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Heralded Entanglement Distribution Between Two
Spin-Wave Memories Using Temporally Multiplexed Scheme

Minjie Wang, Haole Jiao, Jiajin Lu, Wenxin Fan, Zhifang Yang, Mengqi Xi, Shujing Li,*
and Hai Wang*

The elementary link, which is formed by entanglement between two remote
atomic ensembles, is a fundamental component of Duan–Lukin–Cirac–Zoller
(DLCZ) quantum repeater. For practical realization of quantum repeaters, it is
required that entanglement between two atomic-ensemble-based memories
can be generated with high rates and retrieved with high efficiencies.
However, so far, such quantum-repeater links remain challenge in
experiments. Here, heralded entanglement distribution between
atomic-ensemble-based memories is demonstrated via temporally
multiplexed scheme. A train of 12 write pulses in time is applied to a cloud of
cold atoms along different directions, which generates temporally multiplexed
pairs of Stokes photons and spin waves via DLCZ processes. The Stokes fields
propagating in the two spatial modes, which are paired with two spin waves
are combined to perform a single-photon Bell-state measurement. A
successful detection projects the two spin waves into a single-excitation
entanglement, which represents entanglement distribution in an elementary
link. Compared with single-mode storage scheme, the temporally multiplexed
scheme gives rise to a 11.8-fold increase in entanglement generation rate. By
using cavity-enhanced scheme, spin waves stored in the atoms are retrieved
on demand and the retrieval efficiencies are up to 70%, which is beneficial for
the subsequent entanglement swapping between adjacent links.

1. Introduction

Long-distance entanglement distribution is a fundamental
task of large-scale quantum networks.[1–4] Based on quantum
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networks, one can implement distributed
quantum computation,[5] quantum key
distribution,[6] and loophole-free Bell
test.[7] Long-distance entanglement dis-
tribution can be achieved by transmitting
photonic information via satellite-based
or fiber-based channels.[8] In future, the
entanglement distribution may use a
combination of the two schemes. For the
fiber-based entanglement distribution,
a problem is that the entanglement
distribution distance is limited by the
transmission losses of the optical fibers.
To overcome this limitation, quantum
repeater (QR) scheme[9] has been pro-
posed. In the scheme, the distance
is divided into a number of elementary
links, each of which consists of twomem-
ory nodes connected by an elementary
communication channel. Entanglement
is first created in the single links, which
corresponds to the entanglement gen-
eration between the two memories, and
then it is extended over the full distance
by entanglement swapping.
For practically realizing QR, Duan,

Lukin, Cirac, and Zoller proposed a
protocol, which combines atomic ensembles and linear optics[10]

and is named DLCZ protocol. In the protocol, an elementary pro-
cess is to generate non-classically correlated pairs of Stokes pho-
tons and spin waves in atomic ensembles, which corresponds
to quantum interfaces.[11] Such quantum interfaces are achieved
via spontaneous Raman scatterings (SRS) induced by write laser
pulses. Toward the realization of the protocol, many experiments
have been reported. For example, the storage lifetime of atomic
spin-wave has been expanded to second order by combining
magnetic-field-insensitive,[12–14] long wavelength spin-wave,[13,15]

and confining the atoms in optical lattices.[16–18] The retrieval
efficiency of atomic memory is improved significantly in high
optical-depth cold atomic ensemble[19–21] or using the cavity-
enhanced scheme.[11,15,16,22,23]

However, to achieve high quantum-correlation pairs of the
Stokes photons and spin waves, the excitation probability of the
pairs has to be set at a low level (about 1% per trial), which
makes the long-distance communication rate incredibly low.[10,24]

