jacobi 
equation completely separable. Then, for the action integral, the 
solution of the Hamilton-Jacobi equation becomes
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Epstein set Sommerfeld’s quantum condition as

(9)

and showed that the total energy depends on (If} Fjj.Then, he 
explained degeneracy by considering the geometrical figures of the 
orbits for the degenerate system. He also noted that multiple coor
dinates make the Hamilton-Jacobi equations completely separable 
for the degenerate system.

Epstein introduced action-angle variables a„) from 
Stäckel’s general theory on the separable Hamilton-Jacobi equa
tion. Epstein’s procedure did not explicitly introduce the canonical 
transformation and was completely different from Schwarzschild’s 
method. Noting that motions are conditionally periodic in the sys
tem that was described by the separable Hamilton-Jacobi equation, 
Epstein demonstrated a variable col = ntt+ßt with //, a mean motion 
and /?, an initial value of the angle becomes canonical conjugate to 
h; defined by Eq. 9 using Stäckel’s formulas demonstrated in Char
lier’s books. Epstein next showed the action variables a, were ex
pressible as —, i.e., the action integral divide by In. He explicitly 
related action integrals to action variables while Schwarzschild did 
not so. In addition, the action variables are related to quantum 
numbers via the final identity:

■ 2n J
— Wldml = tr = n.h. 

«In-

Then, the degeneracy can be discussed not only in terms of the ac
tion variables but also quantum numbers. Furthermore, Epstein 
established the degree of degeneracy: the number of combinations, 
Eq. 6, is called as the degree of degeneracy. In addition, Epstein ar
gued that the orbits move on an (/? - s)-dimensional surface when 
the degree of degeneracy is a.

3.3 Introduction of action-angle variables in Bohr’s 1918 paper

Although Bohr’s 1918 paper mentioned Schwarzschild’s use of an
gle variables, it did not refer to Schwarzschild’s introduction of ac
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tion-angle variables though Schwarzschild actually used action vari
ables as canonical conjugate of angle variables. Instead, Bohr wrote 
in the footnote “..., the connection between the notion of angle vari
ables and the quantities I, discussed by Epstein in the latter paper, 
may be briefly exposed in following elegant manner...”.31 32 * It is how
ever essential for Bohr’s discussion in the text of the 1918 paper that 
the action variables explicitly indicate the action integral. Bohr then 
insisted on Epstein’s construction of the action-angle variables.

31. Bohr (1918), p.29-30. Here Epstein’s latter paper means his second full paper. The 
quantities I denote It = f pt(qt,aI,...,all)dqt (k = l,...,n), where a1,...,an are arbitrary 
constants of a complete solution of the given Hamilton-Jacobi equation.
32. Bohr introduced expressions for the 'z,s in terms of the 4s in the complete solution
and used the modified complete solution as a generating function.

Combining Schwarzschild’s and Epstein’s ideas, Bohr intro
duced his definition of the action-angle variables in a footnote to his 
1918 paper. Under the assumption that the variables of the Hamil
ton-Jacobi equation that correspond with Eq. 1 are completely sepa
rable, Bohr performed a canonical transformation on the equation 
of motion and derived action-angle variables for the dynamical sys
tem.38 The former variables are the action integrals. Bohr wrote that 
this formulation had been suggested by Hendrik Kramers.

In the footnote, Bohr wrote that Jacobi’s theorem was proven in 
Chapter 37 of Jacobi’s Vorlesungen, which only has 36 chapters. The 
Jacobi theorem that Bohr mentioned had been called by Poincaré 
Jacobi’s second theorem. As we mentioned before, this theorem had 
been proved not by Jacobi but by Charlier. Because Poincaré had 
associated Jacobi’s name, Bohr as well as, mathematicians, physi
cists, and historians, seemed to have been confused and have found 
illusionary descriptions in Jacobi’s Vorlesungen.

4. Conclusions

As we see now, the introduction and the development of the idea of 
action-angle variables were strongly connected to discoveries of 
mathematical properties of solvable Hamilton-Jacobi equations 
performed in the late nineteenth century and through the begin- 
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ning of the twentieth century. Almost all contributions that we have 
examined were written under the assumption that the variables of 
the Hamilton-Jacobi equation describing the motion of particles 
were completely separable. Stäckel showed that the solutions of a 
separable Hamilton-Jacobi equation were expressible as exact for
mulas. Using these formulas, he demonstrated that motions of the 
system that are associated with a separable Hamilton-Jacobi equa
tion are conditionally periodic.

Based on Stäckel’s result, mathematicians and physicists devel
oped their ideas related to formulating the action-angle variables. 
Charlier proved that a complete solution of a separable Hamilton- 
Jacobi equation becomes a generating function of the canonical 
transformation. Noting Stäckel’s formulas, Charlier attained new 
canonical equations that have an angle variable and an action inte
gral as canonical coordinates. Schwarzschild generalized Charlier’s 
idea and defined action-angle variables. He introduced the notion 
of degeneracy and showed that degeneracy occurred in the Stark 
effect. It is Epstein who explicitly connected action variables and 
action integral, and showed his action variables become canonical 
conjugate to angle variables referred to in Stäckel’s formulas. The 
Bohr-Kramers definitions were introduced based on the definitions 
of Schwarzschild and Epstein.

Hence, a completely separable Hamilton-Jacobi equation is a 
sufficient condition for the occurrence of conditionally periodic 
motion and for defining action-angle variables in the system. The 
main interest for quantum physicists, including Bohr, was condi
tionally periodic motion. Because this motion also occurs in sys
tems associated with non-solvable Hamilton-Jacobi equations, the 
assumption of a separable Hamilton-Jacobi equation was too strong 
for their purposes. Their next step was to drop this condition. This 
procedure is, however, beyond the scope of this paper.
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CHAPTER 2.7

Communicating the Heisenberg 
uncertainty relations: Niels Bohr, 

complementarity and the 
Einstein-Rupp experiments

Jeroen van Dongen *

Abstract

The Einstein-Rupp experiments have been sadly ne
glected in the history of quantum mechanics. While 
this is to be explained by the fact that Rupp was later 
exposed as a fraud and had fabricated the results, it is 
not justified, due to the importance attached to the ex
periments at the time. This paper discusses Rupp’s 
fraud, the relation between Einstein and Rupp, and the 
Einstein-Rupp experiments, and argues that these ex
periments were an influence on Bohr’s development of 
complementarity and Heisenberg’s formulation of the 
uncertainty relations.

Key words: Albert Einstein; Emil Rupp; Niels Bohr; 
Einstein-Rupp experiments; complementarity; uncer
tainty relations; epistemic virtues; scientific fraud.

* Institute for Theoretical Physics, University of Amsterdam, Amsterdam, The Neth
erlands; Institute for History and Foundations of Science and Descartes Centre, 
Utrecht University, Utrecht, The Netherlands; E-mail: j.a.e.f.vandongen@uva.nl.

310

SC
I.D

A
N

.M
. I 

• O
N

E H
U

N
D

RE
D

 Y
EA

RS
 O

F T
H

E 
BO

H
R 

A
TO

M
: PR

O
CE

ED
IN

G
S F

RO
M

 A 
CO

N
FE

RE
N

CE



SCI.DAN.M. I COMMUNICATING THE HEISENBERG UNCERTAINTY RELATIONS

1. Introduction

“Dear Einstein,” Niels Bohr’s letter of 27 April 1927 begins, 
“[bjefore his holiday trip to the Bavarian mountains, Heisenberg 
asked me to send you a copy of the proofs that he was expecting, 
which he hoped might interest you.” Bohr sent Albert Einstein the 
proofs of Heisenberg’s article on the uncertainty relations. He sent 
these not just because Heisenberg had asked him to do so: the arti
cle, in Bohr’s opinion, was “closely related to the questions that I 
have had the great pleasure of discussing with you a number of 
times.” Bohr and Einstein had discussed the physics of quanta and 
its problems since they had first met in April of 1920. Bohr now in
troduced Heisenberg’s newest work by placing it in the context of a 
very recent contribution by Einstein. Indeed, Bohr wrote that he 
wished to avail himself of “the opportunity to include some remarks 
concerning the problem that you discussed recently in the proceed
ings of the Berlin Academy.”1

i. Niels Bohr to Albert Einstein, 27 April 1927, pp. 21-24 in Bohr (1985), on p. 21. 
The proofs mentioned are of the article Heisenberg (1927).

Bohr told Einstein that he believed that the uncertainty relations 
made it possible “to avoid the paradox discussed by you, concern
ing the spectral resolution of the light emitted by a moving atom 
and observed through a slit perpendicular to the direction of mo
tion.” Here Bohr referred to the situation depicted in Figure 1: an 
atom moves behind a slit and emits light in its direction, and the 
“paradox” he believed that Einstein had introduced concerned the 
light that eventually emerged. Bohr’s rendition of this paradox stat
ed that the wave theory entailed, due to “the limitation in the time 
of observation” (or, the fact that the wave has a finite length), an 
“uncertainty” in the frequency v of magnitude Av = o / a, with o the 
atom’s velocity and a the slit’s width. Taking account of diffraction 
at the slit and the Doppler effect due to the source’s motion would 
produce the same relation, Bohr pointed out. Then, one may fear a 
contradiction with strict validity of energy conservation, as the 
emission’s ‘frequency’ should be narrowly prescribed by the rela
tion E = hv. However, Bohr wrote, in the particle picture suggested
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Figure 1. Atom A radiating behind a slit, with the emitted light undergoing 
diffraction.

by the energy relation, it is not too hard to imagine that the emitting 
atom can undergo a radiative recoil “that may deviate from the per
pendicular direction of observation.” This would introduce varia
tions in the energy of the light quantum, and hence, its frequency. 
Consequently, Bohr found, there need not be a contradiction, but 
rather just two different ways of viewing the situation, which both 
are in accordance with, and thus formally sanctioned by, Heisen
berg’s relations. Bohr referred to a footnote in Einstein’s paper that 
he took to be further support for his rendering of the problem at 
hand: Einstein had said, according to Bohr, that “no possible ‘light 
quantum’ description can ever explicitly do justice to the geometri
cal relations of the ‘ray path’.”2

2. Niels Bohr to Albert Einstein, 27 April 1927, pp. 21-24 in Bohr (1985), pp. 22-23.

Attentive readers will have identified in the above not just Bohr’s 
introduction of the uncertainty relations to Einstein, but also early 
intimations of his ideas of complementarity. Indeed, Jørgen Kalck- 
ar, the editor of the beautiful Volume 6 of Bohr’s CollectedWorks, saw 
in this letter already “the essence of the complementarity argu
ment.” He points out that Bohr had formed his earliest ideas on 
complementarity during a vacation in Norway, away from Heisen
berg in Copenhagen, while the latter was producing the uncertainty 
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relations.3 Heisenberg’s relations, Bohr’s letter to Einstein suggests, 
gave further theoretical authorization to these early complementa
rity ideas. As Bohr put it in his letter: “Through the new formula
tion we are presented with the possibility of bringing the require
ment of energy conservation into harmony with the consequences 
of the wave theory of light, since according to the character of the 
description, the different aspects of the problem never occur at the 
same time.”

3. “Introduction”, pp. 7-51 in Bohr (1985), on p. 21; see also its p. 16 for a similar 
comment.
4. Einstein (1926b), p. 337.
5. For statements of complementarity soon after Bohr’s letter to Einstein, see the 
drafts for his Como lecture, found on pp. 57-98 in Bohr (1985); in particular passages 
on pp. 76, 79 exhibit a relation to the content of Bohr’s letter. The published version 
is Bohr (1928); pp. 109-146 in Bohr (1985); passages on pp. 567 and 570-571 (pp. 115 
and 118-119 in Bohr (1985)) again reveal a conceptual link to Bohr’s letter when they 
discuss the apparent conflict between limitedly extended wave fields, and the validity 
of the conservation laws and well-defined space-time coordination of observations.

So, according to Bohr, his and Heisenberg’s ideas were related 
to earlier work by Einstein, particularly to a light quantum puzzle 
that Einstein had published in the proceedings of the Berlin Acad
emy. In fact, Bohr even repeated some of Einstein’s own words to 
underscore the point of his analysis. Let us look at what Einstein 
himself wrote in the footnote that Bohr referred to: “In particular, 
one may not assume that in the quantum process of emission, that 
energetically is determined by location, time, direction, and energy, 
is also in its geometrical properties determined by these quantities”.4 
Indeed the note suggests that the wave-like behaviour (i.e. the ‘geo
metrical’ properties) of emitted radiation cannot be captured in a 
particle picture perspective (i.e. the ‘energy’ perspective). This, in 
turn, does seem a natural stepping stone to Bohrian complementa
rity ideas.5

Yet, what did Einstein actually intend to express when he wrote 
the above words? What is their relevant context, and what exactly 
was the physical problem that he was concerned with? And how 
exactly was that relevant to Bohr? Einstein’s light quantum had re
ceived a substantial boost due to the Compton experiments, yet 
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many of its aspects had remained unclear. Bohr of course had 
strongly disliked the light quantum earlier, but he more or less had 
been forced to accept the idea after the experimental dismissal of 
the “BKS-theory,” in which Bohr, Hendrik Kramers and John Slater 
had suggested that the description of light emission might still only 
need waves if only one was willing to give up on energy conserva
tion.6

6. On Bohr’s opinion of light quanta and its relation to the BKS-theory, see Kragh 
(2012), pp. 325-337.
7. For this name, see e.g. Heisenberg (1930), p. 59.
8. Einstein (1926b).

The “paradox” that Bohr referred to in his letter was actually 
based on one of two particular experiments that were to probe the 
wave versus particle nature of light emission. The experiments had 
been proposed in 1926 by Einstein, and Emil Rupp, in close consul
tation with him, had published the results of their execution. They 
were subsequently known as the “Einstein-Rupp” experiments.7 
These experiments are virtually unknown today. Indeed, many 
readers will ask themselves: “The Einstein-Rupp experiments?? 
Why have I never heard of these?” In this article, I will aim at two 
things: first I will give a brief introduction to the Einstein-Rupp 
experiments and their peculiar history. Secondly, I will return to 
their discussion by Bohr and thus exhibit their constitutive role in 
the history of quantum theory. The conclusion probes why these 
experiments have remained so obscure, despite the extensive histo
riography on Bohr, Einstein, and the quantum revolution.

2. The Einstein-Rupp experiments

In the fall of 1926, Albert Einstein published the outline of two 
experiments in the Proceedings of the Berlin Academy.8 They ad
dressed one of the most urgent questions in physics at the time: the 
experiments were to show if the emission of light was a process that 
was extended in time, or if instead light emission occurred in an 
instantaneous act. Of course, the first possibility would confirm a 
traditional oscillator-and-wave-like view, whereas the second pos- 
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sibility would cohere well with Einstein’s own ideas on light quan
ta.

It is quite surprising that these experiments are so unfamiliar 
today. Apart from addressing a central question and being proposed 
by no lesser figure than Einstein, they also circulated at a crucial 
moment in the history of quantum theory. Still, the experiments are 
not mentioned in any of the standard Einstein biographies9 10 and 
there is no substantial treatment of them in histories of the quantum 
theory (for example, the six weighty volumes on The Historical Deve
lopment of Quantum Theory by Jagdish Mehra and Helmut Rechenberg 
discuss these experiments in less than two paragraphs;“ Mara Bel
ler’s Quantum Dialogue (1999), has no mention of them at all).

9. See, e.g., Pais (1982a), Fölsing (1993), Isaacson (2007).
10. See Mehra and Rechenberg (2000), pp. 235-236.
11. The reprints of Einstein’s and Rupp’s articles, Einstein (1926b) and Rupp (1926b), 
circulated in a small booklet that contained both papers, which shared its cover 
page. A copy can be found in the Nachlass of Walther Gerlach at the archive of the 
Deutsches Museum, Munich.
12. Document in the Nachlass of Walther Gerlach at the archive of the Deutsches 
Museum, Munich, entry 124-01; on it is written in Gerlach’s hand “Mitt[eilung] der 
Geschäftsversammlung der DPG 1935 an ihre Mitglieder].”
13. French (1999).
14. van Dongen (2007a, b).

The likely cause for this lack of attention is at least as surprising: 
the experiments were - supposedly - conducted by Emil Rupp, yet 
a decade later Rupp was exposed as a scientific fraudster; the re
sults, obtained by Rupp in close consultation with Einstein and 
published back to back with the latter’s theoretical paper,11 12 were in 
the end generally believed to have been fabrications. The events led 
the German Physical Society to issue a statement in 1935 that Rupp 
could no longer publish in its journals, and that citations to his 
work were to be avoided;“ Rupp was expelled from the professional 
community, and his work, even his work conducted under Einstein’s 
auspices, gradually faded to the margins of anecdote and the silenc
es of embarrassment. Recently, however, historical scholarship has 
looked at Rupp’s career,13 and has reconstructed his collaboration 
with Einstein in detail;14 this work has confirmed the judgment that
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Figure 2. Emil Rupp 
(1898-1979). Source: 
University Library, 
Göttingen.

he made his results up. Yet, despite these studies, it is still the case 
that the experiments have largely but unduly remained outside the 
purview of the physics community, and are not given enough weight 
in the historiography of quantum theory and the foundational de
bates that surrounded it.

As I will argue here, these experiments played a substantial role 
in developments in 1926. Most importantly, they confirmed a wave 
picture of light, when many, including Einstein himself, initially ex
pected a particle-like, instantaneous picture of light emission to be 
confirmed.15 After all, only a few years before Compton scattering 
had been shown, and as little as a year before the Einstein-Rupp 
experiments Walther Bothe and Hans Geiger had done the experi
ments that dismissed the BKS theory.16 But the experiments of Ein
stein and Rupp also influenced events in other ways. For instance, 
their initial interpretation was most likely of direct importance for 
Max Born, when he proposed the probabilistic interpretation of the 

15. For Einstein’s initial expectations, see Einstein (1926a).
16. Bothe and Geiger (1925); Fick and Kant (2009).
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wave function.17 The experiments further played a role in the think
ing of Werner Heisenberg, as he formulated his uncertainty rela
tions; as we will see when we return to Heisenberg later. Clearly, 
these experiments deserve renewed attention, and their current ob
scure status is not warranted by their historical importance. This is 
further emphasized by the way that Bohr communicated the uncer
tainty relations to Einstein, and I will unpack Bohr’s letter in what 
follows. First, I will briefly introduce Rupp, his fraud and his rela
tion with Einstein. Then I will discuss the experiments as proposed 
by Einstein, and show how these were to assess the duration of light 
emission processes. Subsequently, I will present the various inter
pretations of the experiments, beginning with Einstein’s. I con
clude by offering some historiographical morals.

17. See van Dongen (2007b), pp. 126-127.
18. Walther Gerlach, interview with Thomas Kuhn, 18 February 1963, Archive for 
History of Quantum Physics.

3. Rupp, his fraud, and his relation with Einstein

“Rupp, in the late twenties, early thirties, was regarded as the most 
important and most competent physicist. He did incredible things. 
... Later, it turned out that everything that he had ever published, eve
rything, was forged. This had gone on for ten years, ten years!”18 As 
this quote of Walther Gerlach (of Stern-Gerlach fame) suggests, 
Emil Rupp’s rise and subsequent fall was quite visible to the con
temporary physics community - easily comparable to the case of 
Hendrik Schön in our times. Indeed, after producing contentious 
work for close to a decade, the house of cards that Rupp had been 
trying to balance came to a dramatic collapse in 1935. Yet, it had all 
begun so very promisingly.

Emil Rupp (Figure 2) was born in 1898 in Reihen, a small com
munity between the German towns of Heilbronn and Heidelberg. 
In Heidelberg, under the guidance of Nobel laureate Philipp Le
nard, Rupp graduated for his PhD and fulfilled the requirements 
for his Habilitation, the German qualification that bestows upon its 
recipient the right to teach at a university. Rupp had published re
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markable observations of the coherence length of light to obtain 
this qualification.19 20 In his experiment, he had used a canal ray light 
source (i.e. a beam of ions that emits light after moving through a 
hole in a cathode - the “canal”) that radiated light into a Michelson 
interferometer (Figure 3). By moving one of the mirrors of the inter
ferometer until he no longer saw an interference pattern, Rupp 
would establish the light’s maximum coherence length: it was given 
by the path difference that the light picked up in the interferometer. 
His results were quite impressive: in the case of hydrogen canal rays 
(at the Hß-line in the Balmer spectrum), he found a maximum coher
ence length of 15.2 cm, and in the case of mercury (for Å. = 5461 Å), 
the value was 62 cm. This last value was about the same as had been 
achieved with sources at rest; the value for hydrogen was even an 
order of magnitude better.

19. Rupp (1926a).
20. This correspondence, contained in the Einstein Archive at the Hebrew University 
in Jerusalem, is discussed in van Dongen (2007a), pp. 86-102.

Upon learning of these results, Einstein contacted Rupp on 20 
March 1926. He realized that since Rupp had such high values for 
the coherence length he would be able to execute an experiment 
that would decide whether light emission was instantaneous, or not; 
we will discuss the experiment in the following section (and Ein
stein’s reformulation of Rupp’s original experiment in the section 
after that). Rupp agreed to perform the experiment, and an exten
sive correspondence between the two men began.80 Meanwhile, se
rious criticism of Rupp’s Habilitation paper appeared. British spec- 
troscopist Robert Atkinson (1926) claimed that Rupp’s results were 
impossible: because of Doppler effects due to thermal motions of 
the canal ray atoms, Rupp should not have been able to see interfer
ences for path differences in excess of 3.5 cm in the case of hydro
gen. This was the value for a hydrogen source at rest, and there was 
no reason to believe that the same limitations would be absent in 
the case of a canal ray source. In fact, due to Doppler effects that 
were to be expected because of the canal ray’s beam motion, the 
maximum coherence length ought to have been substantially lower 
than that value, Atkinson argued.
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I

!Fr

Figure 3. Rupp’s original experiment for his Habilitation. Light enters the 
interferometer from the right, where it is emitted by canal ray light source 
at K. Source: Rupp 1926a.

In the end, Rupp could not properly explain his original values, 
as also Einstein observed in his correspondence with him. The let
ters exchanged between the two men further reveal that Rupp, after 
receiving criticism, often changed his data and his explanations for 
those data. Nevertheless, Einstein showed no reservations when he 
submitted Rupp’s work to the Berlin Academy for publication, and 
his own theoretical paper stated that Rupp’s experiments gave a 
“full confirmation”81 of his analysis. Clearly, Einstein must have be
lieved that Rupp was honest when reporting his data, even if con
fused. Still, he may also have been a bit too eager to see his analysis 
confirmed. Einstein’s physics, in the period of the collaboration 
with Rupp, was of course removing itself ever more from the prac
tice of experiment, and his concerns would increasingly lie with the 
highly mathematical unified field theories that would characterize 2 

2i. Einstein (1926b), p. 340.
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the later part of his oeuvre.88 He did not assess Rupp’s results too 
critically, perhaps because he was no practitioner of canal ray experi
ments himself. Yet, he also ignored a fair number of signs that some
thing could have been amiss in Rupp’s work; of course, rhetorically, 
it worked well to propose an experiment, and then to be able to im
mediately show its successful execution. In any case, Einstein cor
rected Rupp’s numbers quite a few times in the letters that they ex
changed, only until Rupp reported precisely what Einstein expected.

Rupp’s experimental colleagues did not let him off the hook as 
easily as Einstein did. In particular a group in Munich, headed by 
Walther Gerlach and in command of some of the best expertise on 
the physics of canal rays, doggedly pursued Rupp about his publi
cations. One of their advanced graduate students, Harald Straub, 
was put to the task of repeating the canal ray experiments, and 
failed as expected, despite having some of the best facilities in canal 
ray research at his disposal. Straub could easily explain his failure: 
the velocity distribution of the atoms in his canal ray beam was too 
inhomogeneous, leading to a disturbing spread in frequencies, thus 
inhibiting a stable interference pattern.83 The implication of Straub’s 
conclusion was that Rupp’s work should have been hindered by the 
same limitations.

Straub’s work led to a polemic with Rupp in the very visible An
nalen der Physik-, this hurt Rupp’s reputation badly.84 Other experi
ments by Rupp were also severely criticized,85 and by 1934 he saw 
his academic career and his position at the laboratory of the AEG 
(Allgemeine Elektrizitätsgesellschaft'), a leading corporate research lab in 
Berlin, hang in the balance. Rupp subsequently raised the stakes by 
publishing impressive work in which he claimed to have artificially 
produced positrons. Soon, however, his colleagues at the AEG grew 
suspicious, and Rupp was made to admit that he lacked the accel
erator facilities needed to actually carry out such work. The AEG

22. See e.g. van Dongen (2010), in particular Chapter 4, which discusses Einstein’s 
relation to experiment in the context of his unified field theory programme.
23. Straub (1930).
24. For a reconstruction of this discussion, see van Dongen (2007a), pp. 102-110.
25. Overviews can be found in French (1999), pp. 9-15; Franklin (1986), pp. 227-229.
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Figure 4. Canal ray atom emitting light while passing behind a wire grid. 
Source-. Einstein 1926a.

Figure 5. In the classical emission picture, light waves are cut up because of 
the motion of the canal ray atom behind the grid. Source'. Einstein 1926a.
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drew up an internal report, condemning Rupp, who was made to 
retract his most recent publications/6 after which he was finally dis
missed. Rupp suffered a nervous breakdown, and, with the aid of 
the German Physical Society’s embargo, quickly disappeared from 
the professional literature. He passed away in 1979, having spent 
the later part of his career in the graphic industry in the GDR.

26. Rupp (1935).
27. LensZj in Figure 2 only produced an unmagnified image of the canal ray beam in 
slit B, and played no role in the interpretations of the experiments—we will omit 
consideration of this lens in the following.

4. The Wire Grid Experiment

Let us return to the spring of 1926, when Einstein learnt of the im
pressive results from Rupp’s Habilitation-thesis. He realized that if 
in Rupp’s experiment lens L2 (Figure 3) was replaced by a grid,26 27 
Rupp had an experiment at hand that should be able to quickly 
decide whether or not light emission was an instantaneous process; 
the experiment was soon known in the contemporary literature as 
the “Wire Grid Experiment”.

If light emission were not instantaneous, Einstein believed, the 
light wave would be cut up as an emitting atom moved behind the 
openings in the grid (see Figure 4; the role of lens G was the same as 
that of Rupp’s lens G). With the atoms moving at velocity v, and 
the distance between two openings given by 2b, the wave train 
would be cut up into pieces that were cr = cb/v long, and just as 
much apart from each other (Figure 5; r was the time that it would 
take an atom to pass behind a slit). In the case that this picture was 
correct, varying the path difference in the interferometer should 
produce a varying visibility of the interference pattern. The pattern 
would completely disappear for values of the path difference of (n is 
an integer):

(2w + I) X cb/v. (1)

The interference should have best been visible when the path differ
ence in the interferometer was:
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In X cb/v. (2)

Einstein estimated that for reasonable values for the grid and hydro
gen canal ray velocity, the partial waves of Figure 5 would be 6 cm 
long. Rupp claimed to have observed interferences at path differ
ences well above that value, so the variability predicted by (1) and 
(2) should be easy to observe for him, Einstein stated in a first short 
publication in die Naturwissenschaften.a

Yet, he initially expected a different outcome. At the beginning 
of his correspondence with Rupp and in his short paper just men
tioned, Einstein expected that instead of confirming (1) and (2), 
Rupp would see a stable interference pattern for all values of the 
path difference. In that case, Einstein thought, the “interference 
properties of the radiation would have no relation to any periodici
ty of the emitting atom.” In other words: the wave nature of light 
would not be due to some atomic oscillation, temporally extended. 
Instead, it would be “conditioned by specific laws of the space-time 
continuum.”89 As vague as this may sound, such an outcome could 
open up the possibility that emission actually occurred in an event
like fashion, Einstein likely thought: the light could then be seen to 
appear on the other side of the grid in an instant, with uninterrupt
ed interference properties, as if only a particle had been emitted and 
had crossed the openings in the grid. I will return to Einstein’s in
terpretation in a later section.

28. Einstein (1926a).
29. Einstein (1926a).

Einstein changed his mind concerning the outcome of the ex
periment after rethinking Rupp’s original arrangement (Figure 3; 
with lens L2 instead of a grid). He thought it strange that the Dop
pler spreading due to the beam motion of the canal ray did not in
hibit the formation of an interference pattern in Rupp’s Habilitation 
experiment, and subsequently studied its workings in more detail 
(Atkinson’s article had not yet appeared, and Einstein was not yet 
concerned with Doppler shifts due to thermal motions). He soon 
found that Rupp’s original experiment, too, could decide on the 
temporal extension of light emission. In fact, since Rupp had seen 28 29
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Figure 6. Doppler 
effect, with the canal ray 
beam moving up.

interferences with his original arrangement, it was clear, Einstein 
came to believe, that his own newly proposed experiment would 
fail; that is, that one should expect the classical outcome (variation 
in the visibility of interference) to be confirmed, as indeed Rupp in 
the end would do. But for Rupp’s original experiment to have de
cided the issue of instantaneous emission, or even to produce inter
ference at all, something had to have been slightly altered in its ar
rangement, as we shall see next. Let me end here by pointing out 
that thinking about beam motion Doppler shifts also led Einstein 
to produce a fuller account of the experiment outlined above, in 
which he took diffraction effects into account. This analysis left rela
tions (1) and (2) unaltered however.3“

30. See Einstein (1926b).

5. The rotated mirror experiment

In Rupp’s original experiment, Einstein came to realize, wave
lengths (X) emitted by the canal ray atoms would have to undergo a 
Doppler shift, due to their motion in the beam (Figure 6):

2 = 20 (1 — ysin a), (3)

in which the light makes an angle a with the normal. Einstein feared 
that the forming of an interference pattern would be obstructed due 
to these Doppler shifts. Yet, Rupp had claimed to have seen inter
ferences, and Einstein thought of a clever way to explain those: if 
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one were to rotate one of the mirrors in the interferometer, one 
could tune the path difference such that the rotation would exactly 
compensate for the Doppler shifts.

Figure 7 helps to explain the need for a mirror rotation to obtain 
interferences.31 The canal ray beam’s motion makes the upper seg
ment of the light wave coming out of the source slightly blue shift
ed, and its lower part slightly red shifted. The mirror rotation, as in 
the diagram, should compensate for this by reducing the path dif
ference in the blue shifted part of the wave, while increasing it for 
the red shifted part of the wave, exactly such that the ratio between 
path difference and wavelength is again constant across the wave 
front. The outgoing signal, after passing through the interferome
ter’s lens (not in the diagram), will hit a point on a screen, and with 
a stable phase difference contribute to an overall interference pat
tern. Specifically, rotating one of the mirrors through an angle of 
ß/2, with ß = -y (with v the velocity of the radiating atoms, c the 
velocity of light, <72 the distance separating the interferometer’s 
mirrors and f the focal length of the lens used), should exactly com
pensate for the destruction of the interference due to the beam mo
tion Doppler effect.

31. For a more detailed technical analysis, see Einstein (1926b); van Dongen (2007a).

As said, Einstein further understood that, with the mirror rota
tion, Rupp’s experiment also showed that light emission was a pro
cess that was extended in time; it was because of this realization that 
his expectations for the outcome of his original Wire Grid Experi
ment changed. As Figure 7 illustrates, retracing the wave front re
flected off the rotated mirror to the source reveals that it was emitted 
at a different point in the canal ray beam than the wave front that 
was reflected off the non-rotated mirror with which it interferes. It 
has also travelled a different distance, and therefore must have been 
emitted at a different moment. Yet, we see interference, so the inter
fering wave should have been emitted by an atom that radiates out 
a coherent signal as it moves up in the beam; light emission, thus, 
takes an extended lapse of time, Einstein concluded.

Rupp had not mentioned anything about having rotated a mir
ror in his original arrangement. Yet, since he had seen interferences,
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Figure 7. Due to the rotation of mirror S2, the interference pattern should 
be restored.

Einstein concluded that he - unknowingly - actually must have ro
tated a mirror. Rupp quickly agreed to this conclusion: an “uncon
scious rotation of the mirror,”38 as he put it, should explain away 
destruction of the interference pattern due to the beam motion of 
the canal ray atoms. However, Doppler shifts due to thermal mo
tions had still not been compensated for, as also Einstein eventually 
realized, and as Rupp’s critics would insist.32 33

32. Rupp to Einstein, 8 November 1926, Einstein Archive, 20 409.
33. For more on this, see van Dongen (2007a).

As an aside it may be pointed out that this experiment actually 
assisted in conclusively nailing Rupp down as a fraudster in 1935. 
Even though Einstein had not made a mistake in his theoretical 
analysis, he had accidentally drawn the direction of mirror rotation 
incorrectly in an illustration that he published and had earlier 
shared with Rupp. The incorrect direction was confirmed in Rupp’s 
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final paper,34 and Rupp even stated that multiple observations 
backed up this result. In a 1935 publication, Gerlach, together with 
a co-worker, pointed out the faulty direction to dismiss these claims 
of Rupp once and for all.35 Nevertheless, in 1926 Rupp’s work was 
by many taken to lead to the inescapable conclusion that light emis
sion is a process that is extended in time. That is, he claimed to have 
found a value that was exactly in accordance with Einstein’s revised 
analysis of the experiment. So how did Einstein re-interpret his ex
periments, after seeing that his initial expectations for instantane
ous emission would not be met?

34. Rupp (1926b).
35. Gerlach and Rüchardt (1935).
36. H.A. Lorentz to Einstein, 13 November 1921, Doc. 298, pp. 347-351 in Kormos 
Buchwald et al. (2009).

6. Einstein’s interpretation

The first interpretative context that appears relevant is Einstein’s idea 
of a “ghost field.” He debated the idea in 1921 with H.A. Lorentz, 
and their exchange is a good point from which to reconstruct some of 
Einstein’s ideas. H.A. Lorentz summed up Einstein’s thinking in a 
letter to him in 1921, and here Lorentz stated that Einstein believed 
light consisted of two things: “1. An interference radiation, that oc
curs according to the normal laws of optics, but still carries no energy. 
One can for example imagine that this radiation exists in normal elec
tromagnetic waves but with vanishingly small amplitudes ... 2. The 
energy radiation. This consists of indivisible quanta of energy /?v.” 
The ‘interference’ radiation was emitted along with an individual 
quantum; an invisible interference pattern of the first actually pre
scribed a probability distribution for the second, which yielded, upon 
the radiation of many light quanta, the observed phenomena.36

An outcome in line with classical theory might in fact be expect
ed for the Wire Grid Experiment with the above interpretation of 
light, so this may not literally have been what Einstein initially had 
in mind in 1926. Unfortunately, it is hard to pin down exactly how 
he was interpreting the wire grid and rotating mirror experiments 
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conceptually: except for a few scattered and incomplete remarks, he 
remained largely silent on the issue in his papers, both before and 
after he had changed his expectations. At first Einstein had re
marked that if his Wire Grid Experiment would show that “the sine
like character of the wave-field” was not “conditioned by the emit
ting atom or electron,” he suspected that, as quoted, “specific laws 
of the spacetime continuum” would make light interfere.37 One 
would like to think that he had some precise and explicit unified 
field theory-like intuition for how the “spacetime continuum” would 
impose its conditions. If he had any, however, he did not share it 
publicly. For instance, in a lecture in February of 1927 Einstein re
portedly only said that Rupp’s experiments had shown that radiat
ing particles “do not spit out quanta in a completely irregular fash
ion,” and that one could not ascribe the interference phenomena to 
“a not yet understood sense for structure directed by space.”38

37. Einstein (1926a).
38. N.N., “Theoretisches und Experimentelles zur Frage der Lichtenstehung,” 
Zeitschriftfiir angewandte Chemie 40 (1927), 546 (report on lecture by Einstein by 
unnamed author).
39. Einstein to Emil Rupp, 19 October 1926, Einstein Archive, Hebrew University of 
Jerusalem, Doc. 70 713.

Still, Einstein’s correspondence makes clear that he had some 
form of the “ghost field”-interpretation in mind when thinking 
about the experiments. This is particularly evident after it had be
come clear that all outcomes were (or, rather, were presumed to be) 
in line with wave theory predictions. Indeed, Einstein wrote to 
Rupp that “one must distinguish between the production of the in
terference field (A) and the energy emission (B). The event-like na
ture of (B) is certain. Your experiments have proven that (A) is a 
process that is extended in time.”39 Einstein did not explicitly men
tion probabilities in his interpretation of the experiments, but some 
kind of probabilistic conception of the “interference field” seems 
quite a natural extension on what he wrote to Rupp.

In his elaborate paper in the Academy Proceedings, Einstein 
motivated his initial particle expectation by pointing out that he 
thought that the emitted light would be “strictly monochromatic”, 
i.e. would have its frequency narrowly constrained by the energy 
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condition E=hv. Yet, he informed his readers that a renewed analysis 
(as we know, this entailed a rethinking of Rupp’s original paper) 
had made him change his mind: he was now convinced that the 
wave field could not be created instantaneously, and that the wave 
theory “seems rather to retain its full validity for the creation of the 
interference field.” In a footnote, he added the consideration that 
we saw paraphrased by Bohr:

In particular, one may not assume that the quantum process of emis
sion, which in terms of its energy is determined by location, time, di
rection and energy [cf. particle picture], also has its geometric [wave] 
properties determined by these quantities.40

40. Einstein (1926b), p. 337.

Clearly, this statement raises the question how much of either pic
ture - particle versus wave - could be correct in these experiments. 
Of course, that was also exactly the question that had prompted 
Einstein to formulate them to begin with, and it was precisely the 
point that Bohr, when introducing Heisenberg’s new relations to 
Einstein, referred to and discussed using a reduced version of the 
Wire Grid Experiment. In any case, the reported outcome of the 
Einstein-Rupp experiments suggested that when one sets up an op
tics experiment that can be formulated in terms of waves, one 
should expect a result that is in line with the wave theory. The ex
pectation of a particle-like instantaneous emission, at least, was con
cluded to be incorrect.

7. The “experiments of Einstein and Rupp” and the 
uncertainty relations: Bohr’s letter

Let us return to Bohr’s letter to Einstein of 13 April 1927. The pos
sibility of avoiding contradictions that Heisenberg’s insights afford
ed seems to have been Bohr’s main concern and selling point for the 
developing quantum theory in his letter. To emphasize the possi
bilities opened up by the uncertainty relations, Bohr chose Ein
stein’s most recent light quantum test as the most fitting example to 
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introduce them with. At the same time, Bohr’s choice also suggests 
that the Einstein-Rupp experiments were on both his and Heisen
berg’s mind at this time.

Bohr first discussed a finite wave train, surely relevant for under
standing the Wire Grid Experiment. As we saw, he pointed out that 
it is not strictly monochromatic, and therefore has an “uncertainty” 
in frequency Av and an “uncertainty” in wavelength M. Citing 
standard results from wave theory, he further made clear that such a 
wave would take a time At = 1/Av to pass and be at least Ax = A2/AÅ 
long. The uncertainty in the description of the waves, “and conse
quently in the possibility to observe light quanta” stood, he found, 
“in a peculiar inverse relation to the exactness with which the ener
gy E = hv and momentum p = h/X of the quanta are defined.” Bohr 
elaborated this jaoint by stating that “we have AEAt = hAv ■ — — h 
and ApvAx — ■ — — h." This was “all in agreement with the gen

41. Niels Bohr to Albert Einstein, 27 April 1927, pp. 21-24 in Bohr (1985), on p. 21.

eral relations of simultaneous uncertainty for conjugate variables, 
which are a direct consequence of the mathematical laws of quan
tum mechanics according to Heisenberg.”41

Heisenberg’s new perspective entailed that there would be no 
contradiction between the wave theory and energy conservation 
(i.e. strict validity of E = hv would be respected — unlike in BKS 
theory) in the case of Einstein’s recent “paradox”, Bohr contended. 
As we have seen, to make this point Bohr collapsed Einstein’s Wire 
Grid Experiment to the problem of a radiating atom moving be
hind a single slit, which diffracted the emitted light (see Figure 1), 
and first discussed this from a wave theory point of view. Let us 
briefly look at this argument again, now that we have seen Einstein’s 
original experiment: the slit limited the time that the atom could be 
observed, which in turn produced a spread in frequency Av = via. 
Furthermore, due to diffraction effects, light emitted by an atom at 
an angle a = Xia to the normal would also reach an observer on the 
other side of the slit. The Doppler effect that this light would un
dergo would produce the same relation for the spread in frequency:

/\ In the particle picture, this would correspondA,
with light quanta with a slightly higher or lower energy - which 
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Bohr in turn accounted for by pointing out that the emitting atoms 
could transfer various amounts of kinetic energy to the quantum 
due to back reaction effects. In the end, then, energy conservation 
would remain valid in individual emissions (and these need not be 
confined to strictly monochromatic frequencies as Einstein initially 
expected, we may add). This observation, finally, Bohr saw to be an 
illustration of Einstein’s footnote comment, which he reformulated 
in his own words: “no possible ‘light quantum’ description can ever 
explicitly do justice to the geometrical relations of the ‘ray path’.”42

42. Niels Bohr to Albert Einstein, 27 April 1927, pp. 21-24 in Bohr (1985), on pp. 22-
23.

Bohr’s letter thus makes good sense from the perspective of Ein
stein’s experiment. Furthermore, we have learned that Einstein’s 
article, with its suggestive footnote, implied that an experiment that 
probes the predicted interference, wave-like properties of light, will 
find these wave properties confirmed. It may therefore not be sur
prising that Bohr formed and expressed his earliest ideas on com
plementarity - “according to the description, the different aspects 
of [Einstein’s emission] problem never appear at the same time” - in 
its context. Still, Einstein was a long way from arguing for anything 
like a Bohrian concept of complementarity. In fact, his conclusions, 
certainly in his publication, and even in his private exchanges with 
Rupp, were analytically clean and modest: he simply limited him
self to observe that energy conservation, in particular the light 
quantum relation, remained exactly valid in emission processes, but 
this did not preclude that light will exhibit interference properties 
and can show a spread in frequencies, as followed from the wave 
theory. Einstein did not put forward some concrete complementar- 
ian point of view; yet, the Einstein-Rupp experiments did evidently 
play on the question of ‘when wave; when particle?’ at a crucial mo
ment in the history of quantum theory, as we see confirmed through 
Bohr’s letter.
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8. Werner Heisenberg and the Einstein-Rupp experiments

The Einstein-Rupp experiments initially appeared to lay bare a dis
crepancy between the wave and particle pictures. Heisenberg him
self also picked up this element in his discussion of the experiments 
in his well-known 1929 Chicago lectures, without, however, explic
itly referring to his uncertainty relations in his treatment.43 The ex
periments’ influence on Heisenberg is less obvious than in the cases 
of Einstein and Bohr. Heisenberg referred to “Einstein’s discussions 
on the relation between wave field and light quanta” as a source of 
inspiration in his paper on the uncertainty relations, and it is easy to 
imagine a relation between his presentation of, and discussions with 
Bohr on the X-ray microscope on the one hand,44 and Bohr’s analy
sis of the Wire Grid Experiment on the other. Still, Heisenberg did 
not include an explicit reference to Einstein’s paper in his article. 
The correspondence between Einstein and Heisenberg, at least its 
portion available in the Einstein Archives, also does not contain any 
direct discussion of these experiments.45 Yet, Heisenberg does hint 
at their influence quite clearly in a lecture he held in 1974 on his 
“Encounters and Conversations with Albert Einstein.” In that lec
ture, held in Einstein’s birth place, Ulm, he recalled meeting and 
debating Einstein for the first time in “early 1926” - the exact date 
was April 28, 1926, when Heisenberg gave a seminar in Berlin.46 
This, of course, was precisely when Einstein was exchanging letters 
almost daily with Rupp on their experiments, and deliberating their 
outcome.

