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Quantum entanglement with acousto-optic modulators: Two-photon beats and Bell experiments
with moving beam splitters
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We present an experiment testing quantum correlations with frequency shifted photons. We test Bell inequal-
ity with two-photon interferometry where we replace the beam splitters with acousto-optic modulators, which
are equivalent to moving beam splitters. We measure the two-photon beats induced by the frequency shifts, and
we propose a cryptographic scheme in relation. Finally, setting the experiment in a relativistic configuration,
we demonstrate that the quantum correlations are not only independent of the distance but also of the time
ordering between the two single-photon measurements.
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I. INTRODUCTION relevant frames it is possible to creatdafore-befordime

ordering, in which each measuring device in its own inertial
Entanglement is a basic resource for quantum informatiofirame analyzes the corresponding photon before the other,

processing as well as for fundamental tests of quantum meand anafter-after time ordering, in which each measuring
chanics. Several types of entanglement between photor@evice in its own inertial frame analyzes the corresponding

have already been demonstrated: polarization entanglemeRfoton after the othef9,10. Quantum mechanics predicts
[1], energy-time entanglemef?—4], and time-bin entangle- correlations independently of the time ordering, between the
ment[5,6], see Ref[7] for a review. In this paper, we present two single-photon measurements. By contrast, multisimulta-

a setup based on energy-time entanglement, where we add'gity [11], & recently proposed alternative theory, casts non-
frequency shift in one arm of each interferometer. Experi-Iocallty into a time-ordered scheme and predicts disappear-

mentally, the frequency shift is induced by using acousto2N°€ of nonlocal correlations with before-before timing.

optic modulators)AOMs) in the interferometers instead of Therefore, experiments with AOMs allow us to_tgst a mOSt
. important feature of quantum entanglement as it is the inde-
standard beam splitters.

Section Il of this paper is devoted to the effects of apendence of the time ordering. This is the subject of Sec. IV.

frequency shift on the time-dependent coincidence rate in a
Franson-type Bell experiment. This effect is equivalent, for

two-photon interferences, to the phenomenon of beats for when two monochromatic waves of frequencies and
single-photon interferences. As the time needed to recorg), are combined, the resulting wave exhibits two frequen-
interference fringes cannot be arbitrarily small, the measuregdies, one atwy=(w;+ w,)/2 and the other abw=(w,
visibility is reduced in the presence of beats. When this mea- ,)/2. This is the well-known phenomenon of beats. An
surement time is only limited by energy resolution, there is aapplication in the optical domain for classical light field is
simple relation between the visibility and the which-path in- heterodyne detectiofi2].
formation. Experimentally, we are far from acceding to very Beats can be seen as first-order interferences in the time
short measurement times, therefore we propose an indiredomain. For second-order interferences, the same equiva-
method to show the beats. lence can be found. Consider the Franson-type configuration
Section Il presents the experimental setup in detail anef Fig. 1; a sourceS emits energy-time entangled pairs of
the techniques used to overcome the difficulties due to thphotons. Each photon is sent to an unbalanced interferom-
frequency shifts. We have measured high visibility interfer-eter. When both photons arrive in coincidence on the detec-
ence fringes when the beats are canceled, and we have alsws, it is impossible to distinguish between both photons
measured the beats frequency when it is not zero. passing by the short armsg) or both passing by the long
Since an AOM is equivalent to a moving beam splitter,ones (l) because the photon emission time is undetermined.
our setup can be used to perform experiments with apparadence interference fringes appear when the phaseare
tuses in two different relevant framgg). In the conventional changed. In our experiment, we consider not only phase
experiments with all apparatuses at rest, there is only onehanges in each interferometer but also changes of the pho-
relevant inertial frame, i.e., one inertial frame of the massiveon frequencies. When both frequency shifts do not sum to 0
pieces of the apparatithe laboratory frameand, therefore, we will show that the coincidence rate between two detectors
only one possible time ordering: one of the photons is alwayshanges periodically in time. This is equivalent, for two-
measured before the oth@refore-aftersituation). Using two  photon interferences, to the phenomenon of beats in one-
photon interferences; therefore, we call it two-photon beats.
Following closely Franson’s calculatiof?], the wave
*Email address: Andre.Stefanov@physics.unige.ch function at detectoD;, i e{a,b}, located at;, is given by

Il. TWO-PHOTON BEATS
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FIG. 1. Franson-type Bell experiment with frequency shjfands; are the lengths of the long and short arms of interferoniefey and
¢; are the frequency shift and phase shift in the short arm of interferormeter

1 1. 4 visibility interference fringes; the coherence length of the
V(i H)=5Wo(ri, O+ §e'¢i‘1’0'(fi t—At), (1)  pump laser has to be greater than the path difference in one
interferometer, and the photon coherence length has to be

where ¢; is the phase of interferometér cAt,=Al =], ~ dreater than the differencel,— Al, .

—s; is the path difference between both arms of the interfer- An application of entangled ph_oton_s, apart from funda-
ometer andQ); is the frequency shift in the short arm of mental tests of quantum mechanics, is quantum cryptogra-

interferometeli. The difference with Franson’s original cal- phy. Setups based on polarization, energy-time or time-bin
o : . . ginal entanglement have been proposed and realized, for a review
culation is that we consider an arbitrary frequency Sifin

- see Ref[14]. One the other hand, only one-photon schemes
one arm of the interferometers. We can expand the wavg;ii, frequency shifted photons have been propddéq16.

functions in the field operators,, In Appendix A we propose two different schemes with fre-
quency shifted entangled photons, which can be used to
Wo(r, ,t)=2 e (krimeit), implement quantum cryptography, although they are not ac-

K tually of practical interest, due to technological limitations.

) A. Frequency shift as quantum eraser
V(1 1)= > celkn @ty 2) . . .
0 K If the beat frequency is not zero, the coincidence probabil-

ity changes in time, decreasing the visibility of the interfer-
where w; is the frequency of the photon in interferometer ence fringes. According to the Feynman “principlg7], the
The coincidence rate between two detectors is then given bylisappearance of the interference fringes would imply acces-
N N sibility, in principle, of information about which path the
R=(0[W " (ra, )W (ry, W (rp, )W (ra,1)[0). (3 photons took18]. The frequency shift can be used to mark

. . ) the path, only if we have enough coincidence events such
Using Egs.(1) and(2) in Eq. (3) we find that the time needed to experimentally estimate the coinci-

1+ o woAt+ QPAt+ ¢y + dhp— Q1) dence probability is smaller than the intrinsic uncertaifsty
~ 5 , (4) on the time measurement given by saturating the energy-time

uncertainty relatiod EAt=7. Otherwise, information about
the path is lost due to imperfect experimental devices.

