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Experimental Violation of Bell’s Inequality Based on Phase and Momentum
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Two-color photon pairs are selected by two double apertures placed to satisfy the phase-matching con-
ditions at a down-conversion crystal. The different wavelengths are superposed at spatially separated
points on a beamsplitter and coincident two-photon detections are measured. On adjusting phase plates
in the beams before the beamsplitter an apparent nonlocal fourth-order interference effect is seen which
violates Bell’s inequality by several standard deviations.

PACS numbers: 42.50.Wm, 03.65.Bz, 42.10.Jd, 42.50.Dv

Although quantum mechanics is an extremely success-
ful predictive theory, it does incorporate a rather coun-
terintuitive world view which has led people to formulate
alternative models. Bell’s inequalities' were derived as
conditions which an alternative class of local realistic
theories must satisfy, and which are violated, in certain
conditions, by quantum-mechanical models. A large
number of experiments have been performed in order to
verify the predictions of quantum mechanics. These
have mainly been of three types: cascade-photon experi-
ments,? high-energy experiments involving polarized pro-
tons or y photons,? and more recently using the angle-
correlated pair photons produced in parametric down
conversion.* All of these experiments are based on su-
perposition of spin or polarization states as first de-
scribed by Bohm.?> We demonstrate here that similar
effects can be obtained when each photon in a correlated
photon pair is split (or is created with two separate
parts) and recombined with variable phase delay. It is
only recently that spin-free tests of Bell’s inequality have
been suggested in the literature®'” and we believe that
the work presented below is the first experimental
demonstration of a violation of Bell’s inequality based on
phase and momentum, rather than spin.

We use parametric down conversion in an arrange-
ment similar to that suggested independently by Horne
and co-workers.® An outline of the experimental ap-
paratus is shown in Fig. 1. Light from a krypton-ion
laser operating at 413.4-nm wavelength is weakly fo-
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FIG. 1. Outline of the apparatus.

cused in a crystal (CR) of deuterated potassium dihy-
drogen phosphate (KD*P) with crystal axis cut at 90° to
the incident beam. As a result of crystal nonlinearity a
small fraction of the vertically polarized incident light
(photons) is down converted to pairs horizontally polar-
ized photons satisfying energy conservation and propaga-
ting in directions set by momentum conservation within
the birefringent crystal. In this case the symmetric pairs
of 826.8-nm wavelength photons are emitted in direc-
tions subtending an angle of 28.6°. Conjugate colors a
and b with wavelengths above and below 826.8 nm, re-
spectively, are selected using double apertures (4) in
each arm of the apparatus. Pairs of photons can now be
detected in opposite beams of different wavelengths.
Mirrors M1 and M2 reflect the beams onto a beam-
splitter (BS) where recombinations of the different
colors occurs at points separated by several millimeters.
The four outputs from the beamsplitter are measured us-
ing photon counting detectors D, p.34. Photodetection
coincidences between the four possible combinations of
detectors viewing different colors are measured simul-
taneously using a modified photon correlator with a gate
time AT =10 ns. The clocked nature of the correlator
ensures that the four gates are exactly equal. The gross
path-length difference 8x between arms 1 and 2 of the
interferometer can be changed by suitable adjustment of
mirror assembly M 1 which is configured as an “optical
trombone” (see inset in Fig. 1). Two tiltable glass plates
P, and P, allow independent adjustment of the relative
phases, ¢, and ¢, at recombination of colors a and b.
As the colors overlap at different points on the beamspli-
tter one could, in principle, construct an apparatus of the

FIG. 2. Topologically equivalent apparatus showing the pos-
sibility of remote measurements on the separated colors.
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form shown in Fig. 2 where the phase shifting and recombination of the separate colors occurs at remote locations. In
the following it will be shown that given a photodetection in either of detectors D,3,D,4 the direction that the coincident
b-color photon takes at its beamsplitter will be strongly dependent on the setting of the remote phase plate P,. The ex-
tent of this dependence cannot be explained by any local realistic theory.

