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Observation of Nonlocal Interference in Separated Photon Channels

Z. Y. Ou, X. Y. Zou, L. J. Wang, and L. Mandel

Department of Physics and Astronomy, University of Rochester, Rochester, New York 14627
(Received 11 August 1989)

A two-photon coincidence experiment of the kind recently proposed by J. D. Franson lphys. Rev. Lett.
62, 2205 (1989)] has been carried out with signal and idler photons produced in the process of paramet-
ric down-conversion. The coincidence rate registered by the two detectors is found to exhibit a cosine
variation with the optical path diA'erence, with periodicity equal to the wavelength.

PACS numbers: 42.50.Wm, 03.65.Bz

A number of fourth-order optical interference experi-
ments have been carried out in recent years. ' ' Unlike
conventional second-order interference experiments,
these depend on the detection of photon pairs and the in-

terference of two two-photon probability amplitudes. It
is an interesting feature of those experiments that quan-
tum mechanics allows the visibility of the interference to
be larger for a two-photon state than is allowed by classi-
cal electromagnetic theory.

A new and particularly simple form of fourth-order in-

terference experiment with two photons has recently
been proposed by Franson' as a test for locality viola-

tions. The outline of the experiment is shown in Fig. 1.
Two photons emitted together by some common source
travel along arms A and 8 to two detectors D~ and Dtt,
either directly along the shortest path or via a longer
path involving reflections from two beam splitters and
two mirrors, as shown. Franson supposed that the two

photons might be produced by the cascade decay of an

atom in which the initial excited state is very long lived.
But we may also suppose that the two photons could
arise from the down-conversion of a highly mono-
chromatic laser beam, of long coherence time, in a non-

linear crystal. '' In both cases the two photons are highly
correlated in time and their state is an entangled quan-
tum state. Let us suppose that the difference in propaga-
tion time between the longer and the shorter paths is the
same in both channels and is much greater than the
coherence time (reciprocal bandwidth I/hco) of the light,
or the length of each photon wave packet. Then one
might naively suppose that there would be no interfer-

ence. Indeed the mean detection rate registered by D~
or Dtt would not show any dependence on path dif-
ference. However, we arrive at a different conclusion if
we look for simultaneous detections by both D~ and Dq.
The two-photon probability amplitude for the shorter
paths, A to D~ and 8 to Dtt, then interferes with the
two-photon probability amplitude for the longer paths
involving the two mirrors. After forming the sum of the
two probability amplitudes and squaring we find that the
coincidence rate exhibits a cosine variation with a path
diff'erence. This is so despite the fact that the two detec-
tors are widely separated and the trajectories of the two
photons never mix. We wish to report the results of an

experiment in which this nonlocal interference effect,
which has no direct classical counterpart, has been ob-
served.

The experiment is shown in Fig. 2. The source of the
two photons is the process of spontaneous parametric
down-conversion' in a crystal of LiIO3 that is optically
pumped by the 351.l-nm line of an argon-ion laser. The
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FIG. l. Outline of the experiment proposed by Franson. FIG. 2. Outline of the setup for the experiment.
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signal (s) and idler (i) photons produced have wave-

lengths close to 700 nm but substantial bandwidth,
which is restricted by interference filters to about 10'
Hz. The main diA'erence between the optical arrange-
ment in our experiment and that proposed by Franson is

that the variable delay is introduced via an unbalanced
Michelson-type interferometer, rather than with the
Mach-Zehnder interferometer arrangement shown in

Fig. 1. This requires only one beam splitter in each arm
instead of two. One of the mirrors M 1, of the Michelson
interferometer is mounted on a motor-driven micrometer
and can also be moved piezoelectrically, and this allows

the optical path difference 2(BS—M 1)t —2(BS—M2)t
=cT& (where k =s,i) to be nearly equalized in the two

arms, and for T, to be varied in submicron steps in a
controlled manner about the fixed value cT, =cT, =3
cm. The time difference T„T;—10 ' sec therefore
greatly exceeds the coherence time I/dN-10 '-' sec of
the light. In order to make T, and T; equal to within

10 '-' sec in the signal and idler arms, we slowly sweep
mirror M 1; through about 5 mm with the help of the mi-

crometer until maximum interference effects show up.
The photoelectric pulses from the two detectors, after
amplification and pulse shaping, are fed to counters and

to a coincidence counter that registers simultaneous
detections within the resolving time Tg -8 x 10 sec.