Multiplexing provides a solution to this problem.[25] Spatially
multiplexed quantum memories have been realized by using
many individually accessible memory cells with programmable
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addressing,[26] by spatially resolved single-photon detection[27,28]

or by collecting the Stokes photon in multiple spatial directions
simultaneously in cold atomic ensemble.[29,30] Temporally multi-
plexed DLCZ quantum interfaces that store more than 10 modes
have been demonstrated with cold atomic ensembles by P. Far-
rera et al. (H. de Riedmatten’s group[31,32]) and Y. F. Wen et al. in
our group,[33,34] respectively. H. de Riedmatten’s group generated
the temporally multiplexed DLCZ memories by applying a train
of write pulses that went through the atoms along a direction.[32]

They applied a gradient magnetic field to control the dephasing
and rephasing of the temporally multiplexed spin-wave memo-
ries, which enables the temporally multimode memories to be
distinguishable. For controlling the dephasing and rephasing of
the spin-waves, in that experiment the spin waves are stored in
a magnetic-field sensitive coherence (m = 1 ↔ m′ = 1),[32] which
limits the storage lifetime.[17] In our experiment, the temporally
multiplexed pairs of Stokes photons and spin waves are gener-
ated by applying a train of write pulses in time along different
directions, which requires a set of acoustic-optic modulators to
control the directions of the pulses. An advantage of our scheme
is that the spin waves may be stored in magnetic-field insensitive
coherence, which promises a longer memory lifetime. Compar-
ing the spatial multiplexing, the temporal multiplexing is more
resource efficient and scalable than spatial multiplexing due to
its reuse of the same detectors.[35]

So far, one of the goals of quantum repeater is how to estab-
lish entanglement over a quantum repeater link with a high rate.
Some pioneering progresses have been made in this line.[36–44] Y.
Yu et al. has realized entanglement over 22 kilometers based on
cavity-enhanced DLCZ memory together with efficient quantum
frequency conversions. However, the entanglement generation is
based on single-mode memory in that experiment,[39] which lim-
its the entanglement generation rate. The solid-state quantum
memories using atomic frequency combs scheme have a broad
inhomogeneous absorption, which enables them to be used for
temporal multimode operations. X. Liu et al. demonstrated the
heralded entanglement between absorptive quantummemories,
in which the temporal multiplexing is utilized to enhance the
entanglement distribution rate.[42] D. Lago-Rivera et al. reported
telecom-heralded entanglement between two temporally multi-
mode solid-state quantum memories.[40] However, in the above
two works, the memories have predetermined storage times and
the efficiency is relatively low.

Here, we demonstrate heralded entanglement distribution
between two memory ensembles via a temporally multiplexed
scheme. A train of 12 write-laser pulses in time is applied to
a cold atomic cloud along different directions, which generates
temporally multiplexed pairs of Stokes photons and spin waves
via DLCZ processes. The Stokes photons are collected in two spa-
tial modes SR and SL, which defines two spin waves R and L
(atomic collective excitations), both are temporally multiplexed
memories. Since the two multiplexed spin waves can be inde-
pendently stored, they are may be regarded as two memory en-
sembles. The two Stokes fields, which are non-classically corre-
lated with the two memory ensembles R and L, are combined on
a beam splitter for performing a single-photon Bell-state mea-
surement (BSM). A successful detection event projects the two
memories into a single-excitation entanglement, which repre-
sents the heralded entanglement distribution in a repeater link.

Compared with single-mode storage scheme, the rate of entan-
glement generation has been increased by an order of magnitude
(11.8-flod). By using the cavity-enhanced scheme, the spin waves
are retrieved on demand and the retrieval efficiency is up to 70%.
The demonstration of temporally multiplexed heralded entangle-
ment distribution with on-demand and high-efficiency retrieval
paves the road for practical quantum communication and quan-
tum network.

