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Violation of a Bell-type inequality in the homodyne measurement of light
in an Einstein-Podolsky-Rosen state
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An optical Einstein-Podolsky-RosefEPR state is produced in the spontaneous parametric down-
conversion of an ultrashort classical pump pulse. It is shown both theoretically and experimentally that this
results in the violation of a Bell-type inequality of the kind proposed by Grangfie. The experiment is
based on measuring interference between the light in the EPR state and weak light pulses in a coherent state.
The maximum observed visibility of the interference pattern wasH{@p%. This interference can be regarded
as a manifestation of nonlocality in the sense described by Banaszek and Wodkiewicz, even though the EPR
state has a positive Wigner function. We develop the theory of two-channel homodyne detection with ultrafast
pulses and then apply it to the EPR state generated in a type-Il collinear geometry. Particular attention is paid
to the investigation of how dispersion and phase matching influence the violation of local realism.
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I. INTRODUCTION 4
WepR(ay,az)=—exff —2 coshi2r)(|a|*+|a,|?)
In 1935 Einstein, Podolsky, and RoséPR) [1] pointed ™
out what they co_nsidered _to_be an incompleteness pf the +2 SinH2r) (ayap+ a* af)] 1)
guantum mechanical description of nature. They considered

a state of two particles entangled in their positions and mo- o 3

menta with a wave function of the kind 6(x;—x,—L). IS €verywhere non-negative, it has been ardi%6,8 thata
Because of thes function, a measurement of the position of local realistic interpretation of phenomena associated with
one particle provides an exact value of the position of thethef )EF())R ?';]ate tSthUI!]d bde EOSSIM'(EI’GPI’ ,ES thke pazjar\r;l[eéglc
other one, and the same is true for measurements of t Zi/ne. shgwnethoat ev:/h;nnh’om:)a(ljnﬂzg aoa?nss?[ t;/v?)nweak c?)her-
momenta of these two particles. EPR suggested simulta- ’ y 9

neously measuring the momentum of one of the particles an nt local oscillatorssee Fig. 1, the EPR state exhibits a
yr 9 . P inusoidal modulation of the photon counting rate as a func-
the position of the other. In this way, they argued, one ca

) . C@%on of the relative phases of the EPR and coherent states.
infer both the position and the momentum of one particle;rhey constructed a Bell-type inequality and showed that the
even though operators and p do not commute. EPR con- violation of this inequality for the EPR state is the same as in

cluded from this example thatttie quantum mechanical de- Bohm-type experiments with two entangled spin

scription of physical reality given by the wave function is not  More recently in a series of papers Banaszek and Wodk-
completé [1]. iewicz [10] have argued that negativity of the Wigner func-

The EPR program was later extended by Bell, who tion is not required for violation of the Bell-type inequalities.
demonstrated the incompatibility of quantum mechanics withn fact, they showed that the photon detection probabilities
local realistic descriptions of nature by means of the celcan be directly related to certain phase space densities and
ebrated Bell inequalities. Nonetheless, the state originally
proposed by EPR was considered by Bell to be incapable of o>
exhibiting the contradiction between quantum mechanics and D2
local realism[3]. Several quantum optical demonstrations of
the violations of Bell-type inequalities provide strong evi- PDC idler
dence in favor of quantum mechanigs5]. The two-photon pump BS
states used in these experiments are analogous to Bohm-type
spin-entangled states.

By contrast, an experimental realization of the EPR state
itself and of the ensuing EPR paradox was reported by Ou signal
et al.[6]. More recently, such a state served as the basis of an
unconditional quantum teleportation experimgfit Despite o> D1
great advances in the understanding and the experimental
investigation of the EPR state, opinions still differ on  FiG. 1. Scheme to test Bell-type inequality for the EPR state.
whether such a state exhibits nonlocality or not. On the onenoton pairs from a parametric down-conver@DC) are mixed
hand, since the Wigner functioWgpg(@,,a,) [6] of the  with weak coherent-state pulses at beam splitt&S), and the
(generalize EPR state numbers of photon counts are recorded at deted@qrandD.,.

