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We report the experimental realization of entanglement swapping over long distances in optical fibers. Two
photons separated by more than 2 km of optical fibers are entangled, although they never directly interacted.
We use two pairs of time-bin entangled qubits created in spatially separated sources and carried by photons at
telecommunication wavelengths. A partial Bell-state measurement is performed with one photon from each
pair, which projects the two remaining photons, formerly independent onto an entangled state. A visibility high
enough to infer a violation of a Bell inequality is reported, after both photons have each traveled through
1.1 km of optical fiber.
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Quantum theory is nonlocal in the sense that it predicts
correlations between measurement outcomes that cannot be
described by theories based solely on local variables. Many
experiments confirmed that prediction using pairs of en-
tangled particles produced by a common source. It is only in
1993 that Zukowski and colleaguesf1g noticed that this
“common source” is not necessary: nonlocality can manifest
itself also when the measurements are carried out on par-
ticles that have no common past, but have been entangled via
the process of entanglement swapping. It consists of prepar-
ing two independent pairs of entangled particlesssee Fig. 1d,
and to subject one particle from each pairsB andCd to a joint
measurement called Bell-state measurementsBSMd. This
BSM projects the two other particlessA and Dd, formerly
independent, onto an entangled state that may exhibit nonlo-
cal correlations. Let us emphasize that this kind of quantum
nonlocality cannot be used to signal faster than light. There
is thus no direct conflict with relativity. In the entanglement
swapping process this aspect goes as follows. Initially, par-
ticles A andD have independent pasts, hence share no cor-
relation sexcept possibly for some classical correlationd.
They share quantum nonlocal correlations only after their
twins B and C have been jointly measured and only condi-
tioned on the outcome of this measurement: without the con-
ditioning they appear as independent. Hence, as long as the
classical information about the joint measurement outcome is
not available, no nonlocal correlation can be observed.

Besides its fascinating conceptual aspect, entanglement
swapping also plays an essential role in the context of quan-
tum information science. It is for instance the building block
of protocols such as quantum repeatersf2,3g or quantum re-
lays f4–6g proposed to increase the maximal distance of
quantum key distribution and quantum communication. It
also allows the implementation of a heralded source of en-
tangled photon pairsf1g. Finally, it is a key element for the
implementation of quantum networksf7g and of linear optics
quantum computingf8g. More generally, coherent manipula-
tions of several quantum systems, as in a BSM, are essential
for all quantum computing and simulation processes.

Experimental demonstration of entanglement swapping
has been reported in 1998, using two pairs of polarization
entangled qubits encoded in photons around 800 nm created
by two different parametric down conversionsPDCd events

in the same nonlinear crystalf9g. The fidelity of this experi-
ment was, however, insufficient to demonstrate nonlocal cor-
relations. In 2002, an improved version allowed a violation
of a Bell inequalityf10g, thus confirming the nonlocal char-
acter of this protocol. More recently, an experiment with qu-
bits entangled in the Fock basissone photon with the
vacuumd has been reportedf11g. However, it involves only
two photons instead of four. All the experiments realized so
far have demonstrated the principle of entanglement swap-
ping over short distancessof the order of a meterd. However,
most applications in quantum communication require this
process to happen over large distances. A promising ap-
proach for this purpose is to use the existing network of
optical fibers. However, none of the previously demonstrated
schemes was well adapted for this task.

In this paper, we present the experimental demonstration
of entanglement swapping with a quantum architecture opti-
mized for long-distance transmission in optical fibers. We
use two pairs of time-bin entangled qubits encoded in pho-
tons at telecommunication wavelengths created by PDC.
This type of encoding has been proven to be robust against
decoherence in optical fibersf12g and has been used to
achieve long-distance quantum teleportation in optical fibers
f6,13g. Contrary to the previous swapping experiments in-
volving four photonsf9,10g, the two pairs are created in spa-
tially separated sources although pumped by the same laser.
As a proof of principle of the robustness of this scheme, we
demonstrate entanglement swapping over more than 2 km of

FIG. 1. Scheme of principle of entanglement swapping.
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optical fiber. For this purpose, a partial BSM is performed
onto one photon from each pair, entangling the two remain-
ing photons which have each traveled over separated 1.1 km
spools of optical fiber. Entanglement is verified using a two-
photon quantum interference conditioned on a successful
BSM.