43. Heisenberg (1930, p. 60), gave the same discussion of the Wire Grid Experiment 
as Bohr in his letter, yet slightly altered the logic of the latter’s argument: he too 
limited the problem to that of a radiating atom behind a slit, but credited Bohr with 
the insight that accounting for diffraction and the Doppler effect solved the supposed 
discrepancy, without mentioning back reaction effects nor indeed the uncertainty 
relations.
44. See Heisenberg (1927), pp. 174-175,197-198.
45. See Belousek (1996) for the exchange between Heisenberg and Einstein on a 
retracted hidden variable theory that Einstein proposed soon after Bohr’s letter, in 
May of 1927.
46. See Cassidy (1991), p. 235.
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Heisenberg would say in 1974 that his private discussion with 
Einstein on this occasion proved “extraordinarily fruitful” for his 
subsequent work. In their conversation Einstein had first expressed 
his novel conviction that it is theory that determines what can be 
observed if the natural laws are in question and the link between the 
phenomena and our sensations has become unclear, as in the case of 
contemporary atomic physics. As Heisenberg recalled, they next 
turned to what happens in transitions between stationary states: 
“The electron might suddenly and discontinuously leap from one 
quantum orbit to the other, emitting a light quantum as it does so, 
or it might, like a radio transmitter, beam out a wave motion in a 
continuous fashion.” Einstein, in Heisenberg’s recollection, point
ed to a conflict between a description that can account for the inter
ference phenomena and “the fact of sharp line frequencies.”47 Of 
course, one immediately recognizes the central question of the Ein- 
stein-Rupp experiments.

47. As in Heisenberg (1989), p. 114.
48. Heisenberg (1989), p. 115.

Heisenberg had answered Einstein that traditional concepts 
would not suffice to address the question. This did not convince 
Einstein: he wanted to know from Heisenberg in what quantum 
state the continuous emission was then supposed to take place. 
Heisenberg came up with an analogy with changing film images: in 
between the projection of one image and another, one sees a hazy 
blur, and one is unsure which picture is intended. Einstein liked this 
answer even less, since it suggested that it was “a matter of our 
knowledge of the atom,” yet two people could very well know two 
different things of the same atom. In the end, Heisenberg conclud
ed, “we separated in the common conviction that a great deal of 
work still needed to be done.”48 We, in turn, may safely observe 
that, indeed, the Einstein-Rupp experiments, or at the very least the 
same problem that motivated them, played an important role in the 
mix of questions that occupied Heisenberg as he approached the 
uncertainty relations. It is in any case hard to imagine, given the 
great impression his conversation with Einstein made on Heisen
berg, that Heisenberg did not follow closely the publications dis
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cussing the Einstein-Rupp experiments. However, it is not too hard 
to imagine why, unlike in his 1929 Chicago lectures, he did not men
tion them explicitly in 1974.

9. Uncertainty in the Einstein-Rupp experiments after 
Emil Rupp’s demise

The most natural discussion of the Einstein-Rupp experiments in 
the context of the uncertainty relations was given by H. Billing and 
appeared in 1938.49 Billing was another graduate student in Ger
lach’s laboratory in Munich who had redone the Rotated Mirror 
Experiment (his analysis also focused on this experiment and not 
the Wire Grid Experiment). By 1938, apparatuses to produce ho
mogeneous canal rays had improved substantially and Billing, un
like Straub, did succeed in confirming Einstein’s analysis of the ex
periment - still, his coherence lengths were no less than three orders 
of magnitude smaller than those of Rupp (Rupp’s name was quite 
markedly absent from the article).

49. Billing (1938).
50. Billing (1938), p. 591.

Billing wrote a concluding section for his experimental paper in 
which he explained that his result for the Rotated Mirror Experi
ment was not in opposition to the “photon concept, as it has been 
altered by the Heisenberg uncertainty relation.”50 He had used a 
Fabry-Perot interferometer (producing the same fringes as a Michel
son interferometer or plane parallel dielectric slab), and reminded 
his readers that this, for perpendicularly in-falling light, has a re
solving power of:

Av AA A
V = T=7 <”

The frequency, thus, had an “uncertainty” of Av = vA/d = c/d, and the 
uncertainty in the energy was given by A/:' = //Av = held. The uncer
tainty relation for energy and time, NENt = h, then implied that in 
the Rotated Mirror Experiment, the exact time of emission could 
only be determined up to:
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At = - • (8)
C

As the emitting atom moves with velocity v, the exact location of 
emission in the canal ray beam could only be found with an inac
curacy of:

Billing had earlier argued that, in a wave picture, the two points in the 
canal ray beam from which the interfering light came (see Figure 7) 
were the same distance v ■ die apart: the optical path difference between 
the interfering wave fronts was <7; travelling the extra distance would 
take a time die, during which the emitting atom would move 
o ■ die up the beam. Thus, the uncertainty relation entailed that the 
location of emission of a light quantum cannot be established with 
any greater accuracy than the distance along which the atom had ra
diated according to the wave theory. Billing concluded that, due to 
the uncertainty relations, the statement that one has brought light 
from the two emitting points in the beam in Figure 7 to interfere is 
“pointless.”51 In any case, Billing’s account does make clear once 
more, as Bohr’s letter already suggested, that the Einstein-Rupp ex
periments are an excellent way to illustrate the uncertainty relations.

51. Billing (1938), p. 592.

10. Conclusion: Fraud and physicist histories

As the above has hopefully shown, the Einstein-Rupp experiments 
played a direct and crucial role in the history of quantum mechan
ics: they asked a central question at a key moment in time, and the 
historical actors recognized them for it. They involved them in their 
attempts to get an ever stronger hold on the theory of the quantum. 
Yet, the role of the Einstein-Rupp experiments - in particular 
Rupp’s part - has not usually been made explicit when this period 
is discussed. In fact, it even appears as if they have been deliber
ately omitted from the historical record.

335



JEROEN VAN DONGEN SCI.DAN.M. I

For instance, we saw that the letter that Bohr wrote to Einstein is 
included in volume 6 of Bohr’s Collected Works, edited by physicist 
Jørgen Kalckar. Kalckar does provide the reader with a reference to 
Einstein’s paper in his annotation, but states that its conclusions 
derived from “general arguments” - no mention of Emil Rupp and 
his experiment is made.58 An even stronger example of apparently 
willful neglect is found in Abraham Pais’ work. In his biography of 
Bohr, Pais discussed what could have “stimulated [Max] Born’s 
radical new ideas” of interpreting the wave function probabilisti
cally in 1926. According to Pais, Born’s “inspiration came from 
Einstein.”52 53 He next makes clear that he meant Einstein’s ghost field 
ideas for light quanta, and informs us that Einstein never published 
those. Pais omits to mention, however, that these ideas were very 
much the focus of attention due to the Einstein-Rupp experiments 
exactly when Born produced his interpretation.

52. Bohr (1985). See its introduction for an English translation of Bohr’s letter (pp. 
21-24), and pp. 418-421 for the original German version. The footnote mentioned is 
found on p. 22.
53. Pais (1991), pp. 287-288 on p. 287; see also his earlier article in Science on this 
subject, Pais (1982b).
54. Pais (1982a).

The omission is even more problematic in Pais’ biography of 
Einstein. In his Subtle is the Lord... ,54 Pais gives an impressive over
view of Einstein’s scientific work, and places it in the development 
of contemporary physics. Even if the book may be called Whiggish, 
the physics is rich and insightful, and Pais pays considerable atten
tion to less well-known aspects of Einstein’s oeuvre, such as several 
details of his unified field theory work or an earlier, failed canal ray 
experiment from 1921. He also included a twenty page appendix 
that supplies short biographies of Einstein’s collaborators - he did 
not include Rupp in that appendix, however. In fact, he did not 
even mention once the Einstein-Rupp experiments, nor Emil Rupp, 
in his nine chapters long discussion of Einstein’s involvement with 
the quantum theory, even though Einstein published two very sub
stantial papers on these experiments in the key year of 1926, and 
even though, as we have seen here, these experiments played a di
rect and relevant role in early quantum debates. Clearly, Pais chose 
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to edit Rupp out of Einstein’s life and remove him from the history 
of quantum mechanics.55

55. I have been told that Pais had systematically compiled binders that contained 
copies of every single journal paper by Einstein, together with his own notes on them 
(A.J. Kox, private communication). If he had used one of the standard Einstein 
bibliographies, such as the one contained in the Schilpp (1949/1997) volume, or the 
one put together by Boni et al. (1960), it should have been inevitable that he would 
have come across references to the articles on the Einstein-Rupp experiments.
56. Kuhn (1984), pp. 247-249.

The question then is: why? Unfortunately, Abraham Pais is no 
longer with us, so we can only guess. Still, deliberating on the ques
tion is legitimate, as it may inform us about biases and blind spots 
in writing the history of physics. When contemplating these omis
sions, I am first reminded of Thomas Kuhn’s recollection of his 
1962 interview with Niels Bohr on the latter’s quantum atom. Kuhn 
asked Bohr about his earlier attempts - incorrect from the perspec
tive of the 1913 Bohr model - to quantize Rutherford’s atom with
out knowledge of the Balmer series. Bohr denied any such attempt, 
but Kuhn knew this to be wrong on the basis of documentary evi
dence and certain passages in Bohr’s original paper, which he 
pointed out to Bohr. Bohr still remained silent on the episode. 
Kuhn ascribed Bohr’s reaction to physicists’ tendency to review the 
past in light of the current state of affairs. This then leads to willful 
or accidental (as apparently in Bohr’s case) distortions of memory, 
and produces “the linearized or cumulative histories familiar from 
science textbooks.”56 A similar mechanism may have been involved 
in the neglect of the Einstein-Rupp story. It is not even difficult to 
come up with a rationalization for it: as Rupp had committed fraud, 
his experiments never actually established facts about nature, so they 
should or could not infact have influenced events, and therefore can 
be omitted. Such an implicit rationalization would be aided by the 
circumstance that Einstein’s final predictions turned out to be in 
line with the result that the developed theory of quantum mechan
ics would propose. Yet, the experiments did of course impact events: 
for one, Rupp’s work made Einstein change his mind, at a crucial 
moment, about the outcome of the Wire Grid Experiment and the 
instantaneous nature of light emission. Secondly, we have seen how 

337



JEROEN VAN DONGEN SCI.DAN.M. I

they helped Bohr to shape his views on complementarity and the 
uncertainty relations. Of course, the omission of the important role 
of these experiments distorts the historical record and denies us the 
possibility to get a full understanding of how science works.

Rupp distorted the facts, and so have a number of historians. 
Rupp committed his sin in an attempt to advance and maintain his 
professional career, but what interest or values were served by the 
omissions of the latter? These omissions seem accidental in some 
cases, yet fairly blatant in others. Accidental omissions indicate that 
perhaps not enough research was done that begins with a system
atic and critical reviewing of primary sources or even just bibliogra
phies. Deliberate omissions, and their repetition, indicate that some 
historians may tacitly have observed a shared interest in leaving out 
Rupp’s role.

One does occasionally come across Rupp in older historiogra
phy. Usually, however, his place is on the margins and he is judged 
to be a black sheep. For instance, H.B.G. Casimir mentioned Rupp 
in his autobiography when he illustrated how his own mentor, Paul 
Ehrenfest, dismissed pomp: Rupp had called his experiment of col
liding electrons ‘an electric analogue of the Compton effect’, upon 
which Ehrenfest quipped that shooting a tail of a bird could be 
called the biological analogue of the photo-electric effect.57 The an
ecdote suggests that Rupp’s physics was of only secondary impor
tance, and a little silly (even if Casimir also called his early work 
“meritorious”). It further illustrates another aspect of the Rupp 
case: it was part of the living memory of Casimir and Pais’s genera
tion of elite physicists. That generation also held up Albert Einstein 
as an icon of science, and, perhaps even more importantly, saw 
quantum theory and its Copenhagen interpretation as singularly 
important achievements for which proselytizing still had to be 
done.58 Clearly, tainting either by attributing a prominent role to 
the Einstein-Rupp experiments would go against larger shared val
ues and interests, to which the value of historical accuracy had to 
yield.

57. Casimir (1983), p. 86.
58. On enforcement of the Copenhagen hegemony see e.g. Freire (2005), (2009).

338



SCI. DAN. M. I COMMUNICATING THE HEISENBERG UNCERTAINTY RELATIONS

Modern science has always been an intrinsically moral enterprise59 
and observing and hence allowing something as abhorrent as fraud a 
substantial, proximate role in reports that focus on its patron saints 
has proven problematic to scientist-biographers in Rupp’s case. Neat 
black-and-white accounts better serve historiography that aims at es
tablishing and portraying model science; hence Rupp is omitted or 
only awarded a safe place in the margins. (Professional historians of 
science - obviously the distinction between the two groups is quite 
inexact - that have overlooked Rupp should perhaps rather be re
proached for not engaging with their sources closely enough.) Fraud, 
as one of the most severe examples of scientific misconduct, clearly 
violates the ideal self-image of the scientist and the code of conduct 
he gets inculcated through, e.g., textbooks. Therefore, the scientific 
community is still often greatly surprised by the exposure of its oc
currence, and seems to underestimate its scale, just as the scale of 
other professional misconduct.60 Yet, the actual practice of science 
and the life in a laboratory exhibit many more shades of grey than 
clear black-and-whites - as we know at least since the science studies 
of the 1970s and 1980s. In this sense, science does not depart from 
other human activity to which moral judgment is wholly intrinsic.

59. See for example Daston (1995); Shapin (2008); see also Daston and Galison 
(2007) on “epistemic virtues.”
60. These points are illustrated by the recent high-profile fraud case of Dutch social 
psychologist Diederik Stapel, even if in the case of his field there had already been a 
longer held concern about misconduct; see e.g. “Fraud case seen as a red flag for 
psychology research,” NewYorkTwus, 2 November 2011; Abma (2013).
61. On the parallels between the roles of epistemic virtues in science and 
historiography, see Paul (2011).

The black cases are uncomfortable reminders of the more preva
lent shades of grey, which is why the kneejerk reaction is to isolate 
and marginalize their role; for, in the case of science, they ultimately 
undermine the public authority of the scientist. These are however 
not issues to elaborate on further here, except for observing that 
writing history, too, is inherently and obviously a moral enterprise, 
in which epistemic virtues - values and practices internalized and 
agreed by a group of scholars as inducing knowledge - play a key 
role.61 Scientist-historians that came across Rupp, facing a typical 
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conflict of conscience due to their crossing of disciplinary lines, 
weighed the values of the historiographer to the interests of the sci
entist, and chose to let the second prevail; hence, Rupp was edited 
out of their versions of Einstein's biography or their history of the 
quantum.

Einstein committed the same sin, although it was not committed 
in an attempt at writing history. In 1936, renewed interest in Ger
many arose about the execution of the Einstein-Rupp experiments: 
improvements in canal ray beam production promised that the ex
periments could by then really be done. Max von Laue informed 
Einstein, who was by now in the USA, about these developments, 
and debated the experiments’ possible outcome with him. Einstein 
grew a little impatient with von Laue’s reasonings, and stated that 
the latter had “not appreciated the point that makes my considera
tions of those days meaningful.” The experiments, Einstein now 
felt, had been formulated as cases for which “our knowledge would 
make a decision possible, even without carrying out an experi
ment.” In his exchanges with von Laue, Einstein did not once men
tion Rupp, and stated that “of course, also back then they did not 
require any confirmation by experiment.”68 Reading between the 
lines, we see Einstein refashion his recollections to reduce the epi
sode with Rupp to an exercise in only theoretical physics, in which 
some unnamed experiment had played a marginal, perhaps rhetori
cal, but certainly entirely superfluous role. As it would turn out, the 
experiments were dropped from physicists’ historiography and col
lective memory altogether.

62. Einstein to Max von Laue, 29 August 1936, Einstein Archive, entry 16 113.
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CHAPTER 3.1

Constitution and model: Bohr’s quantum 
theory and imagining the atom

Giora Hon * and Bernard R. Goldstein * *

* Department of Philosophy, University of Haifa, Israel. E-mail: hon@research. 
haifa.ac.il.
** Dietrich School of Arts and Sciences, University of Pittsburgh, USA. E-mail: 
brg@pitt.edu.
1. Thomson (1904b), p. 92.
2. A letter from Niels Bohr to his brother, Harald, dated 19 June 1912. Quoted in 
Heilbron and Kuhn (1969), p. 238.

There seem good reasons for believing that radio-activity is due to 
changes going on within the atoms of the radio-active substances. If 
this is so then we must face the problem of the constitution of the 
atom, and see if we can imagine a model which has in it the potential
ity of explaining the remarkable properties shown by radio-active 
substances.

J. J. Thomson (1904)* 1

It could be that I’ve perhaps found out a little bit about the structure 
of atoms. ... If I’m right, it would not be an indication of the nature 
of a possibility [marginal note in the original: “i.e., impossibility”] 
(like J. J. Thomson’s theory) but perhaps a little piece of reality.

N. Bohr (1912)2

Abstract

Bohr’s theory has roots in the theories of Ernest Ru
therford and Joseph J. Thomson on the one hand, and 
that of John W. Nicholson on the other. We note that 
Bohr neither presented the theories of Rutherford and
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Thomson faithfully, nor did he refer to the theory of 
Nicholson in its own terms. Bohr’s contrasting atti
tudes towards these antecedent theories is telling and 
reveals his philosophical disposition. We argue that 
Bohr intentionally avoided the concept of model as in
appropriate for describing his proposed theory. Bohr 
had no problem in referring to the works of others as 
“models”, thus separating his theory from previous 
theories. He was interested in uncovering “a little piece 
of reality”.

Keywords: Ernest Rutherford; J. J. Thomson; John Ni
cholson; atomic model; Planck’s quantum of action.

In examining a large number of texts by prominent physicists from 
the late nineteenth and the first decade of the twentieth centuries we 
have found that the term “model” at that time referred to a repre
sentation based on mechanical principles of a physical system. 
Against this background we claim that, contrary to the widely ac
cepted view, Niels Bohr did not intend to develop a model of the 
atom in his Trilogy. Rather, he was interested in the real thing, a 
theory that accounts for experimental results by means of real enti
ties; to be specific, his goal was to lay bare the constitution of the 
atom as the title of the Trilogy indicates. Our paper is then a contri
bution towards a history of modeling in twentieth century physics.3

3. Cf. Hon and Goldstein (2012).

Bohr’s theory has roots in the theories of Ernest Rutherford and 
Joseph J. Thomson on the one hand, and that of John W. Nicholson 
on the other. We note that Bohr neither presented the theories of 
Rutherford and Thomson faithfully, nor did he refer to the theory 
of Nicholson in its own terms. Bohr’s contrasting attitudes towards 
these antecedent theories is telling and reveals his philosophical dis
position.

The first reaction to Bohr’s Trilogy from outside the Rutherford 
circle came from Arnold Sommerfeld. Early in September 1913 
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Sommerfeld wrote to Bohr: “I thank you very much for sending me 
your highly interesting paper, which I had already read in the Phil. 
Mag.”4 Sommerfeld then expressed some skepticism concerning the 
application of atomic models [Atommodellen], and wondered whether 
Bohr would apply his atom model to the Zeeman effect. Sommer
feld, a mathematical physicist, understood Bohr’s theory in terms of 
modeling.5 By 1914 Bohr’s theory was accepted as a model in the 
literature. However, a careful reading of the Trilogy leads us to 
claim that this was not the way Bohr presented his theory. In fact, 
we are persuaded that the concept of model was extended as a result 
of including Bohr’s theory in the category of model, but this devel
opment was not due to Bohr.

4. Sommerfeld to Bohr, 4 September 1913, in Bohr (1981), pp. 123, 603.
5. For Sommerfeld’s view in 1911 on models, see Sommerfeld (1912), p. 124: “As for 
me, I prefer a general hypothesis for h rather than specific atomic models.” (“Quant 
å moi, je préfére une hypothése générale sur h å des modéles particuliers d’atomes.”) 
Cf. Sommerfeld (1911), p. 1066 (quoted in n. 21, below).
6. Nicholson (1912), p. 677.

In the Trilogy Bohr wished to distinguish his theory from the 
conceptions of Rutherford and Thomson. Right at the outset Bohr 
explicitly called the theories of Rutherford and Thomson “atom
model” while considering his own theory an attempt at uncovering 
the constitution of the atom. In so doing, Bohr did not accurately 
report the works of his two mentors. Since his theory includes 
Planck’s hypothesis and theirs did not, something fundamental 
separated the old theories from his own. To be sure, there was a 
precedent, namely Nicholson had proposed a theory in 1912 that 
included Planck’s hypothesis in which Nicholson invoked the ex
pression “model atom”. Moreover, Nicholson called his theory 
“model” while seeking, as he put it, “the constitution of the solar 
corona”.6 But Bohr never refers to Nicholson’s theory as “model”; 
in fact, he systematically calls Nicholson’s proposal “theory”. We 
find that Bohr is consistent in his claim for “constitution” - he does 
not propose a model; the Trilogy was not intended to describe a 
representation of the atom. Bohr, we argue, took the concept of or
bit from Thomson and the nucleus from Rutherford. He also no
ticed that Nicholson included Planck’s quantum of action together 
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with the constraint of the constancy of angular momentum - all of 
which Bohr considered “real”. Sommerfeld’s immediate response 
indicates, however, that despite Bohr’s apparent intention to assert 
that his theory dealt with constitution and not with modeling, the 
theory was quickly perceived as a model.

Words count - they are, after all, markers of concepts. This state
ment should not be dismissed lightly as an inconsequential truism. 
When analyzing a concept in the history of science there is the ten
dency to make the comment (implicitly), “What’s in a word?” We 
take a different approach, namely in our view attention should be 
focused on the usages of terms and the changes in their meanings. 
We argue that linguistic usages reflect philosophical dispositions 
and in this paper we explore these underlying dispositions. The is
sue we address has to do with conceptual frameworks, taking words 
seriously as markers of concepts. In 1913 “modeling” had a specific 
meaning, namely a mechanical or electrical system for representing 
another physical system, e.g., the ether. We argue that Bohr inten
tionally avoided the concept of model as inappropriate for describ
ing his proposed theory.

Bohr began his pathbreaking paper of 1913 with a reference to 
the surprising experimental result of large angle scattering of a 
rays by matter, obtained at Rutherford’s laboratory in Manches
ter. Rutherford explained the results of this experiment by pro
posing an atomic structure in his paper of 1911, “The structure of 
the atom.”7 Rutherford thus echoed Thomson (1904), “On the 
structure of the atom.”8 Bohr, by contrast, titled his paper of 1913, 
the famous Trilogy, “On the Constitution of Atoms and 
Molecules.”9 Bohr speaks, then, of “constitution”, while associat
ing Rutherford with “a theory of the structure of atoms”. He goes 
on to call Rutherford’s theory an “atom-model” which was not Ru
therford’s terminology in 1911. In the next paragraph Bohr con
siders Thomson’s proposal an “atom-model”. As in the case of Ru- 

7. Rutherford (1911).
8. Thomson (1904a).
g. Bohr (1913).
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therford, this is not Thomson’s terminology in his paper of 1904.“ 
Bohr then calls Thomson’s atom-model a “theory” and, according 
to Bohr, it was designed to avoid instability in combining positive 
electrification with fast moving negatively charged particles, the 
electrons (called corpuscles by Thomson). Thus, “theory” and 
“model” are used for both Rutherford’s and Thomson’s concep
tions of the atom, while these two authors refer to the atom as hav
ing some “structure”.10 11 12

10. However, it became common to call this theory a model. Cf., e.g., Rutherford 
(1906), pp. 2, 265, 267, and Nicholson (1912), p. 686.
11. Bohr (1913), I, p. 1. Cf. Bohr (1981), pp. 529-531 (a letter from Bohr to Hevesy, 
dated 7 February 1913).
12. Thomson (1904a), pp. 255-256. The full title of this paper refers to stability.
13. Rutherford (1911), pp. 670-671 and§ 6, “Comparison of theory with experiments”.
14. Bohr (1913), I, p. 2.

Bohr now turns to compare the atom-models of his mentors. The 
radius of Thomson’s atom-model is in fact the radius of the positive 
sphere - the linear extension of the atom. However, such a length 
cannot be defined in terms of Rutherford’s atom-model. The former 
model, it should be noted, was conceived mathematically for the 
purpose of studying the atom’s stability,18 while the latter was 
founded on experimental results.13

Against the contrast between these two atom-models, Bohr con
siders the physics of energy radiation. He summarizes the situation, 
remarking that

whatever the alteration in the laws of motion of the electrons may be, 
it seems necessary to introduce in the laws in question a quantity for
eign to the classical electrodynamics, i.e., Planck’s constant, or as it 
often is called the elementary quantum action.14

Interestingly, Bohr considers the quantum of action a quantity for
eign to electrodynamics. Furthermore, it is noteworthy that in their 
respective theories of the atom neither Thomson nor Rutherford 
appealed to Planck’s quantum of action. According to Bohr, 
Planck’s quantum of action, together with the mass and charge of 
the particles, determines the size of the atom. And Bohr states that 
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the purpose of his paper is to apply these ideas to Rutherford’s at
om-model which “affords a basis for a theory of the constitution of 
atoms”.15 This indicates that by introducing the quantum of action 
into Rutherford’s atom-model, Bohr intended to discard modeling 
and move towards constitution.

15. Bohr (1913), I, pp. 2-3.
16. Nicholson (1912), p. 677.
17. Nicholson (1912), pp. 683, 686.
18. Nicholson (1912), p. 677.

What did Bohr mean by atom-model? A relevant precedent for 
this idea was well known to Bohr. In 1912 Nicholson, a British astro
physicist, proposed a theory of atomic structure which he then ap
plied to stellar spectroscopy and the periodic table. In his paper, 
“The constitution of the solar corona,” Nicholson remarks,

The constant of nature in terms of which ... spectra can be expressed 
appears to be that of Planck in his recent quantum theory of energy. 
It is evident that the model atoms with which we deal have many of 
the essential characteristics of Planck’s “resonators.”16

So in 1912 Nicholson recognized the relevance of Planck’s quantum 
of action, not only with respect to spectral phenomena associated 
with Planck’s resonators, but also with respect to the model atom. 
Nicholson dealt mechanically with a model atom, as he called it, to 
which he applied Planck’s quantum hypothesis. Moreover, he took 
for granted Rutherford’s result, assuming an atomic structure that 
included a “positive nucleus”. Nicholson further referred to Thom
son’s “atomic model” and the associated equations of stability and 
periods of oscillation.17

What was the goal of Nicholson’s study when he introduced 
Planck’s theory into the discussion? First and foremost, he wanted 
to test whether it is “in accord” with his own spectral theory.18 If so, 
then

the investigation will serve the double purpose of confirming the sug
gested origin of the spectra of astrophysics, and of giving Planck’s 
theory an atomic foundation: a foundation of the kind which is now
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generally believed to be necessary, giving a concrete picture of the 
possible nature of a resonator.19

19. Nicholson (1912), pp. 677-678.
20. Nicholson (1912), p. 677.
21. Nicholson (1912), p. 679. Cf. Sommerfeld (1911), p. 1066: “I would rather prefer 
the reverse point of view: instead of explaining h by recourse to the dimensions of 
molecules, one should regard the existence of molecules as a function and a 
consequence of the existence of an elementary quantum of action.”
22. Indeed, in his analysis Nicholson invented a hypothetical element which he 
called Protofluorine. Nicholson (1912), p. 679: “Protofluorine is one of the simplest 
forms of matter - that is to say, one of the simplest receptacles of energy which can 
exist.” Nicholson (p. 677) assigned “a definite atomic constitution” to this contrived 
element.
23. Bohr (1913), I, pp. 6, 22-23.

Nicholson sought to accommodate Planck’s theory with other theo
ries, notably his own. He did not consider it fundamental or that his 
theory had to be built upon that of Planck; no, Planck’s theory was 
regarded as instrumental in confirming the feasibility of Nichol
son’s own theory. He used a mechanical rotator to set up the quan
tum condition for interpreting a few spectral lines observed in the 
Sun and nebulae. Moreover, he did not consider the emitted radia
tion in terms of quanta. Still, he remarked that according to Planck’s 
theory, “interchanges of energy are not continuous, so that it is not 
possible to represent ultimate dynamics by sets of differential 
equations.”80 Nicholson was most likely aware of the possible fun
damental nature of Planck’s theory since he referred to Sommerfeld 
who a year earlier argued for the fundamental nature of Planck’s 
quantum of action.81

While Nicholson had a significant influence on Bohr, it appears 
that Bohr sought to distance himself from the practice of modeling 
the atom. Nicholson’s goal was to describe the constitution of the 
solar corona: modeling of the micro-level was intended to help in 
accounting for the macro-phenomena.88

In the Trilogy Bohr addresses Nicholson’s theory in two places.83 
At first he records the excellent agreement between calculations 
based on this theory and the observed values. Bohr, however, raises 
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a serious objection, namely that Nicholson considered systems in 
which the frequency is a function of energy, and such a system can
not emit a finite amount of homogeneous radiation. In fact, accord
ing to Bohr, such systems are unstable. Thus, there could be no co
herent account of the Balmer and the Rydberg series. Later on in his 
paper Bohr withdrew some of the criticism. In this second phase of 
his response to Nicholson, Bohr appeals to the constraint that Ni
cholson had introduced, namely the universal constancy of angular 
momentum.84 Bohr now recognizes that Nicholson had applied his 
theory in an extreme case (the solar corona) unlike Bohr’s own anal
ysis of the relatively simple spectral series of Balmer and Rydberg.85 
In brief, Bohr accepted Nicholson’s introduction of Planck’s quan
tum of action into atomic theory, but he did not address Nichol
son’s appeal to “model”. While Bohr called Thomson’s and Ruther
ford’s theories of structure “models”, he did not refer to Nicholson’s 
theory as a model even though Nicholson himself called his theory 
“model”. We ask, why did Bohr avoid calling Nicholson’s theory a 
model? To be sure, the difference between Nicholson’s approach 
and Bohr’s methodology is striking, for Bohr turned Planck’s quan
tum of action into one of the two postulates of his theory.86 In other 
words, Bohr reversed the way Nicholson introduced Planck’s quan
tum of action. However, while the atomic theory of Thomson and 
that of Rutherford are essentially classical in that they do not in
clude Planck’s quantum of action, Nicholson’s theory has compo
nents similar to Bohr’s theory. In fact, Bohr reported to Rutherford 
early in 1913 that

24. Bohr (1913), I, p. 15. Cf. Nicholson (1912), p. 679.
25. Bohr (1913), I, pp. 22-23. Cf. Bohr (1981), p. 109.
26. Bohr (1913), I, p. 7; cf. p. 24.
27. Bohr (1981), p. 109.

In his calculations, Nicholson deals, as I, with systems of the same 
constitution as your [Rutherford’s] atom-model; and in determining 
the dimensions and the energy of the system he, as I, seeks a basis in 
the relation between the energy and the frequency suggested by 
Planck’s theory of radiation.87
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Evidently, Bohr acknowledged the similarities between his theory 
and that of Nicholson/8 Bohr did not call his own theory a model 
because, among other reasons, it included Planck’s quantum of ac
tion; hence, for reason of consistency, he was unwilling to call Ni
cholson’s theory a model. In brief, for Bohr the theories of Thom
son and Rutherford were models, whereas his own theory and that 
of Nicholson were not.

28. Bohr (1981), p. 109. Bohr goes on to delineate differences between the two 
theories.
29. Rutherford (1906), p. 263.
30. Rutherford (1906), pp. 265-266.

Let us return to Thomson and Rutherford. In his essay on radio
active transformation of 1906 Rutherford writes under the heading 
“Representations of atomic constitution”:

The recent developments in physical science have given a great impe
tus to the study of the constitution of the atom, and attempts have 
been made to form a mechanical, or rather electrical, representation 
of an atom which shall imitate as closely as possible the behavior of 
the actual atom.28 29

So Rutherford thinks in terms of a mechanical or electrical repre
sentation of the atom’s structure that can imitate the nature, that is, 
the constitution, of the actual atom: but a representation or an imi
tation is not the real thing. Rutherford mentions “constitution” in 
opposition to “representation”, that is, the real thing is constitution 
- “the actual atom” - while representation refers to modeling. Ru
therford does not do “modeling”. He is very precise with his termi
nology:

QJ. J. Thomson’s] model atom imitates in a remarkable way the behav
ior of the atom of the elements, ... Such attempts to imitate by an 
electrical model the structure of the atom are of necessity somewhat 
artificial, but they are of great value as indicating the general method 
of attack of the greatest problem that at present confronts the physi
cist.30
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Rutherford clearly indicates that the model is a tool for pursuing 
research; it is a method, not the real thing.

In 1909, in his presidential capacity, Thomson reported to the 
British Association for the Advancement of Science:

The interest inspired by equations ... in some minds is apt to be some
what Platonic; and something more grossly mechanical - a model, for 
example, is felt by many to be more suggestive and manageable, and 
for them a more powerful instrument of research, than a purely ana
lytical theory.31

31. Thomson (1909), p. 268.
32. Thomson (1904a), p. 255.

Thomson does not count himself as one of the “many” who con
sider model a powerful instrument. Rather, he presented his atomic 
theory in terms of structure.

This approach is already noticeable in 1904 when Thomson pub
lished his theory of the chemical atom, that is, the atom of the chem
ical elements, to which both Rutherford and Bohr later referred. In 
this paper Thomson plunges into many pages of computations on 
the stable arrangements of corpuscles within the atom which lead to 
the section, “Application of the preceding results to the theory of 
the structure of the atom.”

We suppose that the atom consists of a number of corpuscles moving 
about in a sphere of uniform positive electrification: the problems we 
have to solve are (1) what would be the structure of such an atom, i.e. 
how would the corpuscles arrange themselves in the sphere; and (2) 
what properties would this structure confer upon the atom.32

Thomson calculates that if the corpuscles were to arrange them
selves in a series of concentric rings the structure would be stable, 
and he adds:

I shall ... endeavour to show that the properties conferred on the 
atom by this ring structure are analogous in many respects to those 
possessed by the atoms of the chemical elements, and that in particu- 
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lar the properties of the atom will depend upon its atomic weight in a 
way very analogous to that expressed by the periodic law.33

33. Thomson (1904a), pp. 255-256.
34. Thomson (1904a), pp. 260, 262.
35. Bohr (1981), p. 136. In fact, Bohr (p. 109) referred to Rutherford’s atomic 
structure as a model in private correspondence with Rutherford in late January 1913.
36. Bohr (1913), p. 3.

This is Thomson’s chemical atom, but nowhere in the article can 
one find the term “model”. The key terms are “structures” and “sys
tems” which “behave like...”.34 Thomson cannot deny the hypothet
ical character of his construction, but he consistently avoids using 
the term “model”. Stability is achieved in analogous fashion; Thom
son does not pretend to address the real chemical atom.

Let us now assess the situation. Bohr made a critical move, and a 
most productive one at that, from his earlier theoretical researches 
in Cambridge on the electron theory of metals to his study in Man
chester of the atom. Already in July 1912, when he drafted the paper 
on the constitution of atoms and molecules, the so-called “Ruther
ford Memorandum”, Bohr referred to the “atom-model proposed 
by Prof. Rutherford.” He then continued to analyze the stability of 
“Thomson’s atom-model”.35 This means that he considered both 
these theories atom-models. But when it came to his own theory, it 
was about constitution, not modeling.

Bohr primarily invokes the language of theory in which one 
makes assumptions that are intended to lead to consequences which 
are consistent with experimental evidence. He claims that these as
sumptions are supported by experimental data - which is the claim 
that the assumptions are well founded. His language does not sug
gest a model. For Bohr “constitution” (as in the title) indicates that 
he intends to describe the real thing (as it exists in nature):

The inadequacy of the classical electrodynamics in accounting for the 
properties of atoms from an atom-model as Rutherford’s, will appear 
very clearly if we consider a simple system consisting of a positively 
charged nucleus of very small dimensions and an electron describing 
closed orbits around it.36
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Here Bohr distinguishes “model” from the actual state of nature:

It is obvious that the behaviour of such a system will be very different 
from that of an atomic system occurring in nature. In the first place, 
the actual atoms in their permanent state seem to have absolutely 
fixed dimensions and frequencies.37

37. Bohr (1913), p. 4.

By “such a system” Bohr meant an atom which complies with the 
laws of classical electromagnetism, explicitly noting differences be
tween the classical system and the way “actual atoms” behave.

In conclusion, it seems that Thomson, Rutherford, Nicholson, 
and Bohr all agreed that a model is a representation - distinct from 
reality - based on mechanical principles. Thomson and Rutherford 
believed they had in fact described reality, not a representation of it. 
Similarly, Bohr was convinced that he described reality; thus, for 
Bohr the term “model” is not appropriate for his own theory. Ac
cording to Bohr, Thomson and Rutherford did not describe reality; 
hence, their theories are models (representations). Nicholson ac
cepted the appropriateness of “model” to describe his own theory 
even though he was aware that Planck’s quantum of action cannot 
be represented mechanically.

The expansion of the meaning of “model” to include Bohr’s the
ory took place very quickly after the publication of Bohr’s Trilogy. 
For Bohr modeling was inferior to a true description; he chose the 
terms “structure” and “constitution” which express, we submit, 
Bohr’s clear intention to uncover the physical reality of the atom. 
But once Bohr’s theory was acknowledged as representing the atom, 
it was implicitly accepted that modeling need not be entirely me
chanical. Planck’s quantum of action was an essential element of 
this model, that is, a discrete feature came to play a critical role in 
representing atomic phenomena.
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CHAPTER 3.2

The role of models and analogies in 
the Bohr atom

Theo dore Arab atzis and Despina Ioannidou *

Abstract

The significant role of models and analogies in scien
tific practice has been widely recognized. Modern 
scholarship on analogy takes its departure from the 
work of Mary Hesse, who pointed out the existence of 
negative analogies between two different physical sys
tems, that is, those respects in which the two systems 
clearly differ. However, she underappreciated the role 
of negative analogies in model-building. In our paper 
we will stress the significance of negative analogies for 
the development of Bohr’s atom. We will argue that it 
was the negative, rather than the positive, analogy be
tween intra-atomic electrons and the rings of Saturn 
that motivated Bohr to adopt and develop Ruther
ford’s atomic model. The elaboration of the negative 
analogy led to the conclusion that the electron could 
move only in certain discrete orbits and its energy and 
angular momentum were accordingly restricted. Fur
thermore, a related analogy between electrons and 
planets played a significant role in Bohr’s subsequent 
articulation of the model. On the one hand, the posi
tive analogy suggested that electrons (like planets) re
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volved around the center of mass of the atom (solar 
system). On the other hand, the extremely high speed 
of electrons (unlike that of planets) suggested that rela
tivity be brought into the picture.

Key words: Niels Bohr; Mary Hesse, Ernest Ruther
ford, analogy; models; nuclear atom.

1. Models and analogies

1.1. On models

The term “model” is used in a wide variety of ways in philosophy of 
science, and thus it is difficult to give a comprehensive and precise 
definition of the term. In the philosophical literature several kinds 
of scientific models have been identified: iconic or scale models, 
analogical models, mathematical (or abstract) models. All of these 
kinds of models are different means of representing physical sys
tems, usually in a simplified and idealized manner. Thus, in what 
follows we will treat models as (idealized and simplified) represen
tations of physical systems. These representations are often con
structed on the basis of analogies between a “target” (the represent
ed system) and a source (an already understood system). These 
analogies facilitate the (mathematical and verbal) description of the 
target.1 2

1. Psillos (2007), p. 154.
2. Hesse (1953), p. 201.

Mary Hesse suggested that models should not be understood as 
“literal descriptions of nature, but as standing in a relation of anal
ogy to nature.”8 She studied models in connection with analogy and 
expanded the concept of model to go beyond the purely mechani
cal representations that were prevalent in the 19th century, arguing 
that mathematical formalisms could be considered as models too, 
since they functioned in essentially the same way. There were many 
hybrid models, “like the Bohr model of the atom in which electrons 
are conceived to jump discontinuously from one orbit to another, a 
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feat which no mechanical particle can be imagined to perform.”3 
This was an important step toward the analysis of theoretical mod
els.4

3. Hesse (1953), p. 200.
4. See Achinstein (1965). Giora Hon and Bernard Goldstein (this volume) argue that 
Bohr thought of his account of the structure of the atom as a theory and not as a 
model, which he conceived as a mechanical representation. They point out though 
that after 1914 “the concept of model was extended as a result of including Bohr’s 
theory in the category of model.” Throughout this paper, we use the expression 
“Bohr’s model” in this latter more inclusive sense.
5. Achinstein (1968), p. 213.
6. Achinstein (1968), p. 213.
7. McMullin (1968), p. 392.
8. McMullin (1968), p. 392.

For Achinstein a theoretical model of a target physical system X 
was taken to be a set of theoretical assumptions (normally of a com
plex mathematical form) which provided a starting point for the 
investigation of the system X. Usually the model was constructed 
under the guidance of the observed similarities between the system 
X and a known physical system Y (the analogue). The Bohr model 
of the atom, according to Achinstein, is such a theoretical model, 
that is, a set of theoretical assumptions that “attributes an underly
ing mechanism to the hydrogen atom which explains radiation of 
discrete wavelengths observed when hydrogen is excited.”5 Achin
stein noted that there are cases in which the terms “theory” and 
“model” are used by scientists interchangeably (Bohr’s model/the- 
ory of the atom): “it is sometimes though not always true that what 
is called a model is also called a theory, as in the case of the Bohr 
model of the atom.”6

Ernan McMullin takes models to be physical structures, differ
ent from theories, and suggests that “it is the model, of course, that 
gives rise to the theory; there is no way for one to hit upon the the
ory somehow first.”7 McMullin explicitly refers to the Bohr model 
of the atom as “a very simple physical structure” and he distinguish
es it from Bohr’s theory: “the Bohr theory is the set of statements 
describing how such a model would behave in various conditions.”8 
In addition, McMullin recognized “that the original model, though 
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suggested by analogies with the planetary system, was not in fact a 
planetary system”;9 10 so it would be incorrect to suppose that the 
planetary model of Kepler and the atomic model of Bohr “are sim
ply different realizations” of the same formal calculus.“ A close look 
at “the subsequent history of the model” would reveal the role of 
differences between the atom and a planetary system: “the subse
quent history of the model was governed far more by the differences 
between the two models than their similarities.”11 12 As we will argue 
below, McMullin’s insight is borne out by the history of the Bohr 
atom.

g. McMullin (1968), p. 395.
10. McMullin (1968), p. 395.
11. McMullin (1968), p. 395.
12. Hesse (1966).
13. Hesse (1953), p. 202.
14. Hesse (1965), p. 102.

