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Entanglement swapping forms a key concept in the realiza-
tion of scalable quantum networks and large-scale quantum
communication. For the practical implementation of entan-
glement swapping, completely autonomous entanglement
sources and a joint Bell-state measurement (BSM) between
two independent photons are essential. Here, we experi-
mentally demonstrate entanglement swapping between two
independent polarization-entangled photon-pair sources
obtained via spontaneous four-wave mixing (SFWM) in a
Doppler-broadened atomic ensemble of 87Rb atoms. From
the joint BSM, we estimate the S parameter in the Clauser–
Horne–Shimony–Holt (CHSH) form of Bell’s inequality
and confirm the violation of the Bell–CHSH inequality by
S= 2.32± 0.07 with 4.5 standard deviations. We believe
that this work is an important step toward realizing prac-
tical scalable quantum networks. © 2020 Optical Society of
America

https://doi.org/10.1364/OL.388613

In 1993, researchers proposed an elegant method for the entan-
glement distribution of photons emitted from independent
sources with noninteractive quantum measurements [1].
Subsequently, entanglement swapping between independent
entangled sources has been expected to play an important role
in both long-distance quantum communication incorporating
quantum repeaters and optical quantum-information process-
ing by linear optics quantum computers toward the realization
of scalable quantum networks [2–5]. Since the first experimen-
tal demonstration of entanglement swapping was reported
in 1998 [6], entanglement swapping has attracted consider-
able interest as an important technique for the distribution of
quantum entanglement through optical channels. Thus far,
entanglement swapping has been experimentally demonstrated
with the use of various entangled photon sources generated
from different physical systems, such as spontaneous parametric
downconversion (SPDC) in nonlinear crystals, spontaneous
four-wave mixing (SFWM) in optical fibers, and SFWM in
atomic ensembles [6–15]. Recently, entanglement swapping
with pairs of polarization-entangled photons generated by
semiconductor quantum dots was reported [16,17].

Over the past decades, new quantum light sources have been
developed, and, in the recent years, one of the main challenges
in experimental quantum communication is to demonstrate
the feasibility of implementing the quantum repeater pro-
tocol (e.g., entanglement swapping) with newly developed
quantum light sources. This alone clarifies that demonstrating
entanglement swapping with novel quantum light sources
is a truly critical problem in experimental quantum infor-
mation. However, although some photon sources based on
atomic ensembles have been employed to realize quantum
entanglement [18–20], it is not easy to realize entanglement
swapping for the demonstration of a significant violation of
Bell’s inequality.

Our work provides the first demonstration of entanglement
swapping with a novel hot-atomic-vapor-based entangled
photon source without any time-synchronization, by employ-
ing the advantages of such a photon-pair source, including
high spectral purity, high phase stability, high brightness,
simple setup, and effective interaction with atoms [20,21].
In the study, we confirmed the violation of the Bell–Clauser–
Horne–Shimony–Holt (Bell–CHSH) inequality through a
joint Bell-state measurement (BSM) between two independent
photons.

Figure 1 shows the experimental scheme for entanglement
swapping composed of Alice and Bob sites based on a warm
atomic ensemble of 87Rb atoms. The warm atomic ensemble
at each site is very simple and small, comprising a 12.5-mm-
long vapor cell containing the isotope-enriched 87Rb with the
temperature controlled to ∼52◦C. When the two-photon
resonance condition generated by the pump and coupling fields
satisfies the requirements for the 5S1/2 − 5D5/2 transition of
87Rb atoms, an atomic ensemble with a Maxwell–Boltzmann
velocity distribution in the warm vapor can be coherently two-
photon excited owing to the Doppler-free two-photon resonant
configuration with counterpropagating pump and coupling
fields. In the study, signal (5P3/2 − 5D5/2 transition) and idler
(5S1/2 − 5P3/2 transition) photon pairs were generated from the
warm atomic ensemble via the SFWM process in the cascade-
type atomic system, which were propagated at a tilting angle of
1.3◦ relative to the pump and coupling beam path axes.
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Fig. 1. Experimental scheme for entanglement swapping between
Alice and Bob sites based on warm atomic ensemble of 87Rb atoms.
(a) Generation of polarization-entangled photon pairs from an
atomic ensemble. (b) Cascade emission of signal and idler photons via
spontaneous four-wave mixing (SFWM) in three-level ladder-type
atomic system. (c) Schematic of experimental setup for entanglement
swapping between two independent polarization-entangled photon
pairs from SFWM with bidirectional counterpropagating pump and
coupling fields in atomic vapor cell (PBS, polarizing beam splitter; P,
polarizer; IF, interference filter; HWP, half-wave plate; QWP, quarter-
wave plate; FC, fiber couplers; EF, solid fused-silica etalon filter; SPD,
single-photon detector; FBS, fiber beam splitter; FPBS, fiber polarizing
beam splitter; FPC, fiber polarization controller).