We can quantify this information and the corresponding
loss of visibility. Contrary to Ref[19] where the degree of
freedom used to mark the photére., polarizationis differ-
ent from the one where interferences are obselfgpétial
mode, we use the frequency to mark the paths. This will

ffect the interferences by creating beats as we have shown
efore. However, due to the energy-time uncertainty relation
there is still a relation between interferences’ visibility and
1+ x cof woAt+ QOAt+ ¢y + ¢, — QO) the which-path information.
R= 2 ) 5 If the time needed to measure the coincidence probability
is arbitrarily small:At=0, the coincidence probability will
with be given by 1+ cos(—Q%)]/2, according to Eq(5) where
we assumey=1 and®=wAt+Q°At+ ¢,+ ¢,. For a fi-
Aly 5 ) (A|a—A|b ) nite time resolution we have to integrate this expression over
(Os) y y

where Q%= ,+Q,. This corresponds to Franson’s result,
whenQ%=0, otherwise the coincidence probability is gen-
erally not constant in time.

When the entangled photons are created by down
conversior 13], we have to take into account the finite band-
width of the pump laser and of the photons. We find, assum
ing Gaussian spectral distributions, that the coincidenc
probability is given by

(6)  a time distribution with a widthAt, for example, we con-
sider a Gaussian distribution

foc 1+ ycogd—Q%) 1 1 t2 )
exp — 5 —;
— oo 2 V2mAt

2 At?
1 1 1
=5+ Ecoﬁ(fb)exp( - E(QO)ZMZ> : @)

X—f< et
where f(x,y) =exp(—1x%?), o, is the central frequency of
the pump laserdw, is the pump bandwidth, and is the
photon bandwidth. Hence the visibility of the interference
fringes is reduced by a factgy. In absence of beats)(
=0), x is the maximal visibility that can be measured.
Equation (6) contains all the usual conditions to see high
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The corresponding visibility is The probability densityP(At) of having two coinci-
dences separated by a timé can be computed in the fol-
_ Pmax— Pmin _ 1 o2 lowing way. Since the detection process is independent of
V(AD= Prmaxt pmm—ex;{ a E(Q )AL ® time, the conditional probability of having a coincidence at

time t and another one at tinte- At, knowing that a photon
The which-path information is given by measuring the totalpair reaches the detectors at titnand another one at time
energy of the photons. This is done with a resolutiodw  t+ At, is only dependent on the beats signal,
related to the time resolution by the energy-time uncertainty

relation AwAt=27. We predict that the photons would be P(t,t+ At v, Yirar)

detected in thél arm if we measures<wy+Q%2, and in 0 0

thessarm otherwise. The which-path informatiénis given =C 1+Veos QY 1+Veod (t+Ab)] ,

by K=2g—1 [20] whereq is the probability of a correct 2 2

prediction on the path. With our strategy we have (12)

_ 0
q=p(l|o<wo+Q7/2) whereV is the visibility andC is a normalization constant.

. 1 (@— wy)? Without loss of generality, we can assume that the efficiency

f xp( - _—0) do. (99  of the detectors is 1 and the detectors do not have a dead
wo+ 002 2 Aw? time. This is justified because, the real dead time of the de-
tectors is much smaller than the time interval between two

1
\/ZA(U

Hence the information is given by detections and also much smaller than the beats period.
We do not access the timebut we only measurét.
QOAt Therefore the probability of having two coincidences, know-
K=2 er(( 4\/577) N (10 ing only that the second photon comes\atafter the first, is
given by

with erf(x) being the error function. The extreme cases are
either a perfect distinction betweess andll events, which
requires thah E<#QP°, but this implies a measurement time
At>1/Q°, averaging to zero the interferences; or, on the
contrary, if the measuring time is short _enough to measurghe integration gives
interference, then the energy resolution is too poor to distin-
guish the paths. For the intermediate case we have the known 1
relation [20] V2_+ K2$1. The equality is not reached be- p(mh’m):CZ
cause the prediction strategy is not optimal.

Let us emphasize that the preceding description does not
rely on quantum mechanics but more generally on wavd-inally, the probability density of having two coincidences
theory. The quantum nature appears when we assume thegparated by a timelt is obtained using the fact that
photons are quanta of light, and in the fact that the photoithe emission and detection are two Poissonian processes
pairs we consider cannot be described by classical locandependent of the beats. Therefore, the probability
physics. dpemissiof At) of having two emissions separated by a time

At is

Q° (2700
p(atlva0= o | 7 Bt Ayt (12

V2
1+ 7cos(Q°At)}. (13

B. Measurements of two-photon beats

In our experiment, when the radio-frequency drivers are dPemissiof Yar) = Eexp(—At/r)d(At). (14)
not synchronized, the minimum value that can be set for T
2m00%is 31.5 kHz. This is too large to directly see the beats
by recording the coincidence rate vs time. A first possibleHence, the probability density(At) of having two coinci-
method is to record the time of each coincidence event anélence events separated by a titneis given by
reconstruct the beats from those data. This requires a clock
precise enough over a long time. However, this requires also  dp(At)=p(At|vya:)dPemissiof Yar) = CP(At)d(At)
that the coherence of the beats signal is much longer than the (15)
acquisition time, so that the phases of the interferometers
have to be kept stable during that time. We also need to knowwith P(At)=31[1+ (V2/2)cosQPAt)](1/7)exp(—At/7). We
precisely the frequency2®, otherwise the analysis of the normalize this expression such that
data will be much more complicated, although not impos-

sible. o 2
Instead of recording all the absolute times of arrival and 1=f P(At)d(At)zCE( 2+ V—) (16)
reconstruct the beats, we could only measure the time differ- 0 8 1+(Q%2%7
ence between two successive coincidence counts and then
measure the distribution of those times. The final normalized expression is then
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2

Vv
1+ - oS 2°A) |expt — At/7)

P(At)= 7

1+ v 1
2 1+(0%%7

Experimentally, we integrate(At) over a time birt,, so that
the measured probability is

At+ty/2
p(At)zf Pn(t)dt’. (18
At
The total countN; in m seconds in each time bin is V¢=2500 m/s
~m FIG. 2. Acousto-optic modulator, the Bragg grating created by a
Ne(At)= T P(ADL). (19 sound wave of frequenc{), reflects part of the incoming light,

whose frequency is.
The advantage of this method to see two-photon beats is that
the interferometer only needs to be stable during the timéive index in a material depends on the pressure, the acoustic
between two successive coincidences. In Sec. llIF, wavave will create a periodic change of the refractive index,
present the results of the beats frequency using this methodquivalent to a diffraction gratingFig. 2). If the acoustic
wave is traveling rather than being stationary, it will be

