
Generation of highly-retrievable atom–photon
entanglement with a millisecond lifetime via a
spatially-multiplexed cavity
Hai Wang  (  wanghai@sxu.edu.cn )

Shanxi University https://orcid.org/0000-0002-8952-3734
Minjie Wang 

Shanxi University
Shengzhi wang 
Tengfei Ma 
ya li 
yan xie 
haole jiao 
hailong liu 
Shujing Li 

Article

Keywords:

Posted Date: June 22nd, 2022

DOI: https://doi.org/10.21203/rs.3.rs-1738478/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-1738478/v1
mailto:wanghai@sxu.edu.cn
https://orcid.org/0000-0002-8952-3734
https://doi.org/10.21203/rs.3.rs-1738478/v1
https://creativecommons.org/licenses/by/4.0/


1 

 

Generation of highly-retrievable atom–photon entanglement 

with a millisecond lifetime via a spatially-multiplexed cavity 

Minjie Wang, Shengzhi Wang, Tengfei Ma, Ya Li, Yan Xie, Haole Jiao, 

Hailong Liu, Shujing Li, Hai Wang* 

 

The State Key Laboratory of Quantum Optics and Quantum Optics 

Devices, Institute of Opto-Electronics, Shanxi University, Taiyuan 

030006 

China Collaborative Innovation Center of Extreme Optics, 

Shanxi University, Taiyuan 030006, China 

 

Qubit memory that is entangled with photonic qubit is the building block 

for quantum repeaters. Realizing ensemble-based repeaters requires qubit 

simultaneously featuring high retrieval efficiencies and long lifetimes. So 

far, the longest memory time at 50% retrieval efficiency for entanglement 

storage reaches ~40 s. Here, by coupling cold atoms to two spatially-

distinctive modes of a polarization-interferometer-based cavity, we 

achieve cavity-perfectly-enhanced and long-lived atom-photon 

entanglement. A write-laser beam is applied onto cold atoms, we then 

create a magnetic-field-insensitive spin-wave qubit that is entangled with 

the photonic qubit encoded onto two arms of the interferometer. By 

applying a read beam, the spin-wave qubit is converted to a photonic qubit, 



2 

 

whose two modes are resonant with the cavity. Our experimental data 

shows that zero-delay intrinsic retrieval efficiency is up to 77% and 

1/e lifetime 1ms. At 50% efficiency, the storage time reaches 540 s , 

which is 13.5 times longer than the best reported result. 
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Introduction. — A qubit memory entangled with a photonic qubit forms 

the building block (repeater node) for long-distance quantum 

communications [1-3], large-scale quantum internet [4, 5], and quantum 

clock network [6] through a quantum repeater (QR) [1, 2]. In past decades, 

optical quantum memories (QMs) have been experimentally demonstrated 

with various matter systems [7] such as atomic ensembles [1, 8] and single-

quantum systems including individual atoms [9, 10], ions [11], and solid-

state spins [12, 13]. Compared with the QMs in a single-quantum system, 

the atomic-ensemble-based QMs feature collective enhancement and 

promise higher retrieval efficiencies [1].With atomic ensembles, optical 

QMs has been demonstrated via various schemes [7, 8, 14, 15] including 

Duan–Lukin–Cirac–Zoller (DLCZ) protocol [1, 16-38] and “read-write” 

[14] (or called “absorptive” [15]) schemes such as electromagnetically-

induced-transparency (EIT) dynamics [39-52], photon echoes [53-60], 

Raman memory [61-63] and its variants [64, 65], etc. In contrast to the 

“read-write” schemes, the DLCZ protocol establishes QMs via 

spontaneous Raman emissions of Stokes photon induced by a write pulse 

instead of storing single specific (incoming) photons [14]. Since DLCZ 

protocol can directly produces non-classically correlated [16-28] or 

entangled [29-38] pairs of a Stokes photon and a spin-wave memory, it 

benefits for practically realizing QRs [1]. 