Polarization-entangled photon pairs were generated by means
of Sagnac interferometry with bidirectional counterpropagating
two-photon resonant pump and coupling fields in the Doppler-
broadened cascade-type atomic system [12]. To have equal
two-photon excitation of the two interferometer pathways,
the experimental conditions of the bidirectional counterprop-
agating pump and coupling fields in the vapor cell should be
the same as each other. In the experiment, the counting rates of
the signal and idler photons were measured to be 650 kHz and
300 kHz, respectively, and the coincidence counting rate of the
photon pair was obtained to be∼18 kHz with the coincidence
window of 3 ns, under conditions of 0.12 mW pump power and
1.0 mW coupling power.

The orthogonally linearly polarized signal and idler pho-
tons in the two pathways are adjusted to have equal excitation
probability and orthogonal polarizations. The two pathways

are overlapped at PBS2 and coupled into a single-mode optical
fiber. The output state can be expressed as

|9〉 =
1
√

2

(
|H〉s |V 〉i + e iϕ

|V 〉s |H〉i
)
, (1)

wherein the relative phase difference ϕ between the two SFWM
paths is insensitive in the Sagnac interferometer [20].

The temporal–spectral features of the two independent
CW photon-pair sources from the warm atomic ensembles
are intrinsically identified. In the study, the temporal shapes
corresponded to the cross-correlation function between
the signal and idler photons, which was determined by the
measurement of the coincident detection histogram. The full
width at half-maximum (FWHM) widths of the temporal
shapes were estimated to be approximately 2 ns. In addition,
the realization and fidelity of polarization-entangled Bell
states were analyzed using the two polarizers for the signal and
idler photons. The raw visibilities of the interference fringes of
the two polarization-entangled photon-pair sources were esti-
mated to be>93%. From these high visibilities, we can infer the
violation of the Bell’s inequality of the entanglement-swapped
states.

Here, we note that to implement efficient entanglement
swapping, the independent entangled photon sources should be
indistinguishable. In this context, Hong–Ou–Mandel (HOM)
quantum interference constitutes the key evidence of the indis-
tinguishability and purity of independent single-photon sources
[22,23]. To obtain HOM interference between autonomous
entangled photon sources from Doppler-broadened atomic
ensembles, in our study, the polarizations of idler photons 2
and 3 were adjusted to linear polarization by half- and quarter-
wave plates positioned before the two input collimators, and,
subsequently, idler photons 2 and 3 were coupled with two
single-mode fibers (SMFs) and collected by a fiber beam splitter
(FBS). The three fiber polarization controllers (FPCs) were uti-
lized to maintain the polarization of the photons in the optical
fiber system with the FBS and fiber polarizing beam splitters
(FPBSs). After passing through the two FPBSs, the signal and
idler photons were sent to four single-photon detectors (SPDs;
PerkinElmer Inc. SPCM-AQRH-13HC), which were con-
nected to a time-tagging module (qutools GmbH. quTAU) for
fourfold coincidence measurement. The detection of two idler
photons 2 and 3 heralds the existence of the signal photons 1
and 4.

To confirm the indistinguishability and polarization corre-
lations between the two independent heralded single photons
in the polarization-entangled states |9−〉12 and |9−〉34, we
performed the HOM interference with the two idler photons
2 and 3. In this measurement, the angles of the two polarizers
P2 and P3 are fixed at 45◦. Figure 2 shows the time-resolved
HOM interference fringe obtained in a 60 min accumulation
time with a 3 ns temporal window and a 0.4 ns resolution. As
shown in Figs. 2(a) and 2(b), the HOM dip and peak fringes
were observed with the polarization orientations 45◦/45◦ and
45◦/135◦ of the P1/P4, respectively. The raw visibilities were
estimated to be 78.4% and 79.3%.

We next describe the entanglement generation between the
two independent warm atomic ensembles via entanglement
swapping. As shown in Fig. 1, idler photon 2 from Alice and
idler photon 3 from Bob are both sent through a 3 m optical
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Fig. 2. Time-resolved Hong–Ou–Mandel (HOM) inter-
ference. (a) HOM dip and (b) HOM peak interference fringes
between photons 2 and 3 of two autonomous photon sources from
Doppler-broadened atomic ensembles.

fiber to an intermediate station for a joint BSM. In our exper-
iment, we consider polarization-entangled photons in the
state ∣∣9−〉12 ⊗

∣∣9−〉34 =
1

2
(|H〉1|V 〉2 − |V 〉1|H〉2)

⊗
(
|H〉3|V 〉4 − |V 〉3|H〉4

)
. (2)

We choose to analyze the projection onto the Bell state∣∣9−〉23 =
1
√

2

(
|H〉2|V 〉3 − |V 〉2|H〉3

)
, (3)

which is achieved by overlapping photons 2 and 3 onto the FBS
and performing a proper polarization decomposition in the out-
put modes and subsequent coincidence detection.

According to the entanglement swapping scheme, upon
projection of photons 2 and 3 into the |9−〉23 state, photons 1
and 4 should be projected into the |9−〉14 state. To verify that
this entangled state is obtained, we have to analyze the polari-
zation correlations between photons 1 and 4 conditioned on
coincidences between the detectors of the Bell-state analyzer.
Angle θ1, the polarization of photon 1 in Alice, was fixed at four
different values, i.e., 0◦, 45◦, 90◦, and 135◦, and we measured
the fourfold coincidence counts as a function of angle θ4, the
polarization of photon 4 in Bob, as shown in Fig. 3(a). In the
figure, the experimentally obtained fourfold coincidences have
been fitted by a joint sine function. Further, the interference
fringe visibility can be estimated to range from 79.7(2)% to
80.2(2)%.