The results of the measurements, after accidental
coincidences are subtracted, are presented in Fig. 3. It
will be seen that the two-photon coincidence rate exhibits
a cosine variation with small changes of the optical path
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FIG. 3. Observed variation of the two-photon coincidence
rate as a function of optical path difference or phase shift p, .
The solid curve is based on Eq. (11) with the constants
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diff'erence, as expected from the foregoing qualitative ar-
gument.

We now examine the theory of the process quantita-
tively. We shall analyze the experiment by using the for-
malism developed in Ref. 12. The fields at the two
detectors are represented by the Fourier expansions

%7'ga (N)(e' "'+e'""')e

I/2

%7+a (N)(e' "'+e' "')e (2)

Here a, (N) and a;(N) are photon annihilation operators for the signal and idler modes of frequency N, which are as-
sumed to be distinct and nonoverlapping. r, (, r;( are the propagation times of signal and idler photons from beam spli-
tter to detector via mirrors M 1, whereas r, i, r;i are the corresponding propagation times via mirrors M2. bN is the
mode spacing which is later allowed to tend to zero, and %,7' are the complex reflectivity and transmissivity of the
beam splitters. The state

~
y(t)) of the down-converted field at time t after the pump beam is turned on is given by

sin ~
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~
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(
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where the sum is to be taken over all signal frequencies co' and idler frequencies co", with fixed pump frequency coo. It is

assumed in Eq. (3) that t is short compared with the average time between down-conversions. (((N', N") is a spectral
weight function that determines the frequency width of the down-converted light, which satisfies

2rr SNQ i p(N, Np
—N) 'i =1. (4)

V is the complex classical pump field in units such that the pump intensity
~

V ~- is in photons/sec, and
~ it ~- is the frac-

tion of pump photons that is down-converted.
The joint probability of detecting a signal photon with D, at time t within ht and an idler photon with D; at time t+ T
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within h, z is then given by

P„(r)=a, ct;(y(t) ~ E, (t)E, (t+ r)E, (t+ r)E, +'(t)
~
y(t))Atter,

where a„a; are detector quantum efficiencies. If we put

(5)

r, ~
—

T:, ]
——T+x, , &, .—&, ]

———T+x, , (6)

where T is of order 10 ' sec and T&&1/hco, whereas x, , x, « I/hco, we then obtain in the limit of long t with the help
of Eqs. (1)-(6)

IrtI'I'I&'TI ~t~r~l y(r+r i r )) I'+ I I y(r+r 2 r i+T) I

Here,
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Pi = (coo

are phase shifts associated with the time difference x, at
the middle signal frequency co~ and with the time dif-
ference x, at the middle idler frequency coo —co~. y(r) is

the Fourier transform of the weight function P(co,
coo co),

y(r) = y(co, coo co)—e ""'dco, (9)

and we have made use of the fact that for very small

x„x,« I /d co,

y(r+x, +x;)= y(r)e (10)

In deriving this result we have made use of the relation

( y(.) ~'d. = I, (12)

that follows from Eq. (4). We therefore expect R„ to
exhibit a cosine modulation with p, or p; of visibility
50%. If we were able to make T » TR »1/hco, the visi-

bility would be 100%.
Finally, we point out that if the pump beam is not

monochromatic of frequency coo, but has some second-
order normalized two-time autocorrelation function

yp(r), then the expected visibility V is reduced by the
factor

~ yp(T) ~, so that

(13)

It is not difficult to show that for a pump laser with N
equally spaced and similar modes covering a total band-
width Ace,

sin —. h, co T

N sin( —. hcoT/N)

sin —. h, co T

—. ANT
(14)

The measured photon coincidence rate R„ is obtained

by dividing P„(r) by dt and integrating with respect to
r over the resolving time TR. If TR)) T))1/hco as in

our experiment, we are eA'ectively integrating from
r = —~ to T; =~, and we obtain