Time-bin entangled qubits can be seen as photon pairs
created in a coherent superposition of two emission times
with a well-defined relative phasef14g. They are created first
by splitting a laser pulse into two subsequent pulses using an
unbalanced interferometer called a pump interferometer. One
photon pair is then created by PDC. The down converted
photons originate from the two pulses with a relative phase
d, hence the photon pair quantum state isuf+sddl=c0u0,0l
+eidc1u1,1l, where u0, 0l corresponds to a photon pair cre-
ated in the early time bin andu1, 1l to a photon pair created
in the delayed time bin, withc0

2+c1
2=1. In our experiment,

we employ two spatially separated sources of entangled pho-
tons. In one of these sources, we create a stateuf+sddlA,B,
while in the other one we create a stateuf−sddlC,D= uf+sd
+pdlC,D. Initially, the two photon pairs are independent and
the total state can be written as the tensor product:uCABCDl
= uf+sddlAB^ uf−sddlCD This state can be rewritten in the
form.

uCABCDl =
1

2
fuf+lBC ^ uf−s2ddlAD + uf−lBC ^ uf+s2ddlAD

+ uc+lBC ^ eiduc−lAD + uc−lBC ^ eiduc+lADg, s1d

where the four Bell states areuf±sddl=1/Î2su0,0l
±eidu1,1ld and ucs±dl=1/Î2su1,0l± u0,1ld. When photonsB
andC are measured in the Bell basis, i.e., projected onto one
of the four Bell states, photonsA and D are projected onto
the corresponding entangled state. Note that when photonsB
and C are projected onto the stateuc+l or uc−l, the state of
photonsA and D is independent of the phased, which ap-
pears only as a global factor. This means that in this case, the
creation process is robust against phase fluctuations in the
pump interferometer and pump-laser wavelength driftsf15g.
Hence, this experiment can also be considered as aspostse-
lectedd heralded source of entangled photon pairs robust
against phase fluctuation in the preparation stagef16g. If,
however, photonsB andC are projected onto the stateuf+l
or uf−l the state of photonsA and D depends on twice the
phased. In our experiment, we make a partial BSM, looking
only at projections of photonsB and C onto the uc−l Bell
state. Another interesting feature to note is that all the four
Bell states are involved in the experiment, since we start
from uf+l and uf−l states, and make a projection onto the
uc−l state, which projects the two remaining photons onto the
uc+l state.

A scheme of our experiment is presented in Fig. 2. Fem-
tosecond pump pulses are sent to an unbalanced bulk Mich-
elson interferometer with a travel time difference oft
=1.2 ns. Thanks to the use of retroreflectors, we can utilize
both outputs of the interferometer, which are directed to spa-
tially separated lithium triboratesLBOd nonlinear crystals.
Collinear nondegenerate time-bin entangled photons at tele-

communication wavelengthss1310 and 1550 nmd are even-
tually created by PDC in each crystal. Because of the phase
acquired at the beam splitter in the pump interferometer there
is an additional relative phase ofp between the termsu0, 0l
and u1, 1l in the second output of the interferometer. This
explains why a stateuf+sddl is created in one crystal while a
stateuf−sddl is created in the other one.

