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Violation of Bell's Inequality under Strict Einstein Locality Conditions
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We observe strong violation of Bell's inequality in an Einstein-Podolsky-Rosen-type experiment with
independent observers. Our experiment definitely implements the ideas behind the well-known work
by Aspectet al. We for the first time fully enforce the condition of locality, a central assumption in
the derivation of Bell's theorem. The necessary spacelike separation of the observations is achieved
by sufficient physical distance between the measurement stations, by ultrafast and random setting of the
analyzers, and by completely independent data registration. [S0031-9007(98)07901-0]

PACS numbers: 03.65.Bz

The stronger-than-classical correlations between erthe directions of polarization analysis were switched after
tangled quantum systems, as first discovered by Einthe photons left the source. Aspasttal., however, used
stein, Podolsky, and Rosen (EPR) in 1935 [1], haveperiodic sinusoidal switching, which is predictable into
ever since occupied a central position in the discussionthe future. Thus communication slower than the speed
of the foundations of quantum mechanics. After Bell'sof light, or even at the speed of light [8], could in
discovery [2] that EPR’s implication to explain the corre- principle explain the results obtained. Therefore this
lations using hidden parameters would contradict the presecond loophole is still open.
dictions of quantum physics, a number of experimental The assumption of locality in the derivation of Bell's
tests have been performed [3—-5]. All recent experimenttheorem requires that the individual measurement pro-
confirm the predictions of quantum mechanics. Yet, fromcesses of the two observers are spacelike separated
a strictly logical point of view, they don’t succeed in rul- (Fig. 1). We define an individual measurement to last
ing out a local realistic explanation completely, because ofrom the first point in time which can influence the choice
two essential loopholes. The first loophole builds on theof the analyzer setting until the final registration of the
fact that all experiments so far detect only a small subsgbhoton. Such an individual measurement then has to be
of all pairs created [6]. It is therefore necessary to asso quick that it is impossible for any information about it
sume that the pairs registered are a fair sample of all pait® travel via any (possibly unknown) channel to the other
emitted. In principle this could be wrong and once theobserver before he, in turn, finishes his measurement [9].
apparatus is sufficiently refined the experimental observaselection of an analyzer direction has to be completely un-
tions will contradict quantum mechanics. Yet we agreepredictable, which necessitates a physical random number
with Bell [7] that “... it is hard for me to believe that generator. A pseudo-random-number generator cannot be
guantum mechanics works so nicely for inefficient practi-used, since its state at any time is predetermined. Further-
cal set-ups and is yet going to fail badly when sufficientmore, to achieve complete independence of both observ-
refinements are made. Of more importance, in my opiners, one should avoid any common context as would be
ion, is the complete absence of the vital time factor inconventional registration of coincidences as in all previous
existing experiments. The analyzers are not rotated durexperiments [10]. Rather the individual events should
ing the flight of the particles.” be registered on both sides independently and compared

This is the second loophole which so far has only beemnly after the measurements are finished. This requires
encountered in an experiment by Aspetial. [4] where independent and highly accurate time bases on both sides.
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A telescope was used to narrow the UV-pump beam [12],
in order to enhance the coupling of the 702 nm photons
into the two single-mode glass fibers. On the way to the
fibers, the photons passed a half-wave plate and the com-
pensator crystals necessary to compensate for in-crystal
birefringence and to adjust the internal phaseof the
entangled statdW¥) = 1/V2([H) V), + e'|V)|H)),
which we chosep = 7.

The single-mode optical fibers had been selected for a
cutoff wavelength close to 700 nm to minimize coupling
losses. Manual fiber polarization controllers were inserted
at the source location into both arms to be able to
compensate for any unitary polarization transformation in
the fiber cable. Depolarization within the fibers was found
to be less than 1% and polarization proved to be stable
(rotation less than °) within 1 hour.

Each of the observers (see Fig. 2) switched the di-
_2‘00 ‘ 200 rection of _Iocal polarization ana_lysis_with a transverse

