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We demonstrate an efficient experimental scheme for producing polarization-entangled photon pairs
from spontaneous four-wave mixing (SFWM) in a laser-cooled 85Rb atomic ensemble, with a bandwidth
(as low as 0.8 MHz) much narrower than the rubidium atomic natural linewidth. By stabilizing the relative
phase between the two SFWM paths in a Mach-Zehnder interferometer configuration, we are able to
produce all four Bell states. These subnatural-linewidth photon pairs with polarization entanglement are
ideal quantum information carriers for connecting remote atomic quantum nodes via efficient light-matter
interaction in a photon-atom quantum network.
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The connectivity of a long-distance photon-atom quan-
tum network strongly depends on efficient interactions
between flying photonic quantum bits and local long-lived
atomic matter nodes [1,2]. Such efficient quantum interfaces,
which convert quantum states (such as time-frequency
waveform and polarizations) between photons and atoms,
require the photons to have a bandwidth sufficiently nar-
rower than the natural linewidth of related atomic transitions
(such as 6 MHz for rubidium D1 and D2 lines). As a
standard method for producing entangled photons, sponta-
neous parametric down-conversion (SPDC) in a nonlinear
crystal usually has a wide bandwidth (larger than terahertz)
and very short coherence time (less than picosecond). Many
efforts have been investigated in the past more than one
decade ago to narrow down the SPDC photon bandwidth by
using optical cavities [3–8]. However, the bandwidth of
SPDC polarization-entangled photon pairs is still wider than
most atomic transitions and leads to a very low efficiency of
storing these polarization states in a quantum memory [5,9].
Our motivation was stimulated by the recent progress

in generating subnatural-linewidth biphotons by using
continuous-wave spontaneous four-wave mixing (SFWM)
in a laser-cooled atomic ensemble with electromagnetically
induced transparency (EIT) [10,11]. Photons produced from
this method not only have narrow bandwidth but also
automatically match the atomic transitions. The applications
of these narrow-band photons include the demonstration of a
single-photon memory with a storage efficiency of about
50% [12], a single-photon precursor [13], and coherent
control of single-photon absorption and reemission [14].
However, while this method provides a natural entanglement

mechanism in the time-frequency domain, it is extremely
difficult to produce polarization entanglement because of
the polarization selectivity of EIT in a nonpolarized atomic
medium [15]. It is possible to generate the polarization
entanglement by scarifying the EIT effect, but the photon
generation efficiency is low and the bandwidth is not
narrower than the atomic natural linewidth [16]. The “writ-
ing-reading” technique with optical pumping provides a
solution to polarization entanglement but results in reducing
time-frequency entanglement [17].
In this Letter, we report our work on producing subna-

tural-linewidth polarization-entangled photon pairs by using
the continuous-wave SFWM cold-atom EIT configuration.
We demonstrate that the polarization entanglement can be
efficiently produced by making use of a Mach-Zehnder
interferometer in a two-path SFWM setup while maintaining
the EIT effect in controlling the photon bandwidth. By
tuning the phase difference between the two SFWM paths
and properly setting the driving laser polarizations, we can
generate all four Bell states. These photons have a coherence
time of up to 900 ns and an estimated bandwidth of about
1 MHz that is much narrower than the Rb atomic natural
linewidth (6 MHz). These subnatural-linewidth polarization-
entangled photon pairs are ideal flying qubits for connecting
remote atomic quantum nodes in a quantum network.
Our experimental setup is illustrated in Fig. 1. We work

with a two-dimensional 85Rb magneto-optical trap (MOT)
with a longitudinal length of L ¼ 1.7 cm [18]. The experi-
ment is run periodically. In each cycle, after 4.5 ms MOT
time, the atoms are prepared in the ground level j1i and
followed by a 0.5 ms SFWM biphoton generation window.
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Along the longitudinal direction, the atoms have an optical
depth of 32 in the j1i → j3i transition. The pump laser
(780 nm, ωp) is 80 MHz blue detuned from the transition
j1i → j4i, and the coupling laser (795 nm, ωc) is on
resonance with the transition j2i → j3i. The linear polar-
ized pump laser beam, with a 1=e2 diameter of 1.8 mm, is
equally split into two beams after a half-wave plate and the
first polarization beam splitter (PBS1). These two beams,
with opposite circular polarizations (σþ and σ−) after two
quarter-wave plates, then intersect at the MOT with an
angle of �2.5° to the longitudinal axis. Similarly, the two
coupling laser beams after PBS2 with opposite circular
polarizations overlap with the two pump beams from
opposite directions. In the presence of these two pairs of
counterpropagating pump-coupling beams, phase-matched
Stokes (ωs) and anti-Stokes (ωas) paired photons are
produced along the longitudinal axis and coupled into
two opposing single-mode fibers (SMFs). In each SFWM
path, the polarizations of the Stokes and anti-Stokes
photons follow those of the corresponding pump and
coupling field, respectively. The two SMF spatial modes
are focused at the MOT center with a 1=e2 diameter of
0.4 mm. After two narrow-band filters (F1 and F2, 0.5 GHz
bandwidth), the photons are detected by two single-photon
counter modules (SPCM, Perkin Elmer SPCM-4Q4C) and
analyzed by a time-to-digital converter (Fast Comtec P7888)
with a time bin width of 1 ns. Two sets of quarter-wave
plates, half-wave plates, and PBSs are inserted for measuring
polarization correlation and quantum state tomography.
To obtain the polarization entanglement, we must sta-