The created photons are coupled into single-mode optical
fibers and deterministically separated with a wavelength-
division multiplexersWDMd. The two photons at 1310 nms
B andCd are subject to a partial BSM using a standard 50-50
fiber beam splitterf17g. It can be shown that whenever pho-
tons B and C are detected in different output modes and
different time bins, the desired projection ontoucs−dlBC is
achievedf18g. For this kind of measurement, the two incom-
ing photons must be completely indistinguishable in their
spatial, temporal, spectral, and polarization mode. The indis-
tinguishability is verified by a Hong-Ou-Mandel experiment
f19,20g. The two photons at 1310 nm are filtered with 5 nm
bandwidth interference filterssIFd in order to increase their
coherence time to 500 fs, larger than the pump pulse’s dura-
tion s200 fsd, which is necessary in order to make the pho-
tons temporally indistinguishablef21g.

The two photons at 1550 nm, filtered to 18 nm bandwidth
sA andDd, each travel over 1.1 km of dispersion shifted fiber
sDSFd. Their entanglement is then analyzed with two fiber
Michelson interferometers with the same travel time differ-
ence as the pump one. The phase of each interferometer can
be varied with a piezoactuatorsPZAd. Since the demonstra-
tion of entanglement swapping necessitates the detection of
four photons, the coincidence count rate is very low. This
requires the ability to perform interferometric measurements
over an extended period of time and thus asks for a drastic

FIG. 2. Experimental setup. The pump laser is a mode-locked
femtosecond Ti-sapphire laser producing 200 fs pulses at a wave-
length of 710 nm with a repetition rate of 75 MHz. After the crys-
tals, the pump beams are blocked with silicon filterssSFd. The
Faraday mirrorssFMd are used to compensate polarization fluctua-
tions in the fiber interferometers.
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improvement in the setup stability, compared to our previous
experimentsf6,13g. In order to control the phase, and to ob-
tain a sufficient long-term stability, the fiber interferometers
are actively controlled using a frequency stabilized lasersDi-
cosd and a feedback loop on the PZA. The phase of each
fiber interferometer is probed periodically and is locked to a
user-defined valuef12g. This technique allowed us to obtain
excellent stability tested over up to 96 h. Note that the pump
interferometer requires no active phase stabilization.

The photons are detected with avalanche photodiode
sAPDd single-photon detectors. One of the 1310 nm photons
sdetectorC1d is detected with a liquid-nitrogen-cooled Ge
APD sNECd, with an efficiency of around 10% for 40 kHz of
dark counts. The three other photons are detected with
InxGa1−xAs APDs sid-Quantiqued with an efficiency of 30%
for a dark count probability of around 10−4 per ns. The trig-
ger signal for those detectors is given by a coincidence be-
tween the Ge APD and the emission time of the pump pulses.
The coincidence events between different detectors are re-
corded with a multistop time-to-digital convertersTDCd. The
coincidence between the Ge APD and the emission time of
the laser is used as “Start” while the other APDs are used as
“Stops.” Note that the classical information about the BSM
is delayed electronically by roughly 5ms, corresponding to
the travel time of the 1550-nm photons inside optical fibers.
Hence, the swapping process is completed only when the
photons are already 2 km apart. A homemade program al-
lows us to register any combination of coincidence count rate
between the four detectors, which is useful to characterize
the stability of the whole setup during the measurement pro-
cess. In our experiment, the average pump power for each
source was about 80 mW, leading to a probability of creating
an entangled pair per laser pulse of around 6%.

If entanglement swapping is successful, the two photons
A andD at 1550 nm should be in the entangled stateucs+dl,
conditioned on a projection on theucs−dl Bell state. However,
as real measurements are imperfect, there will be some noise
that we suppose will be equally distributed between all pos-
sible outcomes. Hence, the created state can be written as

r = F2ucs+dlkcs+du +
1 − F2

3
sucs−dlkcs−du + ufs+dlkfs+du + ufs−dl

3kfs−dud = Vucs+dlkcs+du +
s1 − Vd

4
1, s2d

whereV is the visibility andF2 the two-qubit fidelity defined
asF2=kcs+durucs+dl. V is related toF2 as

V =
4F2 − 1

3
. s3d

The Peres criteriaf22g shows that the two photons are en-
tangledsi.e., in a nonseparable stated if V.1/3, and conse-
quently if F2.1/2. It can also be shown that the Clauser-
Horne-Shimony-Holt Bell inequality can be in principle
violated if V.1/Î2 f23g ssee alsof12g for an experimental
demonstration with time-bin entangled qubitsd.

