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The light-matter quantum interface that can create quantum correlations or entanglement between a
photon and one atomic collective excitation is a fundamental building block for a quantum repeater. The
intrinsic limit is that the probability of preparing such nonclassical atom-photon correlations has to be kept
low in order to suppress multiexcitation. To enhance this probability without introducing multiexcitation
errors, a promising scheme is to apply multimode memories to the interface. Significant progress has been
made in temporal, spectral, and spatial multiplexing memories, but the enhanced probability for generating
the entangled atom-photon pair has not been experimentally realized. Here, by using six spin-wave-photon
entanglement sources, a switching network, and feedforward control, we build a multiplexed light-matter
interface and then demonstrate a ∼sixfold (∼fourfold) probability increase in generating entangled atomphoton (photon-photon) pairs. The measured compositive Bell parameter for the multiplexed interface is
2.49  0.03 combined with a memory lifetime of up to ∼51 μs.
DOI: 10.1103/PhysRevLett.119.130505

The distribution of entanglement over a long distance is a
central task of quantum communication [1–5]. Because of
transmission losses in optical fibers, directly distributing
entanglement over long distance (>500 km) is limited
[6–8]. To overcome this limitation, Briegel et al. proposed
a quantum repeater (QR) protocol [9], in which the
entanglement distance between two locations is divided
into N shorter elementary links. Entanglement is generated
in each link and then successively extended via entanglement swapping between two adjacent links. To realize a
practical QR, an attractive approach is the Duan, Lukin,
Cirac, and Zoller (DLCZ) protocol [3], which uses atomic
ensembles as memory elements and single-photon detection for entanglement creation and swapping. Based on the
DLCZ protocol, several improved QR schemes have been
proposed [10–15], in which a robust QR scheme [10,11]
has been paid more attention. In this scheme, entanglement
swapping and connection are achieved by using twophoton detection; thereby the long-distance phase stability,
required in DLCZ protocol, is no longer necessary [1]. The
fundamental building block for the DLCZ-type or robust
QR protocols [1,10,11] is a light-mater quantum interface
(LMQI) that can generate entanglement between a photon
and an atomic collective excitation in a probabilistic way.
Such LMQIs have been experimentally demonstrated by
using spontaneous Raman scattering in cold atomic ensembles [16–30], or storing one of the correlated or entangled
photons in a solid-state [31–34] or gas-state atomic
ensemble [35]. Additionally, entanglement between a
single photon and a single quantum system such as a
nitrogen-vacancy center [36], or a trapped atom or ion
[37–41], has been experimentally demonstrated and
proposed for alternative QR approaches [42–45]. The
0031-9007=17=119(13)=130505(7)

