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For scalable quantum communication and networks, a key step is to realize a quantum repeater node
that can efficiently connect different segments of atom-photon entanglement using quantum memories.
We report a compact and hardware-efficient realization of a quantum repeater node using a single atomic
ensemble for multicell quantum memories. A millisecond lifetime is achieved for individual memory
cells after suppressing the magnetic-field-induced inhomogeneous broadening and the atomic-motion-
induced spin-wave dephasing. Based on these long-lived memory cells, we achieve heralded asynchronous
entanglement generation in two quantum repeater segments one after another and then an on-demand
entanglement connection of these two repeater segments. As another application of the multicell atomic
quantum memory, we further demonstrate storage and on-demand retrieval of heralded atomic spin-wave
qubits by implementing a random access quantum memory with individual addressing capacity. This work
provides a promising constituent for efficient realization of quantum repeaters for large-scale quantum
networks.
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I. INTRODUCTION

The realization of long-distance quantum communica-
tion and large-scale quantum networks is one of the pri-
mary goals in quantum information science [1,2]. Because
photons, the ideal information carrier for quantum commu-
nication, are still subject to the intrinsic exponential loss in
the optical fiber, the quantum repeater protocol is proposed
to provide a more efficient scaling with the transmission
distance [3]. In this protocol, the full quantum communi-
cation channel is divided into shorter segments, with entan-
glement first generated in the elementary segments and
then extended to longer distances through entanglement
swapping and purification in a divide-and-conquer manner.
With the help of long-lived quantum memories, the quan-
tum repeater protocol can achieve a polynomial overhead
versus the distance compared with the exponential cost for
direct transmission.
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The Duan-Lukin-Cirac-Zoller (DLCZ) protocol is a
well-known scheme to realize quantum repeaters [4,5]. It
uses atomic ensembles as a convenient interface between
flying photons for information transmission and atomic
spin-wave excitations for quantum memory. Significant
progress has been made for the ensemble-based quan-
tum repeaters: fundamental building blocks such as the
entanglement generation, storage, and retrieval have been
achieved [6,7]; entanglement distribution between dis-
tant ensembles has been realized [8–11]; and recently the
scaling-changing behavior of the entanglement connection
has also been demonstrated [12].

In the DLCZ protocol, two atomic ensembles are used
in a quantum repeater node to hold entanglement with
the two adjacent links to be connected. With the develop-
ment of multicell atomic quantum memories, it becomes
possible to realize a quantum repeater node using several
long-lived memory cells inside a single atomic ensemble.
The multicell quantum memory has first been proposed as
a variant of the DLCZ protocol to improve the entangle-
ment distribution rate [13,14]: by generating entanglement
in multiple pairs of memory cells and connecting them
in a multiplexed way, an improved communication rate
and a less stringent requirement on the memory lifetime
can be achieved. Previously, multicell quantum memories
using the spatial [15–20], temporal [21–24], and spectral
modes [25,26] have been realized in atomic ensembles
[15–19], solid-state spins [21–23], and cavity quantum
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electrodynamics systems [20,24–26]. However, a quan-
tum repeater node in a single multicell quantum memory
has not been realized yet due to the experimental diffi-
culty in combining multimode storage capacity, individual
addressing, and long coherence time in a single system.

Here, we experimentally demonstrate a quantum
repeater node in a multicell atomic quantum memory
(MAQM). The lifetime of each memory cell is extended
to the scale of 1 μs after suppressing the inhomogeneous
broadening induced by the magnetic field gradient and
the atomic-motion-induced dephasing. With the achieved
long lifetime, two segments of atom-photon entanglement
can be generated asynchronously and stored in different
memory cells of the same MAQM. We then demonstrate
entanglement connection of these two repeater segments
on the quantum repeater node realized with a single
MAQM by projecting the stored spin-wave modes onto
a Bell state. Compared with the realization of the quan-
tum repeater node with two distinct atomic ensembles
[12], this realization is more compact and hardware effi-
cient, less vulnerable to environmental noise, and more
convenient for the manipulation of information stored
in different memory cells. As another application of the
MAQM with long coherence time, we further demon-
strate a random access quantum memory (RAQM) for
states of heralded spin-wave excitations through individ-
ual addressing of different memory cells. Compared with
the previous implementation of the RAQM [20,27], here
we can make use of the achieved long memory time to
herald excitations stored in the MAQM by successfully
detecting a corresponding photon. Our experiment pro-
vides a compact and hardware-efficient implementation
of the quantum repeater node, which is a key element
for future large-scale quantum repeaters and quantum
networks.