1.2. On analogy

Analogies are widely used in science: in the development and evalu
ation of scientific theories, in experimental design, and for purposes 
of instruction and illustration. To understand and explain a novel 
situation we often resort to what is already familiar. Modern theo
ries of analogy are considerably indebted to the work of Mary 
Hesse.“ Analogies (in physics) are relations “either between two hy
potheses, or between a hypothesis and certain experimental results, 
in which certain aspects of both relata can be described by the same 
mathematical formalism.”13 In certain cases there is an analogy be
tween aspects of a model (e.g., its mathematical structure) and the 
phenomena explained by means of it: “the most obvious property 
of a satisfactory model is that it exhibits an analogy with the phe
nomena to be explained, that is, that there is some identity of struc
ture between the model and the phenomena.”14

Hesse drew a distinction between three kinds of analogy: posi
tive, negative and neutral. The positive analogy between two differ
ent physical systems consists of the properties they have in com
mon. The negative analogy consists of those respects in which the 
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two systems clearly differ. Finally, the neutral analogy consists of 
those properties “of the model about which we do not yet know 
whether they are positive or negative analogies; these are the inter
esting properties, because... they allow us to make new predictions. ”15 
The neutral analogy, then, plays the most important heuristic role 
in the development of a theory.

15. Hesse (1966), p. 8.
16. Achinstein (1964,1968).
17. Achinstein (1968), pp. 208-209.
18. Achinstein (1968), p. 208.

Achinstein has also contributed to understanding the role of 
analogies in science.16 Analogies function “by indicating similarities 
between ... [novel] concepts and others that may be familiar or 
more readily grasped.”17 Furthermore, they may suggest new prin
ciples and facilitate the extension of a theory. For example, similari
ties between electrostatic and gravitational phenomena indicate 
that principles governing the system we understand better can be 
transferred to the other. For instance, it is reasonable to propose an 
inverse square law for electrostatic attraction on the basis of its anal
ogy with gravitation. Achinstein also observes that the term “anal
ogy” is used in two slightly different senses. First, as indicating “cer
tain types of similarities between two items”; in that sense “analogies 
are said to exist and to be discovered”. Second, analogy refers to 
“something like a comparison, something one draws, makes, con
structs or formulates.” But in comparison one looks for similarities 
and differences too, whereas in analogies “one is looking only for 
similarities.”18 Thus, for both Hesse and Achinstein, the heuristic 
function of analogy is exhausted by its positive and neutral aspects. 
The role of negative analogies, on the other hand, is overlooked.

1.3. How models are related to analogies

Models and analogies are closely connected: models are often based 
on analogies, and analogies play a crucial role in modeling practic
es. It remains the case, however, that analogies should not be con
flated with models. As Achinstein points out, there is a difference 
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between a model and an analogy. An analogy is a relationship be
tween two physical systems or entities while a model is usually con
ceived and constructed on the basis of an analogy. Although many 
models are formed on the basis of an analogy, most of them out
grow the analogy from which they originated. Bohr’s model is char
acteristic.

We will argue that the negative analogy between the atom and a 
Saturnian system motivated the creation of Bohr’s model of the 
atom. Other analogies (e.g., the correspondence principle and the 
analogy between electrons and Planck’s oscillators) also played an 
important role in this respect.19 Further (positive and negative) 
analogies between the atom and a planetary system provided im
portant resources for the articulation of the model.

ig. Darrigol (1992).
20. Cf. Faye (1979, 1988,1991) and Wise (1990).
21. Høffding Q905), p. 203.

2. Bohr and analogy

The development of models and analogies was a crucial aspect of 
Bohr’s theorizing. He came under the spell of Harald Høffding,20 
his philosophy teacher and a friend of his family, who suggested 
that analogies play an essential role in science:

our thinking consists in a comparison of different domains of experi
ence, so that the one can make the other clearer for us. All our knowl
edge, the spontaneous as well as the scientific, is therefore full of 
analogies. When thinking proceeds to a new task, it does not take up 
quite new means and ways, but it tries so far as possible to make use 
of those which it has already applied, especially if they are clear and 
plain.21

Bohr attended a philosophy course, given by Høffding during his 
first year at the University of Copenhagen (1904), and he continued 
to have a very warm relationship with his teacher in the following 
years. According to Faye, “the strong emphasis Høffding laid on the 
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concept of analogy as one of the fundamental methodological prin
ciples in science must have influenced Bohr deeply.”88 Furthermore, 
the development of Bohr’s theory of the hydrogen atom was “on the 
basis of the methodological precept he had learned from Høffding.”83 

In a letter to Rutherford on 21 March 1913, Bohr spoke of his 
assumptions as suggesting “a possible, very simple way of account
ing for a number of facts, and further the most beautiful analogi 
[sic] between the old electrodynamics and the considerations used 
in my paper.”84

22. Faye (1991), p. 109.
23. Faye (1991), p. 109.
24. Bohr (1981), p. 584.
25. Heilbron (1981), p. 230; cf. Kragh (2012), p.39.

3. From Thomson’s “plum-pudding” atom to 
Rutherford’s nuclear atom

After he completed his dissertation, Bohr spent some time in Britain 
and was exposed to the British tradition of model making, which 
had been “based on the methods of mid-Victorian Cambridge 
physics.”85 One of the products of that tradition was J. J. Thomson. 
In 1904 he had proposed a representation of the atom as a posi
tively charged, homogeneous sphere in which electrons revolve in 
coplanar orbits. Thomson’s model promised to account for the pe
riodicities in the chemical properties of the elements and explained 
adequately the small-angle scattering of ^-particles (fast-moving 
electrons) by matter, as the result of multiple encounters between 
^-particles and atomic electrons. It was less successful, however, in 
accounting for the large-angle scattering of a-particles.

In 1909 Hans Geiger and Ernest Marsden reported the results of 
their experiments on a-scattering. After bombarding a target (a thin 
sheet of gold) with a-particles, they noticed that a few of those parti
cles were deflected by more than 90°. Rutherford greeted those re
sults with incredulity: “It was quite the most incredible event that has 
ever happened to me in my life. It was almost as incredible as if you 
fired a 15-inch shell at a piece of tissue paper and it came back and hit 22 23 24 25 
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you.”86 The results, in Rutherford’s words “indicate that some of the 
a particles must suffer a deflexion [sic] of more than a right angle at a 
single encounter [with an atom].”87 But for this to occur, “the atom 
must be a seat of an intense electric field.”88 The electrical forces had 
to be concentrated in a region of IO'13 cm, whereas the size of an atom 
was of the order of 10'8 cm. Rutherford was able to calculate the prob
ability of single scattering at a given angle and found his predictions 
confirmed experimentally by Geiger and Marsden.

26. Rutherford (1938), p. 68. Heilbron argues that Rutherford’s retrospective report 
of his reaction is exaggerated. See Heilbron (1968), p. 265.
27. Rutherford (1911), p. 669.
28. Rutherford (1911), p. 669.
29. Rutherford (1911), p. 677.
30. Quoted in Wilson (1983), p. 289.
31. Wilson (1983), p. 299.
32. Wilson (1983), p. 305.
33. Rutherford (1911), p. 671.

Thus, the results of a-scattering suggested a new representation 
of the atom, which was “supposed to consist of a central charge sur
rounded by a uniform distribution of the opposite sign through a 
sphere of radius R.”89 (Figure 1) For Rutherford, this was a discov
ery of “what the atom looks like.”26 27 28 29 30 This image seems to have simi
larities with the solar system. However, according to his biographer 
David Wilson, in contrast to what is commonly believed, “this was 
not the way Rutherford saw the structure.” 31 32 Rutherford started us
ing the word ‘nucleus’ only about August 1912, and at about the 
same date seems to have decided that the central charge is positive.38

Rutherford’s model of the atom was unstable, both mechanical
ly and from an electromagnetic point of view. Rutherford thought 
that “[t]he question of the stability of the atom proposed need not 
be considered at this stage, for this will obviously depend on the 
minute structure of the atom, and on the motion of the constituent 
charged parts.”33 The scientific community, for the most part, ig
nored Rutherford’s model, which had also nothing to say about two 
of the most salient contemporary problems: spectra and the peri
odic table.

367



THEODORE ARABATZIS AND DESPINA IOANNIDOU SCI.DAN.M. I

Figure 1. Rutherford’s sketch of the atom 
in an undated (1910 or 1911) manuscript. 
Source: H.R. Robinson, “Rutherford: Life 
and work to the year 1919, with personal 
reminiscences of the Manchester period,” 
The Proceedings of the Physical Society 55
(3,1943), 161-182, on p. 171.

4. Bohr’s quantum twist of the nuclear atom

It was Niels Bohr who further developed Rutherford’s model of the 
atom and made a decisive step towards a new account of atomic 
structure.34 Since 1911 and his doctoral work on the electron theory 
of metals, Bohr had been convinced of the limitations of classical 
mechanics. Thus, what Bohr found attractive in Rutherford’s mod
el, besides its success in accounting for a-scattering, was precisely 
(and prima facie paradoxically) its mechanical instability. This 
strengthened his prior conviction that classical mechanics could not 
give an adequate account of the behavior of individual electrons. 
This point has been made by Heilbron, who claims that “it is prob
able that the chief cause of his [Bohr’s] conversion was the discov
ery that the Saturnian atom is mechanically unstable.”35 To put it 
another way, Bohr’s motivation for developing Rutherford’s model 
was the negative analogy between electrons and the rings of 
Saturn!36

34. The sketch that follows draws upon chapter 5 of Arabatzis 2006.
35. Heilbron (1977), p. 67. See also Heilbron and Kuhn (1969), p. 241. A ring 
(“Saturnian”) model of the atom had been proposed by the Japanese physicist 
Hantaro Nagaoka in 1904. By 1909, however, it was forgotten. See Kragh (2012), pp. 
23-24.
36. Cf. McMullin (1968), p. 395.

In early July 1912 Bohr communicated to Rutherford a “memo
randum” with his thoughts on the structure of atoms and molecules. 
He started by outlining Rutherford’s model or rather “his own ver- 

368



SCI. DAN. M. I THE ROLE OF MODELS

sion of it”,37 as Rutherford had not suggested a ring model of the 
atom. He stressed the model’s difficulties in connection to actual 
atoms: first, the lack of “stability in the ordinary mechanical sense” 
for the multi-electron rings. An “equilibrium figuration” demanded 
“motion of the electrons.”38 This followed from a theorem that had 
been proved in the early 19th century by Samuel Earnshaw, accord
ing to which any system of static particles interacting by inverse 
square forces is unstable.39 This constraint was imposed by the mod
el itself (inverse square forces) and the stability of the actual atoms. 
Second, he noticed that electrons

37. Kragh (2012), p. 51.
38. Bohr (1981), p. 136.
39. Pais (1988), p. 181.
40. Bohr (1981), p. 137.
41. Bohr (1981), p. 137.
42. Bohr (1981), p. 137. It is obvious from a subsequent page of the Rutherford
memorandum that Bohr meant the frequency.

can rotate with an infinitely great number of different times of rota
tion, according to the assumed different radius of the ring; and there 
seems to be nothing ... to allow from mechanical considerations to 
discriminate between the different radii and times of vibration.40

So the model lacked the resources to determine the size of the atom. 
In response to those difficulties, Bohr put forward a hypothesis, 

“for which there will be given no attempt of a mechanical founda
tion (as it seems hopeless ...).”41 42 * He suggested “that there for any 
stable ring (any ring occurring in the natural atoms) will be a defi
nite ratio between the kinetic energy of an electron in the ring and 
the time of rotation.”48 Here Bohr drew upon Planck’s theory of ra
diation which quantized the energy of “oscillators” and connected 
it with their frequency according to the formula E=hv. (In the 
“memorandum”, he did not use h, but a constant K (0,6/?).) Thus, 
Bohr attempted to come to terms with the problems of the nuclear 
model of the atom by imposing a non-mechanical law on the elec
tron’s motion.

In July 1913, the first part of Bohr’s Trilogy “On the constitution 
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of atoms and molecules” was published in the Philosophical Magazine. 
In the introduction he suggested that the above-mentioned difficul
ties of Rutherford’s model could be overcome by introducing “in 
the laws [of motion of the electrons] ... a quantity foreign to the 
classical electrodynamics, i.e., Planck’s constant.”43 The same ma
neuver could also fix another difficulty that plagued Rutherford’s 
atom, its radiative instability. According to classical electrodynam
ics, as a result of their accelerated motion within the atom, electrons 
should radiate away their energy and collapse on the nucleus. That 
implication of Rutherford’s model, however, was at odds with the 
behavior of “actual atoms in their permanent state [which] seem to 
have absolutely fixed dimensions and frequencies.”44 Thus, experi
mental information about “actual atoms,” the target of the analogy, 
constrained atomic models and led Bohr to modify Rutherford’s 
model, on the basis of Planck’s theory of radiation, stating that “the 
energy radiation from an atomic system does not take place in the 
continuous way assumed in the ordinary electrodynamics, but that 
it, on the contrary, takes place in distinctly separated emissions, the 
amount of energy radiated out from an atomic vibrator of frequency 
v in a single emission being equal to rhv where r is a whole number, 
and h is a universal constant.”45

43. Bohr (1913), p. 2.
44. Bohr (1913), p. 4.
45. Bohr (1913), p. 4.
46. Bohr (1922), p. 12.

This novel mechanism of radiation provided the key for “saving” 
the Balmer formula, a mathematical representation of the structure 
of the (visible part of the) hydrogen spectrum:46

___R_
T _ 2 2~
a ri\ n,

where A denotes the wavelength of spectral lines, R is a constant (the 
so-called Rydberg constant), nx = 2, and n2 = 3, 4,...

Bohr’s encounter with the Balmer formula in early February 
1913 had been a decisive event in the development of his model of 
the atom. According to Bohr’s recollections, “As soon as I saw 
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Balmer’s formula ... the whole thing was immediately clear to me.”47 
He derived the Balmer formula in three different ways. The most 
satisfactory of those derivations, which was presented in a lecture to 
the Danish Physical Society of Copenhagen on 20 December 1913, 
exhibited an analogy between the structure of the hydrogen spec
trum and the structure of its hidden cause, the hydrogen atom. Bohr 
assumed that the frequency of the emitted radiation during the 
transition of the electron from a “stationary” orbit with energy E} to 
another stationary orbit with energy E2 was:48

47. Quoted in Heilbron (1985), p. 34.
48. Bohr 1922, p. 11.
49. Bohr (1922), p. 12.
50. Bohr (1913), p. 3.

| /= jh
' h h

Since v = c/Å, where c is the velocity of light, it follows from the 
Balmer formula that

Rc Rc

From the structural analogy between these two equations, Bohr 
could derive an expression for the energy levels of the hydrogen 
atom: “the energy of the system in the nth state, apart from an addi
tive constant, is given by - . ”49 50

Another significant aspect of Bohr’s model, in the present con
text, was the idealizations it contained. To facilitate his calculations, 
Bohr assumed “that the mass of the electron is negligibly small in 
comparison with that of the nucleus, and further, that the velocity 
of the electron is small compared with that of light.”5“ The relax
ation of these assumptions later led to two remarkable successes.

First, in October 1913 Bohr pointed out that, strictly speaking, 
the electrons and the nucleus revolve around the center of mass of 
the atom. It follows that in the formula for the Rydberg constant 
one should replace the mass of the electron by a “reduced mass”, 
equal to m/(l+m/mz), where mz is the mass of the nucleus. This cor-
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Figure 2. The orbit of the elec
tron in the hydrogen atom ac
cording to Sommerfeld. Source: 
Sommerfeld (1923), p. 467.

rection was strikingly confirmed by spectroscopic measurements.51 52 
Second, in 1914 it was discovered that Balmer’s formula was not 
entirely accurate.58 By taking into account, the high speed of elec
trons within the hydrogen atom and by “replacing the expressions 
for the energy and the momentum of the electron by those deduced 
on the theory of relativity,”53 Bohr showed that the deviations from 
Balmer’s formula could be accommodated. Furthermore, the veloc
ity dependence of the electron’s mass made possible an explanation 
of the so-called fine structure, the doublet structure of most hydro
gen spectral lines.54

51. Heilbron (1985), p. 35.
52. Curtis (1914).
53. Bohr (1915), p. 334.
54. Bohr (1915), p. 334.
55. Sommerfeld (1916).

In 1915-1916 Sommerfeld provided a relativistic extension of 
Bohr’s model of the atom, elaborating the negative analogy between 
electrons and planets.55 He showed that the variation of the electron’s 
mass as a result of its varying velocity had two effects. First, the orbit 
of the electron turned out to be a precessing ellipse (Figure 2).

Second, the energies of orbits with the same major axis but dif
ferent shapes turned out to be different. Thus, by taking into ac
count the velocity dependence of the electron’s mass, one was led to 
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a proliferation of the energy levels of the hydrogen atom. Since the 
lines in the hydrogen spectrum resulted from “differencefsj of en
ergy in the initial and the final path of the electron,”56 this maneu
ver, therefore, promised to provide the key for unlocking the riddle 
of fine structure.

56. Sommerfeld (1923), p. 67.

One could view these successes of Bohr’s model as the outcome 
of the positive and negative analogy between electrons and planets. 
On the positive side, the analogy between electrons and planets 
suggested that electrons (like planets) revolved around the center of 
mass of the atom (solar system). On the negative side, the extreme
ly high speed of electrons (unlike that of planets) required that rela
tivity be brought into the picture. In both cases, the analogy played 
a heuristic role that enabled the enrichment of the original model 
and its improved fit with empirical data.

5. Concluding remarks

Analogies are of central importance in model-building. Bohr’s 
model of the atom was motivated by the negative analogy between 
a Saturnian system and the atom. Furthermore, the positive and 
negative analogies between planets and electrons played a signifi
cant role in the subsequent articulation of the model. We empha
sized the importance of negative analogies, because they have been 
neglected by philosophers of science.

One of Bohr’s points of departure was the negative analogy be
tween electrons and the rings of Saturn. The former, in contrast to 
the constituents of the latter, repelled each other and, thus, could 
not form a mechanically stable system. To fix that defect, Bohr im
posed (mechanical and electromagnetic) stability to the atom by 
fiat. The pursuit of the negative analogy led to the conclusion that 
the electron could move only in certain discrete orbits and its ener
gy and angular momentum were accordingly restricted. In those 
orbits the electron was subject to classical mechanics and Cou
lomb’s law, but did not radiate and, thus, defied the laws of classical 
electrodynamics. It emitted radiation only when it switched orbits, 
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and its frequency was specified by a new quantum-theoretical law. 
This model of the atom was further modified on the basis of another 
negative analogy, this time between electrons and planets. Their 
very different speeds implied that their respective orbits should 
have different characteristics.

Moreover, empirical constraints from spectroscopy motivated, 
via a positive analogy between the structure of the phenomena and 
the structure of the atom, a new mechanism of radiation that de
parted radically from classical physics. Another positive analogy, 
between atoms and planetary systems, led Bohr to conclude that 
electrons revolved around the center of mass of the atom (rather 
than the nucleus).

In all, the Saturnian and planetary models of the atom, under 
heuristic guidance from the (negative and positive) analogies on 
which they were based and under pressure from the empirical con
straints provided by their target, mediated the transition from a 
classical to a quantum theory of atomic structure.
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CHAPTER 3.3

Did Bohr understand EPR?

Abstract:

In 1935, Einstein, Podolsky and Rosen (EPR) famous
ly published a paper arguing for the incompleteness of 
quantum mechanics, using the example of two spatial
ly separated but entangled particles. In his almost 
equally famous reply, Niels Bohr argued against EPR 
by providing a careful analysis of quantum measure
ments from the point of view of complementarity. Per
haps oddly, this analysis focuses on the example of a 
single particle passing through a slit. In this paper I ar
gue that the disanalogy between the two examples is 
only apparent, and does not constitute an obstacle in 
trying to understand Bohr’s views on complementarity.

Keywords: Niels Bohr; Einstein, Podolsky and Rosen; 
entanglement; complementarity

1. Introduction

We need to return to Bohr’s own words, filtered through no precon
ceived philosophical dogmas. We need to apply the critical tools of 
the historian in order to establish what those words were and how 
they changed over time. We need to assume, at least provisionally,

* Department of Philosophy, University of Aberdeen, and UMR 8590 IHPST-Insti- 
tut d’Histoire et de Philosophie des Sciences et des Techniques, Université Paris 1 
Panthéon Sorbonne, CNRS, ENS. E-mail: g.bacciagaluppi@abdn.ac.uk.
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that Bohr’s words make sense. And we need to apply the synthetic 
tools of the philosopher in order to reconstruct from Bohr’s words a 
coherent philosophy of physics.1 2

1. Howard (1994), pp. 201-202.
2. Bohr (1935); Einstein, Podolsky and Rosen (1935).
3. See for instance Jammer (1974), Sect. 6.2, Fine (1986), Ch. 3, Howard (1985,1990) 
and Held (1998), Ch. 3.
4. See Bohr (1949).

Bohr’s philosophy of physics has attracted a great deal of both ad
miration and detraction from many sides. A case in point is his reply 
to the paper by Einstein, Podolsky and Rosen of 1935 arguing for 
the incompleteness of quantum mechanics,8 which is one of the 
most cited of Bohr’s writings on the foundations of quantum me
chanics, because it contains a particularly careful analysis of quan
tum mechanical measurements from the point of view of comple
mentarity. The present paper intends to give a fresh look at some 
crucial aspects of Bohr’s reply to EPR, in the spirit of Don How
ard’s remarks above — which are as actual now as when they were 
first made in the wake of the centennial of Bohr’s birth.

The argument by Einstein, Podolsky and Rosen was ultimately 
an outgrowth of the discussions between Einstein and Bohr on the 
photon-box thought experiment, which took place at the sixth 
Solvay conference in October 1930.3 As described in Bohr’s account 
of the discussions, the original photon-box thought experiment was 
an attempt by Einstein to undermine the energy-time uncertainty 
relations, as follows. Take a box containing both monochromatic 
radiation and a clock regulating the automatic opening of a shutter. 
The clock can be used to measure the time of emission of a photon, 
and weighing the box before and after the emission can be used to 
measure the energy of the photon via relativistic mass-energy equiv
alence — both seemingly with arbitrary accuracy. According to 
Bohr, he and Einstein eventually worked out that the weighing of 
the box interfered with the operation of the clock via gravitational 
red-shift, thus confirming the validity of the uncertainty relations.4

At the latest after this episode, Einstein appears to have switched 
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from trying to “beat” the uncertainty relations to accepting them and 
trying to use them to derive paradoxical consequences of quantum 
mechanics. The further specific transformations of the photon-box 
thought experiment are well described in the literature.5 Suffice it to 
say that by mid-1931 Ehrenfest was describing to Bohr how Einstein 
understood the photon-box as an apparatus that by way of mutually 
exclusive operations onthebox allowed one to predict either the time of 
arrival of the emitted photon at some observation point or the energy 
of the emitted photon, and such that the choice of the operation to be 
performed could be made well after the photon had been emitted. As Ehren
fest put it (“however, I am not able to formulate it in such a way as to 
be sure he would be happy with my formulation”), the point of inter
est for Einstein was

5. See the references cited in footnote 3.
6. Ehrenfest to Bohr, 9 July [1931], Archive for the History of Quantum Physics, 
microfilm EHR17 (in German) [the idiosyncratic use of quotation marks is in the 
original].
7. One can of course imagine that x0 is very large, but EPR themselves do not explic
itly use this.

to realise that the projectile [the emitted photon], which is already 
flying around isolated “by itself’, must be ready to fulfil very different 
““noncommuting”” prophecies, “without even knowing” which of 
these prophecies one will make (and verify).6

The final form of the thought experiment was given in the EPR pa
per: one takes two particles in a simultaneous eigenstate of the two 
commuting quantities P2 + Pi and O2 - O} (sum of momenta and 
difference of positions). Assuming that the corresponding eigenval
ues are, e.g., 0 andx0, quantum mechanics predicts that if a measure
ment of P1 yields the outcome p, a subsequent measurement of P2 
will yield with probability 1 the outcome -p, and that if a measure
ment of Qi yields the outcome x, a subsequent measurement of O2 
will yield with probability 1 the outcome x + x0. If the two systems 
are no longer interacting, we can assume we can carry out a meas
urement of either momentum or position on particle 1 without in
teracting with particle 2.7
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The EPR argument is a direct argument for the incompleteness 
of quantum mechanics, in the sense that EPR give an argument for 
the existence of certain “elements of reality” that are not present in 
the quantum mechanical description. In order to do this, EPR need 
a (sufficient) criterion for determining when such elements of reali
ty are present: “If, without in any way disturbing a system, we can 
predict with certainty (i.e., with probability equal to unity) the val
ue of a physical quantity, then there exists an element of physical 
reality corresponding to this physical quantity”.8 * io. Applying the crite
rion of reality to the thought experiment, EPR argue that at least 
one of the position and momentum of particle 2 is an element of 
reality not present in the quantum mechanical description. We need 
not worry about the detailed logic of the argument — which has 
been the subject of debate — since what is of interest to us is Bohr’s 
own understanding of the argument in his reply, which we shall dis
cuss in the next section.

8. Einstein Podolsky and Rosen (1935), p. 777, whole passage emphasised in the 
original.
g. For a nice discussion of the logic of the EPR paper, see Fine (2013). It is also well- 
known that Einstein was dissatisfied with the presentation in the published paper 
(which was written by Podolsky) and preferred to present the case for incomplete
ness as an indirect argument, as follows. Once we have ceased to interact with parti
cle 2, our measurements cannot affect its real state. The measurements on particle 1 
can only yield (perhaps incomplete) information on the real state of particle 2. By 
performing different measurements on particle 1, we obtain different quantum me
chanical state descriptions for particle 2. But we cannot obtain different complete 
descriptions of the same real state. Thus the quantum mechanical state descriptions 
obtained through the different measurements on particle 1 must be incomplete. See 
Howard (1985) and Fine (1986), Ch. 3, for details.
io. See Beller and Fine (1994), Beller (1999), Ch. 7, and for the ensuing debate, e.g., 
Whitaker (2004), Fine (2007), and references therein.

As mentioned, Bohr’s reply to EPR is an important source for 
Bohr’s views on complementarity, a much-debated issue being 
whether it marks a turning point in Bohr’s views. Mara Beller and 
Arthur Fine in particular have made a powerful case for a shift in 
Bohr’s understanding of complementarity in his reply to EPR, and 
the ensuing debate has focused mainly on whether Bohr thereby 
came to espouse a positivist view.“ The discussion below will not be 
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directed towards this particular question, but will address a related 
point.

Until 1935, the understanding of complementarity appears to 
have been grounded in the idea of an uncontrollable physical ex
change (of the order of the quantum of action), and EPR’s focus on 
two spatially separated particles appears to undermine this idea, 
since there can be no physical exchange between the measuring ap
paratus and the distant particle. Oddly, however, Bohr’s reply to 
EPR seems to minimise any conceptual differences between the case 
of measurements on a single particle and the EPR case. Indeed, 
Bohr spends a large part of his reply to EPR discussing the example 
of one particle going through a single slit — essentially the same as 
the example he had famously discussed with Einstein at the 1927 
Solvay conference11 * — and he prefaces his subsequent analysis of the 
EPR example with the words: “The last remarks apply equally well 
to the special problem treated by Einstein, Podolsky and Rosen, 
which has been referred to above, and which does not actually in
volve any greater intricacies than the simple examples discussed 
above.”18 This is odd precisely because in the case of the single par
ticle Bohr’s arguments appear to be grounded in very physical in
tuitions, e.g., the idea that in a measurement of the position of the 
particle an uncontrollable amount of momentum passes from the 
diaphragm used for the measurement into the rigid support defining 
the laboratory frame.13 * * In the EPR case, instead, with its threat of 
“spooky action at a distance”, the physical grounding of Bohr’s ar
guments seems rather less immediate.

ii. See again Bohr (1949).
is. Bohr (1935), p. 699.
13. I believe the phrasing of this “lab frame argument” in Bohr’s reply to EPR is
somewhat misleading; for discussion, see Bacciagaluppi and Crull (forthcoming).
For an alternative, more literal reading see Dickson (2004).

In the following Section 2., which is the core of the paper, I shall 
try to spell out more clearly the analogy between the single-particle 
case and the EPR case, arguing that Bohr is correct in taking EPR to 
involve no “greater intricacies”. More precisely, I shall argue that 
Bohr understands both the single-particle case and the EPR case as 
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composed of a first stage in which the “uncontrollable” physical ex
change takes place, and a second stage involving no further interaction 
with the system of interest. Thus, while Bohr is (rightly or wrongly) 
treating “spookiness” as unproblematic, he sees it as a feature that is 
already present in his treatment of the single-particle case.

Section 3. provides some additional support for this proposed 
reading of Bohr’s reply in the form of a remarkable letter by Pauli to 
Schrödinger from July 1935.

Finally, returning to the “big picture”, I shall conclude in Sec
tion 4. by briefly suggesting that it was not specifically the separa
tion of the particles in the EPR paper that prompted a shift in Bohr’s 
view of complementarity in the mid-1930s — at least assuming that 
the proposed reading corresponds to Bohr’s understanding of 
measurements already prior to 1935.

2. Bohr’s argument and the analogy with EPR

In the introduction to his 1935 reply, Bohr gives a sketch of the EPR 
argument, hinting at where he will apply his criticism. After making 
a few preliminary remarks and introducing EPR’s criterion of reali
ty, Bohr states that

[b]y means of an interesting example, to which we shall return below, 
[EPR] proceed to show that in quantum mechanics, just as in classical 
mechanics, it is possible under suitable conditions to predict the val
ue of any given variable pertaining to the description of a mechanical 
system from measurements performed entirely on other systems 
which previously have been in interaction with the system under in
vestigation.'4

Application of the criterion of reality to predictions of canonically 
conjugate quantities then leads EPR to conclude that quantum me
chanics is incomplete. Bohr’s criticism, he tells us, will be that the 
EPR criterion of reality “contains ... an essential ambiguity when it 
is applied to the actual problems with which we are here concerned” f5

14. Bohr (1935), p. 696.
15. Bohr (1935), p. 697.
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One can easily think of a classical example in which it is indeed 
possible to predict values of canonically conjugate quantities of one 
system from suitable measurements on a second system. Assume we 
have two classical systems, say with equal masses and known (cen- 
tre-of-mass) positions and momenta, and assume the initial com
mon centre-of-mass position and the total momentum are both 
zero. Assume the two systems collide, say elastically, but we do not 
know their shapes and sizes, so that we cannot calculate their re
spective positions and momenta after the collision. Nevertheless, 
since the total momentum is conserved and the common centre of 
mass remains at rest, we know that after the collision x2 = -Xj and 
p2 = -px. Measuring position or momentum on one of the two sys
tems now allows us to “predict with certainty” the value of the same 
quantity on the other system. Classically, of course, we are not mere
ly predicting the results of further measurements. We know that 
both systems have definite values of position and of momentum, 
and that these values for the two systems have become correlated 
through the interaction.

What we are doing is simply inferring what they are. But we could 
also infer the independent existence of the predicted values by ap
plying EPR’s criterion of reality. In the classical case, Bohr would 
arguably not object to this move. In the quantum mechanical case, 
by contrast, he objects precisely to the application of the criterion of 
reality.

In order to understand Bohr’s reply, I thus suggest, we need to 
look for how the analogy between the classical and quantum cases 
breaks down in a way that makes the EPR criterion “ambiguous” 
and blocks its application to the EPR example. My contention is 
that Bohr’s treatment of the single-particle case serves precisely this 
end, and not merely that of illustrating how the “general viewpoint”16 
of complementarity works in a familiar case.

16. Bohr (1935), p. 696.

In order to see this, the crucial insight one needs is that Bohr 
thinks of such experimental procedures, both classically and quan
tum mechanically and in both the single-particle and the EPR case, 
as involving two stages. The system of interest is not manipulated di
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rectly, instead it interacts in a first stage with some auxiliary system. 
It is the auxiliary system that is then manipulated, and in this sec
ond stage one no longer “mechanically disturbs” the system of in
terest. Such an auxiliary system might be the nearby particle in the 
EPR case or the diaphragm in the single-particle case: it turns out 
that the analysis is exactly the same.

Byway of example, we shall now discuss Bohr’s own example of 
a particle passing through a movable diaphragm. We shall first look 
at it classically, and then try to identify where the analogy breaks 
down in the passage to quantum mechanics.17

17. Without going into details, today’s quantum measurement theory agrees with 
such a two-stage analysis of measurements, generalising it to the case of so-called 
positive-operator-valued measures (POVMs). See, e.g., the textbooks by Busch, 
Lahti and Mittelstaedt (1996) and Busch, Grabowski and Lahti (1997).

Assume we know the initial momentum of the particle and of the 
diaphragm. The particle is our system of interest S, and the dia
phragm is our auxiliary system M. When the particle passes through 
the slit, it collides with the edges of the slit and exchanges momen
tum with the diaphragm. By measuring the position of the dia
phragm, we can predict also the result of a further measurement of 
the particle’s position (at least immediately after its passage through 
the diaphragm). And if we measure the momentum of the dia
phragm, we can predict also the result of a further measurement of 
the particle’s momentum.

Note that the interaction between S' and M has not left S' undis
turbed. Indeed, a collision will have disturbed the momentum of S. 
But we need not worry about this, because the purpose of the meas
urement is not to extract information about the initial state of S 
(note that the initial momentum of the particle is in fact known), 
but to make predictions about the final values of position or mo
mentum of S. (We might prefer to call such procedures “state prepa
rations” rather than “measurements”, but the terminology is ines
sential.) What is important is that once we have measured the 
momentum (or the position) of the diaphragm, we are able to recon
struct what has happened during the interaction between S and M 
with regard to the exchanged momentum (or the relative spatial
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co-ordination) of the two systems. As Bohr puts it: “the question of 
principal interest for our discussion is now to what extent the mo
mentum thus exchanged can be taken into account in the descrip
tion of the phenomenon to be studied by the experimental arrange
ment concerned”.18 Since the particle and the diaphragm have 
ceased to interact and we subsequently interact only with the dia
phragm, there is no further “mechanical disturbance of the system 
under investigation during the last critical stage of the measuring 
procedure”.19 20 Thus, if we can reconstruct the relevant aspects of the 
original interaction, we can indeed reliably predict the result of a 
further measurement of momentum or position on the particle.

18. Bohr (1935), p. 697.
19. Bohr (1935), p. 700.
20. Bohr (1935), p. 697.

Classically, there is no problem with this analysis, and since the 
particle always has a position and a momentum, we are simply infer
ring what their values are. Quantum mechanically, we cannot pre
suppose that the particle has definite values of position and mo
mentum simultaneously, but EPR argue that by applying the 
criterion of reality we can nevertheless infer it has. Bohr’s move in 
order to block this final inference, as I see it, is precisely to empha
sise that, in order to make the prediction, we not only need no me
chanical disturbance of the system of interest when we perform the 
measurement on the auxiliary system, but it is crucial that we be 
able to reconstruct what has happened during the previous interac
tion between the two systems: in Bohr’s words we need to be able to 
“control ... the reaction of the object on the measuring instruments 
if these are to serve their purpose”.80 And this is precisely where the 
analogy between classical and quantum mechanics breaks down.

Indeed, according to Bohr, in order to use the diaphragm to pre
dict the momentum of the particle, one has to measure the momen
tum of the diaphragm itself, but then one renounces the applicabil
ity of the space-time picture, and cuts oneself off from the 
possibility of reconstructing the relative spatial co-ordination of 
particle and diaphragm. And in order to use the diaphragm to pre
dict the position of the particle, one has to measure the position of 
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the diaphragm, but then one renounces the applicability of the law 
of conservation of momentum, and cuts oneself off from the possi
bility of reconstructing the exchange of momentum between the 
particle and the diaphragm.81 Thus, we are able to reconstruct the 
salient aspects of the interaction onlyifwe choose to use the auxiliary 
system as a measuring apparatus for the corresponding quantity.

21. I find Howard’s (1994) analysis of Bohr’s doctrine of classical concepts particu
larly helpful in understanding this aspect of Bohr’s reasoning. The details of how 
Bohr understands “cutting oneself off’, however, are inessential for the purposes of 
this paper. See also Bacciagaluppi and Crull (forthcoming).
22. Bohr (1935), p. 700.
23. Bohr (1935), p. 700, emphasis in the original.
24. Bohr (1935), p. 697.

Thus, the sense in which EPR’s criterion of reality is ambiguous 
for Bohr is that while “[o]f course there is in a case like that just 
considered no question of a mechanical disturbance of the system 
under investigation”,88 it is our choice of using the auxiliary system as 
a measuring device for one particular quantity that enables us in the 
first place to reconstruct the aspects of the original interaction that 
are needed for predicting the value of that quantity. In Bohr’s 
words, “there is essentially the question of an influence on the very condi
tions which define the possible types of predictions regardingthefuture behavior of the 
system”.83 If “without disturbing the system” should mean “without 
disturbing the conditions enabling predictions on the system”, then 
the conclusion of the EPR criterion would follow, but the premise 
does not apply. If it should mean “without mechanically disturbing 
the system”, then the premise would apply, but at least according to 
Bohr the conclusion does not follow. For Bohr, the fact that in the 
quantum case a disturbance of the conditions enabling predictions 
on the system does take place suggests the need for “a radical revi
sion of our attitude towards the problem of physical reality”.84

One might wish to scrutinise further the last step in Bohr’s rea
soning, but this is now quite a separate point from the one I wish to 
make. What I think should be clear from the above way of present
ing Bohr’s argument, is that the clash between EPR’s reasoning 
based on the criterion of reality and Bohr’s strategy for blocking it 
is played out infill already in the case of the particle and the diaphragm. Indeed, * * * * 
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the lack of direct interaction with the system of interest, after the 
original interaction between the system and the auxiliary system 
has ceased, is an integral part of how Bohr conceives of a quantum 
state preparation. True, in the EPR example not only is there no 
direct interaction with the distant particle, there cannot be any be
cause the two particles are now spatially separated. But from the 
point of view I am here attributing to Bohr, the fact that the lack of 
interaction is guaranteed by the spatial separation is a neat but ines
sential feature of the EPR example.

Bohr does go on to discuss explicitly the EPR state, and suggests 
a thought experiment for preparing it:

The particular quantum-mechanical state of two free particles, for 
which [EPR] give an explicit mathematical expression, may be repro
duced, at least in principle, by a simple experimental arrangement, 
comprising a rigid diaphragm with two parallel slits, which are very 
narrow compared with their separation, and through each of which 
one particle with given initial momentum passes independently of 
the other. If the momentum of this diaphragm is measured accurately 
before as well as after the passing of the particles, we shall in fact 
know the sum of the components perpendicular to the slits of the 
momenta of the two escaping particles, as well as the difference of 
their initial positional coordinates in the same direction; while of 
course the conjugate quantities, i.e., the difference of the components 
of their momenta, and the sum of their positional coordinates, are 
entirely unknown.25

25. Bohr (1935), p. 699. Note that the state in Bohr’s thought experiment is only ap
proximately equal to the EPR state (which is anyway improper, i.e., not mathemati
cally representable by an element of the Hilbert space), due to the finite width of the 
two slits in the diaphragm.

But this example is entirely analogous to the single-particle one, 
with the role of the auxiliary system played now by the second par
ticle instead of the (single-slit) diaphragm. The only difference be
tween the two cases is that in the single-particle case there is a direct 
interaction between system of interest and auxiliary system, while in 
the two-particle case the interaction is mediated by the (two-slit) 
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diaphragm: the particles exchange momentum and get correlated 
in position via their separate interactions with the diaphragm. The 
diaphragm itself plays no further role in the analysis.

Should the point need reinforcing, think again of the classical 
case: there is no need for the two systems S' and M to have interacted 
directly. Indeed, we could let two balls pass through two slits in a 
macroscopic screen, so that they both collide with the screen but do 
not interact directly with each other. Knowing the initial momentum 
of the balls and the screen, and measuring the momentum of the 
screen after the passage of the balls, we then know the total momen
tum of the two balls, as well as the difference in their positions. By 
measuring the momentum of one of the balls, we can then recon
struct the (mediated) exchange of momentum between the two balls. 
And by measuring the position of one of the two balls, we can deter
mine (by determining the position of the screen) the position of the 
other ball at the time the balls passed through the screen. Since we 
are not interfering with the other ball, either directly or indirectly, 
these are reliable procedures for predicting results of measurements 
of the momentum or (immediately after passage) the position of the 
other ball. Again, the only difference between this and the case of a 
single system lies in the details of the initial interaction between the 
system of interest and the auxiliary system (whether it is direct or in
direct). In both cases, we have the same absence of interaction with 
the system of interest when we perform the measurement on the aux
iliary system.

3. Pauli on Bohr’s reply

As additional support for the above reading of Bohr’s discussion of 
the single particle, I wish to quote from a letter from Pauli to 
Schrödinger of 9 July 1935,s6 in which Pauli comments on Bohr’s 
not yet published reply to EPR: *

26. Schrodinger’s correspondence from the summer of 1935, not only with Pauli 
(and famously with Einstein) but also with various other physicists, is a rich source 
of insights into the EPR debate. It will be included in translation in Bacciagaluppi 
and Crull (forthcoming).
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One lets a particle with a given momentum in the z-direction pass 
through an opening L found in a screen, which as a whole is free to 
move in the v-direction.27 Furthermore, the momentum px of the 
screen in the v-direction is known before the particle has passed through 
L. After the particle has passed through L, I now still have the free choice 
— both times without disturbing the particle mechanically — either to 
measure once againpx on the screen: then I can with certainty predict 
the magnitude and direction of the particle’s momentum after its pas
sage through L — or after the passage of the particle through L, I can 
measure the position v of the screen S'; then I can also predict the posi
tion of the particle, at least an “arbitrarily short” time after the posi
tion measurement on S, as this will then coincide with that of S'.28

27. Given that knowledge of the particle’s momentum in the x-direction is what is 
crucial in the argument, I assume Pauli here means the particle’s momentum lies 
wholly in the ^-direction. That is, a plane wave is approaching the screen perpendicu
larly, and has zero momentum parallel to it.
28. Pauli (1985), p. 419.
29. Pauli (1985), p. 420.