2. Entanglement Distribution Between Two
Spin-Wave Memories via a Temporally Multiplexed
And Cavity-Enhanced Scheme

Our scheme for generating entanglement between two spin-wave
memories via a temporally multiplexed is shown in Figure 1. A
cold 87Rb atomic cloud is used for the memories, which is placed
inside a ring cavity. The retrieval efficiencies of the spin waves are
enhanced by the cavity. A train of write pulses in time is applied
on the atoms in different directions to create temporally multi-
plexed pairs of spin waves and Stokes photons via SRS processes.
We collect the temporally multiplexed Stokes fields in two differ-
ent spatial modes SR and SL. The temporally multiplexed spin
waves, which are non-classically correlated with the Stokes fields
in SR (SL) channel are denoted as R (L) memory modes. Since R
(L) spin waves are stored independently, they can be regarded as
two (R and L) memory ensembles.[36,45,46] The temporally multi-
plexed Stokes fields in SR and SL channels are combined on a BS
to perform the single-photon BSM.When a single Stokes photon
at i-th mode is detected by detector D1 or D2, entanglement state
between two memory ensembles R and L is successfully estab-
lished.
To verify the entanglement state between two memory en-

sembles, we apply a strong read laser pulse, which propagate
along the counter-direction to the i-th write pulse, onto the
atoms. Thus, the spin waves L and R that are stored in the i-
th modes are mapped into anti-Stokes photons. Constrained to
the phase-match condition (details see below), the retrieved anti-
Stokes photons direct into the aSR and aSL modes that propa-
gate along the direction with a 180o angle to that of SR and SL
fields, respectively. In our present experiment, the SR and SL
fields resonate with the cavity, which enhance the interaction
between light and atoms and significantly improve the retrieval
efficiency.[15]

In the presented work, we demonstrate entanglement distri-
bution between two atomic memories with an atomic ensem-
ble via multiplexing DLCZ scheme. In real quantum repeaters,
the individual quantum-repeater links are formed by two remote
nodes (atomic memories). Our multiplexed memory scheme to-
gether with high-efficiency retrieval may be found applications
in practical DLCZ repeater protocol to improve the repeater rate.
To explain such an improvement, we calculate the rate of dis-
tributing entanglement over the quantum repeater formed by
several elementary links with multiplexed and non-multiplexed
schemes, respectively.
The success probability for generating entanglement in single

links with nodes using N-mode multiplexing memories can be
evaluated by[25]

P(N)0 = 1 − (1 − P0)
N ≈ NP0 (1)
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Figure 1. Schematic view of generating temporally multiplexed entanglement between two spin-wave memories. A cold atomic cloud is used as the
memory medium, which is placed inside a ring cavity to enhance the retrieval efficiencies of the spin waves. A train of write laser pulses (WL1,WL2……
and WLN) is applied onto atoms from different directions, to create the temporally multiplexed (1-st,…i-th… N-th) non-classically correlated pairs of
Stokes photons and spin waves. The temporal-multiplexed Stokes fields direct into two spatial modes SR and SL, respectively, are collective and combined
on a beam splitter (BS). The Stokes fields SR and SL define the two spin waves R and L, respectively. The two outputs of BS are sent to detectors D1
and D2, respectively, for Bell state measurement (BSM). Conditioned on a coincident event between D1 or D2 at i-th time mode (with i=1 to N), the
two memories R and L are projected into an entanglement state. To verify the entanglement state, we apply the read laser (RL) pulse propagating along
the counter-direction to the i-th write pulse to convert the spin waves R and L which is stored in the i-th mode into the anti-Stokes fields aSR and aSL,
respectively. Thus, entanglement between the two memories is transferred to that between the fields aSR and aSL.

where P0 = 𝜒 e−L0∕(2Latt)𝜂FC𝜂TD is the success entanglement
generation probability for the case each node store single (non-
multiplexed) mode, 𝜒 is the excitation probability of each node,
Latt is the attenuation length of the fiber channel, L0 is the
distance between two quantum memory, 𝜂FC is the memory-
to-telecom frequency conversion efficiency; 𝜂TD is the total
detection efficiency. So, the N-mode memory scheme gives rise
to a N-fold increase in entanglement generation in single links,
compared with non-multiplexed scheme. Only one attempt at
entanglement generation can be performed per communication
interval Tcc = L0∕c, where c is the speed of light in fibers. So the
time required to establish entanglement in a elementary link is
t0 ≃ Tcc∕P

(N)
0 = Tcc∕

(
NP0

)
.