bilize the phase difference between the two SFWM spatial
paths. This is achieved by injecting a reference laser beam
(795 nm, 110 MHz blue detuned from the transition
j2i → j3i) from the second input of PBS2. The two
reference beams split after PBS2 are then recombined after
PBS1 and detected by a photodetector (a half-wave plate
and a PBS are used to obtain the interference), as shown in
Fig. 1. This is a standard Mach-Zehnder interferometer to

the reference laser. Locking the phase difference of the two
arms of the Mach-Zehnder interferometer with a feedback
electronics stabilizes the phase of the two SFWM paths (see
Supplemental Material [19]). To avoid interaction with the
cold atoms, the reference beams are slightly shifted away
from the pump-coupling beams but pass through the same
optical components.
Following the perturbation theory [11], the produced

two-photon state can be described as (see Supplemental
Material [19] for the derivation)

jΨi ¼ L
Z

κðωasÞsinc
�
ΔkðωasÞL

2

�
jωs ¼ ωp þ ωc − ωasi

× jωasidωas ⊗
1ffiffiffi
2

p ðjσ1pisjσ1cias þ eiϕjσ2pisjσ2ciasÞ;

ð1Þ

which shows hyperentanglement in frequency (continuous)
and polarization (discrete). The upper indices (1 and 2)
represent the two SFWM spatial paths. ΔkðωasÞ is the
phase mismatching, and κðωasÞ is the nonlinear parametric
coupling coefficient. κðωasÞsinc½ΔkðωasÞL=2� determines
the photon spectrum. ϕ is the phase difference between the
two SFWM paths. Equation (1) can also be rewritten in the
time and polarization domains

jΨðts; tasÞi ¼ ψðtas − tsÞe−iðω̄astasþω̄stsÞ

× ⊗
1ffiffiffi
2

p ðjσ1pisjσ1cias þ eiϕjσ2pisjσ2ciasÞ; ð2Þ

where ts and tas are the detection time of the Stokes and
anti-Stokes photons, respectively. ω̄s and ω̄as are their
central frequencies, respectively. The time-domain wave
function ψðtas − tsÞ results from the frequency entangle-
ment (ωs ¼ ωp þ ωc − ωas) and is the Fourier transform of
the two-photon joint spectrum. Meanwhile, as shown in
Eqs. (1) and (2), the polarization entanglement can be
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FIG. 1 (color online). Experimental setup for producing subnatural-linewidth polarization-entangled photon pairs. The polarization
entanglement is created by the quantum interference of the two spatially symmetric SFWM processes driven by two counterpropagating
pump-coupling beams (L1 and L2). The phase difference of the two SFWM paths is stabilized by locking the reference laser in the
Mach-Zehnder interferometer, whose output is detected by a photodetector (PD). To avoid interaction with the cold atoms, the reference
beams are slightly shifted away from the pump-coupling beams but pass through the same optical components. The inserted energy level
diagrams are two possible SFWM channels for L1 and L2, respectively. PZT: Piezoelectric transducer.

PRL 112, 243602 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending
20 JUNE 2014

243602-2



manipulated by controlling the pump-coupling polariza-
tions and phase difference.
We first characterize the two-photon nonclassical corre-

lation in the time domain. Figures 2(a)–2(c) show the two-
photon coincidence counts as functions of the relative time
delay (τ ¼ tas − ts) with the polarization configurations
σþs σ−as, σ−s σþas, and σþs σ−as þ σ−s σ