II. EXPERIMENTAL RESULTS

A. Improving the memory-cell lifetime

In the DLCZ protocol, a signal-photon detection her-
alds a collective spin-wave excitation stored in the atomic
ensemble [4], which is described as

|�〉gs = 1√
N

N∑

j =1

eiks·rj |g1 · · · sj · · · gN 〉, (1)

where N is the total atom number of the ensemble, |g〉
and |s〉 are the ground state and the storage state for
the atoms, respectively, the subscript gs represents a sin-
gle excited spin wave from the |g〉 to the |s〉 state, rj
is the position of the j th atom, and ks is the momen-
tum of the spin wave. There are two major limitations for
the lifetime of the spin wave. One is the inhomogeneous
broadening of the spin transition caused by the magnetic

field gradient. A solution is to pick the “clock states”
as the initial and the storage states [28], which is first-
order insensitive to the magnetic field. The other one is
the random atomic motion, which induces random phases
for different atoms during the storage period and destroys
the coherence of the spin wave. Several methods can be
used to suppress the atomic-motion-induced dephasing:
the collinear configuration [29] or near-collinear config-
uration [30] can be used to reduce the momentum ks of
the spin wave; loading atoms into an optical dipole trap
can confine the atomic motion alongside the momentum
direction [31]; and the application of spin echoes can
eliminate the accumulated random phases during storage
[32].

In this experiment, we use the spin-wave freezing
method [33] to eliminate the momentum of the spin wave,
thus freezing the motion-induced decoherence. The exper-
imental setup is depicted in Fig. 1(a). The addressing
system with pairs of orthogonally placed acousto-optic
deflectors (AODs) is used to create a MAQM in a cold
87Rb ensemble (see details in Appendix A and Refs. [27,
34]). As shown in Fig. 1(b), the ensemble is initially pre-
pared to the ground state |g〉 = |F = 1, mF = −1〉. A weak
write pulse probabilistically creates a signal photon and a
correlated spin-wave excitation |�〉gs [Eq. (1)] via spon-
taneous Raman scattering with |s〉 = |F = 2, mF = −1〉.
The momentum of the spin wave is determined by the
directions of the write pulse kW and the detected signal
photon kS as ks = kW − kS. After that, two Raman pump-
ing beams (pumps 1 and 2) are applied to transfer the spin
wave to the state |�〉gs′ , where |s′〉 = |F = 2, mF = +1〉.
In this way, the momentum of the spin wave is converted
to ks′ = ks + kP1 − kP2 . An elaborate arrangement of the
Raman pumping beams ensures that the final spin-wave
momentum is wiped out and hence the motion-induced
dephasing is suppressed; meanwhile, the usage of the clock
states, |g〉 and |s′〉, suppresses the inhomogeneous broad-
ening induced by the magnetic field [35]. After a storage
time t, the spin wave is pumped back to the state |�〉gs and
the momentum ks is recovered. Then the spin wave can be
retrieved in the phase-matching direction by a strong read
pulse. To transfer the spin wave between the two states,
|�〉gs and |�〉gs′ , the stimulated rapid adiabatic passage
(STIRAP) technique is applied, which is robust against the
fluctuation of the laser intensity and the variation of the
beam overlapping [36].