High-efficiency and long-lived QMs are required for effectively 
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achieving quantum information tasks [3, 7]. In long-distance entanglement 

distribution through QRs, a 1% increase in retrieval efficiency can improve 

the repeater rate by 10–14% [1]. The lifetime at 50% efficiency is defined 

as a benchmark of memory nodes in QRs [3]. Additionally, establishing 

entanglement between two nodes separated by L=300 km in a ‘‘heralded’’ 

fashion requires storing a qubit for at least L/c=1.5 ms [34, 66], with c 

being the speed of light in fibers. To realize long-lived QMs, significant 

progresses have been made with cold atomic ensembles [19-24, 32-34, 56]. 

These studies show that atomic-motion-induced decoherence can be 

suppressed either by lengthening spin-wave wavelengths [20, 21, 32, 34，

55] or confining the atoms in optical lattices [22-24, 32-33]. 

Inhomogeneous-broadening-induced decoherence may be suppressed by 

storing SWs in magnetic-field-insensitive (MFI) coherences, which 

includes three spin transitions 1/2 1/2, 1, 1,0 , 2, 1,0
F F

5S F m 5S F m     m   for 

87Rb atoms, where, 0 =0
1 2F F

m m    is called clock coherence. In a specific 

DLCZ experiment, one can store spin waves (SWs) in one of the MFI 

coherences [24]. 

In previous long-lived atom–photon entanglement generation via DLCZ 

protocol [32], a Mach–Zehnder interferometer, whose two arms are used 

to encode photonic qubit, is built around optical-lattice Rb atoms. Two 

spatially-distinctive SWs associated with the clock coherence and 

correlated with the Stokes fields emitting into the two arms, respectively, 
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are created by a write beam and stored as memory qubit. To maintain 

maximal entanglement, the relative phase between the two arms was 

actively stabilized by coupling an auxiliary laser beam into the 

interferometer. The lifetime of entanglement storage reaches 0.1 s but the 

retrieval efficiency is only ~16% due to weak atom-photon interactions 

[32]. The high-efficiency memories for single photons have been achieved 

by using either high-optical-depth cold atoms [50, 51] or coupling 

moderate-optical-depth atoms with a low-finesse optical cavity [21, 24, 30, 

33]. In high-optical-depth cold atoms, the efficiencies of the storages of 

single-photon entanglement [51] and polarization qubit [50] reach ~85%, 

while their lifetimes are only ~15 s. Using the cavity-enhanced scheme, 

Pan’s group demonstrated intrinsic retrieval efficiency up to ~76% in a 

DLCZ experiment that create polarization atom-photon entanglement [30]. 

In that experiment, the spin-wave qubit is stored as superimposition of 

magnetic-field-sensitive and MFI coherences. Limiting to fast decoherence 

of the magnetic-field-sensitive coherence, the memory lifetime is only ~30 

µs [30]. Efficient and long-lived atom-photon quantum correlations has 

been demonstrated by applying a write beam onto optical-lattice atoms, 

where the atomic SW is stored in the clock coherence and coupled to a ring 

cavity with its length being locked [24]. The efficiencies at zero delay reach 

to 76% and at 50-ms storage time to 50%. [24]. On this basis, Pan’s group 

demonstrated cavity-enhanced atom-photon entanglement with sub-second 
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lifetime [33]. To create H- and V- polarized Stokes emissions used for 

encoding photonic qubit, the group applied two write beams onto the lattice 

atoms. The two SW modes, both associated with the clock coherence and 

correlated with the H- and V- polarized Stokes fields, respectively, are 

stored as memory qubit. That experiment [33] removes the M–Z 

interferometer used in Ref. [32] and then avoids experimental complexity 

due to interferometer-mediated coupling between atoms and a cavity. 