atomic-ensemble-based LMQIs [16–35] are attractive
because they use relatively simple ingredients [1,14].
However, the probability to prepare the atom-photon
entanglement in such LMQIs has to be kept low for
avoiding multiexcitation errors. So, the entanglement distribution over a long distance requires a long storage time;
e.g., 1000 km entanglement distribution requires a time of
10-second order, which exceeds the state-of-the-art results
[21]. For greatly reducing the required time, the multiplexed QR protocols are proposed [46,47], in which the
temporally or spatially multiplexed memories are introduced into the atomic-ensemble-based LMQI and the
generation probability of atom-photon correlation or entanglement pairs is greatly enhanced [1,46,47]. In recent years,
many multimode-memory experiments, including storage
of five temporally multiplexed polarization qubits [48] and
26 spectrally multiplexed time-bin qubits [49] at the singlephoton level, as well as 50 temporally multiplexed light
pulses [50], have been demonstrated. It is worth noting that
the authors in Ref. [49] utilized feedforward-controlled
operations on the retrieved qubits encoded into the multiplexed spectral modes. The LMQIs with six spectral modes
[51], and with 12 independently addressable spatial-mode
memories [52], have been demonstrated and the atomphoton correlation and entanglement were observed in the
two experiments, respectively. Recently, Tiranov et al.
demonstrated and certified the simultaneous storage and
retrieval of two entangled photons inside a solid-state
quantum memory [53]. However, the enhanced preparation
rate for the atom-photon correlated or entangled pair has
not been observed in these experiments due to lack of the
feedforward-controlled write (storing) [52] or read (retrieving) [51,53] process.
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kth station (CSk ), indicates that an entangled state between
two spin-wave qubits, which are stored in kth spatial modes
of the left and right ensembles, respectively, is created; i.e.,
entanglement between the two ensembles is established. For
performing the entanglement swapping between the A-B
and C-D links [Fig. 1(b)], one converts the spin-wave
excitations stored in the B and C ensembles into two
anti-Stokes photons, respectively, and combines them on
a PBS. Since the retrieved photon from the B (C) ensemble
may come from any of the spatial modes, one has to route it
into a common channel (see Sec. IV in Supplemental
Material [56] for details) to achieve this swapping.
Aiming at the above multiplexed QR scheme, we experimentally demonstrate a multiplexed interface (MI) by using
six SWPE sources in a single atomic ensemble utilizing
feedforward control. The experimental setup and relevant
atomic levels are shown in Fig. 2. The atomic ensemble is a
cloud of cold 87 Rb atoms, whose two ground levels jai and
jbi, together with the excited level je1 i (je2 i), form a Λ-type
configuration. The atoms are prepared in the initial state jai
and then an off-resonant σ þ -polarized writing pulse is
applied to them along the z axis. The writing pulses induce
the Raman transition jai → jbi via je1 i [Fig. 2(b)], which
emits Stokes photons and simultaneously creates spin-wave

OSN

Here, we demonstrate a multiplexed light-matterentanglement interface (LMEI) formed by a spatial array
consisting of six spin-wave-photon entanglement (SWPE)
sources together with a feedforward-controlled optical
switching network (OSN) and then achieve a sixfold
(fourfold) enhancement of the atom-photon (photonphoton) entanglement generation probability without introducing extra noise. In addition, also the compositive fidelity
(Bell parameter) is used for characterizing the quality of the
entanglement created in the multiplexed LMEI, whose
measured maximal value is 87.9%  1% (2.49  0.03),
overcoming the critical limit of 78% [54]. In contrast to
the previous spatially multiplexed schemes [47,52,55],
where multiple independent subensembles are used as
memory elements, our presented scheme uses only multiple
spatial modes in an ensemble as memory elements.
We now show that our multiplexed LMEI is available for
the QR protocol shown in Fig. 1, where, m SWPE sources
generated from an atomic ensemble are located at the end
point of each elementary link (i.e., node). In an elementary
link, e.g., A-B link in Fig. 1(a), a single photon coming from
the ith source located at the left (A) ensemble is sent to the ith
central station (CSi ) of the link to meet another photon
coming from the ith source from the right (B) ensemble. At
each of the stations CSi (i ¼ 1; ...; m), the two photons
undergo a Bell-state measurement (BSM) behind a polarization-beam splitter (PBS). A successful BSM, e.g., at the

(a)

week ending
29 SEPTEMBER 2017

PHYSICAL REVIEW LETTERS

PRL 119, 130505 (2017)

(b)

(c)

FIG. 1. Quantum repeater scheme based on the multiplexed
interfaces. (a) Entanglement creation in an elementary link. A
and B ensembles are located at the left and right end points of the
link, respectively. Each one is synchronically excited by write-laser
ð1stÞ
pulses, which generates m SWPE sources, labeled by jΦiAðBÞ ; …;
ðithÞ

