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Two-photon interference of multimode two-photon pairs produced by an optical parametric oscillator has
been observed with an unbalanced interferometer. The time correlation between the multimode two photons
has a multipeaked structure. This property of the multimode two-photon state induces two-photon interference
depending on the delay time.
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Quantum interference is one of the most interesting phe-
nomena in quantum physics. Since the observation of non-
classical effects in the interference of two photons by Ghosh
and Mandel[1], several types of quantum interference ex-
periments have been demonstrated using correlated two-
photon pairs generated by spontaneous parametric downcon-
version (SPDC) [2–9]. In Refs. [1–9], higher visibility of
two-photon interference than in the classical case is dis-
cussed as a typical nonclassical effect. Another feature of
quantum interference is characterized by the shorter period
of interference than in the classical case. Fonsecaet al. have
observed a twice narrower interference pattern than single-
photon interference with correlated two-photon pairs gener-
ated by SPDC[10]. Quantum lithography has been proposed
by Boto et al. in order to surpass the classical diffraction
limit utilizing this feature of quantum interference[11].
D’Angelo et al. have reported a proof-of-principle quantum
lithography [12]. This feature of quantum interference has
also been confirmed using a conventional Mach-Zehnder in-
terferometer[13].

In these quantum interference experiments, the SPDC
process has been used to prepare correlated two photons. Ou
and Lu have succeeded in generating correlated two photons
which have a narrow bandwidth and a long correlation time
s,10 nsd by using an optical parametric oscillator(OPO)
[14,15]. This property of the two photons produced by an
OPO has enabled us to directly observe their correlation
function by coincidence counting. These narrow-band two-
photon states have been used to observe nonclassical photon
statistics[16]. Goto et al. have recently reported the obser-
vation of another type of correlated two photons—that is,
multimode two photons produced by an OPO[17]. The cor-
relation function of the multimode two-photon state has a
multipeaked structure. In this Brief Report, we report an ob-
servation of two-photon interference of multimode two-
photon pairs with an unbalanced interferometer. The block
diagram of this experiment is shown in Fig. 1. The output
beam from an OPO is incident at one of the input ports of an
unbalanced interferometer. The correlation function of one of
the outputs of the interferometer is observed with two pho-
todetectors and a coincidence counter. First, we discuss
briefly what happens in this experiment. Next, we explain
our experimental setup and show our experimental results.

Finally, we discuss our results with theoretical calculation of
the correlation function of the output of the interferometer.

The distance between multimode two photons produced
by an OPO isntrc, wheretr is the round-trip time of the
OPO cavity,c is the vacuum light speed, andn is an integer
[17]. We assume that the propagation time differenceT be-
tween the short and long paths in the interferometer is nearly
equal totr /2. There are two cases, case 1 and case 2: in case
1, both photons are reflected or transmitted at the first beam
splitter of the interferometer; in case 2, one of the two pho-
tons is reflected and the other is transmitted there. The dis-
tances between two photons in the output of the interferom-
eter in case 1 and case 2 arentrc and sn+1/2dtrc,
respectively. Therefore, the two-photon pairs in case 1 and
case 2 will induce the peaks of coincidence counts at delay
times ntr and sn+1/2dtr, respectively. This enables us to
distinguish case 1 and case 2 through the delay time. The
height of the peaks of coincidence counts at delay timessn
+1/2dtr will be constant with respect to the path-length dif-
ference of the interferometer because two photons in case 2
do not interfere with each other. On the other hand, in case 1,
the two-photon pairs will provide two-photon interference
because we cannot tell which path a two-photon pair propa-
gates on. Therefore, the height of the peaks of coincidence
counts at delay timesntr will change with respect to the
path-length difference of the interferometer. Thus, it is ex-
pected that two-photon interference depending on delay time
will be observed in this experiment.