Space [m] electro-optic modulator. Its optic axis was set 48t°
FIG. 1. Spacetime diagram of our Bell experiment. SelectingWith respect to the subsequent polarizer. Applying a volt-
a random analyzer direction, setting the analyzer, and finallyjage causes a rotation of the polarization of light passing
detecting a photon constitute the measurement process. Thjﬁrough the modulator by an angle proportional to the

process on Alice’s side must fully lie inside the shaded regio
which is invisible to Bob’s during his own measurement. FO:\/OItage [13]. For the measurements the modulators were

our setup this means that the decision about the setting havitched fast between a rotation@fand45°. -~
to be made after pointX” if the corresponding photons are ~ The modulation systems (high-voltage amplifier and
detected at spacetime points™and “Z”, respectively. In our electro-optic modulator) had a frequency range from dc
experiment the measurement process (indicated by a short blags 30 MHz. Operating the systems at high frequencies
e e o pe ytmier 199 22 e observe a reduced polarization contrast of 79 (Bob)
parts of the kinked photon world lines emerging from the @nd 98% (Alice). This, however, is no real depolarization
source represent the fiber coils at the source location, whichut merely reflects the fact that we are averaging over
are obviously irrelevant to the locality argument. the polarization rotation induced by an electrical signal
from the high-voltage amplifier, which is not of perfectly
rectangular shape.

In our experiment, for the first time, any mutual influ-  The actual orientation for local polarization analysis was
ence between the two observations is excluded within thdetermined independently by a physical random number
realm of Einstein locality. To achieve this condition the
observers “Alice” and “Bob” were spatially separated by
400 m across the Innsbruck University science campus
which in turn means that the individual measurements a
defined above had to be shorter thiah us, the time for
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direct communication at the speed of light. We used polar | Interference
ization entangled photon pairs which were sent to the ob i Filters
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servers through optical fibers [11]. About 250 m of each Cireuits

500 m long cable was laid out and the rest was left coilec
at the source (see Fig. 1). The difference in fiber lengtt
was less than 1 m, which means that the photons were re:
istered simultaneously within 5 ns. The duration of an in-
dividual measurement was kept far below thg ws limit

using high speed physical random number generators ar
fast electro-optic modulators. Independent data registre
tion was performed by each observer having his own time
interval analyzer and atomic clock, synchronized only oncéIG. 2. One of the two observer stations. A random num-
before each experiment cycle. ber generator is driving the electro-optic modulator. Silicon

o f phot irs is d te t I avalanche photodiodes are used as detectors. A “time tag” is
ur source o photon pairs IS aegenerate type-ll parasiq e for each detected photon together with the corresponding

