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The results of precise tests to explore the validity of quantum mechanics by applying Bell's theorem (that 
some quantum mechanical predictions cannot be mimicked by any local realistic model in the spirit of 
Einstein's ideas) agree with the quantum mechanical predictions.

It is a great privilege, in these sad cir
cumstances, to have the opportunity to 
recount the great influence John Bell 
had on my life as a physicist. Testing 
Bell's inequalities was more than a run- 
of-the-mill experiment. Indeed, when 
I read the paper "On the Einstein-Podol- 
sky-Rosen (EPA) paradox" [1], I found it 
extremely clear and completely convin
cing, but there was something special 
about this paper: it led to two contradic
tory conclusions. The first part showed 
that EPR correlations predicted by quan
tum mechanics are so strong that one 
can hardly avoid the conclusion that 
quantum mechanics should be comple
ted by some supplementary parameters 
(the so-called "hidden variables"). But 
the second part, elaborating on this 
result, demonstrated that the hidden- 
variables description in fact contradicts 
some predictions of quantum mecha
nics, which is to say both theories 
predict different results. In the face of 
these two perfectly convincing and 
contradictory results, there is only one 
way out: ask Nature how it works.

The big surprise was the realization 
that, at the end of the sixties, there was 
no experimental result to answer the 
question. The contradiction discovered 
by John Bell is so subtle that it appears 
only in very peculiar situations that had 
not been investigated : it was therefore 
necessary to design and build specific 
experiments.
Bell's Theorem
1. Hidden variables

The reasoning behind Bell's theorem 
deals with correlations between events, 
each of which appears to be random. 
Such correlations may arise outside 
physics. Take, for instance, the occur
rence of some well-defined disease and 
let us assume that biologists have ob
served its development in 50% of the 
population aged 20, and its absence

Fig. 1 - Einstein-Podolsky-Rosen 
Gedankenexperiment with pho
tons. The source S emits pairs 
of photons V which are analyzed 
in polarization in two directions 
(a and b). In an EPR situation, 
the results of the measurement 
of polarizations are found to be 
strongly correlated.
in the remaining half. Now, on inves
tigating specific pairs of (true) twin 
brothers, they find a perfect correlation 
between the outcomes: if one brother 
(or sister) is affected, the other is also 
found to be inflicted with the disease ; 
but if one member of the pair has not 
developed the disease, then the other is 
also unaffected. In face of such a per
fect correlation for twin brothers, the 
biologists will certainly conclude that 
the disease has a genetic origin. They 
may invoke a simple scenario: at the 
first step of conception of the embryo, a 
(random) genetic process produced a 
chromosome sequence — one which is 
responsible for the occurrence, or ab
sence, of the disease — that has been 
duplicated and given to both brothers.

An EPR situation is a case where 
quantum mechanics predicts strong 
correlations of this type. Consider, for 
instance, the situation illustrated in Fig. 
1 where a source emits a pair of pho
tons V1 and v2 travelling in opposite 
directions. Each photon impinges onto 
polarizers which measure the linear 
polarization along both of two direc
tions (a or b) determined by the orienta
tion of the corresponding polarizer. 
There are two possible outcomes for 
each measurement and these we can 
label + and -  . Quantum mechanics 
allows for the existence of a two-pho-

A. Aspect (on the right) with John Bell in 
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ton state (EPR state) for which the pola
rization measurements taken separately 
appear random but which are strongly 
correlated. More precisely, denoting 
P + (a) and P_(a) as the probabilities 
that the polarization of v1 along a is 
found equal to + or - , these probabili
ties are predicted to be equal to 0.5; 
similarly the probabilities P + (b) and 
P _ (b) for photon v2 are equal to 0.5 
and independent of the orientation b.