7\

singles & coin-
cidence counter
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that for the EPR state in particular a Bell-type inequality canoriginal proposa[9] treated only cw fields and therefore the
be violated. They made use of the observation that th@nalysis is not directly applicable to our experiment with
Wigner function can be expressed as the expectation value oiftrashort (~100 f9 pulses. We deal with the total number of
the displaced parity operator. Since the parity operator is getected coincidences instead of the time-correlation func-
dichotomic observable, they were able to construct a Belltion and we include the effects of dispersion, and this distin-
type inequality similar to the one for two entangled spin-1/29uishes the pulsed light treatment from the cw treatri@ht
particles. The Banaszek and Wodkiewik0] inequalites !N our experiment we measure the observable correspond-
are different from those of Grangiet al. [9], but they are Ing t0 & coincident count between the detecdysandD as

also violated in a homodyne detection scheme of the typ& function of the phases of the local oscillata#s and ¢,.
shown in Fig. 1. Moreover, although the degree of violation'Ve Start by giving an intuitive single-mode derivation for the
is different for the inequalities constructed by Grangieal. ~ Faté of coincident counts as a sinusoidal function of the
[9] and by Banaszek and Wodkiewifz0], the violation is  Phase differencé between the down-converted light and the
most pronounced for small values of parametric gaim  coherent pulse. In the single-mode approximation the EPR
both cases. The general principle behind these theoreticgfate for a small value of parametric gaisan be written as
developments is that the Bell inequalities refer alwaytht ;

outcompe of experimental measucr]ememse cannot gs:ive | W)=~|vag|vag; +re'’|1)q1); . 2)

an inequal.ity fo'r a state alone, yvithout cons?dering the aPP)e stress that, in contrast to the previous work demonstrat-
rafus one s using to measure it. The experime8iz| were ing violations of local realism using biphotons, the two-

based on homodyning the EPR state against strong local ogp 11"t of the statis factorizable After both the idler
cillator fields and subsequent detection with linear photo-

diodes. By contrast, experiments proposed by Grarajia. and the signal beams are mixed with weak local oscillators,

[9] and Banaszek and Wodkiewi¢20] require weak local so that
oscillators and avalanche photodiodes in order to discrimi- W2
nate between the quantum mechanical and local realistic de- @)y ~|vad »+ a|1>1‘2+7|2>1’2’ 3)

scriptions of nature. Both in our experiments and in those of
Ou et al. [6], the measurement of the pair of single-mode
fields is made by introducing a second mode at a beam splifdhei tv:o-gotond%art_ of _the t;vo-mode quantum state at the
ter followed by detecting the total numbers of photons in the etectorsy, andby IS given by
transformed modes. The detection is effectively the measure- 1 r
ment of apositi_v_e operator valued measu(rEOV_M) [11,12 |E)~ E0[2a1|1>1|1>2+ Eei ?11)4]1), (4)
where the auxiliary systems that extend the Hilbert space are
the local oscillators. In the case of a strong coherent state ) ] ] )
local oscillator, as in the case of Gat al, the POVMs re- (We omit terms of higher order in; \r). The rate of coin-
duce to Hermitian quadrature field operators in the Hilbercidence countind>(a;,«,) is given by
space of the EPR state. In contrast, in our experiment no o —
such reduction is possible. Therefore, unlike the experiment Play,a2)=(E[|1)1(11©]1)x(1]2|Z), (5
of Ou et al.[6], in our experiment the Wigner function can- .
not be used to formulate a local hidden-variable theory forand from Eqs(4) and(5) we obtain
the measurement. Hence, there is no contradiction between 24 a2 ay)?
the existence of a local realistic description of the results of P(al,az)z#[l-}—VCog{ b1+ do—0)],
Ref. [6] and the violation of local realism that we observe. 4
Our experiment provides experimental evidence contradict- ©)
ing Bell's assertior] 3] that violation of the Bell inequalities _ N .
in the EPR state is not possible. Bell based his conclusion O\r/]vhere $j=arg(e), ]._.1! 2 andd is the phasg of the EPR

. . : tate. The visibility VvV is given by
a restricted class of measurements, i.e., he considered onyy 5 . .
measurements of positions and mome(ota equivalently, as rla|] aa])/ (1 +.| a1.||a2|)' It reaches its maximum value
in the case of Ot al. [6], quadrature field amplitud)as, of 1 when the coincidence rate due to coherent light equals

