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Experimental Realization of Einstein-Podolsky-Rosen- Bohm Gedankenexperiment:
A New Violation of Bell’s Inequalities

Alain Aspect, Philippe Grangier, and Gérard Roger
Institut d’Optique Théeovique et Appliquée, Labovatoive associé au Centve National de la Recherche Scientifique,
Univevrsité Pavis -Sud, F-91406 Orsay, France
(Received 30 December 1981)

The linear-polarization correlation of pairs of photons emitted in a radiative cascade of
calcium has been measured. The new experimental scheme, using two-channel polarizers
(i.e., optical analogs of Stern-Gerlach filters), is a straightforward transposition of Ein-
stein-Podolsky-Rosen-Bohm gedankenexperiment. The present results, in excellent
agreement with the quantum mechanical predictions, lead to the greatest violation of gen-

eralized Bell’s inequalities ever achieved.

PACS numbers: 03.65.Bz, 35.80.+s

In the well-known Einstein-Podolsky-Rosen-
Bohm gedankenexperiment* (Fig. 1), a source
emits pairs of spin-} particles, in a singlet state
(or pairs of photons in a similar nonfactorizing
state)., After the particles have separated, one
performs correlated measurements of their spin
components along arbitrary directions a and b.
Each measurement can yield two results, denoted

E(a,b) =P, (a,b)+P__(3,0) -P,-(a,b) - P_,(a,Db)

is the correlation coefficient of the measurements
on the two particles. Bell® considered theories
explaining such correlations as due to common
properties of both particles of the same pair,
adding a locality assumption, he showed that they
are constrained by certain inequalities that are
not always obeyed by the predictions of quantum
mechanics. Such theories are called® “realistic
local theories” and they lead to the generalized
Bell’s inequalities®

-2s<8s2, (2)
where
S=E(a,b) - E(a,b’) +E(a’,b) +E(a’,b")

involves four measurements in four various ori-
entations. On the other hand, for suitable sets
of orientations,* the quantum mechanical predic-
tions can reach the values S=+2v2, in clear con-
tradiction with (2): Quantum mechanics cannot
be completed by an underlying structure such as
“realistic local theories.”

Several experiments with increasing accuracy
have been performed, and they clearly favor quan-
tum mechanics.*® Unfortunately, none allowed a
direct test using inequalities (2), since none fol-
lowed the scheme of Fig. 1 closely enough. Some
experiments were performed with pairs of pho-

+1; for photons, a measurement along a yields
the result +1 if the polarization is found parallel
to a, and -1 if the polarization is found perpen-
dicular. For a singlet state, quantum mechanics
predicts some correlation between such meas-
urements on the two particles. Let us denote by
P“(a*., b) the probabilities of obtaining the result
+1 along a (particle 1) and +1 along b (particle 2).
The quantity

(1)

tons (or of protons). But no efficient analyzers
are available at such energies, and the results
that would have been obtained with ideal polar-
izers are deduced indirectly from Compton scat-
tering experiments. The validity of such a pro-
cedure in the context of Bell’s theorem has been
criticized.®®

There are also experiments with pairs of low-
energy photons emitted in atomic radiative cas-
cades, True polarizers are available in the visi-
ble range. However, all previous experiments
involved single-channel analyzers, transmitting
one polarization (2 or B) and blocking the orthog-
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FIG. 1. Einstein-Podolsky-Rosen-Bohm gedankenex -
peviment. Two-spin-3 particles (or photons) in a sing-
let state (or similar) separate. The spin components
(or linear polarizations) of 1 and 2 are measured along
3 and b. Quantum mechanics predicts strong correla-
tions between these measurements.
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onal one, The measured quantities were thus
only the coincidence rates in +1 channels: R++(5,
b). Several difficulties then arise® as a result of
the very low efficiency of the detection system
(the photomultipliers have low quantum efficien-
cies and the angular acceptance is small). The
measurements of polarization are inherently in-
complete: When a pair has been emitted, if no
count is obtained at one of the photomultipliers,
there is no way to know whether it has been
missed by the (low-efficiency) detector or wheth-
er it has been blocked by the polarizer (only the
latter case would be a real polarization meas-
urement), Thus, coincidence counting rates such
as R,.(a,b) or R__(a,b) cannot be measured di-
rectly. It is nevertheless possible to derive
from the experimental data numerical quantities
which can (according to quantum mechanics) pos-
sibly violate Bell-type inequalities. For this
purpose, one has to resort to auxiliary experi-
ments, where coincidence rates are measured
with one or both polarizers removed. Some rea-
soning, with a few additional—and very natural
—assumptions (such as the “no-enhancement”
assumption of Clauser and Horne”), then allows
one to obtain actually operational inequalities.

