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Foreword
At the occasion of Niels Bohr’s 70th birthday in 1955, the Danish Society of Engineers
– Ingeniørforeningen – decided to establish an international Niels Bohr Gold Medal,
awarded for the first time to Niels Bohr himself and then every third year until 1982. As
shown by the list below, the recipients were some of the most outstanding and influential scientists of the period:

John Cockcroft
1958
George de Hevesy
1961

John Archibald Wheeler
1982

Charles H. Townes
1979

Peter L. Kapitza
1965
Niels Bohr
1955

Hans A. Bethe
1976

Isidor Isaac Rabi
1967

Richard P. Feynman
1973
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Werner Karl Heisenberg
1970
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The 1973 award winner,
Richard Feynman, with
the Queen of Denmark

The committee held three meetings at the end of which it unanimously selected Alain Aspect, Augustin Fresnel Professor at l’Institut d’Optique, École Polytechnique, Palauseau,
France. Professor Aspect is a world-famous scientist, whose early experimental work on
Bell’s inequality and the Einstein-Podolsky-Rosen paradox is at the heart of the theoretical
debates between Niels Bohr and Albert Einstein in the wake of the early development of
quantum mechanics. Since then, Alain Aspect has been among the leading pioneers in the
field of quantum optics and, more lately, also quantum atom optics, where matter waves
are manipulated in close analogy to light waves. In conceptually simple, but technically very
demanding experiments, he has in recent years achieved Bose-Einstein condensation of
metastable helium atoms and Anderson localization in optical lattices. The ideas and techniques being developed in this field may find future important applications within quantum
cryptography and quantum computing. Finally, Alain Aspect is a very inspiring, dedicated
and influential teacher who, in the opinion of the committee, may serve as a role model for
the next generation of scientists.

The 2013 search committee
In connection with the 2013 celebration of the centenary of the publication of Niels Bohr’s
three groundbreaking papers on the atomic model, the Danish Society for Engineers in
collaboration with the Niels Bohr Institute and the Royal Danish Academy of Sciences and
Letters decided once again to award the gold medal.
The 2013 search committee discussed extensively the criteria, which a candidate had to
meet. The committee resolved that it searched for an outstanding, internationally recognized, active scientist, whose field of research is related to Niels Bohr’s work and whose
research has a significant potential for important practical or technological applications.
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·	Nils O. Andersen, Professor (University of Copenhagen)

·	Frida Frost, Chairman
of the Danish Society of
Engineers

·	Brian Bech Nielsen,
Rector, Professor (Aarhus
University)

·	Tomas Bohr, Professor
(Technical University of
Denmark)

·	John Renner Hansen,
Dean of the Faculty of
Science, Professor (University of Copenhagen)

·	The committee has been
supported by Knud Høyer,
Secretary to the management of the Danish
Society of Engineers.

·	Robert Feidenhans’l,
Director of the Niels Bohr
Institute, Professor (University of Copenhagen)

·	Jannik Johansen, Board
member of the University
of Copenhagen (chair),
principal
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Niels Bohr on Quantum Measurements
and Complementarity

Jannik Johansen, Nils O. Andersen and Tomas Bohr

Throughout most of his life, and in particular after the development of quantum mechanics in the 1920ies, Niels Bohr was deeply involved in the clarification of the limitations in
the applicability of classical mechanical concepts and their experimental determination on
the quantum level. In 1927, these thoughts evolved into the concept of complementarity by
which he alluded to a situation – exemplified in the quantum wave particle duality – where
the introduction of two mutually contradictory concepts is necessary for a complete description.
For Niels Bohr the necessity of a radical departure from classical concepts was clear very
early on. In connection with the development of his atomic model from 1913, he was acutely aware that basic space-time concepts, such as, for example the »orbit« of an electron,
had to be used with great care. His famous second postulate relating the frequency of the
radiation emitted by an electron passing from one stationary state to another not to the frequency of the electron in any of these orbits, but to the difference between the energies in
the two orbits, meant that any simple connection between the detailed space-time orbit of
the electron and the emitted energy was impossible. Bohr struggled with these problems
for the next 14 years. One radical proposal, which was explored in a paper together with
Kramers and Slater in 1923, was to abandon energy conservation in individual quantum
processes, assuming that it would be valid only statistically. This turned out to run into
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severe difficulties, in particular when confronted with the experimental evidence from the
Compton effect, wherein an electron is scattered by light, and which could be interpreted
as a collision between an electron and a light quantum with perfect conservation of energy.
With the development of quantum mechanics in 1925-26, another viewpoint became possible. The reason why the energy conservation works so well in atomic transitions is that we
are not trying to keep track of the space-time dynamics of the jumping electron, and are

10

Obitas nis quam quias
ium quo quaturi tatios
et error adit.

