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EXPERIMENT, ENTANGLEMENT
AND THE FOUNDATIONS OF QUANTUM MECHANICS

I. INTRODUCTION

Albert Einstein! was the first who around 1910 realized that quantum physics con-
tains elements which significantly go beyond any possible interpretive concepts in
classical physics. Even before the invention of full quantum mechanics by Heisen-
berg and Schrodinger, he expressed discomfort about the new role played by ran-
domness in quantum physics.

With the development of quantum physics, it became increasingly clear that a
new interpretive foundation is needed and this foundation was most significantly
laid by Bohr in close discussion with many other contributorsZ. From these discus-
sions, the so-called Copenhagen interpretation emerged.

From the very beginning on, the discussion was signified by the use of
gedanken-experiments, which is most clearly seen in the famous Bohr-Einstein
dialogue. In these gedanken-experiments, it was the notion of complementarity,
which was again and again put to demonstration and test. The paradigmatic ex-
periment for the notion of complementarity is the famous double-slit interference,
which, according to Feynman?, “contains the heart of quantum mechanics”.

The double-slitexperiment is often discussed as a clear example of the comple-
mentarity between two mutually exclusive properties. Here, it is the puzzling ques-
tion through which slit the particle goes when the interference pattern is observed.
As has been pointed out by Bohr, this question is not a meaningful one. The reason
is the observation that to observe the interference pattern, one needs an apparatus
which by ist very construction does not permit to make any statement about the path
the particle took. On the other hand, an apparatus determining through which slit
the particle went precludes the possibility of observing the interference pattern. So,
this complementarity feature arises for any type of radiation sent through a double-
slitsetup. The situation is intuitively more striking when massive particles are used.
Figure shows the experimental results of the measurement of double-slit diffrac-
tion for neutrons. In the experiment, neutrons of a velocity v = 200m/s (which cor-
responds to a deBroglie wavelength A = 2nm) were incident on a massive double-
slit assembly consisting of two slits, each about 23 microns wide, with a center-to-
center distance of the order of 126 um (for a precise definition of these quantities,
see Zeilinger et al.*. We might note already here that the usual dictum is wrong,
requiring the size of a diffracting object to be comparable to the wavelength in or-
der to see diffraction effects. [n our case, the small wavelength just required a large
enough distance to absorb the diffraction pattern.
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Of the various features of the experimental data, it is worthwhile to mention two
striking ones. Firstly, the intensity was such that we registered neutrons at the rate
of one neutron every three seconds or less. This is to be compared with the flight-
time of a neutron from the moment it is set free in the fission process to the moment
of its registration in the detector. This flight-time is at most of the order of 10~ sec.
Thus, the diffraction pattern is clearly built up one by one by individual massive par-
ticles. The second interesting feature is that the solid line shows a first principles
theoretical calculation using just the free-space solution of the Schrédinger equa-
tion including all experimental parameters. Clearly, no evidence for any deviation
between experiment and theory is indicated by these data.
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Figure 1: Double-slit diffraction of cold neutrons: the solid curve represents the first-
principles theoretical prediction.

II. ENTANGLEMENT

The dialogue between Einstein and Bohr reached its culmination in 1935 with
the publication of the famous Einstein-Podolsky-Rosen paper, where the question
whether quantum mechanics provides a complete description of physical reality
was raised in a most succinct way.S The novel states were called by Schrédinger
“Entangled States” (“Verschrinkte Zustinde”)® in the same year, and it was also
Schriodinger who pointed out that entangled states contain the essence of quantum
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mechanics. The most simple entangled state is

) = ;}—zuamb)ﬁ (€)1ld)2) (1)

where, as a product of kets, we always imply the tensor product, and where the
first ket always refers to particle 1, the second ket to particle 2 etc. The quantum
state of Figure 1 describes a superposition of product states of two particles where
particle 1 can be found either in state |a) or |c) and particle 2 can be found either
in state |b) or |d). The interesting feature of state 1 is that neither particle has a
state independent of the other. In other words, whenever particle 1 is found in state
|a) (|c)) then particle 2 is found in |b) (|d}).

The essential point of the EPR argument is to start from the observation that the
state of equation 1 does not ascribe to either particle properties independent of the
other one. Furthermore, particle 1 and particle 2 could be separated over arbitrarily
large distances, thus implying that their real properties should be independent of
each other’. But, since the state of equation 1 does not permit such independent
properties, the description of quantum mechanics must be incomplete.

Niels Bohr in his reply® did point out that one cannot separate a quantum sys-
tem from the apparatus with which it is measured, and, in the case of an entangled
state, one has to consider the totality of the experimental setup, including all appa-
rata for the individual particles entangled with each other, no matter how widely
they are separated. They altogether constitute the condition under which experi-
mental predictions can reasonably be made. Thus, a significant limitation arises in
our possibilities of assigning properties to quantum systems.

John Bell® was able to show that any assignment of local properties, as envis-
aged by EPR, would lead to a contradiction with quantum mechanics. It is interest-
ing to know that at a time when Bell proposed his theorem no experimental evidence
did exist which would have been able to decide between quantum mechanics and
alternative local theories. Since then, a convincing body of experiments has been
produced, which overwhelmingly support quantum mechanics, beginning with the
experiment of Freedman and Clauser.'