; ; . incidence rate due to the EPR state.
In this paper we describe an experiment that demonstratége coincl o
the violation of a Bell-type inequality by light in an EPR Banaszek and Wodkiewi¢4 0] have shown that measure-

state, earlier results of which were presented in RE3). rpent of theAe>§pectatiAo nvalue ofAthAe displgced pavity operator
The state was prepared by parametric down-conversion df(@1)(—1)"D"(a1)D(a2)(=1)"D"(a;) in the arrange-
ultrashort pump pulses. There are certain advantages to usifget of Fig. 1 gives the scaled Wigner function
short pulses to pump the PDC and for the local oscillators. I 7/4)W(a1,a;) of the EPR state, while measurement of
order to obtain high visibility of the interference it is vital the expectation value of the displaced zero-count operator
that the local oscillator modes and the modes of the downb («;)]0):(0[;D"(a;)D(@,)|0),(0],D"(a;) gives the Q
converted photons overlap in both space and time; it is diffunction. It is easy to see that the measurement of the prob-
ficult to achieve this with a narrowband cw laser, because o&bility P(«a4,a5) of detecting a coincident event between the
the long dead time of single-photon detectors and the need tetectorsD; and D, is equivalent to measuring the differ-
maintain an adequate counting rate in the experiment. Thence between th&) and the scaled Wigner functions:
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SHG DBS M2 M4 DL in the crystal has a Rayleigh range approximately equal to

0 ',“ I 0 the crystal length.
< The orthogonally polarized, collinear down-converted

photon pairs produced in the crystal are passed through an 8
mm thick quartz platéQP), aligned so as to compensate for
the relative delay suffered by the orthogonally polarized pho-
tons in the BBO crystal. They are then recombined on a
50:50 beam splitte(BS) with the red light which has been
highly attenuated and passed through a controllable delay
line (CDL) consisting of a translation stage and a
piezoelectric-transduce(PZT)-mounted mirror. The CDL
was calibrated by second-order interference with coherent
light (a related experiment of homodynirane of the pho-
tons of the pair has been reported 17]). The half-wave and
quarter-wave plates allow us to change the relative phase
¢1— ¢, between the two coherent pulses. One of the two
beam splitter outputs is passed through dichroic mirrors that
reflect the 405 nm light and directed onto a polarizing Glan-

FIG. 2. Outline of the experimental setup. See text for details.

P(ay,a5)=Q(ay,a,)— (7m?14)W(ay,a,) if one keeps in
mind that ther?,| a4|?,| @,|? are all much smaller than unity.

Grangieret al. [9] have constructed the following Bell-
type inequality:

—2<S<2, 7) Thompson beam splittdPBS). The outputs of the PBS are
focused onto the two avalanche photodioBgsandD, act-
S=E(¢1,¢2) —E(d1,¢3) +E(d1,¢2) +E(d1,85), ing as photon counting detectors. Broadband interference fil-

ters (BF) of 40 nm bandwidth are placed in front of the
whereE( ¢, ,¢,) depends oP(ay,a,) for different sets of ~Photodiodes, so as to reduce contributions from the scattered
detectors and in our case is given EY¢11¢2):V COS((;S]_ 405 nm radiation. Before the PBS, narrowband fl|teﬂ§)
+¢,—6) (see[14] for a discussion The violation of the Of different bandwidths are inserted in order to study the

inequality (7) is maximum for the following phase angles; influence of dispersioisee below. _
Photon detection events in the photon counting detectors

b1+ po— O0=ml4, produce output pulses that are passed through discriminators
emitting 2 ns long voltage pulses. The outputs of the dis-
d1=d— 72, (8 criminators are fed into a coincideng&D gate, and coinci-
dent and single countéC&SC) are registered. The 2 ns
b= p1— ml2, length of the pulses from the discriminators corresponds to a

coincidence window of.=4 ns. In the cw experiments the

with S=V2/2. Therefore, whenevet>1/\/2, S>2 and the impetus for a short coincidence window comes from the fact
inequality (7) is violated. A discussion of supplementary as-that the rate of accidental coincident events that do not in-
sumptions relating to Bell-type inequalities in experimentsvolve a down-conversion is given by the product of the

based on homodyning techniques is given in Rifs15,1§.  single-photon counting rates and of the coincidence window
or coincidence resolving timeR,..=R;R,7.. For the

pulsed experiments, when the time separation between the
pulses 7, is larger thanr. this expression becomeR,;.

