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Abstract 

We rediscuss the Einstein-Podolsky-Rosen paradox in Bohm's spin version and oppose 
to it Bohr's controversial point of view. Then we explain Bell's theorem, Bell iiK-qualities 
and its consequences. We describe the experiment of Aspect, Dalibard and Roger in 
detail. Finally we draw attention to the nonlocal structure of the underlying theory. 

•) Dedicated to J.S. Bel! on his 60th birthday. 
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1 Introduction 
"The philosopher in the street, who has not suffered a course in quantum mechanics, 
is quite unimpressed by Einstein-Podolsky-Rosen correlations. He can point to many 
examples of similar correlations in everyday life. The case of Berti mann 's socks is often 
cited." 

This is the beginning of J.S. Bell's essay [1] on EPR-correlations - an essay which cer
tainly pushed me instantaneously into the debate about quantum mechanics and reality. 
And I still suffer from it. On one side many people want to make a quick glance at my 
socks and on the other they regard me as an expert - instead of a victim in tnis field -
asking me very intricate questions. Apart from that I felt attracted by EPft-correlations 
and 'Bell inequalities' realizing their fundamental importance. Nowadays the whole dis
pute is getting very popular and is forming an own discipline in physics (see conferences 
[2])-

On the occasion of J S. Bell's 60th birthday I would like to react upon his paper 
"Bertlmann's socks and the Nature of Reality" [1] presenting my own view on this subject 
but unfortunately not being able to respond to his Irish sense of humour. 

The whoie issue started long ago in the old days of quantum mechanics. Although 
Einstein contributed so fundamentally to quantum mechanics he was never satisfied with 
it. Particularly he did not consider quantum mechanics to be the full story and tried to 
construct several Gedanken-experiments in order to demonstrate this [3]. The dispute 
culminated in 1935 by the famous articles of Einstein, Podolsky and Rosen [4] and of 
their opponent Niels Bohr [5], Heading their articles with 

"Can Quantum-Mechanical Description of Physical Reality Be Considered Complete?" 

EPR and Bohr advocated their opposite point of view in illustrating special examples. 
This controversy which was rather singular in the history of science we have to reconsider 
now. 

2 Einstein-Podolsky-Rosen Paradox 
Einstein, Podolsky and Rosen [4] have constructed a Gedanken-experiment in order to 
demonstrate that quantum mechanics is an incomplete theory. For completeness of a 
theory they define: "Every element of the physical reality must have a counterpart in the 
physical theory." 

EPR are very much concerned with a concept of the physical reality which can be 
applied for both the macroscopic - and the microscopic world. They have formulated 
it with great care and extreme generality. Let us summarize all the premises which the 
EPR-argumentation will rest upon. 

2.1 Premises 
i) Criterion for physical reality 
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"If, without in any way disturbing a system, we can predict with certainty (i.e., 
with probability equal to unity) the value of a physical quantity, then there exists 
an element of physical reality corresponding to this physical quantity." 

ii) There is local causality or no action at a distance. 

iii) Some of the quantum mechanical predictions are correct, when considering a certain 
type of a system which consists of two spatially separated particles. 

EPR have considered a system of two particles and examined the conjugate quantities 
position and momentum. We, however, do not follow their original work; in view of the 
experiments we are going to discuss Bohm's spin-version. 

2.2 Bohm's Variant of the EPR-Experiment [6] 
Let us consider a system of two particles each having spin 1 /2 which is produced in a spin 
singlet state. The particles separate and the various spin components of each particle are 
measured by two Stern-Gerlach magnets (see Fig. 1). 

r 1/2 S2 = l/2 
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Pig. 1: A system of two particles produced in a spin singlet state is decaying. The spin 1/2 
of each particle is measured by two Stern-Gerlach magnets. H is the magnetic field and 
a is some direction in space Particle 1 will be detected always 'up' on screen 1 whereas 
particle 2 will be found 'down' on screen 2 - or vice versa. When the magnets are rotated 
the detection pattern also turns around. 

The quantum mechanical description of such a system is given by the following wave 
function 

(1) V>o = ^W(lhi(2)-n!(l)nI(2)], 
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where we consider only the spin part which is the important part in our discussion. 
The quantities »/|(1 or 2) are the state vectors for particle 1 or 2 having spin 'up' (+) 

or 'down' (-) along a given direction a. They are eigenvectors of the operator a • a 

a • är)l{\ or 2) = ±t)l{l or 2) (2) 

with eigenvalues ±1; and c= (ox,oy,at) are the familiar Pauli matrices. 

