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Quantum interference with photon pairs created in spatially separated sources

H. de Riedmatten,|. Marcikic,® W. Tittel 1 H. Zbinden! and N. Gisir}
1Group of Applied Physics-Optique, University of Geneva, Geneva, Switzerland
Danish Quantum Optics Center, Institute for Physics and Astronomy, University of Aarhus, Aarhus, Denmark
(Received 27 August 2002; published 6 February 2003

We report on a quantum interference experiment to probe the coherence between two photons coming from
nondegenerate photon pairs at telecom wavelength created in spatially separated sources. The two photons are
mixed on a beam splitter and we observe a reduction of up to 84% in the net coincidence count rate when the
photons are made indistinguishable. This experiment constitutes an important step towards the realization of
guantum teleportation and entanglement swapping with independent sources.
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[. INTRODUCTION ties to restore the temporal indistinguishabilitg., to ensure
that only photons detected in coincidence within their coher-
The principle of indistinguishability is at the heart of the ence time contribute The first and most common way is to
quantum physical description of the world. It leads to theCréate the photon pairs using ultrashort pump pulses such

well-known phenomenon of interference: if two or more pro-that the down-converted photon’s coherence tigieen by
e phase-matching conditions superior to the duration of

cesses lead to indistinguishable detection events, the pro Is46]. Th q bility is 10 i th
ability amplitude of the different processes add coherentl € pump pulsgo]. 1he second possibility IS to increase the
coherence time of the photons such that it becomes larger

and an interference term appedfs2]. In addition to the . .

most well-known single-photon or first-order interference,than thle t(tartr;]poril rtesolutlo'n'of th(t-:'t?]etectors.t'ln thlst \g]ay,bone

interference in the coincidence detection of two or more pho-Car.' select the photons arriving at the same time at the beam

tons can also be observed. The so-called second-order gplitter directly by their arrival times at the detectors. This
é'nethod requires coherence times of the order of a few hun-

two-photon interference has been used to highlight th ) ) .
bosonic nature of photori8] and to demonstrate nonlocal dred p|cos¢conds, with cyrrent avallanche photod|_odes detec-
fors [7]. This can be achieved for instance by using a sub-

effects between photons forming entangled pairs. Moreove : ) ) : |
it is at the origin of the new field of quantum information threshold OPQ(optical parametric oscillatprconfiguration

processing(for a recent overview concerning the last two [8]- . .
points, see, e.g., Reff4]). In the context of observing quantum interference between

Observing the second-order quantum interferences WitH]dependent photons, Rarief al.have.performed an experi-
photons without common history is a very important issue,ment where a one-photpn state obtained by PDC and a weak
since this forms the basis of entangling those photoné:Oherent state were mixed at a beam spliter More re-
through a so-called interferometric Bell-state measuremen(fently' experiments wh_ere two photons frqm dlffe_rent pairs
[5,6]. The simplest way to observe such interference is tdnterfere at a beam splitter have been carried out in order to

mix the independent, however indistinguishable photons on g’pplement quantum teleportatigd0], entanglement swap-
beam splitter(i.e., one photon per input moddn this case, ping [11,12, and to create Greenberger-Home-Zeilinger

the probability amplitudes of both the photons being trans-(GHZ) stated13,14. In these experiments, however, the two

mitted or both reflected cancel each other and the two pho[-)hoton pairs were created in the same crystal by means of

tons will always be detected in the same output mode. This igwo sub_sequgnt passages of a pump pulse.

valid of course only if the photons coming from the two In th|§ article, we go a step furthe_r and report on the
sources become indistinguishable after the beam splitter, i_e?ébservatpn of quantum |nterfergnﬁe with photons from dif-
if they are described by identical polarization, spatial, tem- rent pairs created in wo spatially separated sources. We

poral, and spectral modes. In other words, when all indistinYS€ non degenerate photon pairs at telecom wavelength. This

guishability criteria are met, the count rate for coincidence’> &N important extension with respect to the previous experi-

detection of two photons in different output modes of theMeNS since some quantum communication protootsin-

beam splitter drops to zero. The first experiments showin tance, the quantum repeaEéE]) rely on the use of ph_oton
this effect were made by Mandel and co-workers at the en airs created at different locations, hence photon pairs from

of 1980s[3]. The drop in the coincidence count rate whendlfferent sources.