The success probability for entanglement swapping be-
tween two adjacent repeater links at the 1-st nest level is
P1 = R0e

−t0∕𝜏0 𝜂TD, where 𝜏0 is the memory lifetime in atomic
ensembles, and R0 is the retrieval efficiency at zero delay. The
success probability for entanglement swapping at the i-th level is
Pj = R0e

−ti−1∕𝜏0 𝜂TD, where ti ≃ ti−1∕Pi is the time needed for the
entanglement swapping at the i-th level. It is assumed that n-level
entanglement swapping is required to distribute entanglement
to the whole communication channel. Then the communication
rate can be expressed as:

Rrate ≈
1
Tcc

P(N)0

(∏i=n

i=1
Pi

)
Ppr (2)

where Ppr ≈ R0e
−tn∕𝜏0 is the success probability for distributing an

entangled photon pair over the distance L.
We assume n = 4, L0 = 63 km, and the distance between two

remote quantum nodes is
1000 km. The total detection efficiency 𝜂TD ≈ 90% for the

Stokes (anti-Stokes) detection channel. The memory lifetime
𝜏0 = 16s[45] and quantum frequency conversion efficiency 𝜂FC =
46%[46] are the best experimental performance at present as far
as we know. With the retrieval efficiency at 80% and the mode

number at 100, the communication rate can reach 1Hz, which
holds promise for long-distance quantum communication.

3. Experimental Demonstration of Temporally
Multiplexed Entanglement Distribution

A cloud of cold 87Rb atoms trapped in magneto-optical trap
(MOT) is used for demonstrating DLCZ entanglement. After the
atoms are released from MOT, we apply a bias magnetic field (B
= 4G) along Z axis to define the quantization axis of the atoms.
A ring-cavity is placed around the atoms to improve the retrieval
efficiency of DLCZmemories, whose details can be found in our
previous work.[15]

The atomic ground levels ||g⟩ = |||5S1∕2, F= 1
⟩

and |s⟩ =|||5S1∕2, F= 2
⟩
together with the excited level ||e1⟩ = |||5P1∕2, F′= 1

⟩
(||e2⟩ = |||5P1∕2, F′= 2

⟩
) form a Λ -type system, shown in

Figure 2b,c. The atoms are initially prepared in the Zeeman state|||g,mFg
= 0

⟩
. A train of 12 write pulses, each of which propagates

along different propagation directions, is applied to the atoms
to create the temporally multiplexed (i-th, with i = 1 to 12) non-
classically correlated pairs of Stokes photons and spin waves via
SRS. The angle between the two adjacent write pulses is 0.28°,
and the angle between the 1-st write pulse and Z axis is 0.2°.
The train lasts ΔT=8μs and the interval between two adjacent
write pulses is 400ns. All write pulses are 𝜎+-polarized with
red-detuned by 110 MHz to the ||g⟩ → ||e1⟩ transition. Each write
pulse induces the Raman transition |||g,mFg = 0

⟩
→ ||s, mFs = 0⟩

via |||e1, mFe1
= 1

⟩
, which emits a 𝜎+-polarized Stokes photon

and simultaneously creates an atomic spin-wave associated
with the clock coherence |||mFg = 0

⟩
↔ ||mFs = 0⟩ probabilisti-

cally.
We collect the temporally multiplexed Stokes fields in two

spatial modes (channel) SL and SR, where, the angles of SL (SR)