2.3 Argumentation a la EPR 
Now we go through EPR-reasoning with this kind of experiment. Supposing we measure 
the spin of particle 1 in i-direction - the outcome is not predetermined by wave function 
rJ>o - it can be 'up' (+) or 'down' (-), but from wave function 0 O one can predict: 
If particle 1 is found 'up' (+) then particle S will be found 'down' (-) with certainty - if 
particle 2 is then measured. 

The prediction is made without disturbing in any way particle 2 - particle 1 and 
particle 2 are spatially separated. To avoid action at a distance EPR have to attribute 
an element of physical reality to the spin of particle 2 which predetermines the outcome 
of the measurement. Such predetermined values (here spin 'up' or 'down'), such real 
properties, fixed in advance of observation, are not included in the wave function fa, are 
not contained in the quantum mechanical formalism. Therefore one has to conclude ä la 
EPR: 

The quantum mechanical formalism is incomplete! 

Choosing next the y-direction - or any other - for measuring the spin of particle I 
we have to conclude for the same argument that the spin of particle 2 has simultaneous 
reality in y- and in i-direction, in fact in any directions, in advance of observation. Vice 
versa reality also must be attributed to the properties of particle 1. 

This certainly is not so in quantum mechanics. For this reason an extended theory -
a deterministic hidden variable theory - seems to be required. There a quantum state is 
specified more completely by a parameter - the hidden variable - reflecting the predeter
mination a la EPR. 

It is important to emphasize at this stage that Einstein does not consider the deter
minism to play the fundamental role in a theory [7] - despite his famous aphorism "God 
does not play dice". As Bell [1] makes clear determinism in the EPR-argument is not 
assumed but inferred. What Einstein maintains absolutely is his principle "no action at 
a distance". 

3 Bohr's Reply 
Bohr [5] gave an immediate and extensive reply to the EPR-article. His basic message is: 

Quantum mechanics is complete! 
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In his article Bohr does not question the EPR-reasoning once al! premises are accepted. 
Instead he attacks the premises of EPR. Bohr criticizes heavily EPR's criterion for a 
physical reiJity which contains for him: u . . . an essential ambiguity as regards the meaning 
of the expression 'without in any way disturbing a system'." 

Bohr advocates a completely different point of view. As a key for an understanding 
serves his principle of 'complementarity': 

"In fact, the renunciation in each experimental arrangement of the one or the other 
of two aspects of the description of physical phenomena, - the combination of which 
characterizes the method of classical physics, and which therefore in this sense may be 
considered as complementary to one another, - depends essentially on the impossibility, 
in the field of quantum theory, of accurately controlling the reaction of the object on the 
measuring instruments." 

At another passage Bohr continues challenging Einstein's 'local causality' which for
bids faster-than-light effects that a measurement of particle 1 does not disturb particle 2: 
u . . . there is essentially the question of an influence on the very conditions which define the 
possible types of predictions regarding the future behavior of the sysiem. ... this descrip
tion ... may be characterized as a rational utilization of all possibilities of unambiguous 
interpretation of measurements, compatible with the finite and uncontrollable interaction 
between the objects and the measuring instruments in the field of quantum theory." 

In brevity Bohr argues as follows. In quantum theory there exists a finite quantum 
actior which implies a finite interaction between measured object and measuring instru
ment. But this also implies a finite disturbance of the measured object which is totally 
unpredictable and cannot be eliminated on principle. This limits our information about 
the object and we cannot attribute a physical reality to an object independent of the mea
surement. So for Bohr quantum particles do not have any definite properties in advance 
of observation. 

A. Petersen [8] characterizes Bohr's philosophy by "... 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." 

What a different point of view! Einstein was convinced throughout his life that par
ticles must have properties whether they are measured or not. 

Applying now Bohr's position to the spin experiment discussed before we have to 
argue in the following way: 

Supposing we measure the spin of particle 1 in x-direction then the spin of particle 1 
is real. Only if particle 2 is measured then also the spin of particle 2 is real. The same 
argumentation holds for a measurement in j/-direction, or any other. 

Bohr would argue that we cannot measure the spin of particle 2 (or 1) simultaneously 
in i-direction and in y-direction - they are 'complementary'quantities described by the 
'complementary'operators ax{2) and ov(2). Therefore the spin of particle 2 (or 1) cannot 
have simultaneous reality in both directions. 