Il. EXPERIMENTAL SETUP equivalent to amoving diffraction grating. This can be
o achieved if the AOM ends with a skew cut termination to
A. Principle dampen the wave. As for a standard grating, the reflection

The setup we use to test entanglement of the photon paigpefficient is maximal at Bragg angts given by
with frequency shift is based on previous Franson-type ex- o
periments[21]. The main conceptual difference is the fre- 2hssingg=N/n, (20

quency shifts in one arm of the interferometers. where\, is the sound wavelength, is the light wavelength

in vacuum, and is the refractive index of the material. The

B. Source reflection coefficient is, for small angle; [25],
The photon pairs are created by parametrical down- 5 5
conversion in a recently developed high efficient source. It is R— T L ) Mi 21)
based on a waveguide integrated on a periodically poled 2)\2\sinfg '

lithium niobate(PPLN) substratd22]. Using a pump at 657

nm, it generates degenerated photons at 1314 nm. We chogéerel is the acoustic powet,/sin 6z is the penetration of

this wavelength as it corresponds to a transparency windowight through the acoustic wave, and is a material param-

in optical fibers. Hence it is possible to use this setup foreter. The acoustic power can be set such that the beam split-

long-distance transmission. An RG1000 filter is placed afteting ratio is 50/50.

the waveguide to eliminate the pump light, and an additional The reflected wave undergoes a frequency shift ¢f if

interference filter is used to narrow the generated photon’# hits the acoustic wave in the same direction as Fig. 2, in

bandwidth. The photon pairs are coupled into a 50/50 fiberthe opposite case the frequency shiftig).

optics beam splitter that separates the twin photons. The reflection on a moving mirror produces a frequency
Violation of Bell inequality has already been demon- change of the lighf11], due to the Doppler effect, given by

strated with this sourcg23]. _
2nv sing
. . . Av=——""r, (22
C. Acousto-optic modulator as a moving beam splitter c

As for Franson-type experiments, we use Michelson interyyare,, is the mirror velocity and is the angle between the

ferometers as analyzers. We replaced in each interferometg{.iqent light and the plane of reflection. Within an AOM,

the beam splitters by AOMsBrimrose AMF-100, 1.3-2 e reflected light is also frequency shifted and the frequency
mm). They have two effects. First they induce a frequencygpif is equal to the acoustic wave frequency:
shift equal to the acoustic wave frequency as we will see,

second they can be seen as moving beam splitters as required Av=0. (23
for a relativistic Bell experimenitl1].

An AOM is made of a piece of glass, AMTIR (amor-  Using\sQ=vg, 0= 6,, and Eqs(20) and(23) we find that
phous material transmitting infrared radiatipm which an  the frequency shift induced by the AOM is the same as the
acoustic wave at frequendy (100 MHz in our experimefit one induced by a mechanical grating traveling at speed
is created by a piezoelectrical transdufcf]. As the refrac- The velocity of sound in the AMTIR 1 can be computed
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FIG. 3. Schematic of the experiment, the AOMs are oriented such that both sound waves travel in the opposite direction and such that
the frequency shifts of the reflected wave are of opposite signs. The total energy of both photons after the sguithén both photons
pass through the long arms, the total energy is not changed, but when they pass through the short arms the total energy,bespgmes
+Q,+ Q. Itis required that) .+ Q=0 to avoid that beats hide the correlations.

from the mechanical parameters of the material. The velocityor the interferences between tegd,, andl ;s, paths. Using a

for primary sound wavef26] is given by low coherence light, interferences appear only whetil,
is equal tol ,+ s, within the coherence length of the light.

At 2u (24) This implies thatAl,=Al, (in our interferometersAl;/c
Us™ p =1.5 ns). Unfortunately, this method cannot directly work

when there is a frequency shift. Indeed when we put our
whereu=E/[2(1+v)] andN=Ev/[(1+v)(1-2v)], Eis  interferometers in series, with the AOMs oriented as for the
the Young's modulus and is the Poisson ratio. For AMTIR  two-photon experiment, the frequency shifts do not cancel
1 we have[27] E=21.9x10° Pa, v=0.266, andp=4.41  anymore but beats appear betweenstig and| s, paths at
X 10° kg/m®, hencev=2480 m/s. This corresponds to the the frequency of},—Q,=400 MHz. In order to observe
manufacturer value aof s=2500 m/s. those beats, we use a fasintrinsicn (PIN) detector(2 GHz

The phase of the reflected wave is also shifted by a valugandwidth connected to an electrical spectrum analyzer. As

¢ which is the phase of the acoustic wave at the time wheRuch a detector is not very sensitive, so we use a very bright

the light is reflected. light-emitting diode(LED) source(Opto Speed SA SLED
1300-D10A. With this setup, it is easy to scan the long path
D. Two-photon interferometry with frequency shifts of one of the interferometers until we see classical beats.

We have built two bulk Michelson interferometers using Once the path-length differences are equalized we can

AOMs instead of beam splitters. The light is coupled out ofIook for the two-photon interference with the setup of Fig. 3.

the fiber using an angle physical contact connector to avoi(]'herefore, the frequency shifts have to cancel each other

0_ . .
back reflection at the fiber’s end. Because of the small de§UCh that)"=0 [Eq. (4)]. We orient the AOM as described

viation angle @, (about5°), wecollect only the light com- such that the frequency shifts are of opposite sigfig. 3.

ing back into the input port by using a fiber-optical CirculatorHence we havel,=200 MHz (because we pass two times

(Fig. 3. Due to imperfect overlap of the modes, the trans-nrough gach AOW and (2,= —200 MHz.
Experimentally, we can only specify an upper bound on

mission through each interferometer is about 45%, with . o
g ; Q9. The requirement is given by the fact that we have to

monochromatic light. The transmission through the reflecte . :
Integrate over times much larger thar)?/to estimate the

arm is reduced for large bandwidth photons, because the de-"><" - . o .
viation angle depends on the light's wavelength. Hence, affoincidence probability with small statistical erraypically
10-20 3. Therefore, even if the temporal resolution of the

AOM will act as a bandpass filter for the reflected beam with .
a measured bandwidth of about 30 nm. To minimize thisdetectors would have been good enough to see interference

effect, which could reduce the fringe’s visibility, we have to nges in principle[Eq. (8)], the integration cancels Er;em.
ensure that the bandwidth of the photons is smaller by placi€nce we can only see interference fringesit<10"2.
ing after the source a spectral filtekl nm bandwidth

The condition to observe interferences is given by &y.
It is the usual condition for two-photon correlations that the

I I

path differences\l; between the short and the long arm of s 5 o D
the interferometers have to be equal within the coherence@ ﬂ @; St Dotoct
4 z Detector

length of the photons. Without frequency shiftQ (=,
=0) the equalization of the paths of both interferometers can FIG. 4. Principle of alignment of the interferometer path differ-
be done by putting them in seri¢81] (Fig. 4 and looking  ence. Experimentally, Michelson interferometers were used.
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450' 97%. The visibility without subtracting the noise is about

