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The quantum repeater protocol is a promising approach for implementing long-distance quantum communication and large-scale
quantum networks. A key idea of the quantum repeater protocol is to use long-lived quantum memories to achieve an efficient
entanglement connection between different repeater segments, with polynomial scaling. Here, we report an experiment that
realizes the efficient connection of two quantum repeater segments via on-demand entanglement swapping through the use
of two atomic quantum memories with storage times of tens of milliseconds. With the memory enhancement, acceleration in
the scaling is demonstrated in the rate for a successful entanglement connection. Experimental realization of the entanglement
connection of two quantum repeater segments with an efficient memory-enhanced scaling demonstrates a key advantage of
the quantum repeater protocol, creating a cornerstone for the development of future large-scale quantum networks.

L

ong-distance quantum communication and large-scale quantum networks are central goals in quantum information science1. Direct communication of quantum signals in optical
fibres is hindered by the inevitable exponential loss of photons with
communication distance. The quantum repeater protocol provides
a promising approach to solve this problem2–4, with long-distance
communication established through entanglement connection of
many smaller segments of the communication channels, and with
the exponential growth of noise being suppressed through heralding and nested entanglement purification2,5,6. A well-known
approach to the implementation of quantum repeaters is the Duan–
Lukin–Cirac–Zoller (DLCZ) scheme3, whereby collective spin
excitations in atomic ensembles7 are used to provide the required
quantum memory, and the heralded entanglement connection is
used to boost the scaling of efficiency through memory enhancement. Many impressive experimental advances have been reported
with this approach8–15. Entanglement generation between two quantum memories (repeater nodes) has been reported using atomic or
spin ensembles12–15, as well as single atomic ions or diamond defect
spins16–20. Memory enhancement in efficiencies has been observed
in heralded entanglement generation12,21 by employing atomic or
optical quantum memories. Memory-accelerated quantum key distribution has been demonstrated recently22 by sending weak coherent pulses to a middle node for Bell state measurements (BSMs).
There is also an alternative approach for the realization of quantum repeaters, with an all-photonic scheme in which the requirement for the quantum memory is replaced by the preparation of
a large repeater graph state23. This approach has recently demonstrated noticeable experimental progress24,25. For the memory-based
approach to quantum repeaters, a goal that remains outstanding is
demonstrating a change in scaling of efficiencies enabled by quantum memories for the entanglement connection of two quantum
repeater segments—the key ingredient for the quantum repeater
protocol to achieve efficient scaling.

In this Article, we report an experimental realization of entanglement connection between two quantum repeater segments with a
quantum-memory-enhanced scaling of its connection efficiencies. Compared with the direct entanglement swapping of two
synchronous entangled photon pairs without the use of quantum
memories26, we demonstrate that the efficiency in the entanglement
connection of two segments improves from a quadratic scaling to
a linear scaling with the preparation efficiency of each entangled
pair. This change in scaling of efficiencies, when extended to multiple segments, is key to the quantum repeater protocol improving
from an exponential scaling to a polynomial scaling2–4. A challenging requirement for demonstrating the scaling change in the
entanglement connection is that the coherence time of the quantum memories has to be longer than the preparation and successful
heralding time of each entangled pair. In our experiment, with the
help of optical traps, we have two atomic quantum memories with
storage times of tens of milliseconds, long enough for on-demand
entanglement swapping. Atom–photon entanglement is generated
asynchronously in two long-lived quantum memories, and the
entanglement swapping between them is implemented on demand
only when both sides have successfully registered a photon (in general at different times). This experiment, as a demonstration of the
change in scaling in the efficiencies for entanglement connection of
two quantum repeater segments, provides a key enabling ingredient
for the realization of larger-scale quantum repeaters and quantum
networks.