After describing also the two-slit case, Pauli (addressing a point 
Schrödinger had raised about the notion of “state”) emphasises 
again both the experimenter’s freedom of choice and the lack of 
disturbance of the system, and makes it clear that he at least thinks 
they are general features of quantum state preparations:

Thusfar Bohr.
Now, whether one should describe “pure case” as a state? ... A pure 
case ofd is an overall situation in which the results of particular meas
urements on A (a maximal set) are predictable with certainty. I have 
nothing against calling this the “state” — but even then it is the case 
that changing the state of A — i.e., that which is predictable of.4 — lies 
within the free choice of the experimenter even without directly disturb
ing A itself — i.e., even efter isolating A. ... In my opinion there is infact 
no problem here — and one knows the fact in question even without the 
Einstein example.29
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Note that Schrödinger did not have to wait to be told by Pauli.30 31 32 
Already on 14 June, more than three weeks earlier, Schrödinger 
wrote to Edward Teller about state preparations in very similar if 
somewhat more colourful terms:

30. See also footnote 34 in the next section.
31. Von Meyenn (2011), Vol. 2, p. 533.
32. Rosenfeld (1967).

According to quantum mechanics, the preparation of a system, 
whereby it is brought into a certain given state, does not merely con
sist in material treatment of the system with tools of all kinds, but, 
rather, what happens afterwards depends on what one does with the 
tools — whether one burns them, melts them down, tramples on them 
or preserves them in a museum — but in particular whether one pays 
attention to the signs of wear on the tools, and which ones.3'

Unlike Pauli, Schrödinger does think “there is in fact a problem 
here”, as he clearly expresses earlier in the same letter: “This as
sumption arises from the standpoint of the savage, who believes 
that he can harm his enemy by piercing the enemy’s image with a 
needle”.

4. Conclusion

As Rosenfeld informs us, when the EPR paper was published in 
1935, “[tjhis onslaught came down upon us as a bolt from the blue”, 
and “as soon as Bohr had heard my report of Einstein’s argument, 
everything else was abandoned”.38 What was it that seemingly took 
Bohr by surprise in the EPR paper? Prima facie, there are two obvi
ous (not mutually exclusive) candidates. The first one is the criteri
on of reality, which allowed EPR to formulate a direct argument for 
the incompleteness of quantum mechanics. And, indeed, the explic
it thrust of Bohr’s reply is directed at undermining EPR’s criterion 
of reality. The second one is the separation of the two particles in 
the EPR example, which, as mentioned in Section 1, could be 
thought of as undermining the previous grounding of complemen- 
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tarity in the idea of an uncontrollable physical exchange. But this 
should not have taken Bohr by surprise, since we have already men
tioned in Section 1 that Bohr had received a fairly detailed report of 
Einstein’s ideas from Ehrenfest in July 1931, and there were other 
intimations of what was to come.33

33. For the lead-up to the EPR paper, from the photon-box thought experiment of 
1930 onwards, see in particular Jammer (1974), Sect. 6.2, Howard (1990) and Held 
(1998), Ch. 3. Note that Held (1998), p. 99, suggests explicitly that the elements of 
the EPR argument were all known to Bohr previously to 1935, with the notable ex
ception of the criterion of reality.
34. Recall for instance the letter by Ehrenfest to Bohr quoted in Section 1. Another 
very explicit source, containing yet another early variant of the EPR thought experi
ment, is a letter by Schrödinger to Sommerfeld of 11 December 1931, in von Meyenn 
(2011), Vol. 1, pp. 489-490. The above letter by Pauli to Schrödinger is a remarkably 
explicit source from the Bohr circle, but not a very early one (July 1935).

In this connection, it would be interesting to see if our analysis 
of Section 2 (assuming it is correct) corresponded to Bohr’s under
standing of the particle-and-slit experiment already before 1935. If 
so, Bohr would have already understood perfectly well that mani
pulations on one system affect predictions on another system that 
no longer interacts with the first, and the conceptual import of the 
separation of the two particles in the EPR example would have been 
no novelty for him. Something of the kind seems in fact to be im
plied by Pauli’s comments in his letter to Schrödinger quoted above 
in Section 3.

In order to do this, we would have to trace the origins of the es
sential aspects underpinning the analogy with the EPR example, 
namely: (a) the two-stage structure of a quantum measurement, in 
which first the system of interest interacts with an auxiliary system 
and then a measurement is performed on the latter; (b) the freedom 
to choose which measurement to perform on the auxiliary system; 
and — crucially — (c) the fact that the manipulation of the auxiliary 
system involves no longer any interaction with the system of interest.

This is not entirely straighforward, because explicit emphasis on 
these aspects is much easier to find in Einstein and physicists con
nected to him than in Bohr and his circle.34 Some precedents and 
parallels can be found, however.
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While aspect (a) is at least implicitly present in most discussions, 
it is quite explicit in systematic treatments of measurements such as 
the treatment of measurements in von Neumann’s book35 and, per
haps more relevantly to Bohr, in Pauli’s famous handbook article.36 
Pauli’s treatment of measurements of the “second kind” (in which 
the system is not left in an eigenstate of the measured observable37) 
is especially interesting, both because Pauli uses a very general de
scription of measurement (corresponding to POVMs, in modern 
terminology), and because his discussion involves reconstructing 
from the reading of the measuring apparatus what has happened 
during its interaction with the system, and is thus closest to Bohr’s 
1935 discussion (though without explicitly mentioning lack of dis
turbance).

35. Von Neumann (1932), Ch. VI.
36. Pauli (1933), Sect. 9.
37. Pauli (1933), pp. 98-99 of the 1990 edition.
38. Note that Bohr’s account is retrospective; see Bohr (1949). Note also that in the 
1927 discussion there is no suggestion yet that the choice could be made after the 
particle has passed through the slits.
39. Weizsäcker (1931).
40. See Jammer (1974), pp. 178-180, and Weizsäcker (1985), Ch. 11 (Sect. 9.3.4 ß of

Also aspect (b) is clearly present in Bohr’s own emphasis, in his 
1927 discussions with Einstein about the two-slit experiment, on the 
experimenter’s freedom of choice in measuring either the path of a 
particle or the interference at the screen — by either measuring the 
momentum of the two-slit diaphragm or bolting it to the lab frame.38 
It is perhaps present also in Bohr’s comments on the Heisenberg 
microscope in the Como lecture.

Aspect (c) is clearly the most elusive of the three. Weizsäcker 
comes close to it in his own analysis of the Heisenberg microscope, 
in which the scattered photon is observed either in the image plane 
of the microscope (yielding a measurement of the position of the 
electron) or in the focal plane of the microscope (yielding a meas
urement of the momentum of the elctron).39 However, when in 1967 
Weizsäcker’s attention was attracted to the “delayed-choice” aspect 
of his analysis by Max Jammer, Weizsäcker did not recall having 
noticed the analogy with EPR in 1935.40
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There is one author, however, who did use explicitly and in print 
the delayed-choice aspect of the Heisenberg microscope before 
Bohr’s reply to EPR (in fact two months before the publication of 
the EPR paper). This was Grete Hermann in the essay containing 
her argument for the causal completeness of quantum mechanics.* 41 42 
Hermann argues that quantum mechanics drives a wedge between 
causality and predictability: that while causal notions can no longer 
be used in predicting results of observations, in each observational 
context one can give a retrospective causal analysis of the measure
ment.48 Her main example is precisely the y-ray microscope, for 
which she argues that, both in the case in which the photon is ob
served in the image plane of the microscope and in the case it is 
observed in the focal plane, one can trace the cause for where the 
photon is actually observed.43 In fact, apart from the explicit em
phasis on causation, Hermann’s analysis closely matches Bohr’s, in 
which, depending on the free choice of the observer, one is able to 
reconstruct only one or another aspect of the original interaction 
between system of interest and auxiliary system, leading to different 
kinds of predictions on the system.

the 2006 edition). Jammer (1974), p. 97, also points out that the Heisenberg micro
scope and Bohr’s particle-and-slit experiment are variants of each other. Indeed, also 
in the microscope example one has two systems whose momenta are known before 
they interact: the electron’s position is smeared out over the object plane, so its mo
mentum in that plane is sharply defined (at least approximately, because of the finite 
dimensions of the microscope), and the wavelength of the photon is known. Thus, 
like in Bohr’s example, immediately after the collision the sum of the momenta (in 
the object plane) is known and the difference of positions is zero.
41. Hermann’s essay provides a comprehensive philosophical analysis of quantum 
mechanics from a very specific neo-Kantian point of view; see Hermann (1935). For 
a well-known recounting of Hermann’s extensive discussions with Heisenberg and 
Weizsäcker, see Heisenberg (1969), Ch. 10.
42. Hermann (1935), Sect. 12.
43. Hermann (1935), Sect. 10.

If Bohr thought of quantum measurements already before 1935 
in terms closely analogous to what would become the EPR exam
ple, this may have implications for the understanding of Bohr’s 
views on complementarity, specifically for the way they may have 
changed as a result of the EPR paper in 1935. The analysis of See
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tion 2. should, however, have established that Bohr’s understand
ing of quantum measurements was strictly analogous to the EPR 
example at least in 1935. The apparent disanalogy is thus not a 
problem in understanding Bohr’s reply to EPR and the discussion 
of complementarity contained in it.
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Abstract

The concept of quantum field measurement was elabo
rated by Niels Bohr and Léon Rosenfeld in the early 
1930s. In the current article we show that, contrarily to 
the shared belief among historians of science, a consid
erable number of physicists were interested in Bohr 
and Rosenfeld’s ideas. We suggest that the emergence 
of pragmatic stances in physics during the mid-20th 
century is related to a shift in the way this article was 
used and interpreted.

Key words: Niels Bohr; quantum field measurement; 
pragmatism; appropriation.

1. Introduction

In 1933, Niels Bohr and Léon Rosenfeld published a subsequently 
renowned article about the quantum theory of the electromagnetic 
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field.1 2 Their reasoning had the purpose of settling a controversy be
gun three years before between, on the one hand, Bohr and Rosen
feld, and, on the other, Lev Landau and Rudolf Peierls. The latter 
two argued that the quantum theory of the electromagnetic field 
was an inconsistent theory and should be discarded, while the for
mer two disagreed with both statements. This fierce dispute was 
dubbed by Oskar Klein “the small war of Copenhagen.”8

1. Bohr and Rosenfeld (1933), reprinted in Bohr (1996), pp. 57-121.
2. Jacobsen (2011), p. 384.
3. Pais (1991), p. 362. On the article’s intricacies, see interview of Walter Heitler by 
John Heilbron, 18 March 1963, OHI.
4. Pais (1991), p. 362. See also Darrigol (1991), pp. 177-178.
5. Jacobsen (2011), p. 394.

Considered to be the winner, Bohr and Rosenfeld’s article soon 
became a classic. It exposes a sophisticated reasoning, full of episte
mological intricacies, but the final result is quite simple: quantum 
electrodynamics is a consistent theory. According to Abraham Pais, 
a friend of Bohr once said: “It is a very good paper that one does 
not have to read. You just have to know it exists.”3 Pais asserted that 
the 1933 article, in spite of being a classic, “has been read by very 
very few of the aficionados.”4

Some historians claim that the article was forgotten not only be
cause its arguments were hard to grasp, but also because its reason
ing soon lost its relevance. During the mid-20th century, theoretical 
physics departed from deep epistemological arguments, such as 
those of Bohr and Rosenfeld, and moved toward a more pragmatic, 
utilitarian, instrumentalist approach. In this pragmatic view of 
physics, there would be no room for the kind of epistemologically 
minded arguments presented in the 1933 article. The young physi
cists were too concerned with computations and experimental veri
fication and “either had difficulty grasping the subtleties of the 
older generation’s critical reflections or were too impatient to care 
about them.”5 Thus, the loss of importance of the article has been 
seen as a consequence of a larger change, related to how physics 
worked and to which kind of arguments were relevant. The histori
an David Kaiser, in a witty statement, wrote that Bohr and Rosen
feld won the 1933 “battle” of Copenhagen against Landau and Pei- 
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erls, but lost the greater “war” about how physics should be done.6 
In this historical explanation, the fate of Bohr and Rosenfeld’s pa
per was to be forgotten as a piece of old physics.

6. Kaiser (2007), p. 4. See also Jacobsen (2011), p. 395.
7. Due to limitations in space, we have no intention of being exhaustive in our 
presentation. A more detailed exposition may be found in Hartz (2013), pp. 14-54. A 
full translation of this thesis chapter will soon be published elsewhere.

In this chapter, we challenge this view of the decline in rele
vance of Bohr and Rosenfeld’s article by analyzing how it was read, 
interpreted, and used during the period from 1933 to 1965. Con
trary to what is said by several historians of science, the article was 
considerably read during the entire period.7 Some physicists even 
formulated solid research projects based directly on the 1933 ideas. 
Our goals in this text are, first, to draw attention to these works 
and, second, to understand how and with which purposes these 
physicists used Bohr and Rosenfeld’s arguments. We will show 
that they used Bohr and Rosenfeld’s ideas in ways going far be
yond their original intentions, in ways that sometimes were in fact 
quite pragmatic and instrumentalist. The young physicists did not 
extend the 1933 ideas, but appropriated them for their own pro
jects. In the everyday practice of physics, the concepts presented in 
the 1933 paper quietly obtained new meanings. We are interested 
in analyzing here this historical development in order to see the 
silent crumbling of old ideas, and their untold reinterpretation for 
new purposes.

In drawing attention to these many uses of Bohr’s ideas we hope 
to make a step toward a more precise acknowledgment of his influ
ence on 20th century physics and, in particular, on quantum field 
theory. Despite being sometimes contrary to his original intentions, 
these uses of Bohr’s ideas show us not only his importance to the 
physicists we analyze here, but also the fertility of his ideas, which 
were used in many ways and in different contexts.
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2. The “small war of Copenhagen” (1930-1933)

We begin by revisiting the Bohr-Rosenfeld vs. Landau-Peierls con
troversy.8 Quantum field theory, which today is a well established 
physical theory, was for a long time severely criticized for suffering 
from a great problem: the occurrence of infinite quantities, which 
undermined some computations, and prevented physicists from ob
taining finite values for some well defined physical quantities. Phys
icists worked hard to solve this problem during the 1930s and 1940s, 
until a solution was finally found in 1947.9

8. There are some excellent studies on this controversy: Kalckar (1971), Darrigol 
(1991), Jacobsen (2011), andjacobsen (2012), p. 71-90. See also Jammer (1974), pp. 
142-145, Pais (1991), pp. 359-364, Schweber (1994), pp. 111-112, Kragh (1999), p. 
198, and Kojevnikov (2004), pp. 87-88.
g. See Rueger (1992).
10. Landau and Peierls (1931).
11. Quotation in Bohr (1928b), p. 580, reprinted in Bohr (1985), pp. 147-158. See also 
Rosenfeld in the interview of Oskar Klein by J.L. Heilbron and Léon Rosenfeld, 28 
February 1963, OHI. Consistency is the balance between the concepts defined in the 
theory and the possibilities of their measurement, cf. Bohr (1928a), p. 578, reprinted 
in Bohr (1985), 113-146; Bohr (1934), p. 114, reprinted in Bohr (1985), 236-253; Bohr 
and Rosenfeld (1933), p. 64, Kalckar (1971), p. 127, and Darrigol (1987), p. 139.

Many of these physicists approached the problem by seeking its 
origin. According to Landau and Peierls, the source of all the trouble 
was the very concept of a quantum field, which they claimed was 
meaningless.10 Following Bohr’s idea that “the consistency ... can be 
judged only by weighing the possibilities of definition and observa
tion,” Landau and Peierls developed, in 1930, a thought experiment 
in which the electromagnetic field could be measured.11 This measure
ment can be done by analyzing the action of the field on a test charge. 
They argued that the limitations entailed by the test charge’s radia
tion reaction for the measurement of a quantum electromagnetic field 
are so restrictive that there is no agreement between the measurability 
of a quantum electromagnetic field and the expected uncertainty re
lations of the theory. Such inconsistency, they claimed, would entail a 
fundamental limitation in the applicability of the quantum electro
magnetic field concept. Thus, the analysis of the measurement of a 
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quantum field showed the inappropriateness of the quantum field 
concept, and suggested that the theory should be discarded.

Bohr could not accept this conclusion, since it would result in 
the abandonment of quantum electrodynamics and of the corre
spondence argument that governs the connection between classical 
to quantum theories.18 In collaboration with Léon Rosenfeld, he be
gan in 1930 an extensive effort to respond to Landau and Peierls. 
Bohr and Rosenfeld showed that if one considers a macroscopic test 
charge, the radiation reaction may be eliminated.12 13 In other words, 
Landau and Peierls had not proposed the best measurement possi
ble. In this way, Bohr and Rosenfeld neutralized Landau and Pei- 
erls’s criticism. Quantum electrodynamics is a consistent theory.

12. Bohr and Rosenfeld (1933), pp. 3-4, and Bohr to Heisenberg, 22 May 1935. Bohr 
(1996), p. 451.
13. Macroscopic means that the atomic constitution can be neglected.
14. This was already recognized by Darrigol (1991), pp. 176-177, Jacobsen (2011), 
pp. 387-388, and Kaiser (2007), pp. 3-4. See also the manuscript in Bohr (1996), 
p. 209, and Heisenberg to Pauli, 12 March 1931, Bohr (1996), pp. 440-441.
15. Bohr and Rosenfeld (1933), p. 47 and pp. 64-65. See also Bokulich (2003), pp. 
28-30, and Bohr to Heisenberg, 22 May 1935 (footnote 12).
16. As far as we know, the letters, manuscripts, and articles we analyze in the following 
sections have not been previously mentioned in the history of science literature in 
connection to quantum field measurement. The only exceptions are: Bronstein 
(1936) and Solomon (1938) are mentioned by Stachel (1995), pp. 317-319, Stachel 
(1998), pp. 528-532, Stachel (2004), pp. 170-174, Gorelik (1992), Gorelik (2005), 
Gorelik and Frenkel (1994), pp. 99-112, and Rickies (2010), p. 181; Bronstein (1936) 
and DeWitt (1962a) are mentioned by Amelino-Camelia and Stachel (2009), p. 1108, 

Quantum field measurement played different roles for each side of 
this controversy.14 For Bohr and Rosenfeld the analysis of measure
ment was not a means to judge and discard theories. What was the 
most important aspect for them was that the field measurement anal
ysis revealed some fundamental aspects of complementarity that had 
not appear in the non-relativistic problems of quantum mechanics, 
for instance, the relation between the macroscopic aspect of the test 
charge and the use of classical concepts in quantum field theory.15

The 1933 debate echoed far beyond Copenhagen. In the follow
ing sections, we will introduce some physicists that were inspired by 
this debate.16 They used the idea of quantum field measurement with
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Figure 1. Bohr’s family and Rosenfeld in Tisvilde in 1931. Courtesy of the 
Niels Bohr Archive.

purposes that went beyond those of the 1933 debate. In analyzing 
these uses, our purpose is not to judge them, but to understand the 
relation between the uses and each physicist’s general attitude toward 
the mathematical and epistemological aspects of physical theories.

3. The debate outside Copenhagen (1932-1933)

In 1931, the recent Nobel laureate Louis de Broglie read Landau 
and Peierls’s article and got excited about it. He too had at that time 
reservations about quantum field theory, and appreciated very 
much their argument.17 He soon published a free translation into 
French of their article, with comments.18

and Stachel and Bradonjic (2014), p. 211; and Henley and Thirring (1962) is 
mentioned by Kalckar (1971), p. 127 and p. 153, and Darrigol (1991), p. 179. Most 
of these mentions are just incidental. The only remarkable exception is Gorelik, who 
presented in his articles a careful study of how Matvei Bronstein used quantum field 
measurement (see footnote 23).
17. On de Broglie’s opinion about quantum field theory, see Vila Valls (2012), pp. 71- 
82.
18. DeBroglie (1932).
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De Broglie’s translation attracted the attention of at least one 
French researcher, the 24-year-old Jacques Solomon, who in spite of 
his young age was already the leading voice of quantum field theory 
in France. He was the son-in-law and a former student of Paul Lan
gevin as well as a close friend of Rosenfeld, and decided to respond 
to the provocation in defense of quantum field theory.19 The year 
was 1932 and no physicists had publicly confronted Landau and 
Peierls’s argument yet. Solomon was certainly aware that Bohr and 
Rosenfeld were writing their article, since he visited Copenhagen 
twice during 1931 and 1932.

19. For Solomon’s relation with Langevin and Rosenfeld, see Bustamante (1997).
20. Solomon (1933), p. 386.
21. Bachelard believed that the “concrete stage” of science was just a first step toward

Solomon’s article, which was published before Bohr and Rosen
feld’s, is in fact an admission of failure. He could not eliminate com
pletely the radiation reaction of the test charge, although he could 
reduce it considerably. His conclusion was that Landau and Peierls 
did not make the best possible measurement, notwithstanding that 
he was not able to do much better. He argued:

We can be sure, a priori, that it is possible to find a [thought] experi
ment that agrees with the commutation relations of [quantum elec
trodynamics]. In a general perspective, it seems that it would be quite 
hard to make progress in [quantum electrodynamics] if we rely on 
“[thought] experiments,” since the demonstration remains always to 
be done later.... A [thought] experiment may concretize a theoretical 
result, [but] it seems unlikely that the former may precede the latter.20

Therefore, Solomon did not agree with Landau and Peierls because 
they held the judgmental view that the thought experiment could 
overrule the theory. According to Solomon, there should be a pri
macy of the abstract (the mathematical theory) over the concrete 
(the thought experiment). Quantum field theory having already 
been developed, quantum field measurement may play the role of 
giving the scientist a concrete counterpart of the abstract reasoning. 
This kind of argument puts Solomon close to the French rational
ism of his times, in particular to Gaston Bachelard.21
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Figure 2. Bohr, Rosenfeld, and Solomon at the 1932 Copenhagen Confer
ence. Rosenfeld is beside Bohr, wearing glasses. Solomon is the third on the 
right side of Bohr, behind Paul Ehrenfest. Courtesy of the Niels Bohr Ar
chive.

Despite his attempt, Solomon had to await Bohr and Rosen
feld’s paper to see the quantum field theory being set free of Landau 
and Peierls’s criticism. A few years later, as we will see, another 
quantum field measurement challenge appeared, and Solomon 
promptly defended quantum field theory once again. During the 
same period, two physicists in the USSR also became interested in 
quantum field measurement.

4. Quantum field measurement in the USSR (1934-1936)

Vladimir Fock, in an important paper, wrote that the analysis of 
quantum field measurement made by “Bohr and Rosenfeld eluci
dated the region where the theory [quantum electrodynamics] was 

the “abstract stage.” The quantum theory was an example of the “abstract stage” of 
physics. He stated: “quantum mechanics, Louis de Broglie’s wave mechanics, 
Heisenberg’s physics of matrices, Dirac’s mechanics, abstract mechanics... doubtless 
there will soon be abstract physics which will order all the possibilities of experience.” 
Therefore, he asked: “since the concrete ... is correctly analyzed by the abstract, why 
should we not agree to make abstraction the normal and productive approach of the 
scientific mind?” Bachelard (2002), pp. 17-20.
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applicable.According to him, the domain of applicability of the 
theory was thus established, and the theorists should then turn their 
attention to the mathematical formalism, in order to find a solution 
to the infinities that still plagued the theory.

A similar opinion was presented by Matvei Bronstein in his PhD 
thesis on the quantization of the gravitational field.33 He was aware 
that he could not apply the standard methods of quantum field the
ory to the full, non-linear gravitational theory, so he decided to ap
proach this theory using Bohr and Rosenfeld’s measurement ideas. 
He designed a thought experiment in which the linearized quan
tum gravitational field could be measured, obtaining an uncertainty 
for a single component of the Christoffel symbol. The uncertainty 
gets smaller as the mass density of the test body increases. Since in 
the linear region there is no limit for such a density, this component 
may be measured with complete precision. However, in a non-linear 
region a similar expression should appear, and since the density 
would then have a limit, a single component would be measurable 
only with a limited precision. This single component uncertainty 
had no counterpart in the mathematical formalism. Bronstein con
cluded that “without a profound revision of [the] classical concepts 
[of the general theory of relativity], it seems hardly possible to ex
tend the quantum theory of gravity to [the non-linear] region.”84 
Assuming a similarity between quantum field measurements in the 
linear region and in the non-linear region, Bronstein used them to 
explore a theory beyond its current limits of applicability.

22. Fock (1934). Quoted from the English translation, Fock (2004), p. 332.
23. Bronstein (1936). On Bronstein, see Gorelik and Frenkel (1994), Gorelik (1992), 
and Gorelik (2005).
24. Bronstein (1936), p. 150.

5. Solomon’s second defense of quantum field theory 
(1937-1941)

In the mid-1930s, three well-known physicists - Walter Heitler, Lo
thar Nordheim, and Edward Teller - formulated a naive thought 
experiment with the purpose of showing the impossibility of meas- 22 23 24 
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uring the quantum gravitational field. Possibly aware of the naivety 
of their argument, they never published it. However, George 
Gamow considered it to be an interesting idea, and decided to write 
about it, giving the due credit to the three physicists.85

25. Gamow (1937), p. 814.
26. Solomon (1938).
27. Bustamante (2002), p. 8.
28. Solomon (1945), p. 51. Solomon quotes verbatim Bachelard’s statement “la 
véritable solidarité du réel est d’essence mathématique,” Bachelard (1966), p. 88, 
originally published in 1940. Translation in Bachelard (1968), p. 75. On Solomon’s 
criticism of Bachelard, see Redondi (1978), p. 233.

Solomon read Gamow’s article, decided to tackle the challenge, 
and wrote quickly an article supporting Bohr and Rosenfeld’s ap
proach to field measurement. He argued that Gamow and the three 
physicists were wrong, since, as Bronstein had shown, the quantum 
gravitational field is, in fact, measurable in the linear approximation. 
In spite of being supposedly Bohrian in his approach, Solomon wrote 
about quantum field measurement on the atomic scale, while Bohr 
and Rosenfeld had clearly stated that quantum field measurements 
should be done with macroscopic test bodies. Solomon focused so 
much on the measurability problem that he did not pay sufficient at
tention to the macroscopic aspect of the measurement apparatus.86

Between 1933 and 1938, Solomon not only accepted the use of 
thought experiments, he became an emphatic supporter of them. 
The problem of understanding why Solomon changed his opinion 
about this subject is not only of biographical relevance, since it may 
indicate how an opinion about field measurement is related to a 
broader philosophical stance. With the growth of fascism in Eu
rope, Solomon got involved with some political movements. Nota
bly, in 1933 he joined the French communist party. Under the influ
ence of George Politzer and other Marxist philosophers, Solomon 
adhered to dialectical materialism.87 From that moment on, he start
ed opposing Bachelard’s rationalism. “It is not correct to state, as 
Mr. Bachelard does, that ‘the true solidarity of reality is mathemati
cal in essence’: it is the reality, in fact, that dictates and verifies the 
mathematics”, he wrote in an unpublished text, probably from circa 
1941.88 Thus, his change of view with regard to quantum field meas- 25 26 27 28 
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urement was concomitant with a philosophical change regarding 
the relation between mathematics and reality. Such a change seems 
to be related to the political episodes of his times.89

29. On Solomon’s profound changes of view during the 1930s, see Rosenfeld 
(1979a).
30. On these physicists, see Kragh (1995).
31. Mariani (1939).
32. See Schweber (1994), pp. 595-605.
33. Schweber (1986), pp. 96-98.
34. Due to the limitation of space, we will restrict our discussion about the 1950s to
the United States context. Thus, we will discuss neither Bohr and Rosenfeld’s 1950
article nor Ernesto Corinaldesi’s PhD thesis.

Another French physicist, Jean Mariani, also became aware of 
the Heitler-Nordheim-Teller idea and, contrarily to Solomon, wel
comed it quite warmly. Mariani was one of the many physicists of 
the 1930s who believed that the quantum field theory problems 
would be solved by the consideration of a fundamental length 
scale.3“ From his point of view, the failure of measuring the quan
tum gravitational field as described by Gamow indicated that the 
theory should be altered, possibly by the introduction of a funda
mental length.29 30 31 32

6. Quantum field measurement in the United States 
(1947-1965)

In the late 1940s, physicists found a solution to the infinities of 
quantum field theory called renormalization. It solved the problem 
in a pragmatic way: one can isolate the infinities and incorporate 
them into some parameters of the theory, in the end obtaining finite 
results.38 While lacking full justification, the renormalization pro
cess worked, and that was what really mattered.33 In this way of do
ing physics, one should trust the theoretical results not because of 
consistency arguments, but because the computations are feasible 
and fit the experimental data. In this context, it seems that the im
portance of Bohr and Rosenfeld’s argument would be considerably 
reduced. However, contrary to such expectation, quantum field 
measurements were not forgotten.34 * *
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Figure 3. Bohr lecturing on quantum field measurement in Princeton, 1948. 
Courtesy of the Niels Bohr Archive.

The main promoter of Bohr and Rosenfeld’s ideas in the United 
States was John Wheeler. He had been interested in these ideas 
since the late 1940s, when he wrote a short text about the subject.35 
In a letter sent to Bohr in January 1950, Wheeler confessed why he 
had “always been so interested” in these ideas.36 He was trying to 
develop a new theory of elementary particles based entirely on pos
itive and negative electrons. He wanted to show that in fact such 
picture was viable. He derived qualitatively, using only negative 
and positive electrical charges, many known results about nuclear 
physics, but he faced one problem. “Spin and statistics are abso
lutely inconsistent with these views,” he complained to Bohr, “and 
completely rule out this picture, if it is supposed that neutron and 
neutrino, for instance, form systems that are really isolated from 
each other.”37 Wheeler imagined a hydrodynamical analogy. In the 

35. Pais (1948), pp. 42-45.
36. Wheeler to Bohr, 21 January 1950. WP, Series I, Box 5, Folder “Bohr, Niels #2.”
37. Wheeler to Bohr, 21 January 1950 (footnote 36).
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same way as two vortexes in a fluid seem to be isolated but in fact 
are linked by a field that satisfies the circulation theorem, neutrons 
and neutrinos could somehow be linked in a deeper way. That could 
solve, according to Wheeler, the spin and statistics problem. There
fore, it was necessary to understand how a system of positive and 
negative charges would disturb another system of positive and neg
ative charges. Bohr and Rosenfeld’s work, as an analysis of distur
bance, could teach him something about his new theory.

Wheeler never published these ideas.38 Nevertheless, he men
tioned the 1933 article a few times in his published articles, arguing 
that Bohr and Rosenfeld’s reasoning could provide the scale of 
quantum fluctuations of fields. He used this argument to show the 
stability of geons - a gravitational wave held together in a confined 
region by its own gravitational attraction.39 Thus, in Wheeler’s 
hands, quantum field measurement became a heuristic tool for esti
mating quantum fluctuations.

38. In fact, these ideas about the unification of physics in one single ontology (in this 
case, particles) may be interpreted as the first version ofWheeler’s geometrodynamics 
project, which was formulated a few years later and aimed at unifying the ontology 
of physics using only fields. See Wheeler (1962).
39. Wheeler (1955), p. 514, Wheeler and Brill (1957), p. 475, Wheeler (1962), p. 76, 
and Wheeler to Bohr, 24 April 1956. Copy of latter in “Relativity IV Notebook” (p. 
64). WP, Series V, Box 82.
40. “Quantum Electrodynamics Notebook” (pp. 21, 37, 64, and 65). WP, Series V, 
Box 82. “Advanced Quantum Mechanics, Wheeler notes: notes on graduate school 
course, circa 1955” (section 21). EP, Series I, Box 1, Folder 7.
41. “On the foundations of quantum mechanics, 1957”. EP, Series II, Box 2, Folder 3. 
Later published in Everett (1957), p. 455. The claim that the theory itself sets the 
framework for its interpretation is a central idea in his interpretation of quantum

Wheeler discussed Bohr and Rosenfeld’s ideas in his Advanced 
Quantum Mechanics graduate course taught at Princeton in 1954 and 
1955.40 Hugh Everett was among the students who attended the 
course. According to him, the 1933 paper showed how the mathe
matical formalism of quantum electrodynamics should be interpret
ed. Everett used this example in his claim - which was already het
erodox, but was yet to claim any rupture with the Copenhagen 
interpretation - that “always the theory itself sets the framework for 
its interpretation.”41 He was suggesting that the field measurement 
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analysis had the purpose of constraining the possibilities of inter
pretation of the formalism.

Everett was not the only physicist who claimed that quantum 
field measurement analysis could constrain theories. The belief that 
Bohr and Rosenfeld’s article had shown the necessity of quantizing 
the electromagnetic field was quite common at the time.48 In 1956, 
Julian Schwinger wrote that “the complete agreement of [Bohr and 
Rosenfeld’s] considerations with the formal implication of the op
erator commutation relations indicated the necessity and consisten
cy of applying the quantum mechanical description to all dynamical 
systems.”* 42 43 However, the 1933 article did not argue for the necessity 
of quantization, and in the early 1960s Rosenfeld reacted emphati
cally against this idea.44 He advocated that quantization can only be 
decided based on empirical evidence, never on measurement argu
ments.45

theory (also known as the Many Worlds Interpretation). See Osnaghi, Freitas and 
Freire (2009), p. 107.
42. For example, Henley andThirring (1962), p. 3, Schweber, Bethe, and Hoffmann 
(1955), pp. 89-90, among other textbooks of that time. This opinion may be traced 
back to Heitler (1936), pp. 69-81.
43. Schwinger (1958), p. viii.
44. Rosenfeld (1963), and Infeld (1964), pp. 144-145, 219-222. See also Rosenfeld 
(1979b), originally presented as a talk at the Einstein Symposium in 1965.
45. Rosenfeld was mostly right about his claims concerning quantum field 
measurement. It is not clear yet who was right about the necessity of quantization. 
For different perspectives, see Kalckar (1971), Huggett and Callender (2001), and 
Albers, Kiefer and Reginatto (2008).
46. Regge, Tullio. “On the Measurability of Gravitational Field Strengths in 
Quantum Mechanics.” WP, Series VI, Box 115.
47. DeWitt-Morette and Rickies (2011), pp. 171-185. Salecker and Wigner (1958). 
See also Wigner (1962).

Quantum field measurement also had a considerable impact on 
research regarding the quantization of gravity in the United States. 
Tullio Regge, an Italian graduate student at Rochester University, 
wrote a short note analyzing the measurement of the quantum grav
itational field.46 Helmut Salecker and Eugene Wigner, inspired by 
Bohr and Rosenfeld, developed a thought experiment with the pur
pose of measuring the gravitational field on a microscopic scale.47
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The most sophisticated use of field measurement ideas during 
this period was made by Bryce DeWitt. He had been interested in 
the subject since the early 1950s, when he translated Bohr and 
Rosenfeld’s article into English.48 A few years later, he suggested 
the measurement of the quantized gravitational field as a topic to 
one of his PhD students.49 However, DeWitt was so interested in 
field measurement that he decided to tackle the problem himself. 
Since there was yet no mathematical formalism for the quantum 
gravitational field, he decided to develop the formalism starting 
from the analysis of measurement:

48. Interview of Cécile DeWitt-Morette by Thiago Hartz, 4 August 2011, Austin, TX, 
USA.
49. Yang Yeh (1961).
50. DeWitt (1962a), p. 270.
51. DeWitt (1961), DeWitt (1962a), and DeWitt (1962b).
52. DeWitt to Bohr, 11 January 1961, BSC-Supp, folder 71. DeWitt to Rosenfeld, 11
January 1961, RP, box 8, folder 11-6. For DeWitt’s later opinions on quantum
mechanics, see Freire (2009) and Hartz (2013).

[Our] indebtedness [to Bohr and Rosenfeld’s article] may seem in 
one respect surprising, not, to be sure, because of any present-day 
diminution in the importance of this classic work, but because its 
content, as Bohr and Rosenfeld have repeatedly indicated, was guid
ed in every way by the existence of an already developed formalism, 
whereas here we are trying to “put the cart before the horse”- to de
velop the formalism itself with the aid of the ideas of the theory of 
measurability.50

Instead of comparing, as Bohr and Rosenfeld had done, the uncer
tainties obtained from thought experiments and those obtained 
from the mathematical formalism, DeWitt used the former to define 
the latter, thus obtaining the commutation relations of the quantum 
theory of the gravitational field. He used the quantum field measure
ment to develop a mathematical formalism for quantum gravity.51 52 * *

DeWitt did not see himself as going against Bohr and Rosen
feld.58 It is quite curious that DeWitt and Wheeler, the two physi
cists who made the most pragmatic, instrumentalist uses of quan
tum field measurement ideas during the 1950s and 1960s, believed 
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that they were making a completely acceptable use of the 1933 ide
as; nevertheless, there was practically no common ground between 
their uses and Bohr and Rosenfeld’s original purposes.

7. Conclusions

In this text, we have analyzed many uses of Bohr’s ideas regarding 
quantum field theory. These uses have been largely neglected in the 
history of physics. Now we are in a better position to evaluate the 
reception of Bohr and Rosenfeld’s arguments about quantum field 
measurement.

The 1933 article was read and used extensively from 1933 to the 
mid 1960s. Thus, no decline in the importance of Bohr and Rosen
feld’s arguments took place, as some authors supposed, concomi
tantly with the decline of the epistemologically oriented physics 
during the 1940s. Instead, the decline of epistemology changed the 
way physicists approached quantum field measurement. In the 
1930s, Bohr, Rosenfeld, Landau, Peierls, de Broglie, Solomon, 
Fock, Bronstein, and Gamow, among others, used quantum field 
measurement with the purpose of reflecting on the theory, judging 
its hypotheses and its range of applicability. In the 1950s, Wheeler, 
Wigner, and DeWitt, among others, used quantum field measure
ment as a theoretical tool, an instrument for the formulation and 
justification of new theories.

Thus, according to our narrative, the pragmatic, utilitarian, in
strumentalist stance that emerged in physics during the mid-20th 
century did not make the 1933 article irrelevant or obsolete, but 
rather caused a shift in the way this article was used and interpret
ed.53 In order to capture here the emergence of this pragmatism in 
physics, we must focus on how Bohr and Rosenfeld’s arguments 
were used by other physicists. Science consists of uses. We should 
not call these uses extensions, because uses have no fidelity to previ
ous projects; instead, we must talk about appropriations. All use is 

53. This idea, which is the central thesis of our text, emerged, in its final form, during 
a discussion we had with Alexei Kojevnikov in July 2012 in Salvador, Brazil, to whom 
we would like to present here our acknowledgement.
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an appropriation. All use is an operation that takes the discourse 
out of the range of action of those who produced it.54

54. Foucault (1994a), p. 810. For a detailed analysis of the concept of appropriation 
in the quantum theory context, see Hartz (2013).
55. Foucault (1994b), p. 753.
56. De Certeau (1990), pp. xxxviii, 58,147-150. See also Koselleck (2004), pp. 89-90.
57. We recall Albert Einstein’s remark: in order to understand the scientists’ methods, 
we must “not listen to their words, [but] fix ... attention on their deeds.” Einstein, 
quoted in van Dongen (2010), p. 9.
58. De Certeau (1975), pp. 191-197. For a similar situation, see Kaiser (2000), p. 52.

Such was the fate of Bohr and Rosenfeld’s arguments. Some 
young physicists used the idea of a quantum field measurement for 
their own projects.55 The old vocabulary and the bibliographical ref
erences were kept untouched, and the original arguments persisted, 
but with different purposes, with different meanings.56 An untold 
change happened.57 Rosenfeld’s discontent in defense of Bohr’s 
original intentions, though understandable and mostly correct, ig
nores that the fate of all theories is to be taken away from those who 
created them. This is this kind of historical development that we 
have tried to grasp here.58
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CHAPTER 3.5

Are we living in a quantum world?
Bohr and quantum fundamentalism

Henrik Zinkernagel*
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Abstract

The spectacular successes of quantum physics have 
made it a commonplace to assert that we live in a quan
tum world. This idea seems to imply a kind of “quan
tum fundamentalism” according to which everything 
in the universe (if not the universe as a whole) is funda
mentally of a quantum nature and ultimately describa
ble in quantum-mechanical terms. Niels Bohr’s con
ception of quantum mechanics has traditionally been 
seen as opposed to such a view, not least because of his 
insistence on the necessity of the concepts of classical 
physics in the account of quantum phenomena. Re
cently, however, a consensus seems to be emerging 
among careful commentators on Bohr to the effect that 
he, after all, did subscribe to some version of quantum 
fundamentalism. Against this consensus, and by re-ex
amining the historical record, I will defend a variant of 
the traditional reading of Bohr in which (1) the answer 
to what an object is (quantum or classical) depends on 
the experimental context; and (2) in principle, any 
physical system can be treated quantum-mechanically 
but not all systems can be treated that way at the same 
time.
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1. Introduction

Niels Bohr’s 1913 atomic model was a revolutionary step in a devel
opment which culminated in the mid-1920s with the theory of quan
tum mechanics. Ever since then, physicists and philosophers have 
been discussing what the theory means for our understanding of the 
world. As is well known, Bohr contributed substantially to this de
bate - not least through his famous discussions with Einstein. And 
yet, even among careful Bohr scholars, disagreements remain about 
what Bohr’s view really was. This paper is part of a series that aim to 
clarify and defend Bohr’s interpretation of quantum mechanics.1

i. Several points (especially in Sections 3 and 5) of the present paper, which is subject 
to length constraints of the conference proceedings, are treated more extensively in 
Zinkernagel (forthcoming).

Quantum mechanics is an immensely successful theory. Not only 
have all its predictions been experimentally confirmed to an un
precedented level of accuracy, allowing for a detailed understand
ing of the atomic and subatomic aspects of matter; the theory also 
lies at the heart of many of the technological advances shaping 
modern society - not least the transistor and therefore all of the 
electronic equipment that surrounds us.

Against this background, it is hardly surprising that many are 
attracted to the idea that quantum mechanics, or some of its succes
sors like quantum field theory or string theory, is a universal and 
fundamental theory of the world. Thus, what could, somewhat pro
vocatively, be called ‘quantum fundamentalism’ is today a wide
spread view among both physicists and philosophers. The view can 
more accurately be characterized as follows:

Quantum Fundamentalism
Everything in the universe (if not the universe as a whole) is funda
mentally of a quantum nature and ultimately describable in quan
tum-mechanical terms.
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In this formulation, quantum fundamentalism contains both an on
tological and an epistemological thesis: that everything is of a quan
tum nature is an ontological claim, whereas the idea that everything 
can (at least in principle) be described in quantum terms is epistemo
logical. The ontological component of quantum fundamentalism 
can also be expressed as the idea that we live in a quantum world.

At least on the face of it, Niels Bohr’s conception of quantum 
mechanics stands in contrast to quantum fundamentalism. Thus, 
Bohr insisted on the necessity of the concepts of classical physics in 
the description of quantum phenomena, e.g.f

[I]t is decisive to recognize that, however far the phenomena transcend the 
scope ofclassical physical explanation, the account ofall evidence must be expressed in 
classical terms.

In spite of such statements, a recent consensus seems to be emerg
ing among careful commentators on Bohr to the effect that he, after 
all, did subscribe to some version of quantum fundamentalism. 
Against this, I argue below that Bohr is best understood as not being 
a quantum fundamentalist - neither in the ontological nor in the 
epistemological sense. But first I will briefly outline a key problem 
for quantum fundamentalism which will be important for the dis
cussion to follow.