Laser Photonics Rev. 2024, 18, 2300825 2300825 (3 of 8) © 2024 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 2. Schematic diagram of entanglement generation between two temporally multiplexed memory ensembles. a) Experimental setup. A train of
write laser pulses (WL1, WL2…… and WLN) is applied onto a cold atomic ensemble along different directions, to create the temporally-multiplexed
(1-st,…i-th… N-th) non-classically correlated pairs of Stokes photons and spin waves. The temporal multiplexed Stokes fields directed into two spatial
modes SR and SL are collected, respectively. The angles of SL (SR) relative to Z axis is 0.14o (−0.14o). The Stokes fields SR and SL define the two spin
waves R and L, respectively. The modes SL and SR are combined into a spatial S at the end of BD2. The field S escapes from the cavity coupler (OC). The
transmission of OC is 20%. It is coupled into a single-mode fiber and sent to the BSM detection system. Conditioned on a coincident event between
DS1 or DS2 at i-th time mode (with i = 1 to 12), the two memory ensembles L and R are projected into an entanglement state. To verify the entanglement
state, the i-th spin waves in R and L are converted into the anti-Stokes light fields aSR and aSL, respectively, by applying a read pulse. The fields aSL and
aSR which constrain to the phase-match condition are combined into a spatial mode aS after BD1. Escaping from the OC of the cavity, the output field
aS is sent to the entanglement verification detection system. Panels (b) and (c) are the relevant atomic levels involved in the write and read processes,
respectively.

relative to Z axis is 0.14o (−0.14o). Along with the generation of
the Stokes fields in the channel SL (SR) in the i-th time mode, a
spin wave in L (R) memory is also created in the i-th time bin.
The wave vector of the i-th spin wave in L (R) memory is defined
by kia,L = kiw − kLS (kia,R = kiw − kRS ) is the wave vector of atomic
spin-wave, kiw is the wave vector of the i-th write pulse, and kLS
(kRS ) is the wave vector of the Stokes photon in mode SL(SR), the
subscript a denote atom.

After the i-th write pulse is applied onto the atoms, the joint
state of the Stokes field and the associated spin-wave is described
as:|||𝜓 i

⟩
L(R)

= ||0a⟩||0s⟩ +√
𝜒
|||1ia⟩L(R)

|||1is⟩L(R)
+O(𝜒) (3)

where ||0a⟩ (||0s⟩) denotes the vacuum part, 𝜒 is the
excitation probability for each time mode alone, with

Laser Photonics Rev. 2024, 18, 2300825 2300825 (4 of 8) © 2024 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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𝜒1−st = 𝜒2−nd = 𝜒 i−th = ⋅ ⋅ ⋅ = 𝜒N−th = 𝜒 assumed, ||1is⟩L(R)
de-

notes one Stokes photon at the i-th time mode in the SL (SR)
channel, and ||1ia⟩L(R)

the single collective excitation in L(R)
spin-wave mode created at the i-th time bin. The single collective
spin excitation can be written as

|||1ia⟩L(R)
= 1√

NL(R)

NL(R)∑
j=1

exp(−ix⃗ij,L(R)k
i
a,L(R))

|||g1 ⋅ ⋅ ⋅ sij ⋅ ⋅ ⋅ gNL(R)

⟩
(4)

where NL(R) is the number of the atoms for L(R) memory ensem-
ble, x⃗ij,L(R) denotes the spatial position of the j-th atom excited by
the i-th write pulse.
In order to generate entanglement between the two memo-

ries, we perform single photon interference on Stokes fields SL
and SR. The temporal multiplexed Stokes fields in the SL and SR
spatial modes are 𝜎+ -polarized and transformed into H- and V -
polarized by a quarter wave-plate and a half wave-plate, respec-
tively. And then, they are combined into a spatial mode S af-
ter BD2. The field S escapes from the cavity coupler (OC) with
a transmission of 20%. The output of S field is collected by a
single-mode fiber and sent to the measurement system, which
includes a half wave-plate HWS, a polarization beam splitter
PBSS and detectors DS1 and DS2. At the two outputs of PBSS,
the field S is changed into two modes S+ =

