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Induced Coherence and Indistinguishability in Optical Interference
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Second-order interference is observed in the superposition of signal photons from two coherently
pumped parametric down-converters, when the paths of the idler photons are aligned. The interference
exhibits certain nonclassical features; it disappears when the idlers are misaligned or separated by a
beam stop. The interpretation of this eA'ect is discussed in terms of the intrinsic indistinguishability of
the photon paths.

PACS numbers: 42.50.Dv, 42.50.Wm

In recent years a number of optical interference experi-
ments have been reported that exhibit nonclassical and
nonlocal features [1—16]. With few exceptions [1,2] most
of the observed interference eAects were of the fourth or-
der and depended on the use of correlated photon pairs
[17]. However, such features can also show up in certain
second-order interference experiments in which only one
photon is detected, as has been emphasized [18,19]. For
example, some so-called "delayed choice" interference
experiments are of this type [2,9]. We wish to report a
rather striking example of a second-order interference ex-
periment exhibiting nonclassical features, which is coun-
terintuitive in terms of both light waves and photons.

Consider the experimental situation illustrated in Fig.
1, in which two similar nonlinear crystals NL1 and NL2
are optically pumped by two mutually coherent, classical
pump waves of complex amplitudes V] and V2, and para-
metric down-conversions occur at both crystals, each with
the emission of a signal photon and an idler photon. We
look for interference between the signal photons s],s2
whose trajectories come together at beam splitter BSo,
when the trajectories of the two idlers i &, i2 are aligned, as
shown, and the path diA'erence between s~ and s2 is
varied slightly.

If the intensity of the down-converted i ] field were very
great, one would expect this to induce down-conversions
in NL2, such that the i ] and i 2 fields are mutually

coherent, and then s~ and s2 are necessarily mutually
coherent also [20]. However, it is found that s~ and s2
interfere even if there is no induced emission from NL2
and the down-conversions are spontaneous, even when an

i] photon from NL1 and an s2 photon from NL2 never
accompany each other. Suppose that photodetector D,
detects signal photons, while photodetector D; detects
idler photons, as shown in Fig. 1. If the alignment is
su%ciently good that modes i [ and iz coincide, then it is
not di5cult to see why the rate R„of two-photon detec-
tion by D, and D; in coincidence should exhibit fourth-
order interference. The reason is that the detectors can-
not distinguish between the photon pairs s],i ] and sq, i2,
and therefore the corresponding two-photon probability
amplitudes add. This interference eA'ect in the coin-
cidence rate R„ is indeed observed. But if almost every
signal photon from NL1 or NL2 detected by D, is ac-
companied by an idler photon falling on D;, then detector
D; really becomes superAuous, and the counting rate R,
registered by D, alone also exhibits interference. The
phenomenon then becomes a second-order eAect. In the
absence of complete correlation between the signal and
idler photons reaching D, and D;, the visibility of the
second-order interference would be smaller than the visi-

bility of the fourth-order interference.
Now let us suppose that the connection between i] and

i2 is broken, either by insertion of a beam stop between
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the two crystals or by misalignment of the two idlers. At
first sight it might seem that this should have no eAect on
the observed second-order interference between the two
signals s ~ and s2, because the photons are emitted spon-
taneously, and detector D, still cannot tell whether the
detected photon comes from NL1 or NL2. A moment' s

thought will show, however, that this is true only so long
as i

~
and i 2 are superimposed and aligned. Once the con-

nection or alignment is broken, it is possible in principle
to determine from the counts registered by D; (especially
if D; has close to 100% efficiency) whether the signal
photon registered by D, comes from NL1 or NL2. If
both detectors D, and D; register, then the photon comes
from NL2, and if D; does not register when D, does, the
photon comes from NL1 ~ This possibility of distinguish-
ing between the two sources wipes out the second-order
interference. We have observed this nonclassical interfer-
ence eAect, and the transition between the two extremes.

In order to describe this phenomenon quantitatively,
we consider the oversimplified and idealized situation in

which each signal and idler field is monochromatic and of
frequency co, and m;, respectively, while the classical
pump waves V~(t), V2(t) are of frequency to, +to;. The
parametric interaction HI, at the nonlinear crystal j

I w&
= lvac&„,;,,„,o+f i vi «) I 1 &„ I 1 &;, l0&„l0&o+fz V2(t

(j=1,2) is of the form

Ht, =hg~V, (t)a;, a,, +H.c.

in which g is a frequency proportional to the nonlinear
susceptibility of the medium and V~(t) is dimensionless.

a;, ,i,, are photon annihilation operators for the idler and
signal photons emitted from crystal j. If the down-
converted modes i