ðmthÞ

ðithÞ

ðithÞ

jΦiAðBÞ ; …; jΦiAðBÞ . The SWPE source jΦiA [jΦiB ] emits a
Stokes photon SAi ðSBi Þ and creates one spin-wave excitation
M Ai ðMBi Þ. The photons SAi and SBi are sent to the ith middle
station between A and B ensembles for the BSM. Conditioned on a
successful BSM at the kth station, for example, the ensembles A and
ðkthÞ
B are projected into an entangled state jΦiAB . (b) Entanglement
swapping between two adjacent links. The ensemble C (D) also
creates m SWPE sources and a successful BSM at the lth central
station of the C-D link, e.g., projects the C and D ensembles into an
ðlthÞ
entangled state jΦiCD . To performing an entanglement swapping
between the A-B and C-D links, we convert the spin-wave excitation
M Bk ðM Cl Þ into an anti-Stokes photon T Bk ðT Cl Þ and route it into a
common channel CB ðCC Þ by using a feedforward-controlled OSN.

FIG. 2. Overview of the experiment. (a) Experiment setup for
the 6-SWPE sources in combination with feedforward control
(Noted that we only plot 4-SWPE sources in the figure). PC.
phase compensator (see Sec. II in Supplemental Material [56]);
Að1;2;…;6Þ . acousto-optic modulators; WP1;2;…;6;T . half-wave or
quarter-wave plates. In the measurements of the fidelities (Fig. 5)
or polarization visibilities (Fig. 3), the WP1;2;…;6;T are half-wave
(quarter-wave) plates when analyzing the photon polarization in
the D or A (R or L) polarization setting and are removed when
analyzing the photon polarization in H or V polarization setting
(see Sec. V in Supplemental Material [56]). In the measurements
of the Bell parameter, the WP1;2;…;6;T are half-wave plates and
used for setting the polarization angles. (b) Relevant atomic
levels. (c) Time sequence of an experimental cycle.
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excitations. We collect the Stokes photons in different spatial
modes Si ði ¼ 1; ...; 6Þ at small angles relative to the z axis. If
a single Stokes photon is emitted in the spatial mode Si , one
atomic spin-wave excitation is created and stored in the
spatial mode M i , with the wave vector kMi ¼ kW − kSi ,
where kW and kSi are the wave vectors of the write and Stokes
fields, respectively. The atom-photon system can be
ðithÞ
written as [23,29] ρap ¼ j0ih0j þ χ i jΦiðithÞ ðithÞ hΦj, where
p
ﬃﬃﬃﬃ
jΦiðithÞ ¼ χ i ðcos ϑjþiMi jRiSi þ sin ϑj−iMi jLiSi Þ is the
ith spin-wave-photon entangled state, jþiMi (j−iMi ) represents one spin-wave excitation associated with Zeeman
coherence ja; ma i ↔ jb; mb ¼ ma i (ja; ma i ↔ jb; mb ¼
ma þ 2i), jRiSi ðjLiSi Þ denotes a σ þ ðσ − Þ-polarized Stokes
photon, and cos ϑ is the relevant Clebsch-Gordan coefficient
[23]. In the presented experiment, we transform the σ þ ðσ − Þ
polarization of the Stokes photon Si into the H-V polarization by using a λ=4 plate. The Stokes photon Si is collected
by a single-mode fiber (SMFSi ), and then guided to a
polarization-beam splitter (PBSSi ) that transmits horizontal
ð1Þ