The experimental setup is shown in Fig. 2. The output=R;R,7,. For our 80 MHz repetition rate laset=12 ns,
power of the Ti:sapphire lase(Ti:Spp), consisting of a so that the number of accidental counts is not limited by the
mode-locked train of pulses centered at 810 nm with bandeoincidence window.
width of 10 nm, is about 1.8 W on average. The light is used Spatial wave front matching of the down-converted pho-
to pump a second harmonic generat8HG) consisting of a  tons and of the coherent pulses is of critical importance for
0.7 mm longg-barium boratéBBO) crystal, cut and aligned achieving good interference between them. The difficulty of
for collinear type-l phase matching. This creates a pulse o$patial mode matching comes from the fact that, although the
average wavelength 405 nm with about 15% energy convepump light going into the crystal has a Gaussian profile, the
sion efficiency. The second-harmonic crystal is in effect thespatial profile of the down-converted “biphoton” output is
input beam splitter of our two-color interferometer. After the given by the convolution of this Gaussian function with the
crystal both fundamental and second harmonic copropagaghase-matching function of the crystake, e.g.[18]). This
and are subsequently separated by a dichroic beam splittemeans that the photon pair is not well matched spatially to
(DBS). After passing through a red-light-blocking, blue glassthe Gaussian local oscillator. We therefore made use of a
filter (BG), the 405 nm light is focused onto the parametricsingle-spatial-mode fiber to filter the interferometer output.
down-converte(PDC), consisting of a 2.5 mm thickBBO)  This ensures very good spatial mode matching. With the help
crystal cut and aligned for type-Il phase matching. It is foundof the fiber, we were able to significantly increase the visibil-
that, in order to effectively couple the down-conversion intoity of the interference pattern in our experiment. In addition
a single-mode fibefsee beloy, we need to focus the 405 to spatial mode matching, it is necessary to ensure correct
nm light into the PDC, so that the Gaussian waist of the lightemporal mode matching, in which the temporal profile of

Il. EXPERIMENT
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FIG. 3. (a) Interference pattern observed as a function of the

displacement of PZT-mounted mirror with 3.5 nm filter in place  FIG. 4. Same afb) in Fig. 3, but with 6 nm(a), 16 nm(b), and
(circles. The sinusoidal curve is the least squares fit based on thao nm (c) filter bandwidth.

expression6) when visibility, amplitude, and phase are treated as

adjustable parameters, and is used to determine the observed Vbﬁtude, and phase are treated as adjustable parameters. In
ibility. (b) Diamonds correspond to the observed values of the vis1:ig_ 3(b) the visibility of the interference pattern as a func-
ibility of the interference pattern as a function of the relative delaytign of displacement between the local oscillators and the
between the local oscillators and the down-converted photons. ThepRr state is shown. The theoretical curve is based on the

solid curve is based on our theoretical calculation with no adJUSt'expression that we derive@ee below with no adjustable