2. The quantum measurement problem

For all its impressive predictive and practical successes, quantum 
mechanics cannot account for the most basic fact of experiments— 
namely that they have definite outcomes. This is known in the lit
erature as the quantum measurement problem. Stated briefly, the 
problem is that if everything, including measurement apparatuses, 
is quantum (and correctly described by Schrodinger’s equation), 
then there ought to be superpositions in the measurement out
comes. For our purposes, superpositions may be taken to roughly 
correspond to objects being at different places at the same time.

2. Bohr (1949), p. 39. Emphasis in original. 
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Such superpositions are essential at the microscopic level, e.g., in 
the explanation of the interference pattern seen in the famous dou
ble slit experiment. But if everything is quantum then superposi
tions at the microscopic level become “amplified” to the macro lev
el, and there should thus, for instance, be apparatus pointers in 
various positions at the same time. Clearly this contradicts ordinary 
experience.

The measurement problem has been an important motivation 
for a number of different interpretations of quantum mechanics, al
though none of these are widely believed to be free of problems.3 
Thus, responses to the problem have been sought by invoking as
sumptions - such as observer-induced collapse, many worlds, hid
den variables, or modified dynamics - which clearly or arguably go 
beyond the quantum formalism itself to somehow ‘explain away’ 
why no quantum strangeness is seen in the measurement results.

3. For a simplified description of the measurement problem, a brief characterization 
of the main proposals for its solution, and its relation to what is known as decoherence, 
see Zinkernagel (2011), section 2.1.

As noted above, Bohr’s view of quantum mechanics has tradi
tionally been seen as opposed to quantum fundamentalism, not 
least because he insisted on a classical (not quantum) description of 
the measurement apparatus. This amounts to dissolving the meas
urement problem from the outset, since the apparatus and its point
er should not be thought of as being in quantum superpositions. 
Thus, the apparatus and its pointer are always in definite positions. 
However, Bohr’s idea seems to be problematic as it suggests that 
there is a separate classical realm of reality. And it is not at all clear 
how one could divide up the world in a classical and a quantum 
part. This is a main reason why recent studies have questioned 
whether the traditional view of Bohr is correct. Conversely, the 
question is whether Bohr can reasonably be associated with quan
tum fundamentalism. This is the question to be addressed in the 
following two sections.
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3. Bohr as epistemological and ontological quantum 
fundamentalist?

The literature has witnessed many interpretations of Niels Bohr’s 
thoughts. Often, Bohr has been associated with specific philosoph
ical schools such as positivism, Kantianism, or pragmatism. But at 
least since Don Howard’s interesting and influential analysis of 
Bohr’s understanding of classical descriptions from 1994,4 there has 
been a tendency among commentators to try to understand Bohr 
more independently of traditional philosophical positions.

4. Howard (1994); see also Howard (2004).
5. Howard (1994), pp. 203 ff.
6. Howard (1994), p. 204.

In what he calls a reconstruction of Bohr, Howard argues that a 
classical description is best understood as a description in which 
one denies the entanglement between, e.g., a measurement appara
tus and an electron. But entanglement, which means that two inter
acting systems cannot be regarded as two separate systems with mu
tually independent properties, is a quantum mechanical fact. In 
order to account for the observed definite properties of the appara
tus, one should therefore proceed as if the apparatus and the elec
tron were not entangled. The technical implementation of How
ard’s idea consists in replacing entangled quantum states with 
so-called mixed quantum states appropriate to the given experi
mental context.5 Howard’s mixed state is separable, which formally 
means that it can be written as a product of the wave functions of 
the electron and the measuring apparatus. The importance of this 
lies in the fact that such a separable mixed state is compatible with 
both the electron and the apparatus’ pointer being in a well-defined 
(and not super-) position. In this way, for Howard’s Bohr, classical 
descriptions are not descriptions by classical physics, but rather a 
(context-dependent) denial of quantum entanglement between ap
paratus and object. But since all systems are still described by quan
tum states, Howard claims that:6
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The distinction between classical and quantum modes of description 
... is implicit in quantum mechanics itself, and thus not a mark of 
some fundamental ontological or epistemological distinction.

However, as far as I can see, there are major problems associated 
with Howard’s reconstruction. Both because the reconstruction 
seems inconsistent with several central points in Bohr’s texts, and 
because it ultimately does not solve the measurement problem. One 
immediate problem is that even a separable (non-entangled) quan
tum state is still a quantum state. More specifically, this means that 
even if the entangled state is replaced by a product state (a product 
of the wave functions of the object and the apparatus respectively), 
the apparatus is still ascribed a quantum mechanical wave function. 
But the attribution of a wave function to the apparatus seems in
compatible with Bohr’s idea,7 that a wave function can only be at
tributed to a (quantum) system in a context where another system 
(typically the measuring device) is omitted from the quantum de
scription, and thus not represented by means of a wave function.8

7. See, e.g., Bohr (1958), p. 5.
8. However, I think Howard’s reading of Bohr is viable and illuminating if wave 
functions are ascribed only to parts of the apparatus (as opposed to the apparatus as 
a whole). See Zinkernagel (forthcoming).
9. Bohr (1958), p. 4.
10. Schlosshauer and Camilleri (2008), p. 23.

In addition, a quantum (wave function) description of the mea
suring apparatus implies that although it, or its pointer, could in a 
given context be attributed a well-defined position, it could not si
multaneously (due to Heisenberg's uncertainty relations) be attrib
uted a well-defined momentum. This is inconsistent with Bohr’s in
sistence on several occasions that the apparatus must be described 
“... in purely classical terms, excluding in principle any regard to the 
quantum of action” [my emphasis].9 10

A further problem with Howard's reconstruction is that the mea
surement problem remains unresolved. For, as also Schlosshauer 
and Camilleri have pointed out, Howard does not explain why one 
is allowed to replace the original entangled state with an appropri
ate mixed and separable state.“ Thus one cannot simply conclude 
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that the measuring instrument (or its pointer) is in a particular state 
and in a particular position. Against this, Howard might argue that 
Bohr would have to assume the replacement of the entangled state 
with an appropriate mixed state at the descriptive level. For without 
the associated separability between the measuring apparatus and 
the object, it would not be possible from the formalism to explain 
why measurements have results at all. But, as we shall see below, 
separability at the descriptive (epistemological) level is not enough, 
as the measurement problem is ultimately a consequence of the on
tological component of quantum fundamentalism.

4. Bohr as ontological (but not epistemological) quantum 
fundamentalist?

Klaas Landsman is another careful Bohr interpreter who sees Bohr 
as a quantum fundamentalist, albeit only in its ontological variant. 
In his view, which is similar to the view expressed by Schlosshauer 
and Camilleri,11 12 Bohr’s classical description of, e.g., a measurement 
apparatus simply means that it should be treated as if it were a clas
sical physical system. According to Landsman, this implies that all 
measurable quantities of the apparatus can be regarded as having 
definite values after the measurement.18 Landsman summarizes his 
position thus:13

11. Schlosshauer and Camilleri (2008).
12. See Landsman (2007), p. 438. Landsman’s formal ideas regarding how to 
understand Bohr are developed in Landsman (2006).
13. Landsman (2007), p. 437.

Bohr ... believed in the fundamental and universal nature of quantum 
mechanics, and saw the classical description of the apparatus as a 
purely epistemological move without any counterpart in ontology, expressing the 
fact that a given quantum system is being used as a measuring device. 
[Emphasis in original]

In my view, Landsman is right with regard to what it means for 
Bohr to describe something as classical. However, I think Lands
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man’s idea of Bohr as an ontological (but not epistemological) 
quantum fundamentalist faces several problems. For a start, it is not 
obvious that Bohr would have agreed with the distinction between 
the epistemological and ontological level regarding quantum fun
damentalism. Take for example this oft-quoted remark by Aage 
Petersen:14

14. Petersen (1963), p. 12.
15. Favrholdt and Hebor (1999).

When asked whether the algorithm of quantum mechanics could be 
considered as somehow mirroring an underlying quantum world, 
Bohr would answer, “There is no quantum world. There is only an 
abstract quantum physical description. It is wrong to think that the 
task of physics is to find out how nature is. Physics concerns what we 
can say about nature. [Emphasis in original]

As pointed out by Favrholdt and Hebor,15 this is not a rejection of 
the existence of objects, such as electrons or atoms, which are typi
cally described quantum mechanically. Rather Bohr’s point is to 
reject the correspondence view of scientific theories; that is, the idea 
that the structures and objects treated in quantum theory directly 
reflect or correspond to how the world actually is. Such a refusal is 
a natural consequence of the complementarity view that Bohr intro
duced in 1927.

Complementarity means that the attribution of certain proper
ties to quantum objects can take place only in experimental con
texts that are mutually incompatible. Thus, for example, an experi
ment that can determine the position of an electron cannot be used 
to determine its velocity (or momentum). Complementary proper
ties, such as position and momentum, are both necessary for a full 
understanding of the object but, as manifested in Heisenberg’s un
certainty relations, the object cannot possibly be attributed precise 
values of both properties at the same time. Moreover, Bohr often 
pointed out that the quantum mechanical formalism is symbolic in 
that it cannot be given a direct pictorial or visualizable interpreta
tion (which the correspondence view of theories suggests). To jus
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tify this, Bohr noted among other things that the quantum wave 
function in general “lives” in a mathematical space with more than 
the usual three dimensions.

In the quote by Petersen, Bohr emphasizes what one can say 
about nature, and rejects the question of how nature is in itself. This 
is consistent with the fact that Bohr almost always stresses epistemo
logical rather than ontological aspects of quantum mechanics. But 
even if one for a moment ignores this, it is far from clear what, from 
Bohr’s viewpoint, it would mean to assert that an object in itself is a 
quantum system. An obvious suggestion would be to think that the 
deep nature of objects is correctly represented by quantum wave 
functions. But Bohr could not have supported this idea. For in his 
view, the wave function is symbolical, and it can be attributed to 
objects only in experimental contexts which are not themselves de
scribed by such wave functions.

Another problem with the idea of Bohr as ontological quantum 
fundamentalist is that the measurement problem remains unre
solved. For if the apparatus is essentially quantum, and if this means 
that its correct representation is ultimately through a wave function, 
then one cannot account for the fact that experiments have well- 
defined results. Indeed, it is precisely the unavoidable superposi
tions of wave functions that imply that measurements have no re
sults. This consequence of quantum mechanics cannot be changed 
by considering the measurement apparatus as classical merely at the 
descriptive level.

5. Bohr’s restricted quantum universalism

But how did Bohr then see the relationship between the classical 
and the quantum? To answer this, one must first ask two other ques
tions: Why did Bohr insist on a classical description of the measure
ment apparatus? And what did he think of the measurement prob
lem? In my view, one can find in Bohr’s writings two often overlooked 
arguments for the necessity of classical descriptions which could be 
called, respectively, the closedness and reference system argument. The 
first of these also contains what I think must be Bohr’s answer to the 
measurement problem.
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Let me start with the measurement problem. In his published 
writings Bohr never discusses this problem, originally addressed by 
von Neumann in 1932,16 in terms of superpositions of the states of 
the measurement apparatus. Nevertheless, Bohr was familiar with 
von Neumann’s account, and I think it is most likely that Bohr was 
also aware that his own view constituted a solution, or rather dis
solution, of the measurement problem. For example, Bohr says:17

16. von Neumann (1955), p. 417. Translated from von Neumann (1932).
17. Bohr (1954), p. 73.

... every atomic phenomenon is closed in the sense that its observa
tion is based on registrations obtained by means of suitable amplifica
tions devices with irreversible functioning such as, for example, per
manent marks on a photographic plate ... [T]he quantum-mechanical 
formalism permits well-defined applications referring only to such 
closed phenomena.

Thus, the quantum mechanical formalism can only be applied to 
phenomena whose observation results in well-defined and irrevers
ible outcomes (call this closedness). But the point of the measure
ment problem is precisely that a pure quantum mechanical treat
ment of both the apparatus and the studied object cannot give rise 
to such well-defined outcomes! So Bohr’s point can be seen as a 
solution to (or dissolution of) the measurement problem: if the ap
paratus is classical, so that there is a well-defined pointer position at 
any time, then there is no problem with macroscopic superpositions 
at the end of measurements.

At first sight, this argument of closedness and the associated so
lution to the measurement problem seem to have an obvious diffi
culty. For the solution appears to require that the world is divided 
into an essentially classical and an essentially quantum mechanical 
part - roughly equivalent to the distinction between the macroscop
ic (e.g., a measuring apparatus) and the microscopic (e.g., an elec
tron). As many authors have noted, such a division would be deeply 
problematic. Among other reasons, this is because it is then difficult 
to explain how macroscopic objects, such as measuring apparatuses 
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or cats, could be composed of atoms which are indeed microscopic 
objects. And atoms seem to be paradigmatic examples of quantum 
objects, not least because quantum theory was developed precisely 
to explain atomic phenomena.

In any case, Bohr did not think that there is such a fixed division 
of the world. Rather, Bohr emphasized that a macroscopic measur
ing apparatus, or at least parts of it, can also be treated quantum 
mechanically. However, it is only in special situations that a quan
tum treatment of a macroscopic object is relevant because quantum 
effects are in general insignificant for such objects. Indeed, Bohr 
often noted that quantum effects in a phenomenon are expressed in 
terms of the quantum of action. And such effects are generally too 
small to appear on a macroscopic or everyday scale, where typical 
actions are far greater than the quantum of action.

This idea suggests a sense in which Bohr might after all have 
agreed that objects are essentially quantum. For Bohr believed that 
the quantum of action (Planck’s constant) is a basic empirical dis
covery that symbolizes an aspect of wholeness in atomic processes. 
Such processes cannot be separated from their interaction with the 
measuring device. Moreover, Bohr stresses that the classical de
scription of objects is strictly speaking valid only as an approxima
tion in the limit where one can ignore the quantum of action. This 
seems to imply that all objects are in some sense dependent on the 
quantum of action.

Does this then mean, as Landsman holds, that Bohr’s require
ment of a classical description of the measuring device is merely a 
pragmatic or epistemological arrangement, and that the device is 
really a quantum mechanical system? I think not. For the applica
tion of quantum mechanics to a system depends on disregarding - 
not just in practice but also in principle - the quantum of action for 
some other system. There are at least two reasons for this, and they 
have to do, respectively, with the measurement problem and with 
the idea of a reference system.

First and foremost, Bohr insisted that when a measuring appara
tus, or parts of it, is treated quantum mechanically, there must then 
always be a different system which is treated classically. Formally, 
this is reflected in the contextuality of the wave function, that is, 
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that such a wave function can be ascribed only to a system which 
finds itself in a classically described context. In Bohr’s own words, 
one may therefore treat an apparatus quantum mechanically but:18

18. Bohr (1938), p. 104.
19. See also Dickson (2004) who argues that this requirement of a classical reference 
frame is crucial in Bohr’s reply to Einstein, Podolsky and Rosen regarding the 
incompleteness of quantum mechanics.
20. Whether this claim can be sustained for all physical properties, that is, whether a 
quantum treatment can be given for all degrees of freedom of a physical system, is an 
open question. See Rugh and Zinkernagel (forthcoming).

... in each case some ultimate measuring instruments, like the scales 
and clocks which determine the frame of space-time coordination - 
on which, in the last resort, even the definitions of momentum and 
energy quantities rest - must always be described entirely on classical 
lines, and consequently kept outside the system subject to quantum 
mechanical treatment. [My emphasis]

A way to understand Bohr's requirement is that we need a reference 
frame to make sense of, e.g., the position of an electron (in order to 
establish with respect to what an electron has a position). And, by 
definition, a reference frame has a well-defined position and state of 
motion (momentum). Thus the reference frame is not subject to any 
Heisenberg uncertainty, and it is in this sense (and in this context) 
classical. This does not exclude the possibility that any given refer
ence system could itself be treated quantum mechanically, but we 
would then need another - classically described - reference system, 
e.g., to ascribe position (or uncertainty in position) to the former.19 20

I think Bohr’s view can be summarized in the claim that any 
system may in principle be seen as and treated quantum mechani
cally, but not all systems can be seen as and treated in this way si
multaneously.80 This reading of Bohr’s viewpoint might be called 
restricted quantum universalism. It implies that Bohr rejects episte
mological quantum fundamentalism since, in a given experimental 
context, part of the total system - usually the measuring device - 
must necessarily be described as classical. But Bohr also rejects on
tological quantum fundamentalism if this is taken to mean that ob
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jects are ultimately represented correctly by a wave function. Both 
because the wave function is symbolic, and because the answer to 
what an object is, quantum or classical, depends on the context. 
This idea of contextualism can be seen as analogous to the standard 
idea of wave-particle duality which holds that whether, e.g., an elec
tron is a wave or a particle depends on the experimental context.

Let me now return to the question of how Bohr saw the relation
ship between the quantum and the classical. In this regard, Bohr 
emphasized that quantum mechanics is a rational generalization of 
classical mechanics, among other reasons because the formal ex
pression of classical mechanics can be derived from quantum me
chanics in the limit where all actions are large compared to Planck’s 
constant. Nevertheless, Bohr would most likely have agreed with 
the way Landau and Lifshitz expressed the relationship between the 
two theories:81

2i. Landau and Lifshitz (1981), p. 3.

Quantum mechanics occupies a very unusual place among physical 
theories: it contains classical mechanics as a limiting case, yet at the 
same time it requires this limiting case for its own formulation.

6. Outlook

So, do we live in a quantum world? According to Bohr, as I under
stand him, the answer is no: we live in a world that, at the physical 
level, can be understood only by referring to both quantum and 
classical mechanics. In this sense, Bohr’s view contrasts with a dom
inant reductionist way of thinking in physics. According to reduc- 
tionism, less fundamental theories (like classical mechanics) should 
be reducible, or derived in terms of, more fundamental theories 
(like quantum mechanics). Such a program is defended for example 
by string theorists who hope to find a quantum theory, that both 
describes the ultimate building blocks (strings) of the universe, and 
that can also be used to derive all other physical theories. But to the 
extent that string theory, in a reductionist spirit, is seen as a purely 
quantum mechanical approach to the world, it also faces the meas- 2 
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urement problem. This problem and, more generally, the problem 
of the still lacking explanation for the transition between quantum 
indeterminacy and classical well-definiteness, also emerge in mod
ern cosmology. Thus many cosmologists are attracted to the idea of 
a quantum description of the very early universe which, through a 
so-called inflationary epoch, gives way to a subsequent classical de
scription of matter in the universe. However, in recent studies, 
Rugh and I have tried to show that also in cosmology one must al
ways consider and describe parts of the total system (parts of the 
constituents of the universe) as classical.

I hope these remarks may help to illustrate the continued rele
vance of, and indicate the strength in, Bohr’s view on quantum me
chanics.
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The superposition principle in quantum 
mechanics - did the rock enter the 

foundation surreptitiously?
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Abstract

The superposition principle forms the very backbone 
of quantum theory The resulting linear structure of 
quantum theory is structurally so rigid that tamper
ing with it may have serious, seemingly unphysical, 
consequences. This principle has been succesful at 
even the highest available accelerator energies. Is this 
aspect of quantum theory forever then? The present 
work is an attempt to understand the attitude of the 
founding fathers, particularly of Bohr and Dirac, to
wards this principle. The Heisenberg matrix mechan
ics on the one hand, and the Schrödinger wave me
chanics on the other, are critically examined to shed 
light as to how this principle entered the very founda
tions of quantum theory.

Key words: quantum states; superposition principle; 
matrix mechanics; wave mechanics.
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1. Introduction

The superposition principle for quantum states can be said to be 
the very bedrock of quantum theory To paraphrase Dirac, “This 
principle forms the fundamental new idea of quantum mechanics 
and the basis for the departure from classical theory”1 2 While com
menting on the new laws required for the description of atomic 
phenomena, he emphasized that “One of the most fundamental 
and most drastic of these is the principle of superposition of 
states.”8 Dirac went as far as to assert: “One could proceed to 
build up the theory of quantum mechanics on the basis of these 
ideas of superposition with the introduction of the minimum num
ber of new assumptions necessary”3

1. Dirac in the first edition of his book, Dirac (1930), §2, p. 2.
2. See Dirac (1934), §2, p. 4.
3. Dirac (1930), §6, p. 16.
4. See Heisenberg (1925), Schrödinger (1926a,b,c,d,e), Heisenberg (1927), Bohr
(1927), Born (1926a,b), Dirac(1925), Dirac (1926a,b), Dirac (1930), and, Dirac
(1934).

Immediately after the birth of matrix mechanics and wave me
chanics, while Heisenberg’s uncertainty principle, Bohr’s comple
mentarity argument, and Born’s probability rule paved the way for 
a lasting physical interpretation of quantum theory, an equally im
portant parallel development was the work of Dirac, who focussed 
on the nature of the quantum state.4 * * This eventually culminated in 
the formulation of the principle of superposition of states.

1.1. The superposition principle for quantum states

Though it is customary to view the superposition principle within 
the mathematical framework of Hilbert spaces, it is instructive to 
recall a purely operational meaning given to it by Dirac. He gives 
a very broad characterization of states as the embodiment of the 
collection of all possible measurement outcomes. Then superposi
tion of states according to him is as follows: if A is a superposition 
of two or more states, say, B,C,..., every outcome of a measurement 
on A must also be a possible outcome of the same measurement 
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onat least one ofB, C, ...5 Though this characterization of super
position may seem ad hoc, the customary, Hilbert space based view 
is, in fact, completely consistent with it. But the Dirac characteri
zation has the advantage of being purely operational and applica
ble even if there is no underlying Hilbert space structure.

5. Dirac (1930), §6, p. 15.
6. Dirac (1930) §3, p. 11, and Dirac (1934) §4, p. 14.

Being about superposition of physical states, it is like no other 
superposition principle in either physics or mathematics. Examples 
of the latter are superposition of sound waves, of electromagnetic 
waves, of vectors etc. This was most emphatically stated by Dirac 
himself: “It is important to remember, however, that the superposition 
that occurs in quantum mechanics is of an essentially different naturefrom any oc
curring™ the classical theory'’ (the italics are Dirac’s). He further stated 
that “The analogies are thus liable to be misleading.”6 In the current 
formulation of quantum theory, this principle is given a precise 
mathematical meaning through the Hilbert space formalism (actu
ally one needs the density matrix formalism for a more satisfactory 
description, but that discussion is somewhat beyond the scope of 
this presentation). According to this, every physical state is repre
sentable by afamily of vectors in a Hilbert space. A typical such vec
tor is symbolically denoted by |). Vectors belonging to a given fam
ily differ only in phase. This is the so-called ray representation of 
states. If Pl, P2 are two distinct physical states (meaning their rays 
are distinct), and if |l)belongs to the ray of Pl and |2)belongs to the 
ray of Pi, the principle of superposition of states states that the com
plex linear superpositions

IVO = a|l)+/3|2) (1)

also represent quantum states of the system.

1.2. Illustration through an artistic example

Imagine a rose atom which exists in only two colour eigenstates, say, 
Ireland \yellow}. According to present-day quantum mechanics, this 
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means that if you observe colour, the outcome will be red if the sys
tem was in state \red), and yellow if the system was in \yellow). It 
should be emphasized that these rules of quantum measurements 
are themselves intimately tied to the superposition principle. Now, 
according to the principle of superposition of states, linear combi
nations of the type (and in fact infinitely more)

\good) = {|red) + [yellow)} (2)
v2

and

\bad) = r {|red) — [yellow)} (3)
v2

also represent legitimate quantum states.
This immediately leads to the problematic question ‘What will 

be the outcome of a colour measurement on these new states?’ If the 
measurement scheme follows the standard lore, the outcome can 
only be red or yellow, it can not be any mixture of these colours. 
The answer is, ON a single copy the outcome for both the new states 
will be randomly red or yellow. Further, if the outcome is yellow, the 
state after measurement is \yellow) etc. That on an ensemble, the prob
ability of each outcome is 50%. This is a generalization of the fa
mous Born probability rule given originally in the context of 
collisions,7 an essential pillar of quantum theory. It should now be 
clear why no other superposition principle has the same depth as 
the principle of superposition of states.

1.3. Superposition principle and Heisenberg uncertainty

It is easy to invert the previous combinations, to get

red} = r {|good) + |bad)} 
v2

(4)

and

7. Born (1926a,b).
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[yellow) = {\good) — \bad)} (5)
v2

It turns out that the states \good), |Zw/)havc definite values of some 
other attributewhich we could call smell! Suppose we start with [good) 
and make a colour measurement. The outcome will be red or yellow 
with equal probability. If it is red, the state after the measurement is 
\red), and likewise for the outcome yellow. Let us say that the out
come is red. Now imagine a smell measurement on the system. Be
cause the state after the last measurement, i.e., \red), is an equal su
perposition of the good and bad smell states, the outcome will be 
one of these randomly and with equal probability. Therefore, even 
though we started with a state whose smell was certain, i.e., good, 
an intervening colour measurement has completely destroyed this 
certainty. Instead, the smell information has become totally unpre
dictable. This is the inherent indeterminacy of quantum theory. 
This is also a demonstration that the pair of observables colour, 
smell are mutually incompatible. Existence of incompatible observ
ables is the essential content of the Heisenberg uncertainty rela
tions.

1.4. Superposition principle and complementarity

The superposition principle incorporates complementarity in a natural 
way. To see this, note that a given state |t//)can be equivalently ex
pressed, in the context of the so-called wave and particle aspects as

IV’) = 12 ai = 12 Ä \pi) (6)
i i

where Pi, Wi are just a symbolic shorthand for the particle and wave 
aspects. Bohr’s great vision lay in the recognition of the role of meas
urements in quantum theory. We immediately see the superposition 
principle as an embodiment of this, i.e. the same above reveals 
either the Pi or the Wi depending on the measurement scheme whose 
outcomes are one or the other. Bohr, in his Como lecture,8 recog

8. Bohr (1927).
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nized another facet of complementarity whereby states are superpo
sitions of what may be called classically incompatible states. For 
example, in the rose atom case, the two colors are classically distinct 
and mutually exclusive. The states \good), \bad)are indeed such su
perpositions of classically incompatible states.

In summary, we see the superposition principle as the glue, in a 
precisely stated manner, of the three milestones that underlie the 
physical interpretation of quantum theory, namely, the uncertainty 
principle, complementarity argument and the probability interpre
tation. It should be emphasized that this is so only in conjunction 
with suitable rules for quantum measurements. Such rules are any
way essential for a consistent interpretation of the superposition 
principle itself.

2. Why the rock?

In addition to its central role elaborated above, it turns out that the 
principle is rather rigid. All efforts to modify it have resulted both 
in serious mathematical as well as conceptual difficulties. On the 
mathematical side the chief difficulty is in finding a smooth defor
mation of the Hilbert space structure. On the conceptual side, dif
ficulties include apparently unphysical effects like superluminal 
signal propagation etc.9 Even the probability interpretation may it
self become very fragile as a result of such modifications. It is there
fore apt to call the principle a Rock!

9. Weinberg (1989), Polchinski (1991), and Mielnik (2001).

It should however be noted that many of these attempts at mod
ifying quantum mechanics still maintain some essential features of 
the present theory while modifying some other features. These fail
ures may only be an indication that the whole structure may have to 
be overhauled. Nevertheless, from the perspective of a satisfactory 
scientific method, too, it is important to find such modifications. It 
is only when one has such a broader framework that tests of quan
tum theory become complete. It is also important to have the con
ceptual space to handle any future empirical developments.
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2.1. How did the rock enter the foundation?

Because of the central nature of the superposition principle, as well 
as its extreme allergy to any change, it is important to understand 
its genesis. One needs to get a historical as well as a conceptual per
spective on it. In fact, the history of an idea is as important as the 
idea itself. In particular, it is of value to know the attitude of the 
founding fathers towards such a deep and central principle. Such 
an exercise is not just of historical value, it may prove critical should 
a need arise in the future to modify this principle. With that spirit, 
I have tried to uncover the development of this concept during var
ious stages of the creation of quantum theory. I have mainly used 
Bohr’s Como Lecture, the first two editions of the book by Dirac, 
the early papers of Dirac, the original papers on the discovery of 
quantum theory, including the Bohr trilogy, the two papers by Born 
on the probability interpretation, Heisenberg’s uncertainty paper, 
as well as a paper by Schrödinger that played an important role in 
Bohr’s analysis of the uncertainty relations.“ Thanks to Bacciaga- 
luppi and Valentini10 11 12 the proceedings of the famous Solvay meeting 
in 1927 was available in English. Initially I went carefully through 
this very valuable source but did not find much explicit reference to 
the broader nuances of the superposition principle there.

10. See Bohr (1927), Dirac (1930), Dirac (1934), Dirac (1925), Dirac (1926a,b), 
Heisenberg (1925), Schrödinger (1926a,b,c,d,e), Bohr (1913a,b,c), Born (1926a,b) 
Heisenberg (1927) and Schrödinger (1926f).
11. Bacciagaluppi and Valentini (2010).
12. Bohr (1927).

2.2. Early views

Before undertaking this exercise, it is worthwhile to look at some 
early attitudes towards the superposition principle. As articulated 
by Bohr on many occasions, and as explicitly elaborated in his 
Como Lecture,“ the superposition principle was viewed essential
ly in a wave theory perspective. This was manifest when Bohr 
sought to correct Heisenberg’s initially flawed thinking on the un
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certainty principle. Bohr, following Schrödinger/3 had sought to 
view states with sharply localized position as a superposition of 
plane waves, the latter corresponding to states of definite momen
tum. But, as already noted, the principle of superposition of states 
is unlike any other superposition principle, including the one in 
wave mechanics. The subtlety here is that the superposition of 
waves of different wavelengths should really be understood as a 
superposition of states and the probability interpretation invoked 
to understand the outcomes of measurements. This latter element 
is not present in the classical wave superposition. Thus it is really 
the superposition principle for states which is at the heart of 
Bohr’s explanation of the uncertainty principle on the basis of 
complementarity. In the discussions at the Solvay meeting of 1927, 
too (following the report of Bragg on X-ray scattering),13 14 the su
perposition principle was essentially seen as the manifestation of 
wave behaviour.

13. Schrödinger (1926f).
14. Bacciagaluppi and Valentini (2010).

2.3. States in quantum theory

It is clear that in understanding the genesis of this principle, it is 
first necessary to understand the genesis of the notion of a quantum 
state. It is often implicitly understood that the superposition princi
ple is simply a consequence of the Schrödinger equation being lin
ear. This is not quite so. All that the linearity of the Schrödinger 
equation provides is a superposition principle for wave functions. 
This does not, however, immediately translate into a superposition 
principle for states. This is because in the early stages it was not 
obvious that every wave function should be associated with a phys
ical state. Bohr, in his Como Lecture, does provide an interesting 
example of how superposition of the wave functions of two station
ary states also represents a bona fide physical state (of a radiating 
charge). It should also be stressed that at the time Schrödinger pro
posed his wave equation, solitons (originally discovered by Scott 
Russell in 1834) were well known, and there was no fundamental 
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justification for a linear wave equation. In fact we shall see that even 
in Heisenberg’s matrix mechanics, the nature of quantum states was 
obscure in the beginning. We shall return to these points soon.

2.4. The Bohr atom: the seed of the banyan tree

The idea of a quantum state can rightly be considered to have been 
born with the Bohr model of the atom.15 The central concept there 
was that of the stationary states. The states of the Bohr atom were 
truly schizophrenic - one part, the stationary states, looking boldly 
into the future, surviving all the epoch-making developments of 
quantum theory. The other, the orbits, looking embarrassedly into 
a classical past! Taking the legitimate point of view that the station
ary states are quantum states, a number of fundamental questions 
would arise regarding the nature of the quantum states. The most 
important of these would be ‘Do the stationary states represent 
ALL the quantum states?’ The Bohr theory had no ready answers to 
this important question.

15. Bohr (1913a,b,c).
16. See Epstein (1916) and Epstein (1926).

However, even at that stage, Bohr’s correspondence principle 
would have had something very relevant to say. The number of 
classical states of a Keplerian system are far greater than the num
ber of stationary states of the Bohr atom. This means there ought 
to be many more quantum states than the stationary states. The 
question is, ‘What are these additional states?’ It is clear that there 
was nothing even remotely like the superposition principle in the 
Bohr model. Even the remarkable extensions through the Bohr- 
Sommerfeld model did not change this situation. However, an in
teresting clue in that direction was revealed by the analysis of the 
Stark effect within the BohrSommerfeld theory. Starting with zero 
electric field in certain stationary states, turning on the electric field 
and eventually turning off the field would not return the atom to 
the starting state. The eventual resolution of this was to be found 
in the superposition principle applied to the degenerate states of 
the atom in zero field.16
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2.5. States in Heisenberg’s matrix mechanics

The next revolutionary development was Heisenberg’s matrix me
chanics. While this retained Bohr’s stationary states, it completely 
did away with the classical trajectories. Instead, it associated the 
classical observables like position and momentum with matrices 
whose rows and columns were labelled by the stationary states. 
Thus, as far as the question of the totality of quantum states was 
concerned, the Heisenberg matrix mechanics had gone no further 
than Bohr’s atomic model. Two years after the birth of matrix me
chanics, Bohr, in his Como Lecture of 1927, had discussed how su
perposing the wave functions of two stationary states of an atom led 
to a description of the physical circumstance of radiating charges. 
Though a pointer in the right direction, this was insufficient to ar
rive at the principle of superposition of states in its entirety.

Soon after Heisenberg’s paper on matrix mechanics, Dirac 
made an astute, and fundamental, observation. He noted that la
belling the matrices only by the stationary states was unnecessarily 
restrictive. He proposed that it was sufficient to have the observa
bles obey the same algebraic properties of matrices and that the 
labelling could be arbitrary.17 This observation is what really 
opened up the space of physical states eventually, though not im
mediately. This was also the proposal of Born and Jordan, and 
Born, Heisenberg and Jordan.18 But it is also this proposal that put 
quantum theory into the linear straitjacket! The arbitrariness in the 
labelling of the matrices meant that vectors used for labelling can 
be transformed among each other (hence the name transformation 
theory). In the original Heisenberg formulation, these vectors cor
responded to the stationary states. Hence they represented quan
tum states. Now the question is whether every vector into which 
the stationary state vectors are transformed also represented quan
tum states? This is analogous to the question raised previously as 
to whether every superposition of Schrödinger wave functions 
represents physical states.

17. Dirac (1930) and Dirac (1934).
18. Born and Jordan (1924) and Born, Heisenberg and Jordan (1926).
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What led to a clarification of this question, and eventually to the 
superposition principle, was a critical observation by Dirac.19 His 
position was based on the centrality of the eigenvalues of the Ham
iltonian (energy) in matrix mechanics, namely, that the eigenvalues 
of the energy matrix in the stationary states were to be interpreted 
as the value of energy in the corresponding stationary state. What 
gave support to this rather mathematical conjecture was the empiri
cal success in identifying the eigenvalues with the terms of the spec
tra of atoms. Another important property of the Hamiltonian ma
trix, noted in Heisenberg’s matrix mechanics paper,80 was that it 
was Hermitean.

19. Dirac (1926b).
20. Heisenberg (1925).
21. See Dirac (1926b), §2, eqn.(ll).

Dirac’s crucial clarification is to be understood in two parts. In 
the first part, Dirac dealt with the so-called constants of motion. In 
the version of matrix mechanics elaborated by Dirac, these were 
constant matrices. Extrapolating the hermiticity requirement to 
these constant matrices also, Dirac made the suggestion that their 
eigenvalues in the stationary states are to be interpreted as the values 
of these constants of integration in the corresponding stationary 
states. This was consistent because the matrix mechanics required 
these matrices to commute with the Hamiltonian matrix.81 Unlike 
the empirical support for the eigenvalue idea for the Hamiltonian, 
the eigenvalue idea for other observables did not have such an im
mediate empirical support. The second part consists of the reason
able extension that just as stationary states were states with definite 
values of energy, there ought to be quantum states with definite val
ues for a set of compatible observables, even in the general case 
when these are not constants of motion.

3. Back to the superposition principle

It was then natural to consider the so-called eigenstates of any ob
servable, say, position (or momentum), too, as physical states. The 
principle of superposition of states then follows as a consequence of 19 20 21 
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the transformation theory, which had constituted no more than a 
mathematical property till then. One thus ends up with many more 
physical states than the stationary states. The irony is that now one 
ends up with far too many states than the totality of classical physi
cal states!

3.1. Dirac and the superposition principle

Dirac, more than anyone else, dwelt at length on the meaning of the 
superposition principle in quantum theory, and commented both 
extensively and emphatically on it. This is evident from his masterly 
exposition of the principle in the first and second editions of his 
classic book on quantum mechanics.ss In them, he explicitly showed 
the deep connection between the superposition principle and the 
foundational aspects of quantum theory like indeterminacy, com
patibility of observables etc. He saw in it the fountainhead for a 
systematic and logical exposition of quantum theory, though he ad
mitted that that may not be the most convenient road to take. He 
even sought to determine the dynamical laws governing quantum 
mechanics through their consistency with the superposition princi
ple.

3.2. More on the principle

The ramifications of this principle in later developments of quan
tum theory have been astounding. With the development of areas 
like high energy physics, the superposition principle plays a central 
role in systems with spin, isospin and other exotic quantum proper
ties. There are no descriptions for them with anything remotely re
sembling waves in three-dimensional space and superpositions un
derstood in a wave-theory context are irrelevant for them. 
Nevertheless, the principle of superposition of states has given a 
completely succesful description of them. Entanglement, a key in
gredient in the fast developing areas of quantum information and 
quantum computing, is a direct consequence of the superposition

22. Dirac (1930) and Dirac (1934). 
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of states. Early sources of the conceptual challenges to quantum 
theory like the EPR paradox, and the Schrödinger-cat paradox are 
all based on entanglement.

4. Surreptitious or not?

Despite its centrality in quantum theory, the development of the prin
ciple of superposition of states appears to have been driven more by 
reactions to various local issues. Every stage of this development, like 
the basis independence prompted by the transformation theory, the 
legitimacy of including eigenvalues and eigenfunctions of generic 
observables etc. - though very reasonable - do not seem inevitable. 
The entire development can be said to be more of an evolution rather 
than a revolution! This is in stark contrast to other great principles 
like the ones in special relativity, general relativity, etc. In short, its 
entry into the very foundations can be considered somewhat surrepti
tious. Should future experiments belie the expectations of this prin
ciple, one may need the great intuitive powers of Bohr, Heisenberg, 
Schrödinger and Born, as well the meticulous systematics of Dirac 
and the critical creativity of Einstein to get past the crisis!
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CHAPTER 3.7

How do electrons move in atoms? 
From the Bohr model to 

quantum mechanics

Shan Gao *
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100190, P. R. China. E-mail: gaoshan@ihns.ac.cn.

Abstract

In this paper, we argue that two ontological assump
tions in the Bohr model of the atom are actually sup
ported by the latter quantum mechanics. They are: (1) 
electrons are particles; and (2) they undergo discon
tinuous jumps. There are three main steps to reach this 
conclusion. First of all, according to protective meas
urements in quantum mechanics, the charge of a 
charged quantum system such as an electron is distrib
uted throughout space, and the charge density in each 
position is proportional to the modulus squared of its 
wave function there. Next, the superposition principle 
of quantum mechanics requires that the charge distri
bution is effective, that is, it is formed by the ergodic 
motion of a localized particle with the total charge of 
the system. Lastly, the consistency of the formed distri
bution with that predicted by quantum mechanics fur
ther requires that the ergodic motion of the particle is 
discontinuous, and the probability density that the 
particle appears in every position is equal to the modu
lus squared of its wave function there. Therefore, quan
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turn mechanics seems to imply that microscopic parti
cles such as electrons are indeed particles, and their 
motion is discontinuous and random. This new picture 
of quantum reality may be regarded as an extension to 
the discontinuous quantum jumps assumed by Niels 
Bohr in his original atomic model.

Keywords: Niels Bohr; atomic theory; electron orbits; 
wave function; particle ontology; discontinuous jumps; 
protective measurements; random discontinuous mo
tion of particles.

1. Introduction

Niels Bohr proposed what is now called the Bohr model of the atom 
in 1913 / He suggested that electrons are particles and they undergo 
two kinds of motion in atoms; they either move continuously 
around the nucleus in certain stationary orbits or discontinuously 
jump between these orbits. The Bohr model was subsequently re
placed by quantum mechanics, in which the physical state of an 
electron is described by a wave function.8 What, then, does the wave 
function represent? Exactly what are electrons? And how do they 
move in atoms?

The physical meaning of the wave function has been an impor
tant interpretative problem of quantum mechanics. The standard 
assumption is that the wave function of an electron is a probability 
amplitude, and its modulus squared gives the probability density of 
finding the electron in a certain location at a given instant.3 This is 
usually called the probability interpretation of the wave function. 
Notwithstanding its great success, this interpretation is not wholly 
satisfactory because it resorts to the vague concept of measure
ment.4 Recently a new analysis has strongly suggested that the wave

1. Bohr (1913).
2. Schrödinger (1926).
3. Born (1926).
4. See, e.g., Bell (1990). 
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function not only gives the probability of obtaining different out
comes, but also may offer a faithful representation of reality.5 This 
analysis confirms the earlier result based on protective measurement,6 
which is a method to measure the expectation values of observables 
on a single quantum system, and it shows that the standard proba
bility interpretation of the wave function is ripe for rethinking. In 
fact, the realistic view of the wave function is already a common as
sumption in the main alternatives to quantum mechanics such as 
the de Broglie-Bohm theory and the many-worlds interpretation. 
Unfortunately, however, the precise meaning of the wave function 
is still an unresolved issue in these theories.

5. Pusey, Barrett and Rudolph (2012).
6. Aharonov and Vaidman (1993); Aharonov, Anandan and Vaidman (1993).
7. For a more detailed analysis see Gao (2011a), (2011b), (2013b), (2014).

In this article, we will argue that a new analysis of the mass and 
charge distributions of a quantum system in terms of protective 
measurements may help answer the above questions.7 According to 
this analysis, microscopic particles such as electrons are indeed par
ticles, but their motion is never continuous but always discontinu
ous and random. Moreover, the wave function represents the state 
of random discontinuous motion of particles, and in particular, the 
modulus squared of the wave function gives the probability density 
for these particles being in certain locations. In some sense, this 
new picture of quantum reality may be regarded as an extension to 
Bohr’s discontinuous quantum jumps.

2. Measuring the state of a quantum system

The meaning of the wave function in quantum mechanics is often 
analyzed in the context of conventional (impulsive) measurements, 
for which the coupling interaction between the measured system 
and the measuring device is of short duration and strong. As a re
sult, even though the wave function of a quantum system is in gen
eral extended over space, an ideal position measurement can only 
detect the system in a random position in space. Then it is unsur
prising that the wave function is assumed to be related to the prob
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ability of the random measurement result by the standard probabil
ity interpretation. This also indicates that conventional measure
ments cannot obtain enough information about a single quantum 
system to determine what physical state its wave function repre
sents.