(H) polarization into detector DSi and reflects vertical (V)
ð2Þ

polarization into detector DSi . The detection events at the
detectors DSi ði ¼ 1; ...; 6Þ are processed by a field programmable gate array (FPGA) for further analysis. Once a photon
ð1Þ
ð2Þ
is detected by the ith detector DSi (either DSi or DSi ), one
spin-wave excitation has been heralded to be stored in the
mode Mi and the subsequent write sequence is stopped by
the feedforward signal from the FPGA. After a storage
time δt, a reading laser pulse is applied to convert the spinwave excitation M i into the anti-Stokes photon T i . By
using a λ=4 plate, we transform the σ þ ðσ − Þ polarization of
the photon T i into the H-V polarization. So, the atomphoton state is transformed into the entangled two-photon
ðithÞ
state jΦi0 S;T ¼ ðcos ϑjHiT i jHiSi þ sin ϑjViT i jViSi Þ.
The photon T i passes through the single-mode fiber SMFT i
and is sent to ith input port of an m × 1 OSN. Based on the
feedforward-controlled signal, the OSN routes the T i photon
into a common single-mode fiber (CSMF). Passing through
the CSMF, the photon T i impinges on a polarization-beam
splitter (PBST ), which transmits an H-polarized photon
ð1Þ
ð2Þ
(reflects an V-polarized photon) to detector DT [DT ].
The preparation rate of the atom-photon (photon-photon)
entanglement pair can be evaluated by the rate of detected
Stokes photons (coincidence count) in the H-V polarization
setting. For the nonmultiplexed case, in which only one
source, for example, the ith source, is operating, the Stokes
detection (coincidence count) rate for the source is given
ðithÞ
ðithÞ
ðithÞ
ðithÞ
ðithÞ
ðithÞ
by RH-V ¼ rfpSH þ pSV g (CH-V ¼ CSH;TH þ CSV;TV ),
ðithÞ

ðithÞ

where r is the repetition rate, pSH (pSV ) is the probability
ð1Þ
ð2Þ
ðithÞ
of detecting a photon at the detector DSi (DSi ), and CSH;TH
ðithÞ
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(CSV;TV ) is the coincidence count rate between the detectors

ð1Þ

ð2Þ

ð1Þ

ð2Þ

DSi (DSi ) and DT (DT ). For the multiplexed case, m
SWPE sources are simultaneously excited and the OSN is
used for routing the anti-Stokes photons. In this case, the
total Stokes detection (coincidence count) rate is written as
P
P
ðmÞ
ðM;ithÞ
ðM;ithÞ
ðmÞ
ðM;ithÞ
RH-V ¼r m
þpSV g (CH-V ¼ m
i¼1 fpSH
i¼1 CH-V ¼
Pm
ðM;ithÞ
ðM;ithÞ
ðM;ithÞ ðM;ithÞ
(pSV ) is the
i¼1 fCSH;TH þCSV;TV g), where pSH
ð1Þ

probability of detecting a photon at the detector DSi
ð2Þ

ðM;ithÞ

ðM;ithÞ

(DSi ), CSH;TH (CSV;TV ) is the coincidence count rate
ð1Þ

ð2Þ

ð1Þ

ð2Þ

between the detectors DSi (DSi ) and DT (DT ), and
the superscript M denotes the multiplexed case.
To verify that the MI can enhance the probability for
generating entangled atom-photon (photon-photon) pairs
while introducing no extra noise, we measure the polarization
visibilities versus the Stokes detection (coincidence count) rate
for the multiplexed and nonmultiplexed case. For the nonmultiplexed case, the polarization visibility of the two photons
from the source i in the H-V polarization setting is defined as
ðithÞ
ðithÞ
ðithÞ
ðithÞ
ðithÞ
ðithÞ
V H-V ¼ ðCH-V −N H-V Þ=ðCH-V þN H-V Þ, where CH-V ¼
ðithÞ

ðithÞ

ðithÞ

ðithÞ

ðithÞ

CSH;TH þCSV;TV (N H-V ¼ CSH;TV þ CSV;TH ) denotes the
coincidence count rate, which is measured when the router
circuitry consisting of OSN and CSMF is removed. For the
multiplexed case, the polarization visibility of the entangled
two photons from the MI in the H-V basis is defined
ðMÞ
as [see Eq. (S37) in Supplemental Material [56]] V H-V ¼
Pm¼6 ðM;ithÞ ðM;ithÞ
ðmÞ
ðmÞ
ðmÞ
ðmÞ
V H-V ≈ ðCH-V − N H-V Þ=ðCH-V þ N H-V Þ,
i¼1 PS;T
P
P
ðmÞ
ðM;ithÞ
ðM;ithÞ
ðM;ithÞ
¼ m
where N H-V ¼ m
i¼1 N H-V
i¼1 ðCSH;TV þ CSV;TH Þ,
ðM;ithÞ