More recently, the discussion has again gained momentum through the
demonstration!! that entanglement in systems with more than 2 particles cre-
ates even more striking contradictions between quantum mechanics and local
realism, which arise already on the level of individual events! The most simple
state where such events may occur is

) = é{la)xlb)zldﬁ (d)1le)alf)s} @)

which describes three particles, each one defined in the two-dimensional Hilbert
space whose properties are maximally entangled. For a detailed presentation and
discussion of the argument, see the second item in note 11 and the didactic presen-

tations given by Mermin'Z.
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ITI. EINSTEIN-PODOLSKY-ROSEN INTERFEROMETRY

The last ten years saw the vigorous development of a new field of experimenta-
tion which might aptly be called Einstein-Podolsky-Rosen interferometry or just
simply multi-particle interferometry'3, In the generic case'®'516 one assumes a
source which produces momentum- correlated particle pairs (Figure ). Each of the
particles can be emitted into two modes, which can then be superposed at a beam-
splitter. A significant feature of the experimental setup is that interference fringes
as a function of the freely variable phases only arise in the correlations between the
detectors for the two particles. It can easily be seen that such an interferometer is
another manifestation of a situation where the Einstein-Podolsky-Rosen criteria are
applicable, and, since the outputs for each particle are dichotomic, Bell’s theorem
directly applies. While the initial proposal'” discussed the rather academic possi-
bility of using positronium annihilation photons for such an experiment, it was soon
realized that parametric down-conversion is an ideal actual source for exactly these
experiments'®, Subsequent experimental realization by Rarity and Tapster'® very
clearly confirmed the expected entangled nature of the two-photon state.

Figure 2: A two-photon interferometer utilizing a momentum correlated source. Detectors
for one photon at the dashed positions could provide path information for both photons. In-
terference fringes can therefore be observed only if both photons are detected after recom-
bination at their respective beam splitters.

Utilizing the recent discovery?® that any unitary linear operator can be built in
the laboratory just out of beam splitters and phase shifters, one can now indeed
realize correlations between two or possibly more particles in higher dimensional
Hilbert spaces?!. A typical experiment in that direction was to use a so-called quar-
ter, i.e. a beam splitter assembly with four input ports and four output ports, and in-
vestigate its two-photon statistics propenicszz. Recently, using exactly this device,
it could be demonstrated?? that there, too, nonclassical correlations2? arise.
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Figure 3: Experimental set-up of the measurement of nonclassical two photon distributions
for a symmetric quarter. The correlated photon pair is produced by parametric downconver-
sion in a nonlinear KD*P crystal pump by an Ar*-Laser (A = 351.1 nm). Optical tombones
allow path length adjustment and phase setting, Si-avalanche photodiodes are used for single
photon counting. The He-Ne laser is needed for the alignment.

IV. INTERPRETIVE ISSUES, OUTLOOK

In the present brief overview, it was not possible to discuss in detail all the various
fundamental experiments which have recently been done, essentially using two-
photon states. Two directions of research which should be mentioned here are on the
one hand so-called Welcher-Weg detector schemes?*2%:27 where one tries to study
in detail the complementarity between path and interference pattern in a interfer-
ometry situation and on the other hand the recent development of interaction-free
measurement?®2%30,

With all these experiments demonstrating or even exploiting fundamental fea-
tures of quantum mechanics, the question arises as to what their implication is for
fundamental interpretive issues. It is the conviction of the present author not only
that there is no reason whatsoever to doubt the Copenhagen interpretation, it ac-
tually appears that the Copenhagen interpretation is an excellent pragmatic tool in
the hands of the experimentalist®!. If we, for example, raise questions like “What
is the nature of 1?” it is obvious that the wave-function y just represents that part
of our knowledge of the experimental setup which permits us to make the maxi-
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mal set of probabilistic predictions of future possible properties of the setup, i.e. of
the possible experimental outcomes. Assignment of properties to quantum objects
themselves is not necessary and may only be done, so to speak, in hindsight. That
is, one should only assign properties to a quantum system with simultancous ex-
act specification of the complete experimental setup. Concepts used to analyze the
quantum system in one setup might be totally useless in another situation. This is
what is commonly called the contextuality of quantum mechanics. Another point
which often raises confusion is the question about the universal validity of quantum
mechanics.

Itis obvious that in any situation where the right measurement apparata are used,
quantum mechanics applies. But it is equally obvious that the question of a univer-
sal validity of quantum mechanics is mute in a certain sense, because, as we have
learned from Bohr, in order to describe what we have measured we always have to
communicate with others, and this implies the use of classical language to describe
our classical apparatus and our results. In fact, I don’t know of any working exper-
imentalist who is not amused at least slightly by the suggestion that all features of
his experimental hardware should be described by quantum mechanics.

Yet, there are still open foundational questions in quantum mechanics. The most
important one to me seems to be that quantum mechanics apparently lacks a foun-
dational principle. We might compare the situation with relativity theory, where the
foundational principle is the principle of equivalence which simply says that all laws
of nature should be the same in all inertial reference frames. This principle is intu-
itively reasonable, maybe even obvious. It might very well be that such a principle
also exists for quantum mechanics, and it is my hope that the enormous increase of
experiments on the foundations of quantum mechanics will help to lead our intu-
ition in the right direction.
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