The retrieval efficiency and the lifetime of the mem-
ory cells are shown in Fig. 2. The 1/e lifetimes of the
nine central cells are fitted from the exponential decay of
the retrieval efficiency versus the storage time and all the
lifetimes are on the order of 1 μs. We also verify the preser-
vation of entanglement during the spin-wave transfer and
storage processes. Two central cells, (x2, y3) and (x3, y3),
are chosen to generate the entangled state between a path-
encoded signal photon and a spin-wave excitation as (with
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FIG. 1. The experimental setup for the long-lived MAQM. (a) A simplified setup: HWP, half-wave plate; QWP, quarter-wave plate;
PBS, polarization beam splitter; SPD, single-photon detector. The angles between the write or idler beams and the read or signal beams
are the same 1.5◦. The Gaussian sizes of the signal (idler), write (read), and pump 1 (pump 2) modes are 65 μm, 125 μm, and 275 μm,
respectively. For clarity, 3 × 4 memory cells are sketched in the figure, which are the regions selected from the cold ensemble by the
orthogonally placed AODs. The distance between two adjacent memory cells is 420 μm. The Fabry-Perot cavities (etalons) are used to
filter the leakage pulses from the signal and idler modes. The bias magnetic field B is used to define the quantization axis. Two cells are
addressed to manifest the entanglement generation between the signal photon and the spin-wave excitation in two spatial modes. More
details about the setup can be found in Appendix A. (b) The energy diagram. The ensemble is initially prepared on the ground state |g〉.
The storage states, |s〉 and |s′〉, are used to store the spin-wave excitation. A write pulse (red solid arrow) is applied to generate a signal
photon (orange dashed arrow) and a spin wave. The spin wave is transferred by two Raman pumping beams, P1 (green solid arrow)
and P2 (gold solid arrow), and it is finally retrieved by a read pulse (blue solid arrow) into the idler photon (purple dashed arrow).
The write beam is red detuned by 28 MHz and the detuning of P1 and P2 is 40 MHz. (c) The experimental sequence. The ensemble
in magneto-optical trap (MOT) is compressed, polarization gradient cooled, and further optical pumped to the ground state before the
experiment. The circled part is one complete write-in and read-out cycle, with a storage time t if a signal photon is detected. The pump
1 and pump 2 pulses are both in a temporal Gaussian profile (for details, see Appendix B).

the vacuum and higher-order terms neglected)

1√
2
(|x2, y3〉s|x2, y3〉a + |x3, y3〉s|x3, y3〉a), (2)

where |xi, y3〉s and |xi, y3〉a (i = 2, 3) denote the signal
photon and the spin wave generated in the cell (xi, y3),
respectively. The entanglement fidelity is calculated from
the density matrix reconstructed by quantum state tomog-
raphy [37]. As shown in Fig. 2(a), the fidelities are above
80% for a storage time up to 0.9 ms, which proves that
the coherence between two memory cells and the quantum
correlation between the signal photon and the spin wave
are both well maintained. Here, we use two neighboring
cells to encode the qubit so as to provide an upper bound
on the crosstalk error due to the finite laser-beam width,
although as we discuss in Appendix C, in this experiment

the dominant crosstalk error may come from the imperfect
STIRAP pulses.

B. Quantum repeater node in a multicell atomic
quantum memory

To demonstrate the functioning of a quantum repeater
node, we follow the idea of Ref. [12] and consider a
primitive quantum repeater with two segments. The atom-
photon entanglements in the two segments are created
one after another, heralded by the detection of the signal
photons (note that since the two photons do not need fur-
ther connection here, they can be measured prior to the
entanglement-swapping step [12]). Then, we retrieve the
two spin-wave qubits and project them onto a Bell state to
perform an entanglement swapping.

