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The introduction of probability in the sense of quantum mechanics,
that is, probability as an inherent feature of fundamental physical law,may
well be the most drastic scientific change yet effected in the twentieth
century. At the same time, this advent marks the end rather than the
beginning of a scientific revolution, a term often used, rarely defined.

In the political sphere, revolution is a rather clear concept. One
system is swept away to be replaced by another with a distinct new design.

Tt is otherwise in science where revolution, like love, means different
things to different people. Newspapermen and physicists have perceptiqns

of scientific revolution which need not coincide. Nor would individual
members in these or other professions necessarily agree on what a scientifie
revolution consists of. To exeﬁpliﬁg, the London Times of November 7, 1919,
headed its first article on the reﬁz;tly discovered bending of light by:
"Revolution in science ... Newtonian ideas overthrown." Einstein, on the
other hand, in a lecture given im 1921, deprecated the idea that relativity
is revolutionary and stressed that his theory was the natural completion of
the work of Faraday, Maxwell and Lorentz. I happen to share Einstein's
judgment, while other physicists will quite reasonably object that the
abandonment of absolute simultaneity and of absolute space are revolutionary
ateps.

However, all of us would agree, I would think, that the Times statement
"Newtonian ideas overthrown," being unqualified, tends to create the in-
correct impression of a past being entirely swept away. That is not how
science progresses. The scientist knows that it ie in his enlightened self-
interest to protect the past as much as is feasible, whether he be a Lavoisier
breaking with phlogiston, an Einstein breaking with the aether - or a Max Born

breaking with classical causality.



These tensions between the progressive and the conservative are never
more in evidence than during a revolutionary period in science, by which I
mean a period during which, first, it becomes clear that some parts of past
science have to go, secondly, it is not yet clear which parts of the older
edifice are to be reintegrated in a wider new frame. Such periods are 7
initiated either by experimental observations which deo not fit into accepted
pictures or by theoretical contributions which make successful contact with
the real world at the price of one or more assumptions which are in violation
of the established corpus of theoretical physies.

The era of the so-called "old quantum theory”, the years from 1900 to 1926,
constitutes the most protracted revolutionary period in modern science. Six
theoretical papers appeared during that time which are revolutionmary in the
above sense: Planck's on the discovery of the quantum theory (1900); Einstein's
on the light-quantum (1905); Bohr's on the hydrogen atom (1913); Bdse's on
what came to be called quantum statisties (1924); Heisenberg's on what came to
be known as matrix mechanics (1925); and Schroedinger's on wave mechanics (1926).
If these articles havé cne thing in common it is that they contain at least
one theoretical step which (whether the respective authors knew it them or
not) could not be justified at the time of writing.

The end of this revoluticnary period (I consider only mon-relativistic

quantum mechanigs) is not marked by a single date, nor was it brought about

by a single person, but rather, in first instance, by three: Heisenberg,

Born and Bohr. This end phase begins in 1925 with the abstract of Heisenberg's
extraordinary first paper on quantum mechani;s. It reads: "In this paper

it will be attempted to secure foundations for a quantum theoretical mechanics
which is exclusively based on relations between quantities which in principle
are observable". With these words Heisenberg states specific desiderata for

a new axiomatics. His paper is the correct first step in the new direction.



The end phase continues in 1926 with Born's remarks on probability and
causality, and comes to a conclusion in 1927 with Beisenberg's derivation of
the uncertainty relations and Bohr's formulation of complementarity. At
that stage the basic ingredients had been provided which, in‘the course of
time, were to allow for a consistent theoretical foundation of quantum
mechanics, including a judgment of the way the new theory contains the

old, the classical, theory as a limiting case.

Let us now turn to Max Born, illustrious descendant of the tribe of
Abarbanel.