varying the temporal overlap between the two photons is Il. MANDEL DIP WITH INDEPENDENT PDC SOURCES

often referred to as a “Mandel dip.” In those early experi-

ments, the two photons belonged to one photon pair gener- As shown in Fig. 1, we create pairs of nondegenerate
ated by parametric down-conversi@dDC). In this case, the photons in two nonlinear crystals using short pump pulses.
temporal indistinguishability is ensured by the fact that theThe photons belonging to a pair are separated and two pho-
two photons are created simultaneously. In cases where twons from different sources are superposed on a 50-50 beam
independent photon@e., created in different sources or dif- splitter. We labela™ andb' (c' andd™) as the creation op-
ferent PDC evenjshave to interfere, there are two possibili- erators of the two inputoutpud modes, respectively. Unitar-

1050-2947/2003/62)/0223015)/$20.00 67 022301-1 ©2003 The American Physical Society



de RIEDMATTEN et al. PHYSICAL REVIEW A 67, 022301 (2003

AFD InGaAs where A" and BT are the creation operators for the PDC
modesA and B, and|n,,ng) corresponds to n photons in
PDC modesA and B respectively. The parametéris pro-
portional to the amplitude of the pump field and to the non-
linear susceptibilityy(?), g=In(cosh¢) andI" =tanh¢. In the
limit of small £, we have

Source 1

‘Ti-Saphire mode

IF
Tocked fs laser ’ﬂ )
Ap=710 nm At =200 fs RN
: P §2
| Ak W)=(1-5 |0)+ |1, D+ ¢%2,2+0(¢%. (5
1550 nm

If P;(1)=|¢|? is the probability of creating one pair per pulse

with a pump intensityl in sourcei (i=1,2), then the prob-
FIG. 1. Experimental setup used to observe quantum interfer@bility of creating four photons per pulse in source 1 by

ences with photons coming from different sources. stimulated emission i§|4= Pi2(|). The probability of simul-

taneously creating one pair in each crystalPig(l)P,(1).

ity implies that the phase difference between a reflected andssuming thaf (1) =P,(l), the four photons state can then

a transmitted photon is/2. For a 50-50 beam splitter, the be written as followgnot normalizegt

evolution is thusa'— 1/y2 (c"+id") andb®— 1/y2 (ic’

+d"h. W 4pn) =121,02)a121,02)8+ (11, 15)al 11, 1)
Assume that we have one photon in each input mode, i.e., 1£10..2.%.]0. 2 6
the following Fock state: 101,2:)4101.22)e ®

where, for instancdnl,m2>A means that we have photons

|#in)=2"b"|0). @ . _
in source 1 andn photons in source 2 created in the PDC
After the beam splitter, the state becomes mode A. It is important to notice that, due to stimulated
emission, the amplitudes of each of the three terms are the
same. This means that, the probability of creating four pho-
tons per pulse in a specific source is the same as the prob-
ability of creating simultaneously two photons in source 1
1 1 and two photons in source 2.
:|E|2>c|0>d+|ﬁ|o>c|2>d- ) If there is no interference, the photons arriving at the
beam splitter will split in half of the cases. The probability of

We thus find that for a 50-50 beam splitter, the two probabil-d€t€Cting a coincidence outside the dgal) is thus propor-
ity amplitudes corresponding to both photons transmitted an{ona! t

both photons reflected—i.e., to both photons in different out-

put ports—cancel out and the coincidence rate drops to zero. Pog™
This description is valid of course only if the photons be-

come completely indistinguishable after the beam splitter. If ) N ] )
we delay the photon from one source with respect to thdvhereP1=P,=P is the probability of creating one pair per
other one, we lose temporal indistinguishability, and the debulse per source. The first two terms represent the creation of

structive interference diminishes. We define the visibility offour photons in either source, and the last term represents the
the Mandel dip as follows : creation of one pair per source. Inside the @i, the con-

tribution of the events where one pair per source is created
drops to zerdEqg. 2]. We thus have

| oud = %[i(CT)2+i(dT)2+ c'd'—c'd"]|0)

PZ P3 P,P,| 3P?
2ttt T 0

I max I min

Viip= | ()
max 2 P2
. o Py | =+ —=—+0|=P2. @)
In the case of two PDC sources, there are different possibili- 2 2

ties to create two photon pairs at the same time: either one o

creates one pair in each source, or two pairs in one sourdanally, the visibility is

and none in the other one. As already said, in order to ensure

temporal indistinguishability, the coherence time of the _ Pog—Pyg 3P?-2P% 1 9
down-converted photons must be larger than the duration of V= Pod  3P2 3" ©
the pump pulses. This implies that the pairs created within

the same laser pulse and crystal are subject to stimulatefhe maximum theoretical visibility is thug=33% because
emission[16]. The output state of a nondegenerate PDC fol4p, this case, we cannot discard the events where both photon

lows the distributior{17,18: pairs are created in the same crystal. Note that this demon-
he)n strates two-photon interference between two thermal sources
|\P>:e—geFATB*|0>:E (tanh{) INa,Ng), (4) [19-21]. However, if we d_etect the two remaining photons
n cosh{ as well (four-photon coincidencgéswe postselect only the
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events where we create one photon pair per crystal. There- 1.2
fore, the maximum theoretical visibility i¥=100%. A de-
tailed theoretical analysis can be found in R&X1]. Obvi-
ously, this is valid only if we can neglect the probability of
creating three pairs at the same time, two in one source and
one in the other one. We will discuss this case later.
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IIl. EXPERIMENTAL SETUP