In this Letter, we report the results of an ex-
periment following much more closely the ideal ‘

E(a,b) =

R++(5, ﬁ) +R--(5, 6) "R+-(5, g) ‘R-+(£y}3)

It is then sufficient to repeat the same measure-
ments for three other choices of orientations,
and inequalities (2) can directly be used as a
test of realistic local theories versus quantum
mechanics. This procedure is sound if the meas-
ured values (3) of the correlation coefficients can
be taken equal to the definition (1), i.e., if we
assume that the ensemble of actually detected
pairs is a faithful sample of all emitted pairs.
This assumption is highly reasonable with our
very symmetrical scheme, where the two meas-
urement results +1 and -1 are treated in the
same way (the detection effiencies in both chan-
nels of a polarizer are equal). All data are col-
lected in very similar experimental conditions,
the only changes being rotations of the polarizers,
Such a procedure allows us not only to suppress
possible systematic errors (e.g., changes occur-
ring when removing the polarizers) but also to
control more experimental parameters. For in-
stance, we have checked that the sum of the coin-
cidence rates of one photomultiplier with both
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FIG. 2. Experimental setup. Two polarimeters I and
I, in orientations 3 and -5, perform true dichotomic
measurements of linear polarization on photons v; and
vy. Each polarimeter is rotatable around the axis of
the incident beam. The counting electronics monitors
the singles and the coincidences.

scheme of Fig. 1. True dichotomic polarization
measurements on visible photons have been per-
formed by replacing ordinary polarizers by two-
channel polarizers, separating two orthogonal
linear polarizations, followed by two photomul-
tipliers (Fig. 2). The polarization measure-
ments then become very similar to usual Stern-
Gerlach measurements for spin-3 particles.®
Using a fourfold coincidence technique, we
measure in a single run the four coincidence
rates R“(E, 5), yielding directly the correlation
coefficient for the measurements along a and b:

(3)

photomultipliers on the other side is constant.
We have also observed that the sum of the four
coincidence rates Ru(z;, b) is constant when
changing the orientations; thus the size of the
selected sample is found constant.

We have used the high-efficiency source pre-
viously described.® A (J=0)—(J=1) -(J=0) cas-
cade in calcium-40 is selectively excited by two-
photon absorption, with use of two single-mode
lasers, Pairs of photons (at wavelengths 2,
=551.3 nm and 1, =422.7 nm) correlated in po-
larization are emitted at a typical rate of 5x107
s™!. The polarizers are polarizing cubes (Fig. 2)
made of two prisms with suitable dielectric thin
films on the sides stuck together; the faces are
antirefelction coated. Cube I transmits light
polarized in the incidence plane onto the active
hypotenuse (parallel polarization, along a) while
it reflects the orthogonal polarization (perpendicu-
lar polarization), Cube II works similarly. For
actual polarizers we define transmission and re-
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flection coefficients: T"and R* are close to 1,
while 7" and R" are close to 0. The measured
values of our devices are T,"=R,*=0.950 and
T,*=R,"=0.,007 at ,; T,"=R,*=0.930 and T,*
=R,"=0.007 at 1, (all values are +0.005). Each
polarizer is mounted in a rotatable mechanism
holding two photomultipliers; we call the ensem-
ble a polarimeter. The gains of the two photo-
multipliers are adjusted for the equality of the
counting detection efficiencies in both channels
of a polarimeter (2x10-% at 422 nm, 107 at 551
nm). Typical single rates (over 10* s7') are high
compared with dark rates (10% s™')., Wavelength
filters at 422 or 551 nm are mounted in front of
each photomultiplier. The fourfold coincidence
electronics includes four overlap-type coinci-
dence circuits. Each coincidence window, about
20 ns wide, has been accurately measured.