040307-3



C. LI et al. PRX QUANTUM 2, 040307 (2021)

1.4 1.6 0.8

1.2 1.1 1.0

1.1 1.0 0.8

(a) (b) Retrieval efficiency (%)

Storage time (ms) X axis

Y
 a

xi
s

R
et

ri
ev

al
 e

ff
ic

ie
nc

y 
(%

)

E
nt

an
gl

em
en

t f
id

el
ity

FIG. 2. The MAQM with a long lifetime. (a) The retrieval effi-
ciency of the central cell (green dot) and the entanglement fidelity
for a path qubit encoded in the two central cells with the corre-
sponding signal photon (orange square) versus the storage time
t. The error bars are calculated by Monte Carlo simulation with
the assumption of a Poisson distribution for the photon counts.
The lifetime of the cell is fitted from an exponential function. (b)
The color map of the retrieval efficiency after t = 0.1 ms and the
fitted storage lifetime (the number in each cell in units of mil-
liseconds). The four circled cells are used to generate multiple
spin waves in the following experiments.

Specifically, we choose two pairs of memory cells to
generate and to store the two spin waves [cells (x2, y2) and
(x3, y2) as pair 1 and cells (x2, y3) and (x3, y3) as pair 2], as
shown in Fig. 2(b). For simplicity, here we label the two
spatial modes as |L〉 and |R〉 in each pair. The storage life-
time on the order of milliseconds allows us to create two
spin-wave excitations one by one, which are typically sep-
arated by hundreds of microseconds due to the relatively
low excitation probability. In this way, we generate two
pairs of atom-photon entangled states as

|�〉s1a1s2a2 ≡ 1
2
(|L〉s1 |L〉a1 + |R〉s1 |R〉a1)

⊗ (|L〉s2 |L〉a2 + |R〉s2 |R〉a2). (3)

The Bell-state measurement between the two spin waves
is achieved using a similar scheme as in the DLCZ pro-
tocol [4,5]. First, we retrieve the spin waves in the L
modes of the two pairs with equal amplitude, which can be
understood as a projection onto the state |φL〉 = (|L〉a1 +
|L〉a2)/

√
2. Then, we similarly retrieve the spin waves

in the R modes for a projection onto |φR〉 = (|R〉a1 +
|R〉a2)/

√
2. Conditioned on two coincident detection

events of idler photons from these two cases, we achieve
a successful projection onto the Bell state (|L〉a1 |R〉a2 +
|R〉a1 |L〉a2)/

√
2, given that our initial state |�〉s1a1s2a2 has

only one excitation in a1 and one excitation in a2. The
corresponding signal photons are hence projected onto the
entangled state (|L〉s1 |R〉s2 + |R〉s1 |L〉s2)/

√
2. In Fig. 3(c),

we reconstruct the density matrix of this signal-signal
entangled state by quantum state tomography. The mea-
sured state fidelity is (76.6 ± 3.9)%, which is above the
classical threshold of 1/2 and thus verifies the success-
ful entanglement swapping. A detailed analysis of the
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FIG. 3. Entanglement connection at a quantum repeater node.
(a) The scheme of the entanglement connection. A success-
ful Bell-state measurement (BSM) of two spin waves heralds
the connection of two adjacent quantum repeater links. (b) The
experimental sequence. After two entangled states are generated
in cell pairs 1 and 2, we wait for 10 μs to project the L modes
of the spin waves onto the state |φL〉 and then for another 5 μs
to project the R modes onto the state |φR〉. (c) The reconstructed
density matrix of the two signal photons. L and R represent the
signal photons detected from the corresponding memory cells of
the two pairs. The signal-photon detection counts are recorded
only when the two idler photons are also detected. The measured
state fidelity is 76.6 ± 3.9%.

limiting factors for the entanglement fidelity is given in
Appendix D.

C. Random access quantum memory

As another application of the multimode storage and
individual addressing capability, we further demonstrate
a RAQM in our setup. A RAQM can store a series of
qubit states and then read them out on demand in an arbi-
trary order [see Fig. 4(a)]. Unlike previous works [20,27],
here we are able to create multiple spin waves heralded
by signal-photon detections and then retrieve them on
demand. Consider the same two pairs of memory cells
as before, with qubit information encoded in the |L〉/|R〉
paths. By setting the relative amplitudes and phases of
the write beams on the two paths using the write AODs
(W AODs), we obtain an entangled state cos θ |L〉s|L〉a +
eiφ sin θ |R〉s|R〉a similar to Eq. (2). If the detection basis of
the signal photon is set to (|L〉s + |R〉s)/