fable par_ameterg. The dashe_d _Iine cor_responds to the highest ViSibB'arameters. The visibilitv reached (824)%, so that
ity consistent with local realistic theori¢s, 14). Sexp=2.46=0.06, in violation of the Bell inequality?).
Similar interference patterns, but with reduced visibilities,
the field matches that of the single-photon wave packetswere observed with broader values of the filter bandwidth.
This is guaranteed to a large extent by using the same pulsghe plots in Fig. 4 are similar to those in Figh3, but were
to generate the down-converted pump radiation as for théaken with 6 nm(a), 16 nm(b), and 40 nm(c) filters. As the
local oscillators. The temporal modes of the down-convertedandwidth of the filter increased, the visibility of the inter-
radiation are also determined in part by the dispersive propference dropped markedly as shown by the experimental
erties of the crystal, however, and we are not able to matcpoints in Fig. 5.
the modes pefectly. However, with single-spatial-mode filter- Our calculationgsolid line in Fig. § show that both the
ing, the measured visibilities were usually close to the calwalk-off between the pump pulse and the down-converted
culated ones, even though they were a little less than unitwave packet and the walk-off between the signal and idler
due to dispersion in the down-converter. photons resulting from the dispersion of the down-converter
We have recorded interference patterns as functions afontribute to the reduction of visibility. We attribute the fact
¢+ ¢, for four values of the narrow-band filter bandwidth: that the observed visibility of interference with the 40 nm
3.5 nm, 6 nm, 16 nm, and 40 nm. FiguréaBshows the filter is significantly lower than the theoretical value to the
recorded interference pattern with the 3.5 nm filter at thecombination of possible birefringence in the optical elements
maximum of the visibility curve according to Fig(t3. After ~ and possible imperfections in the cancellation of signal-idler
flipping the half-wave plate and the quarter-wave plate wevalk-off by the quartz plate, and to deviation of the filter
shifted ¢1— ¢, by 7 and 7/2, respectively, and observed transmission function from a true Gaussian. Nevertheless,
similar interference curves. In Fig(8 the sinusoidal curve the trend of increasing observed visibility with smaller filter
is the bes{least squaredit to the data when visibility, am- bandwidth is apparent. This trend is due to the influence of
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FIG. 5. Circles correspond to observed visibilities of the inter- FIG. 7. Same as Fig. 5, but for situation with no signal-idler
ference at their maxima for different values of the filter bandwidth.walk-off compensation.
The solid line is obtained from our theoretical calculations and the
dashed line has the same significance as in Fig. 3. sator for several filter bandwidths as shown in Fig. 6. The
theory and the experimental points giving maximum visibil-
dispersion in the down-converter on the interference, as oufy @s @ function of the filter bandwidth in the absence of
calculations suggest. 5|gnalildler Walk_-off compensation are_presented in Fig. 7.
The visibility of the interference pattern is significantly ~ Unlike the coincidence events, the single-photon counts in
reduced if the signal-idler walk-off in the PDC crystal is not @ll four channels did not show any modulation at all as a
compensated because of improper temporal mode matchirfgnction of ¢;,¢,, which lends support to the “no-
between the the single-photon wave packets and the loc&hhancement” assumption of Grangral. [9].
oscillator pulses. We have taken data with no quartz compen-

Ill. THEORY OF HOMODYNE MEASUREMENTS

1 ; ; ; ; ; ——— WITH A PULSED EPR STATE
08 e 1 Consider the arrangement shown in Fig. 1: a nonlinear
% 0.6 : . crystal functioning as a parametric down-converter is
2 g4 k pumped by a short coherent pulse of light that generates two
o2 b ] correlated light beams, a signal and an idler. Each of these
: ] beams is mixed with a weak coherent pulse on a 50:50 beam
oo 150 100 30 0 Ts0 400 im0 200 splitter and one of the outputs of each beam splitter is mea-
displacement (um) sured with a photon counting detector.
(@) The theory of the down-conversion process has been
] . . ' ' ' ' treated many times. In our derivation we will use the ap-
r ] proach of Refs[14,19,2Q. Let us consider a pump pulse
08 3 centered at timé=0 with the corresponding electric field
% 06 ] operator
2 04F 7
> N ]
0.2 n 7 ~ * ~ .
ok , , , , , ] Ep(t)=f dwap(wp)e_'“’Pt, (9)
-200 -100 0 100 200 0
displacement (ym)
© Whereép(wp) represents the Fourier amplitude of the pump-
! ] ing pulse. Following Refd.18,19,14, we can derive the fol-
08 | 1 lowing first approximation to the quantum state of the down-
%’ 06 | ] converted field:
2 o4 : o
0.2 " ’ . = . 1 |\P>p,s,i: |Vac>p,s,i+ nfo jo dwsdwiap(wp)
-200 -100 0 100 200

displacement (ym)

o Xexpliwpt) P(wp,ws, 0) dwp— ws— ;)
¢

af af(w ,
FIG. 6. Same as in Fig. 4 and Fig(b3 but without quartz Xas(ws)ay (w')lvac>p*5"’ (10
compensatoi(a) is taken with 3.5 nm filtertb) with 6 nm filter, and
(c) with 16 nm filter. where # is the parametric gain,
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iAKL where we have defined ;.= w,— wyg, Q=(ws—w;)/2, and
2 ki=(dk /dw;) (I=p,i,s). This allows us to express the
phase-matching function in E¢L1) in the form

iAKL
><sm<{ > ) , (1) Do w)zﬂei(t,npﬂﬁ)Sm(t‘QPH*Q)
S tQ,+t,0
® is the phase matching functioh, is the length of the (16)
crystal, and the normalization functi@( ws, w;) varies with
frequencieswg, w; of signal and idler photonsAk=k,—ks ~ Where
—k; is the phase mismatch.
We have chosen the following normalization for

D (wp,0s,)):