Results

As illustrated in Fig. 1a, the key idea of the quantum repeater architecture is to divide the communication channel into multiple segments, establish entanglement for each segment, which is stored
in quantum memories, and then to use entanglement swapping to
connect these segments when each segment of entanglement has
been heralded successfully. Here, we consider the demonstration
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Fig. 1 | The quantum repeater protocol and the experimental set-up. a, A sketch of entanglement connection (swapping) in the quantum repeater
protocol. QN represents a quantum repeater node. b, The whole experimental set-up consists of three parts: segment I (QN1 and QN2) and segment II
(QN3 and QN4), together with a Bell state measurement (BSM) station in the centre. QN2 and QN3 are two similar atomic memory nodes separated by
3 m in space. QN1 and QN4 are photons in this experiment and are measured by detectors D5 and D6. A sandwich structure consisting of a quarter-wave
plate (QWP), a half-wave plate (HWP) and another QWP is introduced to compensate for the polarization change in the fibre transmission. The
coincidence events between the single-photon detectors D1 and D4 (or D2 and D3) project the two idler photons onto one of the four Bell states jΦþ i.
I

of this architecture for the primitive case with two segments. As
the two end nodes QN1 and QN4 do not need further connection,
they can be measured according to the application protocol (such
as for entanglement-based quantum key distribution3,27) before the
connection of two middle nodes, QN2 and QN3. Therefore, in this
simplified configuration, we do not need a quantum memory for
the end nodes QN1 and QN4. In our experiment, we implement
the qubits at QN1 and QN4 with photons and the qubits at QN2
and QN3 with atomic quantum memories, as shown in Fig. 1b. We
generate atom–photon entanglement for each segment and perform
on-demand entanglement swapping on the atomic memory qubits
QN2 and QN3 through a Bell measurement, only when detectors
D5 and D6 at nodes QN1 and QN4 have both successfully heralded
registration of a photon count. Note that, unlike the configuration
in ref. 14, which generates entanglement between two edge atomic
memory nodes by simultaneous heralding of two photon counts in
the middle, it is critical here that the middle nodes QN2 and QN3
are quantum memories so that we can store heralded states prepared asynchronously in these memories for an efficient entanglement connection.
In both QN2 and QN3, a coherence time of tens of milliseconds
inside 87Rb atomic ensembles is achieved through spatial confinement
with an optical lattice28–30. A one-dimensional (1D) optical lattice holds
the atoms and suppresses their motional decoherence by confining
the atoms
 inside a single pancake
 of the lattice. Clockstates
 potential
(j g i  5S1=2 ; F ¼ 2; mF ¼ 0 $ jsi  5S1=2 ; F ¼ 1; mF ¼ 0 ) are
used
I to minimize the influence of the temporal and spatial fluctuation noise of the magnetic field28, and a magic-value magnetic field
of B ≈ 4.3 G is employed to cancel the differential a.c. Stark shift
induced by the lattice intensity inhomogeneity29,30, as shown in Fig.
2a. The short-term (≤1 ms) storage efficiency of QN2 is measured
by the DLCZ scheme, as shown in Fig. 2b. The fast decay in this
period is induced by the atomic motion inside a single lattice pancake28,29. The long-term (>1 ms) lifetime of the quantum memory
in each node is measured by electromagnetically induced transparency (EIT) storage30,31, as described in detail in the Supplementary
Information. As illustrated in Fig. 2c, the long-term EIT storage
time is 77 ± 3 ms and 14 ± 1 ms for QN2 and QN3, respectively.
We attribute the large discrepancy between the lifetimes of the two
memories to the imperfect geometry of the probe, the control and
the lattice beams, which induces imperfect suppression of motional
Nature Photonics | VOL 15 | May 2021 | 374–378 | www.nature.com/naturephotonics

decoherence, as well as instability of the magnetic field due to power
supply noise at QN3.
We use a variation of the DLCZ scheme to generate the atom–
photon entanglement in each segment. The quantum information in
the atomic ensemble is carried by the two magnetic-field-insensitive
levels j g i and jsi in the ground-state manifold3,28. After the atoms
I into Ithe 1D optical lattice and are optically pumped to
are loaded
the initial state j g i, a weak write pulse in linear polarization drives
I from j g i to jsi. We collect photons in two syma Raman transition
I angles of ±1.5° relative to the
I SR with
metric signal modes SL and
write beam, and two spatial modes of the spin–wave excitation,
L and R, are defined correspondingly in the atomic cloud14. After
we combine the two signal photon modes SL and SR on a polarizing beamsplitter (PBS2), as shown in Fig. 2a, and ignore the small
higher-order excitation terms, the resulting atom–photon entangled
state can be expressed as (with the vacuum part neglected as it will
be eliminated by the subsequent measurements)
1
jΨ iS�A ¼ pﬃﬃﬃ ðjH ijLi þ eiϕS jV ijRiÞ
2