Born and the quantum: 1912-1926

P
Born's active preoccupation with the quantum theory dates back to 1912

M
when he and Theodore von Ké}mén became the f£irst to apply quantization
conditions to collective modes of a many~body system: the mormal modes of
vibration of a crystal lattice. Ionic crystals were again at issue when,
six years later, Born and Alfred Landé'computed some of their properties in
terms of Bohr's model for an ion: a set of electrons moving in planar orbits
around the nucleus. They found that this picture did not work well,:crystals
were predicted to be too soft, thelr compressibility came out too high. The
calculations indicated "that the electrons inm a single atom are uniformly
distributed in [all] spatizl directions rather than in plane disks... The
planar orbits do not suffice, the atoms are evidently [three-dimensional]
spatial structures...in this sense we must demand a generalization of the
theory,“l a statement memorable for its prescience. Born's third confronta-

tion with the limitations of the old quantum theory occurred another five

years later, in 1923, This time he addressed that mystery, celebrated in



its time, the spectrum of the helium atom. As others had found before him,
he and Heisenberg, his young assistant, concluded that the quantum rules of
the old theory could not even qualitatively account for the helium spectrum.
Thus Born belongs to that select group of physicists who knew early
that there was some truth to the old quantum theory, yet that this theory
(if indeed one may call it that) was in deep ways totally inadequate. He
had arrived at this knowledge not as a cynic on the side lines, but as a
participant in the struggles with quantum problems. He knew that a new mechanics
was called for, and he was the one to name it, in 1924, even before its
discovery: quantum mechanics.2
Heisenberg said later that "It was the peculiar spirit of G;Etingen,
Born's faith that nothing short of a new self-consistent quantum mechanics was
acceptable as the gdal in fundamental research that enabled [my] ideas to come
to full fruition."3 Indeed, during the 1920's, the final decade in ?hich
physics at the frontiers was quintessentially European, a new generation was
preparing at four main schools for what was to come: Bohr's in Copenhagen,
Born's in G;ttingen, Rutherford's in Cambridge and Sommerfeld's in Mumich.
The 1list of Born's assistants is impressive: Pauli, Heisenberg, Jor&an, Hund,
Hshkel, Nordheim, Heitler, Rosenfeld. At least twenty-four students received
their Ph.D. with Born in Ggitingen, among them Delbrﬁck, Elsasser, Flﬁgge,
Hund, Jordan, Goeppert-Mayer, Nordheim, Oppenheimer and Weisskopf. Visitors
drawn to Gottingen in the 1920's (not only to Born, of course, but also to
Japes Franck and to David Hilbert) include Blackett, Bohr, K. Compton, Condon,
Davisson, Dirac, Ehrenfest, Fermi, Ph. Frank, Herzberg, Houtermans, Hylleraas,
H.P. Robertsar,
Joffe, Kapitza, Kramers, von Neumann, Pauling, Reichenbachv‘reller, Uhlenbeck,

V. Fock, Wentzel, N. Wiener and Wigner.
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|“Dﬁaln the winter of 1926", Karl Compton recalled, "I found more than twenty
Amexicans in thtingen at this fount of gquantum wisdom.“4

It must be remembered that Born was in his mid-forties when he did his
work on the statistical interpretation of quantum mechanics. By that time
he was already a renowned physicist and teacher, had published more than a
hundred research papers, and had written six books. Likewise, Bohr was
already a stellar figure in his forties when he gave the complementarity
interpretation of quantum mechanics. However, the creators of quantum
mechanics, Heisenberg, Dirac, Jordan, Pauli were in their twenties in 1925,
the year in which it all began. Thus it is fitting that the period 1925-1927
would become known in Gottingen as the year of "Knabenphysik”, boy physics.
Schroedinger does not easily fit into this simplistic scheme, he was thirty-
eight at that time. It does not seem out of place, however, to note here
the remark, once made to me by Hermann Weyl, that Schroedinger did his great
work during a late erotic outburst in his life. Nor should it be forgotten
that Schroedinger was the only one among the creators of the new mechanics who

never found peace with what he himself had wrought.

Let us recall a few dates, all in 1925, all referring to the times of
receipt by journals. July 29: Heisenberg's first paper on quantum mechanics.5
September 27: Born and Jordan recognize that Heisenberg's mechanics is a matrix
mechanics.6 First proof of the relation pg - pq_= h/2mi, November 7: Independent
proof of the same relation by Dirac.7 November 16: The first comprehensive
treatment of the foundations of matrix mechanics, by Bora, Heisenberg and Jordan.8

It was Born who first brought the néw dynamics to America. On November 2,
1925 he left thtingen for a visit to MIT. Part of the series of lectures he
gave there, from November 14, 1925, to January 22, 1926, is devoted to quantum
theory. Their published #ersiong is the first book ever to appear which deals

with quantum mechanics. Before returning to thtingen, Born also lectured at
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the Universities of Chicago, Wisconsin, California (Berkeley), at Cal Tech,
and at Columbia University.