On the other hand, the joint probabi
lity P+ + (a,b) for observing + for both 
photons is equal to 0.5 cos2(a,b). In the 
case of parallel polarizers [(a,b) = 0], 
this joint probability is P+ + (0) = 0.5; 
similarly, P_ (0) = 0.5, while P - + (0) 
and P+_ (0) are zero. The results for the 
two photons of the same pair are thus 
always identical, both + or both - ,  i.e., 
they are completely correlated. The si
tuation is thus exactly analogous to the 
case for the twin brothers, and it seems 
natural to link this correlation to some 
common property of the two photons of 
a pair, analogous to the common 
genome of the two twin brothers. This 
common property changes from pair to 
pair, which accounts for the random 
character of the single events.

The above reasoning constitutes the 
first part of John Bell's paper. A natural 
generalization of the EPR reasoning, it 
leads to the conclusion that quantum 
mechanics is not a complete descrip
tion of physical reality. Indeed, invoking 
some common property which changes 
from pair to pair, we claim that the com
plete description of a pair must include 
something, in addition to the state vec
tor which is the same for all pairs. This 
something can be called supplementary 
parameters, or hidden variables. At this 
stage, these hidden variables are sup
posed to be able to render an account of 
the correlations between both measure
ments, for any set (a,b) of orientations.
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2. Inequalities
The second part of Bell's reasoning 

starts from this requirement for hidden 
variables. Assuming their existence and 
some very natural properties, one can 
show that the expected correlations, for 
the joint measurements above, cannot 
take any set of values, but that they 
are subject to certain constraints. More 
precisely, if we consider four possible 
sets of orientations [(a,b), (a,b'), (a',b) 
and (a',b')], the corresponding correla
tion coefficients (which measure the 
amount of correlation) are restricted by 
the so-called Bell's inequalities, which 
state that a given combination S of 
these four coefficients is between -2  
and +2 for any "reasonable" hidden- 
variable theory [2].

Now comes the crucial point: there 
exists a set of orientations for which the 
quantity S predicted by quantum me
chanics, in the EPR situation presented 
above, is equal to 2.8, i.e., it violates 
Bell's inequalities. The hidden-variables 
theories envisaged above are then 
unable to render an account of the EPR 
correlations predicted by quantum me
chanics (these quantum mechanical 
correlations are not as easy to under
stand as the common medical fate of 
twin brothers).

In the face of this contradiction, John 
Bell made clear the reasonable proper
ties that he had assumed for the hidden- 
variables models. The essential as
sumption, absolutely necessary to re
solve the conflict, is locality: this as
sumption states that the result of a 
measurement by a polarizer cannot be 
directly influenced by the choice of the 
orientation of the other, remotely loca
ted, polarizer. This assumption indeed 
sounds very reasonable. Moreover, it 
can be considered to be a consequence 
of Einstein's causality, by considering 
an experiment in which the settings of 
the polarizers can be changed at ran
dom in a time which is short compared 
to the time light takes to propagate bet
ween the two polarizers.

Of the many papers that followed 
Bell's paper, we will extract the conclu
sion that Bell's inequalities apply to 
a wider class of theories than local 
hidden-variable theories. Any theory in 
which each photon has a "physical rea
lity" localized in space-time, determi
ning the outcome of the corresponding 
measurement, will lead to inequalities 
that sometimes conflict with quantum 
mechanics. Bell's theorem can thus 
be phrased in the following way: some 
quantum mechanical predictions (EPR 
correlations) cannot be mimicked by 
any local realistic model in the spirit of 
Einstein's ideas.

Fig. 2 — The experiment 
with two-channel polarizers 
and photomultiplier (PM) 
counters. Using four-fold 
coincidence systems we 
obtain directly the polariza
tion correlation coefficient 
of photons v emitted by the 
source S in the set of orien
tations (a,b). Note the close 
similarity with Fig. 1.

First Experiments [3]
When physicists realized the wide 

generality of Bell's theorem, they met 
with a great surprise : at the end of the 
sixties, there was no experimental re
sult available for testing Bell's inequa
lities versus quantum mechanics. More
over, in the case where a conflict is 
predicted (as above) one finds that 
taking into account the inefficiencies of 
a real experiment usually reduces the 
degree of correlation predicted by quan
tum mechanics so that there is no lon
ger any conflict. The possibility then 
arose that the conflict with Bell's in
equalities may indicate a place to look 
for a limit to the validity of quantum 
mechanics.