For this reason quantum mechanics is complete and there is no paradox. 
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4 "Ein sanftes Ruhekissen" 
Most physicists were- and still are - quite happy with the quantum formalism. It provides 
correct results for the observations - what else can be desired? They considered the 
dispute Einstein contra Bohr as rather 'philosophical' (for a philosopher's opinion, see 
Refs. [9-13]). Historically the main bulk of physicists just followed the views of Bohr, 
a position which also Heisenberg, Born and Jordan fundamentally contributed to and 
which entered into the literature as 'Kopenhagen interpretation of quantum mechanics'. 

Only few resisted - Einstein, Schrödinger and de Broglie were the prominent oppo
nents. In a letter to Schrödinger Einstein [14] already anticipated that Bohr will win: 

"Die Heisenberg-Bohrsche Beruhigungsphilosophie - oder Religion? - ist so fein aus
geheckt, daß sie dem Gläubigen einstweilen ein sanftes Ruhekissen liefert, von dem er 
sich nicht so leicht aufscheuchen läßt. Also lasse man ihn liegen." 

Indeed the debate on quantum mechanics disappeared for the next decades and the 
'Kopenhagen interpretation' became official. In this connection also the work of J. von 
Neumann played an important re's. In his "Mathematische Grundlagen der Quanten
mechanik'' [15] von Neumann presented a proof that quantum mechanics does not permit 
a hidden variable interpretation. Remarkably, neither EPR nor Bohr referred to him in 
their debate; their intuition of quantum mechanics was quite different. 

In the me.inwhile new discoveries theoretically and experimentally have been made, 
they also entered the textbooks [16], and now we are 'allowed' to, even forced to recon
sider the situation in quantum mechanics. These changes we are going to discuss in the 
following chapters. 

5 Bell's Theorem and Bell Inequalities 
1952 t ie dispute on quantum mechanics was stirred up again by a work of David Böhm 
who presented [17]: 

"A Suggested Interpretation of the Quantum Theory in Terms of 'Hidden' Variables." 

In all observable properties Bohm's 'realistic' theory is in agreement with quantum 
mechanics (for further literature [18-21]). This seems to conflict *vith von Neumann's 
proof. 

Again more than a decade passed by when J.S. Bell cleared up this situation with his 
work [22] 

"On the Problem of Hidden Variables in Quantum Mechanics". 

There he demonstrated that one of the axioms which von Neumann's proof rested 
upon is unreasonable; it cannot be applied necessarily for a theory with hidden variables 
and in particular not for the theory of Böhm. It is the axiom about linearity (additivity) of 
expectation values of certain operators (for a further discussion see Refs. [21-23]). Instead 
Bell proposed another axiom to be taken into consideration: locality or separability of 
distant systems. Bell emphasized the highly nonlocal character of Bohm's theory and 
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subsequently he also found a general proof that any hidden variable account of quantum 
mechanics must have a nonlocal feature1. 

This leads us to Bell's celebrated paper of 1964 [24] 

"On the Einstein-Podolsky-Rosen Paradox" 

which caused a dramatic change in the dispute of EPR and Bohr. Bell removed this issue 
from pure 'philosophical speculations' onto experimental grounds. As result of 'Bell's 
theorem' we can now distinguish experiment illy between quantum mechanics and realistic 
local theories with hidden variables. This has fundamental implications. 

5.1 'Bell's Theorem» 
In a certain experiment all realistic local theories with hidden variables are incompatible 

with quantum mechanics. 

In practice, for a given experimental set-up, one can derive within realistic local hidden 
variable theories a so-called 'Bell inequality' which is violated by quantum mechanics. 
Therefore the premises - locality - leading to a 'Bell inequality' are not compatible with 
quantum mechanics (for further discussions see Refs. [25-31]). 

5.2 Derivation of 'Bell's Inequality' 
We want to derive now Bell's original inequality since it is in connection with the spin-
experiment which we have discussed before (for more general derivations consult Ref. 
[32], for popular versions Refs. [33,34]). For that we have to consider an experimental set
up with non-parallel Stern-Gerlach magnets and we measure the spin in three different 
directions a, 6, c* (see Fig. 2). 