11

looking at the system only at times long compared to the transition process. Thus we pay
for the precise knowledge of the energy transfer with a corresponding lack of knowledge of
its duration, as expressed by the Heisenberg uncertainty relations. The conclusion is that
individual processes like an electron-jump or the radioactive decay of a nucleus are fundamentally stochastic, and preclude the deterministic, causal description that we are used to
from classical Newtonian or Einsteinian dynamics. For Bohr, the key to understanding the
oddities of quantum mechanics was the wave particle duality: the fact that both matter and
radiation can be viewed alternatively as localized, »discontinuous« particles, or as extended, »continuous« waves. Thereby he could trace the origin of the uncertainty relations, and
thus the need for complementary descriptions, directly to the limitations associated with
localizing wave fields.
These ideas, indeed the whole statistical framework of quantum mechanics, was persistently challenged by Einstein, and the two of them engaged in an animated series of discussions and exchanges, particularly at the Solvay Meetings 1927 and 1930. The story of these
discussions is vividly told by Bohr in his tribute to Einstein in 1949, when Einstein turned 70.
In the introduction to this essay, Niels Bohr writes
Our talks about the attitude to be taken in face of a novel situation as regards
analysis and synthesis of experience touched naturally on many aspects of philosophical thinking, but, in spite of all divergencies of approach and opinion, a
most humorous spirit animated the discussions. On his side, Einstein mockingly asked us whether we could really believe that the providential authorities
took recourse to dice-playing (»… ob der liebe Gott würfelt«), to which I replied by
pointing at the great caution, already called for by ancient thinkers, in ascribing
The »double slit« experiment in the standard version (top) and Niels Bohr’s versions (below) (from Discussions with Einstein

attributes to Providence in every-day language.

on Epistemological Problems in Atomic Physics (1949))
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Throughout the discussions, a central thought experiment was the famous »double slit«
experiment, used by Thomas Young in 1803 to demonstrate that light is a wave, since it
exhibits interference patterns reminiscent of water waves. As shown in the top part of the
figure, a plane light wave impinges on a diaphragm with a single slit before proceeding to
the next diaphragm with two slits. Finally, the intensity of the light from these two sources
is registered on the photographic screen, as shown head-on in the top right. The question
was how this interference pattern could be reconciled with the point of view, advocated by
Einstein from 1905, that light consists of particles (photons). In fact, the experiment could,
at least in principle, be performed with any kind of particle (e.g. electrons), since it was
known from the work of de Broglie and Schrödinger, that they, likewise, displayed wave
properties. Furthermore, the experiment could be done with such low intensity that there
would be only one photon (or electron) in the system at a time. Thus, each particle would
have only itself to interfere with, and behave as if it had simultaneously gone through both
slits in the second diaphragm – even though a measurement of the particle would always
yield a well-defined position and thus seemingly exclude this possibility.
In these discussions, Niels Bohr emphasized again and again the importance of specifying,
in the description of the experimental setup, precisely what is to be measured. Thus, if
one wants to see the wave-like interference pattern, care must be taken to secure that the
relative phases (or, equivalently, the relative path lengths) from the two slits to the screen
would be accurately fixed, and thus he draws bolts that fix the screens to a solid support,
as shown on the bottom left of the figure. Similarly, particle properties, e.g., which slit the
particle goes through, can be measured by determining the momentum imparted by the
particle to the diaphragm during the passage through the slit. If the diaphragm is bolted,
this is impossible, but instead one can fix the diaphragm less rigidly, e.g., by a spring,
allowing it to recoil slightly in response to the momentum transferred by the particle, as
shown on the bottom right of the figure. Now, it turns out that the indeterminacy inherent
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in quantum mechanics implies that even this slight motion of the diaphragm is enough to
eradicate the interference pattern; consequently, it is not possible to see both the wave and
the particle properties in the same experiment.
In view of later experiments, it is interesting that Niels Bohr explicitly points out that the
choice of the specification of the experimental setup can actually be delayed, and be completed while the experiment is being performed. He writes:
It may also be added that it obviously can make no difference, as regards observable effects obtainable by a definite experimental arrangement, whether
our plans of constructing or handling the instruments are fixed beforehand or
whether we prefer to postpone the completion of our planning until a later moment when the particle is already on its way from one instrument to another.
Niels Bohr refined his thoughts on quantum measurements and complementarity until the
end of his life. We shall end our short discussion by quoting a passage from one of his last
essays, Atoms and Human Knowledge (1955), where he very clearly expresses his point of
view on these difficult matters, that had occupied him for a lifetime.
As the goal of science is to augment and order our experience, every analysis of the conditions of human knowledge must rest on considerations of the character and scope of our
means of communication. Our basis is, of course, the language developed for orientation in
our surroundings and for the organization of human communities. However, the increase
of experience has repeatedly raised questions as to the sufficiency of the concepts and ideas incorporated in daily language. Because of the relative simplicity of physical problems,
they are especially suited to investigate the use of our means of communication. Indeed,
the development of atomic physics has taught us how, without leaving common language,