It was therefore tempting to perform 
a sensitive experiment for a situation 
where quantum mechanics predicts a 
conflict with Bell's inequalities. In order 
to have such a situation, several condi
tions must be fulfilled :
-  the creation of a pair of systems in 
a non-factorable quantum state of the 
EPR type ;
-  the ability to perform two-valued 
measurements on each system ;
-  the disposal of an adjustable parame
ter for these measurements so that dif
ferent values of this parameter corres
pond to non-commuting observables.

The first experimental test was based 
on pairs of γ photons produced in the 
annihilation of positronium. This would 
be an ideal system, except for the fact 
that no polarizer exists capable of ma
king a two-valued measurement: polari
zation must be inferred from a Compton 
scattering using calculations relying on 
quantum theory. The test is thus indi
rect and somewhat circular. The first 
measurements gave contradictory re
sults, but by the mid-1970's clear 
agreement with the quantum mechani
cal predictions was established.

An experiment based on pairs of pro-
tons obtained by scattering had the 
same problem (no polarizers). It also 
gave a result in agreement with quan
tum mechanics.

The system best able to fulfill the 
above conditions comprises pairs of vi

sible photons produced in well-chosen 
atomic radiative cascades. As a matter 
of fact, for visible light there exist polari
zers, e.g. based on birefringent crystals, 
with two output channels and an adjus
table orientation. The first three experi
ments, carried out in the early seven
ties, gave a relatively small signal and 
some results were contradictory. By in
troducing a laser to excite the cascade, 
the fourth experiment gave a convin
cing result in agreement with quantum 
mechanics. For practical reasons, all 
these early experiments used only one- 
channel polarizers, so once again the 
comparison of the experimental results 
with Bell's inequalities was indirect and 
relied on supplementary assumptions. 
However, they had given convincing 
indications in favour of quantum me
chanics and they opened the way to 
second-generation experiments.

Closer to the Gedankenexperiment
Thanks to the progress in lasers, we 

could design and build in the late seven
ties [4] a much more efficient source of 
pairs of EPR photons correlated in pola
rization. We used the same radiative 
cascade in calcium-40 as employed in 
the first experiment by Clauser and 
Freedman [2], but now we could selec
tively excite the upper level of the cas
cade with two-photon absorption. As a 
consequence, the light emitted by our 
source was very pure, encompassing 
only photons of the desired pairs. Very 
important also was the very high emis
sion rate which allowed us to achieve a 
1% statistical accuracy for joint detec
tion within only hundred seconds (a 
similar level of accuracy required hours 
in the previous experiments).

A first experiment based on the same 
scheme as the previous ones (with one- 
channel polarizers) gave a clear-cut re
sult in agreement with quantum me
chanics. Meanwhile, we had obtained 
(from the Philips Research Laboratory) 
two-channel polarizers based on multi-
dielectric coatings. Fig. 2 shows the ex
perimental set-up, which closely re
sembled the ideal one of Fig. 1. Using 
the four-fold coincidence system it was
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possible to monitor simultaneously the 
four coincidence rates corresponding to 
the + and -  results. This yields direct
ly, without any auxiliary calibration, the 
joint detection probabilities in a given 
set of orientations (a,b) from which we 
derive the correlation coefficient. By 
repeating the measurement in different 
orientations we can test directly Bell's 
inequalities.

The results are shown in Fig. 3. We 
have plotted, as a function of the angle 
t, the quantity S which is subject to the 
Bell's inequalities:

-2  ≤ S ≤ 2
There are obviously angles for which 
one of the Bell's inequalities is violated. 
The maximum violation corresponds to 
a value

S = 2.70 ± 0.015
that is to say a violation by more than 
40 standard deviations. In spite of its 
close resemblance to the ideal expe
riment, the actual experiment suffers 
from one remaining problem : owing to 
the limited efficiency of the photon 
detectors, a comparison with Bell's in
equalities requires the assumption that 
the detected photons constitute a faith
ful sample. Nevertheless, the result in 
favour of quantum mechanics and 
against local hidden-variables theories 
is very convincing.