However, that experiment require dual read-laser beams to retrieve the two 

SWs, which leads to cross retrievals and decrease qubit retrieval efficiency 

by one quarter compared to that of a single-mode SW at all storage times 

[33]. Due to the imperfect readout, the efficiency of retrieving the spin-

wave qubit was only ~58% at zero delay [33], about three quarters that of 

the single-mode one (~76%) [24].  At 50% efficiency, the storage 

time was only ~40 s. So far, entanglement storage that has high-

efficiency and long-lived performances simultaneously remains a 

challenge. Here, we overcome the imperfect retrieval in Ref.[33] by 

coupling cold atoms to a two-mode ring cavity based on a polarization 

interferometer. The interferometer is mainly formed by two beam 

displacers (BD1 and BD2). The relative phase between the two arms is 

passively stabilized, which has been demonstrated in previous experiments 

[43, 49-51, 67-68]. Two optical lenses are inserted in the interferometer, 

which make interferometer’s two arms (AR and AL) crossway pass-through 
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cold atoms. By arranging interferometer’s configuration, the ring cavity 

simultaneously supports the two arms as cavity modes cf. below. By 

applying a write beam, we create two SWs associated with the clock 

coherence and correlated with the Stokes emissions into the cavity modes 

AR and AL, respectively. The two SWs are retrieved by a read beam and 

then avoids the cross retrieval. The two Stokes (retrieved) fields forms a 

photonic qubit and resonate with the cavity. The intrinsic qubit retrieval 

efficiencies reach 50% (66.7%) at 540-µs (230-µs) storage time, which is 

13.5 (24) times higher than the best reported results [33] ([30]). The 

measured Bell parameter for atom-photon entanglement is 2.5 0.02  at zero 

delay. Unlike the previous experiments [21, 24, 30, 33, 69-70], our 

experiment demonstrated that the two arms of the polarization 

interferometer can be simultaneously supported by a ring cavity, which 

enable perfect retrieval in cavity-enhanced and long-lived atom–photon 

entanglement. 

As shown in the schematic diagram Fig.1a, the heart of experimental 

setup is a ring cavity inserted by a polarization interferometer with cold 

atoms (circled by dashed line). The ring cavity is formed by three flat 

mirrors (HR1,2,3) with high reflection and a flat output coupler (OC) with a 

reflectance of 80%. It supports TEM00 mode A00 that propagates in the 

whole cavity [71]. When the polarization interferometer is inserted in the 

cavity, the A00 mode has the path from BD2 to BD1 via OC and HR1 (black 
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line in Fig.1a). When the mode A00 propagates along clockwise, it will be 

split into H (horizontally) and V (vertically) -polarized components by 

BD2, both direct into the interferometer’s two arms AL and AR, respectively. 

Two optical lenses lens1 and lens2, which have the same focus length F0, 

are inserted in the interferometer. Then, the arms AL and AR crossway pass 

through the atoms and couple with the atoms, respectively. The more 

detailed explanations of the AL and AR paths can be found in Supplementary 

material [71]. By setting the distance between lens1 and lens2 to be 2F0, 

the two arms are well recombined into the mode A00 by BD1 and then 

supported by the cavity. In our experiment, the spot size of A00 is set to be 

a large value (5.2mm) in order to decrease the mode losses escaping from 

the cavity. The measured loss of the mode A00 via AR (AL) path escaping 

from cavity per round trip is ~3.2% (3.2%). So, the two arms AR and AL 

may serve as cavity modes. 

The atomic ground levels / , =1
1 2

a 5S F   and / , =2
1 2

b 5S F   together 

with the excited level 1 / , '=1
1 2

e 5P F   ( 2 / , '=2
1 2

e 5P F  ) form a   -type 

system [Fig.1b and c]. After the atoms are prepared in the Zeeman state 

,
aFa m 0 ， we start spin-wave-photon (atom-photon) entanglement 

generation. At the beginning of a trial [71], a 795-nm + -polarized write 

pulse with red-detuned by 110 MHz to the 1a e  transition is applied to 

the atoms along z-axis through a beam splitter BS1. This write pulse 

induces the Raman transition , 0 , 0
Fa Fb

a m b m    via , 1
1 Fe

e m   [Fig. 1b], 
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which emit + -polarized Stokes photons and simultaneously create SW 