5-fold coincidences [/200s]

normalized 3-fold coincidences
W

The experimental setup is shown in Fig. 1. The pump
laser is a Ti:sapphire mode-locked lag€toherent Mira,
operating at a wavelength of 710 nm and generating 150-fs
pulses with 4.5 nm bandwidttfull width at half maximum, delay [um]

FWHM). The pump beam is split by a beam splitt8S 1),
and the two output modes are used to pump two 10-mm FIG. 2. Coincidences count rate as a function of the delay of one
lithium triborate (LBO) nonlinear crystals. The average photon. The circles are threefold coinciden@®@s photons+ laser

. _ clock) and the squares are fivefold coincidendémur-photon +
pump power 'SPPU”PPNA'O mW per CTySta'- In each crystal, ser clock. The net visibility of the dip is 28% and 84%, respec-
nondegenerate collinear photons pairs at telecom Wavele_ngﬁ':l/ely. The integration time for threefold coincidence is 200 s, while
(1310 nm and_ 1550 nyrere produced by type-I parametrlc for fivefold coincidence, it varied from 30 to 60 min, such that the
down-conversion. The photons are then coupled into a stangagistical error on the counts is around 10%. The fivefold rate is
dard optical fiber and separated using a wavelength divisiog.led to 200 s.
multiplexer. The 1310-nm photons are directed to a 50-50
fiber coupler(BS 2. The length of optical fibers before the

N . o : 1550 nm is necessary, in order to postselect only the inter-
beam splitter is equalized within a few hundreds m|crometerfering events. The photons at 1550 nm are detected with
in order to have the same chromath d|§per3|on in the tquo +:Ga 4-As APDs, gated using a threefold coincidence
|npu_t modes. TO ensure equal polanza_mon for_ the phoFon?tw'o phoions at 1310 nm tg). We thus speak of fivefold
coming from either source, we use a fiber optical p0I"’mz""'coincidence in this case. The very low gate rate imposed by

tion contrqller(FfC) msertgq In one arm. In _order [0 eNSUre y,iq scheme allows us to avoid problems with after pulses of
temporal indistinguishability, the optical distance betwee he In, s:Ga 47As APDs [7]. Interference filters(10 nm
.5 AT .

BS1 and BS2 must be the same within the coherence leng HM centered at 1550 nyrare also placed in front of the
of the down-converted photons. To vary this distance andyggqg detectors, in order to reduce the probability of de-

hence,_to vary the tempon_al overla_p, we use the retroreflect%cting events where three pairs are created simultaneously.
R that is mounted on a micrometric translation stage.

The photons are detected with photon counters. One out-
put of BS 2 is connected to a passively quenched germanium IV. RESULTS
avalanche photodiodg&e APD) cooled with liquid nitrogen.
The quantum efficiency of the Ge APD is 10% for 40-kHz
dark counts. The dark counts are reduced to around 3 kHz b
making a coincidence wita 1 nsclock signal delivered si-
multaneously with each laser pulsg). The signal count
rate on the Ge APD is 40 kHz. The other output is connecte
to a Peltier cooled T=220 K) indium-gallium-arsenide
Ing 53G& 47As APD, operating in so-called gated moldg.
This means that it is only activated within a short-time win-
dow (100 ng after a Get, coincidence. Ip53:Ga) 47AS
APDs feature a quantum efficiency of around 30% for a dar
count probability of~10"* per ns. Interference filterdF)
(10 nm FWHM centered at 1310 nrare placed in front of
the detectors to increase the coherence lefitie) of the
down converted photons to 7om (250 f9. Using the side-
peaks method developed in RE22], we measure the prob-
ability to create one photon pair per pulse in the spectra?u

range given by the filters to be of around 4%. The signals[ . .
, . wo wave packets arriving at the beam splifte}. The spec-
from the APDs are finally sent to detection and fesns tral transmission of the IF has been measured to be well

coincidence electronics. A coincidence between the two de- . . . ;
tectors for 1310-nm photons and the laser clotgié re- approximated by a Gaussian. We thus fitted our data with the

ferred as a threefold coincidence. following function :
In order to obtain a Mandel dip with 100% visibility, a o 2
four-photon coincidence using also the two other photons at Re(7)=S(1—-Ve 7?7, (10