A measure of the distribution of coincidences between detectors on the same side and on opposite sides of the beam-
splitter for a particular phase setting is given by the correlation coefficient®!!

E(0g.05) = Ca3.03(0a,06) +Cas.54(04,05) — Ca3.54(04,05) — Caap3(04,05) W
o Ca3.63(0a,06) + Cas.54(02,05) + Ca3.54(04,05) + Casp3(0ar0)

where C,i5;(¢4,05) (i=3,4; j=3,4) is the mean coin- [

cidence rate between detectors D, and D,; with phase — X/c¢ with X a propagation distance measured from the
angles set to ¢,,¢5. The generalized Bell inequality down-conversion crystal and 7, are effective detector
states that the combination of four such measurements (plus collection) efficiencies at wavelengths a and b.

at various phase angles'"'? The electric-field operators beyond the beamsplitter

S=E(¢,05) —E(9a,08) +E(¢.,05) +E (95,05) (2) can be expressed as superpositions of the operators at the

. : 13-15
should fall within the bounds beamsplitter inputs

—-2=8§=2 3) AW =iVRAT O +VT AL T+ ¢alwa+51),
when a classical locality assumption is made. We show A ) ) (6)
here that for suitable choice of phase angles that S =22 () =VT A O +iVRAT T+ ¢,/ w0, +61)

could be measured in theory and present an experimental
measurement of S exceeding 2 by several standard devia-
tions.

The experimentally measured coincidence rate is pro-
portional to the integral of the instantaneous two-photon
photodetection probability P, p; over the finite coin-
cidence gate time

and similar with a replaced by . R and T are the inten-
sity reflection and transmission coefficients of the beam-
splitter and the imaginary component implies a 7/2
phase change on reflection valid for symmetric beam-
splitters. Gross path-length differences to the beam-
splitter are assumed corrected for by suitable adjustment
" of mirror assembly M1 leaving only a small variable

=~ _ 1 r» o path difference x =cét and phase-time differences ¢, 5/

Cairby = AT f—Arlzp‘""” (6,05, 7)d1, @) ®q.5, Where @, and w, are the angular frequencies of
where 7 is a time difference. AT is usually long com- colo.rs a and b (assuming a q\‘.lasimonochromatic approxi-
pared to any typical photon coherence time (of order mation). Any path-length differences beyond the beam-
femtoseconds) or any difference in propagation time splitter are ignored being physically insignificant for the
from the crystal to detectors hence the limits of the in- reasons given above.

tegral can be written as & oo. The two-photon detection Paipj can be expressed as a set of fourfold products of
probability is given by the input field operators which in the low-flux limit con-

. . sidered here can be represented by a set of twofold prod-
Pa['bj(¢a,¢b,f)=nanb(Aa([_)(;ai)Ab(j_)(fbj"' 1) ucts involving only pair photon amplitude terms of the
(+) (+) type (ATIA]) (Ref. 16) (and complex conjugate)

XAb (th+T)A‘" i), ) reflecting the fact that before the beamsplitter coin-

where A7) is the positive-frequency part of the cidences are only seen between opposite beams of dif-
electric-field operator (which can also be described as a ferent colors. Propagation delays are incorporated by
photon annihilation operator) at reduced time 7=t writing pair products of the electric-field operators as in-

I tegrals over modes with

AP CHDADGHU) = AP DA D [ fw)eV @DV gy ©)

f(w) is a normalized spectral function set by aperture geometry and pump beam divergence at the crystal.'> Energy
conservation is implied here by the use of a single difference frequency w such that (0, + )+ (0, —©) =w,, where wq
is the angular frequency of the pump beam. For simplicity we approximate f(w) by a Gaussian spectral function with
1/</e bandwidth ¢/o. Combining Egs. (4)-(7) then leads to'®"’