(
SR + SL

)
∕
√
2 and

S
−
=
(
SR − SL

)
∕
√
2 when HWS is set at 𝜗 = 22.5o. The fields

S+ and S− are directed to detectors DS1 and DS2, respectively. A
click from DS1 and DS2 in the i-th measurement window her-
alds that two ensembles are mapped into an entangled state:|||Ψi

±

⟩
=
(||1ia⟩ R|0⟩L ± e−i𝜙 |0⟩ R||1ia⟩L

)
∕
√
2, where 𝜙 is the phase

difference between two Stokes fields before they are combined
on BD2.
To experimentally verify the entanglement state between the

two ensembles, we map the atomic spin-wave into anti-Stokes
fields by acting a corresponding 𝜎+ -polarized read pulse. A feed-
forward system based on FPGA is utilized to determine the
propagation direction of the read pulse. When a Stokes pho-
ton is detected in the i-th measurement window, the read pulse
with wave-vector kiR = −kiw is applied on the atoms by a feedfor-
ward controlled acousto-opticmodulator (AOM). The atomic spin
wave ||1ia⟩L

(||1ia⟩R
) is transformed to 𝜎+ -polarized anti-Stokes

field aSL(aSR), where its propagation direction is opposite to that
of SL (SR) field. So, wave vector of anti-Stokes field aSL(aSR)
is kLaS ≈ −kLS (k

R
aS ≈ −kRS ). The entanglement state between anti-

Stokes photons in modes aSL and aSR can be written as ||𝜓±
aS

⟩
=(||1aS⟩ R|0⟩L ± e−i(𝜙+𝜑) |0⟩ R||1aS⟩L) ∕√2, where ||1aS⟩L(R)

is the anti-
Stokes field with one photon in mode aSL (aSR), and 𝜑 is the
phase difference between two anti-Stokes fields before they are
combined on BD1. By controlling the temperature of BD1 and
BD2 precisely, the phase difference 𝜙 + 𝜑 is kept constant. Then,
the fields aSL and aSR are transformed into H-polarized and V -
polarized by wave plates and combined into the field aS on BD1.
After the aSfield escapes from the cavity, it is collected by a single-
mode fiber and sent to the measurement system. The Stokes
fields and anti-Stokes fields are resonated with the cavity. The cav-
ity is locked via the Pound-Drever-Hall (PDH) method by using a

Table 1. The measured Pmn at storage time t = 1 μs and t = 150 μs.

Probability t = 1 μs t = 150 μs

P00 0.895 ± 0.008 0.937 ± 0.01

P01 0.052 ± 0.003 0.033 ± 0.003

P10 0.053 ± 0.002 0.030 ± 0.003

P11 (5.2 ± 1.2) × 10−4 (4.9 ± 1.6) × 10−4

locking laser pulse, which is coupled to the cavity mode through
a beam splitter (BS, R = 95%).

4. Experimental Results

The entanglement state between twomemories can be character-
ized bymeasuring the concurrence of entanglement between the
fields aSR and aSL, which ranges from 0 for a separable state to
1 for a maximally entangled state. The concurrence is measured

as C = max

(
0,

2|d|−2√P00P11

P

)
,[49] Pmn corresponds to the prob-

ability to find m photons in the field aSR and n photons in the
field aSL in the read process after the Stokes photons are detected,
P = P00 + P01 + P10 + P11, d = V

(
P10 + P01

)
∕2 is the coherence

term between the states ||1aS⟩ R|0⟩L and |0⟩ R||1aS⟩L, V is the vis-
ibility of the interference fringes between the anti-Stokes fields
aSR and aSL when their relative phase 𝜃 is scanned.
To measure the interference visibility V , the polarization an-

gle of HWaS is set at 𝜗 = 22.5o. The aS field evolves to aS+ =(
aSR + aSL

)
∕
√
2 and aS− =

(
aSR − aSL

)
∕
√
2 at the two outputs

of PBSaS, which are directed into detectorsDaS1 andDaS2, respec-
tively. We insert a phase controller before HWaS, which consists
of two quarter wave plates and one half wave plate sandwiched
in the middle. The relative phase 𝜃 between the anti-Stokes fields
aSL and aSR can be changed by rotating the angle of the half wave
plate. Along with the scan of 𝜃, counts in detector DaS1 vary as a
sinusoidal function, as shown in Figure 3. The visibility V can be

measured as: V = Max(CDS1 ,DaS1
)−Min(CDS1 ,DaS1

)