metri_c down-conversion [5] \_Nhere we pump a BBO CryS-random number “0” or “1” and the code for the detecter™
tal with 400 mW of 351 nm light from an argon-ion laser. or “—" corresponding to the two outputs of the polarizer.
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generator. This generator has a light-emitting diodeseries, but did not in any way degrade time resolution or
(coherence time, = 10 fs) illuminating a beam splitter accuracy.
whose outputs are monitored by photomultipliers. The Each observer station featured a personal computer
subsequent electronic circuit sets its output to “0”(“1") which stored the tables of time tags accumulated in
upon receiving a pulse from photomultiplier “0"(*1”"). a measurement cycle. Long after measurements were
Events where both photomultipliers register a photorfinished we analyzed the files for coincidences with a third
within Ar < 2 ns are ignored. The resulting binary ran- computer. Coincidences were identified by calculating
dom number generator has a maximum toggle frequencyme differences between Alice’s and Bob’s time tags and
of 500 MHz. By changing the source intensity the meancomparing these with a time window (typically a few ns).
interval was adjusted to about 10 ns in order to have #s there were four channels on each side—two detectors
high primary random bit rate [14,15]. Certainly this kind with two switch positions—this procedure yielded 16
of random-number generator is not necessarily evenly diszoincidence rates, appropriate for the analysis of Bell's
tributed. For a test of Bell's inequality it is, however, not inequality. The coincidence peak was nearly noise-free
necessary to have perfectly even distribution, because glignal-to-noise ratiofSNR) > 100] with approximately
correlation functions are normalized to the total number ofGaussian shape and a width (FWHM) of about 2 ns.
events for a certain combination of the analyzers’ settingsAll data reported here were calculated with a window
Still, we kept the distribution even to within 2% in order of 6 ns.
to obtain an approximately equal number of samples There are many variants of Bell's inequalities. Here we
for each setting by changing the internal photoelectroruse a version first derived by Clausatral. [16] (CHSH)
amplification of the two photomultipliers. Because of since it applies directly to our experimental configuration.
the limited speed of the subsequent modulation system ithe number of coincidences between Alice’'s detector
was sufficient to sample this random number generator and Bob’s detectorj is denoted byC;;(a, 8) with
periodically at a rate of 10 MHz. i,j €{+,—} wherea and B8 are the directions of the
The total of the delays occurring in the electronicstwo polarization analyzers andt+” and “—" denote the
and optics of our random number generator, samplingwo outputs of a two-channel polarizer, respectively. If
circuit, amplifier, electro-optic modulator, and avalanchewe assume that the detected pairs are a fair sample of
photodiodes was measured to be 75 ns. Allowing forll pairs emitted, then the normalized expectation value
another 25 ns, to be sure that the autocorrelation of th&(«, 8) of the correlation between Alice’s and Bob's
random number generator output signal is sufficientlylocal results isE(a, 8) = [C++(a,8) + C—_(a,B) —
low, it was safe to assume that the specific choice ofy_(a, 8) — C-+(a, B)]/N, whereN is the sum of all
an analyzer setting would not be influenced by any eventoincidence rates. In a rather general form the CHSH
more than 100 ns earlier. This was much shorter thamequality reads
the 1.3 ws that any information about the other observer’s , . ,
measurement would have been retarded. S(a.a'.B.B") = |E(a. B) — E(a’, B
The photons were detected by silicon avalanche pho- +|E(a,B) + E@.,B)=2. Q)
todiodes with dark count rates (noise) of a few hundred
per second. This is very small compared to the 10.000— Quantum theory predicts a sinusoidal dependence for
15.000 signal counts per second per detector. The pulséise coincidence rate€l’ (a, B) = si(8 — a) on the
of each detector were fed into electronic circuits, responéifference angle of the analyzer directions in Alice’s and
sible for disregarding events that occurred during transiBob’s experiments. The same behavior can also be seen
tions of the switch signal and encoding the position ofin the correlation functionE?"(«, 8) = —cod2(8 —
the switch in an extra signal. Finally, all detections werea)]. Thus, for various combinations of analyzer direc-
time-tagged in special time interval analyzers with 75 pgions «, B, a’, B’ these functions violate Bell's inequal-
resolution and 0.5 ns accuracy referenced to a rubidiunty. Maximum violation is obtained using the following
standard together with the appendant switch position. Theet of anglesSmax = $9(0°,45°,22.5°,67.5°) = 242 =
overall dead time of an individual detection channel was2.82 > 2.
approximatelyl us. If, however, the perfect correlationst (— 8 = 0° or
Using an auxiliary input of our time interval analyzers 90°) have a reduced visibilityy = 1 then the quantum
we synchronized Alice’s and Bob’s time scales by sendindheoretical predictions foE andS are reduced as well by
laser pulses (670 nm wavelength, 3 ns width) through d@he same factor independent of the angle. Thus, because
second optical fiber. While the actual jitter between thesé¢he visibility of the perfect correlations in our experiment
pulses was less than 0.5 ns, the auxiliary input of the timevas about 97% we expeét to be not higher than 2.74
interval analyzers had a resolution not better than 20 ng alignment of all angles is perfect and all detectors are
thus limiting synchronization accuracy. This nonperfectequally efficient.
synchronization only limited our ability to exactly predict = We performed various measurements with the described
the apparent time shift between Alice’s and Bob’s datasetup. The data presented in Fig. 3 are the result of a scan
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Analyzer Rotation Angle realistic or semiclassical interpretations are still possible,

-0,50m -0,25m 0,007 0,257 0,50m but we would then have to assume that the sample of pairs
800 L | ' ' ' registered is not a faithful representative of the whole
[ v AvO/BO ensemble emitted. While we share Bell’s judgment about
e A+1/B-0

the likelihood of that explanation [7], we agree that an
ultimate experiment should also have higher detection/
collection efficiency, which was 5% in our experiment.
Further improvements, e.g., having a human observer
choose the analyzer directions, would again necessitate
, , , | major improvements of technology as was the case in or-
. der to finally, after more than 15 years, go significantly
. beyond the beautiful 1982 experiment of Aspetal. [4].
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o

Expecting that any improved experiment will also agree
200 L . with quantum theory, a shift of our classical philosophi-

cal positions seems necessary. Among the possible im-
200 L plications are nonlocality or complete determinism or the

A+0/B+0 abandonment of counterfactual conclusions. Whether or
0 [ o A+lB+O . ) . | not this will finally answer the eternal question: “Is the
' 50 0 50 : moon there, when nobody looks?” [18], is certainly up to
Bias Voltage (Alice) [V] the r(_aader’s personal judgment. . '
This work was supported by the Austrian Science
FIG. 3. Four out of sixteen coincidence rates between variougoundation (FWF), project S6502, by the U.S. NSF Grant

detection channels as functions of bias voltage (analyze B
rotation angle) on Alice’s modulator.A + 1/B — 0, for No. RHY 97-22614, anc! by the APART program of the
Austrian Academy of Sciences.

example, are the coincidences between Alicels’ “detector
with switch having been in position “1” and Bob’s-" detector
with switch position “0”. The difference in height is explained

by different efficiencies of the detectors.
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