Fortunately, it has been realized that the physical state of a single 
quantum system can be protectively measured.8 During a protective 
measurement, the measured state is protected by an appropriate 
procedure (e.g. via the quantum Zeno effect) so that it neither 
changes nor becomes entangled with the state of the measuring de
vice appreciably. In general, the measured state needs to be known 
beforehand in order to arrange a proper protection. In this way, 
such protective measurements can measure the expectation values 
of observables on a single quantum system, and in particular, the 
mass and charge distributions of a quantum system as one part of its 
physical state can be measured as expectation values of certain ob
servables. Since the principle of protective measurement is inde
pendent of the controversial collapse postulate, its result as predict
ed by quantum mechanics can be used to investigate the meaning of 
the wave function. It can be expected that protective measurements 
will be realized in the near future with the rapid development of 
quantum technologies.9 10

8. Aharonov and Vaidman (1993); Aharonov, Anandan and Vaidman (1993). Note 
that the earlier objections to the validity and meaning of protective measurements 
have been answered. Aharonov, Anandan and Vaidman (1996); Dass and Qureshi 
(1999); Vaidman (2009); Gao (2013a).
g. Cf. Lundeen et al. (2011).
10. See the appendix for an introduction of this important result.
11. Schrödinger (1926).

According to protective measurement, the charge of a charged 
quantum system such as an electron is distributed throughout 
space, and the charge density in each position is proportional to the 
modulus squared of the wave function of the system there.” His
torically, the charge density interpretation for electrons was origi
nally suggested by Schrödinger when he introduced the wave func
tion and founded wave mechanics.11 Schrödinger clearly realized 
that the charge density cannot be classical because his equation 
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does not include the usual classical interaction between the densi
ties. Presumably since it was thought that the charge density could 
not be measured and also lacked a consistent physical picture, this 
initial interpretation of the wave function was soon rejected and re
placed by Born’s probability interpretation.18 Now protective meas
urement re-endows the charge distribution of an electron with real
ity by a more convincing argument. The question then is how to 
find a consistent physical explanation for it. Our following analysis 
can be regarded as a further development of Schrodinger’s original 
idea to some extent. The twist is: that the charge distribution is not 
classical does not imply its non-existence; rather, its existence may 
point to a new, non-classical picture of quantum reality hiding be
hind the wave function.

i2. Born (1926).

3. Electrons are particles

The key to unveiling the meaning of the wave function is to find the 
physical origin of the charge distribution. The charge distribution 
of a quantum system such as an electron has two possible forms: it 
is either real or effective. The distribution being real means that it 
exists throughout space at one and the same time, e.g., there are dif
ferent charges in different positions at any instant. The distribution 
being effective means that at every instant there is only a localized, 
point-like particle with the total charge of the system, and its mo
tion during an infinitesimal time interval around the instant forms 
the effective distribution at the instant. Concretely speaking, at a 
particular instant the charge density of the particle in each position 
is either zero (if the particle is not there) or singular (if the particle 
is there), while the time average of the density during an infinitesi
mal time interval around the instant gives the effective charge den
sity. Moreover, the motion of the particle is ergodic in the sense that 
the integral of the generated charge density in any region is required 
to be equal to the expectation value of the total charge in the re
gion.

If the charge distribution is real, then it is arguably that any two 2 
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parts of the distribution (e.g., the two wavepackets in box 1 and box 
2 in the example given in the Appendix), like two electrons, will 
also have the same form of electrostatic interaction as that between 
two electrons, which is described by the potential term in the 
Schrödinger equation. The existence of such electrostatic self-inter
action for individual quantum systems contradicts the superposi
tion principle of quantum mechanics (at least for microscopic sys
tems such as electrons). Moreover, the existence of the electrostatic 
self-interaction for the charge distribution of an electron is also in
compatible with experimental observations. For example, for the 
electron in the hydrogen atom, since the potential of the electro
static self-interaction is of the same order as the Coulomb potential 
produced by the nucleus, the energy levels of hydrogen atoms 
would be remarkably different from those predicted by quantum 
mechanics and confirmed by experiments if there existed such elec
trostatic self-interaction. By contrast, if the charge distribution is 
effective, then it seems natural that there will exist no electrostatic 
self-interaction of the effective distribution, as there is only a local
ized particle at every instant. This is consistent with the superposi
tion principle of quantum mechanics and experimental observa
tions.

To sum up, we have argued that the superposition principle of 
quantum mechanics requires that the charge distribution of a quan
tum system such as an electron is not real but effective; at every in
stant there is only a localized particle with the total charge of the 
system, while during an infinitesimal time interval around the in
stant the ergodic motion of the particle forms the effective charge 
distribution, and the charge density in each position is proportional 
to the modulus squared of the wave function of the system there. In 
short, electrons are particles, and their charge distributions in space, 
which are measureable by protective measurements, are formed by 
the ergodic motion of these particles.
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4. Particles move in a discontinuous and random way

The next question is which sort of ergodic motion the particles un
dergo. If the ergodic motion of a particle is continuous, then it can 
only form the mass and charge distributions during a finite time 
interval. But the mass and charge distributions of a quantum system 
at each instant, which is proportional to the modulus squared of the 
wave function of the system at the instant, is required to be formed 
during an infinitesimal time interval around the instant.13 Thus it 
seems that the ergodic motion of the particle cannot be continuous. 
This conclusion can also be reached by analyzing a specific exam
ple. Consider an electron in a superposition of two energy eigen
states in two boxes t/q (x) + y2 G). In this example, even if one as
sumes that the electron can move with infinite velocity, it cannot 
continuously move from one box to another due to the restriction of 
box walls.14 Therefore, any sort of continuous motion cannot gener
ate the effective charge distribution (x) + i//2(x)\2.

13. For instance, in the example given in the appendix, the trajectory of the electron 
wave packet is influenced by the effective charge in box 1 during an arbitrarily short 
time interval according to quantum mechanics.
14. One may object that this is merely an artifact of the idealization of infinite poten
tial. However, even in this ideal situation, the ergodic model should also be able to 
generate the effective charge distribution by means of some sort of ergodic motion of 
the electron; otherwise it will be inconsistent with quantum mechanics.
15. Besides, for normalized wave functions, the (objective) probability current den
sity must also be equal to the formed mass or charge flux density divided by the mass 
or charge of the particle.

On the other hand, in order that the ergodic motion of a particle 
forms the right mass and charge distributions, for which the mass 
and charge density in each position is proportional to the modulus 
squared of its wave function there, the (objective) probability den
sity for the particle to appear in each position must be proportional 
to the modulus squared of its wave function there too (and for nor
malized wave functions they should be equal).15 This is understand
able, since that the mass and charge density is large in a position 
requires that the particle appears more frequently there. Moreover, 
from a logical point of view, the particle must also have an instanta- 
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neous property (as a probabilistic instantaneous condition) deter
mining the probability density for it to appear in every position in 
space; otherwise the particle would not “know” how frequently it 
should appear in each position in space. This property is usually 
called indeterministic disposition or propensity in the literature.16

16. Note that the propensity here denotes single case propensity. In addition, it is 
worth emphasizing that the propensities possessed by the particles relate to their 
objective motion, not to the measurements on them.
17. Gao (2013b).

In summary, we have argued that the consistency of the formed 
mass and charge distribution with that predicted by quantum me
chanics requires that the ergodic motion of a particle is discontinu
ous, and the probability density for the particle to appear in every 
position is equal to the modulus squared of its wave function there. 
In other words, the ergodic motion of the particle is random and 
discontinuous.

5. Meaning of the wave function

According to the above analysis, microscopic particles such as elec
trons are indeed particles. Here the concept of particle is used in its 
usual sense. A particle is a small localized object with mass and 
charge, and it is only in one position in space at an instant. Moreo
ver, the motion of these particles is not continuous but discontinu
ous and random in nature. We may say that an electron is a quan
tum particle in the sense that its motion is not continuous motion 
described by classical mechanics, but random discontinuous mo
tion described by quantum mechanics.

Unlike the deterministic continuous motion, the trajectory func
tion x(t) can no longer provide a useful description for random dis
continuous motion. It has been shown that the strict description of 
random discontinuous motion of a particle can be given based on 
the measure theory.17 Loosely speaking, the random discontinuous 
motion of the particle forms a particle “cloud” extending through
out space (during an infinitesimal time interval around a given in
stant t), and the state of motion of the particle is represented by the
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density and flux density of the cloud, denoted by p(x, t) and J(x, t), 
respectively, which satisfy the continuity equation dp(x, t)/dt + Vj(x, t) 
= 0. This is similar to the description of a classical fluid in hydrody
namics. But their physical meanings are different. The particle 
cloud is formed by the random discontinuous motion of a single 
particle, and the density of the cloud, p(x, t), represents the probabil
ity density for the particle to appear in position vat instant t, and it 
satisfies the normalization condition J p(x, t)dv = 1.

As we have argued in the last section, for a charged particle such 
as an electron, the cloud will be an electric cloud, and p(x, t) and j(x, 
t), when multiplied by the total charge of the particle, will be the 
(effective) charge density and electric flux density of the cloud, re
spectively. Thus we have the following relations:

t) = |V’(-Bd)|2,

h

Correspondingly, the wave function i//(x, t) can be uniquely ex
pressed by p(x, t) and j(x, t) (except for an overall phase factor). This 
means that the wave function i//(x, t) also provides a description of 
the state of random discontinuous motion of a particle.

This picture of motion of a single particle can be extended to the 
motion of many particles. The extension may explain the multi-di
mensionality of the wave function. At a given instant, a quantum 
system of Aparticles can be represented by a point in a 3A-dimen- 
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sional configuration space. During an infinitesimal time interval 
around the instant, these particles perform random discontinuous 
motion in the real space, and correspondingly, this point performs 
random discontinuous motion in the configuration space and forms 
a cloud there. Then, similar to the single particle case, the state of 
the system is represented by the density and flux density of the 
cloud in the configuration space, p(x}, x2, ... , xN, t) and j(x} , x2, ..., 
xN, t), where the density pbq , x2 .... xN, t) represents the probability 
density of particle 1 appearing in position Xj and particle 2 appear
ing in position x2 and particle N appearing in position xN ,a Since 
these two quantities are defined not in the real three-dimensional 
space, but in the 3N-dimensional configuration space, the many
particle wave function, which is composed of these two quantities, 
is also defined in the 3N-dimensional configuration space.

One important point needs to be emphasized here. Since the 
wave function in quantum mechanics is defined at a given instant, 
not during an infinitesimal time interval around a given instant, it 
should be regarded not simply as a description of the state of mo
tion of particles, but more suitably as a description of an instantane
ous property of the particles that determines their random discon
tinuous motion at a deeper level.19 In particular, the modulus 
squared of the wave function determines the probability density for 
the particles to appear in certain positions in space. By contrast, the 
density and flux density of the particle cloud, which are defined 
during an infinitesimal time interval around a given instant, are 
only a description of the state of the resulting random discontinu
ous motion of particles, and they are determined by the wave func
tion. In this sense, we may say that the motion of particles is “guid
ed” by their wave function in a probabilistic way.

18. When these A?particles are independent, the density/X-v, , x2.... . xN. f) can be re
duced to the direct product of the density for each particle, namely p(x2 ,x2 xN,f) 
= nLiP^i,ty

19. For a many-particle system in an entangled state, this property is possessed by the 
whole system.
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6. Conclusions

In this article, we have argued that two ontological assumptions in 
Bohr’s original atomic model, which are (1) electrons are particles; 
and (2) they undergo discontinuous jumps, are actually supported 
by quantum mechanics. There are three main steps to reach this 
conclusion. First of all, protective measurement in quantum me
chanics shows that the charge of a charged quantum system such as 
an electron is distributed throughout space, and the charge density 
in each position is proportional to the modulus squared of its wave 
function there. Next, the superposition principle of quantum me
chanics requires that the charge distribution is effective, that is, it is 
formed by the ergodic motion of a localized particle with the total 
charge of the system. Lastly, the consistency of the formed distribu
tion with that predicted by quantum mechanics requires that the 
ergodic motion of the particle is discontinuous, and the probability 
density of the particle appearing in every position is equal to the 
modulus squared of its wave function there.

Therefore, quantum mechanics seems to imply that microscopic 
particles such as electrons are indeed particles, and their motion is 
discontinuous and random. Moreover, the wave function describes 
the state of random discontinuous motion of particles, and at a 
deeper level, it represents the dispositional property of the parti
cles that determines their random discontinuous motion. In par
ticular, the modulus squared of the wave function not only gives 
the probability density for the particles beingfound in certain loca
tions as the standard probability interpretation assumes, but also 
gives the probability density for the particles />m^there.so This new 
picture of quantum reality may be regarded as an extension to the 
discontinuous quantum jumps assumed by Niels Bohr in his atom
ic model.

20. It will be interesting to see how this new interpretation of the wave function can 
be extended to quantum field theory and what it implies for the solution to the meas
urement problem. For an initial analysis see Gao (2013b).
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Appendix: Protective measurement of the charge distribu
tion of a charged quantum system

Since the existence of the charge distribution of a charged quantum 
system is the basis of our analysis of the meaning of the wave func
tion, we will briefly introduce this important result here.®

Consider a protective measurement of the charge of a quantum 
system with charge (9 in a small spatial region (’having volume v. 
This is equivalent to measuring the following observable:

if x e V, 
if x y V.

A protective measurement of A in a general superposition state t) 
yields

(A) = Q / |y(a:,t)|2dv,
Jv

which gives the charge of the system in the region I’. When v —> 0 
and after performing measurements in sufficiently many regions V, 
we can find the charge density everywhere in space/8 which turns 
out to bep0 (x, t) = O\i//(x, t)|2.

This result can be illustrated by a specific example. Consider a 
quantum system with charge 0 whose spatial wave function is

if.'(x, t) = a4'i(x,t) + btfoi'X, t),

where t/q (x, t) and i//2 (x, t) are two normalized wave functions respec
tively localized in their ground states in two small boxes 1 and 2, 
and |n|2 + \b\2 = 1. A measuring electron, whose initial state is a 
Gaussian wave packet narrow in both position and momentum, is 
shot along a straight line near box 1 and perpendicular to the line

21. For a more detailed analysis, see Aharonov and Vaidman (1993), Aharonov, Anan- 
dan and Vaidman (1993), (1996), and Gao (2013b).
22. Similarly, we can protectively measure another observable B = + VA).
Such measurements will give the electric flux density jQ(x,t) = - øVø*)
everywhere in space. According to the Schrödinger equation, the charge density and 
electric flux density satisfy the continuity equation øpQ(æ,t)/øt + V)g(x,t) = 0.
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Figure 2. Scheme of a protective measurement of the charge distribution of 
a quantum system.

of separation between the boxes. The electron is detected on a 
screen after passing by box 1. Suppose the separation between the 
boxes is large enough so that a charge Q in box 2 has no observable 
influence on the electron. Then if the system is in box 2, namely |n|2 
= 0, the trajectory of the electron wave packet will be a straight line 
as indicated by position “0” in Figure 2, indicating that there is no 
charge in box 1. If the system is in box 1, namely |n|2 = 1, the trajec
tory of the electron wave packet will be deviated by the electric field 
of the system by a maximum amount as indicated by position “1” in 
Figure 2, indicating that there is a charge O in box 1. These two 
measurements are conventional measurements of the eigenstates of 
the system’s charge in box 1, and their results can reveal the actual 
charge distribution in box 1. However, when 0 < |n|2 < 1, i.e., when 
the measured system is in a superposition of two eigenstates of its 
charge in box 1, it is well known that such conventional measure
ments cannot detect the actual charge distribution in box 1.

Now let us make a protective measurement of the charge of the 
system in box 1 for the general superposition state. Since the state 

t) is degenerate with its orthogonal state t/ (x, t) = b * (x, t) - a*  
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i//2 (x, t), we need an artificial protection procedure to remove the 
degeneracy, e.g., joining the two boxes with a long tube whose di
ameter is small compared to the size of the box. By this protection 
^(x, t) will be a nondegenerate energy eigenstate. The adiabaticity 
condition and the weakly interacting condition, which are required 
for a protective measurement, can be further satisfied when assum
ing that (1) the measuring time of the electron is long compared to 
h/\E, where AE is the smallest of the energy differences between ^(x, 
t) and the other energy eigenstates, and (2) at all times the potential 
energy of interaction between the electron and the system is small 
compared to AE. Then the measurement by means of the electron 
trajectory is a protective measurement, and the trajectory of the 
electron wave packet is only influenced by the expectation value of 
the charge of the system in box 1. As a result, the electron wave 
packet will reach the position ‘jn|2 ” between “0” and “1” on the 
screen as denoted in Figure 2, indicating that there is a charge |n|2 O 
in box 1.

In conclusion, protective measurement shows that the charge of 
a charged quantum system such as an electron is distributed 
throughout space, and the charge density in each position is pro
portional to the modulus squared of its wave function there.
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CHAPTER 3.8

What happened to the Bohr-Sommerfeld 
elliptic orbits in Schrodinger’s 

wave mechanics?

Michael Nauenberg*
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Abstract

Heisenberg and Pauli, two of the great pioneers of 
quantum mechanics, declared that in the domain of at
oms and molecules the Bohr-Sommerfeld elliptic or
bits disappears. But Bohr’s correspondence principle 
requires that for large quantum numbers, quantum 
mechanics leads to classical mechanics. It is shown 
how this correspondence takes place.

1. Introduction

According to Felix Bloch, when he was a physics student in 1926 in 
Zurich, Peter Debye asked Erwin Schrödringer to give a seminar on 
Louis de Broglie’s association of a wave with the motion of an elec
tron. De Broglie had proposed the relation p = h/X, where p is the 
momentum of the electron, and X is its wavelength, extending the 
relation e = hv between the energy e and the frequency v, proposed 
by Einstein for the photon. At the seminar, Schrödinger gave “a 
beautiful and clear account” of how to obtain the Bohr quantiza
tion rules by demanding that an integral number n of waves can be 
fitted along a stationary orbit, i.e., J dq/X = n. This condition corres
ponds to J pdq = nh, which later was introduced as a quantization 
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rule by Sommerfeld. At the end of Schrödringer seminar, Debye 
remarked that to deal properly with waves one had to have a wave 
equation, and only a few weeks later, after a vacation with his mis
tress at a winter resort in Austria, Schrödringer gave another semi
nar announcing: “my colleague Debye suggested that one should 
have a wave equation; well I have found one!”1 2. But the meaning of 
the solution of this equation, the wave function i//, was not clear, as 
revealed by a verse that Bloch and his fellow students composed at 
the time:

1. Bloch (1976).
2. Bloch (1976).
3. Schrödinger (1926a).
4. Heisenberg (1925). The paper was received 29 July 1925.
5. Schrödinger (1926b)

Erwin with his psi can do
Calculations quite a few.
But one thing has not been seen:
Just what does psi really mean?8

In Schrödingers wave mechanics for the atom,3 the Bohr-Sommer- 
feld quantized classical elliptic orbits appeared to have vanished. 
The demise of classical orbits in the atomic realm had already been 
emphasized by Pauli and by Heisenberg, who a year earlier had de
veloped the matrix formulation of quantum mechanics that dis
pensed with this concept.4 Indeed, there does not appear to be any 
obvious connection between elliptic orbits, and the canonical solu
tions of Schrodinger’s equation for the hydrogen atom, although 
for large quantum numbers the existence of such orbits are required 
by Bohr’s correspondence principle. Actually, shortly after publish
ing his seminal paper, Schrödringer addressed this problem in an 
article entitled “The transition from Micro- to Macromechanics,”5, 
where he treated the one-dimensional harmonic oscillator, and ob
tained a solution consisting of a time dependent Gaussian wave 
packet which travels without spreading along the classical trajecto
ry. At the end of his paper he wrote:
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... One can foresee with certainty that similar wave packets can be 
constructed which will travel along Keplerian ellipses for high quan
tum numbers; however technical computational difficulties are great
er than in the simple example given here ...6

6. Schrödinger (1926b).
7. Przibram (1967), pp. 43-75.
8. Przibram (1967), p. 58.
9. Przibram (1967), p. 59.

Schrödinger sent his paper in manuscript form to Lorentz, with 
whom he had been corresponding about his new wave mechanics.7 8 
But due to “technical computational difficulties,” he did not solve 
the problem that he had posed for wave packets that travel along 
Kepler’s elliptical orbits. In another letter to Lorentz written on 
June 6, 1926, he wrote:

Allow me to send you, in an enclosure, a copy of a short note in which 
something is carried through for the simple case of an oscillator which 
is also an urgent requirement for all the more complicated case ... . 
You see from the text of the note, which was written before I received 
your letter, how much I too was concerned about the “staying to
gether” of these wave packets. I am very fortunate that now I can at 
least point to a simple example where, contrary to all reasonable con
jectures, it still proves right. I hope that this is so, in any event for all 
those cases where ordinary mechanics speaks of quasi-periodic motion.s

Then a surprising statement followed:

Let us accept this as secured or conceded for once; there still always 
remains the difficulty of the completely free electron in a completely 
field-free space. Would you consider it a very weighty objection 
against the theory if it were to turn out that the electron is incapable 
of existing in a completely field free space? ...9

Lorentz promptly responded that,
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... with your note ... you have given me a great deal of pleasure, and 
as I read it, a first thought came upon me: with a theory which re
solves a doubt in such a surprising and beautiful way, one has to be 
on the right path. Unfortunately my pleasure was soon diminished; 
namely I cannot see, for example, how in the case of the hydrogen 
atom you can construct wave packets (I am thinking now of the very 
high Bohr orbits which travel like the electron...)10

10. Przibram (1967), p. 69.
11. Przibram (1967).
12. Przibram (1967), p. 47.
13. Born (1926a), (1926b).

Earlier Lorentz11 had written to Schrödinger that,

Your conjecture that the transformation which our dynamics will 
have to undergo will be similar to the transition from ray optics to 
wave optics sounds very tempting, but I have some doubts about it. 
If I have understood you correctly, then a “particle”, an electron for 
example, would be comparable to a wave packet which moves with 
the group velocity. But a wave packet can never stay together and re
main confined to a small volume in the long run. The slightest disper
sion in the medium will pull it apart in the direction of propagation, 
and even without that dispersion it will always spread more and more 
in the transverse direction. Because of this unavoidable blurring, a 
wave packet does not seem to me to be very suitable for representing 
things to which we want to ascribe a rather permanent individual 
existence ...I2

Lorentz had correctly pointed out that the association of a wave 
packet with the charge density of an electron, as Schrödinger had 
proposed, was not tenable if this wave packet dispersed. Later, this 
dilemma was resolved by Born’s interpretation of the absolute 
square of Schrodinger’s wave function as the probability function 
for finding the electron at a given position and time.13 But Schröding
er did not accept this interpretation, and as late as 1946 he wrote to 
Einstein that,
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God knows I am no friend of the probability theory, I have hated it 
from the first moment our dear friend Max Born gave it birth. For it 
could be seen how easy and simple it made everything, in principle, 
every thing ironed out and the true problems concealed ....

Schrödingers misunderstanding, which persists in some quarters 
up to the present time, was due to the association of a quantum 
wave packet with a single classical trajectory, rather than with an 
appropriate ensemble of such trajectories as Born had pointed out; 
a situation that contributed also to Einstein regarding quantum me
chanics as an incomplete description of physical reality. But Born con
cluded that,

It is misleading to compare quantum mechanics with deterministi
cally formulated classical mechanics; instead one should first refor
mulate the classical theory, even for a single particle, in an indeter
ministic, statistical manner. Then some of the distinctions between 
the two theories disappear, others emerge with great clarity .... The 
essential quantum effects are of two kinds: the reciprocal relation be
tween the maximum of sharpness for coordinate and velocity in the 
initial and consequently in any later state (uncertainty relations), and 
the interference of probabilities whenever two (coherent) branches of 
the probability function overlap. For macro-bodies both these effects 
can be made small in the beginning and then remain small for a long 
time; during this period the individualistic description of traditional 
classical mechanics is a good approximation. But there is a critical 
moment tc where this ceases to be true and the quasi-individual is 
transforming itself into a genuine statistical ensemble.14

2. Recent developments

Following Born’s admonition, it can be readily shown that the dis
persion of a Gaussian wave packet describing the motion of a free 
particle is exactly the same as that of a classical Gaussian ensemble of 
such particles, provided that the initial mean square deviation in co
ordinate and momentum satisfies Heisenberg’s uncertainty relation

14. Born (1955).

469



MICHAEL NAUENBERG SCI.DAN.M. I

Quantum Gaussian Wavepacket

Time = 0.0 Time = 0 25

9

Fig la Fig. lb

Figure 1: Contours of the the absolute square of a Gaussian wave packet in 
a Coulomb field. The initial mean momentum p and coordinate q corre
spond to a particle on a circular orbit with Bohr radius for the principal 
quantum numer w = 40. The evolution of this wavepacket is shown for times 
t =0,.25,.50, and 1.0 in units of the Kepler period for this orbit.

ApAx = h 2.15 Hence, the concern Schrödinger expressed to Lorentz, 
that a free electron is incapable of existing in a completely fieldfree space, 
turned out to be unfounded, after Born’s correct interpretation of

15. Nauenberg (2000).
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Time = 0 0 Time = 0-25

Classical Gaussian Distribution

Fig. 2a Fig 2b

Figure 2: Classical evolution of 6000 particles initially distributed in phase 
space according to the Wigner distribution associated with the Gaussian 
wavepacket in Figure 1. The coordinates of these particles are shown at 
times t =0,.25,.50 and 1.0 in units of the Kepler period.

ty|2 as a probability distribution.16 Indeed, for localized wave pack
ets, the quantum and classical distributions also remain the same 
for orbits in the present of a gravitational or electromagnetic poten
tial, until the head of the wave packet catches up with its own tail, 
see Figures 1 and 2. Then, in the quantum case, wave interference

i6. Born (1926).
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Figure 3: Left figure - Elliptic orbits in the Bohr-Sommerfeld model for an 
electron orbiting around a proton located at the focus of these ellipses. 
Right figure - Probability distribution for finding the electron in a station
ary quantum elliptic state for a mean principal quantum number w = 40.

phenomena occur when the two coherent branches of 'theprobability function 
overlap, see Figure Id, for which there is no analogy in the classical 
case, see Figure 2d.17

17. Nauenberg and Keith (1991).
18. Nauenberg (1989); Gay, Delande, and Bommier (1989).
19. Nauenberg, Stroud, and Yeazell (1994). For a discussion of Rydberg atoms in the 
Bohr model, see Kragh (2015).
20. Nauenberg (1989).)

Finally, in 1989 Schrodinger’s “technical computational diffi
culties” with the Kepler problem were surmounted, and the proba
bility distribution for a stationary ensemble of particles on a Keple- 
rian elliptic orbit were calculated.18 Moreover, such orbits have been 
created experimentally in Rydberg atoms were a single electron is 
excited to high quantum numbers.19 20 The right side of Figure 3 
shows the absolute square of a wave function representing the prob
ability distribution for finding an electron in such an orbit for a 
principal quantum number n = 40, mean angular momentum L = 
32Ä, and eccentricity e = 0.6, satisfying the classical relation e = 

t/1 + ZEnlP/mef where En = -eim/2n2h2 is the Bohr energy.80 
Such Keplerian wave functions are well defined linear superposi-
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Figure 4: A wavepacket during one Kepler period representing an electron 
rotating counterclockwise (from top right to left bottom) around a proton 
located at the focus of an elliptical orbit (black dot).
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Figure 5: A “pump-probe” experiment to demonstrate the elliptic orbit of 
an electron in a Rydberg atom as shown in Scientific American, June 1994.
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Figure 6: Left figure shows a revival of the initial wave packet into two wave 
packets. Right figure shows the observed ionization signal for the one-half 
revival, seen as a doubling of the oscillation frequency, and a subsequent 
full revival of the initial wave packet.

0 10 20 30 40
NUMBER OF ORBITS

tions of degenerate energy eigenstates with angular momentum 
I = 0, 1,.... n - l.21 22 As expected, the maximum probability of finding 
the electron occurs when it is farthest from the center of force, where 
the classical velocity is at a minimum, while the minimum probabil
ity occurs when the electron is at the opposite location, where the 
velocity is a maximum.

21. The energy degeneracy of the hydrogen atom is due to an invariance in addition 
to rotation symmetry, for Newton’s 1/r2 force, which fixes the direction in space of the 
major axis of an ellipse. Then a rotation of the circular I = n - 1 state, in an abstract 
0(3) subspace of the 0(4) symmetry group of the hydrogen atom by an angle 0, 
where sin(0)= e, gives rise to the elliptic states. Nauenberg (2000).
22. Nauenberg (1989).
23. Averbukh and Perelman (1989).
24. Nauenberg (1990).

Solutions were also obtained for the time dependent Schröding
er equation for particles that travel on elliptic orbits with the classi
cal Kepler period t„ with mean principal quantum number n, by 
forming an appropriate superposition of these time independent 
solutions multiplied by exp(-E„t/h), where t„ = h/2E„™ In Figure 4, 
the evolution of such a wave packet is shown during one Kepler 
period t„ at equal time intervals r,/10. While the wave packet returns 
to its initial position, it also has dispersed as can be seen by compar
ing the initial and final shape of the wave packet. After a time inter
val t = (n/3)r, the head of the wave packet has caught up with its tail, 
and interference phenomena occur,23 leading to revivals that do not 
have any classical counterpart.24
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These predictions have been verified experimentally in Rydberg 
atoms by R. Stroud and his collaborators. In Figure 5 their experi
mental set up is described, and Figure 6 shows an ionization signal 
as a function of time in units of the Kepler period, providing ex
perimental evidence for a one-half revival after 15 orbits (see the 
theoretical description of the corresponding distribution on the left 
side of Figure 6), and and a full revival after 30 orbits.85

For macroscopic bodies, like the planets rotating around the 
sun, the principal mean quantum number n associated with the Ke- 
plerian ellipse is enormous due to the very small value of Planck’s 
constant /?. Our quantum mechanical solution of Newton’s plane
tary problem answers the perennial question posed by Einstein: “ is 
the moon there when no one is looking”, with a resounding yes. It 
also demonstrates, at least in this particular case, that a so called 
quantum-classical divide that continues to be debated up to the present 
time, does not exist.
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CHAPTER 4.1

Birthplace of a new physics - the early 
history of the Niels Bohr Institute

Peter Robertson*

* School of Physics, University of Melbourne, Melbourne, Vic. 3010, Australia. 
Email: prob@unimelb.edu.au.

Abstract

The foundation in 1921 of the Niels Bohr Institute in 
Copenhagen was to prove an important event in the 
birth of modern physics. From its modest beginnings as 
a small three-storey building and a handful of physicists, 
the Institute underwent a rapid expansion over the fol
lowing years. Under Bohr’s leadership, the Institute 
provided the principal centre for the emergence of quan
tum mechanics and a new understanding of Nature at 
the atomic level. Over sixty physicists from 17 countries 
came to collaborate with the Danish physicists at the In
stitute during its first decade. The Bohr Institute was the 
first truly international centre in physics and, indeed, 
one of the first in any area of science. The Institute pro
vided a striking demonstration of the value of interna
tional cooperation in science and it inspired the later 
development of similar centres elsewhere in Europe and 
the United States. In this article I will discuss the origins 
and early development of the Institute and examine the 
reasons why it became such an important centre in the 
development of modern physics.

Keywords: Niels Bohr Institute; development of quan
tum mechanics; international cooperation in science.
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1. Planning and construction of the Institute

In 1916 Niels Bohr returned home to Copenhagen over four years 
since his first visit to Cambridge, England, and two years after a 
second visit to Manchester, working in the group led by Ernest Ru
therford. Bohr had been appointed as the inaugural Professor of 
Theoretical Physics at the University of Copenhagen, largely on the 
basis of his trilogy of papers “On the constitution of atoms and 
molecules” published in 1913. At this time the university’s physics 
department was located in its sister institution, known as the Pol
yteknisk Læreanstalt (or Technical University), and this is where 
Bohr worked for the next four years.

By modern standards the facilities for physics were in a very 
primitive state. Bohr had one small room which he shared with his 
assistant, Hendrik Kramers, a Dutchman who had arrived in 1916 
to work with Bohr. Even worse, there was no laboratory or equip
ment to carry out experimental work. In 1917 Bohr began planning 
a new physics institute where both theoretical and experimental 
studies on atomic physics could be carried out. He managed to per
suade the University authorities to put 200,000 kr (kroner) towards 
the project, while a wealthy group of family friends and business
men privately raised a further 80,000 kr to help fund the new build
ing and its equipment.

With enough funds to proceed, the next question to be settled 
was the location of the new institute. Initially Bohr wanted to build 
the institute next door to the Polyteknisk Læreanstalt, but the bot
any department of the University of Copenhagen refused to give 
up land within the botanic gardens. Instead the City of Copenha
gen (known as the Kommune) decided to sell a strip of land in 
Fælledparken, bordering Blegdamsvej, to the north of the city. The 
University was able to buy a parcel of land as the site for the new 
institute. Excavations on the foundations were underway at the 
time of the Armistice in November 1918 and the expectations were 
that the building would be completed in late 1919. There were, 
however, unforeseen problems. At the end of the war there was a 
critical shortage of building materials, as well as industrial unrest 
that saw frequent strikes by tradesmen working on the building.
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Figure 1. “The University’s Atom Institute is inaugurated today,” as report
ed in Politiken on the morning of the inauguration. The physicist J. C. Jacob
sen is shown in one of the basement laboratory rooms. Source: Politiken.
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Figure 2. The Institut for Teoretisk Fysik was inaugurated on 3 March 1921. 
The top two floors formed the residence of the Bohr family, while the 
ground and basement floors contained offices, a lecture theatre, a library, 
laboratory rooms and a workshop.

Even worse was the severe inflation of the krone that led to a cost 
blowout. The delays and the funding problems meant that, rather 
than 12 months, the construction took nearly two and a half years 
to complete. One casualty of the delay was that Bohr was forced to 
cancel plans for Ernest Rutherford to perform the official opening 
of the building.1

i. See Robertson (1979) for a detailed account of the planning and construction of 
the Institute; see also Moore (1966), Chapter 6; Pais (1991), Chapter 9.

The “Institut for Teoretisk Fysik” was eventually inaugurated in 
March 1921, an event considered important enough to be reported 
on the front page of Copenhagen’s newspaper Politiken (Figure 1). It 
is worth noting two aspects of the new institute (Figure 2):

• The building was in fact only “half’ a physics institute. It was 
common practice at the time for Danish professors to live onsite. 
The top two floors were the home of Bohr, Margrethe and their 
children, including a guest room and a self-contained apartment 
for their maid. The ground floor consisted of offices, a library 
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and a lecture theatre, while the basement consisted of laboratory 
rooms and a workshop.

• It is useful to clarify the word “Teoretisk” in the title. At this time 
the word had a different meaning from the current usage of “the
oretical” which is meant to be the opposite of “experimental.” 
With its basement laboratories, quite clearly the Institute was set 
up to do experimental work in atomic physics. The word at this 
time really meant “fundamental,” to distinguish itself from more 
practical work in applied physics. Thus, today the appropriate 
title would probably be the “Institute for Fundamental Physics.”

2. Growth and expansion of the Institute

A year after the opening of the Institute, Bohr’s career received an
other boost, one of the highest order. In November 1922 the Swed
ish Academy announced that he had been awarded the Nobel Prize 
for Physics “for his services in the investigation of the structure of 
atoms and of the radiation emanating from them.” The award of

Figure 3. The first staff photograph [standing from left]: J. C. Jacobsen, 
Svein Rosseland (Norway), George de Hevesy (Hungary), Hans M. Hans
en, Niels Bohr and [sitting] James Franck (Germany), Hendrik Kramers 
(Netherlands) and Betty Schulz.
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course meant that the Institute became an even more attractive cen
tre for young researchers wanting to work at the cutting edge of 
atomic physics.

The Institute grew rapidly during the early 1920s. Although the 
number of permanent university staff remained unchanged at five 
(Figure 3), the number of international visitors grew from five in 
1921, to nine in 1922, ten in 1923, and about 15 were expected in 
1924. As mentioned above, with the office space limited to the 
ground floor and parts of the basement, the Institute was starting to 
burst at the seams. It was clear that the Institute needed to expand, 
but where would the funding come from? At the time the govern
ment was slashing public spending in an attempt to solve Den
mark’s serious economic problems. It was highly unlikely that new 
public funds would be provided for an institute completed only a 
few years earlier.

At this time Bohr travelled internationally and built up a net
work of physicists in other countries. As one example, in June 1922 
he delivered a series of lectures on atomic theory in Göttingen. He 
met Werner Heisenberg for the first time, beginning a collaboration 
that would be of central importance to the foundation of quantum 
mechanics three years later. In June 1923 he made one of several 
trips to England, usually to visit his former mentor Ernest Ruther
ford, who had moved from Manchester to become head of the fa
mous Cavendish Laboratory in Cambridge. After this visit Bohr 
sailed to the United States where he made a lecture tour up and 
down the east coast (Figure 4).

During a visit to New York, Bohr was advised by a Danish col
league to make contact with the International Education Board, a 
new funding body that had been established earlier in the year. The 
Board was part of the Rockefeller empire of philanthropy (which 
included the prestigious Rockefeller Foundation) and its charter 
was the “promotion and advancement of education” in countries 
outside the United States. Bohr arranged a meeting with Wickliffe 
Rose, president of the Board, and explained the difficulties he faced 
in finding funds within Denmark to finance an expansion of the 
Institute. The meeting obviously went well, as a short time later the 
International Education Board announced a grant of $US40,000
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Figure 4. With eldest son Christian at the central railway station in Copen
hagen. Bohr sailed to the United States where he conducted a lecture tour 
on the east coast during the summer of 1923.
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Figure 5. A report of the 
grant made by the 
International Education 
Board appeared in the 
New York Times on 27 
January 1924. Source: 
NYTimes.

(approximately 250,000 kr) to fund a substantial expansion, almost 
as much as the cost of the original building (Figure 5).

Similar to the first building, there were unforeseen problems and 
delays in the construction of the new buildings. Inflation continued 
to be a problem and there were several industrial disputes, includ
ing a general strike that lasted several months. The inevitable cost 
increase was covered by two grants from the Danish Carlsberg 
Foundation. The construction was finally completed late in 1926,
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Figure 6. The Institute after the completion of the extension in 1926. To the 
right is the new residential villa for the Bohr family. Part of the new labora
tory and workshop building can be seen between the villa and the original 
building.

with the addition of two new buildings and the conversion of parts 
of the original building (Figure 6):
• A building, known as the Villa, became the new residence for the 

Bohr family, which by then included five sons
• A single-storey building to the rear of the original building 

housed a new set of laboratories and a workshop
• The original building could now be used to accommodate the 

growing number of international visitors, with more than a dou
bling of floor space available for offices and work areas.8

3. Quantum mechanics: Why Copenhagen and not 
elsewhere?

Here it will not be possible to give even a brief overview of the birth 
of quantum mechanics during the years 1925 to 1927, a revolution
ary development that has been extensively researched and present-

2. For the further expansion and development of the Institute in the 1930s see 
Aaserud (1990).
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ed in numerous publications. It is, however, well worth noting that 
at some stage many of the principal players came to work with Bohr. 
The Institute became the most important centre in a story that in
volved a significant number of people from a number of different 
countries. It is interesting to ask why Copenhagen became the prin
cipal centre for this revolution in modern physics. Why wasn’t it 
Max Born and his group in Göttingen or Arnold Sommerfeld’s 
group in Munich? Why wasn’t it Rutherford’s group in Cambridge, 
which at the time boasted the greatest concentration of physics tal
ent anywhere in the world?

There are arguably two main reasons. In my view the first reason 
is the ‘big picture’ or what might be called the broad geo-political 
situation in the 1920s. It is important to note that Denmark, and in
deed Scandinavia, had been neutral during the First World War. At 
the end of the war England, France and their allies set out to isolate 
and punish Germany and the Central Powers. For example, when 
the League of Nations was established at the end of the war, Ger
many and her allies were excluded. Germany was not invited to join 
until 1926 and the other Central Powers had to wait even longer.

The same policy of exclusion and punishment occurred on a sci
entific level. After the war English and French scientists formed the 
International Research Council (the forerunner of the International 
Council of Scientific Unions) and excluded Germany and the other 
Central Powers from any of its activities. Many of the scientific or
ganisations established by the IRC during the early 1920s followed 
a similar policy. As one example, the International Union of Pure 
and Applied Physics, founded in 1922 with a charter “to encourage 
and aid international cooperation in the field of physics,” hypocriti
cally excluded physicists from Germany, Austria and Hungary.

As a result, there was very little interaction between physicists 
from these two postwar blocks of countries. Very few journals were 
exchanged, they did not attend the same conferences and there was 
very little contact on a personal level. But here Denmark was ideally 
placed, not just geographically and politically, but also scientifical
ly. The Institute could provide a neutral meeting ground where 
physicists from both blocks could freely interact. In fact, the Insti
tute was the only physics centre during the early 1920s where there
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Figure 7. Three of the principal figures in the foundation of quantum me
chanics: Wolfgang Pauli (Austria), Werner Heisenberg (Germany) and 
Paul Dirac (England). All three were frequent visitors to the Institute.

was any significant interaction between physicists from the English 
and German blocks (Figure 7).

In my view, the second main reason why Copenhagen became 
the centre for quantum theory was Bohr himself. As well as his na
tive Danish, Bohr grew up learning both German and English. He 
was also the product of the Danish educational system, which was 
very similar to the German system and which placed a strong em
phasis on formal or theoretical learning. Thus, Bohr understood 
very well the German approach to physics. At the same time, Bohr 
had spent several years in England and learnt the Anglo-Saxon ap
proach to physics, which was more pragmatic and less formal than 
in Germany. It is probably no accident that Germany produced 
theoretical giants such as Max Planck and Albert Einstein, while 
England produced experimentalists of the calibre of J. J. Thomson 
and Rutherford. Bohr understood both these approaches to physics 
and was in a position to combine them into his own unique ap
proach to physics.

Perhaps the most important reason why the Institute became the 
focal point for quantum theory was Bohr’s personal view on inter
national cooperation in science. In his non-scientific writings, par
ticularly later in life, he returned to this topic time and time again. 
He believed that science would progress most effectively, most rap
idly, by encouraging international cooperation, by bringing togeth- 
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er scientists with different backgrounds and different approaches to 
science. Bohr also believed that international cooperation would 
help to break down the barriers and prejudices between countries, 
the type of barriers that had led to the dreadful carnage of the Great 
War. Einstein was another who was widely applauded for promot
ing international cooperation in science, but with Bohr we can see 
that the Institute was the place where he was able put his thoughts 
into action, his ideas into practice.

4. An overview of the decade

To conclude I will take a brief overview of the Institute during the 
period 1921-1930. Over the decade there were 63 visiting scientists 
from 17 different countries, which made the Institute the first truly 
international centre for physics: USA 14; Germany 10; Japan 7; 
Netherlands 6; UK 6; Norway 4; Sweden 4; USSR 3; Austria, Bel
gium, Canada, China, Hungary, India, Poland, Romania and Swit
zerland 1.