In the sense of EPR we specify a quantum state more completely by a parameter, the 
hidden variable A. This parameter A may be discrete or continuous, a single variable or 
a set, or a set of functions. Then the results of measuring the several spins are 

for a!-a: A{a,X) = ±l (3) 
ioroib: B{b,\)=±\ (4) 

for B\-aa2b: AB(a, b, A). (5) 

The expectation value for the combined spin-measurement of particle 1 along a and 
particle 2 along b is determined by 

E(a, 6) = J d\p{\)AB{a, b, A), (6) 

'it is of historical interest in this connection that Bell's first, paper in this held (SLAC-PUB-44, Aug. 
1964) was published two years after his second work "On the EPR-Paradox". The reason was that the 
editor just filed the paper because Bell's new address was obviously not available. 
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Fig. 2: Two spin 1/2 particles produced in a singlet state are measured for three different 
directions a, 6, c which are normalized to unity. 

where p{\) is some probability distribution of the parameters A normalized to unity 

Jdp = JdXp(X) = 1. (7) 

Now a crucial assumption comes into play. 

Locality Hypothesis 
AB{3,b,\)=A{3,\)-B{b,\). (8) 

It means that the result B for particle 2 is determined only by the magnet setting b for 
particle 2 and by the parameter A but it does not depend on the setting 3 for particle 1. 
Vice versa for A. 

With hypothesis (8) the expectation value for the product of the spin components has 
the following form 

£(S,fe) = JdpA{5y\).B(b,X). (9) 
Is Equ. (9) adequate to the corresponding expectation value in quantum mechanics? No! 
As we shall see by Bell's inequality. 

Now we derive 'Bell's inequality' by following closely his argumentation [24]. We start 
from accordance of Equ. (9) with quantum mechanics for parallel magnet settings a = b 

E{3,3) = -1. 

From (10) follows that 
A(3,X) = -B(3,\) 

for all A. Inserting (11) into Equ. (9) we can write the expectation value as 

E(3,b)=-jdpA(3,\)-A(b,\). 

(10) 

(ID 

(12) 
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Now we consider a difference of expectation values for spin measurements at three 
different directions a, 6, c 

E{a,b)-E(atc) = - /dp[A{3, A) • A{b, A) - A{a, A) • A{c, A)] (13) 

= - / rfp/ l (a ,A)A(6,A)[l- / l (6,A)/ l (c ,A)] . (14) 

Taking the absolute value of Equ. (14) we get the inequality 

\E(a,b)-E(a,c)\ < J dp\A(a, A) • A(6,A)| • |1 - A(b, A) • A(c, A)| (15) 

< Jdp[l-A(i\)-A(c,\)), (16) 

where the second term in (16) represents £(6, c). 

'Bell's Inequality' 
\E(a,b)-E(3,c)\<l+E(b,c). (17) 

5.3 Violation of 'Bell's Inequality' by Quantum Mechanics 
In quantum mechanics we calculate the expectation value for the product of the »pin 
components in the following way 

E(a,b) = (rf,0\*1-a3,-b\ri>0) (18) 

where tpo is the spin singlet wave function of the total system given by Equ. (1). The 
result of (18) is 

E{a,b) = -ab (19) 
= -cos(a,b). (20) 

For a maximal violation the 3 magnet-directions should differ by 60° (coplanar) as 
depicted in Fig. 2 

(a, 6) = (6, c) = 60°, (a, c) = 120°. (21) 

Inserting the quantum mechanical values (20) at angles (21) (recalling cos 60° = 
-cos 120° = 1/2) into 'Bell's inequality* (17) we get 

1 < \ (K) 

which is false. 
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5.4 Conclusion 
The locality-hypothesis must be questioned! 

Bell in his original work [24] formulated it in the following way: 
"In a theory in which parameters are added to quantum mechanics to determine the re

sults of individual measurements, without changing the statistical predictions, there must 
be a mechanism whereby the setting of one measuring device can influence the reading 
of another instrument, however remote. Moreover, the signal involved must propagate 
instant?.neously, so that such a theory could not be Lorentz invariant." 

Therefore one cannot complete quantum mechanics in the sense of Einstein who 
strictly sticks to "no action at a distance". It is an 'irony of history' that Einstein's 
attack against quantum mechanics ended up in questioning his fundamental premise. 

The situation changes, however, when [24] "the settings of the instruments are made 
sufficiently in advance to allow them to reach some mutual rapport by exchange of signals 
with velocity less than or equal to that of light." 

Therefore a time-flipping set-up of the instruments is of utmost importance for a 'Bell 
inequality' to hold. 

