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Direct observation of photon pairs at a single output port of a beam-splitter interferometer
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Quantum theory predicts that two indistinguishable photons incident on a beam-splitter interferometer exit
together~the pair emerges randomly from one port or the other!. We use a special photon-number-resolving
energy detector for a direct observation of this quantum-interference phenomenon. Simultaneous measure-
ments from two such detectors, one at each beam-splitter-interferometer output port, confirm the absence of
cross coincidences. Photon-number-resolving detectors are expected to find use in other quantum-optics and
quantum-information-processing experiments.
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INTRODUCTION

The seminal experiment carried out by Hong, Ou, a
Mandel some 15 years ago@1# is one of the most importan
in the annals of quantum optics. This experiment dem
strated that two indistinguishable photons, incident on
two ports of a simple beam splitter, interfere in such a way
to always emerge as a pair, exiting randomly from one p
or the other. They could only observe this phenomenon
directly, however, since traditional single-photon-counti
detectors cannot register more than one photon within
dead-time period of the device. Hong, Ou, and Mandel
cumvented this technical limitation by designing an expe
ment in which they measured the complement of what t
sought to observe. They used two single-photon-counting
tectors, placing one at each output port of the beam spli
and then searched for cross coincidences between the
detector outputs. Finding none, they inferred that the t
photons do not exit from different ports of the beam splitt
Based on this ‘‘test of exclusion,’’ and energy conservati
they deduced that both photons must exit via the same
of the device. There have been many variations on this or
nal theme based on the same test of exclusion@2–5#. Excess
photon pairs have been previously observed, but only
indirect measurements in experiments involving multip
beam splitters and multiple single-photon detectors@6,7#, and
in the indirect effect of photon pairs on single-photon det
tor rates@8#.

We have carried out a polarization version of the Hon
Ou-Mandel experiment and report the direct observation
photon coincidences at a single output port of the inter
ometer. What makes this possible is a unique energy dete
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@9# that has the capability of registering thenumberof pho-
tons impinging on it. Our experimental results are in acco
with the quantum theory of photon interference in a bea
splitter interferometer@10–13#.

We have also made measurements at both output por
the beam-splitter interferometer using two such detect
This has permitted us to demonstrate the enhancemen
coincidences at a single output port concomitantly with
diminution of cross coincidences at the two output ports.
thus simultaneously conduct two experiments: a sing
output-port photon coincidence measurement and the o
nal photon cross-coincidence measurement. Our obse
tions confirm the inferences made by Hong, Ou, and Man
@1# and Shih and Sergienko@14#.

EXPERIMENT

The experimental arrangement, shown in Fig. 1, is sim
to that used in related quantum-interference experime

e

nd

FIG. 1. Schematic of the polarization-based analog of the Ho
Ou-Mandel interference experiment using type-II collinear deg
erate spontaneous parametric down-conversion. Photon-numbe
solving ~PNR! detectors permit the direct observation of phot
coincidences at a single output port of the beam-splitter interfer
eter as well as cross coincidences at the two output ports.
©2003 The American Physical Society17-1
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DI GIUSEPPEet al. PHYSICAL REVIEW A 68, 063817 ~2003!
@15#, but photon-number resolving~PNR! transition-edge
sensors@9# replace the usual photon-counting avalanc
photodiodes.

To generate orthogonally polarized photon pairs, a sing
line 351.1-nm continuous-wave~cw! argon-ion laser oper
ated at 100 mW was used to pump a 0.5-mm-th
b-BaB2O4 ~BBO! nonlinear-optical crystal, aligned fo
type-II collinear degenerate spontaneous parametric do
conversion~SPDC!. The low power of the pump ensures th
the photon pairs are well separated in time. A 2-mm aper
placed 70 cm beyond the crystal was used to select o
those photon pairs that propagate collinearly with the pum
The pump is disposed of by use of a dichroic mirror and
RG-630 colored glass filter.

At the heart of the interferometer is a nonpolarizing be
splitter that distributes the photon pairs into two spa
modes, denoted A and B in Fig. 1. In each arm, a Gl
Thompson polarization analyzer oriented at 45° with resp
to thex direction~which is defined by the o-ray polarizatio
plane of the BBO crystal in a right-handed coordinate sys
with respect to the wave vector as the positivez direction!
renders the two photons indistinguishable in polari
tion. Narrow-band interference filters were not used in
experiment.

A lens in each arm~not shown! couples the light into two
9-mm mode-field-diameter optical fibers, each of which
connected to a separate PNR detector operated in a cryo
Detection events from the two PNR detectors were recor
and analyzed using a computer-controlled system that re
ters time-stamped single- and double-photon events. S
ware is used to extract the coincidences at a single dete
and the cross coincidences from the two detectors.