Perhaps the only rival as an international centre was the Caven
dish Laboratory in Cambridge, which also had a high proportion of 
physicists from overseas. However, the majority of these visitors 
were from countries within the British Empire, such as Australia, 
Canada and South Africa, and so there was not the same diversity of 
countries (or cultures) as represented by the visitors to Copenhagen. 
I should add that all of the 63 visitors were scientists who spent a 
minimum of one month at the Institute. Many of them spent much 
longer than a month, some spent more than a year, and some made 
multiple visits. There were many more who spent less than a month 
at the Institute and who are not included in the 63 (Figure 8).

The great majority of visitors to the Institute were funded by 
some form of post-doctoral fellowship. Fourteen different sources 
of funding have been identified. The most common were the 
International Education Board fellowships, which funded 15 of the 
63 scientists. Thus, not only did the IEB fund the expansion of the 
Institute in the mid 1920s (see Section 2), it also provided financial 
support for more visiting scientists than any other source of funding. 
It is worth noting that the IEB also played a similar role in Göttingen,
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Figure 8. Five of the international visitors to the Institute in 1925: [back] 
David Dennison (USA), Ralph de L. Kronig (Netherlands) and Bidhubis- 
han Ray (India); [front] Yoshio Nishina (Japan) and Walter Kuhn (Swit
zerland). Source: Dennison family.

funding a new physics institute and providing fellowships to 
physicists visiting Max Born and his group.

The other main funding body was the Rask-Ørsted Foundation, 
named after two famous Danish scientists, Rasmus Rask (1787- 
1832), recognised as the founder of comparative philology, and the 
physicist Hans Christian Ørsted (1777-1851). The foundation was 
funded by the Danish government and had been set up immediately 
after the war specifically to support foreign scientists visiting 
Denmark. The foundation supported 13 of the visiting scientists. 
Most of the other visitors were funded by their home countries; for 
example, five Japanese visitors were supported by the University of 
Tokyo Scholarship program.

It is interesting to look at the publications produced by the 
Institute over the decade. In 1931 Erik Rasmussen, a physicist on 
the Institute’s staff, carried out a survey that counted 273 
publications, where at least one author on each publication gave the 
Institute as their home address.3 There was a fairly even spread 

3. Rasmussen (1931). For a discussion see Robertson (1979), p. 159.
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between theoretical (55%) and experimental (40%) papers, with a 
further 5% classed as review papers. It is also interesting to note that 
the two most popular journals were the leading German journal 
Zeitschriftfür Physik, with 79 publications, and the leading British 
journal Nature with 38. This is another illustration of how the 
Institute helped to build a bridge between English physics and 
German physics during the postwar 1920s.

A further and particularly interesting statistic is the number of 
those 63 visiting scientists who went on to have distinguished 
careers back in their home countries, and who went on to win the 
ultimate prize. Ten of the 63 visitors later became Nobel Laureates, 
seven in physics and three in chemistry. Again, the Cavendish 
Laboratory in the 1920s was the only other centre in world physics 
to attract such a rich galaxy of talent.

Acknowledgments: I am grateful to the School of Physics at the 
University of Melbourne for its support. All photographs are cour
tesy of the Niels Bohr Archive Photo Collection, unless indicated 
otherwise.
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Abstract

In October 1914 Bohr arrived for a second long stay in 
England, this time as a reader in Rutherford’s physics 
department at Manchester University. While Bohr con
tinued with his research on the atom, Rutherford, like 
his British colleagues, had to virtually stop his experi
mental research on the subject. Instead he dedicated 
his time for searching means to detect submarines. 
With former (British) students he carried out classified 
research in a water tank in the basement of the physics 
building. Bohr, a neutral citizen, could hardly miss the 
war research, but did not participate. In agreement 
with the Danish national position, he, rather, formed a 
bridge between British and German scientists and 
made an effort to keep the fragile connections between 
the belligerents, despite practical and psychological 
obstacles. Scientists on both sides, like Sommerfeld 
and more actively Rutherford, seemed to back Bohr’s 
effort of maintaining international research in physics. 
At the same time, Rutherford presented ambivalence 
towards the war research. On the one hand he regret
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ted that British scientists could not devote their “atten
tion to the pure science problems.” On the other he 
acknowledged the potential contribution of scientists 
to the war effort, and helped in their mobilization.

Key words: Niels Bohr; Ernest Rutherford; scientists 
and war; scientific relationships; World War One; War 
research; internationalism in science.

1. Introduction
In October 1914 Niels Bohr arrived to Manchester to take a tempo
rary readership in mathematical physics. This was his second long 
stay in the city and the university. In 1912 he spent a few important 
months as a post-doc in Ernest Rutherford’s laboratory. Now he 
came as a successful young theorist. His atom model, published in 
the previous year, had already been a success, even if its fame would 
grow in the following years. Some physicists had already realized the 
potential fruitfulness of Bohr’s daring hypothesis, and others were 
impressed by its empirical adequacy. Of course, the theory suffered 
from quite a few problems. A major question was its theoretical or 
conceptual foundations. Bohr, himself, was less worried about this 
issue, but shared the concern regarding the applicability of his hy
pothesis to a wider range of atomic phenomena, both for finer ex
periments regarding one-electron-atoms and for multi-electron at
oms. For him the 1913 trilogy on the constitution of atoms was the 
basis for further developments, rather than an established theory, 
and he was enthusiastic to continue working on atomic structure.1 2 
Manchester, arguably the world’s most important centre for experi
mental research on the atom, seemed an excellent place to pursue the 
subject. Bohr’s 1912 stay in Rutherford’s physics department had 
been highly stimulating, and helpful for the developments of his ide
as regarding the atom. Thus, In June 1914, Bohr seized Rutherford’s 
invitation for a temporary readership in the latter’s department,8 ex
pecting to enjoy the vibrant Mancunian research in atomic physics.

1. Kragh (2012).
2. Bohr (1981), pp. 594-595.
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Bohr also had practical reasons for accepting Rutherford’s invi
tation. From the beginning of 1913 he had tried to convince the 
authorities to establish a chair for theoretical physics in Copenha
gen University for himself. As often happens, despite support from 
influential people, the realization of the position took more time 
than Bohr initially hoped. In the meantime he taught medical stu
dents. Manchester thus also offered a release from the annoyance of 
lecturing to the Danish medical students.3 Bohr planned to stay for 
a year and then return to the new post. As it turned out, it took two 
years before he could begin his tenure as professor of theoretical 
physics in Copenhagen.

3. On Bohr’s dislike of teaching the medical student see e.g. Bohr to Hansen, 12 May 
1915, in Bohr (1981), p. 517.
4. Pais (1991), p. 184.

While normal bureaucratic and budget considerations slowed 
down developments in Copenhagen, World War One interfered 
with the fulfilment of Bohr’s expectations in Manchester. The effect 
of the War was not felt all at once. Yet, research that was not di
rectly connected to the war efforts came to a halt in stages. In winter 
1916, Evan Jenkin Evans was the only one in Manchester, except 
Bohr himself, who carried out research on atomic physics. Appar
ently, however, the lack of active atomic research around him did 
not hinder Bohr’s productivity. He continued with his investigation 
of atomic structure, which led to a considerable number of signifi
cant contributions. His publications from his Manchester period 
include an elaboration of his earlier ideas on atomic constitution, 
with a discussion of novel experimental results of Moseley, Stark 
and Franck and Hertz; corrections to the Balmer spectral formula 
due to relativity effects; a reply to a criticism by Nicholson; discus
sion of the absorption of a and ß rays; and finally a refinement of 
quantum theoretical methods.4

Bohr’s position was that of a temporary reader. Thus, unlike 
most ‘quasi-free post docs’ (to use Alexei Kojevnikov’s term), who 
would stay later at his future institute, Bohr had to teach. Teaching 
took a considerable part of his time during the terms, as he had to 
prepare new courses in a foreign language. He taught thermody
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namics, electrodynamics, electron theory and the kinetic theory of 
gases.5 Since many young men, including lecturers, left for the War, 
teaching was left to Evans, Walter Makower, Rutherford and Bohr. 
In 1916, after Makower had been recruited for military service and 
Rutherford had become preoccupied with war research, Evans and 
Bohr divided the teaching between them.6 Britain had not intro
duced conscription until March 1916. Yet, considering the high re
cruitment among university students in the early stages of the war, 
Evans and Bohr probably did not have many students.

5. Pais (1991), p. 166.
6. Bohr (1961), pp. 1096-1097, Bohr’s memory was inexact regarding Rutherford’s 
teaching, his contemporary letters shows that the Professor did teach at the first half 
of 1915, e.g. Niels Bohr to Harald Bohr, 15 April 1915, Bohr (1972), p. 577.

2. Bohr’s journey to Manchester

Bohr was due to arrive in Manchester on September 1st in time for 
the autumn term. The outbreak of the war, however, delayed his ar
rival in a month. In the summer before going to England, Niels and 
his younger brother Harald went for a vacation in Switzerland. 
They used the opportunity to attend scientific meetings in two im
portant centres of German physics: Munich and Göttingen. Niels 
did not have an earlier direct contact with German physicists. 
Harald, on the other hand, a well-esteemed mathematician in his 
own right, had already stayed in Göttingen in 1912, and could con
nect Niels to prominent colleagues there, including Born and De
bye. Niels and Harald arrived without prior invitation, yet the phys
icists in Göttingen, who had already learnt about Bohr’s atom, 
asked Niels to give a talk on the subject, almost on the spot. Bohr 
based his talk on the one that he had given at the Danish Academy 
of Sciences and Letters in the previous December. He used the same 
talk in Munich, where he met, among others, Ewald, Sommerfeld 
and Wien. As Bohr himself later observed, in these talks he provid
ed a first-hand exposition of his atomic theory, on which his audi
ence had not worked before. While this surely helped spread Bohr’s 
ideas, the meetings were also important for establishing connec- 
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tions with German scientists. Thereby they helped him maintain 
relationships with German scientists during the war. The outbreak 
of the war found Niels and Harald in Germany, but they managed 
to catch the last regular ferry back to Copenhagen.7

7. Interview with Niels Bohr by Thomas S. Kuhn, Leon Rosenfeld, Aage Petersen, 
and Erik Rüdinger, 14. 11. 1962 (session 4), Transcript at <http://www.aip.org/ 
history/ohilist/4517_4.html> (accessed 6.5.13); Pais (1991), pp. 164-165; Bohr (1981), 
p. 331, and letter to Oseen, 28 September 1914, Bohr (1981), p. 561.
8. Niels to Harald Bohr, 1 November 1914, Bohr (1972), pp. 569-571.
9. Bohr (1961), pp. 1096-1097.

After a few weeks of doubts, Niels and his wife Margrethe took 
the sea voyage to England. Due to the war, they took a detour 
around Scotland. Yet at that time the war was felt in Manchester 
only indirectly, most strongly through the absence of many young 
men. A few weeks after their arrival, Niels was cheerful and optimis
tic in his letter to Harald: “Even if less goes on here than formerly, 
it is great for me to be here. I go around and talk with everybody 
about their work, and I am looking forward to getting into a lot of 
things.”8

Yet obstacles to normal scientific research did appear. The lack 
of personnel was the gravest and most obvious problem. The labo
ratory did not only miss most of its experimenters who served either 
in the army or worked for the military, but also its German glass 
blower, who was interned by the British authorities. Without a skil
ful glass blower, Bohr had to abandon his endeavour into experi
mental physics. Following his discussion with Makower, who also 
hosted the Bohrs during their first weeks in the city, the two collabo
rated in an experiment on the excitation of mercury atoms by elec
trons, to elucidate some of the results of Franck and Hertz. But they 
had to stop after their apparatus was broken by an accident.9

Another obstacle was the isolation from current German litera
ture. Bohr stopped receiving issues of Annalen der Physik in December 
1914. Nor did other German publications arrive in Manchester. Ap
parently the Germans experienced similar difficulties in receiving 
British journals and papers. While sending to neutral countries was 
not problematic in the first part of the war, restrictions became grav
er from early 1916; private individuals were no longer allowed to 
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send printed material also to neutral countries. For example, issues 
of scientific journals that Rutherford sent to Bohr in late 1916 were 
returned to the sender. Sending pamphlets and manuscripts also 
became very difficult.“

3. Bohr’s role as mediator

Against these obstacles Bohr tried to maintain international scien
tific exchange and communication. His brother and mother in neu
tral Denmark served as a post station between belligerent countries. 
With their assistance Niels received and sent scientific papers and 
letters between the Central Powers and Britain. For example, he 
asked Harald for the issues of Annalen der Physik that he had not re
ceived and for a few other publications concerning the atom. Some 
of these publications were especially important for Niels’s work. 
Following the reception of Debye’s and Sommerfeld’s papers on 
hydrogen molecules and spectra (see Michael Eckert’s contribution 
to this volume), in autumn 1915, Bohr delayed and eventually with
drew the publication of his own paper on the topic. Atomic physics 
was clearly an international enterprise; since Bohr’s own ideas were 
elaborated by his colleagues in Germany, he could not ignore their 
contributions. Harald further transmitted and translated into Ger
man letters between Niels Bohr and Sommerfeld. He also forward
ed published papers, including some written by other British scien
tists, to Sommerfeld and the Austrian chemist Paneth. Interestingly, 
the Bohrs managed to forward British papers to scientists of the 
Central Powers also during the first half of 1916 despite the British 
restrictions.10 11 Bohr extended the communication network also to his 
British colleagues, whom he informed about the results and ideas of 
their colleagues in belligerent states. Regarding his own research, it 
is unsurprising that Rutherford showed particular interest in the 

10. E.g. Bohr to Fokker, 14 February 1916, Bohr (1981), p. 499, and Rutherford to 
Bohr, 13 December 1916, Bohr (1981), pp. 596-597.
11. E.g. Niels to Harald Bohr, 29 July 1915, Bohr (1972), p. 579; 10 October 1915, 
Bohr (1972), pp. 581-583 (mentions also letter and a paper sent to the Viennese 
chemist Fritz Paneth); Bohr to Sommerfeld, 19 March 1916, Bohr (1982), pp. 603- 
604; Sommerfeld to Bohr, 20 August 1916 in AHQP.
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works on atomic spectra and x-rays by Sommerfeld, Epstein and 
Debye, which he received through Bohr.IS

12. Rutherford to Bragg, 23 May 1916.
13. Bohr to Sommerfeld, 19 March 1916, Bohr (1982), p. 604.
14. See also Knudsen and Nielsen (2012).

Bohr, thus, served as a mediator between scientists from Britain 
and from the Central Powers. He took on this role partly for practi
cal reasons. Since scientific communication required the aid of resi
dents of neutral countries, it was easier for a citizen of a neutral 
country than for a British citizen to find the people who could help 
him. Bohr relied on his family, a highly stable social unit. In his case 
he could also count on his brother’s acquaintance with the subject 
matter and people involved. In addition it seems that the strong 
nationalism and chauvinism of the First World War, expressed by 
scientists on both sides, hindered correspondence between research
ers from hostile countries. Both German and British scientists expe
rienced difficulties in addressing each other directly; a Dane found 
it easier to address both. In writings, including in private letters, 
Bohr maintain a neutral position, expressing only his wish “that the 
present terribly sad state of the world may change soon.”12 13 That po
sition had a strong resonance in Danish political culture, which saw 
the nation as neutral and as a possible cultural mediator between 
the British and the German blocks (see Knudsen’s contribution to 
this volume). Bohr thus positioned himself in a similar place that 
his nation saw for itself in the international arena.14

Beyond delivering papers from one side to the other, Bohr tried 
to maintain the fragile link between the scientific communities of 
the hostile countries. For example, he was not content with sharing 
and discussing Sommerfeld and Debye’s work with Rutherford, but 
he also took care to report Sommerfeld that “Rutherford was most 
interested in your work.” That was true (as letters of Rutherford 
testify). Still, by informing Sommerfeld about Rutherford’s inter
est, Bohr implied that the German work and scientists were respect
ed in England even during the War, and that the link between the 
two communities was not totally cut. In this way, Bohr built a bridge 
between the two scientists, and thereby between their communities, 
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as they were influential figures among German and British physi
cists respectively. One can thus discern a deliberate effort by Bohr 
to maintain an international community despite the hostilities. He 
continued with that after returning to Copenhagen, to which he 
invited both Sommerfeld and Rutherford. Sommerfeld had visited 
during the war; Rutherford arrived only in 1920. After the war Bohr 
made such an effort to restore scientific international cooperation 
public, fitting the national mediating policy of his country. This was 
not a novel turn of the now-famous and powerful professor. Bohr 
had made real efforts to reconcile scientists of belligerent countries 
already under the difficulties of the war and before releasing public 
statements in the friendlier situation of interwar Denmark.

4. War research in Manchester

Although Bohr kept a neutral position in writing, he did hope for a 
British victory, and most probably expressed that in personal con
versations with his colleagues. This attitude is implied in a letter 
that he sent to Rutherford two weeks after the Allies’ victory. Con
gratulating his British colleague for the “defeat of german (sic) mil
itarism,” he added:

I remember, as if it was yesterday, all the times I sat in your study and 
you developped (sic) for me your views on the different phases up 
and down through which the war went, and how your unflinching 
belief in a happy end was always able to comfort me, however down
hearted I could feel myself at times.15

15. Bohr to Rutherford, 24 November 1918, in Rutherford’s papers at Cambridge 
university archives and a copy at Bohr’s paper in Niels Bohr Archive, both available 
also in AHQP. For Bohr’s joy for the results of the war see also Bohr to Richardson 
25 January 1919 (AHQP).

This preference, however, did not make him a part of the British war 
effort. It probably did, however, help to make Bohr’s British col
leagues less anxious about the possibility that he would learn some
thing about the subject of their war research. The physical condi- 
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tions in Manchester and Bohr’s personal relationships hardly 
allowed keeping full secrecy from him. Most of Rutherford’s war 
research was done at the basement or the ground floor of the phys
ics department building, by the corridor through which everyone, 
including the Dane, passed.16 The latter most probably knew that 
his colleagues were researching on means for submarine detection.

16.1 thank Neil Todd for the detailed information regarding the location of the water 
tank.
17. Galvez-Behar (2005); Roussel (1989); MacLeod and Andrews (1971); Seth (2010), 
p. 74.
18. In May 1917 Rutherford went to the US, where he informed American scientists 
about the progress of their British colleagues. Apparently, after his return, and the 
closure of the Board in September 1917, he could find time for atomic research 
although he was still engaged in war research (Hughes 2008); but see also 
Rutherford’s letter to Bohr 11 May 1918, in the Niels Bohr Archive and AHQP.

Considerable war-related research began in Manchester in the 
summer of 1915. Only around that time was science itself, rather 
than individual scientists, mobilized on large scale for the war effort 
on both sides. It took quite a few months of stalemated warfare for 
officers, politicians and civilians to realize that the war would nei
ther change its character nor end soon. Some of them, although far 
from all, recognized that scientific knowledge and methods could 
be helpful in developing military technology for the specific needs 
of the war. In Britain the replacement of Churchill by Balfour as the 
First Lord of the Admiralty led to the establishment of its Board of 
Research and Invention in July 1915.17 Rutherford was nominated 
to the Board’s general panel and to its subcommittee, which dealt 
with submarine detection, among other things. Submarine detec
tion became also the topic of Rutherford’s own research, which he 
pursued with characteristic energy for about two years.18 Until the 
second summer of the war, Rutherford continued with his research 
on the atom and x-rays. On June 1st 1915, Bohr could still justify his 
stay for another year in Manchester by reference to laboratory work 
related to his own theoretical undertaking. He commented that 
“[tjhe work at the laboratory is going nearly as usual although there 
are much fewer young people than usual, and especially no foreign
ers expect me.” As much as the research at that stage could be seen 
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as “nearly usual,” very soon it changed. In February 1916 Bohr 
wrote to his former teacher that “Rutherford is giving all his time to 
work in connection with the war.”19

ig. Bohr to Christiansen, 1 June 1915, Bohr (1981), pp. 494-495; Bohr to Fokker, 14 
February 1916, Bohr (1981), p. 501.
20. Wood (1962), p. 10.
21. Katzir (2012). On the use of Max Wien’s work see Rutherford to Bragg, 11
November 1916.

For this war research, Rutherford recruited two young lecturers 
Harold Gerrard from the adjunct department of electrical engineer
ing and his former student Albert B. Wood from the University of 
Liverpool. The three experimented “with various possible sound
receivers for use under water,” until October.80 Then Gerrard and 
Wood left for the naval experimental station, and Rutherford con
tinued the research with two students, James H. Powell and J.H.T. 
Roberts, and with his laboratory assistant William Kay. Detecting 
submarines by the noise they make with under-water microphones, 
termed hydrophones, continued to be Rutherford’s main effort. 
From summer 1915 until after Bohr had left Manchester the group 
followed two major lines of research. In the first they examined the 
underwater behaviour of different diaphragms and microphones in
formed by the mathematical theory of Horace Lamb. For this re
search Rutherford no longer consulted papers on electrons and ra
dioactivity like those authored by Wilhelm Wien, but turned to 
reading the works of his cousin Max Wien on issues like the tele
phone diaphragm. The second line of inquiry included testing, im
proving, designing and constructing particular hydrophones. De
signing receivers sensitive to the direction of sound occupied much 
of Rutherford’s attention, leading, among other results, to a joint 
patent with another established physicist, William H. Bragg, who at 
the time headed the naval experimental station.81

By summer 1915 the war, then, was strongly felt at Manchester 
University. Most of the research of those who stayed in Manchester 
was devoted to war-related issues. Rutherford’s administrative roles 
on the board and submarine committee took him out of town to oc
casional meetings. Earlier, when the strongest effect of the war re- * 20 21 * 
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suited from the absence of many young men, Bohr could still regard 
the situation as “nearly usual.” This was no longer so, when the war 
directly affected the activities of the civilians who stayed at home. It 
is this strong effect of the First World War on the life and activities 
of civilians that characterized it as a “total war.” The mobilization of 
science, scientists, engineers and technicians to the war was one im
portant aspect among those that made the war total. Rutherford 
took part in the civilian mobilization to the war effort. So did his 
university, which continued paying his and his mechanician’s sala
ries and a fellowship for Roberts, and provided facilities for the war 
research.88 In effect, the university helped to fund the war.

22. Rutherford to Paget, 3 April 1916, in “Rutherford’s file.”
23. For Rutherford’s own research see in addition to the quotations from Bohr and 
his letters (see below), in his research notebooks held at Department of Manuscripts 
& University Archives, University Library, Cambridge, and Hughes (2008). On his 
interest in atomic physics see Niels to Harald Bohr 10 October 1915, Bohr (1972), 
and Rutherford to Bragg, 23 May 1916.
24. Cf. J.L. Heilbron, “Nascent Science - The scientific and psychological background 
to Bohr’s Trilogy,” in Aaserud and Heilbron (2013), and Beller (2001).

Still a total war does not mean that all moments and aspects of 
life were directed at defeating the Central Powers. This was not even 
the case at the front, and clearly was not at the “home front.” People 
continued living their lives and also followed interests unrelated to 
the war. Evans, for example, pursued his research on the atom. Bohr 
continued correspondence across the borders including with Ger
mans, even under restrictions unknown in peacetime. He could also 
find interest in the scientific problems of his concern among those 
left in Manchester. Rutherford had hardly conducted any atomic 
research himself in 1915-16, but he did continue to show great con
cern for atomic physics. During this period he discussed with Bohr 
the Dane’s own ideas and those of Sommerfeld and Debye.83 So 
while not surrounded by physicists actively investigating the atom, 
as he had expected, Bohr still enjoyed the interest, discussion and 
encouragement of Mancunian physicists. Regarding his known 
preference to elaborate his ideas through dialogue,84 this interest in 
his research certainly contributed to his productivity during his stay 
in Manchester.
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5. Rutherford’s attitude towards the war research and 
international cooperation

Rutherford himself was quite ambivalent about war research. He 
devoted almost all his research time for the task, but he was not 
happy about it. At the end of a letter to Bragg from May 1916 that 
discusses submarine detection, Rutherford expressed regret that he 
and his colleagues could not study the atom. He told Bragg about 
Sommerfeld and Epstein’s recent progress in explaining “the finer 
points of the hydrogen and other spectra,” and about Debye’s new 
experiment with x-ray diffraction in silica powder and benzol, a 
subject of particular interest for Bragg. He then commented:

It is a great pity that the work in England on this subject [atomic and 
x-ray physics] has stopped so completely. The neutrals and the Ger
mans seem now to be collaring that field rapidly. . . It is a pity that it 
is so difficult for us now to devote our attention to the pure science 
problems.25

25. Rutherford to Bragg, 23 May 1916.
26. See Eckert’s contribution in this volume.

Unlike the impression implied by Rutherford, German scientists 
were also distracted from “pure science” by war research. Sommer
feld lingered with his extension of Bohr’s model by his work on 
“problems of war physics.”26 Like Bohr, Debye was a neutral citizen 
working in a belligerent state. P. S. Epstein was a Russian subject 
who worked under police surveillance in Munich.

Regrets for leaving atomic physics and anxiety of losing ground 
in the field did not mean that Rutherford objected to the war re
search as such. On the contrary, Rutherford called for the applica
tion of science for military ends. He believed in the practical value 
of scientific research for technology in general and for the needs of 
the war in particular. When Wood told Rutherford that he was 
planning to join the air force, the Mancunian professor suggested 
that he would contribute more to Britain by doing research for the 
Navy than by flying. A few months later, in September 1915, in his 
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obituary of Henry Moseley, Rutherford expressed the same view in 
public:

Our regret for the untimely end of Moseley is all the more poignant 
that we cannot but recognise that his services would have been far 
more useful to his country in one of the numerous fields of scientific 
inquiry rendered necessary by the war than by exposure to the chanc
es of a Turkish bullet.27

27. Rutherford (1915), p. 34; Wood (1962), p. 10.
28. Bohr to Rutherford, 24 November 1918. See also Bohr to Richardson, 25 January 
1919.

He did not question the importance of fighting and winning the 
war and the conclusion was thus clear. Yet, there is a difference be
tween what one believes one should do and what one wishes to do. 
Following his judgement, Rutherford devoted his research to the 
war, but he still wished that the situation would be different and 
that he could have returned to “pure science problems.” Bohr 
showed empathy with this position in his post-war letters to Rich
ardson and Rutherford. “[Hjow happy you must be now again to 
be able to work in the laboratory as in old days,” he wrote the lat
ter.28 Rutherford’s attitude can explain his early partial return to 
atomic physics in late 1917. Other researchers, like Rutherford’s 
former students Robert Boyle and Wood, found their war research 
interesting enough to pursue connected questions after the armi
stice.

Rutherford’s ambivalence towards the war research might have 
been connected to what seems to be openness towards his German 
colleagues. In later years Bohr recalled that “[wjith his liberal hu
man attitude, Rutherford had tried to obtain permission for the 
[German] glass blower to continue his work in England in the war 
time.’’(Bohr 1961, 1097) An attempt to reduce hostility towards 
German scientists among his compatriots can be seen in a comment 
that he made in the above-mentioned letter to Bragg:

It is interesting to note that both neutrals and the Germans are quite 

507



SHAUL KATZIR SCI.DAN.M. I

appreciative in their references to the work of yourself, Moseley and 
others, in this field. They always speak of the Laue-Bragg theory of 
diffraction.

Recognition is almost always a sensitive issue among practitioners. 
During the war it became also a contentious national issue. In late 
1914, Wilhelm Wien wrote a proclamation that urged German sci
entists to oppose the “unjustified English influence” and to prefer 
authors using their own language in citations and attributions. 
Sommerfeld exposed a similar worry about the credit given to Ger
man scientists after the war. In a letter to Bohr he appreciated

the extraordinary liberal and faithful manner with which you ac
knowledge in your papers [of December 1918] my own results and 
those of my disciples. Thereby the colleagues in the hostile countries, 
who otherwise tend to deny German accomplishments, will be forced 
to realize that even during the war German science could not be sup
pressed.29

29. Quoted in Michael Eckert, “Sommerfeld’s ‘nursery’: The emergence of the 
Munich quantum school” (unpublished manuscript).

With the nationalistic overtones that end the quote, it is not surpris
ing that Sommerfeld was among the sixteen who signed Wien’s 
proclamation, although with some reservations; Sommerfeld 
thought it would be wiser not to publish it but to keep it for internal 
guidance. Still, his signature did not seem to influence his practice; 
Rutherford found that Sommerfeld, like his colleagues, continued 
to give due credit to British authors.

More significantly, the Mancunian physicist regarded the Ger
man fair practice as worth noting for his British colleagues. In this 
step he tried to lessen his compatriots’ hostility towards German 
scientists, which grew during the war. Rutherford reported that the 
enemy was fair to the British, implying that the British should be
have similarly towards the Germans. Thereby he tried to remove 
one unnecessary source of mutual anger between the scientists of 
the belligerent states. Rutherford, then, seemed to keep his commit- 
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ment to restoring the international character of science after the end 
of the war, a task later taken on by Bohr. Apparently, Rutherford’s 
attitude was not so far from that of his young Danish guest. As dis
cussed above, being a citizen of a neutral state, which saw its task as 
mediating between the two sides, Bohr could be and was more ac
tive in maintaining the fragile connections between physicists be
hind the two sides of the front line. It is an open question whether 
Bohr influenced Rutherford, the senior influenced the junior, or, 
more plausibly, they mutually enhanced their earlier belief in the 
merits of international scientific research, which they made efforts 
to keep despite the impediments introduced by the war.
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Abstract

toO

The Bohr model arrived in Budapest very early, in No
vember 1913 almost simultaneously with the publica
tion of the last paper of Bohr’s trilogy. This fast recep
tion was not unique but Hungary did not excel with 
front line researches in the field of atomic structure. 
Later famous nuclear physicists like Leo Szilard, Eu
gene Wigner or Edward Teller were still too young to 
contribute to the reception of the Bohr model. The 
main actor in the reception was George Hevesy, Bohr’s 
Hungarian friend and colleague. Instead of research 
programs, a special genre, philosophical reflections on 
science provided context for the reception. This con
text interpreted the Bohr atom differently from the re
search context.

Key words: Bohr atom; Georg von Hevesy; science in 
Hungary; philosophical reflections.

The Bohr atom was first mentioned and explained publicly in a lec
ture in November, 1913 in Hungary. This took place almost simul
taneously with the appearance of the last part of Bohr’s trilogy, “On 
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the Constitution of Atoms and Molecules.” According to the print
ed version, the lecture provided a state-of-the-art report, including 
X-ray spectroscopy, the Geiger-Marsden experiment, the nucleus, 
and Rutherford’s planetary model and its stability problem. This 
problem was solved by Bohr on the basis of the quantum hypothe
sis which also explained various spectroscopic results and the peri
odic system.1 2

1. The lecture was delivered in the session of the Mathematical Physical Society in 
November 1913, but its text was published somewhat later: Hevesy (1914) and 
(1915).
2. Kragh (2012).
3. Kuhn, Segré, and Heilbron (1963).

As we can learn from Helge Kragh, among others, Bohr dis
cussed his ideas with some colleagues, like Rutherford, Ehrenfest or 
Sommerfeld earlier in 1913. But as a public reaction to Bohr’s ideas, 
the lecture in Budapest seems to be one of the earliest.8 This was a 
public event rather than a discourse of esoteric specialists.

The scientific community of Budapest was not known as a center 
of research on atomic structure; in fact, it was peripheral. Hence, 
the Budapest reception might show another side of Bohr’s atomic 
model than that seen by specialist experts.

1. George Hevesy in 1913

The speaker was a twenty-eight-year old chemist, Hevesy György, or 
as he became known in international science, Georg von Hevesy or 
George de Hevesy. About a year before his Budapest talk, in 1912, he 
had met Bohr in Rutherford’s Manchester laboratory and they be
came friends. Previously, Hevesy worked in electrochemistry and 
inorganic chemistry. In Manchester he learned to handle short half
life radioactive materials and he learned about all the exciting ideas 
born there, including the structure of the atom and the problem of 
placing radioactive elements in the periodic system. He often dis
cussed all these matters with Bohr, who, according to Hevesy’s ac
count, devised his main ideas in 1912. The writing took a year for 
Bohr.3 Yet, in a letter dated from Budapest on 15 January 1913 Heve-
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sy asked Bohr about the questionable stability of Rutherford’s atom
ic model.4 In his reply on February 7, Bohr explained his basic ideas 
concerning the structure of atoms.5 “Taking Planck’s theory of radia
tion into account,” Bohr wrote that “we can in a simple way get an 
answer of our questions” and he summarized his views on the vol
ume of atoms in relation to the chemical bond, the interpretation of 
the periodic system, his “hope of a detailed understanding of what 
we may call the ‘chemical and physical’ properties of matter” and 
some other points, but without any technical details and much phys
ical argumentation that could be incomprehensible to a chemist.

4. Hevesy wrote Bohr: “Lately I have studied Rutherford’s atomic model, in 
particular its handling the problem of stability and noticed the difficulties in case of 
heavy atoms compared with light atoms, such as H atom that contains one electron 
only.” Hevesy to Bohr, 15 January 1913. Niels Bohr Archive (NBA), Niels Bohr 
Scientific Correspondence.
5. Bohr to Hevesy, 7 February 1913. NBA. George Hevesy Scientific Correspond
ence.
6. Paneth and Hevesy (1913).

All these appeared fully convincing to Hevesy, who became one 
of the early supporters of the Bohr atom. It helped him interpret his 
research subject related to the periodic system. In 1913 Hevesy was 
extremely busy. He established close contact with the well-equipped 
Viennese Radium Institute, in particular with the director, Stefan 
Meyer, and Fritz Paneth, a physical chemist of Hevesy’s age. Heve
sy worked hard on the exploration of the physicochemical and elec
trochemical properties of radioactive elements, such Actinium, Po
lonium, Thorium-D, Radium D, E, F, Ionium, and on their chemical 
separation. He took part in establishing the displacement law, and 
speculated about the radioelements’ places in the periodic table. 
Gradually, he came to the conclusion together with others, like 
Fleck, Russell, Darwin and Soddy, that some radioactive elements 
are chemically inseparable from each other. Relying on inseparabil
ity, Hevesy and Paneth worked out the radioactive indicator meth
od in 1913.6 Hevesy, however, did not work in spectroscopy.

He lived in Budapest, started to work at the University of Buda
pest, and recruited some collaborators, like Elisabeth Rona, Laszlo 
Zechmeister and Gyula Groh. He habilitated to become Privatdozent 
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of chemistry in early 1913 with a lecture titled “The features of elec
tron and the constitution of the atom,” published in a Hungarian 
chemical journal.7 In this text among many other things Hevesy 
wrote about Rutherford’s model but did not mention Bohr’s theory, 
which he only mentioned later in 1913.

7. Hevesy (1913).
8. In German: „Ich denke dir dass du Prof. Meyer über das Bohrsche System 
informiert hast.” Hevesy to Paneth, 11 August 1913. This correspondence is stored in 
Berlin: Fritz Paneth Papers, Archiv zur Geschichte der Max-Planck-Gesellschaft, 
Berlin-Dahlem. I am grateful to Siegfried Niese for generously presenting me with 
copies.
g. Hevesy to Bohr 23 September, 1913. NBA George Hevesy Scientific 
Correspondence.

Meanwhile, Hevesy commuted between Budapest and Vienna to 
enjoy the favourable research conditions and to collaborate with 
Paneth. Their voluminous correspondence shows that Hevesy cir
culated Bohr’s idea in Austria also. In August 1913, Hevesy thanked 
Paneth for informing Paneth’s boss, Stephan Meyer, about the sys
tem of Bohr.8 In September, after meeting Einstein in Austria, 
Hevesy sent the often cited letter to Rutherford about his conversa
tion with Einstein, who said that “this is an enormous achievement. 
The theory of Bohr must be then wright [tic].”9 Hevesy was an early 
propagator of the Bohr atom.

2. Problematic reception: Research

Based on the early presence of the Bohr atom, it could be assumed 
that science was very lively in Hungary in the early 20th century. This 
period brought up an extremely successful generation of scientists, 
including George Hevesy and his later assistant at the Budapest 
University, physical chemist Michael Polanyi. The younger genera
tion, such as Eugene Wigner, John von Neumann, Leo Szilard, Ed
ward Teller, and others who later in their life contributed signifi
cantly to various parts of physics related to or originated in the 
Bohr atom. They were, however, mere high school students in 1913. 
It could be supposed that science was as lively in Budapest as mu
sic, producing Bartok, philosophy, producing Lukåcs and Mannhe
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im, or the internationally less well-known poetry. This is why Bohr’s 
model found its way to the local researchers very soon after its crea
tion.

However, this was not the case. The early presence of the Bohr 
atom in the Hungarian press does not mean that it immediately be
came part of the local research programs. The audience for Hevesy’s 
lectures and articles obtained information about the Bohr model, 
but there is no sign of any reaction to it, not to mention any influ
ence on research or teaching in the next couple of years, including 
the First World War and the subsequent radical political events. 
The sociological and cognitive context might explain the neutrality 
of researchers.“

In principle, the Bohr atom could be received both by the phys
ics and the chemistry community. However, the small group of 
physicists was dominated by Lorand Eötvös who was sixty five, 
head of department since 1878. For several decades he concentrated 
on the extremely precise measurement of the gravitation constant 
and his assistants had to help him in this. A notable exception was 
Gyözö Zemplén, who was expelled to the Technical University, the 
only other university in Budapest. Zemplén worked in thermody
namics and published results concerning the theory of shock waves. 
Unlike Eötvös’ group, Zemplén was open to the latest results of 
physics, including radioactivity, the theory of relativity, and the 
quantum hypothesis. Although he did not do any research related 
to these subjects, he wrote about them in his popular articles. He 
did not, however, write about Bohr’s theory.

Because of the research subjects of this community, the Bohr 
model and atomic structure in general were not relevant. Research
es in spectroscopy started in the 1930s at the Technical University.

On the other hand, the chemistry community organized a small 
radioactivity institute. It was connected to the II. Institute of Chem
istry, headed by the sixty-nine years old Béla Lengyel, who died in 
1913. As a student of Robert Bunsen, Lengyel used the spectroscope

io. The historical contetxt, the history of institutions and activities of the scientists 
mentioned in this section are detailed in Szabadvåry and Szokefalvi-Nagy (1972) 
and in Pallo (1992).
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as a device in his work in analytical chemistry, without engaging in 
the physical theory of spectroscopy.

His relationship with radioactivity was similar. Lengyel was the 
first doing research in radioactivity in Hungary in the last years of 
the 1890s, but the radioactivity institute was directed by his adjunct, 
Gyula Weszelszky. Lengyel’s institute worked in inorganic chemis
try and chemical analysis. Radioactivity seemed to them a new 
property that helped them to find new chemical components in the 
local ores and water of springs and in Lake Balaton. They worked 
out measurement methods, and constructed devices for measure
ments, but they did not immerse themselves in the relevant theo
retical complexity of the phenomena. This was a natural historical 
research program, which aimed to map and to describe local sur
roundings, to which the Bohr atom did not seem to add new per
spectives. Hevesy could have established a connection between this 
group and the front line of researches, but he had no contact with 
the radioactivity institute.

Hevesy worked at the III Institute of Chemistry, which was un
der organization by Gusztåv Buchböck, a physical chemist and dis
ciple of Wilhelm Ostwald and Walter Nernst. This was the first in
stitution of physical chemistry in Hungary. The forty-four years old 
Buchböck was a specialist of reaction kinetics, ion hydration and 
electrochemistry, but without any connection to the subject of 
atomic structure. As a relatively young person, he was thought to be 
open-minded, and he was friendly and supportive of Hevesy, a 
young expert in electrochemistry. Some years later, Buchböck suc
cessfully nominated Hevesy to be appointed to a full professorship.

In short, neither in physics nor in chemistry could research pro
vide any context for the reception of the Bohr model because the 
subjects and the approaches avoided the theoretical issues that Bohr 
touched upon.

3. Natural philosophy

There was, however, another genre of scientific literature that did in 
fact provide context to the reception of the Bohr model. This was 
the writings of scientists and science writers on large historical and 

516



SCI. DAN. M. I THE BOHR MODEL’S EARLY RECEPTION IN HUNGARY

philosophical issues related to their fields. This cannot be called 
popular science, because the aim was not to provide information 
about some results in a non-technical simplified way to a non-pro- 
fessional audience. The authors of this genre did not use strict phil
osophical or scientific language and argumentation; rather they 
provided their own reflections on the state of the wide area of their 
interest. Many journals in Hungary published natural philosophi
cal articles in Hungary and other European countries, including 
professional periodicals and the journals that spoke to a wider, edu
cated audience.

In Hungary, the authors were mostly recruited among university 
and high school teachers, but many articles of this type were trans
lations of texts published in foreign, mostly German, journals.

Many natural philosophical articles addressed the issue of “mat
ter.” They spoke about the origin of matter, primordial matter, 
changes of matter, atomism, Prout’s hypothesis, the electron, the 
new alchemy and so on. Some of them connected matter with radia
tions, like X-rays, radioactive rays, N-rays and other mysterious ra
diations. The existence of atoms was also a recurrent subject. New 
scientific results often enlarged the framework. The decaying atom, 
the structure of the atom, and the changing chemical elements be
longed to the subject.

The pattern was exemplified by Ödön Székely’s article, titled 
“Newer theories about the structure and evolution of matter”.11 The 
paper started with atoms and molecules as building blocks of mat
ter. The electron was even smaller; it did not have mass, only elec
tromagnetic features. Then followed cathode rays, X-rays, and ra
dioactive rays, proving that matter tends to dematerialize. The 
investigation of uranium, thorium and actinium showed the decay 
of matter. Referring to the popular French amateur physicist, Gus
tave Le Bon, Székely explained that ether and matter were two ex
treme poles in the world. Atoms consised of electric vibrations and 
they were also little solar systems - concluded Székely without refer
ring to Rutherford.

ii. Székely (1913).

This narrative provided context for the Bohr atom. Matter could 
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be shown as distributed unevenly in the universe, exhibiting a par
ticular structure that was manifested in the large solar systems and 
in the construction of the atom. In this approach the Sun corre
sponded to the nucleus, while the planets to the electrons. Hence, 
in the late 1910s Rutherford’s model attracted more interest in this 
literature than the Bohr atom which appeared to be a somewhat 
refined variant of the Rutherford model without changing its es
sence.

