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Abstract We report an experimental generation of
polarization-entangled photon pairs in a cold atomic
ensemble. A single Stokes photon and one spin-wave
excitation are simultaneously created via spontaneous
Raman scattering. The spin-wave excitation is then
converted into an anti-Stokes photon via an electromagnetic-induced-transparency reading process. The
measured cross-correlation functions between the
Stokes and anti-Stokes photons for two orthogonal
polarizations are *75 and 74, respectively, at a generation rate of the photon pair of *60/s. Based on
such correlations, we obtain polarization-entangled
photon pairs, whose Bell parameter is S = 2.77 ±
0.01, violating Bell-CHSH inequality by *77 standard
deviations. The presented polarization-entangled photon source has high entanglement degree and fast
generation rate, which will promise us to apply it in
future quantum repeater.
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1 Introduction
The polarization-entangled photon pairs capable of storages play a critical role in quantum information processing,
quantum computation and quantum communication [1–8].
The spontaneous parameter down-conversion (SPDC) in
nonlinear crystals has been widely used to generate
polarization-entangled photon pairs [9–12]. However, the
obtained entangled states from SPDC are unfeasible to be
directly stored in most matter nodes due to their large
linewidth of THz order [2, 11]. Spontaneous Raman scattering (SRS) in an atomic ensemble can emit a single
Stokes photon and simultaneously create one spin-wave
excitation [2]. The cross-correlation between the Stokes
photons and the spin-wave excitations allows people to
achieve the spin-wave-photon entanglement [4]. The single
spin-wave excitation can be mapped into a single antiStokes photon via dynamic electromagnetic-inducedtransparency (EIT) reading process. The generated Stokes
and anti-Stokes photons are narrow-bandwidth entangled
photon pairs which can be effectively stored in atomic
ensemble via electromagnetically induced transparency
(EIT) [13, 14].
Over the past decades, important progress has been
made in generation of polarization-entangled photon pairs
by SRS [15–20]. In 2005, Matsukevich et al. [16] reported
the experimental generation of entanglement of a photon
and a collective atomic excitation in a cloud of cold Rb
atoms. Pan’s group [17] has demonstrated a stable atomphoton entanglement source for quantum repeaters in 2007.
In 2011, Yan et al. [18] reported the generation of nondegenerate narrow-bandwidth paired photons with time–
frequency and polarization entanglements from a cloud of
cold atoms. In 2014, Liao et al. [19] generated subnaturallinewidth polarization-entangled photon pairs. In 2015,
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Ding et al. [20] generated entanglement of a heralded
single photon in both path and polarization storage and
achieved polarization entanglement storage in two cold Rb
atomic ensembles. However, the measured Bell parameters
[21] for the polarization-entangled photon pairs in these
works are less than *2.6 [17]. The high-quality polarization-entangled photon source still remains challenge.
In this paper, we report an experimental study on generation of polarization-entangled photon pairs via SRS in a
cold atomic ensemble. A magnetic field along z-direction is
applied to define quantum axis. An appropriate atomic
level configuration is chosen to couple the light fields
involved in SRS. We use a writing laser pulse to excite the
cold atoms; thus, a single Stokes photon and one spin wave
are created at the same time. We collected the Stokes
photons along z-axis. The spin-wave excitation is then
converted into an anti-Stokes photon via an EIT reading
process [13] and is collected at the direction opposite to
that of the Stokes photons. For verifying photon–photon
entanglement, we perform the correlation measurements
between the Stokes and anti-Stokes photons at two
orthogonal polarization bases (right/left circular polarizations). At a small excitation probability v = 0.014, the
measured cross-correlation functions for two different
polarization bases, Bell parameter and generation rate of
the pair of Stokes and anti-Stokes photons are g(2)[70,
S = 2.77 ± 0.01 and *60/s, respectively.