~
and i 2 are perfectly aligned, they may

be treated as one mode. In order to allow a continuous
transition between the extremes of perfect alignment and
misalignment of i ~, i2, or between opening the path from
NL1 to NL2 and inserting a beam stop between the crys-
tals, we consider an attenuator in the form of a sym-
metric beam splitter inserted between NL1 and NL2, as
shown dashed in Fig. 1. If ao describes the vacuum field
at the unused input port, then the mode amplitudes a;,
and a;, are connected by

a;, ='Ta;, +%ao, (2)

where W and 5' are the complex-amplitude refiectivity
and transmissivity of the beam splitter, and IXI + ITI
=1. On making use of Eq. (2) in Eq. (1), we obtain for
the state

I y) resulting from the interaction in the interac-
tion picture, when the initial state is the vacuum,

+ zo)e ' '("T*I0&, I 1 &, I 1 &.,10&o+&*I0&. , I0&, I 1 &, I
1 &o)

If & I, lf2I are the fractions of the incident light energy which are down-converted, zo is the propagation time from NL1
to NL2, and we have neglected terms with more than two photons.

We denote by Oo, 0~, and 02 the phase shifts associated with the propagation from NLl to NL2, from NLl to D„and
from NL2 to D„respectively (see Fig. 1). Then the (dimensionless) field at detector D, may be written

(4)

R, = If ) I'&I()+ lfpl'&Iz)+2lf)f2I(&I])&Ip)) I &~2I I'Tlcos(Ho+02 8~+argf2 —argf ~

—argT+argy~2),

t
where I~ =

I V~ I (j=1,2) and
The experimental setup is shown in Fig. 1.

&
„=&V*, (t) v2(t+ ..))/(&I, )&I,)) '" 25-mm-ion cr stals of LiIO are both o tic

(5)

Two similar

g 3 p ally pumped
by the uv light of an argon-ion laser oscillating on the
351.1-nm line, which is divided by pump beam splitter
BSp. The emitted idler beams i~, i2 at 632.8 nm are
aligned with the help of an auxiliary He:Ne laser, and the
trajectories are defined by apertures. The two signal
beams s~, s2 at 788.7 nm also pass through defining aper-
tures and come together at the beam splitter BSg, where
they interfere. Cooled photon counting detectors D, and
D; register the detected signal and idler photons, respec-
tively. The photoelectric pulses from D, and D;, after
arnplification and shaping by A, and A;, are counted by
scalers, and a coincidence counter with about 13-nsec
resolving time registers coincidences between detected
pulses. Typical counting rates are R; —5000/sec, R,
—400/sec, and about 4/sec for the coincidence rate R„.
The output beam splitter BSO is mounted on a piezoelec-

is the normalized cross-correlation function of the pump
~aves at the two crystals. R, therefore exhibits interfer-
ence as the phase diAerence 00+Op —0~ is varied, with
visibility

2lfif21(&Ii&&I2&) '"I& i21

Ifil'&Ii&+ If21'&I2&

The factor in parentheses has the familiar form for in-
terference of two waves, although it actually refers to the
pump waves. It can be unity when If~I &I~) =If2I &lz)
and ly~2I =1. The visibility is, however, reduced below
this value by the transmissivity I'Tl. We note that all in-
terference effects registered by D, disappear when
=0, in which case the two idlers i~, I2 are eAectively
disconnected.

The average rate of counting of detector D, is proportional to R, =&ylE, F., I y), and with the help of Eqs. (3) and
(4) this yields

319



VOLUME 67, NUMBER 3 PHYSICAL REVIEW LETTERS 15 JULY 1991

Displacement of Bso in p,m
0.2 0.4 0.6 0.8

0.30

8oo—
V)

600

400
lX

200

O

2 3
Ph,ase in multiples of 7r

FIG. 2. Measured photon counting rate R, as a function of
beam-splitter BSO displacement. Curve 3: neutral-density
filter with I

"TI =0.91 between NL1 and NL2; curve B: beam

stop with 7 =0 inserted between NL1 and NL2. 1 standard
deviation is smaller than the dot size. The solid curves are the
best-fitting sinusoidal functions of period 394 nm.

tric transducer that allows submicron displacements to be
made. The transducer in turn is attached to a stage that
is movable with the help of a micrometer and stepping
motor. The counting rates R„R;, and R„. are measured
as a function of the beam-splitter displacement. Interfer-
ence filters IF, and IF;, centered at 788.7 and 632.8 nm,
of about 10' Hz bandwidth, placed in front of the detec-
tors lengthen the coherence length of the detected down-
converted light to about —,

' mm. Provision is made for in-

serting several diferent neutral-density filters NDF be-
tween NL1 and NL2 with various amplitude transmis-
sivities I'Tl. The path differences between BSp to NL1 to
NL2 and BSp to NL2 is kept well below the 5-cm coher-
ence length of the uv pump beam.