45%.
400 We have verified that the visibility is reduced when the
» ] electrical spectra of the drivers are slightly different. The
2 350 frequency of one of the drivers can be changed by steps of
2 300] 15625 Hz. Due to beats, no interference fringes can be ob-
@ | served when the drivers are set at different frequencies.
% 250 4 _ The phasv_e differen_ce,bAOM between the two synchrq—
2 ] nized acoustic waves induces the same phase change in the
£ 200 4 two-photon interference fringes¢,onm depends on the
) 1 ) lengthl of the synchronization cable,
150 Noise Level
100 ] baom= al + o, (27)
T T T T T T T T T T T T T
0 50 100 150 200 250 300
Phase [arb. units] where
FIG. 5. Interference fringes. The dashed line indicates the noise 2T vpom 28)
a:

level, which is the rate of accidental coincidences. The visibility Nsynch Vsynch
after subtraction of the noise is (25)%.
with Ngynch@nd vgynch being the wavelength and frequency
Otherwise we have to use indirect means of observing thef the 1-MHz synchronization signal. Hence we have
beats, as described in the following section.
Finally, one should note that if the frequency sHiftis 2TVa0M

greater than the photon bandwids, a (29

Usynch

(2> dwo, (25 with vsyncnthe speed of the synchronization signal. We can
L . T . measurea by changing the length of the synchronization
it will be possible to distinguish the path by measuring Onlycable and mzasurin% tge induce% phase shif)tl on the interfer-

the energy of one photon. In that case the correlations disa%—nce fringes. We clearly observe a frequency shift when we

pear be(_:ause the phas_e Sh'f.t on thg reflected wave will not ba(?dd or remove 0.53 m or 1.03 m of calfieg. 6). The mean
well defined as the mirror is moving. More precisely this

hase change due to the change of the mirror position durin%hase shift per meter of cable added on five measurements
P ge d ge ot the. P 6.97+0.09 rad/m. Hence, with vaoy=2x 10 Hz,
the coherence timér of the photon is given by

Usynch=0.60c*=0.01c. This is compatible with the speed of
signal propagation in coaxial cables.

orvg
o= N = 5_ (26)
s @o F. Experimental evidence of two-photon beats
Interference fringes can be seen onlydit€1, which is in We use the procedure described previously to experimen-
contradiction with Eq(25). tally show two-photon beats, when the difference of frequen-

ciesQ%27 is 31250 Hz. We have measured the time differ-

ence between successive coincidences and we plot the

o ) _ _ histogram of those measurements. The time bins of the his-
Each AOM is driven by a radio-frequency drivé8rim-  togram are of 4 10~ s and we plot it for times between 0

rose FFF-100-B2-V0.8-Ewhich generates a 100 MHz. As g and 0.1 s. Fig. 7 shows the exponential decrease, as ex-

we have seen we need to synchronize the radio-frequengyected for random events. However, on closer inspection we

drivers with a frequency difference smaller than"#Mz.  see that the exponential decay is modulated by a cdBige

This is done by using the fact that the 100 MHz frequency isg). we fit an approximation of E¢19),

generated in each driver by multiplying a 1-MHz signal from

E. Synchronization

an oscillator with a phase-locked loop. The synchronization v?

is achieved by using the same oscillator for both drivers. In m 1+ 5cod Q) |exp(—t/7)
practice we send the signal from one of the driver’s oscillator ~ N¢(t)= —p(t)=—tg 5 ,
to the other driver through a coaxial cable. The ratio of the 7 T A
frequencies, measured with a frequency meter,#is1@ 1%, T 2 1402722

so thatQ°< 102 Hz. Another point to look at is the shape (30
of the electrical spectrum on both sides. We verified with a
spectrum analyzer that both spectrum widths are smaller thamecause the width of the histogram time bins is small enough
the resolution of the analyz¢t00 H2. (tg<<1/Q).

Once the synchronization is correctly done we observe The visibility given by the fit {=0.448, (=196 350,
interference fringes with high visibilityFig. 5. The visibil-  7=0.0163,$=1.86, m=13091) is compatible with the di-
ity after subtracting the accidental coincidences is aboutect measurements of visibility and the frequency that we

042115-6



QUANTUM ENTANGLEMENT WITH ACOUSTO-OPTLC.. .. PHYSICAL REVIEW A 67, 042115 (2003

1000 - Al=1.03 m 300 -
900 4 1
» 1 250 -
o 800 . B
£ 700 £ 200 8-
[« % < QO =
@ 600 =
§ ] =150
500 - 8
- ) S
S 400 8 100
° ] s ]
O 300 =
] B - 50 4
200 )
100 T T T T T T T T 0 T T e it
-800 -600 -400 -200 0 200 400 600 800 0.00 0.02 0.04 0.06 0.08 0.10
Phase [arb. units] t[s]
FIG. 7. Histogram of the time difference between successive
1000 - A':'°'53 m coincidences(large scalg This graph shows an exponential de-
o » crease because the photon pair detection is a Poissonian process.
o
~ 800 . . .
g i predictions. The existence of correlations shows that the out-
@ comes of the two measurements are not independent. How-
o 600+ ever, in that case, violation of Bell inequality rules out the
3 ] common cause explanati¢a9].
2 400 To explain the correlations one could impose a possible
S influence of one outcome on the other. Since the correlated
events lie in spacelike separated regions, such a direct influ-
200 . ence would have to be superluminal. Moreover, this would
r r r r r r r r r define a preferred frame, because the time ordering between
-600 -400 -200 0 200 400 600 800 1000 two spacelike separated events is not relativistically covari-
Phase [arb. units] ant.

