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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 othéfe 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
guantum-information-processing experiments.
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INTRODUCTION [9] that has the capability of registering themberof pho-
tons impinging on it. Our experimental results are in accord

The seminal experiment carried out by Hong, Ou, andwith the quantum theory of photon interference in a beam-
Mandel some 15 years ada] is one of the most important splitter interferometef10—-13.
in the annals of quantum optics. This experiment demon- We have also made measurements at both output ports of
strated that two indistinguishable photons, incident on thdhe beam-splitter interferometer using two such detectors.
two ports of a simple beam splitter, interfere in such a way ad his has permitted us to demonstrate the enhancement of
to always emerge as a pair, exiting randomly from one porf:oincidences at a single output port concomitantly with the
or the other. They could on|y observe this phenomenon in.diminution of cross coincidences at the two Output portS. We
directly, however, since traditional single-photon-countingthus simultaneously conduct two experiments: a single-
detectors cannot register more than one photon within th@utput-port photon coincidence measurement and the origi-
dead-time period of the device. Hong, Ou, and Mandel cirnal photon cross-coincidence measurement. Our observa-
cumvented this technical limitation by designing an experi-tions confirm the inferences made by Hong, Ou, and Mandel
ment in which they measured the complement of what they1] and Shih and Sergienkd4].
sought to observe. They used two single-photon-counting de-
tectors, placing one at each output port of the beam splitter, EXPERIMENT
and then searched for cross coincidences between the two
detector outputs. Finding none, they inferred that the two The experimental arrangement, shown in Fig. 1, is similar
photons do not exit from different ports of the beam splitter.to that used in related quantum-interference experiments
Based on this “test of exclusion,” and energy conservation,
they deduced that both photons must exit via the same por

N

of the device. There have been many variations on this origi- y
nal theme based on the same test of exclugierb]. Excess
photon pairs have been previously observed, but only via Dn'n?;':géc L, BBO
indirect measurements in experiments involving multiple 0.5 mm COUNTING
beam splitters and multiple single-photon detecf6rg], and TYPEI ELECTRONICS
in the indirect effect of photon pairs on single-photon detec- PNR
tor rates{8]. RELATIVE BETECTOR

We have carried out a polarization version of the Hong- DPELAY 7 POLARIZATION
Ou-Mandel experiment and report the direct observation of ANALYZERS
photon coincidences at a single output port of the interfer- ﬂ 1 ‘
ometer. What makes this possible is a unique energy detectc |_| T 4

FILTER APERTURE BEAM PNR

RG 630 2mm  SPLITTER DETECTOR
* Also at Istituto Elettrotecnico Nazionale G. Ferraris, Strada delle

Cacce 91, 1-10153 Torino, Italy. FIG. 1. Schematic of the polarization-based analog of the Hong-
"Present address: Institute of Quantum Electronics, ETHgder-  ou-Mandel interference experiment using type-Il collinear degen-
berg HPT, CH-8093 Zich, Switzerland. erate spontaneous parametric down-conversion. Photon-number re-
*Present address: Stanford Linear Accelerator Center, 2575 Sarlving (PNR) detectors permit the direct observation of photon
Hill Road, Menlo Park, CA 94025, USA. coincidences at a single output port of the beam-splitter interferom-

SURL: http:/Avww.bu.edu/qil eter as well as cross coincidences at the two output ports.
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[15], but photon-number resolvingPNR) transition-edge
sensors[9] replace the usual photon-counting avalanche
photodiodes.

To generate orthogonally polarized photon pairs, a single-
line 351.1-nm continuous-waview) argon-ion laser oper-
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ated at 100 mW was used to pump a 0.5-mm-thick 0.05 Pé
B-BaB,O, (BBO) nonlinear-optical crystal, aligned for §<’° 2 o 20
type-ll collinear degenerate spontaneous parametric down- ‘\,j s
conversionNSPDQ. The low power of the pump ensures that 0.00L, i A .
the photon pairs are well separated in time. A 2-mm aperture 50 0 50 100 150
placed 70 cm beyond the crystal was used to select only DELAY 7 (fsec)

