Bell’s inequality
test: more ideal

than ever

Alain Aspect

The experimental violation of Bell’s inequalities confirms that a pair of
entangled photons separated by hundreds of metres must be
considered a single non-separable object — it is impossible to assign
local physical reality to each photon.

one of the profound scientific discover-

ies of the century. Based on the Ein-
stein, Podolsky and Rosen (EPR) gedanken,
or thought, experiment’, it shifted the argu-
ments about the physical reality of quantum
systems from the realm of philosophy to the
domain of experimental physics. For almost
three decades, experimental tests’ of Bell’s
inequalities have evolved closer and closer to
the ideal EPR scheme. An experiment at the
University of Innsbruck® has, for the first
time, fully enforced Bell’s requirement for
strict  relativistic ~ separation between
measurements.

It all started when Einstein et al. pointed
out that for certain quantum states
(described almost simultaneously by
Schrodinger, who coined the expression
‘quantum  entanglement’),  quantum
mechanics predicts a strong correlation
between distant measurements. Figure 1
shows a modern version of the EPR situa-
tion, where a pair of entangled photons v,
and v, are travelling in opposite directions
away from a source. Results of polarization
measurements with both polarizers aligned
are 100% correlated. That is, each photon
may be found randomly either in channel +
or — of the corresponding polarizer, but
when photon v, is found positively polar-
ized, thenits twin companion v, isalso found
positively polarized. Because no signal can
connect the two measurements if it travels at
a velocity less than or equal to the speed of
light, ¢, and because the choice of the direc-
tion of analysis can be made at the very last
momentbefore measurement while the pho-
tons are in flight, how — argued Einstein —
could one avoid the conclusion that each
photon is carrying a property, determining
the polarization outcome for any direction
of analysis?

This seemingly logical conclusion pro-
vides a simple image to understand the cor-
relations between distant and simultaneous
measurements. But it means specifying sup-
plementary properties (‘elements of reality’
in the words of Einstein) beyond the quan-

B ell’s theorem', formulated in 1964, is

NATURE|VOL398 |18 MARCH 1999 | www.nature.com

tum-mechanical description. To the ques-
tion “Can a quantum-mechanical descrip-
tion of physical reality be considered com-
plete?”” Einstein’s answer was clearly nega-
tive, but this conclusion was incompatible
with the ‘Copenhagen interpretation’
defended by Bohr, for whom the quantum-
mechanical description was the ultimate
one’. This debate between Einstein and Bohr
lasted until the end of their lives. As it was, it
could hardly be settled, because there was no
apparent disagreement on the correlations
predicted for an EPR gedanken experiment.
The point under discussion was the world-
view implied by the analysis of the situation.

Bell’s theorem changed the nature of the
debate. In a simple and illuminating paper’,
Bell proved that Einstein’s point of view
(local realism) leads to algebraic predictions
(the celebrated Bell’s inequality) that are
contradicted by the quantum-mechanical
predictions for an EPR gedanken experiment
involving several polarizer orientations. The
issue was no longer a matter of taste, or epis-
temological position: it was a quantitative
question that could be answered experimen-
tally, atleastin principle.

Prompted by the Clauser—Horne—
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Shimony—Holt paper® that framed Bell’s
inequalities in a way better suited to real
experiments, a first series of tests’, using
photon pairs produced in atomic radiative
cascades, was performed in the early 1970s
at Berkeley, Harvard and Texas A&M. Most
results agreed with quantum mechanics, but
the schemes used were far from ideal; in par-
ticular, the use of single-channel polarizers
only gave access to the + outcome. Progress
in laser physics and modern optics led to a
new generation of experiments carried out
by colleagues and myselfat Orsay in the early
1980s. They were based on a highly efficient
source of pairs of correlated photons, pro-
duced by non-linear laser excitations of an
atomic radiative cascade. An experiment
involving two-channel polarizers, as in the
ideal EPR gedanken experiment, gave an
unambiguous violation of Bell’s inequalities
by tens of standard deviations, and an
impressive agreement with quantum
mechanics®.

A third generation of tests, begun in the
late 1980s at Maryland and Rochester”",
used nonlinear splitting of ultraviolet pho-
tons to produce pairs of correlated EPR pho-
tons. With such pairs, measurements can
bear either on discrete variables such as
polarization or spin components, as consid-
ered by Bell, or on continuous variables of
the type originally considered by Einstein,
Podolsky and Rosen, and studied at Cal-
tech''. A remarkable feature of such photon
sources is the production of two narrow
beams of correlated photons that can be fed
into two optical fibres, allowing for tests with
great distances between the source and the
measuring apparatus, as demonstrated over
four kilometres in Malvern'?and over tens of
kilometresin Geneva®.