þ
as, respectively. We care-

fully balance the pump and coupling laser powers on the
two SFWM paths to make their correlation indistinguish-
able in the time domain for achieving the maximally
polarization-entangled states. At each path, the pump beam
has a power of 8 μW and the coupling beam of 2 mW. As
shown in Fig. 2, these paired photons have a temporal
correlation length of 300 ns. Normalizing the coincidence
counts to the accidental uncorrelated background counts,

we obtain the normalized cross correlation gð2Þs;asðτÞ with a
peak value of 35 at τ ¼ 25 ns. With measured autocorre-

lations gð2Þs;s ð0Þ ¼ gð2Þas;asð0Þ ≈ 2.0, we confirm that the

Cauchy-Schwartz inequality ½gð2Þs;asðτÞ�2 ≤ gð2Þs;s ð0Þgð2Þas;asð0Þ
is violated by a factor of 306, which clearly indicates the
quantum nature of the paired photons. With an integration
time bin of 300 ns, the normalized cross correlation has a
reduced peak value of 10, which still violates the Cauchy-
Schwartz inequality by a factor of 25. The solid curves in
Figs. 2(a)–2(c) are calculated from Eq. (2). The nearly
perfect agreement between the theory and experiment
indirectly verifies the time-frequency entanglement. The
shorter correlation time in Fig. 2(c) compared to that in

Figs. 2(a) and 2(b) is caused by the addition of the powers
from the two coupling beams that widen the EIT and
biphoton bandwidth. The coherence time of about 300 ns
corresponds to an estimated bandwidth of 2.9 MHz (also
confirmed from the theory). The photon bandwidth can be
further reduced by lowering the coupling laser power to
narrow the EIT window. Figure 2(d) shows the measured
correlation time versus the coupling laser power. With
0.13 mW coupling laser power, we obtain a coherence time
of up to 900 ns, which corresponds to a bandwidth of about
0.8 MHz. The solid curve in Fig. 2(d) is also obtained
with Eq. (2).
We next demonstrate that all four polarization-entangled

Bell states can be realized by locking the phase ϕ as well as
properly choosing the polarizations of the coupling and
pump laser beams. As shown in Eq. (2), locking the phase
difference ϕ as 0 or π and setting σ1p ¼ σ2c ¼ σþ,
σ1c ¼ σ2p ¼ σ−, we can produce two polarization-entangled
Bell states:

jΨ�i ¼ 1ffiffiffi
2

p ðjσþs σ−asi � jσ−s σþasiÞ: ð3Þ

Similarly, by setting σ1p ¼ σ1c ¼ σþ, σ2p ¼ σ2p ¼ σ−, we
obtain other two Bell states:

jΦ�i ¼ 1ffiffiffi
2

p ðjσþs σþasi � jσ−s σ−asiÞ: ð4Þ
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FIG. 2 (color online). (a)–(c) Two-photon coincidence counts as a function of the relative time delay between the Stokes and anti-
Stokes photons. (a) Path 1: σ1p ¼ σþ and σ1c ¼ σ−; path 2: blocked. (b) Path 1: blocked; path 2: σ2p ¼ σ− and σ2c ¼ σþ. (c) Both paths are
present. (d) The temporal length of the paired photons as a function of the coupling laser power. All the black lines are theoretical plots.

PRL 112, 243602 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending
20 JUNE 2014

243602-3



Figure 3 displays the measured two-photon polarization
correlations for jΨþi by locking ϕ ¼ 0. The coincidence
counts are integrated from τ ¼ 0 to 300 ns for a total
measurement time of 150 s. The circle data (∘, red line) are
collected by fixing the Stokes photon polarization angle
at 0° and the triangle data (▵, blue line) at −45°. Other
parameters during the measurement remain the same as
those for Fig. 2(c). The solid cosine- and sine-wave curves
are the theoretical fits with adjustable background and
amplitude parameters. We obtain the visibility V ¼ 89.3%,
which is beyond the requirement of 1=

ffiffiffi
2

p
for violating the

Bell-Clauser-Horne-Shimony-Holt (Bell-CHSH) inequal-
ity [20]. For comparison, we plot the data without locking
the phase as the square points (□, black line) which shows
no quantum interference.
To obtain a complete characterization of the polarization

entanglement, we also make a quantum state tomography
to determine the density matrix following the maximum
likelihood estimation method [21,22]. With two additional
quarter-wave plates, the circular polarization basis jσþs σ−asi,
jσ−s σþasi, jσþs σþasi, and jσ−s σ−asi can be converted into linear
polarization basis jHHi, jVVi, jHVi, and jVHi. Then we
use a half-wave plate followed by a PBS as the polarization
selector. The density matrix is constructed from the
coincidence counts at 16 independent projection states
(see Supplemental Material [19]). The graphical represen-
tations of the obtained density matrix for jΨ�i and jΦ�i are
shown in Fig. 4, from which we obtain the fidelities
of 93.6%, 91.8% , 92.9%, and 95.2%, respectively. We
also use the density matrix to test the violation of the
Bell-CHSH inequality (S > 2) and get the values
S ¼ 2.23� 0.025, 2.19� 0.026, 2.3� 0.02, and 2.39�
0.026 for the obtained four Bell states.
Now, we turn to the brightness of our photon source. For