√
2, the spin wave

stored in the cells is projected to cos θ |L〉a + eiφ sin θ |R〉a.
Hence, the spin-wave qubit is controlled by the W AODs
and its creation is heralded by the signal-photon detection.
Once two spin waves are generated one by one, they can
be read out in a programmable way after a controllable
storage time [sequences shown in Fig. 4(b)] in an arbi-
trary order. To characterize the performance of the RAQM,
we store two qubits in various initial states and measure

040307-4



MULTICELL ATOMIC QUANTUM MEMORY. . . PRX QUANTUM 2, 040307 (2021)

0.6

0.8

1.0
Qubit 2: 

Write-in 

Read-out

(a) (b)

(c)

(e)

Write
Read 

P1
P2

rf in X axis

rf in Y axis 

(f)

0.6

0.8

1.0
Order: 1-2

0.6

0.8

1.0
Qubit 1: 

Qubit 2Qubit 1

(d)

0.6

0.8

1.0
Order: 2-1FidelityFidelity

FidelityFidelity

Qubit 2Qubit 1

FIG. 4. Random access quantum memory. (a) An illustration
of a RAQM. Multiple memory cells are used to store the qubits
and the qubits can be read out in an arbitrary order. (b) The time
sequence for the experiment. First, cell pair 1 is addressed to gen-
erate the spin wave. Once a signal photon is detected, we wait for
a time interval of 10 μs to switch all the AODs to address cell
pair 2. Then, after the spin wave is generated in the second cell
pair, we wait for 10 μs to read out the qubit i (i = 1, 2) and for
another 5 μs to read out the other qubit j (j �= i). We consider
six complementary input states |L〉, |R〉, |±〉 = (|L〉 ± |R〉)/√2,
|σ±〉 = (|L〉 ± i|R〉)/√2 for each qubit. In (c) and (d), we prepare
the two qubits in the same states and read them out in the order of
qubits 1–2 and qubits 2–1, respectively, to measure the fidelity.
The qubits in different states are also stored as shown in (e) (fix
qubit 1 to |+〉 and vary qubit 2) and in (f) (fix qubit 2 to |+〉 and
vary qubit 1). The state fidelity is calculated by reconstructing
the density matrix through quantum state tomography. The error
bars denote one standard deviation.

the state fidelity of the retrieved qubits through quantum
state tomography [Fig. 4(c)–4(f)]. In all these cases, the
fidelity exceeds the classical bound of FB = 2/3 [27] and
thus shows the quantum nature of the memory.

III. DISCUSSION AND CONCLUSION

Currently, in our experiment, the memory lifetime is
limited by the atomic free expansion, which can be mit-
igated by loading the microensembles into a dipole trap
array [38]. Our setup can also be integrated with an opti-
cal cavity to increase the retrieval efficiency [29,39]. To
work toward a practical quantum repeater node, one can
use telecom photons [40,41] for lower transmission loss
at long distance. Moreover, our MAQM can hold more
than two qubit modes, thus supporting more complicated
quantum network patterns than the linear configuration in
the original quantum repeater protocol.

Although in this work we focus on demonstrating a
compact quantum repeater node within a single atomic
ensemble, our setup, with a long memory lifetime, mul-
timode storage, and individual addressing, may also find
applications in a multiplexed quantum repeater [13]. How-
ever, currently only one spatial mode can be detected at
one time with our multiplexing and demultiplexing optical
circuits using AODs, which prevents the demonstration of
an enhanced entanglement generation rate. Therefore, to
realize a multiplexed quantum repeater, new facilities are
required to detect multiple spatial modes simultaneously;
for example, using a CMOS single-photon detector [16] or
a photomultiplier array coupled with a multicore fiber or a
fiber array [42–44].