Max(CDS1 ,DaS1
)+Min(CDS1 ,DaS1

)
, where, Max(CDS1 ,DaS1

)

(Min(CDS1 ,DaS1
)) denotes the maximum (minimum) coincidence

counts between the Stokes and anti-Stokes fields. Thus, we could
getV = 0.795 ± 0.015 at storage time t= 1μs andV = 0.7 ± 0.024
at storage time t = 150 μs. For all experimental results the excita-
tion probability 𝜒 = 1%.
To measure the Pmn, we set the polarization angle of HWaS is

set at 𝜗 = 0o. The probabilities of Pmn can be directly measured
via photon counting in the fields aSR and aSL using detectorsDaS1
and DaS2, as shown in Table 1.
Based on the above measurements, the value of the concur-

rence of the entanglement between two ensembles can be de-
duced. The concurrence as a function of the storage time is
shown in Figure 4. We get a concurrence of C = 0.040(2) at stor-
age time t = 1 μs and C = 0.001(2) at storage time t = 150 μs
for ||𝜓+

aS

⟩
. The experimental results show that the entanglement

between the two ensembles can be remained for at least 150 μs.
Meanwhile, we measure the intrinsic efficiency of temporal

multiplexed quantum memory. The intrinsic efficiency defined

by 𝜂 =
(
P01 + P10

)
∕
[ 12∑

i

(
Pi
DS1

+ Pi
DS2

)
𝜂D

]
, where, Pi

DS1
(Pi

DS2
)
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Figure 3. The counts in detector DaS1 as a function of 𝜃 for storage time t = 1 μs (a) and storage time t = 150 μs (b).

Figure 4. The measured concurrence C as a function of the storage time
for 𝜒 = 1%.

Figure 5. The measured intrinsic efficiency (circles) as a function of stor-
age time.

denotes the probability of detecting Stokes photons at the detec-
torsDS1 (DS2) in i-thmeasurement window, and 𝜂D is the total de-
tection efficiency for anti-Stokes photons. Figure 5 plots the mea-
sured intrinsic efficiency (circles) as a function of storage time.
We fit the data according to the function R(t) = R0 exp(−t∕𝜏0)
(shown by the solid curve), which yields the intrinsic efficiency
at the zero delay R0 = 70.7%, together with a memory lifetime
𝜏0 ≈ 0.3ms.

Figure 6. The detection probability of Stokes photon P(N)D as a function
of the number of modes at storage time t = 1 μs. The line is the linear
fitting according to P(N)D = NPD, where PD = 2.5 × 10−3 is the detection
probability with single mode.

Then, we present the entanglement generation rate (EGR), as a
function of the multiplexed mode number N, shown in Figure 6.
The EGR with n-mode multiplexing is proportional to the sum
of the Stokes photon detection probabilities at the detectors DS1

and DS2 P
(N)
D =

N∑
i

(
Pi
DS1

+ Pi
DS2

)
. The result shows the EGR in-

creases linearly with the number of modes, which is good agree-
ment with the theoretical prediction P(N)D = NPD, where PD is
the EGR for single mode. When the number of modes is 12,
P(12)D ∕PD = 11.79 ± 0.35.
Finally, we alsomeasure the concurrence as a function of num-

ber ofmodes at storage time t= 1 μs, which is showed in Figure 7.
As the number of modes increases, the concurrence decreases.
We attribute the decrease in concurrence to the crosstalk between
the different modes. When one Stokes photon is detected in the
i-th measurement window, we retrieve the spin wave by the cor-
responding read pulse with wave vector kiR in the read process.
However, the phase-mismatched spin waves generated by all the
other write pulses can also be converted the photons. These non-
directional photons will direct into the anti-Stokes fields aSR and
aSL, with a certain probability, which leads to an additional back-
ground noise[33] and then cause a decrease in the concurrence. In
the future, one can suppress the background noise by using an