Since they are large compared to the lifetime of
the intermediate state of the cascade (5 ns) all
true coincidences are registered. We infer the
accidental coincidence rates from the correspond-
ing single rates, knowing the widths of the win-
dows. This method is valid with our very stable
source, and it has been checked by comparing

it with the methods of Ref. 5, using delayed coin-
cidence channels and/or a time-to-amplitude
converter, By subtraction of these accidental
rates (about 10 s™*) from the total rates, we ob-
tain the true coincidence rates R“(S, b) (actual
values are in the range 0-40 s™!, depending on
the orientations). A run lasts 100 s, and E(a, b)
derived from Eq. (3) is measured with a typical
statistical accuracy of £0.02 (the sum of the four
coincidence rates is typically 80 s~1).

It is well known that the greatest conflict be-
tween quantum mechanical predictions and the
inequalities (2) is expected for the set of orienta-
tions (2, b) =(b,a’) =(a’, ") =22.5° and (2, b")
=67.5°. Five runs have been performed at each
of these orientations; the average yields

Sexpr=2.697£0,015, (4)
The indicated uncertainty is the standard devia-
tion accounting for the Poisson law in photon
counting. The impressive violation of inequali-
ties (2) is 83% of the maximum violation pre-
dicted by quantum mechanics with ideal polar-
izers (the largest violation of generalized Bell's
inequalities previously reported was 55% of the
predicted violation in the ideal case®).

With symmetrical polarimeters, quantum mech-
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FIG. 3. Correlation of polarizations as a function of
the relative angle of the polarimeters. The indicated
errors are +2 standard deviations. The dotted curve
is not a fit to the data, but quantum mechanical pre~
dictions for the actual experiment. For ideal polar-
izers, the curve would reach the values +1.

anics predicts

(Tl i Tl J.)(TLH - TL-L)
(Tl 'T+T1L)(T2 T +T2L)

E(i,ﬁ) =F cosZ(E,-f)) .

(5)

(F=0.984 in our case; it accounts for the finite
solid angles of detection.) Thus, for our experi-
ment,

Som=2.70£0,05. (6)

The indicated uncertainty accounts for a slight
lack of symmetry between both channels of a
polarimeter: We have found a variation of +19%
of the detection efficiencies when rotating the
polarimeters. This spurious effect has been ex-
plained as small displacements of the light beam
impinging onto the photocathode. The effect of
these variations on the quantum mechanical pre-
dictions has been computed, and cannot create
a variation of Sqy greater than 2%,°

Figure 3 shows a comparison of our results
with the predictions of quantum mechanics. Here,
for each relative orientation 6=(a, ), we have
averaged several measurements in different ab-
solute orientations of the polarimeters; this
procedure averages out the effect of the slight
variations of the detection efficiencies with orien-
tation. The agreement with quantum mechanics
is better than 1%.

In conclusion, our experiment yields the strong-
est violation of Bell’s inequalities ever achieved,
and excellent agreement with quantum mechanics.
Since it is a straightforward transposition of the
ideal Einstein-Podolsky-Rosen-Bohm scheme,
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the experimental procedure is very simple, and
needs no auxiliary measurements as in previous
experiments with single-channel polarizers. We
are thus led to the rejection of realistic local
theories if we accept the assumption that there
is no bias in the detected samples: Experiments
support this natural assumption.

Only two loopholes remain open for advocates
of realistic theories without action at a distance,®
The first one, exploiting the low efficiencies of
detectors, could be ruled out by a feasible experi-
ment.'’ The second one, exploiting the static
character of all previous experiments, could
also be ruled out by a “timing experiment” with
variable analyzers'? now in progress.