16

Obitas nis quam quias
ium quo quaturi tatios
et error adit.

17

it is possible to create a framework sufficiently wide for an exhaustive description of new
experience.
In this connection, it is imperative to realize that in every account of physical experience
one must describe both experimental conditions and observations by the same means of
communication as one used in classical physics. In the analysis of single atomic particles,
this is made possible by irreversible amplification effects – such as a spot on a photographic plate left by the impact of an electron, or an electric discharge created in a counter device
– and the observations concern only where and when the particle is registered on the plate
or its energy on arrival at the counter. Of course, this information presupposes knowledge
of the position of the photographic plate relative to the other parts of the experimental arrangement, such as regulating diaphragms and shutters defining space-time coordination
or electrified and magnetized bodies which determine the external force fields acting on
the particle and permit energy measurements. The experimental conditions can be varied
in many ways, but the point is that in each case we must be able to communicate to others what we have done and what we have learned, and that therefore the functioning of
the measuring instruments must be described within the framework of classical physical
ideas.
As all measurements thus concern bodies sufficiently heavy to permit the quantum to be
neglected in their description, there is, strictly speaking, no new observational problem in
atomic physics. The amplification of atomic effects, which makes it possible to base the
account on measurable quantities and which gives the phenomena a peculiar closed character, only emphasizes the irreversibility characteristic of the very concept of observation.
While, within the frame of classical physics, there is no difference in principle between the
description of the measuring instruments and the objects under investigation, the situation
is essentially different when we study quantum phenomena, since the quantum of action
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imposes restrictions on the description of the state of the systems by means of spacetime coordinates and momentum-energy quantities. Since the deterministic description
of classical physics rests on the assumption of an unrestricted compatibility of space-time
coordination and the dynamical conservation laws, we are obviously confronted here with
the problem of whether, as regards atomic objects, such a description can be fully retained.
The role of the interaction between objects and measuring instruments in the description
of quantum phenomena was found to be especially important for the clarification of this
main point. Thus, as stressed by Heisenberg, the locating of an object in a limited spacetime domain involves, according to quantum mechanics, an exchange of momentum and
energy between instrument and object which is the greater the smaller the domain chosen.
It was therefore of the utmost importance to investigate the extent to which the interaction
entailed in observation can be taken into account separately in the description of phenomena. This question has been the focus of much discussion, and there have appeared many
proposals which aim at the complete control of all interactions. In such considerations,
however, due regard is not taken to the fact that the very account of the functioning of
measuring instruments involves that any interaction, implied by the quantum, between
these and the atomic objects, be inseparably entailed in the phenomena.
Indeed, every experimental arrangement permitting the registration of an atomic particle
in a limited space-time domain demands fixed measuring rods and synchronized clocks
which, from their very definition, exclude the control of momentum and energy transmitted
to them. Conversely, any unambiguous application of the dynamical conservation laws in
quantum physics requires that the description of the phenomena involve a renunciation in
principle of detailed space-time coordination. This mutual exclusiveness of the experimental conditions implies that the whole experimental arrangement must be taken into account
in a well-defined description of the phenomena. The indivisibility of quantum phenomena
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finds its consequent expression in the circumstance that every definable subdivision would
require a change of the experimental arrangement with the appearance of new individual
phenomena. Thus, the very foundation of a deterministic description has disappeared and
the statistical character of the predictions is evidenced by the fact that in one and the same
experimental arrangement there will in general appear observations corresponding to different individual processes.
Such considerations not only have clarified the above-mentioned dilemma with respect
to the propagation of light, but have also completely solved the corresponding paradoxes
confronting pictorial representation of the behaviour of material particles. Here, of course,
we cannot seek a physical explanation in the customary sense, but all we can demand in
a new field of experience is the removal of any apparent contradiction. However great the
contrasts exhibited by atomic phenomena under different experimental conditions, such
phenomena must be termed complementary in the sense that each is well defined and
that together they exhaust all definable knowledge about the objects concerned. The quantum-mechanical formalism, the sole aim of which is the comprehension of observations
obtained under experimental conditions described by simple physical concepts, gives just
such an exhaustive complementary account of a very large domain of experience. The renunciation of pictorial representation involves only the state of atomic objects, while the
foundation of the description of the experimental conditions, as well as our freedom to
choose them, is fully retained. The whole formalism which can be applied only to closed
phenomena must in all such respects be considered a rational generalization of classical
physics.
In view of the influence of the mechanical conception of nature on philosophical thinking, it
is understandable that one has sometimes seen in the notion of complementarity a reference to the subjective observer, incompatible with the objectivity of scientific description.
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Of course, in every field of experience we must retain a sharp distinction between the observer and the content of the observations, but we must realize that the discovery of the
quantum of action has thrown new light on the very foundation of the description of nature
and revealed hitherto unnoticed presuppositions to the rational use of the concepts on
which the communication of experience rests. In quantum physics, as we have seen, an
account of the functioning of the measuring instruments is indispensable to the definition
of phenomena and we must, so-to-speak, distinguish between subject and object in such a
way that each single case secures the unambiguous application of the elementary physical
concepts used in the description. Far from containing any mysticism foreign to the spirit of
science, the notion of complementarity points to the logical conditions for description and
comprehension of experience in atomic physics.
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THIS IS THE STORY OF A PHOTON …