_ o ~ One could imagine a unique preferred frame which is rel-
FIG. 6. Phase shift of the coincidence rate when the synchronigyant for all the quantum measurements. The pilot-wave
zation caple Igngth is changeq. Upper graph: 1.03 m is added, trﬁ]ode' of de Broglie and Bohrfi30] assumes such a pre-
phase shift given by the fit id$aon=6.7320.20 rad. Lower o0 frame. This model perfectly reproduces the results of
graph: 0.53 m is subtracted, the phase shift given by the fit 'Squantum mechanics, and the assumed connections, though
Adaou=—3.61-0.07 rad. superluminal, cannot be used for faster than light communi-
cation[31]. Moreover, since quantum mechanics is indepen-
found is »=31250.6-1.6 Hz, as expected. Another mea- dent of the timing, Bohm’s preferred frame is experimentally
surement with a frequency shift of 62.5 kHz gives similarindistinguishable. Another theory assuming a unique pre-
results. ferred frame has been proposed by EberH&2l. In this

300 -
IV. MULTISIMULTANEITY

A. Motivation

Classically, correlations between separated events can bg 250+

explained by two different mechanisms: either both eventso
have a common cause in the past, e.g., two separate T\E
apparatuses showing the same images because they are cc2 200- ) .
nected to the same channel; or one event has a direct influ3 AARA! ’ ' ) “ ’ J{, LN ‘ ‘ i ‘
ence on the other, e.g., dialing a number on my phone make% 1 ‘ W] \ LA A I'\‘ ? ‘ “(\‘ NAR AR / ‘ )

the phone of my colleague ring. In both cases there is &g 150 \ Y 1 VY ! “ Il

time-ordered causal relation. ! LI ! LY TN
Quantum correlations, on the other hand, are of very dif-

ferent nature. Quantum mechanics predicts correlated out  ¢.0020 ' 0.0025 ' 0.0030

comes in spacelike separated regions for experiments usin
pairs of entangled particles. Many experiments have demon-
strated such quantum correlations, under several conditions FIG. 8. Histogram of the time difference between successive
[4,28], in perfect concordance with the quantum-mechanicatoincidencegsmall scalg

t[s]

042115-7



STEFANOV et al. PHYSICAL REVIEW A 67, 042115 (2003

Alice Bob
=
oq ‘ :i (I)
1 o
|
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1" RF Driver
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2500 m/s
c4 L
b
) AL C2
& D e 3
APD, = :
APD,
18]

55 m -
FIG. 9. Schematic of the experiment. The high efficiency photon pair source uses a PPLN waveguide pumped by a 656-nm laser. An
RG1000 filter is used to block the pump laser and a 11-nm-large interferencélflterarrows the photon bandwidth. The two AOMs are
55 m apart and oriented such that the acoustic waves propagate in opposite directions. One output of the interferometers is collected back,
thanks to optical circulator€, andC,, and the detection signals are sent to a coincidence circuit. As the frequency shifts are compensated,
the total energy when both photons take the short arms or the long ones is constant. Two-photon interference fringes are observed by
scanning the phasé.

model the connection between the events is not only supethen has to “decide” where to go before its twin particle
luminal but it propagates at a finite speed, and leads to fastenakes its choicéeven before the twin is forced to make a
than light communication. If, in the preferred frame, bothchoice. Multisimultaneity predicts that in such kefore-
choices occur in a short enough time interval, the correlabefore configuration, the correlations disappear, in contrary
tions would disappear as the influences would not have thg the quantum predictions.
time to propagate. However, experimentally this theory can- \whereas quantum mechanics is nonlocal and independent
not be refuted, because the speed of the influence can Bg the time ordering, multisimultaneity assumes a nonlocal
arbitrarily large and is not specified by the theory. but time-ordered dependence between the events. Neverthe-
A different natural possibility would be to assume that thejegs this alternative model is not in contradiction with any
relevant reference_frame for each measurement is the '”ert'@kisting experimental data prior to the present experiment.
grame gf the rgasswe appfaratus, ?nd :co de:;lr;e a t'me_liﬁ.rderq%rthermore, it has the nice feature that it can be tested using
ependence by means of several preférred irames. 1his p.oéxisting technology. This means that before-before experi-
sibility has been developed within a theory called mU|t'S"ments are capable of acting as standard of time-ordered non-

multaneity [10]. More speuﬂgally, mu]t|3|multane|ty as- locality (much as Bell experiments act as standard of local-
sumes that the relevant frame is determined by the analyzeriﬁ/)

inertial frame(e.g., a polarizer or a beam splitter in our dase Since it would have been very difficult to put conven-

Paraphrasing Bohr, one COUIQ say that the relevant frameti’onal beam splitters in motion, we used traveling acoustic
hgpce the reIevan_t time ordering, depends on the very CONYaves as beam splitters to realize a before-before configura-
dition of t_hg expe””.‘e”m.]- . tion. It has been argued that the state of motion of the mov-
I muIt|S|'muItane|ty, as in the p|lot-wave model, each par'ing acoustic wave defines the rest frame of the beam splitters
ticle emerging from a beam splitter follows oitand only [11]. We would like to stress that a before-before experiment

Olr;r? ou:}g;)r:ng “?g.de* henge p?r:tlcles alre aIV\;ays I?Cal'zedtjsing detectors in motion has already been performed con-
aithough the guiding wavé.e., the usual quantum s aife firming quantum mechanics, i.e., the correlations did not dis-
follows all paths, in accordance with the usual Sclimger a 34

appear34].

equation. When all beam splitters are at relative rest, thi
model reduces to the pilot-wave model and has thus pre-
cisely the same predictions as quantum mechanics. However,
when two beam splitters move apart, there are two relevant As we have seen, an AOM is a realization of a moving
reference frames, each defining a time ordering, hence thgeam splitter. We can then use our interferometers to perform
name of multisimultaneity. In such a configuration it is pos-a Bell experiment with moving beam splitte(Big. 9) in
sible to arrange the experiment in such a way that each of therder to confront quantum-mechanics predictions with mul-
two beam splitters in its own reference frame analyzes disimultaneity. We need to perform the experiment in the so-
particle from an entangled pair before the other. Each particlealled before-before condition. The criterion given by special

B. Experiment
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FIG. 10. The eventa andb are simultaneous in reference frame
x-t, whereasb is beforea in a framex’-t" moving at spee@ in FIG. 11. Calibration of the optical path difference from the
x-t, anda is beforeb in frame x”-t”, which is moving at speed =0 situation vs the position of the translation stage.

—v in x-t. The dashed lines represent the light cone. . .
path from the output of the fiber to the second crossing of the