The authors acknowledge many valuable discus-
sions with F. Lalo€ about the principle of this
experiment, They are grateful to C. Imbert who
sponsors this work.

1A, Einstein, B. Podolsky, and N. Rosen, Phys. Rev.
47, 777 (1935); D. J. Bohm, Quantum Theory (Prentice-
Hall, Englewood Cliffs, N.J., 1951).

23, 8. Bell, Physics (N.Y.) 1, 195 (1965).

3J. F. Clauser and A. Shimony, Rep. Prog. Phys. 41,

1981 (1978). This paper is an exhaustive review of this
question.
43. F. Clauser, M. A. Horne, A. Shimony, and R. A.
Holt, Phys. Rev. Lett. 23, 880 (1969).
SA. Aspect, P. Grangier, and G. Roger, Phys. Rev.
Lett. 47, 460 (1981).
M. Froissart, Nuovo Cimento B64, 241 (1981).
3. F. Clauser and M. A. Horne, Phys. Rev. D 10,
526 (1974).
8Such an experimental scheme has been proposed and
discussed by several authors: A. Shimony, in Founda -
tions of Quantum Mechanics, edited by B. d’Espagnat
(Academic, New York, 1972); F. Lalo&, private com~-
munication; A. Garuccio and V. Rapisarda, Nuovo
Cimento A65, 269 (1981); see also Ref. 7. A similar
experiment has been undertaken by V. Rapisarda et al.
9Alternatively, this lack of symmetry can be taken
into account in generalized Bell’s inequalities similar
to inequalities (2). (The demonstration will be pub~
lished elsewhere.) In our case, the inequalities then
become | S| <2.08. The violation is still impressive.
10As in our previous experiments, the polarizers are
separated by 13 m. The detection events are thus space-
like separated, and we eliminate the loophole consider—
ed by L. Pappalardo and V. Rapidarda, Lett. Nuovo
Cimento 29, 221 (1980).
1T, K. Lo and A. Shimony, Phys. Rev. A 23, 3003
(1981),
12A. Aspect, Phys. Rev. D 14, 1944 (1976).
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Correlations of linear polarizations of pairs of photons have been measured with
time-varying analyzers. The analyzer in each leg of the apparatus is an acousto-opti-
cal switch followed by two linear polarizers. The switches operate at incommensurate
frequencies near 50 MHz. Each analyzer amounts to a polarizer which jumps between
two orientations in a time short compared with the photon transit time. The results
are in good agreement with quantum mechanieal predictions but violate Bell’s inequal-

ities by 5 standard deviations.

PACS numbers: 03.65.Bz, 35.80.+s

Bell’s inequalities apply to any correlated meas-

urement on two correlated systems. For in- k @
stance, in the optical version of the Einstein- 103
Podolsky-Rosen-Bohm Gedankenexperiment,' a

source emits pairs of photons (Fig. 1). Measure- COINCIDENCE
ments of the correlations of linear polarizations MONITORING

are performed on two photons belonging to the
same pair. For pairs emitted in suitable states,
the correlations are strong. To account for these

FIG. 1. Optical version of the Einstein-Podolsky-
Rosen-Bohm Gedankenexperiment.
vy and v, is analyzed by linear polarizers I and II (in

The pair of photons

correlations, Bell® considered theories which in- orientations & and b) and photomultipliers. The coin-
voke common properties of both members of the cidence rate is monitored.
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pair. Such properties are referred to as supple-
mentary parameters. This is very different from
the quantum mechanical formalism, which does
not involve such properties. With the addition of
a reasonable locality assumption, Bell showed
that such classical-looking theories are con-
strained by certain inequalities that are not al-
ways obeyed by quantum mechanical predictions.