PS;T

ðM;ithÞ

¼ ðCH-V

ðM;ithÞ

ðmÞ

ðmÞ

þ N H-V Þ=ðCH-V þ N H-V Þ

represents
ðM;ithÞ

the normalized coincidence probability, and CSH;TV
ðM;ithÞ

(CSV;TH ) is the coincidence count rate between the detectors
ð1Þ

ð2Þ

ð2Þ

ð1Þ

DSi (DSi ) and DT (DT ).
Before showing the visibilities as a function of the Stokes
detection (coincidence count) rates, we measured the twophoton coincidences of the MI in H-V, D-A ¼ þ45°ð−45°Þ
and R-L polarization settings for a fixed value of
Pm¼6 ðM;ithÞ
ðm¼6Þ
ðm¼6Þ
pS
≈ 1.26%, where pS
¼ i¼1
pS
is the total
ðM;ithÞ
Stokes-detection probability, with pS
being the probað1Þ
bility detecting a photon at the detector DSi (either DSi or
ð2Þ

DSi ) for the multiplexed case. The measured results are
plotted in the histogram shown in Fig. 3. From the results,
we calculated the visibilities of the MI for H-V, D-A,
and R-L polarization settings according to Eq. (S37) in
ðMÞ
Supplemental Material, which are V H-V ≈ 94.1%,
ðMÞ
ðMÞ
V D-A ≈ 84.4%, and V R-L ≈ 81.6%, respectively.
The red, yellow, pink, green, blue, and purple data in
Figs. 4(a) and 4(b) are the measured polarization visibilities
ð1stÞ
ð2ndÞ
ð6thÞ
V H-V , V H-V , and V H-V as the functions of the Stokes
detection (coincidence count) rate in the H-V polarization
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FIG. 3. Coincidences between the Stokes and anti-Stokes
photons from the multiplexed LMEI at (a) H-V, (b) D-A, and
ðm¼6Þ
(c) R-L polarization settings for pS
≈ 1.26% and δt ¼ 1 μs.
Error bars represent 1 standard deviation.

setting for the individual sources 1,2,…,6, respectively,
which are measured under the nonmultiplexed case. The
black data in Figs. 4(a) and 4(b) are the measured
ðmÞ
ðmÞ
visibilities for the MI versus RH-V and CH-V , respectively.
The blue (red) solid lines in Figs. 4(a) and 4(b) are the
linear fittings to the single-source data (multiplexed data
ðMÞ
V H-V ). In the measurements, we fix the storage time at δt ¼
1 μs and increase the Stokes-detection (coincidence count)
rates by increasing the write-light power. As shown in
ðithÞ
Figs. 4(a) and 4(b), the polarization visibilities V H-V
ðMÞ
(i ¼ 1; 2; ...; 6) and V H-V decrease with the increase in
the Stokes-detection (coincidence count) rates due to
multiexcitation noise. However, for a fixed visibility, the
MI gives rise to a 5.94-fold (3.98-fold) increase in the
Stokes detection rate (coincidence count rate) compared to
the nonmultiplexed interface. These results agree with the
theoretical prediction of m ¼ 6 (η̄RC × m ≈ 4.1) based on
Eq. (S57) [Eq. (S59)] in Supplemental Material [56],
indicating that the application of the router circuitry
controlled by the feedforward control does not introduce
extra noise. Similarly to the measurements in Fig. 4, we
also measure the dependences of the visibilities on the
Stokes detection (coincidence count) rates in D-A ¼
þ45°ð−45°Þ and R-L polarization settings. The measured
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FIG. 5. Real and imaginary parts of the reconstructed density
ðM;1stÞ
ðM;3rdÞ
matrices ρr
and ρr
of the two photons from the sources
1(a) and 3(b), respectively.