the data shown in Fig. 2(c), by taking into account the fiber
coupling efficiency (70%), filter transmission (70%), detec-
tor quantum efficiency (50%), and duty cycle (10%), our

photon source spontaneously generates about 9800 photon
pairs per second. With the pump power of 16 μW and a
linewidth of 2.9 MHz, we estimate a spectrum brightness of
3400 s−1 MHz−1 and the normalized spectrum brightness
of 213000 s−1MHz−1 mW−1. We can further increase the
photon pair generation rate by increasing the pump laser
power. Figure 5 shows the dependence of the visibility
of the polarization correlation to the photon pair gen-

eration rate. The visibility is estimated from V ¼ ðgð2Þs;as −
1Þ=ðgð2Þs;as þ 1Þ [23,24]. As long as the generation rate is
less than 4 × 104 s−1 (here the averaged normalized cross
correlation is under consideration), the visibility is larger
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than 1=
ffiffiffi
2

p
, which is the boundary to violate the Bell-

CHSH inequality.
In summary, we have demonstrated an efficient exper-

imental scheme for producing subnatural-linewidth photon
pairs with polarization entanglement. The polarization
entanglement results from the interference between the
two SFWM spatial paths. By stabilizing the phase differ-
ence between these two paths and setting properly the
driving laser polarizations, we produce all four Bell states,
confirmed by the quantum state tomography measure-
ments. Their long coherence time (up to 900 ns) and
narrow bandwidth (about 1 MHz) make them a promising
entangled photon source for interacting with rubidium
atomic quantum nodes.

We thank J. F. Chen and C. Liu for their helpful
discussion. This work was supported by the NSFC
(Grants No. 11104085, No. 11125417, and
No. 61378012), the Major Research Plan of the NSFC
(Grant No. 91121023), the SKPBR of China (Grants
No. 2011CB922104 and No. 2011CBA00200), the
FOYTHEG (Grant No. Yq2013050), the PRNPGZ (Grant
No. 2014010), and the PCSIRT (Grant No. IRT1243). S. D.
was support by Hong Kong Research Grants Council
(Project No. HKU8/CRF/11G).

*yanhui@scnu.edu.cn
†slzhunju@163.com

[1] L. M. Duan, M. D. Lukin, J. I. Cirac, and P. Zoller, Nature
(London) 414, 413 (2001).

[2] H. J. Kimble, Nature (London) 453, 1023 (2008).

[3] Z. Y. Ou and Y. J. Lu, Phys. Rev. Lett. 83, 2556 (1999).
[4] H. Wang, T. Horikiri, and T. Kobayashi, Phys. Rev. A 70,

043804 (2004).
[5] X. H. Bao, Y. Qian, J. Yang, H. Zhang, Z.-B. Chen, T. Yang,

and J.-W. Pan, Phys. Rev. Lett. 101, 190501 (2008).
[6] M. Scholz, L. Koch, and O. Benson, Phys. Rev. Lett. 102,

063603 (2009).
[7] J. Fekete, D. Rieländer, M. Cristiani, and H. de Riedmatten,

Phys. Rev. Lett. 110, 220502 (2013).
[8] M. Förtsch, J. U. Fürst, C. Wittmann, D. Strekalov,

A. Aiello, M. V. Chekhova, C. Silberhorn, G. Leuchs,
and C. Marquardt, Nat. Commun. 4, 1818 (2013).

[9] H. Zhang, X. M. Jin, J. Yang, H. N. Dai, S. J. Yang,
T. M. Zhao, J. Rui, Y. He, X. Jiang, F. Yang, G. S. Pan,
Z. S. Yuan, Y. Deng, Z. B. Chen, X. H. Bao, S. Chen,
B. Zhao, and J. W. Pan, Nat. Photonics 5, 628 (2011).

[10] S. W. Du, P. Kolchin, C. Belthangady, G. Y. Yin, and
S. E. Harris, Phys. Rev. Lett. 100, 183603 (2008).

[11] S. W. Du, J. M. Wen, and M. H. Rubin, J. Opt. Soc. Am. B
25, C98 (2008).

[12] S. Y. Zhou, S. C. Zhang, C. Liu, J. F. Chen, J. M. Wen, M.
M. T. Loy, G. K. L. Wong, and S. W. Du, Opt. Express 20,
24124 (2012).