Several experiments of increasing accuracy®™®
have been performed and clearly favor quantum
mechanics. Experiments using pairs of visible
photons emitted in atomic radiative cascades
seem to achieve a good realization of the ideal
Gedankenexperiment.® However, all these ex-
periments have been performed with static setups,
in which polarizers are held fixed for the whole
duration of a run. Then, one might question
Bell’s locality assumption, that states that the re-
sults of the measurement by polarizer II does not
depend on the orientation a of polarizer I (and
vice versa), nor does the way in which pairs are
emitted depend on a or b. Although highly rea-
sonable, such a locality condition is not prescribed
by any fundamental physical law. As pointed out
by Bell? it is possible, in such experiments, to
reconcile supplementary-parameter theories and
the experimentally verified predictions of quan-
tum mechanics: “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.”

If such interactions existed, Bell’s locality condi-
tion would no longer hold for static experiments,
nor would Bell’s inequalities.

Bell thus insisted upon the importance of “ex-
periments of the type proposed by Bohm and
Aharonov,® in which the settings are changed dur-
ing the flight of the particles.” In such a “timing
experiment,” the locality condition would then be-
come a consequence of Einstein’s causality, pre-
venting any faster-than-light influence.

In this Letter, we report the results of the first
experiment using variable polarizers. Following
our proposal,” we have used a modified scheme
(Fig. 2). Each polarizer is replaced by a setup
involving a switching device followed by two po-
larizers in two different orientations: a and a’
on side I, and b and b’ on side II. Such an optical
switch is able to rapidly redirect the incident
light from one polarizer to the other one. If the
two switches work at random and are uncorrelat-
ed, it is possible to write generalized Bell’s in-
equalities in a form similar to Clauser-Horne-

FOURFOLD COINCIDENCE
MONITORING

FIG. 2. Timing experiment with optical switches.
Each switching device (Cy, Cy;) is followed by two po-
larizers in two different orientations. Each combina~-
tion is equivalent to a polarizer switched fast between
two orientations.

Shimony-Holt inequalities®:
-1<5<0,
with

_N@,b) N@,b) NG@',D)

S =N () "N, ) TN (w7, )

L N@,B)  N@,®)  N(=,b)
N(x' ") N(o',®)  N(o,=)

The quantity S involves (i) the four coincidence
counting rates [N(a,b), N@’,b), etc.] measured
in a single vun; (ii) the four corresponding coin-
cidence rates [N(»,«), N(=’,»), etc.] with all
polarizers removed; and (iii) two coincidence
rates [NV @’,*), N(«,b)] with a polarizer removed
on each side. The measurements (ii) and (iii) are
performed in auxiliary runs.

In this experiment, switching between the two
channels occurs about each 10 ns. Since this de-
lay, as well as the lifetime of the intermediate
level of the cascade (5 ns), is small compared
to L/c (40 ns), a detection event on one side and
the corresponding change of orientation on the
other side are separated by a spacelike interval.

The switching of the light is effected by acousto-
optical interaction with an ultrasonic standing
wave in water.® As sketched in Fig. 3 the inci-
dence angle is equal to the Bragg angle, 65 =5
x1072 rad. It follows that light is either trans-
mitted straight ahead or deflected at an angle
205. The light is completely transmitted when
the amplitude of the standing wave is null, which
occurs twice during an acoustical period. A
quarter of a period later, the amplitude of the
standing wave is maximum and, for a suitable
value of the acoustical power, light is then fully
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transducer 20ns
I,

FIG. 3. Optical switch. The incident light is switched
at a frequency around 50 MHz by diffraction at the
Bragg angle on an ultrasonic standing wave. The inten-
sities of the transmitted and deflected beams as a func-
tion of time have been measured with the actual source.
The fraction of light directed towards other diffraction
orders is negligible.

deflected. This optical switch thus works at
twice the acoustical frequency.

The ultrasonic standing-wave results from
interference between counterpropagating acoustic
waves produced by two electroacoustical trans-
ducers driven in phase at about 25 MHz. In
auxiliary tests with a laser beam, the switching
has been found complete for an acoustical power
about 1 W. In the actual experiment, the light
beam has a finite divergence, and the switching
is not complete (Fig. 3).