To verify the entanglement swapping process we perform
a two-photon interference experiment with the two photons

at 1550 nm, conditioned on a successful BSM. This is done
by sending photonsA and D to two interferometers. The
evolution of ucs+dl in the interferometers is

ucs+dl → u0A,1Dl + eiau1A,1Dl + eibu0A,2Dl + eisa+bdu1A,2Dl

+ u1A,0Dl + eiau2A,0Dl + eibu1A,1Dl + eisa+bdu2A,1Dl,

s4d

whereuiA, jDl corresponds to an event where the photonA is
in time bin i and the photonD is in time bin j . A photon
traveling through the long arm of an interferometer passes
from time bini to time bini +1. If the arrival time difference
between photonsA and D are recorded, Eq.s4d shows that
there are five different time windows, withDt= tA− tB
=h0, ±t , ±2tj. This is in contrast with previous experiments
using time-bin entangled qubits in the stateufs±dl, where
only three time windows were presentssee, e.g.,f12gd. If
only the event withDt=0 is selected, there are two indistin-
guishable events leading to a coincident count rate,

Rc , 1 + V cossa − bd, s5d

where V is the visibility of the interference which can in
principle attain the value of 1, but is in practice lower than 1
due to various experimental imperfections. Figure 3 shows a
measurement of two-photon interference. The plain squares
represent coincidences between photonsA and D, without
conditioning on a BSM as a function of the phase of one
interferometer. The fact that the coincidence count rate does
not vary significantly with the phase is a confirmation that
the two photons are completely independent in this case.
However, if we now condition on a successful BSMsopen
circlesd, we see a sinusoidal variation with a fitted rawsi.e.,
without noise subtractiond visibility of s80±4%d, leading to
a fidelity F2 of s85±3.25%d, high enough to demonstrate
teleportation of entanglement and to infer a violation of a
Bell inequality with the swapped photons by more than two
standard deviations. Note that the visibility obtained here is

FIG. 3. Two-photon interferences for swapped photons, as a
function of the phase of one interferometer. The plain squares rep-
resent the detection between photonsA andD, without conditioning
on the BSM. The errors bars are too small to be represented. The
open circles represent four-photon coincidences, i.e., two-photon
interference conditioned on a BSM.
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significantly higher than the one obtained in previous dem-
onstrations of long-distance quantum teleportationf6,13g.
Hence, in this case the teleported entanglement can be used
directly for quantum communication purposes, without fur-
ther purifying. The whole measurement lasted 78 h, which
demonstrates the robust character of our scheme. The non-
perfect visibility of the interference fringe is attributed
mainly to the limited fidelity of the BSM. The main limiting
factor is the nonvanishing probability of creating multiple
photon pairs in one laser pulse, due to the probabilistic na-
ture of PDC f20,24g. The visibility could be improved by
reducing the pump power but this would reduce the four-
photon coincidence count rate. Note that the key parameters
in order to increase the four-photon coincidence count rate
without degrading the correlations are the quantum efficien-
cies of detectors and the coupling efficiencies into the single-
mode fibers.

In summary, we have reported the demonstration of en-
tanglement swapping over long distance in optical fibers. We
used two pairs of time-bin entangled qubits encoded into
photons at telecommunications wavelengths and created in
spatially separated sources. The visibility obtained after the
swapping process was high enough to demonstrate a telepor-
tation of entanglement and to infer a violation of Bell in-
equalities with photons separated by more than 2 km of op-
tical fibers that have never directly interacted. This
constitutes a promising approach to push quantum teleporta-
tion and entanglement swapping experiments out of the labo-
ratory, using the existing optical-fiber network.
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