FIG. 1. Block diagram of the experiment. The output beam from
an OPO is incident at one of the input ports of an unbalanced
interferometer. The correlation function of one of the outputs of the
interferometer is observed with two photodetectors and a coinci-
dence counter. BS, 50-50 beam splitter; PD, photodetector; CC,
coincidence counter.
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The schematic of the experimental setup is shown in Fig.
2. The differences of this setup from that used in our previ-
ous work[17] are an unbalanced interferometer between the
OPO and detectors and a locking beam for the phase lock of
the interferometer. The light source is a single-mode cw
Ti:sapphire laser of wavelength 860 nm. The round-trip
length of the OPO is set long(560 mm) in order to time
resolve the oscillatory structure in the correlation function.
The output beam from the OPO is incident at one of the
input ports of the interferometer. The path-length difference
of the interferometer is set at about 29 cm, which givesT
.0.97 ns. The phase difference of the interferometer is
locked by a servo-control system. The locking beam for the
interferometer propagates in the interferometer in the oppo-
site direction to the signal beam from the OPO to avoid the
locking beam to be detected by photodiodes. Furthermore,
the polarization of the locking beam is perpendicular to that
of the signal in order to remove the locking beam by a po-
larization beam splitter(see Fig. 2). One of the two outputs
of the interferometer is split into two with a 50-50 beam
splitter. The two beams are coupled to optical fibers and
detected with avalanche photodiodes(APD’s, EG&G SPCM-
AQR-14). The coincidence counts of the signals from the
two APD’s are measured with a time-to-amplitude converter
(TAC, ORTEC 567) and a multichannel analyzer(MCA,
NAIG E-562). We measured the coincidence counts atu
=sp /8d j s j =0,1, . . . ,8d, whereu is the phase difference of
the interferometer defined as the intensity of the output of the
interferometer is proportional tos1+cosud when classical
light of wavelength 860 nm is incident to the interferometer.
The experimental results atu=sp /8d j s j =0,1, . . . ,8d are
shown in Figs. 3(a)–3(i).

In order to discuss our experimental results, we derive the
correlation function of the output of the interferometer. The
output operatorãstd of one of the output ports of the inter-
ferometer is expressed as

ãstd =
ãoutst − TSd + c̃inst − TSd

2
−

c̃inst − TLd − ãoutst − TLd
2

.

s1d

Here T=TL−TS is the propagation time difference between
the short and long paths in the interferometer, andãstd de-
notes a Fourier transform of a field operator,asVd, of fre-
quencyv0+V sv0 is the degenerate frequency of the OPOd.
That is, it is defined as

ãstd =
1

Î2p
E dVasVde−isv0+Vdt. s2d

aout is the output operator of the OPO far below threshold
f17g andcin is an annihilation operator of the vacuum enter-
ing the interferometer from the other of the input portsssee
Fig. 1d. cTS andcTL are the short and long path lengths of the
interferometer, respectively. The intensity correlation func-
tion is derived as followsf15,17g:

Gstd = kã†stdã†st + tdãst + tdãstdl

= F2ÎG0stdcosu + ÎG0st − Td + ÎG0st + Td
4

G2

+ U2Îd G0s0d + eiuÎd G0s− Td + e−iuÎd G0sTd
4

U2

+ U2Îd G0std + eiuÎd G0st − Td + e−iuÎd G0st + Td
4

U2

,

s3d

with

G0std = ueu2S F

F0
D2

e−Vcutusin2fs2N + 1dVFt/2g
sin2sVFt/2d

, s4d

FIG. 2. Schematic of the experimental setup. PBS, polarization
beam splitter; HWP, half-wave plate; PD, photodetector for phase
lock; KN, KNbO3 crystal; DM, dichroic mirror; BS, 50-50 beam
splitter; bs, beam stop; D1 and D2, avalanche photodiodes; TAC,
time-to-amplitude converter; MCA, multichannel analyzer.