Our work may also find applications in neutral-atom-
based quantum computers [45], where Rydberg interac-
tion generates entanglement between nearby atomic qubits
[46]. Then, the atom-photon interface that we demonstrate
in this work and the Bell-state measurement can be used
to entangle the atomic qubits in distant memory cells or
even in different ensembles, thus significantly increasing
the connectivity of the system.

In summary, we report a compact and hardware-efficient
implementation of a quantum repeater node in a single
long-lived MAQM. The long lifetime combined with the
multimode individual addressing capacity of the MAQM
may pave the way for important applications in the real-
ization of quantum repeaters, long-distance quantum com-
munication, and large-scale quantum networks.
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APPENDIX A: DETAILS OF EXPERIMENTAL
SETUP

The 87Rb atomic ensemble is prepared in a double-
MOT setup. After a 79 ms loading stage, the ensem-
ble is compressed for 10 ms and is further cooled by
polarization-gradient cooling (PGC) for 7 ms, reaching a
final temperature of 20 μK (details described in Ref. [47]).
The ensemble is then optically pumped to the ground state
|g〉 = |52S1/2, F = 1, mF = −1〉: the cooling beams are
still on for 70 μs to pump the atoms from the F = 2 to the
F = 1 hyperfine states; and another optical-pumping beam
resonant to the transition |5S1/2, F = 1〉 → |5P1/2, F = 1〉
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FIG. 5. The detailed configuration of the setup.

with σ− polarization is also used to transfer the atoms from
mF = +1 and mF = 0 to mF = −1 of the F = 1 mani-
fold. This optical-pumping beam is kept on for another
30 μs after the cooling beams. After the optical-pumping
stage, the temperature of the ensemble increases slightly, to
30 μK. A bias magnetic field of about 50 mG is applied to
define the quantization axis throughout the whole process.

Different from the previous 4f configuration composed
of two sets of AODs, two Fourier lenses, and the ensemble
[34], a couple of lenses are inserted into each of the multi-
plexing optical circuits (see Fig. 5). There are two purposes
for these additional lenses: they increase the path length
of the optical circuit to conveniently couple the Raman
pumping beams to the multiplexing optical circuits; mean-
while, they shrink the sizes of all the laser beams and the
single-photon modes on the ensemble to allow the divi-
sion of more memory cells without changing the switching
time of the AODs. The Raman beams are initially coupled
to the write or idler circuits to roughly set the direction;
then, the electromagnetically induced transparency stor-
age method is implemented to precisely adjust the overlap
of the Raman beams and the write, read, signal, or idler
modes on the ensemble (see detailed methods in Ref. [34]).
A flip mirror and a camera help to calibrate the position of
the Raman beams.

In the main text, retrieval efficiencies of 5 × 5 cells are
measured. To address each of the cells, the radio frequency
of the crossed AODs is swept from 96 MHz to 112 MHz
in the X direction, and from 100 MHz to 116 MHz in
the Y direction, both in a step size of 4 MHz. The max-
imal switching time of all the AODs is lower than 1 μs.
When addressing several cells in the same row (column)
coherently, we simply apply the corresponding frequency
components on the X (Y) AOD simultaneously with the
desired amplitudes and phases. More details can be found
in our earlier works, e.g., Ref. [34].

APPENDIX B: PULSE SEQUENCE

After the ensemble is pumped to the ground state |g〉, a
500-ns clean pulse, identical to the read pulse, is applied

to empty the storage state |s〉 of the target cell. A write
pulse of 100 ns is applied to generate the signal pho-
ton and the correlated spin wave. If no signal photon is
detected, a clean pulse is applied. Once a signal photon is
detected, we apply the STIRAP pulses subsequently. The
pulses are both in the Gaussian profile, with peak Rabi fre-
quency �1 = �2 = 20 MHz. The pulse width should be
long enough to satisfy the adiabatic condition but also short
enough compared with the Larmor period to eliminate the
momentum of the spin wave in time [48]. The Gaussian
pulse width σ and the delay time between two pulses �t
are optimized to obtain the highest retrieval efficiency and
the parameters used in the experiment are σ = 0.7 μs and
�t = 1.4 μs. The two Raman pumping beams are from
the same laser, so that their relative frequency and phase
are stable. After storage time t, the same STIRAP pulse
with inverse order is applied and a subsequent 100 ns
read pulse retrieves the spin wave into the idler photon.
The probability of a signal-photon detection is set to be
pS ≈ 0.4% for all the experiments. Under this excitation
probability, the anticorrelation, measured by splitting the
idler mode into two equal parts to be collected by two
SPDs, is α = 0.145 ± 0.014.