At ;he time Born left for the United States, all publications (two)
on quantum mechanics were thtingen products. Interest in this work was
spreading, however. Others had begun thinking, but few had as yet much
of a grasp of what was hgppening. The mathematics was unfamiliar, the
physics intransparent. 1In September, Einstein wrote to Ehrenfest about
Heisenberg's paper: "In Gottingen they believe in it (I don't)."10 At
about that same time, Bohr considered the work of Heisenberg to be "a step
probably of fundamental importaﬁce“ but noted that "it has not yet been |
possible to apply [the] theory to questions of atomic structure."ll VWhatever
reservations Bohr initially may have had, these were dispelled by early
Novemberlz, when word reached him13 that Pauli had done for matrix mechanics
what he himself had done for the old quantum theory: derive the Balmer
formula for the discrete spectrum of hydrogen.

Returning to M.I.T., Born was also one of the authors of the first
paper on quantum mechanics to be writtenm in the United States. Heisenberg's
mechanics, as it stood then, was specifically designed for dealing with
discrete energy spectra. At M.I.T., Born and Norbert Wiener developed a
general operator calculus which can be applied to the discrete as well as
to the continuous case. They were proud to be the first to solve a
continuum problem: the motion of a free particle in ome dimension.l4 (Their
methods have since been supersededs) As we shali see in a moment, Born's.

early involvement with comtinuum problems was crucial for his discovery of

the quantum mechanical probability concept.
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The summer of 1926.

By the time Born returned to thtingen from his American journey
Schroedinger had discovered wave mechanics and had derived the complete
spectrum of the hydrogen atom.l5 Uhlenbeck told me: "The Schroedinger
theory came as a great relief, nmow we did not any longer have to learn‘
the strange mathematics of matrices." Rabi told me how he looked through
Born's book "Atommechanik" for a nice problem to solve by Schroedingers
method, found the symmetric top, went to Kronig and said: “Let's do it."
They did.l6 Wigner told me: "People began making calculations but it was
rather foggy."

' Indeed, until the spring of 1926, quantum mechanics, whether in its
matrix or its wave formulation, was high mathematical technology of a new
kind, manifestly important because of the answers it.produced, but without
clearly stated underlying physical principles. ‘Schroedinger was the first,

in the context of guantum meghanicsi)
1 believe, to propose such principles} im a note completed not later than

May, which came out17 on July 9. He suggested that waves are the only reality,

particles are only derivative things. In support of this monistic view
he considered a suitable superposition of linear harmonic oscillator wave

functions and showed (his italics): "Our wave group holds permanently

)
together, does not expand over an ever greater domain in the course of time,’

adding that "it can be anticipated with certainty" that the same will be
true for the electron as it moves in high orbits in the hydrogen atom.

Thus he hopéd that wave mechanics would turn out to be a branch of classical
physics, a new bramnch, to be sure, yét as classical as the theory of

vibrating strings or drums or balls.
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Schroedinger's calculation was right,‘his anticipation was not.
The case of the oscillator is very special: wave packets do almost always
disperse. Being a captive of the classical dream, Schroedinger missed a
second chaoce at interpretimg his theorv correctly. On June 21, 1926

. 1
his paper 8 on the non-relativistic time dependent wave equation was

received. It contains in particular the one-particle equation (I slightly

(— L3 A+V)5D2

its conjugate, and the corresponding continuity equation,

wodify his notations)

o =gry ik (‘P*W -7 ).

Eq. (1), Schroedinger believed, had to be related to the conservation of
electric charge!

The break with the past came in a paper by Born received four 4ays later,
on June 25, 1926. 1In order to make his decisive new step, "It is necessary,
[Born wrote half a year thereafterlgl to drop completely the physical
pictures of Schroedinger which aim at a revitalization of the classical
continuum theory, to retain only the formalism and to fi11 that with new
physical content."