AOM is measured manually with a precision of 0.5 mm. As
this error is of the order dfAt|,,.x, We scan the path-length
difference by pulling on a 1-m-long fiber on Bob’s side. One
end of the fiber is fixed on a rail as the other one is fixed to
v a translation stage that is fixed to the rail. The fiber can be
|At|<—2d, (3D elongated over a range of about 10 mm in the elastic region.
c As the refractive index changes with the stress we need to
calibrate the effective change in the optical path vs the fiber
where At and d are, respectively, the time difference and elongation(Fig. 11). We measure the visibility of the inter-
distance between the two events in the laboratory frlef@¢  ference fringes for each step of 0.10 mm corresponding to a
This criterion is much more stringent than the spacelikechange of the path in air of 0.11 mm as given by the calibra-
separation conditiofAt|<d/c. Due to the high speed of the tjon. Since we measure 30 steps, the scanned length of 3 mm
acoustic wave(2500 m/3, a distance of 55 m between the js much larger than the maximal error on the path-length
interferometers is enough, and allows us to realize the exdifference measurement. This ensures that for some of the
periment inside our building. The permitted discrepancy orscanning steps we are in the before-before situation.
the time of arrival of the photons in the AOM is then, ac-
cording to Eq.(31), |At|hax=1.53 ps, corresponding to an 2. Dispersion
optical path length of 0.46 mm in air. A precise path alignment is not the only condition to ob-
We note that this distance is much smaller than the transi{ee the predicted disappearance of the correlations. The
length of the photon across the acoustic wa¥d.3 mm,  gpreading of the wave packet due to the finite bandwidth of
and therefore the relevant points for the alignment are the, photons combined with the chromatic dispersion of the
points at which the. c.hoices exactly happ_en within the AOMS'opticaI fibers has to be smaller than, too.
According to multisimultaneity11], as in Bohm's model First, the coherence length of the single photons is deter-
(see the preceding sectiorone has to assume that the par-inaq by the filter after the source. With an 11-nm filter, the
ticles always follow a well defined trajectory in space time. j,5ions’ coherence length is about 0.15 mm. Next, the chro-
In particular, the choices between transmission and reflectiog, 4+ic dispersion spreads the photon wave packet.' However
takg place. when the_particles reach the edge of the diﬁr.aCtiOEwanks to the energy correlation, the dispersion can be aImos,t
lattice. This means in the case of AOMs that the choice o anceled. The requirement for the two-photon dispersion
the outcome will only occur when the photon leaves thegancaliation[35] is that the center frequency of the two-
acoustic wave(independently of the transit length a_crbss hoton is equal to the zero dispersion frequency of the fibers.
Hence the two events we have to consider for the alignmerla measured this value on a 2-km fiber with a commercial
of the experiment are defined by the two points where theapparatus(EG&G) which uses the phase-shift method. We
photons are leaving the AOMs for the sepond time,.just be ound a value of 1313.2 nm far,. We use 100 m of the
fore getting detected. We have to'equaI|.2e the optical pat ame fiber assuming that the dispersion is constant along the
length from the source to these points, with an error smallefi o \ve set the laser wavelength at half this value. Knowing
than 0.46 mm. the chromatic dispersion and conservatively assuming a
) 1-nm difference between the laser wavelength ap@, the
1. Path-length alignment pulse spreading over 100 m can be computed and is 0.2 ps
The length difference between the fibers joining the(for more detail see Ref34]). This corresponds to a length
source to the two interferometers can be measured with af 0.06 mm in air, which is much smaller than the permitted
precision of 0.1 mm using a low coherence interferometrydiscrepancy. The total spread is given K{.15+0.06
method[21]. In each interferometer, the length of the light =0.152 mm.

relativity for the change in time ordering of two events in
two reference frames counterpropagating at spegedg. 10
reads
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FIG. 12. Visibility vs path difference in thbefore-beforesitua- FIG. 13. Visibility vs path difference in thafter-aftersituation.

tion. The dots are the measured visibilities vs path difference by
step of 110um. The continuous line indicates the vanishing of the

e ) i _ ence. No change larger than the experimental fluctuations
visibility as predicted by the multisimultaneity theory.

can be observed around the 0 difference point.

3. Results
The theory predicts a disappearance of the correlations in V. CONCLUSION
:jr;f?e?eegocree_vsgrjcl)(;ebza;%eﬁht?yvtlfsl:abIflgzc?i?)?\endmg on the path We have modified the usual two-photon Franson interfer-
ometry scheme by using AOMs instead of standard beam
] splitters. Adding a degree of freedom to the state of en-
B 0 if [x|<At 32 tangled photons leads to particular effects, such as two-
" 11 otherwise. (32 photon beats. These are equivalent, for the two-photon inter-

However, as the photons have a nonzero coherence lengtfénces, to the usual one-photon beats. We have
and are subject to spreading due to the dispersion, the corréXPerimentally demonstrated two-photon interferences when
lations would vanish smoothly. For a path differenceccthe the beat frequency is 0. In the other case when it is not null

distribution of the times of arrival of the photons is given by W& have measured the beats. _ _
As the reflection on an acoustic wave is equivalent to the

reflection on a moving mirror, we have used our interferom-
1 (t=x/c)? eters to test nonlocal correlations under different time order-
f(t)= Jmo exp — 242 ' ings. In the before-before situation, each “choice device” is
the first to analyze its photon in its own reference frame. In
Hence the visibility is given by the convolution of both func- this situation t_he correlatlor_1 would disappear if they were
tions: due to some t_|me—ordered mfluenge between the events, as
multisimultaneity assumes. Experimentally, we do not see
any vanishing of the correlations. Hence, not only, the quan-
tum correlations cannot be explained by local common
causes as demonstrated by violating Bell inequality, but
moreover one cannot maintain any causal explanation in

+ o 1
V. (x)=J —exp ———
true W \/;0_ 20_2
. . which an earlier event influences a later one by arbitraril
In our casec=0.076 mm due to dispersion and the photonfast communication y y

coherence length. Figure 12 shows the measured visibility In conclusion, correlations reveal somehow dependence

for different path difference and the expected curve accordpqaneen the events. But regarding quantum correlations, our

ing to multisimultaneity. It is clear that there is no disappear'experiment shows that this dependence does not correspond
ance of the correlations in the before-before situation.

o N X to any real time ordering.
Another intriguing situation is the opposite, where each y g

measurement device is analyzing its photon in its own refer-
ence frame after the other analyzer photons. We call it after-
after situation, for which multisimultaneity also makes pre-
dictions conflicting with quantum mechanics, and in our This work would not have been possible without the fi-
particular case disappearance of the correlations, as in theancial support of the “Fondation Odier de Psycho-
before-before situatiofil1,36). physique” and the Swiss National Science Foundation. We

Experimentally, the after-after situation is reached by in-thank Valerio Scarani and Wolfgang Tittel for very stimulat-
verting the direction of the acoustic waves, without changingng discussions and Framis Cochet of Alcatel Cable
the other adjustments of the experiment. Figure 13 shows 8uisse SA for having placed at our disposal the chromatic
measurement of the visibility in function of the path differ- dispersion measurement instrument.

(33

(t—x/c)?
V(t)dt. (34)
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0, ferences between the short-short and long-long paths, beats
will appear if the sum of the frequency shift is not zé8ec.