excitations associated with the clock coherence 0 0
a b

m m    . If the 

Stokes photon is emitted into the cavity mode AR (AL) and moves towards 

the right, one collective excitation will be created in the SW mode R
M  ( L

M ) 

defined by the wave-vector R RM W S
k k k    ( L LM W S

k k k   ), where W
k   is the 

wave-vector of the write pulse and RS
k  ( LS

k ) that of the Stokes photon in 

the cavity AR (AL) mode. The angle between the mode AR (AL) and the write 

beam is 00.053
R

    ( 00.053
A

    ) [71]. Such small angles make SW 

wavelengths be long, suppressing atomic-motion-induced decoherence 

[34]. The + -polarized Stokes fields in AR and AL modes propagate along 

clockwise, which are transformed into H-polarized fields by a λ/4 wave-

plate QWS. Furthermore, the H-polarized field in AL is transformed into V-

polarized field by a λ/2 wave-plate HWS. Both fields are combined into the 

cavity mode 00
A  by BD2 and form a Stokes qubit qbitS . As shown in Fig. 

1(b), the write pulse also induces the Raman transition , 0 , 2
Fa Fb

a m b m    

via , 1
1 Fe

e m   , which emit    -polarized Stokes photons and 

simultaneously create SWs associated with the magnetic-field-sensitive 

coherence 0 2
Fa Fb

m m   . If the   -polarized Stokes photon direct into 

the mode AR (AL) and propagate along clockwise, it will be transformed 

into V- (H-) polarized photon by the QWS (QWS and HWS) and then is 

excluded from the A00 cavity mode by BD2. Propagating in A00, the qbitS  
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returns the interferometer. It is split into H and V -polarized fields by BD1, 

which direct into AR and AL modes, respectively. Both Stokes modes are 

transformed into +  -polarization by wave-plates [71] and then interact 

with the atoms again. The spin-wave qubit formed by R
M  and L

M  modes 

is entangled with qbitS , which is written as: 

 a-p /S
i

R LS S
H M e V M 2

     (1) 

where, 
S

H  (
S

V ) denotes the H- (V-) polarized Stokes photon, 
R

M  (
L

M ) 

one SW excitation in the mode 
R

M  (
L

M ), S
  the relative phase between 

the two Stokes emissions from the atoms to BD2 via AR and AL paths. 

 



11 

 

  

Fig. 1. Schematic diagram for experimental setup (a): A polarization interferometer 

formed by two beam displacers (BD1 and BD2) is inserted into a ring cavity. A 

locking laser pulse is coupled to the A00 mode through a beam splitter (BS). Leaks of 

the cavity-locking pulse from HR3 are detected by a fast photodiode (PD) to generate 

error signals. The error signals are amplified and used to drive a piezoelectric 

transducer (PZT) to stabilize the cavity length. OSFS: optical-spectrum-filter set [34]; 

PC: phase compensator; BS1 (BS2): non-polarizing beam splitter with a reflectance of 

1% (3%). (b) and (c) are relevant atomic levels involved in the write and read 

processes, respectively, W (R): write (read) laser.  

After a storage time t, we apply a    -polarized read pulse onto the 

atoms through a beam splitter BS2. The read pulse is red-detuned by 110 

MHz to the 2b e   transition and counter-propagates with the write 

beam, which convert the spin-wave R
M  ( L

M ) into anti-Stokes photon. 

The anti-Stokes photon retrieved from R
M  ( L

M ) is   -polarized and 

emitted into the spatial mode determined by the wave-vector constraint 

R RAS S
k k   ( L LAS S

k k  ), i.e., it propagates along anti-clockwise in the arm R
A  
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( L
A  ). The anti-Stokes fields in R

A   and L
A   are transformed into H-

polarized fields by a λ/4-plate QWAS. Furthermore, the anti-Stokes field in 

L
A  is transformed into V-polarized field by a λ/2-plate HWAS. Both fields 

are combined into an anti-Stokes qubit qbitAS  by BD1 and then propagate 

in 00
A   mode along anti-clockwise. The qbitAS   is split into H- and V- 

polarized fields by BD2, which direct into AR and AL modes, respectively. 