In his June paperzo, entitled "Quantum mechanics of collision phenomenal!',
Born considers (among other things) the elastic scattering of a steady bean
of particles with mass m and velocity v in the z-direction by a static
potential which falls of faster than i/ r at large distances. In modern languagey

the stationary wave function describing the scattering behaves asymptotically



as exp(ikz) + £(8,¢) exp(ikr)/r, k= mvﬁﬁ. The number of particles scattered
into the element of éolid angle aw =-gin 8 4 6 d¢ is given by N |f(0,¢)|2dw,
where N is the number of particles in the incident beam crossing unit area
per unit time. In order to revert to Born's notation, replace £(0,¢$)by §ﬁm’
where "n" denotes the initial state plane wave in the z-direction, and "m"
the asymptotic final state in which the wave moves in the (9,¢)-direction.
Then ,Born declares:"§mn dgtermines the probability for the scattering of the

~ electron from the z-direction into the direction [6,¢]."

At best, this statement is vague. Born added a footnote in proof to his
evidently hastily written paper: "“A more precise consideration shows that the
probability is proportiomal to the square of'ﬁ;n." He should have said
"absolute square.” But he clearly bad got the point, and so the correct
expression for the tramsition probability concept entered physics via a footnote.

I shall return shortly to the significant fact that Born originally
associated probabiIityfwith §ﬁn| ., As I learned from recent private discussions,
Dirac had this very same idea at that time. 5o did Wigner, who told me that
some sort of probability interpretation was then on the minds of several
people, and that he, too, had. thought of identifying ¢mn or ] §;n l with a
probability. When Born's paper came out and |§ﬁn|2 turned out to be the
relevant quantity, "I was at first taken aback but soon realized that Borm
was tight," Wigner said.

If Born's paper lacked formal precision, causality was brought sharply
into focus as the central issue: 'One obtains the answer to the gquestion,

not 'what is the state after the collision' but ‘how probable is a given
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effect of the collision' ... Here the whole problem of determinism arises.

From the point of view of our quantum mechanics there exists no quantity

which in an individual case causally determines the effect of a collisioﬁ e

I myself tend to give up determinism in the atomic world." However, he

was not yet quite clear about thé distinction between the new probability

in the quantum mechanical sense and the old probability as it appears in
classical statistical mechanics: "It does not seem out of the question

that the intimate connection whichlere appears between mechanics and statistics
may demand a revision of the thermodynamic-statistical principles."

One month after the June paper, Born completed a sequel with the same
title.21 His formalism is firm now and he makes 2 major new point, He
considers a normalized stationary wave function { referfing to a system
with discrete, non-degenerate eigenstates wn and notes that in the expansion

!}/ =2 Cp s
Icn|2 is the probability for the system to be in the state n, In June

he had discussed probabilities of transition, a concept which, at least

phenomenologically, had been part of physics since 1916 when Einstein
had introduced his A- and B-coefficients in the theory of radiative
transitions - and at once had begun to worry about causality,22 Now Bornm

introduced the probability of a state. That had never been done before.

He also expressed beautifully the essence of wave mechanics: "The motion of
particles follows probability laws but the probability itself propagates
according to the law of causality.”

During the summer of 1926 Born's insights into the physical principles
of quantum mechanics developed rapidly. Om Aﬁgust 10 he read a paper

before the meeting of the British Association at 0xford,23 in which he
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clearly distinguished between the "new" and the "51d" probabilities in
physics: "The classical theory introduces the microscopic coordinates
which determine the individual processes only to eliminate them because

of ignorance by averaging over their values; whereas the new theory gets
the same results without introducing them at all ... We free forces of
their classical duty of determining directly the motion of particles and
allow them instead to determine the probability of states. Whereas

before it was our purpose to make these two defimitions of force equivalent,
this problem has now no longer, strictly speaking, any sense,”

The history of science is full of gentle iromy. In teaching quantum
mechanics, most of us arrive at Eq.(1l), note that something is comnserved,
and identify that something with probability. But Schroedinger, who
discovered that equation, did not make that connection and never liked

quantum probability - while Born introduced probability without

using Eq.(1).