The detector elements of the transition-edge sensor
photolithographically patterned 40-nm-thick tungsten th
films deposited on a silicon substrate@9#. The substrate is
cooled to approximately 60 mK, about half th
superconducting-to-normal transition temperature of 100
~the transition width is about 1 mK!. A bias voltage across
the thin film maintains the temperature in the transition
gion via Joule heating. An incident photon absorbed by
tungsten film is converted to a photoelectron, which rai
the electron temperature of the film, thereby increasing
resistance. The time integral of the associated decreas
current, multiplied by the bias voltage, provides the to
photoelectric energy absorbed by the thin film within
15-msec thermal relaxation time. In conducting an optic
experiment using light of a specified wavelength, the num
of photons incident within the thermal relaxation time is d
termined by establishing the total energy transferred to
detector within this time. Of course, energy detectors of t
kind cannot distinguish between the absorption of two p
tons, each of energyE, and the absorption of a single photo
of energy 2E; great care was therefore used to prevent U
pump photons from leaking through to the detectors.

The typical full-width half-maximum energy resolution o
these detectors is currently about 0.25 eV at 1.77 eV, co
sponding to 100 nm at a central wavelength of 700 nm. O
the range of wavelengths of interest in our experiments,
quantum efficiency of these PNR detectors is approxima
06381
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20% @16#, as determined via an absolute measurement te
nique@17–19#. The signal is read out of the detector using
system that incorporates an array of dc superconduc
quantum-interference devices~SQUIDs!, which operate as
current-sensitive amplifiers. To limit spurious ‘‘pileup
counts, experiments are carried out using a reduced sin
counting rate;1000 counts/sec, an order of magnitu
lower than the achievable counting rate.

A Babinet-type compensator consisting of two paral
quartz prisms and a fixed quartz plate,z cut to eliminate
transverse birefringence, is used to modify the relative ti
delay t between the two photons. An experiment is co
ducted by modifying the degree of distinguishabili
~achieved by varying the delay timet over a range of hun-
dreds of femtoseconds! and tracing out three curves: the c
incidence probability at detector A, denotedP(2,0); the co-
incidence probability at detector B, denotedP(0,2); and the
cross coincidence probability, denotedP(1,1).

The results of a typical experiment are illustrated in F
2. The numerical values of the coincidence probabilities
obtained as follows. Five data rates are measured in an
periment conducted at a large delay time, corresponding
the shoulders of the interference pattern: singles and coi
dences at each of the two detectors, and cross coinciden
These five measured rates are used to estimate three
known quantities: the overall efficiency for registering
event at detector A for a single photon at the source, the s
for detector B, and the rate of photon pairs emitted by
source. This enables us to compute the normalized form
the coincidence probabilities presented in Fig. 2.

Never before directly seen are the data for the peaks in
coincidence probabilities,P(2,0) andP(0,2), at detectors A
and B, respectively. These peaks are a manifestation of
cess photon pairs at a single output port of the beam-spl
interferometer. The data points for the relationship betwe
the complementary cross-coincidence probabilityP(1,1)
~diamonds! were obtained concomitantly; they exhibit th

FIG. 2. Experimental coincidence probabilitiesP(2,0) and
P(0,2), and cross-coincidence probabilityP(1,1), as a function of
the relative delay time between the photonst imparted by the com-
pensator~symbols!. The theoretical curves~dashed! are computed
from the ideal single-mode theory provided in Eqs.~3! and ~4!,
using the state function given in Eq.~2!, and assuming a crystal o
length 0.5 mm. The data follow the trends of the theory well, b
with reduced visibility resulting from imperfect alignment an
asymmetric polarization losses in the system.
7-2
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DIRECT OBSERVATION OF PHOTON PAIRS AT A . . . PHYSICAL REVIEW A68, 063817 ~2003!
familiar dip associated with the quantum interference of
distinguishable photons@15#.

Delay timest that are substantially larger, or smaller, th
those at the dip/peak correspond to distinguishable phot
In that domain the coincidence probabilities are charac
ized by classical particlelike statistics, namely, the binom
counting distribution@12#. The cross-coincidence probabilit
is then expected to be twice the coincidence probabi
which is, in fact, exactly what is observed on the should
of the interference pattern~see Fig. 2!.