Next, both anti-Stokes modes are transformed into    -polarization by 

wave-plates [71] and then interact with the atoms. So, the atoms are 

repeatedly coupled with the cavity modes. The two-photon entangled state 

is written as: 

  ( )

p-p /S ASi

S AS S AS
H H e V V 2

       (2).  

where, the subscript S (AS) denotes the Stokes (anti-Stokes) photon, AS
  

the relative phase between the two anti-Stokes emissions from the atoms 

to BD1 via AR and AL paths. In our experiment, the sum of S
  and AS

  is 

passively set to zero with a phase compensator [71]. The cavity length is 

actively stabilized by coupling a cavity-locking beam through OC. The 

Stokes and anti-Stokes fields are tuned to resonate with the ring cavity 

[71]. As shown in Fig.1, the escaped Stokes (anti-Stokes) photon from 

OC is coupled to a sing-mode fiber and then is guided into a polarization-

beam splitter PBS
S  ( PBS

AS ). Two outputs of PBS
S  ( PBS

AS ) are sent to 

single-photon detectors 1D  ( 3
D ) and 2D  ( 4

D ). The polarization angle S
  

( AS
 ) of the Stokes (anti-Stokes) field is changed by rotating a λ/2-plate 
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before PBS
S
 ( PBS

AS ).  

The intrinsic retrieval efficiency of the SW qubit can be measured as 

 t , A /inc

qbi S S TD S
R P P  , where 1 3 2 4, A , , S S D D D D

P P P   ; 1 3,  D D
P   ( 2 4,  D D

P  ) is the probability of 

detecting a coincidence between the detectors 1D  ( 2D ) and 3D  ( 4D ) for 

0
S AS

    , 
1 2S D D

P P P  , where 
1D

P  (
2D

P ) is the probability of detecting a 

Stokes photon at 1D  ( 2D ); TD esp t D    is the total detection efficiency of 

the read-out (anti-Stokes) channel, which includes the efficiency of light 

escaping from the ring cavity, %esp 60  , the transmission efficiency from 

the cavity to the detectors, %
t

36   [71], and the detection efficiency of 

the single-photon detectors, 68%D  . Thus, the total detection efficiency 

is %
TD

15  . Moreover, the intrinsic retrieval efficiency for an individual 

SW L
M   ( R

M  ) mode is defined as   1 3 1,
/inc

L D D TD DR P P   (   2 4 2,
/inc

R D D TD D
R P P  ). 

Fig.2 plots the measured efficiencies inc

qbit
R   (red circle dots), inc

L
R  (blue 

square dots), and inc

R
R  (green triangle dots) as functions of storage time t. 

From the figure, we see that inc inc inc

qbit L R
R R R    for different times t, which 

means that the retrieval efficiency for an SW qubit is the same as that for a 

single-mode SW. This shows that the efficiency loss of retrieving the qubit, 

which is a key limit in state-of-the-art work [33], is overcome in our 

experiment. The solid grey curve is the fit to the retrieval efficiencies inc

qbit
R , 

inc

L
R  , and inc

R
R   according to the function     0( )= exp -t +exp -t /2 2

0 0R t R 2   , 

which yields retrieval efficiencies 0 77%  R   , ( .23ms) 66.7%R t 0    and 

( 0.54ms) 50%R t   , together with a memory lifetime 0 1ms  . 
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Fig.2 Intrinsic retrieval efficiencies as a function of storage time t for 1%  . Error bars 

represents 1 standard deviation. 