6 Experiment 
The analysis of Bell allows to construct an experiment for testing whether local hidden 
variable theories are correct or quantum mechanics. What will experimentally prove true? 

A pair of spin 1/2 particles in a singlet state is rather hard to produce. More convenient 
is the handling with photons; experiments with photons are feasible with high precision. 
Clauser, Home, Shimony and Holt [35] have proposed 1989 such an experiment where 
photon pairs are created in a radiative cascade of calcium atoms. Their polarizations 
- the linear and transverse polarization - are correlated and can be measured. This is 
just the optical version of the spin-experiment which we have discussed before. For such 
correlated photons the authors derived a 'generalized Bell inequality' which is violated 
by quantum mechanics (for a different derivation see Bell [36]). 

Subsequently a long series of experiments testing 'Bell inequalities' caused great ex
citement and stimulated violently the EPR debate. We collect them in the Appendix and 
concentrate here on one experiment which we consider of great importance. It contains 
- as the only one - the fundamental factor time necessary for a 'Bell inequality' to be 
valid. 

6.1 Experiment of Aspect, Dalibard and Roger (ADR) 
Alain Aspect and his collaborators performed a beautiful series of experiments [37] in 
Orsay. Like other authors [38] they work with a photon source emitting photon pairs 
with correlated polarizations. These polarizations are measured at different orientations. 
In their third experiment ADR [37d] also include a switch-mechanism in the set-up of 
their instruments. This experiment we are going to describe in detail. 



10 

KRYPTON LASER ^ PUMPING 

\ 

RAY OF CA ATOMS 

RHODAMIN DYE LASER X K 

Fig. 3: A beam of calcium atoms (typical density: 3 • 10 1 0 atoms/cm3) is irradiated at 90° 
by a Krypton ion laser and a Rhodamir. dye laser. The excited Ca-atoms emit photon 
pairs (Ai,A2) in opposite directions. 

i) Photon Source 
A beam of calcium atoms HCa is irradiated by tw» laser beams which are focused 
at the interaction region and are polarized parallel (see Fig. 3). 
This laser pumping causes an excitation of the Ca-atoms which in return emit 
two visible photons in opposite directions via a radiative cascade. Since the atomic 
transition occurs between singlet states 'So —• 1Pi —* 'So the emitted photon pair 
must have correlated polarizations (see Fig. 4). 

ii) Switch Mechanism 
ADR solved the problem of a rapid switch in a very clever way. They used the pos
sibility of scattering photons on ultrasonic standing waves in water. The incident 
photons are either transmitted straight on into a polarizer with a giver, orienta
tion or they are Bragg-deflected into another polarizer with a different orientation. 
Transmission occurs when the amplitude of the standing wave is minimal and deflec
tion when it is maximal. This switching works very rapidly, every 10 nsec between 
the two different polarizers (see Fig. 5). 
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Fig. 4: Relevant energy levels of calcium ™Ca. The atoms pumped to the upper level 
emit two photons At and A2 via the cascade *So -+ lP\ -» ^o- The typical cascade rate 
is 4 • 107 per second. 
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Fig. 5: Optical switch. The incident photons are switched by acousto-optical interaction 
with ultrasonic standing waves in water. The photons are either transmitted when the 
amplitude of the standing wave is minimal or deflected when it is maximal. The intensity 
of the transmitted and deflected photons is shown qualitatively, /(a), J'(S) are different 
polarizers at different orientations; PM1, PMl' are photomultipliers. 
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Fig. 6: Set-up of the ADR experiment. 5 is the photon source and C/, C// are the optical 
switches which are followed by the polarizers / , / ' and 77., / / ' with different orientations. 
Behind the polarizers are placed the photomultipliers PM. A coincidence monitoring 
provides the counting rates of the photon pairs. 

iii) Experimental Set-Up 
Two switching devices are placed on opposite sides of thf photon source in a distance 
of 12 m. They are followed by two polarizers with different orientations: a and a1 on 
side / and 6 and b' un side II (see Fig. 6). These transmit only linearly polarized 
photons which are detected by the photomultipliers standing behind. The several 
coincidence counting rates between side I and side II are finally measured by some 
electronic system. 

iv) Features of the Experiment 
The outstanding feature of ADR's experiment is the fascinating optical switch mech
anism. Let's recall the several time-factors involved in the experiment: 

a) 10 ns - the switching time between the polarizers I and V or II and / / ' , 
b) 5 ns - the lifetime of the photon cascade, 
c) 40 ns - the time of flight of the photons. 