@(wp,ws,wi)EC(ws,wi)EX;{

L
5 (17)

1
tz(ké—z(kéwtki')

is the difference between the group delay experienced by the
pump pulse and the average of the group delays of the idler
and signal photons, and

In the Introduction some arguments based on single-mode
calculations on the nature of the interference between the
EPR state and LO pulses were given. Such arguments ignore
the vast Hilbert space associated with the continuum of
modes of different frequencies in the stét®). Some recent is the temporal walk-off between the signal and idler pho-
work of Law, Walmsley, and Eberlf21] provides a way to tons, after traveling through half the length of the PDC.
connect the single-mode treatment with the full QED calcu- Let us suppose that idler and signal fields are mixed with
lation below. They showed with the help of the Schmidttwo coherent pulses on 50:50 beam splitters and a photon
decomposition that the two-photon part of the s{di® can  counting detector is located at the output of each beam split-
be written as ter (see Fig. 1L The electric field operators after the beam
splitters are then

j dws|<1)(wp,ws,wi)|2=l. (12
0

L
t=(k —k)3 (18)

|\P>Lv’vsc’)iphot0r1&,rgl \/)\_nf fdwsdwi‘//n(ws)(ﬁn(wi) 1

Ei(t)= ﬁ[ébgtwéi(t)], (19)
xaj(wgag(w), (13
where\,, #,, and ¢, are solutions of certain integral ei- Ez(t)= i[f;b (t)+ES(t)], (20)
genvalue equationg21]. It is a remarkable property of the J2© 2

decomposition(13) that in situations of interest, e.g., in the
experiment described above, only the lowest few valuas of and the input electric field operators are given by
give noticeable contributions. In many cases the first term in
the sum provides the dominant contribution. They also found
that ¢, and ¢, are approximately Gaussian functions of fre-
guency, when a Gaussian pump pulse is used and when the
crystal phase-matching function is spectrally broad. . w ,
We now have a direct connection between the single- Ebl,bz(t):f dwb; {w)e™ ', (21)
mode arguments in the Introduction and the quantum state in 0
the experiment. 'I_'he \_/isibility of 'ghe interference pattern Pro-The state of the two-mode coherent field B)|B,), with
vides an approximation to the inverse number of effective
modes in the EPR state. Thus, when the observed visibility is ~
89% (see Fig. 3, about 90% of the EPR state is the same by A @)[B12)=B1A@)[B12). (22)
two-mode state.
We now derive some theoretical expressions to compar
with the experimental data. For a crystal cut and aligned fo
degenerate type-ll phase matching we have

Kp(@po) —Ks(@s0) —ki(wjo) =0, (14)

. 1 (= . . B
where wg= wjo=wpo/2 are mid frequencies. On expanding Ep, (D)= EJO dofaj() +by(w)]f1(w)e™,
Ak around the phase-matching conditigi#), we obtain, to
the first order inws— wgy, w;i— wjg,

Ee ()= f;dwés,i(wm-iw‘,

Before the photons impinge on the detectors, they pass

rough identical narrowband interference filters of band-
width o centered atvgy,w;g. Then the electric field opera-
tors at the detectors are given 4,20

S 1=, » —iw
Ak(wg,0p) =[5 (K10, + (K —k)Q,  (15) EDZ(‘):EL dofas(w) +bal@)]fo(w)e™, (29
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wheref;(w),f,(w) are the complex filter transmission func- Here erfi) is the error function, and, andM are defined
tions. We will choose them to be identical and dendtéd) by the following relations:
hereon. The probability of detecting a coincident event be-

tween the detector®; andD,, P(81,85), is given by 1 1 1
=== (33
© (oo ~ ~ O'k p 2
P(Bl:BZ)ZJ' f dt;dt,(¥,B;,B,|E; (t1)E; (o)
0Jo and
X E3 (t2)E{ (11)|¥,B1,By). (24) M= tZoZ+12 o212. (34)
With help of Eq.(10) for the statg W) we find that Similarly, we find
1 w (oo
= — 2 o] oo
P(IBLBZ)_ 4f0 JO dtldt2| 77g(t]_1t2)—"_Bl(tl)BZ(tZ)| ’ CEJ f dean(Qp)(D(Qp,Q)
0Jo
(25)
where X B(Qp/2+ Q) B(Qp2— Q)
o xfz(Qp/2+Q)f2(Qp/2—Q)
9(t1,tz)=f0 fo dQpdQa(Qp)P(Qp,Q) xco§Qp(r+t )~ Q(r+t,)+6]. (35
X Q2+ D) F(Q 12— Q) We select Gaussian envelopes of the same width for both