[13] S. Zhang, J. F. Chen, C. Liu, M. M. T. Loy, G. K. L. Wong,
and S. Du, Phys. Rev. Lett. 106, 243602 (2011).

[14] S. Zhang, C. Liu, S. Zhou, C.-S. Chuu, M.M. T. Loy, and S.
Du, Phys. Rev. Lett. 109, 263601 (2012).

[15] Y. C. Chen, C. W. Lin, and I. A. Yu, Phys. Rev. A 61,
053805 (2000).

[16] H. Yan, S. C. Zhang, J. F. Chen, M. M. T. Loy, G. K. L.
Wong, and S. W. Du, Phys. Rev. Lett. 106, 033601
(2011).

[17] D. Matsukevich and A. Kuzmich, Science 306, 663
(2004).

[18] S. Zhang, J. F. Chen, C. Liu, S. Zhou, M. M. T. Loy, G. K. L.
Wong, and S. Du, Rev. Sci. Instrum. 83, 073102
(2012).

[19] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.112.243602 for the
derivation of Eqs. (1) and (2), the method to lock the phase
ϕ, and the density matrix results of the four Bell states.

[20] J. F. Clauser, Phys. Rev. D 9, 853 (1974).
[21] A. G. White, D. F. V. James, P. H. Eberhard, and

P. G. Kwiat, Phys. Rev. Lett. 83, 3103 (1999).
[22] D. F. V. James, P. G. Kwiat, W. J. Munro, and A. G. White,

Phys. Rev. A 64, 052312 (2001).
[23] H. de Riedmatten, J. Laurat, C. W. Chou, E. W. Schomburg,

D. Felinto, and H. J. Kimble, Phys. Rev. Lett. 97, 113603
(2006).

[24] J. K. Thompson, J. Simon, H. Q. Loh, and V. Vuletić,
Science 313, 74 (2006).

0 1 2 3 4 5

0.70

0.75

0.80

0.85

0.90

0.95

V
is

ib
ili

ty

Generation Rate (104s-1)

FIG. 5 (color online). Visibility versus the biphoton generation
rate. The solid line is the linear fit. The dashed line marks the
boundary for violating the Bell-CHSH inequality.

PRL 112, 243602 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending
20 JUNE 2014

243602-5

http://dx.doi.org/10.1038/35106500
http://dx.doi.org/10.1038/35106500
http://dx.doi.org/10.1038/nature07127
http://dx.doi.org/10.1103/PhysRevLett.83.2556
http://dx.doi.org/10.1103/PhysRevA.70.043804
http://dx.doi.org/10.1103/PhysRevA.70.043804
http://dx.doi.org/10.1103/PhysRevLett.101.190501
http://dx.doi.org/10.1103/PhysRevLett.102.063603
http://dx.doi.org/10.1103/PhysRevLett.102.063603
http://dx.doi.org/10.1103/PhysRevLett.110.220502
http://dx.doi.org/10.1038/ncomms2838
http://dx.doi.org/10.1038/nphoton.2011.213
http://dx.doi.org/10.1103/PhysRevLett.100.183603
http://dx.doi.org/10.1364/JOSAB.25.000C98
http://dx.doi.org/10.1364/JOSAB.25.000C98
http://dx.doi.org/10.1364/OE.20.024124
http://dx.doi.org/10.1364/OE.20.024124
http://dx.doi.org/10.1103/PhysRevLett.106.243602
http://dx.doi.org/10.1103/PhysRevLett.109.263601
http://dx.doi.org/10.1103/PhysRevA.61.053805
http://dx.doi.org/10.1103/PhysRevA.61.053805
http://dx.doi.org/10.1103/PhysRevLett.106.033601
http://dx.doi.org/10.1103/PhysRevLett.106.033601
http://dx.doi.org/10.1126/science.1103346
http://dx.doi.org/10.1126/science.1103346
http://dx.doi.org/10.1063/1.4732818
http://dx.doi.org/10.1063/1.4732818
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.243602
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.243602
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.243602
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.243602
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.243602
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.243602
http://link.aps.org/supplemental/10.1103/PhysRevLett.112.243602
http://dx.doi.org/10.1103/PhysRevD.9.853
http://dx.doi.org/10.1103/PhysRevLett.83.3103
http://dx.doi.org/10.1103/PhysRevA.64.052312
http://dx.doi.org/10.1103/PhysRevLett.97.113603
http://dx.doi.org/10.1103/PhysRevLett.97.113603
http://dx.doi.org/10.1126/science.1127676