APPENDIX C: IMPERFECT STIRAP AND
CROSSTALK ERRORS

The distance between two cells is much larger than the
size of the write or read beams and the signal or idler
modes and the switching time (< 1 μs) is smaller than
the time interval between two read pulses (5 μs); thus
the crosstalk induced by a beam on an adjacent cell or
imperfect rf switching in AODs is negligible. Here, we
measure the crosstalk originating from the STIRAP pulses.
The measurement starts with the generation of a spin wave
in the central cell and its transfer it to the state |�〉gs′ . After
that, the rf signals on the P1 AOD and P2 AOD are kept the
same or switched to address an adjacent cell and the STI-
RAP pulse is applied to the target cell after an additional
10 μs storage period. The retrieved idler photon counts are
shown in Fig. 6. The maximal crosstalk is below 4%. This
error might be due to the crosstalk of the STIRAP pulse
or to the spin wave not being fully transferred from |�〉gs
to |�〉gs′ . To verify this, we also measure the case when
the storage time is 100 μs. The crosstalk errors are now
well below 1%, which confirms that the main error source
is imperfect spin-wave transfer by the STIRAP pulses.

APPENDIX D: LIMITATION ON
ENTANGLEMENT FIDELITY AND RETRIEVAL

EFFICIENCY

The infidelity of the signal-signal entanglement comes
from three aspects: the imperfect atom-photon entangled
state generation, the decay during storage, and error in the
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FIG. 6. The crosstalk error at storage time t = 10 μs.

Bell-state measurement. The fidelity of the initial atom-
photon entanglement is limited by the signal-to-noise ratio
of the photon coincidence. When the excitation rate is too
high, there will be large accidental coincidence between
the signal and the idler photons, which leads to a reduc-
tion in the measured cross-correlation gc, defined as gc =
pc/(pspi), with ps, pi, and pc being the probabilities of
obtaining a signal, an idler, and a coincidence count,
respectively. On the other hand, if the excitation rate is too
low, the dark count of the detectors will become signifi-
cant and will again lead to a decrease in the measured gc.
Besides, lower excitation rates also result in longer mea-
surement times to collect enough coincidence counts and
the system may be subjected to stronger fluctuation. In this
experiment, our excitation rate is limited by the measure-
ment time, where the detection in each basis already takes
10 min to accumulate about 2000 counts. This gives gc ≈
25 and thus bounds the atom-photon entanglement fidelity
F ≈ (gc − 0.5)/(gc + 1) = 0.94 [33,49]. Then, after 250-
μs storage, the fidelity in the first link drops to F ≈ 0.90
when we generate the entanglement in the second link.
Finally, the total infidelity of about 23% after entangle-
ment connection is a combination of the error in the two
links together with that in the Bell-state measurement.

The measured retrieval efficiency in Fig. 2(b) con-
tains all the loss of the system. Specifically, we have
a transmission efficiency of the AODs ηAOD ≈ 0.95, a
fiber-coupling efficiency ηf ≈ 0.85, an optical transmis-
sion efficiency including etalon filter ηo ≈ 0.82, and a
detector efficiency ηd ≈ 0.45. From the measured retrieval
efficiency of the central cell Rm ≈ 0.1, we thus estimate
the intrinsic retrieval efficiency between the write and read
processes as Ri ≈ 0.35. To improve the intrinsic retrieval
efficiency, one promising solution is to use a cavity to
enhance the atom-photon coupling [29].
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