results are shown in Figs. S1 and S2 in Supplemental
Material [56], which show that the MI enables a ∼5.9-fold
(∼3.9-fold) increase in the probability of generating
entangled atom-photon (photon-photon) pairs without
introducing extra noise.
The quality of the created entanglement in the MI
can be characterized by the compositive fidelity, which is
Pm¼6 ðM;ithÞ ðM;ithÞ
defined by FðMÞ ≈ i¼1
PS;T F
[see Eq. (S2) in
ðM;ithÞ

ðM;ithÞ

Supplemental Material [56]], where PS;T ¼ pS;T =
Pm ðM;ithÞ ðM;ithÞ
, pS;T is the coincidence probability between
i¼1 pS;T
ð1Þ

ð2Þ

ð1Þ

the detectors DSi (either DSi or DSi ) and DT (either DT or
 pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ﬃ2 ðM;ithÞ
ð2Þ
ðM;ithÞ
ðM;ithÞ
ρr
ρd ρr
, ρr
is the
DT ), FðM;ithÞ ¼ Tr
reconstructed density matrix of the ith entangled atomphoton state, and ρd is the density matrix of the entangled
ðM;ithÞ
ðithÞ
state defined by jΦi0 S;T . The probability PS;T
and
fidelities FðM;ithÞ (i ¼ 1 to 6) are directly measured under
the multiplexed case. Figures 5(a) and 5(b) plot the reconðM;1stÞ
ðM;3rdÞ
structed density matrices ρr
and ρr
, respectively,
ðM;1stÞ
ðM;3rdÞ
which yield F
¼ 87.1% and F
¼ 88.0%. Table I
shows the measured FðMÞ for several different values of
ðm¼6Þ
ð6Þ
for a delay time of 1 μs. For pS ≈ 1.26% correpS
ð6Þ
sponding to the write-light power to obtain CH-V ≈ 200 s−1
(see Fig. 4), we measure a maximal fidelity of FðMÞ ¼ 87.9%.
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FIG. 4. The polarization visibility as functions of Stokes
detection rate (a) and coincidence count rate (b) for the polarization setting of H-V, respectively. The blue solid lines in (a) and
(b) are the least-square fittings to the single-source data according
to Eqs. (S48) and (S49) in Supplemental Material [56], respectively, while the red solid lines in (a) and (b) are the least-square
ðMÞ
fittings to the multiplexed data V H-V according to Eqs. (S57) and
(S59) in Supplemental Material [56], respectively.

TABLE I. Measurement of the fidelity FðMÞ and Bell parameter
SðMÞ for several different values of the total-Stokes-detection
ð6Þ
probability pS at δt ¼ 1 μs. Error bars represent 1 standard
deviation.
ð6Þ

pS
FðMÞ
SðMÞ
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0.0126
0.87(1)
2.49(3)

0.0297
0.85(1)
2.38(1)

0.0421
0.82(1)
2.29(2)

0.0594
0.78(1)
2.17(2)

0.0738
0.75(1)
2.09(2)
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deviation.
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The quality of the entangled atom-photon states created in
the MI can also be described by a compositive Bell
parameter SðMÞ, which is defined as [see Eq. (S105) in
Pm¼6 ðM;ithÞ ðM;ithÞ
Supplemental Material [56]] SðMÞ ¼ i¼1
PS;T S
¼
ðMÞ
ðMÞ
0
ðMÞ 0
ðMÞ 0
jE ðθSi ; θT Þ − E ðθSi ; θT Þ þ E ðθSi ; θT Þ þ E ðθSi ;
θ0T Þj < 2, where SðM;ithÞ is the Bell parameter between the
photons Si and T i , θSi (θT ) is the polarization angle of the
Stokes (anti-Stokes) field, which is set by rotating a λ=2 plate
before PBSSi (PBST ), and EðMÞ ðθSi ; θT Þ is the correlation
function defined by