The other parts of the experiment have already
been described in previous publications.*® The
high-efficiency well-stabilized source of pairs of
correlated photons, at wavelengths A, =422.7 nm
and A, =551.3 nm, is obtained by two-photon exci-
tation of a (J/ =0)— (J =1)—(J =0) cascade in calci-
um,

Since each switch is 6 m from the source,
rather complicated optics are required to match
the beams with the switches and the polarizers.
We have carefully checked each channel for no
depolarization, by looking for a cosine Malus law
when a supplementary polarizer is inserted in
front of the source. These auxiliary tests are
particularly important for the channels which in-
volve two mirrors inclined at 11°, They also
yield the efficiencies of the polarizers, required
for the quantum mechanical calculations.

The coincidence counting electronics involve
four double-coincidence-counting circuits with
coincidence windows of 18 ns. For each relevant
pair of photomultipliers, we monitor nondelayed
and delayed coincidences. The true coincidence

1806
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FIG. 4. Average normalized coincidence rate as a
function of the relative orientation of the polarizers.
Indicated errors are +1 standard deviation. The dashed
curve is not a fit to the data but the predictions by quan-
tum mechanics for the actual experiment.

rate (i.e., coincidences due to photons emitted
by the same atom) are obtained by subtraction.
Simultaneously, a time-to-amplitude converter,
followed by a fourfold multichannel analyzer,
yields four time-delay spectrums. Here, the
true coincidence rate is taken as the signal in
the peak of the time-delay spectrum.*

We have not been able to achieve collection ef-
ficiencies as large as in previous experiments,*°®
since we had to reduce the divergence of the
beams in order to get good switching. Coinci-
dence rates with the polarizers removed were
only a few per second, with accidental coincidence
rates about one per second.

A typical run lasts 12000 s, involving totals of
4000 s with polarizers in place at a given set of
orientations, 4000 s with all polarizers removed,
and 4000 s with one polarizer removed on each
side. In order to compensate the effects of sys-
tematic drifts, data accumulation was alternated
between these three configurations about every
400 s. At the end of each 400-s period, the raw
data were stored for subsequent processing with
the help of a computer.

At the end of the run, we average the true coin-
cidence rates corresponding to the same config-
urations for the polarizers. We then compute the
relevant ratios for the quantity S. The statistical
accuracy is evaluated according to standard sta-
tistical methods for photon counting. The proces-
sing is performed on both sets of data: that ob-
tained with coincidence circuits, and that obtained
with the time-to-amplitude converter. Thetwo
methods have always been found to be consistent.
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Two runs have been performed in order to test
Bell’s inequalities. In each run, we have chosen
a set of orientations leading to the greatest pre-
dicted conflict between quantum mechanics and
Bell’s inequalities [(@,5) = (b,2’) =@’,b’) =22.5°;
(a,b’) =67.5°]. The average of the two runs yields

Sexpr =0.1010.020,

violating the inequality S <0 by 5 standard devia-
tions. On the other hand, for our solid angles
and polarizer efficiencies, quantum mechanics
predicts Soy =0.112,

We have carried out another run with different
orientations, for a direct comparison with quan-
tum mechanics. Figure 4 shows that the agree-
ment is excellent.

The new feature of this experiment is that we
change the settings of the polarizers, at a rate
greater than ¢/L. The ideal scheme has not been
completed since the change is not truly random,
but rather quasiperiodic. Nevertheless, the two
switches on the two sides are driven by different
generators at different frequencies. It is then
very natural to assume that they function in an un-
correlated way.

A more ideal experiment with random and com-
pléte switching would be necessary for a fully
conclusive argument against the whole class of
supplementary-parameter theories obeying Ein-
stein’s causality. However, our observed viola-
tion of Bell’s inequalities indicates that the exper-
imental accuracy was good enough for pointing
out a hypothetical discrepancy with the predic-
tions of quantum mechanics. No such effect was
observed.*°
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