NSERT
Ma
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What made Born do it?

In 1954 Born was awarded the Nobel prize "for his fundamental research,
especially for his statistical interpretation of the wave function.” 1In his
acceptance speech Borm, then in his seventies, ascribed his inspiration for
the statistical interpretation to "an idea of Einstein's [who] bad tried to
make the duality of particles - light-quanta or photons - and waves comprensi-
ble by interpreting the square of the optical wave amplitudes as probability

density for the occurrence of photons. This concept could at once be carried
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This paper does not remotely 1a§ claim to describe all aspects of
the history of prebability in quantum physicé. However, 1 cannot refrain
from mentioning a remark found in a paper, completed in December 1926, in
which for the first time in print the probability for a many-particle
system with coordinates qps --00 U is introduced: "]w(ql,..,qf)lz dql...dqf
is the probability that, in the relevant quantum state of the system, the
coordinates simultaneously lie in the relevant volume element of configura-
tion space.” The paéer is by Pauli and deals wiéh gas degeneracy and
paramagnetism. The remark was inspired by Born'é work and is found -

23a
once again - in a footmote. 3
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over to the P-function: lez ought to represeant the probability deﬁsity
for electrons."24 Similar statements are frequently found in Born's
writings in his late years. On the face of it, this appears to be a
perfectly natural explanation. Had Einstein not stated that light of low
intensity behaves as 1f it consisted of energy packets hv? And is the
intensity of light not a function quadratic in the electromagnetic
fields? 1In spite of this plausibility, and in spite of the fact that I
must here dissent from the originator's own words, I do not believe that
these contributions by Einstein were Born's guide in 1926.25

My own attempts at recomnstructing Born's thinking -~ always a dubious
enterprise - are exclusively based on his two papers on collision phenomena
and on a letter he wrote to Einstein, also in 1926. Recall that Born
initially thought, however briefly, that ¥ rather than |1p|2 was a measure
for the probability. I find this impossible to understand if it would
have been true that, at that time, he had been stimulated by Einstein's
brilliant discussions of the fluctuatiocns of quadratic quantities (in
terms of fields) referring to radiation. Nevertheless it is true that
Born's inspiration came from Einstein, not, however, Einstein's statistical‘
papers bearing on light, but his never published speculations during the
early 1920's on the dynamics of light-quanta and wave fields. Born states
so explicitly in his second paper:21

"] gtart from a remark by Einstein on the relation between [a] wave
field and light-quanta; he [E.] said approximately that the waves are only
there to show the way to the corpuscular light-quanta, and talked in this
sense of a 'ghost field' [Gespensterfeld] [which] determines the probability

"

[my italics] for a light-quantum ... to take a definite path ... .
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It is hardly surprising that Einstein was concerned that early with
these issues. In 1909 he had been the first to write about particle-wave
duality. 1In 1916 he had been the first to relate the existence of transition
probabilities (for spontaneous emission of 1light) to quantum theoretical
origins - though how this relation was to be formally established he did
of course not know as yet. ‘Little concrete is known about his ideas of a
ghost-field or guiding field ("Fuhrungsfeld”). The best description we
have is from Wigner25 who knew Einstein personally in the 1920's: "[Einstein's]
picture has a great similarity with the present picture of quantﬁm mechanics.
Yet Einstein, though in a way he was fond of it, never published it. He
realized that it is in conflict with the conservation principles ... This
Einstein never could accebt and hence never took his idea of the guiding
field quite seriously ... The problem was solved, as we know, by
Schroedinger's theory."27