THEORY

For collinear SPDC confined to a single spatial mode,
quantum state at the output of the nonlinear crystal driven
a monochromatic plane-wave pump at frequencyvp is @15#

uc&5E dv F̃~v!âo
†S vp

2
1v D âe

†S vp

2
2v D u0&, ~1!

where the operatorsâo
†(v) and âe

†(v) create photons of or
dinary and extraordinary polarization, respectively, in f
quency modev, and the limits on the integral stretch from
2` to `. The form assumed by the state functionF̃(v),
which is normalized according to*dvuF̃(v)u251, depends
on the physical structure of the down-conversion source.
state function for a single bulk crystal of lengthL is, for
example, given by@15#

F̃~v!}L sincFL

2
D~v!GeiLD(v)/2, ~2!

where the wave-vector mismatch functionD(v)5kp(vp)
2ko(vp/21v)2ke(vp/22v) depends on the dispersiv
properties of the birefringent medium~k$p,o,e% represent the
wave numbers of the pump, ordinary wave, and extrao
nary wave in the crystal, respectively! and sincx5(sinx)/x.

Assuming an ideal optical system and perfect com
nents, the coincidence probabilities, as a function oft, are
then given by

P~2,0!5P~0,2!5
1

32E dt uF~ t2t!1F~2t2t!u2, ~3!

whereF(t) is the inverse Fourier transform ofF̃(v); the
integration can be extended from2` to ` since the inte-
grand is narrow in comparison with the detection windo
Similarly, the cross-coincidence probability becomes@20#

P~1,1!5
1

16E dtuF~ t2t!2F~2t2t!u2. ~4!

The fractional prefactors in Eqs.~3! and ~4!, 1/32 and 1/16,
respectively, can be traced to the fact that the polariza
analyzers in each arm of the interferometer transmit only h
the photons.
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For a value oft chosen such thatF(t2t)5F(2t2t),
Eq. ~3! becomesP(2,0)5P(0,2)522/3251/8 while Eq.~4!
becomesP(1,1)50, and the result reduces to the ideal b
son counting distribution. In the opposite limit, when th
relative delay timet is sufficiently large, the integrals in Eqs
~3! and ~4! are both equal to 2, whereupon the classical
nomial counting distribution emerges:P(2,0)5P(0,2)
51/16 andP(1,1)51/8.

More generally, Eqs.~3! and~4! can be combined to pro
vide a relationship between the coincidence and cro
coincidence probabilities for arbitrary values oft,

P~1,1!1P~2,0!1P~0,2!5 1
4 . ~5!

In particular, when the state function in Eq.~2! is used in
Eqs. ~3! and ~4!, assuming a cw pump field and a line
approximation forD(v), the cross-coincidence probabilit
P(1,1), as a function oft, takes the familiar form of a tri-
angular dip @14,15# while the coincidence probabilitie
P(2,0) andP(0,2) behave as triangular peaks.

The theoretical results for this ideal single-mode theo
are shown as the dashed curves in Fig. 2. The data follow
trends of the theory well, although the visibilities of th
quantum-interference patterns are reduced below their i
values as a result of imperfect alignment and asymme
polarization losses in the optical components.

CONCLUSION

We have used special photon-number-resolving ene
detectors to directly demonstrate that two indistinguisha
photons incident on a polarization analog of the Hong-O
Mandel interferometer exit the beam-splitter interferome
ports together. The absence of cross coincidences has
been concomitantly demonstrated. Our observations ar
accord with the quantum-optical theory of interference in
beam-splitter interferometer. It is expected that similar
sults would be observed for a noncollinear configuration.

As a final note we point out that PNR detectors, such
those used here, are expected to find use in other quan
optics and quantum-information-processing experime
Unlike their avalanche photodiode counterparts, they co
play a role in carrying out conclusive tests of local realis
using a beam-splitter interferometer experiment@21#. They
have already been found to be useful in a number of ot
important applications@22#.

ACKNOWLEDGMENTS

We are grateful to A. Abouraddy for valuable commen
This work was supported by the National Science Foun
tion; the Center for Subsurface Sensing and Imaging S
tems ~CenSSIS!, a NSF Engineering Research Center; t
Defense Advanced Research Projects Agency~DARPA!; and
the David & Lucile Packard Foundation.
7-3



-

,

v.

d

,

,

o-

,

.

DI GIUSEPPEet al. PHYSICAL REVIEW A 68, 063817 ~2003!
@1# C.K. Hong, Z.Y. Ou, and L. Mandel, Phys. Rev. Lett.59, 2044
~1987!.

@2# J.G. Rarity and P.R. Tapster, J. Opt. Soc. Am. B6, 1221
~1989!.

@3# P. Grangier, Nature~London! 419, 577 ~2002!.
@4# C. Santori, D. Fattal, J. Vucˇković, G.S. Solomon, and Y. Yama
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