We remark here that the obtained visibility of ∼80% is
affected by the accidental coincidence counts of the entan-
gled photon-pair source and the technical limitations of the
joint BSM process. To increase the number of fourfold coinci-
dence events, it must be ensured that the twofold coincidence
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Fig. 3. Experimental results of entanglement swapping.
(a) Interference fringes as functions of two polarizers (P1 and P4)
for photons 1 and 4 for the |9−〉14 state and polarization correlations
between photons 1 and 4 conditioned on |9−〉23 detection. (b) Bell’s S
parameter as a function of the difference of both polarization analyzer
angles (θ4 − θ1).

counting rate of each polarization-entangled source is high. In
our case, the accidental coincidence counts increased with an
increase in the photon-pair generation rates. The raw visibility
of the interference fringe from each polarization-entangled
source was measured to be∼93% at twofold coincidence counts
of 18 kHz. After the joint BSM, the raw visibility was estimated
to be ∼85% at twofold coincidence counts of 6 kHz, which
could be attributed to the fiber coupling efficiency and the FBS
and FPBS losses. Moreover, the technical limitations in our joint
BSM process included the FBS coupling ratio of 48(1):52(1)
and polarization compensation in the optical fiber system
[24]. In our experiment, the visibility degradation effect due
to the FPBS extinction ratio of ∼20 dB was negligible. The
visibility considering the unbalance effect of the FBS coupling
ratio was estimated to be ∼82%. In particular, we note here
that polarization compensation is related to the maintenance
of the polarization of both photons in the optical fiber system
during the accumulation time of 4000 s for interference fringe
measurement. Because polarization compensation depends on
the measurement environment, its effect in our system degraded
the visibility from 2% to 3%.

The entanglement swapping rate has been estimated as four-
fold coincidence events on the constructive interference in the
result of Fig. 3(a). From this result, we could obtain the entan-
glement swapping rate of 0.063(2) counter per sec (cps) with
the coincidence window of 3 ns. In our experiment, we wait for
the two pairs of photon to randomly coincide for the fourfold
measurement without any time-synchronization between the
two polarization-entangled sources. However, if the entangle-
ment swapping experiment is demonstrated with the use of two
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synchronized independent pulse-mode polarization-entangled
sources, the fourfold coincidence rate will significantly increase.

Next, as shown in Fig. 3(b), we calculated the S parameter
in the Clauser–Horne–Shimony–Holt (CHSH) form of Bell’s
inequality [25,26] as follows:

S(θ1, θ4, θ
′

1, θ
′

4)=
∣∣E (θ1, θ4)− E

(
θ1, θ

′

4

)
+ E

(
θ ′1, θ4

)
+ E

(
θ ′1, θ

′

4

)∣∣≤ 2,
(4)

where E (θ1, θ4) represents the correlation function for a set
of (θ1, θ4). In addition, θ1

′ and θ4
′ are set as θ1 + 90◦ and

θ4 + 90◦, respectively. The S value was calculated to be 2.32(7),
but estimated to be 2.55(7) by subtracting the accidental
coincidence counts. In addition, the estimated S value corre-
sponded to the violation of the classical limit of 2 by more than
4.5 standard deviations. From the violation test of the Bell–
CHSH inequality, we successfully confirmed entanglement
swapping between two independent polarization-entangled
SFWM sources from a Doppler-broadened atomic ensemble
of 87Rb atoms. Furthermore, we performed quantum-state
tomography of the |9−〉14 state of entanglement swapping
composed of Alice and Bob sites. The fidelity to the ideal singlet
Bell state of |9−〉 was estimated to be 0.7738(4) based on raw
data accumulated within 4000 s.

In conclusion, we successfully demonstrated entanglement
swapping between two autonomous polarization-entangled
SFWM photon-pair sources based on warm atomic ensembles
of 87Rb atoms. The two independent polarization-entangled
photon sources were phase-insensitive because of the use of
bidirectional noncollinear SFWM based on a polarization
Sagnac interferometer. Our successful realization of entangle-
ment swapping with polarization-entangled SFWM Sagnac
sources from warm atomic ensembles was confirmed by the vio-
lation of the Bell–CHSH inequality by S= 2.32± 0.07 with
4.5 standard deviations. The advantages of our polarization-
entangled SFWM Sagnac sources, including high spectral
purity, high stability, high brightness, simple apparatus, and
effective interaction with atoms, allowed for the implementa-
tion of entanglement swapping with a high distribution rate.
We believe that our results can contribute to the realization of
quantum communication and optical quantum-information
processing using linear gates or through the formation of cluster
states. However, to realize a long-distance quantum commu-
nication with a quantum repeater, techniques for broadband
quantum memory and telecom wavelength conversion need to
be included in our entanglement swapping scheme.
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