ðM;ithÞ
ðM;ithÞ
ðM;ithÞ
ðM;ithÞ
C
ðθ
;
θ
Þ
þ
C
ðθ
;
θ
Þ
−
C
ðθ
;
θ
Þ
−
C
ðθ
;
θ
Þ
Si T
i¼1
SH;TH Si T
SV;TV
SH;TV Si T
SV;TH Si T

;
Pm
ðM;ithÞ
ðM;ithÞ
ðM;ithÞ
ðM;ithÞ
C
ðθ
;
θ
Þ
þ
C
ðθ
;
θ
Þ
þ
C
ðθ
;
θ
Þ
þ
C
ðθ
;
θ
Þ
Si T
i¼1
SH;TH Si T
SV;TV
SH;TV Si T
SV;TH Si T
Pm

ðM;ithÞ

ðM;ithÞ

for example, CSH;TH ðθSi ; θT Þ [CSV;TV ðθSi ; θT Þ] is the
coincidence detection rate between the detectors
ð2Þ

ð1Þ

ð2Þ

ð1Þ
DSi

[DSi ] and DT [DT ] for the polarization angle θSi and
θT . In the measurement, the canonical settings are chosen to
be θSi ¼ 0°, θ0Si ¼ 45° (i ¼ 1 to 6), θT ¼ 22.5° and
θ0T ¼ 67.5°. Table I also shows the measured data of SðMÞ
ð6Þ
for several different values of pS when δt ¼ 1 μs. For
ð6Þ
pS ≈ 0.0126, we achieve a maximal value of SðMÞ ¼
2.49  0.03, violating Bell–Clauser-Horne-Shimony-Holt
(CHSH) inequality by ∼16 standard deviations.
To investigate the ability to use the atomic ensemble for
quantum memory applications, we measure the decay of
the Bell parameter SðMÞ with the storage time δt. In the
measurements, the peak power of write pulse is fixed to get
ð6Þ
ð6Þ
pS ¼ 0.0297 (corresponding to CH-V ≈ 400 s−1 ). The
blue square dots in Fig. 6 depict the measured SðMÞ data,
which show that even after storing the spin-wave excitation
for 51 μs, violates the corresponding CHSH inequality by
2.9 standard deviations (SðMÞ ¼ 2.23  0.08). The red
circle dots are the average Bell parameter defined by
S̄ ¼ ðSðM;1stÞ þ SðM;2ndÞ þ; …; þSðM;mthÞ Þ=m, which is consistent with the values of SðMÞ , indicating that the six SWPE
sources are approximately symmetric in the detection and
retrieval efficiency [see Eq. (S111) in Supplemental
Material [56] ].
In summary, a key advance of our demonstrated multiplexed LMEI is the enhanced rate for generating entangled
atom-photon (photon-photon) pairs without introducing
additional noise. Several criteria such as compositive
visibility, fidelity, and Bell parameter are applied for
judging the quality of the entanglement created in the
MI. The transmission of the OSN remains unchanged when

ð1Þ

the multimode number scales up. To apply such multiplexed LMEI into long-distance QR applications, its
several quantities need to be further improved. The lower
retrieval efficiency (∼15%) can be increased by using the
high optical-depth cold atoms or coupling the atoms into an
optical cavity [21]. The short storage lifetime (∼51 μs) can
be extended by trapping atoms in an optical lattice [21] and
selecting two magnetic-field-insensitive spin waves to
store memory qubits [63]. The low multimode number
can be further extended by collecting Stokes photons at
more directions [64,65]. When the presented spatially
multiplexed scheme is combined with temporally multiplexed storage approaches [66–69], one could achieve a
multiplexing of a large number of modes, which will
significantly improve entanglement distribution rates in
long-distance quantum communications.
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