Laser Photonics Rev. 2024, 18, 2300825 2300825 (6 of 8) © 2024 The Authors. Laser & Photonics Reviews published by Wiley-VCH GmbH
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Figure 7. The measured concurrence as a function of mode number at
storage time t = 1 μs.

asymmetrical photon-collection channel[50] or designing a spe-
cially cavity which has different enhancement for the Stokes and
anti-Stokes photons.

5. Conclusion and Discussion

We experimentally demonstrate a heralded entanglement dis-
tribution between two spin-wave memories via a temporally-
multiplexed scheme with a cloud of cold atoms. In the presented
experiment, we apply a train of 12 write pulses in time onto the
atoms along different directions, which generates multiplexed
pairs of Stokes photons and spin waves in time. The temporally
multiplexed Stokes photons are collected in two spatial modes
SR and SL, which define the temporally multimode spin-wave
memories R and L, respectively. The spin waves can be effec-
tively transformed into anti-Stokes photons on demand. Com-
pared with the single-mode scheme, the rate of entanglement
generation is increased by an order of magnitude (11.8-flod). By
using the cavity-enhanced scheme, the on-demand retrieval ef-
ficiency of atomic spin waves is up to 70%, which is beneficial
for the entanglement swapping between adjacent links. Combin-
ing frequency conversion,[48,51–53] our multiplexing quantum re-
peater link with cavity-enhance holds promise for long-distance
communication in optical fiber.
To improve the entanglement distribution rate further, we can

load the atoms in optical lattice[11,47] to expand the storage life-
time. In addition, one can realize large-scale multiplexing ca-
pability by combining temporal and spatial multiplexing.[54] As
shown in Figure 7, themeasured concurrence of the two-memory
entanglement slowly decreases with the increase in the mode
number. The reason for such decrease is due to the additional
(background) noise that results from nondirectional emissions
from the unwanted spin waves generated in the temporal mul-
timode operation.[33] The degradation of the concurrence is not
significant in the current 12-mode storage, but it will become sig-
nificantly when the number of the temporal modes is further ex-
tended in the future. For suppressing the background noise, one
can optimize photon-collection channel[50] or use a asymmetric
cavity, where, the finesse of the cavity for the Stokes photon is
higher than that for the anti-Stokes photon. For the asymmet-
ric cavity scheme, we make a short explanation in the following.

It has been pointed out that,[55] by using the asymmetric cavity
that resonates with the Stokes field but not with the anti-Stokes
field, the additional background noise in the anti-Stokes field is
decreased by a factor of F∕1 = F, where, F is the cavity finesse for
the Stokes field, 1 is the cavity finesse for the anti-Stokes field.
Recently, H. de Riedmatten’s group demonstrated the noise sup-
pression based on this scheme,[31] where, the retrieval efficiency
has not been enhanced since the cavity didn’t resonate with the
anti-Stokes field. It can be expected that the asymmetric cavity
with a finesse of FS for the Stokes field and a finesse of FaS for
the anti-Stokes field can suppress the additional noise by a factor
of FS∕FaS, where, FS > FaS. In such scheme, FaS can be designed
to be ∼ 15, which corresponds to the current cavity finesse and
then allow one to achieve an enhanced retrieval efficiency same
as that in the current work. The price to pay for this scheme is
that the finesse of FS has to be much higher than FaS. The re-
alization of temporal multiplexing quantum repeater link with
high retrieval efficiency lays a foundation for the development of
practical quantum networks.
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