Born was even more explicit about his source of inmspiration in a letter
to Einstein28 written in November, 1926, (for reasons not completely clear
to me this letter is not found in the published Born-Einstein correspondence):
"asbout me it can be told that physicswise 1 am entirely satisfied since
my idea to look upon Schroedinger's wave field as a 'Gespensterfeld' in your
sense proves better all the time. Pauli and Jordan have made beautiful
advances in this direction. The probability field dqes of course not move
in ordinary space but in phase - (or rather, in configuration-) space...
Schroedinger's achievement reduces itself to something purely mathematical;

his physics is quite wretched [recht kusmerlich]."
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Thus it seems to me that Born's thinking was conditioned by the
following circumstances. He knew and accepted the fertility of Schroedinger’'s
formalism but not Schroedinger's attempt at interpretation: "He[Schr.]
believed ... that he had accomplished a return to classical thinking; he
regarded the electron not as a particle but as & density distribution
given by the square of his wave function |w|2. He argued that the idea
of particles and of quantum jumps be given up altogether; he never faltered
in this conviction...I, however, was witnessing the fertility of the
particle concept every day in [James] Franck's brilliant experiments on
atomic and molecular collisions and was convinced that particles could
not simply be abolished. A way had to be found for reconciling particles and
waves."29 His quest for this way led him to reflect on Einstein's ldea of a
ghost field. It now seems less surprising that his first surmise was to
felate probability to the ghost field, not to the "(ghost field)z." His
next step, from Y to |¢|2, was entirely his own. We owe to Born the beginning
insight that ¥ itself, unlike the elctromagnetic field, has no direct
physical reality.

Born's work on the statistical interpretation occupies a singular
position in his oeuvre. It is his most innovative cont;ibution. At first
glance this choice of scientific problem seems somewhat unlike Born. As

30 more the man

Heisenberg once said: "Born was more of a mathematician,"
for the “probl;me bien poséﬂ' It seems not entirely far-fetched, however,
to consider Born's problem of June and July 1926 to be just of that kind:
"A way had to be found for reconciling particles and waves," It should

also be noted that Born may not have realized at once the profundity of

his contribution which helped bring to an end - the quantum revolutien.
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In a later interview he reminisced as follows about 1926: "We were
so accustomed to making statistical considerations, and to shift it

one layer deeper seemed to us not very important."3l

Changing of the guard

Born wrote to Einstein about the ghost field on November 26, 1926.
Einstein's reply of December 4 is the oft-quoted letter in which he wrote:
"The theory [quantum mechanics] says a lot but does not really bring us any
closer to the secret of the 'old ome'. I, at any rate, am convinced that
He is not playing at dice."32 Also the attitudes of the other leaders of
the once dominant Berlin school, Planck, von Laue, Schroedinger, continued
to range from scepticism to opposition. 1In the first week of October, 1926,
Schroedinger went to Kopenhagen, at Bohr's invitation, to discuss the
status of the quantum theory. Heisenberg also came. Later, Bohr often
told others (including me) that Schroedinger reacted on that occasion by
saying that he would rather not have published his papers on wave mechanics,
had he been able to foresee the conmsequences. Schroedinger continued
to believe that one éhould dispense with particles. Born continued to
refute him. After Schroedinger's death, Born, mourning the loss of his old
friend, wrote of their arguments through the years: "Extremely course
[saugrob] and tender; sharpest exchange of opinion, never a feeling of
being offeﬁded."33
After Born's work, Lorentz could no longer grasp the changes wrought

by the quantum theory. In the summer of 1927 he wrote to Ehrenfest: "I

*
care little for the conception of Y as a probability ... In the case of
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the H~atom, the difficulty in making precise what ié meant if one interprets
ww* as a probability manifests itself in that for a given value éf E (one
of the eigenvalues) there is also a [non-vanishing] probability outside
the sphere which electrons with energy E cannot leave ..."34
The quantum revolution was over by October 1927, the time of the fifth
Solvay Conference. In March of that year, Heisemberg had derived the
uncertainty relations; in September, Bohr had lectured for the first time
on complementarity. Thé printed proceedings of this Solvay meetin335
appeared in 1928, They open with a tribute by Marie Curie to Lorentz, who
had presided over the conference in October, and who had died shortly
thereafter. Next follows.a list of the participants which includes Planck,
Einstein, Bohr, de Broglie, Born, Schroedinger, and the youngsters, Dirac,
Heisenberg, Kramers, Pauli. Then come the texts-of the papers presented.
Taken as a whole, this record reads as an account of a changing of the guard.
What was created in those stirring years is still with us. To this day
there are physicists, some of them quite thoughtful, who are uncomfortable
with the probability interpretation. However, there are neither experimental
nor theoretical arguments which force us to believe in the necessif& fqr a
revision of the rules of the non-relativistic quantum theory, I do not cére
to speculate about the future but would like to conclude by repeating a
comment, made more than a quarter of a century ago, still timely: "It has
been well said that the modern physicist is a quantum theorist on Monday,
Wednesday, and Friday, and a student of gravitational relativity theory on
Tuesday, Thursday, and Séturday. On Sunday the physicist is neither, but
is praying to his God that someone, preferably himself, will find the

reconciliation between these two views."36
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Postscript: the Born approximation