These time-factors fulfill the prop^ty 

a,b < c (23) 
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which implies a spacelike separation of the event intervals. The detection event on 
side / does not 'know' which orientation the measuring device on side / / is going 
to choose and vice versa. This corresponds to Bell's locality hypothesis. 
However, the time-flipping mechanism is still not ideal. The switches at opposite 
sides do not work truly random. They are driven by different generators at (slightly) 
different frequencies. ADR characterize their working 'quasiperiodic' and think that 
"it is then very natural to assume that they function in an uncorrelated way". 

v) 'Generalized Bell Inequality' 
The relevant coincidence counting rates which one has tc consider in this experiment 
are the following ones: 

N(a,b), N(a,b'), #(7,6), *(<?,?) (24) 

when polarizer / is at orientation a and polarizer / / at 6, / at a and / / ' at 5', etc.; 

tf(3\oo), N(oo,6) (25) 

when polarizer I' is at <f and polarizer / / is removed, / is removed and / / is at 6; 

JV(oo.oo), N(oo,oo'), JV(oo'.oo), N(oo',oo') (26) 

when finally all polarizers are removed. 
Clauser, Home, Shimony, Holt [35a] and Clauser, Home [35b] have shown that these 
coincidence counting rates in the specific combination 

JV(q,6) N(aj) J¥(g,fl N(<?,bf) N(3!,<x>) N(oo,b) 
TWco.oo) 7V(co,oo'jI JVfoo'.oo) JV(oo',oo') N{oo'too) JV(oo,oc) 

(27) 
fulfill a 'generalized Bell inequality' 

- 1 < 5 < 0. (28) 

vi) Violation of the 'Generalized Bell Inequality' by Quantum Mechanics 
Now we calculate the coincidence counting rates within quantum mechanics 

J g L . I [ 1 + M s 2 ( o - , 5 ) ] ( 2 9 ) 

and 2(5, b) represents twice the angl* between the orientations a and b. 
Equs. (29), (30) correspond to an ideal apparatus. In the actual experiment ̂ how
ever, where the instruments do not. work ideal, the terms in Equs. (29), (30) are 
multiplied by some factors which are less than unity [32,35]. 
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For a maximal violation one has to choose the orientations 

(a, 6) = (3\J?) = (3\Sj = 22.5° (;U) 
(a, 6') = 67.5° (32) 

and obtains 
SQM = 0.207 (33) 

for an ideal apparatus and 
SQM = 0.112 (34) 

when instrument insufEciences are taken into account. 

"ii) Experimental Results 
A.DR have measured the coincidence counting rates (24), (25), (26) at polarizer 
orientation (31), (32). After a run (typically 12000 sec) they average the true coin
cidence rates and compute the quantity 5, Equ. (27). The mean of two such runs 
yields the result 

S e x p = G.101±0.P20. (35) 

The experimental value (35) violates the 'generalized Bell inequality' (28) by five 
standard deviations and agrees with the prediction of quantum mechanics, Equ. 
'"I) , in an impressive way. 
Furthermore ADR also tested a single coincidence counting rate in order to compare 
it with quantum mechanics. In an additional run they varied the polarizer orienta
tions. The results we have plotted on Fig, 7; agreement with quantum mechanics 
is excellent. 

6.2 Remarks 
An actual experiment like the one described here is certainly far from being ideal. There 
exist many imperfections of the instruments. Only with additional but reasonable as
sumptions one can extrapolate from the real to the ideal case. For instance, the efficiency 
of the photomultipliers is maximal 20%. But it is hard to believe that the missing photons 
will fill up the 'Bell inequality' aid violate quantum mechanics - nature is not malicious. 

Zeilinger [39] draws attention to another point in the ADR-experiment where the 
photon time of flight and the switching period are the same (20 nsec). For this reason 
a switch-source communication with certain velocities is not excluded and it would be 
recommended to vary the switch frequencies or/and the distances. 

Finally we also want to mention other experiments which are not connected to EPR-
correlations but which demonstrate nicely the features of quantum mechanics for a 1-
particle system. These are the neutron interference experiments of the Rauch group [40] 
where the spin-superposition in a neutron is examined (see also Ref. [41]) and the exper
imental confirmation of the Aharanov-Bohm effect [42] by the Tonomura group [43]. 