Figure 2 shows the coincidence count rate as a function of
he position of the retroreflectdr, i.e., of the delay of one
hoton. The circles represent the threefold coincide(ives
photons at 1310 nr t,) and the squares the fivefold coin-

idences(four photons+ty). We measure around 160 net

reefold coincidences and around 0.06 net fivefold coinci-
dences per second outside the dip. Accidental coincidences
(around 20 threefold and 0.015 fivefold coincidences per sec-
ond) are already subtracted in the presented data. Threefold
lgoincidences slightly vary~10%), probably due to tem-
perature variation in the lab during day time measurement,
and are normalized with the square of single count rate of the
Ge APD. The fivefold curve has been measured during the
night, when the temperature was more stable. Thus, count
rate variations were smaller and raw data can be used with-
t normalization.
The shape of the dip is given by the convolution of the

022301-3



de RIEDMATTEN et al. PHYSICAL REVIEW A 67, 022301 (2003

whereSis the number of coincidences outside the dghe  lowing reasons, listed by order of importance, might induce
visibility, = the optical delay, and-, the 1A/e half width of  distinguishability between the photons, and thus diminish the
the Gaussian function. Due to the convolution product, thevisibility of the dip . There might be remaining temporal
expected FWHM of the dip i$/§|c, wherel is the FWHM  distinguishability due to relatively largelO nm filtering of
coherence length of the down-converted photons, given b{he down-converted photorisompared to the pump band-
the IF. width) [21]. Moreover, a slight difference in the polarization

We obtain a raw(i.e., without subtracting accidental co- Of the two photons when arriving at the beam splitter could
incidence visibility of V=(21+1)% for the threefold coin- result in a which-path information. Finally, different phase-
cidence. When subtracting accidental coincidence, it inMmatching conditions in the two crystals could result in pho-
creases td/=(28+2)%, which is close to the theoretical ton pairs with different spectra. Those differences might not
visibility of 33%. The FWHM of the Gaussian fit is of 142 be completely canceled with the 10-nm interference filters.
+15 um. This is slightly larger than the expected value

(V21,=107 um for 10-nm IF at 1310 nm When fitting the V. CONCLUSION
fivefold coincidence curve, we obtain a raw visibility of
(77+2.5)%, which increases to (842.5)% when subtract- ~ We observed quantum interference with photon pairs at

ing accidental coincidences. The FWHM of the Gaussian fitelecommunication wavelengths created by parametric
(222+25 um) is larger than for the threefold curve. This down-conversion in spatially separated sources. Two pho-
can be qualitatively understood by the fact that the 10-nm Ifons, one from each source were mixed on a beam splitter.
at 1550 nm reduces the bandwidth of the 1310 twin photon¥Vhen recording two photon coincidences and varying the
to ~7 nm by energy conservation. temporal overlap between the two photons, we observed a
Various reasons could explain the difference between th&andel-type dip with visibility of (28-2)%. This is close
theoretical and experimental visibilities. The main reason 0 the maximum visibility of 33%, limited by the impossibil-
the probability of detecting events where three pairs are crdly to discard the events where two pairs are created in the
ated simultaneously, two in one source and one in the othe&g@me crystal. Recording four- photon coincidences and thus
source. A calculation similar to E@2), starting from an in-  Postselecting only events where at least one pair is created in
put state|¢;,)= 1/y2 (a')2b'|0) shows that these events each source, we optamed a net V|S|b|I|ty of (ﬂSZ.S)‘_’/o,
will indeed induce spurious coincidences and thus reduce th@0se to the theoretical value. This experiment constitutes a
visibility of the dip. To estimate this maximal visibility, we Step towards the realization of quantum teleportation and en-
calculate the maximal and minimal coincidence count rate$anglement swapping with independent sources. However,
(Imax @nd 1,n;,) for all cases leading to a fivefold coinci- _note that the truly mdepe_ndent sources require the use of
dence, and insert them into E€B) with the corresponding mgiependent but synchrom_zed femt.osecond laser. Al_though,
probabilities, computed from Ed4). We neglect the events this is nowadays commercially availal23], synchroniza-
where more than three pairs are created simultaneously. THON of two femtosecond lasers at large distance still has to be
finite quantum efficiencyy of detectors is taken into ac- demonstrated. _
count, in the sense that the probability of having a click Note adde_dlt recently was brogght to our attention that a
when two photons arrive at the detector ig2 72~27 for similar experiment was reported in the conference QELS 99
small 7. In the case where the transmissions of the twdP?Y Rhee and Wan{p4].
inputs modes of the beam splitter are the same, a simple but
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