It is a bit odd - and caused Born some chagrin - that his papers on
the probability concept were not always adequately acknowledged in the early
days. Heisenberg's own version37 of the probability interpretation, written
in Copenhagen in November 1926, does not mention Born. One finds no reference
to Born's work in the two editions of Mott and Massey's bbok on atomic éollisions,
nor in Kramers' book on quantum mechanics. In his authoritative Handbuch
der Physik article of 1933, Pauli refers to this contribution by Born only in
passing, in a footnote. br. Jorgen Kalckar from Copenhagen wrote to me about
his recollections of discussions with Bohr on this issue. '"Bohr said that as
soon as Schroedinger had demonstrated the equiﬁalence between his wave
mechanics and Heisenberg's matrix mechanics, the 'interpretation' of the wave
function was obvious... For this reason, Born's paper was received without
surprise in Copenhagen. 'We had never dreémt that it could be-otherwise,'
Bohr said." A similar comment was made by Mott: "Perhaps the probability
interpretation was the most important of all [of_Born's contributions to
quantum mechanics], but given Schroedinger, de Broglie, and the experimental
results, this must have been very quickly apparent to everyone, and in fact
when I worked in Copenhagen in 1928 it was already called the tCopenhagen
interpretation' - 1 do not think I ever realized that Bo?n was the first
to put it forward."38- In response to a query, Casimir, who started his
university studies in 1926, wrote to me: "I learned £he Schroedinger equation
simultaneously with the interpretation. It is curious that I do not recall
that Born was especially referred to. He was of course mentioned as co-creator
of matrix mechanics." The very same comments apply to my own university

education which started a decade later.
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It is otherwise with another contribution found in the second of Born's.
1926 papers on collisions: the Born approximation, taught in every sensible
course on quantum mechanics, and still in steady use wherever quantum physics
is practiced. Of course, later generations of students rarely had grounds for
consulting Born's original paper. Long before preparing this essay I had
occasion for doing so, however, once in the course of refining the Born

approximationBQ, and another time when Jost and I became interested in the

please furm
2 P 19
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convergence of the Born expansion for the scattering by a static, spherically
symmetric potential which, with suitable nofmalization, can be written as
AV(r). X is the potential strength. Write the scattering wave function ¥

as a power series in A. The question was whether, under certain conditions
imposed on V(r), this power series, the Born expansion, converges. We

found general conditions on V for which ¥ can be written as the quotient

of two convergent power series in A, and from this result obtained a

way of determining the radius of comvergence for the Born expansion.40

Having finished our work, we wondered what had been donme earlier about
this convergence question. We searched the literature, found nothing more
concrete than assertions that the expansion will be the more trustworthy
the higher the energy or the smaller the quantity [X] - until we finélly
discovered that Born had considered our question in his second paper of
1926 on collision theory.21 He discussed first the one-dimensional case
for potentials such that V(x) < const. x_z, and correctly showed that under
these circumstances his expansion converges uniformly for any finite interval.
This result may have led him to conclude, for the three-~dimensional case:

"The convergence of the procedure can easily be shown on the assumption that
V tends to zero as r-z; but we will not go into detail ...." That statement,
alas, was incorrect.

Returning to our own work, we were encouraged to inquire if we could
also do something for relativistic field theories. We failed. The kernels
encountered in that case were too singular for our methods to apply. To
this day, proofs or disproofs of the convergence of the Born expansion in
field theory remain an important challenge, yet to be met.

I am grateful to Professor P.K. Lieb from GBttingen for a helpful

correspondence.
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