Capj=Co(R*+T? [1+(=1)"*/V cos ¢a—¢b+(wa—wb)57x]exp[—————(6)(2)- }, (8)
o
where
o=l [T A DA G+ ) P ©)

is the coincidence rate measured between two opposite beams before the beamsplitters; the magnitude of which is relat-
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ed to the nonlinear coefficient of the crystal, pump-laser
power, and detailed phase-matching integrals within the
crystals.'® A visibility ¥ =2RT/(R*+T?) is defined
which is unity when a 50/50 beamsplitter (R=T =0.5)
is used and &x'=6x—c(¢,/w, —¢s/wp). The coin-
cidence rate as a function of gross path-length difference
&x shows a cosinusoidal oscillation within a Gaussian en-
velope of width o. Normally the photon “coherence”
length o covers many optical cycles while the phase de-
lays are less than one cycle and the approximation
éx=46x' can be made. Near zero path-length difference
(6x < o) the exponential term becomes unity. Equation
(8) is then formally equivalent to the polarization corre-
lation for a pair of photons in an s state. A maximum
coincidence rate at detectors ai,bj is obtained by tuning
the phase delays to ensure the argument of the cosine
term in Eq. (8) is #. This also implies a maximum coin-
cidence rate between the other two detectors aj,bi.
More significantly, one can redistribute the coincidences
in detector pairs a3,b4 and a3,b3, adjusting the phase
plate P,, apparently remotely altering the direction that
the coincident b-color photons take at the beamsplitter.

The four coincidence rates at a particular phase set-
ting can be combined to estimate the correlation coef-
ficient E(¢,,05) as in Eq. (1). Choosing phase angles
0. =0, ¢, =n/2, ¢ =n/4, ¢ =3r/4, and combining four
measurements of E(¢,,¢5) as in Eq. (2) leads to a mea-
sured S =2+2V'. We include any reduction in visibility
due to misalignment in a lumped visibility factor V'. It
is clear that ¥'=0.71 is required to violate the inequali-
ty in Eq. (3). To ensure maximum visibility requires
R=T=0.5 and 6x <o. Any misalignment of the aper-
tures such that the bimodal spectrum (centered on
wq,wp) selected in arm 1 of the apparatus does not ex-
actly match that in arm 2 can produce a background
coincidence rate which will also reduce ¥'.!°

It is also important to note that the mean count rate in
each detector remains constant independent of the phase,
reflecting the fact that the beams in opposite arms of the
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FIG. 3. Coincidence rate as a function of gross path-length
difference 6x between arms 1 and 2 of the apparatus. Experi-
mental points + are fitted (solid line) by a function of the
form given in Eq. (11) with phase angles ¢.,¢5 set to zero.

apparatus are incoherent with respect to one another and
second-order interference effects are absent. An analo-
gous experiment using classical light sources involves two
separate sources with a randomly varying relative phase
difference ¢g(¢) to provide the light in the M1 and M2
arms of the apparatus. The intensity detected instan-
taneously at detector D,; can be expressed as

Li@®) =141+ (= 1) coslp, +or (D]}, (10)

where I, is the intensity of each @ beam and V' =1 is as-
sumed. A similar expression holds for detectors Dy;.
The classical normalized intensity correlation function
(I4ily;) is equivalent, in the low-flux limit, to the coin-
cidence measure and when the sampling time is short
compared to the phase fluctuation time

Clai,bj) =11,

(=1
2

which has maximum visibility 50% implying S < 2 as ex-
pected. Similar results are predicted by more general
hidden-variable theories. '8