those photon pairs that propagate collinearly with the pump.
The pump Is disposed .Of by use of a dichroic mirror and %(0,2), and cross-coincidence probabilRy1,1), as a function of
RG-630 colored glass_, filter. . . the relative delay time between the photanisnparted by the com-
At the heart of the interferometer is a nonpolarizing beamyensatorisymbols. The theoretical curveédashed are computed
splitter that distributes the photon pairs into two spatialfom the ideal single-mode theory provided in Eq8) and (4),
modes, denoted A and B in Fig. 1. In each arm, a Glanysing the state function given in E€®), and assuming a crystal of
Thompson polarization analyzer oriented at 45° with respedength 0.5 mm. The data follow the trends of the theory well, but
to thex direction(which is defined by the o-ray polarization with reduced visibility resulting from imperfect alignment and
plane of the BBO crystal in a right-handed coordinate systenasymmetric polarization losses in the system.
with respect to the wave vector as the positvdirection
renders the two photons indistinguishable in pOIarlza'20%[16], as determined via an absolute measurement tech-

tion. Narrow-band i i [ . . . .
el-xperimentw interference filters were not used in themque[l?—lq. The signal is read out of the detector using a

A lens in each arnfnot shown couples the light into two system that incorporates_an array of d(.: superconducting
9-um mode-field-diameter optical fibers, each of which isduantum-interference devicé$QUIDs, which operate as

connected to a separate PNR detector operated in a cryostgt/rent-sensitive amplifiers. To limit spurious “pileup”
Detection events from the two PNR detectors were recorde8CUNtS, experiments are carried out using a reduced singles
and analyzed using a computer-controlled system that regigounting rate ~1000 counts/sec, an order of magnitude
ters time-stamped single- and double-photon events. Softower than the achievable counting rate.
ware is used to extract the coincidences at a single detector A Babinet-type compensator consisting of two parallel
and the cross coincidences from the two detectors. quartz prisms and a fixed quartz platecut to eliminate

The detector elements of the transition-edge sensor afgansverse birefringence, is used to modify the relative time
photolithographically patterned 40-nm-thick tungsten thindelay = between the two photons. An experiment is con-
films deposited on a silicon substrdt@]. The substrate is ducted by modifying the degree of distinguishability
cooled to approximately 60 mK, about half the (achieved by varying the delay timeover a range of hun-
superconducting-to-normal transition temperature of 100 mkdreds of femtosecongsind tracing out three curves: the co-
(the transition width is about 1 mKA bias voltage across incidence probability at detector A, denotBg2,0); the co-
the thin film maintains the temperature in the transition re-incidence probability at detector B, denote¢0,2); and the
gion via Joule heating. An incident photon absorbed by thesross coincidence probability, denotBd1,1).
tungsten film is converted to a photoelectron, which raises The results of a typical experiment are illustrated in Fig.
the electron temperature of the film, thereby increasing it®. The numerical values of the coincidence probabilities are
resistance. The time integral of the associated decrease @btained as follows. Five data rates are measured in an ex-
current, multiplied by the bias voltage, provides the totalperiment conducted at a large delay time, corresponding to
photoelectric energy absorbed by the thin film within itsthe shoulders of the interference pattern: singles and coinci-
15-usec thermal relaxation time. In conducting an opticaldences at each of the two detectors, and cross coincidences.
experiment using light of a specified wavelength, the numbeiThese five measured rates are used to estimate three un-
of photons incident within the thermal relaxation time is de-known quantities: the overall efficiency for registering an
termined by establishing the total energy transferred to thevent at detector A for a single photon at the source, the same
detector within this time. Of course, energy detectors of thifor detector B, and the rate of photon pairs emitted by the
kind cannot distinguish between the absorption of two phosource. This enables us to compute the normalized form for
tons, each of energl, and the absorption of a single photon the coincidence probabilities presented in Fig. 2.
of energy E; great care was therefore used to prevent UV  Never before directly seen are the data for the peaks in the
pump photons from leaking through to the detectors. coincidence probabilitied?(2,0) andP(0,2), at detectors A

The typical full-width half-maximum energy resolution of and B, respectively. These peaks are a manifestation of ex-
these detectors is currently about 0.25 eV at 1.77 eV, correzess photon pairs at a single output port of the beam-splitter
sponding to 100 nm at a central wavelength of 700 nm. Oveinterferometer. The data points for the relationship between
the range of wavelengths of interest in our experiments, théhe complementary cross-coincidence probabilRy1,1)
guantum efficiency of these PNR detectors is approximatelydiamond$ were obtained concomitantly; they exhibit the