R„=a,cc, —,
I rtv I'

I
&'T

I
~I+ I cos(p, +p, +cooT)].

which is independent of N to a first approximation. Now
the argon-ion pump laser used in our experiments was
operated in a single-line, multimode configuration, in

which the number of excited modes Auctuated. Direct
measurements of the bandwidth gave values in the range
5-7 GHz, ' and when these are combined with

T =10 ' sec in Eq. (14), they yield factors
~ yp(T) ~

in the range 0.64-0.36.
The solid curve in Fig. 3 is based on Eq. (11),but with

the visibility V given by Eq. (13) with
~ yp(T) ~

=0.36,
which gives best agreement with the data, and with the
constant ct„a, —„'

~ rtV~
~

%7'~ and the constant phase

(p, +cooT) adjusted arbitrarily for the best fit. It will be
seen that the predicted cosine variation with x, of period
2tr/(coo —co~) is confirmed. The theoretically expected
visibility is fairly sensitive to the value of h, coT, but the
model leading to Eq. (14) is of course oversimplified.

In order to understand why Eq. (11) leads to interfer-
ence with 50% visibility, let us first suppose that the
coincidence resolving time Tz is so short that Tg&&T.
Then a coincidence detection can occur when both pho-
tons follow the short paths through the interferometer, or
alternatively when both follow the long paths. Because
the detector is unable to distinguish between these two
possibilities, the corresponding probability amplitudes
add, and interference occurs with unit visibility when the
sum is squared to yield the detection probability. On the
other hand, when TR)& T there are two additional possi-
bilities for a coincidence, for which the probability am-
plitudes need to be added. These correspond to the sig-
nal photon taking the short path while the idler photon
takes the long path, and vice versa. The eA'ect of the ad-
ditional terms is to halve the visibility, leading to the re-
sult in Eq. (11).

Some nonlocaI features of the interference are espe-
cially striking in this experiment. The observed depen-
dence on cos(p, + p, ) implies that the outcome of a mea-
surement, made with the idler detector D, at the same
time as detector D, registers a photon, depends on the
path difference x, in the signal channel. Yet the two
detectors and interferometers may be far apart, and the
light in the signal and idler channels is never mixed.

There remains the question whether two classical light

323



VOLUME 65, NUMBER 3 PHYSICAL REVIEW LETTERS 16 JULY 1990

waves V, (t), V, (t) could account for the observed effects.
It is possible to construct a mathematical ensemble of
waves that exhibit the same interference, but it is noner-

godic and unphysical. For example, if V, (t), V, (t) are
two strictly monochromatic realizations of the ensemble
with frequencies that sum to mo, but with every realiza-
tion corresponding to a different pair of frequencies
within the bandwidth hco, then (~ V, (t)

~ ~
V;(t+r)

~
)

gives rise to a cos(p, +p, ) interference term. However,
when the waves V, (t), V, (t) characterizing one realiza-
tion have Fourier components covering h, co, the interfer-
ence becomes negligibly small. The nonergodic features
of the ensemble seem to be absolutely essential for pro-
ducing the interference effect, even if ergodic com-
ponents are added to make some of the correlation times
finite. ' The reason is of course that two classical light
waves can give rise to photoelectric coincidence counts
repeatedly, whereas one photon pair can produce but one
coincidence, and therefore successive photon pairs gen-
erate the ensemble automatically. That is why, with the
nonergodic classical ensemble described above, the ex-
periment would have to be initiated over and over again,
rather than run continuously. To the extent that the ex-
periment was actually performed by accumulating coin-
cidence counts continuously for each p„p;, without dis-
turbing the source or detector in any way, classical elec-
tromagnetic wave theory cannot account for the observa-
tions.

Because there is no mixing of the emitted photons, the
nonclassical and nonlocal features of the interference are
possibly more apparent in this experiment than in some
of the earlier quantum interference experiments. ' Al-

though experiments to exhibit violations of Bell's in-

equality would require higher visibility of the interfer-
ence and call for T»TR, we have nevertheless con-

firmed the principle of two-photon interference under
conditions of very great path difference.

After this paper was submitted we learned of a similar
experiment that was recently performed by Kwiat et
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