The first step in the experiment is to equalize the path
lengths NL1 to NL2 to D, and NL1 to M~ to D, to
within the 0.3-mm coherence length. This is accom-
plished by displacing BSg successively in 50-pm steps un-
til an interference pattern of maximum visibility shows up
in the coincidence-counting rate R„. The visibility is
then also maximized for second-order interference regis-
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tered by D, alone.
Figure 2 (curve A) shows the measured counting rate

R, of D, as a function of beam-splitter BSg displacement
when ITI =0.91. R, exhibits second-order interference
with about 30% visibility, as a result of the intrinsic indis-

tinguishability of the s~, sq photons. Next, we insert a
succession of neutral-density filters of different amplitude
transmissivity 'T between NL1 and NL2, and repeat the
measurements. With the i~ beam blocked completely
(T =0) we obtain curve 8 in Fig. 2, which exhibits no in-

terference. Figure 3 shows the measured visibility as a
function of I7 I, and we note that it is proportional to I7'I
in agreement with Eq. (6). All interference effects vanish

when the idlers i ~ and i 2 are efectively disconnected from
each other.

This phenomenon appears strange here, because the
photons are emitted spontaneously and at random by
NL1 and NL2, so that one might not expect the interfer-
ence exhibited by the signal photons to depend on the su-

perposition of the idlers. Moreover, i
~

emission by NLl
and s2 emission by NL2 almost never accompany each
other. It is, however, possible to account for the observed

I7 I
dependence in terms of the state of the two signal

photons. Let us use Eq. (3) to construct the density
operator p„s„,~ of the signal photons, by tracing over the
i ~ and 0 modes. Then we obtain

0 0.4 0.6 0.8 1
Tr~nsmissivity I T I

FIG. 3. Measured visibility V of the second-order interfer-
ence pattern as a function of amplitude transmissivity I'Tl of
the filter placed between NLl and NL2. The uncertainties are
comparable with or smaller than the dot size.

+ If 2l '&I,& lo&„l 1 &„.,&11., &ol

+ «fifa vi«) I 2 «+.o). '"1»„lo&„.,&I I„&ol+H' &

The second and third terms on the right represent an incoherent mixture of one-photon states, but the last two terms
proportional to IV I describe a coherent superposition (singlet state) that gives rise to second-order interference. In a

sense, i ~ has induced coherence between sq and s~ without inducing emission in NL2. It is worth noting, however, that
the state of the s2 field alone is independent of T, as of course is the state of the s~ field. This can be seen by tracing
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both sides of Eq. (7) over the s~ or s2 variable. Because
neither signal depends on T, it is difficult to understand
in classical terms why the second-order interference pat-
tern produced by s ~ and s2 depends on 'T.

Finally, we return to the interpretation of the observa-
tion that second-order interference between st, s2 disap-
pears when the i~, i2 connection is broken or the two idlers
are misaligned. It should be noted that the disappearance
of the interference pattern here is not the result of a large
uncontrollable disturbance acting on the system, in the
spirit of the Heisenberg y-ray microscope, but simply a
consequence of the fact that the two possible photon
paths s~ or s2 have become distinguishable. In quantum
mechanics interference is always a manifestation of the
intrinsic indistinguishability of the photon paths, in which
case the corresponding probability amplitudes add. Be-
cause signal and idler photons are always emitted togeth-
er, once the i t, i2 connection is broken it becomes feasible,
in principle, to determine from the counts registered by
an efficient detector D; whether the detected signal pho-
ton comes from NL1 or NL2, and this destroys the in-
terference. Whether or not this auxiliary measurement
with D; is actually made, or whether detector D; is even
in place, appears to make no difference. It is sufficient
that it could be made, and that the photon path would
then be identifiable, in principle, for the interference to be
wiped out.

The experiment shows that induced emission need not
accompany induced coherence, and it emphasizes that the
state or density operator reflects not only what is known
but to an extent also what could be known, in principle,
about the photon.

We are indebted to Dr. Z. Y. Ou for the suggestion of
aligning NL1 and NL2 so as to make the idler trajec-
tories coincide, and to Tim Grayson for help with the
argon-ion laser. This research was supported by the Na-
tional Science Foundation and by the U.S. Office of Na-
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