The coincidence rate measured between detectors a3
and b4 as a function of gross path-length difference éx
with phase shifts ¢, and ¢, near zero is shown in Fig. 3.
The Gaussian envelope over a cosinusoidal oscillation
predicted by Eq. (8) is clearly seen in the figure. From a
least-squares fit to the data based on Eq. (8) we obtain
values of ¥'=0.82, 0 =30 um, and (0w, — ws)/27=1.05
x10'* Hz. The beamsplitter used in this experiment had
R=0.45, T=0.55 hence most of the reduction in visibil-
ity is due to misalignment of the apparatus (this is not
an easy experiment to set up ). The single photodetec-
tion rates in the detectors were all around 10° s ~! which
given the maximum coincidence rate of about 500 s ~!
implies effective detector efficiencies of order 0.5%.'°
The accidental coincidence rate of about 100 s ~' was
calculated and subtracted from all coincidence rate mea-
surements. The limited efficiencies are due primarily to
optical losses and phase-matching limitations in the
finite-depth down-conversion crystal. The detectors are
silicon avalanche photodiodes operated in ‘“Geiger”
mode?® with quantum efficiencies greater than 10%. '

On sitting at the minimum position corresponding to
éx =0 and tilting either phase plate one modulates the
correlation coefficient E [Eq. (1)]. Phase plate thickness
varies quadratically with tilt angle 8 when the tilt (away
from orthogonal to the beam 6y) is small. Figure 4
shows a plot E versus the square of tilt angle of phase
plate P, showing the expected cosinusoidal variation. A
least-squares fit to the data estimates the visibility
V'=0.78 and provides a calibration of the phase plate al-
lowing settings nominally corresponding to ¢,=0,
¢, =n/2 to be chosen. A similar measurement made us-
ing phase plate P, with ¢, =0 fixed the phase delays
op =n/4, ¢p =3n/4.

Having calibrated the angles several sets of measure-
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FIG. 4. Normalized correlation E exp(¢4,65) as a function of
the square of phase plate tilt 6 —6; measured in arbitrary
units. Experimental points + are fitted (solid line) by a func-
tion of the form given in Eq. (11) with &, set to zero. This acts
as a calibration of the phase angle ¢,.

ments were made to eliminate S [Eq. (2)]. The base
coincidence rate Co was set to around 550 s ~! for the
30-s duration measurements, hence errors due to quan-
tum noise were less than 1%. Detector efficiencies were
equal to within 10% reducing any systematic errors from
this source to less than 0.3%. To avoid biasing due to
correlated drift (away from 8x =0), pairs of measure-
ment sets were taken reversing the order of the four
phase settings in the second set. We obtain a value of

§=2.21%0.022

from five such measurement pairs. The error conserva-
tively includes the small drift-induced variation seen on
reversing the order of measurement. Clearly this violates
Bell’s inequality [Eq. (3)] by 10 standard deviations.
Taking the average value ¥’ =0.80 % 0.02 obtained from
the measurements shown in Figs. 3 and 4 we would ex-
pect to measure S=2.26=1+0.06. The lower measured
value reflects the uncertainties in the choice of phase an-
gles and any misalignment occurring in the time (some
hours) between the measurements shown in Figs. 3 and 4
and our measurements of S.

Although in this work the remote beams can be dif-
ferentiated by color, this is not an absolute requirement
in this type of experiment. The separated beams could,
in principle, be obtained by use of partially reflecting
beamsplitters,’ although this would imply a reduction in
the maximum attainable detection efficiency. A simpler
apparatus avoiding this limitation has been suggested by
Franson® where each photon of a conjugate pair is
passed through a Mach-Zender interferometer. The
coincidence rates measured in our experiment are an or-
der of magnitude higher than previous work due to the
angular correlation of the parametric down-conversion
photon pairs and the high efficiency of the solid-state
photon counting detectors in the near infrared. In prin-
ciple, detection efficiencies approaching 100% could be
achieved in this type of experiment and it may be possi-
ble to demonstrate a violation of the strong form of Bell’s
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In conclusion, we have demonstrated for the first time
a violation of Bell’s inequality based on phase and
momentum, rather than spin.

The authors are grateful to Professor R. Loudon and
Professor E. Jakeman for their encouragement and use-
ful discussions on this work.
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