15 

N(d,S) 
NK») 

0.5 

0° 30° 60° 90° * (££) 
Pig. 7: Averaged, normalized coincidence counting rate versus the angle between two 
polarizer orientations. The experimental results marked by / are compared with the 
quantum mechanical prediction (lined curve - Equ. (29) corrected for the actual experi
ment). 

7 Conclusion 
There exist some interpretations of the experimental outcome spread in the literature 
[44,25-31,9-13] and some modified quantum dynamics has been constructed [45-47]. But 
v/e consider a discussion of it beyond our article. 

We do find the situation rather puzzling and have drawn our conclusion on Fig. 8. 
An experiment with EPR-correlations confirms impressively the predictions of quantum 
mechanics (see also the list of experiments in the Appendix). But this implies via "Bell's 
theorem' that there must be a highly nonlocal structure behind the formalism of quantum 
mechanics - a spooky action at a distance - what is certainly totally disliked by Mr. 
Einstein as he demonstrates on the picture. 
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Fig. 8: Conclusion 
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Appendix 
Here we just want to collect the series of experiments which test 'Bell inequalities'. 

For further details we refer to the reviewing articles of Clauser-Shimony [32], Pipkin 
[48], DuQcan-Kleinpoppen [49] and respectively to the original literature. There exist 
also very interesting proposals for experiments with EPR-correlations and tests of "Bell 
inequalities' in particle physics. These experiments are concerned with the decays of the 
particles nc and J/V into AÄ, or with K°K° and B°B" systems and are summarized by 
Törnqvist [50] and Home [51). 

Up to now the experiments can be classified into three groups: 

A) Photon Cascade Experiments 
In a 'So —* lP\ —* lSo transition in Ca, or Hg atoms a photon cascade pro
duces photon pairs with correlated polarizations which are measur J at different 
polarizer orientations. With these polarization correlations a 'Bell inequality' (BI 
abbreviated) is calculated and compared with the quantum mechanical result (QM 
abbreviated). 

A.l Freedman and Clauser [38]: BI violated - QM fulfilled. 
A.2 Holt and Pipkin [52]: BI fulfilled - QM violated! 
A.3 Clauser [53]: BI violated - QM fulfilled. This experiment is considered as a 

repetition of the Holt-Pipkin experiment. 
A.4 Fry and Thompson [54]: BI violated - QM fulfilled. 
A.5 Aspect, Grangier and Roger [37b]: BI violated - QM fulfilled. 
A.6 Aspect, Grangier and Roger [37c]: BI violated - QM fulfilled. 
A.7 Aspect, Dalibard and Roger [37d|: BI violated - QM fulfilled. This experiment 

contains the time-flipping mechanism and is explained in detail in the text. 
A.8 Aspect and Grangier [37e]: BI violated - QM fulfilled. 
A.9 Perrie, Duncan, Beyer and Kleinpoppen [55]: BI violated - QM fulfilled. In this 

experiment the decay of a metastable atomic deuterium is utilized which emits 
spontaneously two photons whose correlated polarization is then measured. 

B) Positron Annihilation Experiments 
Here positrons are emitted by a Cu, or Na source, then annihilated again in Cu, 
or Na. The polarization correlation of the two emitted photons is measured via 
Compton scattering. Some 'auxiliary assumptions' are n c ;ssary to compare with 
local realistic theories. 

B.l ".asday, Ullman and Wu [56]: BI violated - QM fulfilled. 
B.2 Faraci, Gutkowski, Notarrigo and Penrisi [57]: BI fulfilled - QM violated! 
B.3 Wilson, Lowe and Butt [58]: BI violated - QM fulfilled. 
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B.4 Bruno, D'Agostino and Maroni [59]: BI violated - QM fulfilled. 
B.5 Bertolini, Diana and Scotti [60]: BI violated - QM fulfilled. 

C) Proton-Proton Scattering Experiment 
Protons coming from an accelerator are scattered at an hydrogen target. The inci
dent and the recoil protons are analyzed. One measures spin correlations of these 
proton pairs which stay during their collision dominantly in a singlet state. Some 
'auxiliary assumptions' are necessary to compare with local realistic theories. This 
experiment is close to the spin-experiment discussed at the beginning of this paper. 

C.l Lamehi-Rachti and Mittig [61]: BI violated - QM fulfilled. 

In summary 15 experiments are carried out, 13 of them violate a 'Bell inequality' and 
agree with quantum mechanics; whereas two experiments yield just the opposite result. 
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