The experimenters at Innsbruck® used
this method to address a fundamental point
raised by Bell. In the experiment shown in
Fig. 1, where the polarizers’ orientations are
kept fixed during a run, it is possible to rec-
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Figure 1 Einstein—Podolsky—Rosen gedanken experiment with photons. The two photons, v, and v,,
are analysed by the linear polarizers I and II, which make polarization measurements alonga and b
perpendicular to the z axis. Each measurement has two possible outcomes, + or —, and one can
measure the probabilities of single or joint measurements at various orientations a and b. For an
entangled EPR state, violation of a Bell’s inequality indicates that the strong correlations between the
measurements on the two opposite sides cannot be explained by an image ‘a la Einstein’ involving
properties carried along by each photon. In the Innsbruck experiment®, any possibility of
communication between the polarizers, at a velocity less than or equal to that of light, is precluded by
random and ultrafast switching of the orientations of the polarizers, separated by a distance of 400
m. On each side, a local computer registers the polarizer orientation and the result of each
measurement, with the timing monitored by an atomic clock. Data are gathered and compared for

correlation measurements after the end of a run.
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oncile the quantum mechanical predictions
and FEinstein’s conceptions by invoking a
possible exchange of signals between the
polarizers. To avoid this loophole, Bell
stressed the importance of experiments “in
which the settings are changed during the
flight of the particles”, so that any direct
signal exchange between polarizers would
be impossible, provided that the choice of
orientations is made randomly in a time
shorter than the flight time of the particle or
photon, to ensure that relativistic separation
is enforced.

Prompted by Bell’s remark, a first step
towards the realization of this ideal scheme"*
found a violation of Bell’s inequality with
rapidly switched polarizers, but the polarizer
separation (12 m) was too small to allow for
a truly random resetting of the polarizers.
With a separation of 400 m between their
measuring stations, the physicists of Inns-
bruck® have 1.3 s to make random settings
of the polarizer and to register the result of
the measurement, as well as its exact timing
monitored by alocal rubidium atomic clock.
Itis only at the end of the run that the experi-
mentalists gather the two series of data
obtained on each side, and look for correla-
tions. The results, in excellent agreement
with the quantum mechanical predictions,
show an unquestionable violation of Bell’s
inequalities®.

This experiment is remarkably close to
the ideal gedanken experiment, used to dis-
cuss the implications of Bell’s theorem. Note
that there remains another loophole, due to
the limited efficiency of the detectors, but
this can be closed by a technological advance
that seems plausible in the foreseeable
future, and so does not correspond to a radi-
cal change in the scheme of the experiment.

Conservation

Although such an experiment is highly desir-
able, we can assume for the sake of argument
that the present results will remain
unchanged with high-efficiency detectors.

The violation of Bell’s inequality, with
strictrelativistic separation between the cho-
sen measurements, means that it is impossi-
ble to maintain the image ‘a la Einstein’
where correlations are explained by com-
mon properties determined at the common
source and subsequently carried along by
each photon. We must conclude that an
entangled EPR photon pair is a non-separa-
ble object; that is, it is impossible to assign
individual local properties (local physical
reality) to each photon. In some sense, both
photons keep in contact through space and
time.

It is worth emphasizing that non-separa-
bility, which is at the roots of quantum tele-
portation®, does not imply the possibility of
practical faster-than-light communication.
An observer sitting behind a polarizer only
sees an apparently random series of — and
+ results, and single measurements on his
side cannot make him aware that the distant
operator has suddenly changed the orienta-
tion of his polarizer. Should we then con-
clude that there is nothing remarkable in this
experiment? To convince the reader of the
contrary, I suggest we take the point of view
of an external observer, who collects the data
from the two distant stations at the end of the
experiment, and compares the two series of
results. This is what the Innsbruck team has
done. Looking at the data a posteriori, they
found that the correlation immediately
changed as soon as one of the polarizers was
switched, without any delay allowing for
signal propagation: this reflects quantum
non-separability.

Whether non-separability of EPR pairs is
areal problem or notisa difficult question to
settle. As Richard Feynman once said': “It
has not yet become obvious to me that there
is no real problem ... I have entertained
myself always by squeezing the difficulty of
quantum mechanics into a smaller and
smaller place, so as to get more and more
worried about this particular item. It seems
almost ridiculous that you can squeezeittoa
numerical question that one thing is bigger
than another. But there you are — it is big-
ger..”. Yes, it is bigger by 30 standard devia-
tions. O
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Oryx go back to the brink

A flagship conservation programme, the
Arabian Oryx Project in Oman, has
suffered a severe setback because of an
illegal trade in live animals sold into
private collections. The sad story was
recounted by Andrew Spalton, a biologist
with the project, at a conference in Abu
Dhabi earlier this month.

In the early 1960s the Arabian oryx
(Oryx leucoryx, pictured here) was being
hunted to extinction, so a small number
were captured to establish breeding herds
in the United States and Arabia. The last
wild animals were killed in the deserts of
Oman in 1972. Ten years later,
reintroductions began with the release of
ten founder members into Oman’s central
desert just 75 km from where the last wild
oryx had been shot. The liberated oryx
flourished, despite serious drought, and
by October 1995 there were around 280
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animals in the wild, ranging over 16,000
km’ of desert.

A few months later the spectre of
poaching returned and oryx began to be
taken for sale as live animals outside
Oman. Nonetheless, the number of
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animals continued to increase, to 400 or
so, until increasing poaching pressure
through 1997 and into 1998 led to a
population crash to just 138 in September
of last year. At that point the wild
population was considered to be no longer
viable and 40 animals were taken back into
captivity. After further poaching in
January of this year, just 11 females and an
estimated 85 males remain in the wild.
There is a further reintroduction
programme in Saudi Arabia, where
poaching is currently less of a threat. So
the outlook for oryx in the wild is not
entirely grim. But in Oman the situation is
bleak, and political action will be needed
to remedy matters.
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