Alain Aspect

This is the story of a photon, a single photon, a photon that has neither brothers nor sisters,
and that arrives at a beam splitter. We all know an example of a beam splitter: the window
on which a ray of sunlight arrives, and as everyone has seen, a part of the ray is reflected
and a part of the ray is transmitted through the glass. Yes but … when the photon arrives on
the glass, it cannot cut itself in two. So, what does it do? Either it will be transmitted, or it
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wave, which was separated in two parts, and is recombined. Thus in the first experiment
the photon behaves like a particle that can only go either on one side or another; and in the
second experiment the photon behaves like a wave that is split. Weird, right? Yes, quantum
mechanics is weird.
Obitas nis quam quias ium quo quaturi tatios et error adit.

As it happens, this is the famous property of »wave-particle duality«. It is perhaps less
will be reflected. But light, as we have known since the beginning of the nineteenth centu-

weird than it seems at first. As Niels Bohr taught us, the properties of microscopic ob-

ry, is actually a wave! How do we know? Because Thomas Young in England and Augustin

jects depend on the type of measurement we do. So if I do a measurement to reveal wave

Fresnel in France have done many experiments showing diffraction and interference, prop-

properties, the photon responds like a wave. If I change the measurement apparatus, and

erties that can only be explained by admitting that light behaves as a wave. To sum up: a

take a measurement apparatus to reveal particle characteristics, the photon behaves like

single photon decides to go either on one side or on the other, which I can verify by putting

a particle. Well, a mischievous man, John Archibald Wheeler, imagined the following ex-

a detector on each side, and observing that it is detected either on one side or on the other.

periment. We will choose the measurement apparatus, which shows either wave or par-

And then I do a second experiment, in which I recombine the two sides of the beam splitter.

ticle character, after the photon hits the first beam splitter. This means that at the very

There I observe interferences that I only know one way of interpreting, that there was a

moment it arrives at the beam splitter, the photon — the object we are measuring — is not
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Time is what prevents everything
from happening at once.

échantillon
“scanner”
piezo. x,y,z

John Archibald Wheeler
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informed about the type of measurement that will be done on it later. Well, we continue to
find (strangely!) that nevertheless, after everything is done, we continue to observe either
wave behavior or particle behavior, depending on which measurement was done.
What can we conclude? This is one aspect of »quantum non-locality«, in which it is only at
the last moment, the moment we do the final measurement, when the photon is detected,
that in some way the complete story will be frozen, including the past. Of course, this does
not allow us to go backwards in time, but that does lead us, in our description of the world,
to accept that from time to time there are strange things: it seems that the past is affected
by the measurement we are doing in the present.
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