2 Experimental setup
The relevant atomic levels and experimental setup are
shown in Fig. 1a, b. A cloud of cold 87Rb atoms is used to
generate polarization-entangled photon pairs. The atoms
are optically pumped into the initial level jai by r±-polarized laser beams P1 and P2 (not shown in Fig. 1a), which
are overlapped at a PBS and then collinearly go through the
atoms at an angle of 2° to the z-axis. The frequencies of P1
and P2 are tuned on jbi $ je2 i and jbi $ je1 i transitions,
respectively. The atoms are prepared in jai with equal
probability in the three Zeeman sublevels jma ¼ 1i,
|ma = 0i and |ma = 1i. For simplicity, the atoms are
assumed to be in |a, m = 0i state. A weak magnetic field B
is applied on the atoms along z-axis. The write light beam
goes through the atoms along x-axis, whose frequency is
tuned to jai ! je2 i transition with 10 MHz red-detuned.
We use acoustic-optical modulator (AOM) to switch on/off
the write light beam and then generate a write pulse. Under
the action of the write pulse on the atoms, a single Stokes
photon will be emitted with a small probability into a
spatial field mode S and the spin-wave (SW) A with one
excitation will be created simultaneously. The wave vector
!
!
!
!
!
of the SW mode A is k A ¼ k w  k S , where k w and k S
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are the wave vectors of write field and Stokes field S,
respectively. After a storage time s, a reading laser pulse
with its frequency tuned to jbi ! je1 i transition and its
propagating direction along x-axis (opposite to that of the
write beam) is applied to transfer the SW excitation into a
single anti-Stokes photon. The anti-Stokes photon will be
in the spatial field mode S0 whose wave vector is
!
!
k S0 ¼  k S , which means it propagates along the direction
opposite to that of Stokes photons.
According to the discussion in Ref. [22], when the Stokes
photons are r?(r-) polarization, the anti-Stokes photons
will be r-(r?) polarization, where r?/r- represents right/
left circular polarization. Since the r? - (r--)-polarized
Stokes photons are strongly correlated with the
r- - (r?-)-polarized anti-Stokes photons, the Stokes
photon and anti-Stokes photon will be well entangled in their
polarization states under the condition of excitation probability v  1.
By inserting a k/4 plate in the each path of S and S0 modes,
respectively, their circular polarizations are transferred into
linear polarizations (for Stokes photons S: r?(r-) ? H (V);
for anti-Stokes photons S0 : r?(r-) ? V (H)), where H/V
represents horizontal/vertical polarization. The ideal entanglement state between the Stokes and anti-Stokes photons can
be written as

1 
ð1Þ
jwðsÞiS0 S ¼ pﬃﬃﬃ jH iS0 jH iS þ jV iS0 jV iS ;
2
where the relative phase is not considered due to the short
storage time [22].
As shown in Fig. 1a, the Stokes and anti-Stokes photons
are collected by two single-mode fibers, whose modes
S and S0 have a 1/e diameter of 0.7 mm at the center of the
cold atomic cloud. After single-mode fibers, two sets of
optical filters, each one including three Fabry–Perot etalons, are used to reduce the background noise to a level of
10-4 per write/read pulses. The polarization projection
measurement on Stokes (anti-Stokes) photons is completed
by using a half-wave plate, a cubic polarization beam
splitter and two single-photon detectors DH1, DV1 (DH2 and
DV2). The data from the detectors are recorded and analyzed by a self-programmed coincidence apparatus based
on field-programmable gate array (FPGA: NI PXIe7966R). The z-polarized writing and reading laser beams
counter-propagate through the atoms along x-axis, whose
diameters (powers) are *3 mm (1 mW) and 3.3 mm
(*50 mW), respectively, at the center of the atoms.
The time sequence of the experimental procedure is
shown in Fig. 1c. The experimental cycle repeats with a
frequency of 30 Hz. Each experimental cycle contains a
23-ms preparation stage and a 10-ms experiment run.
During the preparation stage, the atomic ensemble is
trapped in the MOT for 22 ms and further cooled to a
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Fig. 1 (Color online) Overview of the experiment. a Experimental setup for generating polarization-entangled photon pairs. The magnetic field
B = 200 mG is applied on the cold atoms along z-axis. The z-polarized write beam goes through the atoms along x-direction, while the zpolarized read beam counter-propagates with respect to the write beam. PBS: polarization beam splitter, SMF: single-mode fiber, SPD: singlephoton detector. b The scheme of relevant 87Rb atomic levels coupled by light fields of writing (W), reading (R), r±-polarized Stokes and antiStokes photons. c The time sequence of an experimental cycle

function of storage time s at excitation probability
v & 0.014, and the results are shown in Fig. 2. Each data
point corresponds to the counts collected in 33 s. At storage time s = 30 ns, the generation rate of the photon pairs
is measured to be *60/s (CVV is almost the same as CHH).
The overall detection efficiency g is *30 %, including the
coupling efficiency of single-mode fibers (80 %), the
1000

Coincidence counts

temperature of *130 lK by a Sisyphus cooling for 0.5 ms.
The cloud of atoms has a size of (*5 9 2 9 2) mm3 and
an optical density of *7, whose longitudinal symmetry
axis is along z-axis. Then, the MOT (beams and magnetic
field) is turned off, and the guiding magnetic field
B = 200 mG is applied. At the end of this stage, P1 and P2
laser beams are switched on for 20 ls to pump the atoms
into the level jai. After the preparation stage, the 10-ms
experiment run which contains n trails starts. In each trail, a
write laser pulse with a length of dtW ¼ 70 ns is applied to
generate correlated pairs of a single Stokes photon and a
single SW excitation. After a storage time s, a read laser
pulse with a length of dtR ¼ 100 ns is applied to retrieve
the stored SWs. For the case of s ¼ 30 ns, the 10-ms
experimental run contains n = 10,000 trails; thus, 1-s
experimental sequence contains N = 300,000 trails.
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0