FIG. 3. Experimental results. The phaseu increases stepwise by
p /8 from (a) to (i) fu=sp /8d j , j =0,1, . . . ,8g. The circles represent
the measured coincidence counts. The lines are fits to Eq.(8), where
fitting parameters areC1, C2, andu. The fitting result ofu is shown
in Fig. 4. The range of the data used for the fitting is from 18 ns to
77 ns.
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d =
4ueu2

Vc
2 . s5d

Heree is the single-pass parametric amplitude gain;F andF0
are the finesse of the OPO with and without loss, respec-
tively; Vc andVF are the bandwidth and free spectral range
of the OPO, respectively; 2N+1 is the number of the longi-
tudinal modes in the OPO output.G0std is a multipeaked
function of delay timet. The width of the peaks is about
tr / s2N+1d. It is assumed thatT is close totr /2 and the
difference between them is longer than the width of the
peaks. This assumption is well satisfied in our experiment.
This allows the approximations

G0stdG0st ± Td . 0, G0st − TdG0st + Td . 0,

G0s±Td . 0. s6d
In addition, d is much smaller than one when the OPO is
operated far below threshold. Therefore, Eq.s3d can be ap-
proximated as follows:

Gstd .
G0stdcos2 u

4
+

G0st − Td + G0st + Td
16

+
d G0s0d

4
.

s7d

The first term on the right-hand side of Eq.s7d corresponds
to two-photon interference in case 1. The second term on the
right-hand side of Eq.s7d, which is constant with respect to
u, corresponds to coincidence counts in case 2. These two
terms are due to correlated two photons. The last term on the
right-hand side of Eq.s7d corresponds to the contribution
from higher photon-number states than 2. This term is not
negligible when the pump intensity for the OPO is relatively
high. As discussed in Ref.f17g, the coincidence rate mea-
sured in experiments is an average of the correlation function
over the resolving timeTR of detectors. According to Ref.
f17g, the coincidence counts measured in this experiment
will become

Gcstd = C1f4Gc
s0dstdcos2 u + Gc

s0dst − Td + Gc
s0dst + Tdg + C2,

s8d

with

Gc
s0dstd = e−Vcut−t0uo

n
S1 +

2ut − ntr − t0uln 2

TR
D

3expS−
2ut − ntr − t0uln 2

TR
D . s9d

HereC1 andC2 are constants andt0 is an electric delay. The
lines in Fig. 3 are fits to Eq.s8d. The fitting parameters are

two constantsC1 andC2 and the phase differenceu. Constant
parameters are set as follows:t0=47.5 ns,tr =2.07 ns,TR
=280 ns, andVc/ s2pd=11 MHz. The range of data used
for the fitting is from 18 ns to 77 ns, while the range
plotted in Fig. 3 is from 41 ns to 54 ns. The termC2,
independent of the delay timet, is mainly due to the last
term on the right-hand side of Eq.s7d. In our experiment,
C2 is comparable toC1. It means that the pump intensity
for the OPO is relatively high and the contribution from
higher photon-number states than 2 is not negligible. The
phase determined from the fitting is plotted in Fig. 4
against the phase locked experimentally. The inclination
of the line in Fig. 4 is unity. The error bars are estimated
from the fluctuation of the phase. The deviations of the
circles from the line are probably due to the fluctuation of
the phase difference, which is shown by error bars in Fig.
4, and due to an imperfect visibility, which makes larger
the deviations aroundu=0, p /2, and p. Taking these
points into consideration, Figs. 3 and 4 show a fairly good
agreement between the experiment and theory.

In conclusion, we have observed two-photon interference
of multimode two-photon pairs produced by an OPO with an
unbalanced interferometer. This two-photon interference is
dependent on the delay time. The experimental results have
been explained theoretically. In our experiment, the visibility
of the two-photon interference was not high probably owing
to the relatively high pump intensity for the OPO. Higher
visibility will be observed with a lower-intensity pump.
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