FIG. 2. Experimental coincidence probabilitig3(2,0) and
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familiar dip associated with the quantum interference of in- For a value ofr chosen such thab(t—7)=®(—t— 1),
distinguishable photonid5]. Eq. (3) becomesP(2,0)=P(0,2)=22/32=1/8 while Eq.(4)

Delay timesr that are substantially larger, or smaller, thanbecomesP(1,1)=0, and the result reduces to the ideal bo-
those at the dip/peak correspond to distinguishable photonson counting distribution. In the opposite limit, when the
In that domain the coincidence probabilities are characterrelative delay timer is sufficiently large, the integrals in Egs.
ized by classical particlelike statistics, namely, the binomial(3) and(4) are both equal to 2, whereupon the classical bi-
counting distributior{12]. The cross-coincidence probability nomial counting distribution emergesP(2,0)=P(0,2)
is then expected to be twice the coincidence probability=1/16 andP(1,1)=1/8.
which is, in fact, exactly what is observed on the shoulders More generally, Eqs(3) and(4) can be combined to pro-
of the interference patterfsee Fig. 2 vide a relationship between the coincidence and cross-

coincidence probabilities for arbitrary values of
THEORY

_1
For collinear SPDC confined to a single spatial mode, the P(LD+P(2,0+P(0,2)=3. (5)

guantum state at the output of the nonlinear crystal driven by

a monochromatic p|ane-wave pump at frequenxayis [15] In particular, when the state function in E@) is used in
Egs. (3) and (4), assuming a cw pump field and a linear

W, approximation forA(w), the cross-coincidence probability
7_“’) 0), (@ P(1,1), as a function of-, takes the familiar form of a tri-
angular dip [14,15 while the coincidence probabilities
where the operatora)(») anda)(w) create photons of or- P(2,0) andP(0,2) behave as triangular peaks.
dinary and extraordinary polarization, respectively, in fre- The theoretical results for this ideal single-mode theory
quency modeo, and the limits on the integral stretch from are shown as the dashed curves in Fig. 2. The data follow the
— to . The form assumed by the state functi®rf), trends of the theory well, although the visibilities of the
which is normalized according Lf)dw|<T>(w)|2:1, depends quantum-interference patterns are reduced below their ideal

: ; values as a result of imperfect alignment and asymmetric
on the physical structure of the down-conversion source. ThBoIarization losses in the optical components
state function for a single bulk crystal of lengthis, for '
example, given by15]

a

w

P
-2+
2 w

|¢>=de€1'><w>él

CONCLUSION

gltAle), (2 We have used special photon-number-resolving energy
detectors to directly demonstrate that two indistinguishable
where the wave-vector mismatch functiar(w)=K,(w,) photons incident on a polarization analog of the Hong-Ou-
—ko(wy/2+ ) —ke(w,/2— w) depends on the dispersive Mandel interferometer exit the beam-splitter interferometer
properties of the birefringent mediuthy, , ¢ represent the ports together. The absence of cross coincidences has also
wave numbers of the pump, ordinary wave, and extraordiPeen concomitantly demonstrated. Our observations are in
nary wave in the crystal, respectivlgnd sin&= (sinx)/x. accord with the quantum-optical theory of interference in a

Assuming an ideal optical system and perfect Compo_beam-splitter interferometer. It is expected that similar re-
nents, the coincidence probabilities, as a function-ofire sults would be observed for a noncollinear configuration.

then given by As a final note we point out that PNR detectors, such as
those used here, are expected to find use in other quantum-

D(w)ocl sin{%A(w)

1 optics and quantum-information-processing experiments.
P(2,0=P(0,2=35] dt [®(t—=7)+®(~t=7)]? (3)  Unlike their avalanche photodiode counterparts, they could
play a role in carrying out conclusive tests of local realism
where ®(t) is the inverse Fourier transform @ (w); the ~ USiNg @ beam-splitter interferometer experimg2d]. They
integration can be extended frome to = since the inte- _have already k_)een found to be useful in a number of other
grand is narrow in comparison with the detection window,IMPOrtant application$22].
Similarly, the cross-coincidence probability becom2g]
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