IQ /S\ D’ IIIF). The probability coincidences are given by Ed)
é N &/ 4 J; where the global phase is fixed to 0.
0 0
1+cod @1+ P+ (Q1+Q))t]
FIG. 14. Quantum key distribution scheme with the entangled Pii=pPis= ! i ! 2 . (A1)
photon pair. Depending on the phases and frequency shifts, corre-
lations can appear between the detector outpufd i ,=0, key
distribution can be achieved by changing the phageand ¢,,, as 1-cog ¢+ P+ (Q1+Q5)t]
if ¢+ =0 the frequencie$), and(Q, have to be changed. P+r-=Pp-+= 4 . (A2)
APPENDIX: FREQUENCY SHIFT TWO-PHOTON PuttingQ, + Q,=0 we find the previous table. But we could
QUANTUM CRYPTOGRAPHY changeQ;+Q,=00% without changinge,+ ¢,. Hence if

The quantum theory has allowed the development of new e setgy + ¢,=0 we have

cryptographic protocols, in particular, quantum key distribu-

tion. Two people, Alice and Bob, can create a shared secret .. = _ 1+cod QY (A3)
key by exchanging quantum particles. Coding bits into pho- A 4 '

tons whose states are randomly chosen between nonorthogo-

n_al _bases prevents any effective attack by a th_ird person. A 1—cog Qt)
similar protocol based on the quantum correlations between Pi-=Ps=—f
entangled particles has been propof&d. In this appendix,
we present two schemes for quantum cryptography usin 0_ . .
two-photon correlations. The first one uses the phenomeno (1"=0 we find the perfectly correlated case, otherwise

of beats as described in Sec. I, to simulate two bases at 45;here will be an additional phase 8t which is not equal to

The second is the analogue with two photons to the interfero? /2, as in the phase coding. Hogve"er- as th? emission
metric scheme with frequency separat[ds]. t|me_of the photons is not known, tl§&"t value is uniformly
distributed, so the mean value of cO8) averaged over
time is equal to 0, corresponding to the noncorrelated case.
1. Cryptography with pseudocomplementary basis We can then write a similar table as the previous one but

with the phasesp; replaced by the frequency shif€; :

(A4)

First, we briefly review the principle of the two-photon
guantum cryptography with phase codifit4,37,3§. It is

based on Franson two-photon interferentiéig. 14). Alice Alice Bob 2, Mt (B
and Bob chose a phase in their respective interferometers 0 0 0 1
(corresponding to the choice of a basM/hen the bases are 0 -Q —-Q 0
compatible @,+ ¢,=0) there is a perfect correlation be- Q 0 Q 0
tween the outputs of both interferometers, the correlation co- Q e 0 1

efficient E is equal to 1. When the bases are incompatible L . N
(¢1+ b=~ m/2) the correlation coefficient vanishes, the We should keep in mind that the correlation value in this

outcomes are completely independent and random. This i&Ple is only a mean value, therefore we call it a
summarized in the following table. pseudocomplementary basis. If Eve knows the detection time

of a photon she could follow the beats; she will always know
the value of co€Q’%) and can wait for a timetg,o

Alice 9 Bob 2 1t P2 = =2mn/Q° such thap, ., =p__=1/2, so as to know which
0 0 0 1 detector clicked on Alice’s side. Therefore the detection time
0 —7l2 —7l2 0 should be kept secret as long as the photon did not reach
/2 0 /2 0 Bob’s side. However, Alice and Bob have to perform a co-
/2 —al2 0 1 incidence detection to select only the short-short and long-

long events. In order to discriminate these events, the time

Those correlations can be used to create a secret key bencertaintyst on the coincidence has to be smaller than the
tween Alice and Bob. This scheme could be implementedime differenceAl/c between short and long arms. More-
with our setup if Alice and Bob set their frequency shifts over, if the uncertainty on the detection time sent by Alice is
such thatf2°=0. They can change their respective phases bgreater than the beats period, Eve cannot extract any infor-
modulating the phase in one arfie., by changing the mation on the timing. This requires W2°<ét. For ex-
length. However, they can also change the phases by changimple, if 0°=400 MHz we havest>0.4 ns, so that\l/c
ing the phase of the synchronization signal on each side ahould be greater than 0.4 ns, which is the case in our ex-
we have seen in Sec. Il E. periment Al/c=1.5 ns).

Instead of changing the phase, Alice and Bob can change Finally, if we imagine that Eve is able to measure when
the frequency of the photons. As they are looking for inter-the photon passegby quantum nondemolition measure-
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FIG. 16. Schematic of a quantum cryptography scheme using

FIG. 15. Schematic of a quantum cryptography scheme usm%/vo-photon phase modulation

single-photon phase modulation.

Hence the state of a photon at frequenrgcypecomes

men), she can again follow the beats and set her measure- :

ment time such that she is in perfect correlation with Alice. |w)—|w)+e'%|w+Q). (A5)

To avoid this attack, Alice shogld choose rangomly when Sh%ob analyzes the photon by applying a similar operation

sends the photon to Bob. Again, the uncertainty on the emiszith 4 phasep

sion timeét has to be greater than W2°. b
Such a scheme of quantum key distribution would not be | ;) + e1¢a| o+ 0)— | w) + 62| w+ Q) + €' 95| w + Q)

easy to implement because it requires stabilization of the _

interferometers as for the phase coding. Moreover, fast +elleated|+20), (AB)

changes of the frequencies of the AOMs are needed. and selecting only the + Q frequency. The remaining state

IS

2. Two-photon quantum cryptography with phase modulation (ei ¢at @l ‘Pb)|w+Q)~(1+ei(‘Pa_ ‘Pb))|w+Q>. (A7)

In contrary to the preceding scheme, where one-photon ) )
interferences occur between two spatially separated paths, a Such a state can be used to implement quantum key dis-
scheme where the paths are frequency separated has béfRution with the B92 protocof40].
proposed and realized in Refgl5,39. The experimental The generalization to two-photon interferometry can be

setup was done using faint laser pulses, which, for this purggn_e becz_ausle each single-ﬁhoton cquyptographicl SCK}E@.B
pose, is equivalent to a single-photon scheme. It has the a 6) is equivalent to a two-photon scheme up to local unitary

vantage of not requiring an interferometer’s stabilization. We ransformatior{14]. In this case, the equivalent scheffg.

will see that this one-photon scheme can be generalized to %\6) consists in a source-emitting a state

two-photon one. But first, we briefly review the original |w+ Q)|+ Q)+ )| ). (A8)
scheme. Alice creates a photon in a superposition of two

states of different frequencies by modulating light at fre- When Alice and Bob apply the transformation given by
quency() (Fig. 15 and by applying a phase differengg. Eqg. (A5) on their side, the state becomes

o+ Q)| o+ Q)+]|o)|o)—|o+Q)|w+Q)+e%|w+20) o+ Q)+e % ot Q) wt+20)+e ¢t )| p+20) | w+2Q)

+]w)| w)+ e w+ Q)| o)+ e w)wt+Q)+e¢at )|+ Q)| wt+ Q). (A9)