3 Results and discussion
We firstly measured the coincidence counts CHH (CHV)
between detectors DH1 and DH2 (DH1 and DV2 ) as the
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Fig. 2 (Color online) Coincidence counts as a function of storage
time s
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filtering efficiency (80 %) and the quantum efficiency of
the single-photon detectors (50 %). Considering that the
measured retrieval efficiency of the spin wave R = 20 %
and the detection efficiency of a single photon g, the theoretical detection rate calculates to be r ¼ g2 vRN ¼ 75=s
for repetition rate N = 300,000/s, which is basically consistent with the experimental value 60/s. The generation
rate will be increased further if the retrieval efficiency and
the detection efficiency are improved.
The polarization cross-correlation functions of Stokes
and anti-Stokes photons are defined as
ð2Þ

gHHðVVÞ ¼

PH1 H2 ðV1 V2 Þ
;
PHðVÞ1 PHðVÞ2

ð2Þ

where PH1 (PV1 ) and PH2 (PV2 ) are the probabilities for
detecting a single photon on detector DH1 (DV1 ) and
DH2 (DV2 ), respectively, and PH1 H2 is the coincidence
probability between DH1 and DH2 . DH1 (DH2 ) and DV1 (DV2 )
is used for detecting H-polarized and V-polarized Stokes
(anti-Stokes) photons. Under the excitation probability
(2)
v  0:014, the measured g(2)
HH and gVV are 75 and 74, which
are far beyond the limit of 2.
In order to evaluate the entanglement state jWiS0 S , we
measure the correlations between the anti-Stokes and
Stokes photons E(hP, hP0 ) [16] as the function of hP and hP0 ,
where hP and hP0 are the polarization angles of the Stokes
photon in S mode and anti-Stokes photon in S0 mode,
respectively. Their values can be changed by two halfwave plates P and P0 (Fig. 1a), respectively. At storage
time s = 30 ns, the measured E(hP, hP0 ) as the function of
hP0 for fixed hP is shown in Fig. 3. The interference visibility of the polarization correlation is 97.1 %.
In the canonical settings hP ¼ 0 , hP0 ¼ 22:5 , h0P ¼ 45
and h0P0 ¼ 67:5 , the Bell parameter S for the entanglement
state jWðsÞiS0 S is S ¼ 2:77  0:01 (2.12 ± 0.03) for the
storage time of s ¼ 30 ns (930 ns), which significantly

violates the Bell-CHSH inequality by *77 standard deviations. The measured Bell parameter as the function of
storage time s is shown in Fig. 4, which shows that the
polarization-entangled photon pair can be generated after a
controllable storage time.
We performed quantum state tomography to fully
characterize the two-photon entangled state. The polarization analyzer is composed of HWP, QWP and PBS. After
the PBS, the photons are coupled into single-mode fibers
and detected by SPDs. We used the measurement bases
jH i, jV i, jRi, jLi, jDi and j Ai for each photon, where the
six bases denote horizontal, vertical, right circular, left
circular, diagonal (45°) and antidiagonal (–45°) polarizations, respectively. Thus, a total of 36 two-photon polarization bases should be measured. Since each photon
employs two SPDs, the measurement basis and its perpendicular basis can be recorded at the same time. The 36
measurement bases can be measured from 9 polarization
settings. Each of the polarization setting is measured over
33–66 s for different storage times. Using the measured
data of the 36 bases, we reconstructed the density matrix q
of the two-photon entangled state by maximum likelihood
technique [23] for different storage
 times. The fidelity with

the ideal state jWðsÞiS0 S ¼ p1ﬃﬃ2 jH iS0 jH iS þjV iS0 jV iS is
also pcalculated
through
the
equation
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
p
ﬃﬃﬃ
pﬃﬃﬃ2
qqideal q , where qideal is the density matrix
F ¼ Tr
of the ideal state. The measured fidelities versus storage
time are shown in Fig. 5. The results show that the fidelity
is 96.5 % ± 0.3 % at s = 30 ns. The errors on the fidelities are estimated using a 100-run Monte Carlo simulation.

4 Conclusions
We generate polarization-entangled photon pairs via SRS
in a cold 87Rb atomic ensemble. With an appropriate
atomic level configuration and experimental arrangement,
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Fig. 3 (Color online) Normalized polarization correlation of the
paired Stokes and anti-Stokes photons. The squares (triangles)


correspond to the data of hP ¼ 0 (h0P ¼ 45 ). The solid lines are
sinusoidal fitting lines

2.1
2.0

0

200

400

600

800

1000

Storage time τ (ns)
Fig. 4 (Color online) Measured values of the Bell parameter S as a
function of storage time s
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Fig. 5 (Color online) Fidelity of the measured entangled two-photon
state as a function of storage time s

the measured results present good nonclassical correlation
g(2)[70 and the measured Bell parameter S = 2.77 ± 0.01.
The pair generation rate is up to *60/s. Such high
entanglement degree and fast generation rate of photon
pairs will allow the polarization-entangled photon source to
play a crucial role in future quantum information processing based on quantum networks.
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