Next, we measure the Clauser–Horne–Shimony–Holt (CHSH) inequality, 

which is a type of Bell inequality, to confirm the spin-wave-photon 

entanglement state 
a-p  . The Bell CHSH parameter is defined as 

( , ) ( , ) ( , ) ( , ) 2
Bell S AS S AS S AS S AS

S E E E E                 with the correlation 

function ( , )
S AS

E    , which is written as  

13 24 14 23

13 24 14 23

( , ) ( , ) ( , ) ( , )

( , ) ( , ) ( , ) ( , )

S AS S AS S AS S AS

S AS S AS S AS S AS

C C C C

C C C C

       
       

  
  

. For example, 13 ( , )
S AS

C    ( 24 ( , )
S AS

C   ) 

denotes the coincidence counts between the detectors 1D   ( 2D  ) and 3D  

( 4D ) for the polarization angles S
  and AS

 . We used the canonical settings 

0
S

   , 45
S

    , 22.5
AS

   , and 67.5
AS

     in measuring the Bell parameter 

Bell
S . Fig. 3 shows the decay of Bell

S  as a function of storage time t (blue 

squares) for 2%   . At 0 st   , 2.5 0.02
Bell

S    , while at t =1.15 ms, 

2.05 0.03
Bell

S    . These violate the Bell inequality by 25 and 1.7 standard 

deviations, respectively. Furthermore, at t=2.6 ms, 1.15 0.03
Bell

S   , which 

corresponds to a fidelity of 0.55F   and exceeds the bound of 0.5 required 

to observe entanglement for a Bell state.  
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Fig. 3. Measured Bell parameter as a function of storage time t for 2%  . Error bars 

represent 1 standard deviation. 

For comparison, we plot Fig. 4 to show the measured retrieval 

efficiencies for the memories restricted to qubit storages as functions of 

storage times in various systems via different schemes. One can see that 

our experimental result of 50% (66.7%) intrinsic retrieval efficiency for a 

storage time of 540 µs (230 µs) is 13.5 (24) times higher than the 

previously reported best result [33] ([30]).  

 

Fig. 4. Retrieval efficiencies of memory qubit vs storage time t in various systems. The 

shaded region shows the result for an ideal-optical-fiber loop. Curves (a) and (b) are 

the results for storages of single-photon [50] and weak-coherent-light [49] qubits via 

EIT in high-optical-density cold atoms. Curve (c) represents the results for qubit 
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memory stored as MFI spin waves via EIT in cold atoms [44]. Curve (d) represents 

single-photon qubit storage via EIT in single atoms [10]. Curves (e), (f), (g) and (h), 

corresponding to the results in Refs. [30], [32], [33] and our experiment, respectively, 

represent qubit memories via DLCZ protocol.  

 

Conclusion. —The use of the polarization interferometer in the cavity 

enables us to apply a write beam to create two SW modes of the memory 

qubit, both associated with the clock coherence and coupled to the ring 

cavity. Thanks to phase-matching condition, the two SW modes are 

retrieved by a read beam, which avoids the cross retrievals in Ref. [33]. 

The relative phase between the two arms is passively stabilized and easily 

set to be zero by the phase compensator. On this basis, we achieve 

quadruple resonance of the cavity with the Stokes and retrieved fields 

propagating in the cavity modes AR and AL, respectively. This represents 

the first demonstration of an atomic ensemble simultaneously coupled 

into two TEM00 modes of a cavity. We thus achieve atom-photon 

entanglement with highly-retrievable efficiency (77%) and millisecond 

lifetime. By selecting more cavity modes to couple with the atoms, we 

will achieve massively-multiplexed and high-reversible spin-wave–

photon entanglement with long lifetime and then is used for achieving 

long-distance (1000-km) entanglement distributions through QR [71]. 

In this experiment, we suppress inhomogeneous-broadening-induced 
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decoherence by storing both SWs in the clock coherence. Atomic-motion-

induced dephasing is suppressed by using the storage scheme of the long-

wavelength SW [34]. The lifetime in our presented experiment is ~1 ms, 

which can be extended to hundreds of milliseconds by loading the cold 

atoms into optical lattices and using magic field values [33].  
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