Testing Locality
As already emphasized, the locality 

condition is essential to obtain Bell's in
equalities. But, as stressed by John Bell, 
in a experiment of the type described 
above, "the settings of the instruments 
are made sufficiently in advance to 
allow them to reach some mutual rap
port by exchange of signals with velo
city less than or equal to that of light", 
in which case the locality condition 
does not apply [1]. We have thus tried to 
realize a scheme "in which the settings 
are changed during the flight of the 
particles", so that locality be a conse-

Fig. 3 — The results of the experiment of 
Fig. 2. The quantity S is a function of the 
correlation coefficients and should lie bet
ween -2  and 2 according to Bell's inequali
ties. The solid curve is the prediction of 
quantum mechanics taking into account 
inefficiencies of the apparatus.

Fig. 4 — The experiment 
with optical switches. The 
switch C1 with the two 
polarizers I and /' is equiva
lent to a single polarizer 
changed from orientation 
a to orientation a'. The 
time between changes is 
shorter than the time of 
flight of the light. As be
fore, the source S emits 
pairs of photons v and pho
tomultipliers (PM) detect 
the photons.
quence of Einstein's causality (no inter
action can propagate faster than light).

We have in fact only partially realized 
this programme. First, we do not in 
practice change the setting of a pola
rizer but we instead replace each pola
rizer with a system involving a switch 
that is able to redirect the light towards 
one of two polarizers in two different 
orientations. The time between two 
changes is 10 nanoseconds, shorter 
than the time of flight of the photons 
(20 nanoseconds, corresponding to six 
meters). Unfortunately, the switches 
(based on the interaction with an acou
stic standing wave) did not work at 
random but periodically. This is far from 
ideal, even if the two switches are 
driven by independent generators.

Owing to the complication of the sys
tems, the signal was smaller than in the 
static experiment of Fig. 3, and the 
results were not as precise. We never
theless obtained a significant violation 
of Bell's inequalities by five standard 
deviations, and a good agreement with 
quantum mechanics. The level of confi
dence of this result is not as high as in 
the earlier experiments, so it would be 
very interesting to perform another 
experiment of the same type. This 
might be done with one of the new 
sources of pairs of photons produced in 
the parametric down-conversion of 
photons [5] which should eventually 
give better results than our source.

The Non-Locality Heritage
Let us assume that quantum mecha

nics will also work in ideal experiments 
with no inefficiencies present. In the 
words of John Bell [6] : "It is difficult for 
me to believe that quantum mechanics, 
working very well for currently practical 
set-ups, will nevertheless fail badly with 
improvements in counter efficiency and 
other factors...". What can we conclu
de ? We cannot do better than let John 
Bell explain possible attitudes :
— "There are influences going faster than 
light, even if we cannot control them for 
practical telegraphy. Einstein local causality 
fails, and we must live with this."
— "The orientations a and b are not in
dependently variable as we supposed.

Whether apparently chosen by apparently 
independent radioactive devices, or by ap
parently separate Swiss National Lottery 
machines, or even by different apparently 
free-willed experimental physicists, they are 
in fact correlated with the same causal 
factors as the A and B (the outcomes of 
the measurements). Then Einstein causality 
can survive. But apparently separate parts 
of the world become deeply entangled, and 
our apparent free will is entangled with 
them."
— "The whole analysis can be ignored. The 
lesson of quantum mechanics is not to look 
behind the predictions of the formalism. As 
for the correlations, well, that's quantum 
mechanics."

John Bell repeatedly made it clear 
that the last attitude was not his. To re
nounce raising difficult questions would 
not have been acceptable to him. The 
first was apparently his favorite ; like the 
second, it leaves us with a world, the 
various parts of which may be deeply 
entangled. After John Bell, we can no 
longer ignore that the quantum physical 
reality is somewhat non-local.
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