] . coherent pulses:
Xexd —i(Qy2— Mt —i(Qy/2+O)t5]

(26) B 0?2
B1AQ)= exp —— |-

and ' Voo m 207

After evaluation of the integrals, we obtain

_ Vt+<np>77|,81||/32|2771/4 Oeff0pe

After performing integrations ovet;,t, we obtain § = — \/—rh—r
functions that reduce Eq25) to the form Ao t=opet thoers

(36)

By ot)= J;dwfw)ﬂl,z(w)e—‘wt. 27

P(B1,82)=A+B+C. (28) X | erf

1
5[1_(p1_p2|)]M1)

The first term on the right is given by

+ erf]
t+77

1
§[1+(p1_p2|)]M1”
A=

f f dQ,dQa3(Q)PXQ,,0)

P2
><f2(Qp/2+Q)f2(Qp/2—Q), (29) ><exp< —E) COg 1+ ¢~ 0), (37

where the pump envelope is where 0=(wg+ wio) 71, b1,=ar9(B1,),

< p> 2 — 12 2
a?(Q,)= —"—e (2plop)? (30) J=t] +1t2,
Xpl3fp
\/—Up
- p1=1+(t_7i+t, 75)/J,
and(np) is the average number of photons per pump pulse.
:/e/reSh\;av\i/t?] chosen Gaussian transmission functions for the fil- Po=(—tym+t_7,)/J,
f2(Q) = e~ (@op)?, (31) M=\t oy +thogyr (39)

=(1/2)(tj+ts—tc1—tep) is the difference of propagation
times between the S|gnal and idler photons and the coherent
pulses to their respective beam splitters, ape ts—t; is the
difference of propagation times between the signal and idler
Ly Xnp)ota k( erf(M)+ / (e—zm —1)) photons(it is assumed that the PDC is removed from the
4\/—770,, setup in these definitions af, and r,). We have introduced
(32 Ope, Oetf, andl via the relations

After a somewhat lengthy calculation we arrive at the 7L
following result:

063804-7



A. KUZMICH, I. A. WALMSLEY, AND L. MANDEL PHYSICAL REVIEW A 64 063804

1 1 1 1 weak coherent light by using photon counting techniques.
— =t > The observed interference can be regarded as a manifestation
Ope 20, 4ot 4dog of locality violations via the Bell inequalities, as was pointed

out by Grangieret al. [9], and it is also a demonstration of
1 1 1 L . .
— =4 (39)  honlocality in phase spacl0]. Our experiment provides
Ugff og trf2 evidence contradicting Bell's asserti¢8] that violation of

the Bell inequalities in the EPR state is not possible. How-

ever, Bell's assertion was based on a restricted class of mea-

t+t_(o,236— agff) surements, i.e., he considered only measurements of posi-

S22 g2, (40 tions and momentdor, equivalently, as in the case of Ou
—Upe’ tHTeff et al.[6], quadrature field amplitudes

In conclusion, we have observed interference between

_ (41) pairs of photons produced by spontaneous down-conversion
N and weak coherent light with the help of photon counting

) ) ) techniques. The interference can be regarded as a manifesta-
The second term in E¢28) is the easiest to evaluate, and we tjon of |ocality violations via the Bell inequalities, as was

with

2 2 2 2
_ t,o'pe"l‘tJrU'eff

obtain pointed out by Grangieet al.[9], and it is also a demonstra-
2| p |2 2 tion of nonlocality in phase spa¢é0]. The conclusion that
B= |Bal%1B2" o _ (42) local realism is violated requires additional supplementary
4 o2+ o? assumption$22], including the fair sampling assumption, as

) o ] ] ) discussed by Graniest al.[9]. Moreover, for an unambigu-
Now it easy to see that the coincidence it a sinusoidal ;5 test of local realism. one would need to switch the

function of the phase differenc® between the down- hases of the local oscillators independently and at random
converted light and the coherent pulse: times.

P(B1,82)=M[1+Vcod ¢+ ¢,—0)]. (43

The expression for the visibility follows from the derived ACKNOWLEDGMENTS
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