Hevesy’s lecture, delivered in 1913, can be considered as a popu
larization, i.e., a simplified and confident summary of scientific re
sults, including the Bohr atom, although he started with the state
ment that atoms exist and they are not the smallest particles. By 
1916, however, he found his way to the natural philosophical gen
re.18 In a paper, Hevesy discussed the changing meaning of the term 
“chemical element”. He started with Boyle’s and Dalton’s terms, 
and showed the difficulties caused by the phenomena of isotopy, 
changes of elements, the displacement law, X-ray spectroscopy and 
the problem of placing the elements in the periodic system . Based 
on the Rutherford-Bohr model, “chemical element” needed a clear 
definition that helped to interpret these phenomena. Hevesy sug
gested accepting Fritz Paneth’s views, published in a philosophical 
study on “element,” saying that an “element” is a chemically indivis
ible body.12 13

12. Hevesy (1916).
13. Paneth (1916). Paneth published a seminal philosophical paper on the issue of 
chemical elements: Paneth (1931). English translation as Paneth (1962). This study 
is part of the current debates in the philosophy of chemistry. See in particular the 
writings of Eric Scerri (2007).
14. Mende (1915). Mende (1917).

Hevesy disseminated Bohr’s ideas in several talks in various sci
entific societies without any sign of intellectual resistance of his au
dience.

In 1915 and 1917, another author, Jenö Mende, a high school 
teacher, referred to the “Rutherford-Bohr” model in popular sci
ence articles without a detailed explanation, and by the 1920s the 
Bohr atom became an often-occurring item both in popular science 
and in the reflective philosophical genre.14
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4. Conclusions

The Bohr model provided coherent picture of a number of theoreti
cal problems emerging in various research laboratories, related 
mainly to spectroscopy and the interpretation of the periodic sys
tem. However, to a community or a culture that was not committed 
to these subjects, the Bohr atom might say something else than to 
those communities that were engaged in the related subjects. The 
Hungarian researcher groups both in physics and chemistry be
longed to the former type. The appearance of the Bohr model was 
slow because of the fervent local research interest in non-related 
subjects, even though George Hevesy, a collaborator and friend of 
Bohr, happened to work in Budapest in 1913 and informed the local 
community about the developments in this field. This information, 
however, did not turn the Hungarian research programs toward 
Bohr’s theoretical problems.

The reinterpretation of Bohr’s model occurred in another genre, 
the historical and philosophical reflection on scientific fields. This 
kind of writings was widespread in the non-specialist scientific lit
erature. It absorbed the Bohr atom without any resistance. In these 
articles, the Bohr model was embedded into a different context 
from its original scientific one. The articles painted large pictures 
about the universe, in which the new atomic model interestingly 
resembled to the solar system. Hence, writers used the expression 
“Rutherford-Bohr” model. From their viewpoint, Bohr only a little 
bit modified Rutherford’s exciting macrocosmos - microcosmos 
idea, revealing the fundamental structure of the universe. The usage 
of quantum might appear a technical detail of secondary impor
tance.15 By this the Bohr atom received a metaphysical significance 
instead of a physical one and this metaphysics pointed to the har
mony of the universe, in which small things worked the same way as 
large things.

15. These conclusions are in harmony with Arne Schirrmacher’s views related to the 
reception of the Bohr model, see Schirrmacher (2009).
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People liked to talk about these issues in the Budapest coffee 
houses. The fast developing city loved modernity: electric lights, 
the telephone, car, X-ray, radium, Freud, and relativity. The plane
tary atomic model was one of these incomprehensible wonders.
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CHAPTER 4.4

“I shall always follow your progress with 
warm interest”: Niels Bohr as seen from 

a Swedish perspective until 1930

Karl Grandin*

* Center for History of Science, Royal Swedish Academy of Sciences. E-mail: karl. 
grandin@kva.se.

Another version was published as Grandin (2013) and largely based on Grandin 
(1999). For Niels Bohr’s atomic model, see Heilbron and Kuhn (1969) and Kragh 
(2012). For Niels Bohr, see the Niels Bohr Collected Works, Pais (1991) etc. For Niels 
Bohr’s Nobel Prize, see Aaserud (2001).

Abstract

Niels Bohr made several crucial contributions to the 
development of physics in the 20th century, not only 
through his scientific publications but also through es
tablishing an important environment for international 
collaboration at the institute at Blegdamsvej. This pa
per investigates Bohr’s activities from a Swedish per
spective. Besides all his other important activities Bohr 
took an active interest throughout his career in the lo
cal promotion of the physical sciences. Bohr as seen 
from a Swedish perspective might then not only satisfy 
the local historical interest in the matter, but also add 
elements to the understanding of Bohr’s work by tak
ing the Scandinavian connection into consideration.

Keywords: Niels Bohr; Oskar Klein; Carl Wilhelm Os- 
een; atomic theory; reception of atomic theory; Scandi
navian collaboration.
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1. The reception of Bohr’s work in Sweden

Late in August 1911, the Second Scandinavian Congress of Mathe
maticians was held in Copenhagen. That is where Niels Bohr and 
Carl Wilhelm Oseen met for the first time. Bohr had previously sent 
his doctoral dissertation to Oseen, who was a professor of mechan
ics and mathematical physics at Uppsala University. The Swede had 
appreciated the dissertation so much that he chose to devote his 
seminars during the autumn term in Uppsala to the electron theory 
of metals - the topic of Bohr’s dissertation.1 2 In a letter after the con
gress, he wrote to Niels Bohr: “For me it is one of the highlights of 
the congress that I got to know both of you [Niels and Harald 
Bohr], I believe this is a matter of importance to my whole life. I 
have learned a lot from you and have even more to learn. I shall al
ways follow your progress with warm interest.”8

1. UUA, Fakulteternas arkiv 4. Filosofiska fakultetens arkiv, Matematisk-natur- 
vetenskapliga sektionens dagböcker, FIb:9.
2. Oseen to Bohr, 3 September 1911, NBA in BSC. Bohr was on his way to England. 
Bohr to Oseen, 6 September 1911, CWOA, El:1. Also in Bohr (1972), I, p. 126.
3. Oseen to Bohr, 10 February 1913, NBA, BSC. Also in Bohr (1987), p. 755 f. Cf.
Kragh (2012), pp. 45-50.

After the congress in August 1911, Bohr had worked with J.J. 
Thomson in Cambridge as a postdoctoral researcher and moved the 
following year to work with Ernest Rutherford in Manchester. In 
the summer of 1912 he returned to Copenhagen and married Mar
grethe Nørlund, also becoming an assistant lecturer that autumn 
and teaching at the College of Advanced Technology (Polytekniske 
Læreanstalt). In February 1913, Bohr took the opportunity to visit 
Oseen, who was ill with tuberculosis and staying at a sanatorium, 
while he and Margrethe were in Sweden to attend the inaugural 
lecture of Margrethe’s brother, N.E. Nørlund, as a professor at 
Lund University. Oseen greatly appreciated the visit, since it had 
been a long time since he had met any colleague, and he had the 
chance to discuss physics with Bohr.3 * During this visit, it is possible 
that they discussed Bohr’s ideas about how a new atomic model 
could conceivably explain the characteristic line spectra of various 
elements, but a letter to Hevesy from this period mentions nothing 
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about any such ideas. Otherwise at precisely this time, Bohr became 
interested in Balmer’s formula for line spectra, which in the spring 
of 1913 led him to create a theory based on an atomic model in 
which electrons moved in definite, discrete orbits around the nu
cleus of an atom and in which electrons that shifted from one orbit 
to another emitted (or absorbed) energy equivalent to the lines in 
the hydrogen spectrum. This theory was published in three parts - 
“On the constitution of atoms and molecules” - during the summer 
of 1913. Bohr described this new work to Oseen in a letter in July.4 
Oseen was critical of the quantum hypothesis, but at the same time 
anxious not to be dismissive. And as Bohr’s atomic model was pub
lished, some of his criticisms faded. When Bohr had sent the second 
part to Oseen in October, Oseen replied with a letter in which he 
expressed his admiration for the Dane’s latest work.

4. Bohr to Oseen, undated but July 1913, BSC. Cf. Oseen’s reply, 20 July 1913, BSC. 
In August that year, he sent a reprint of the first part. Bohr to Oseen, 11 August 1913, 
BSC. Bohr (1913), reproduced in Bohr (1981), pp. 161-185; cf. also pp. 103-134.
5. Oseen to Bohr, 11 November 1913, BSC. Bohr (1981), p. 552. See also Bohr to 
Oseen, 17 October 1913, CWOA, El:l, also in BSC.

What I would like to tell you first is that, although I already knew the 
direction of your thinking as well as some of its results, I was still 
surprised at one point by the beauty of your result. This was the con
nection between h and the Balmer-Rydberg constant. As far as one 
can see, on this point you have gone beyond the region of hypotheses 
and into that of truth itself. Higher no theorist can reach, and I con
gratulate you with all my heart.5

Oseen himself now tried to reconcile the development of Bohr’s 
atomic model with the established theories of electromagnetism of 
James Clerk Maxwell and Hendrik Lorentz. This required extensive 
revisions of the previous theories. Oseen therefore wondered: What 
would replace Maxwell’s equations?

There were attempts to arrange an academic appointment for 
Bohr in Copenhagen. Niels Bohr himself believed that there was 
some opposition to him among the university faculty. He thus 
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turned to his two allies Rutherford and Oseen in the hope that they 
could help him.6 The Swede wrote a very positive statement, and he 
believed that Bohr might be having difficulties with the faculty be
cause not so many members could actually understand what Bohr 
had achieved.7 A few weeks later, Bohr was able to inform him that 
his situation looked promising. Oseen’s and Rutherford’s state
ments on his behalf had been very useful. A “teaching position” in 
theoretical physics would be established, he believed.8

6. Bohr to Oseen, 10 March 1914, CWOA, El :1.
7. Oseen to Bohr, 12 March 1914; Bohr to Oseen, 18 March 1914, BSC.
8. Bohr to Oseen, 8 April 1914, CWOA, El:l.
g. Oseen to Bohr, 9 October 1914, BSC.
io. Oseen (1915). Oseen developed his criticism further in Oseen (1916a) and in 
Oseen (1916b). In Oseen (1916c) he also focuses on similar issues.

Oseen’s Swedish colleagues viewed Oseen as critical of quantum 
physics, but Bohr’s atomic model was new and promising and thus 
avoided his criticism. “I do not know any physicists now living who 
have discovered more beautiful things than those that appear to me 
to be the facts and unassailable results of your theory,” Oseen wrote 
to Bohr. He also thought that a “radical overhaul” of existing knowl
edge of physics would be needed before Bohr’s ideas made their 
breakthrough.9 io.

Just before Christmas 1915, Bohr wrote from Rutherford’s labo
ratory in Manchester and thanked Oseen for his paper on Bohr’s 
atomic model and Maxwell’s equations. In his paper, Oseen main
tained that any attempt to combine Bohr’s atomic model with Lor
entz’s electron theory was unfeasible without creating internal con
tradictions. Yet his paper should not be perceived as a polemic 
against Bohr’s theory, he insisted, but as a logical clean-up job. He 
could not go along with theories based on contradictory assump
tions.“ Bohr took the Swede’s criticism in stride and said he had 
come to similar conclusions, but from other vantage points.

I do not know what your point of view of the quantum theory really 
is; but to me it seems that its experimental reality can hardly be 
doubted, this is perhaps most evident from Bjerrum’s beautiful theo
ry, and E. v. Bahr’s papers almost seem to offer direct proof of the 
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quantum laws, or at least the impossibility of treating the rotation of 
the molecules with anything resembling ordinary mechanics.11 12

11. Bohr to Oseen, 20 December 1915, BSC. Bohr (1981), pp. 564 ff. Cf. Bahr (1914). 
Eva von Bahr was a Swedish experimental physicist from Uppsala who knew Oseen 
very well, but who was working in Berlin at that time.
12. Oseen to Bohr, 3 March 1916, BSC. Also, but with various incorrect transcriptions, 
in Bohr (1981), pp. 568 f.
13. Bohr to Oseen, 17 March 1916, draft, BSC. Also in Bohr (1981), pp. 571 ff.
14. Oseen to Bohr, 27 March 1916, BSC.
15. Kramers was only 22 years old when he set out to introduce Bohr’s theories to 
Swedish physicists. He had received a thorough education in theoretical physics at 
Leiden from Ehrenfest and Lorentz before ending up working with Bohr in 
Copenhagen. See Dresden (1987), p. 35 and p. 101.
16. Kramers to Bohr, 2 March 1917, BSC 4.2. J. L. Heilbron and L. Rosenfeld,
interview with Oskar Klein, February 25,1963. OHI - O. Klein 3(6). Cf. Oseen’s and 
Benedick’s exchange of letters in BKB & CWOA, El:l. Kramers to Bohr, 5 and 6
March 1917, BSC 4.2.

Oseen was thus positive towards Bohr’s theory, which in his opin
ion provided new hope for atomic physics.18 The two continued 
their exchange of letters early in 1916. In mid-March the Dane 
wrote that he agreed with Oseen that logical criticism of the quan
tum theory was needed, but that he probably had a more optimistic 
view of its potential than the Swede had.13 In turn, Oseen replied 
and congratulated Bohr because it appeared that the Dane would 
now finally get a professorship in Copenhagen, also praising him 
for “the brilliant way in which your theory has shown its 
fruitfulness.”14

Another phase started in the winter of 1917, when Niels Bohr’s 
young Dutch assistant Hendrik A. Kramers was traveling in Swe
den.15 From Stockholm he wrote to Bohr and explained that he 
would be giving a lecture at the Stockholm Physical Society. There 
he intended to say “something about the use of quantum theory in 
spectral lines,” a topic on which Bohr had lectured during the pre
ceding term.16 *

Kramers did not have time to cover everything he had intended 
in his lecture - he had wanted to raise just about every theoretical 
aspect of the then-prevailing atomic physics, “but that wasn’t too 
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bad; because I had, nevertheless, told enough that wasn’t under
stood.” In the discussion after his lecture, several audience mem
bers had been critical, questioning the equation hv = E}- E2, which 
is fundamental to Bohr’s theory; they maintained that an electron 
would need an “information bureau” to be able to calculate the fre
quency that would be emitted. The formula was only a formula and 
said nothing about the actual mechanism.17 Bohr had recommended 
Kramers that he should study the Swede’s papers, and Kramers did 
so to the best of his ability. Kramers also had time to visit the Nobel 
Institute in Stockholm, where he was shown an X-ray machine, and 
where he met “a Dr. Klein, who is an assistant in Arrhenius’s labora
tory”. This was the first time that Oskar Klein and Kramers met. At 
their very first meeting the Dutchman introduced Klein to Bohr’s 
theories, and they would continue along this path.18

17. Kramers to Bohr, 12 March 1917, BSC 4.2. Bohr (1976), p. 10 and pp. 652 f. Cf. 
Robertson (1979), pp. 51 f.
18. Kramers to Bohr, 17 March 1917, BSC 4.2. Kramers especially mentions Oseen 
(1915).
ig. Kramers to Bohr, 22 March 1917, BSC 4.2.

Kramers was stimulated by his meeting with Oseen, and the 
Dutchman therefore returned to Uppsala a week later. On March 
22, 1917 he wrote to Bohr and announced that he now intended to 
stay in Uppsala for two weeks. He had continued his discussions 
with Oseen on the latter’s attempts to modify the Maxwell-Lorentz 
theory to fit in with the new atomic models, but there were great 
difficulties associated with this. Kramers had also attended a semi
nar.19

One can say that Kramers in this way acted as a diplomat on 
behalf of Bohr’s atomic physics during his visit to Sweden, both by 
visiting Bohr’s old ally Oseen and by trying to win over new sup
porters for Bohr’s atomic theories by lecturing.

2. Klein and a “fruitful mysticism”

Oskar Klein’s original plan that year had been to travel to Göttin
gen to work on his dissertation on electrolytes with Peter Debye and 
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then continue on to Einstein, but since Bohr and Kramers were lo
cated along the way, he decided to visit them in Copenhagen firstly. 
His meeting with Kramers had even persuaded him to consider a 
long stay with Bohr.80

20. Of course Copenhagen in neutral Denmark had distinct advantages over 
destinations in warfaring countries. OHI - O. Klein 1(6).
21. OHI - O. Klein 2(6). Klein to Bohr, 27 March 1918, BSC 4. Bohr to Klein, 5 April 
1918, OKP.
22. Klein to Bohr, 8 April 1918, BSC 4.
23. Bohr to Klein, 29 April 1918, OKP. Klein (1973), p. 160.
24. Klein to Bohr, 2 May 1918, BSC 4.
25. Klein to Arrhenius, 21 May 1918, SAA, El: 13.
26. Klein to Arrhenius, 28 June 1918, SAA, El: 13.

After having asked Kramers for his advice and after having ap
plied for a scholarship, Klein approached Bohr directly, asking him 
first if Bohr would consider receiving him. Klein explained that he 
was interested in “quantum theory matters” and would like to work 
on a problem related to this. Bohr replied that he was “highly wel
come” to Copenhagen.81 Klein was eager to emphasize his interest 
in Bohr’s research specialty, but it was probably not only the pros
pects of quantum theory that tempted him. It was very much Bohr’s 
way of working that attracted him.88 Bohr responded that he was 
interested in Klein’s paper related to his own work on quantum 
theory and sent him the first part of “On the quantum theory of line 
spectra”, which would provide the basis for the discussion of quan
tum theory over the next few years.83 Klein also received instruc
tions on what he should read up on.84

Klein traveled to Copenhagen, and during the summer of 1918, 
Bohr introduced him to his problems and working methods. Kram
ers was still in Copenhagen as Bohr’s assistant, and when Bohr him
self was not guiding Klein in quantum theory, Kramers did so.85 
Klein worked all summer and learned a lot from Kramers and Bohr. 
“It is enormously fun to see how much of the old mechanics will be 
useful thanks to quantum theory. Theorems that not even the as
tronomers have had any use for will now be beneficial.”86

After his summer in Copenhagen was over and Klein had re
turned to Stockholm without getting to Göttingen, he wrote - this 20 21 22 23 24 25 26 
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time in Danish - and thanked Bohr for the pleasant and instructive 
stay. He also declared that “all the physicists here would be pleased 
if you came and spoke about quantum theory.”87

27. Klein to Bohr, 27 September 1918, BSC 4; Benedicks to Bohr, 27 September 1918, 
BSC 1.
28. Klein to Bohr, 29 November and 28 December 1918, BSC 4.
29. Kramers to Bohr, 28 December and 30 December 1918, BSC 4.2. Cf. Klein’s 
statement that Fredholm was trying to monitor developments in theoretical physics 
and that he was giving lectures on quantum theory and the theory of relativity. OHI 
- O. Klein 3(6).
30. Kramers to Oseen, 8 January 1919, OFA, AXXIV:2.
31. Kramers to Bohr, 27 January 1919, BSC 4.2. Cf. Robertson (1979), pp. 51 f. The 
original is “Mystik” that could be translated into either mystery or mysticism.

In the autumn Klein wanted to focus on his interest in Bohr’s own 
research specialty. “Until now I have not looked much at quantum 
theory this autumn; there is so much of the old physics that I know 
little about. But this winter I would like to get into atomic model is
sues in earnest.” He would have the chance to do this, but not with 
Bohr’s help. Bohr became ill, and Kramers then took the opportuni
ty to visit Stockholm. Klein was very pleased about this visit and in
formed Bohr that they would travel north to the Dalarna province to 
“go cross-country skiing, and he [Kramers] will teach me quantum 
theory.”88 The two young men went skiing, discussing quantum theo
ry and Klein’s electrolytes.89 From Dalarna, Kramers also took the 
opportunity to contact Oseen in Uppsala, informing him that he and 
Klein hoped they could visit the professor in Uppsala on their way 
back. It was thus Kramers who introduced Klein to Oseen.3“

A few days later, Kramers wrote to Bohr and told him about the 
lecture. Several Uppsala physicists had attended. “They were very 
interested in seeing something about the latest progress in the spec
trum line field, and I believe they lost some of the skepticism about 
quantum theory that prevails in Uppsala.” Oseen had been cau
tious in his judgment, almost hesitant, and “thought that it was all 
mysterious, yet he cannot deny that all the reasoning is sound and 
that it is a fruitful mysticism.” Kramers had also spoken in Stock
holm, but there his audience had less potential to understand the 
problems, although they were interested.27 28 29 30 31 In other words, he con-
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Figure 1. Sommerfeld, Bohr and Siegbahn on the first step of the stairs at 
the atomic physicists’ conference at Lund University 1919. Klein could pos
sibly be no. 4 from the left. Source: Niels Bohr Archives.

tinued to advocate for Bohr’s quantum physics among Swedish 
physicists when given the opportunity.

During the winter 1919 Klein told Bohr that the Swedish physi
cists would be very pleased “if you came to Sweden and talked 
about quantum theory. Kramers’s visit has also done a lot of good 
in providing Swedish physicists with more understanding of quan
tum theory.”38 Kramers had been the advance man, but unsurpris
ingly they wanted to hear Bohr himself.

32. Klein to Bohr, 7 February 1919, BSC 4.
33. UUA, Fakulteternas arkiv 4. Filosofiska fakultetens arkiv, Matematisk-natur- 
vetenskapliga sektionens dagböcker, Fib: 12-13.

Oseen too was eager to introduce Bohr’s theories to a wider au
dience in Sweden and did so at a summer course for upper second
ary school teachers in Uppsala in 1919 about “Atomic concepts in 
physics today”. The contents of these popular science lectures had 
in part been the topics of his lectures and seminar work during the 
previous academic year.32 33 The contents of the summer course were 
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published, generating extensive interest among Swedish physicists 
in the new discoveries.34

34. Oseen (1919).
35. See Newspaper Sydsvenska Dagbladet Snällposten, 8 and 11 September 1919. A group 
portrait of the attendees can be found in Hulthén (1951), p. 6.
36. OHI - O. Klein 3(6). Klein (1964), pp. 77 f.
37. ’’Lund 10-9-1919”, Niels Bohr manuscripts, NBA, NB MSS 8.3. Several different 
drafts and manuscripts for the lecture have been preserved, in both Bohr’s and 
Klein’s handwriting.
38. Klein (1922) and Klein (1923).

It was finally time for Bohr himself to present his ideas in Swe
den. In mid-September 1919 both Bohr and Arnold Sommerfeld 
lectured at an “atomic physicists’ conference” organized by Manne 
Siegbahn in Lund.35 Sommerfeld talked about the anomalous Zee- 
man effect and Bohr more generally about atomic physics and ra
diation. Klein, who had arrived in Copenhagen early that summer, 
accompanied Bohr as his assistant. He thought that it was very in
teresting to hear both Bohr and Sommerfeld lecture.36 Sommerfeld 
tried to modify Bohr’s atomic model of 1913 by calculating the elec
tron orbits in the Bohr atomic relativistically. But Sommarfeld was 
not alone in developing Bohr’s theory; in his lecture “On atomic 
physics and the problem of radiation”, the Dane himself presented 
the current form of his atomic model, in a lecture that Klein had 
helped him to write.37 38

A few years later, Klein published a two-part paper about the 
“Bohr Atomic Theory”, 40 and 50 pages in length, respectively in 
two of the first volumes of the newly established yearbook of the 
Swedish Society of Physicists, Kosmos?9, Working with these texts 
was demanding and required a lot of Klein’s time and energy.

So if it was not Bohr himself, it was Kramers or Klein who 
propagated the latest findings from Copenhagen in Sweden. In 
other words, it was not enough merely to publish the results; at 
least equally important was Klein’s and Kramers’s repeated culti
vation of Swedish physicists through conversations, lectures and 
articles.
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3. The Nobel Prize and quantum mechanics

Oskar Klein also accompanied Bohr to Göttingen in June 1922 as 
his assistant.39 Bohr had been invited there to hold the “Wolfskehl 
Lectures”. This was the occasion when Bohr met Werner Heisen
berg for the first time. The lectures were later referred to by Wolf
gang Pauli and Heisenberg as the “Bohr Festspiele”. Bohr was espe
cially impressed by the young Heisenberg, who dared to raise 
objections against Kramers’s theory of dispersion, which Bohr had 
presented. Oseen was also there, and the three Scandinavians stayed 
at the same inn on the outskirts of Göttingen.40

39. Bohr to Klein, 3 July 1922, OKP. Klein (1959), pp. 9 f.
40. Bohr (1977), pp. 23 ff. and 341-419. OHI - O. Klein 2(6). Klein (1964), p. 80. Cf. 
Cassidy (1992), pp. 127-130 and Eckert (1993), pp. 90-93. Hermann, (1977), p. 28 
and pp. 54 f.
41. Cf. Fysikermotet (1922). OHI - O. Klein 3(6). Bohr (1977), p. 25 andpp. 421-424.
42. Cf. von Bahr-Bergius to Klara Oseen, 31 August 1922, OFA AXXV.
43. Minutes 6 December 1922, §17 and 22 November §12, KVAP.
44. A good overall account of the twists and turns related to Einstein’s Nobel Prize 
is provided in Elzinga (2006). An excellent study of Bohr’s Nobel Prize is to be 
found in Aaserud (2001).

Bohr’s atomic theory, which he presented in Göttingen, was still 
mechanically based; the year before, he had successfully explained 
the periodic system using his atomic model. Late in August the 
same year, Bohr, Kramers and Klein traveled to Uppsala to attend 
the Second Nordic Physics Conference. There Bohr presented the 
main address, speaking “On the Explanation of the Periodic Sys
tem”. In Uppsala, he had occasion to meet Oseen.41 42 It was thus an 
important occasion for justifying the central role of theoretical 
atomic physics to his Nordic physicist colleagues. It was viewed as 
something of a “summit meeting” between Oseen and Bohr.48

Oseen had been elected to the Royal Swedish Academy of Sci
ences in 1921, and the following year he was elected to its Nobel 
Committee for Physics.43 After arriving home from his trip to Ger
many in the summer of 1922, Oseen sat down to write special evalu
ation reports about two of that year’s Nobel Prize candidates: Al
bert Einstein and Niels Bohr.44 The Nobel Committee produces
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Figure 2. The Bohr
Festspiele in Gottingen 

in June 1922 From 
Left: Oseen, Bohr, 
Franck and Klein, 
seated Born. Note 
Oseen’s admiring 

glance at Bohr. Source: 
NBA.

such special reports on the candidates of greatest interest each year. 
Svante Arrhenius had previously investigated Bohr’s work but had 
noted that it “must be stated that the assumptions on which Bohr’s 
atomic model are based run counter to the laws of physics, which 
we have not yet been able to dispense with.”45 As a newly elected 
member of the Nobel Committee, Oseen had thus received this sen
sitive assignment. For a long time, Einstein’s candidacy had been a 
difficult matter for the cautious Committee, and one of the five 
members of the Committee, Allvar Gullstrand, was even a sworn 
opponent of Einstein. This member had declared that it was a “mat
ter of faith” whether to believe in Einstein’s theory of relativity or 
not. Oseen, however, was positive towards the theories of relativity, 
but understood that it would be nearly impossible to award a prize

45. Arrhenius, “Short overview over Einstein’s theory concerning the photoelectric 
effect” (‘Kort översikt over Einsteins teori angående den fotoelektriska effekten’), 14 
August 1921; Granqvist et al. to the Royal Swedish Academy of Sciences, 22 
September 1920, KVANP.
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Figure 3. Oseen at the 
desk where he wrote 
his successful special 
reports on Einstein and 
Bohr in the summer of 
1922. Source: CWOA.

to Einstein for them. But the many nominations of Einstein were a 
growing problem. His solution was to nominate Einstein himself 
for the Prize based on law of the photoelectric effect. No one else 
had ever nominated Einstein on the basis of this theory alone. Due 
to the interpretation of Nobel’s will, it needed to be a clear contri
bution or discovery in order to be awarded the prize. It was thus 
important for Oseen to emphasise that the photoelectric effect was 
an unquestionable law of physics, which had been proven through 
numerous experiments. In addition, this theory was related to 
Bohr’s atomic model, which he was also assigned to investigate. 
Oseen wrote his two reports on Einstein and Bohr during the same 
summer week. Another aspect was that in 1922, there were two 
Nobel Prizes in Physics to award, both the 1922 prize and the 1921 
one that had been postponed. This suited Oseen perfectly, since 
Bohr and Einstein were intimately related in his recommendations 
and, put simply, one can view Oseen’s reports on Bohr and Einstein 
as a single package.
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The law of the photoelectric effect had been experimentally 
proven, Oseen maintained, and one of the most important proofs of 
this law came from Bohr’s atomic theory. “Einstein’s hypothesis and 
Bohr’s objectively identical frequency conditions are currently one 
of the most certain hypotheses found in physics.” Einstein had qual
ified in other areas, but his most important achievement was his 
“theory of the quantum emission and absorption of light.” And the 
most important argument was: “Nearly all confirmations of Bohr’s 
atomic theory are likewise confirmations of Einstein’s thesis.”46 If 
Bohr were to be awarded a Nobel Prize, it would be necessary to 
award one first to Einstein, whose discovery occurred earlier in time 
and was also a prerequisite for Bohr’s theory, he argued.

46. Oseen, “Einstein’s law for the photoelectric effect” (‘Einsteins lag för den 
fotoelektriska effekten’), 13 August 1922, 12 pp. KVANP.
47. Oseen, “The Bohr Atomic Theory” (‘Den Bohrska atomteorien’), 9 August 1922, 
34 pp. KVANP.
48. Fysikermotet (1922).

Atomic physics was a fruitful field, and it offered the best oppor
tunities for theorists and experimentalists to work together. Confir
mations of Bohr’s theory had come from a number of experiments, 
including Siegbahn’s mapping of the X-ray spectrum in Lund. Os
een was careful to point this out; this was the closest possible ap
proximation of his ideal of how physics research should be pursued. 
Close cooperation between experimentalists and theorists was nec
essary, he maintained, in order to prevent degeneration by one kind 
of physics or the other being pursued too one-sidedly. He ended his 
report by citing this particular aspect.

Both with regard to its already confirmed findings and with regard to 
the powerful stimulus that this theory has given to both experimental 
and theoretical physics, Bohr’s atomic theory seems to me fully wor
thy of a Nobel Prize.47

In late August 1922, the Second Nordic Physics Conference was 
held in Uppsala.48 The conference was hosted by the chairman of 
the Physics Department, but Oseen came to be regarded as the cen- 
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tral figure at the conference. The main address was given by Niels 
Bohr, “On the Explanation of the Periodic System”.49 After the con
ference, Oseen received many compliments from those who had at
tended.5“ Eva von Bahr-Bergius, who had been an associate profes
sor of experimental physics working with Knut Angstrom (and who 
was a close friend of Lise Meitner since her period in Berlin), was 
teaching at the time at Brunnsvik Folkhögskola but had traveled 
south to Uppsala for the physics conference. She was undoubtedly 
not in the centre of the physics world at this adult education institu
tion, and after the conference she wrote to Oseen’s wife that “To me 
it was a real experience to be part of this little circle who gathered 
around two personalities like Bohr and Vilhelm.”51 52 Oseen himself in 
turn thanked Bohr, writing “that what you gave us during our little 
dinner made it unforgettable for the participants.”58 The Uppsala 
conference thus represented one more step towards confirming 
atomic physics as central to physics - both theoretically and experi
mentally.

49. Oseen, draft, “2:a skand. Fysikerkongr,” OFA, BIV:1.
50. See, for example, Bohr to Oseen, 30 August 1922; Lindman to Oseen, 16 
September 1922; Holtsmark to Oseen, 13 March 1923, OFA AXXIV:l-2; and von 
Bahr-Bergius to Klara Oseen, 31 August 1922, OFA, AXXV.
51. von Bahr-Bergius to Klara Oseen, 31 August 1922, OFA, AXXV.
52. Oseen to Bohr, 31 August 1922, BSC. We do not know what Bohr talked about at 
the dinner, but one could suspect that he talked about his visions for the development 
of atomic physics. Cf. Bohr’s comment in footnote 57.
53. See Elzinga (2006), cf. also with Friedman (1981), p. 795, Friedman (1990), pp. 
198f, Friedman (1989), pp. 66 ff.

Oseen’s two Nobel reports were well-received, and on 9 Novem
ber 1922 it was announced that Einstein was awarded the reserved 
1921 Physics Prize and Niels Bohr the 1922 Prize.53 Eva von Bahr- 
Bergius, was also pleased with this result and wrote to Oseen:

More than one month ago - when the names of the Nobel laureates 
were announced - I was determined to write to you. I felt a need to 
thank you for being there and taking care of the Nobel Prizes, so that 
physicists will not embarrass themselves in the same way as the Swed
ish Academy [has]. Because your influence on these matters is very 
great, I understand very well. I would very much wish that some day
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Figure 4. The Nobel Prize decisions in Physics in 1922. Source: KVANP.

you alone would be in charge of awarding the Nobel Prize, but I am 
afraid that you write such learned things that - at least here in Sweden 
- there is no one who can judge them.

I assume that there was a controversy about Einstein’s name. His 
opponents, who succeeded in excluding the theory of relativity from 
the prize statement, have thereby simply ensured that in the future he 
will receive the prize one more time.54

54. von Bahr-Bergius to Oseen, 16 December 1922, OFA AXXIV:1. Bahr-Bergius’ 
wish that Oseen should be solely in charge is ambigious in the Swedish original; the 
phrase could also mean that she wished for Oseen to be awarded the prize, but the 
given translation conveys the most probable interpretation. The ambiguity might of 
course even have been intended.
55. Bohr to Oseen, 14 November 1922, OFA AXXIV:1.

Bohr himself was pleased at his prize, since he hoped that it would 
lead to better working conditions. In addition, he expressed great 
satisfaction that Einstein had also received the prize, since his own 
work was based on the latter’s theory55
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The task of refining Bohr’s atomic theory continued but was not 
fully resolved. Early in 1925, Oseen expressed despair about the fu
ture prospects of theoretical physics, partly due to the problems in 
quantum theory. But during the second half of 1925, the situation 
began to change. This was communicated to Oseen by his student 
Ivar Waller, who had received an eight-month scholarship to spend 
time with Niels Bohr in Copenhagen and learn about atomic theory. 
Waller wrote home to Oseen:

There seem to be plenty of problems, and it feels alluring to come to 
grips with one of them soon. Here [in Copenhagen] a lot of attention 
is being paid to the progress made in atomic theory through Heisen
berg’s latest work in Z.f.Phys. Born and Jordan have mathematically 
developed this new form of quantum theory. Their work will soon be 
published in Z.f.Phys. Pauli is said to have successfully dealt with the 
hydrogen atom in crossed electrical and magnetic fields according to 
this new method?6

56. Waller to Oseen, 28 November 1925, CWOA suppl.

In a long oft-quoted letter to Oseen from January 1926, Niels Bohr 
himself summarised the recent rapid developments in theoretical 
atomic physics. For a long time, things had looked gloomy, but now 
“we again see brighter days ahead”. What was promising for the 
future were Kramers’ and especially Heisenberg’s new ideas about 
quantum mechanics, which have “been shaped into such a wonder
ful theory by Born”. In addition, at the celebration of the 50th anni
versary of Lorentz’ doctorate in Leiden earlier that year, Bohr had 
learned about Goudsmit’s and Uhlenbeck’s electron spin hypothe
sis - that an electron spins around its own axis and thereby achieved 
a magnetic moment. At first he had been skeptical, but was now 
unreservedly enthusiastic about the spin hypothesis. “In fact, all the 
difficulties which in the last few years have accumulated in the anal
ysis of the fine structure of spectra, the Zeeman effect and related 
phenomena, seem to disappear completely.” And the problems that 
perchance were not immediately solved would, through more care
ful quantum mechanical investigations, soon be in full agreement * 
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with the correspondence principle. The new theory made it possible 
to eliminate unnecessary portions of the old theory and, in itself, 
provided a new basis for atomic physics. “Altogether, the develop
ment in this field gives ample material to reflect on the fate to which 
human conceptions of nature are subjected.” Bohr wondered 
whether it had been fortunate or not that his own theory, with its 
mechanical approach to the atom’s electrons in Kepler orbits, had 
been so successful in predicting the spectral lines of hydrogen. It 
had gradually turned out that this road was impassable, but mean
while precisely this approach had led to an interest in the problems, 
which in turn had led to quantum mechanics. Bohr was “again at 
least as optimistic as when we were together in Göttingen about the 
possibility of attaining with simple means at least a qualitative un
derstanding of the entire question of atomic structure.”57

57. Bohr to Oseen, 29 January 1926, CWOA suppl., also in BSC. Bohr (1984), pp. 
405-408, Cf. also Erik Rüdinger and Klaus Stolzenburg, “Introduction”, Bohr 
(1984), pp. 219-240.

Oseen became very excited about this letter, and he read aloud 
from it at his seminar. One of his students wondered how on earth 
Bohr had time to write such long, detailed letters to all his friends. 
Actually Bohr didn’t, but it is worth noting that Bohr was eager to 
inform Oseen in particular that a number of central problems in 
quantum physics had now been solved. Explaining things thor
oughly to his old, critical friend was important, and this says a lot 
about their scientific relationship. Bohr the pioneer wanted the ap
proval of his critic Oseen.

However, Oseen was less enthusiastic about the new quantum 
physics than he had been about Bohr’s first atomic model a decade 
earlier. But via Bohr, he was still in close contact with develop
ments in quantum mechanics. Although he showed a positive atti
tude toward the new physics when asked to present it to the gen
eral public, he was more critical toward the new variants of quantum 
physics at his seminars, in Nobel reports and in contacts with other 
physicists.
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Figure 5. Bohr’s long letter about the development of the new quantum 
mechanics, January 1926. Source: CWOA.
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4. Niels Bohr on the Nobel Committee

Another illustration of what a central role Bohr played in Sweden is 
that he was proposed in 1929 to become member of the Nobel Com
mittee in Physics.58 The background was that the term of office of an 
older member of the Committee, Vilhelm Carlheim-Gyllensköld, 
would expire in 1929. Oseen and Siegbahn thus wrote to the Acad
emy of Sciences that because of his old age, he should not be re
elected. They also maintained that this was particularly unfortunate 
since there was no other Swedish physicist who could take his place, 
especially because there was no one in the “already narrow circle of 
persons who could be considered in this selection process.”59 In a 
postscript, they stated that they had assumed that members should 
come from Stockholm or Uppsala for practical reasons, but that it 
had been pointed out to them that a member of the Nobel Commit
tee did not even have to be Swedish. If the Academy took advantage 
of this opportunity, there would be no problem at all in “recruiting 
a fully competent person, who moreover possesses exactly the qual
ifications that must be given the highest priority, considering the 
investigative work for which the Committee is responsible: a famili
arity with the new theoretical physics.”60 Their proposal was sent to 
the Nobel Committees in Physics and Chemistry for comment.61 62 
This led to forceful objections that questioned several of Oseen’s 
and Siegbahn’s arguments.6“ Oseen and Siegbahn tried to manoeu
vre the issue along. By moving one Committee member from a posi
tion with a certain term of office, they created a one-year vacant 
position on the Committee. Oseen then proposed that Niels Bohr,

58. Cf. Aaserud (2001), pp. 299 f., Friedman (1981), p. 796, and Friedman (2001), pp. 
168 f.
59. Oseen and Siegbahn to the Academy of Sciences, 6 October 1929. KVANP 1929 
1151.
60. Oseen and Siegbahn to the Academy of Sciences, 15 October 1929. KVANP 1929 
II 50.
61. Minutes §8 KVANP 9 October 1929, 21. Class minutes, 16 November 1929, II 
43-44.
62. Pettersson to Class 3 & 4, 12 November 1929. KVANP 1929 II 47-49 and §5 
KVANP, 27 November 1929, 31.
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63. Class minutes, 30 November 1929, II 59-60.
64. Siegbahn to Class 3, 28 November 11 1929, KVANP 1929, II 61-62. Cf. Aaserud 
(2001), p. 300.
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Figure 6. Siegbahn’s 
letter in which he 
recommended Bohr 
being elected to the 
Nobel Committee.
Source: KVANP

who was a foreign member of the Academy of Sciences, should be 
elected. However, there was a competing faction of the Class for 
Physics that instead proposed Carlheim-Gyllensköld. Oseen’s pro
posal nevertheless received a majority of votes (5-3).63 Manne Sieg
bahn did not attend the meeting, but he had sent in a recommenda
tion of Bohr, writing that since the Committee had to investigate so 
many Nobel Prize nominations concerning theoretical atomic phys
ics, Niels Bohr possessed the extra expertise it needed.

This would of course lead to extra (travel) expenses, but what 
was most painful was that the Committee could not find any worthy 
Swedish physicist.64 Oseen’s and Siegbahn’s attempt to modernise 
the Nobel Committee did not suceed this time around however. 
Carlheim-Gyllensköld was allowed to stay for another several years 
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on the Committee, once the issue was decided by the Academy. 
Niels Bohr was not elected, but the episode shows what an extraor
dinary position he held among Swedish physicists.

5. Epilogue

Bohr continued to play a major role for Swedish physics and for 
Swedish physicists. Several of Oseen’s students, for example Ivar 
Waller and Hilding Faxén, spent several periods at his Institute for 
Theoretical Physics. However, it took some time before Swedish 
physicist Torsten Gustafsson spent substantial time at the Institute. 
He visited as early as the mid-1920s and ventured the question to 
Kramers about the future prospects of quantum physics, but at the 
time Kramers was precoccupied with the difficulties of quantum 
physics and dissuaded the young Swede, who instead chose another 
topic for his dissertation. Gustafsson nevertheless returned. He be
gan to visit the Institute on Blegdamsvej starting in 1936, after 
which he had extensive contact with Bohr. During the war years 
when Denmark was under German occupation, Bohr was able to 
visit Sweden on a few occasions, but as the situation worsened, this 
became impossible. Finally Bohr and his family fled across the 
Öresund to Sweden in the autumn of 1943. Bohr spent a few days in 
Stockholm at Klein’s home before being flown to Britain. Once 
Bohr was able to return to Denmark after the war, people in Sweden 
were interested in both his opinions about the Swedish atomic en
ergy programme and his political opinions in general. Torsten Gus
tafsson arranged some meetings between the Swedish prime minis
ter, Tage Erlander, and Bohr with this in view. When the theoretical 
division of CERN later moved from Copenhagen to Geneva, there 
was a Nordic initiative to start a Nordic Institute for Theoretical 
Physics (Nordita) associated with Niels Bohr’s institute. Bohr and 
Gustafsson were members there and were able to maintain the exist
ing Nordic contacts - a cooperative effort that continues even to
day, though Nordita has since moved to Stockholm.
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6. Conclusion

This text investigated Bohr’s activities from a Swedish perspective. 
It thus has the traditional form of a reception study.65 But we have 
also seen how this was not only a process going in just one direc
tion. Already at the Second Scandinavian Congress of Mathemati
cians in Copenhagen in 1911, Oseen and Bohr met and recognized 
their common ambition to strengthen physics in their respective 
small countries. Oseen supported Bohr in obtaining a professor
ship and Bohr later on helped Oseen’s students. Oseen midwifed 
Bohr’s Nobel Prize and Bohr was interested in Oseen’s critique. 
Bohr’s reputation grew in Sweden and his standing eventually even 
led to him being suggested to become a member of the physics No
bel committee. The Scandinavian element continued and got even 
more pronounced after World War II through for instance discus
sions of the peaceful uses of nuclear energy with the Swedish Prime 
Minister Erlander and the establishment of Nordita.

65. Cf. Pallo (2015), this volume.
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