In order to create the state of E@A8) by down- After the filters, the following state remains:
conversion, the laser pump has to be in the state

|wp) +|wp+Q/2). (A10) (1+€¢at o)) |+ Q)|+ Q). (A12)
It will generate the state

This state can be used to implement the two-photon quantum
f w4+ Q+ Sw)| o+ Q—Sw)+ |wp+ Sw)| wp— Sw), key distribution. Moreover, this scheme has only one output.
(A1D) It can be generalized to a system with two outd&B884) by
doing the following frequency transformation:

which does not need to be filtered right after the pump, as the
photons with an energy other than will not contribute to _ _
the key exchangéhey will be filtered on each sigle |w)—|w)+€e'%w+Q)+e %2 w—-0). (ALJ)

042115-12



QUANTUM ENTANGLEMENT WITH ACOUSTO-OPTC . .. PHYSICAL REVIEW A 67, 042115 (2003

[1] P.G. Kwiatet al, Phys. Rev. Lett75, 4337(1995. M. De Micheli, D.B. Ostrowsky, and N. Gisin, EPJdiret8,

[2] J.D. Franson, Phys. Rev. Le@2, 2205(1989. 155 (2002.

[3] J. Brendel, E. Mohler, and W. Martienssen, Europhys. 128t. [24] B.E.A. Saleh and M.C. TeichFundamentals of Photonics
575(1992. (Wiley, New York, 199).

[4] W. Tittel, J. Brendel, H. Zbinden, and N. Gisin, Phys. Rev. [25] A. Yariv, Quantum Electronigs3rd ed. (Wiley, New York,
Lett. 81, 3563(1998. 1989.

[5] J. Brendel, N. Gisin, W. Tittel, and H. Zbinden, Phys. Rev. [26] J. Billigham and A.C. KingWave Motion(Cambridge Univer-
Lett. 82, 2594(1999. sity Press, Cambridge, 2000

[6] R.T. Thew, S. Tanzilli, W. Tittel, H. Zbinden, and N. Gisin, [27] Handbook of Optics2nd ed.(McGraw-Hill, New York, 1995,
Phys. Rev. A66, 062304(2002. Vol. 2, p. 33.51.

[7] w. Tittel and G. Weihs, Quantum Inf. Compdt, 2 (2002). [28] A. Aspect, J. Dalibard, and G. Roger, Phys. Rev. 1491.1804
[8] A. Stefanov, H. Zbinden, A. Suarez, and N. Gisin, Phys. Rev. (1982; G. Weihs, T. Jennewein, C. Simon, H. Weinfurter, and
Lett. 88, 120404(2002. A. Zeilinger, ibid. 81, 5039(1998; M.A. Rowe, D. Kielpinski,

[9] T. Maudlin, Quantum Non-Locality and Relativjty2nd ed. V. Meyer, C.A. Sackett, W.M. Itano, C. Monroe, and D.J.
(Blackwell, Oxford, 2002 Wineland, NaturgLondon 409, 791 (200J.
[10] A. Suarez and V. Scarani, Phys. Lett282 9 (1997). [29] J.S. Bell, PhysicgLong Island City, N.Y) 1, 195 (1964);
[11] A. Suarez, Phys. Lett. 269, 293 (2000. Speakable and Unspeakable in Quantum Mechaf@asm-
[12] Fiber Optic Test and Measuremeradited by D. Derickson bridge University Press, Cambridge, 1987
(Prentice-Hall, Englewood Cliffs, NJ, 1998 [30] D. Bohm, Phys. Re\85, 166(1952; D. Bohm and B.J. Hilley,
[13] Z.Y. Ou and L. Mandel, Phys. Rev. Le@il, 50 (1988. The Undivided UniverséRoutledge, New York, 1993
[14] N. Gisin, G. Ribordy, W. Tittel, and H. Zbinden, Rev. Mod. [31] Ph.H. Eberhard, Nuovo Cimento Soc. Ital. Fis.,3BB, 75
Phys.74, 145(2002. (1977; 46, 392(1978; G.C. Ghirardi, A. Rimini, and T. We-
[15] J.-M. Merolla, Y. Mazurenko, J.-P. Goedgebuer, L. Duraffourg, ber, Lett. Nuovo Cimento Soc. ltal. Fi&7, 293(1980.
H. Porte, and W.T. Rhodes, Phys. Rev6®, 1899(1999. [32] Ph.H. Eberhard, irQuantum Theory and Pictures of Reality
[16] P.C. Sun, Y. Mazurenko, and Y. Fainman, Opt. L&8, 1062 edited by W. SchommergSpringer, New York, 1989 pp.
(1995. 169-215.
[17] R.P. Feynmarl, ectures on Physicdg\ddison-Wesley, Reading, [33] N. Bohr, Phys. Rew48, 696 (1935.
MA, 1969), Vol. 3. [34] H. Zbinden, J. Brendel, N. Gisin, and W. Tittel, Phys. Rev. A
[18] D.M. Greenberger, M.A. Horne, and A. Zeilinger, Phys. Today 63, 022111(200D; N. Gisin, V. Scarani, W. Tittel, and H.
46, 22 (199)). Zbinden, Ann. Phys(Leipzig) 9, 831(2000.
[19] P.D.D. Schwindt, P.G. Kwiat, and B.G. Englert, Phys. Rev. A[35] A.M. Steinberg, P.G. Kwiat, and R.Y. Chiao, Phys. Rev. Lett.
60, 4285(1999. 68, 2421(1992; T.S. Larchuk, M.C. Teich, and B.E.A. Saleh,
[20] G. Jaeger, A. Shimony, and L. Vaidman, Phys. Reb1A54 Phys. Rev. A52, 4145(1995.
(1995. [36] A. Suarez, Phys. Lett. 36, 383(1997).
[21] W. Tittel, J. Brendel, B. Gisin, T. Herzog, H. Zbinden, and N. [37] A.K. Ekert, Phys. Rev. Lett67, 661 (1991).
Gisin, Phys. Rev. /7, 3229(1998. [38] G. Ribordy, J. Brendel, J.-D. Gauthier, N. Gisin, and H. Zbin-
[22] S. Tanzilli, H. De Riedmatten, W. Tittel, H. Zbinden, P. Baldi, den, Phys. Rev. A3, 012309(2000.
M. De Micheli, D.B. Ostrowsky, and N. Gisin, Electron. Lett. [39] L. Duraffourg, J.-M. Merolla, J.-P. Goedgebuer, Y. Mazurenko,
37, 26 (2001). and W.T. Rhodes, Opt. Letk6, 1427(2001).

[23] S. Tanzilli, W. Tittel, H. De Riedmatten, H. Zbinden, P. Baldi, [40] C.H. Bennett, Phys. Rev. Le$8, 3121(1992.

042115-13