ð1Þ

where jH i=jV i represents the horizontal/vertical polarization of
I photon, jLi=jRi represents a single collective excitation
the signal
in spatial mode L/R Iand ϕS is the phase difference between the two
signal paths before they are combined on PBS2.
To evaluate the quality of the generated atom–photon entanglement in each segment, we coherently convert the spin–wave jLi and
jRi into two idler photon modes IL and IR with a read pulseI resoI to the transition jsi ! jei propagating in the opposite direcnant
tion to the write beam. IAfter the two idler modes are combined on
PBS1 (Fig. 2a), the signal–idler photon state can be expressed as
jΨ iS�I ¼ p1ﬃﬃ2 ðjH iS jH iI þ eiðϕS þϕI Þ jV iS jV iI Þ, where ϕI is the propagation
phase difference in paths IL and IR. To keep the total phase
I
ϕS + ϕI constant, we actively stabilize the path difference between L
and R. Through quantum state tomography, the density matrix of
this entangled state is reconstructed via the maximum likelihood
method, and the fidelity with a two-qubit maximally entangled state
is over 90% for both QN2 with a storage time varying from 10 μs to
1 ms and QN3 at 10 μs (Fig. 2b). We attribute the infidelity mainly to
the imperfect optical pumping and the signal-to-noise ratio in the
retrieval process of the idler photon.
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Fig. 2 | The quantum repeater node with long memory time. a, A zoom-in of QN1 (a signal photon) and QN2 (an atomic quantum memory). b, Short-term
overall retrieval efficiency (blue diamonds) and the atom–photon entanglement fidelity Fe (red squares) within 1-ms storage in QN2. In both plots the
error bars represent one standard deviation. c, Long-term storage efficiency measured by EIT storage at QN2 (black squares) and QN3 (blue diamonds),
normalized to the time point of t = 1 ms. The plots are fitted with an exponential function (red and orange dashed lines). The 1/e lifetimes of QN2 and QN3
are 77 ± 3 ms and 14 ± 1 ms, respectively.

The protocol in this experiment can be split into three steps: the
asynchronous preparation of atom–photon entanglement in segment I (QN1 and QN2) and segment II (QN3 and QN4), and the following entanglement connection, as shown in Fig. 3a. In step I, we
generate atom–photon entanglement between QN1 and QN2 with a
write–clean pulse train repeated at a rate of 1 MHz (Supplementary
Information). Once a signal photon is recorded by the detector, the
write–clean cycle halts and the sequence enters step II immediately.
In step II, we generate the atom–photon entanglement between
QN3 and QN4 in a similar way as in step I. The difference, here, is
that once the number of write–clean trials reaches 1,000, which is
~1 ms after generation of atom–photon entanglement in segment I,
the whole sequence will terminate and restart from step I. This 1-ms
window is determined as a trade-off between the near-deterministic
detection of a signal photon at QN4 and the low decoherence of the
established atom–photon entanglement in segment I during this window. As an example, with a medium overall signal photon detection
probability of p = 0.3%, which corresponds to an intrinsic excitation
probability of χ ≈ 1%, 1,000 trials yield a nearly deterministic success
probability of 1 − (1 − 0.3%)1,000 ≈ 95% to generate the atom–photon
entanglement. On the other hand, with the long coherence time of
QN2, the atom–photon entanglement fidelity in segment I changes
only slightly in the 1-ms window, and remains as high as 92.9 ± 2.8%
at 1 ms, as illustrated in Fig. 2b. Although the retrieval efficiency
decays to about one-half of the initial value within the first 1 ms, it
only influences the entanglement swapping efficiency by a constant
factor, which will not change the scaling. After the successful detection of a signal photon at QN4, the sequence proceeds to step III.
376

In many previous atom–photon entanglement experiments
where two Zeeman sublevels are employed as the bases of stationary
qubits17,18,32,33, the phase in the established atom–photon entangled
state oscillates due to the different Larmor precession rates of these
two bases. For the asynchronous connection of two segments in a
quantum repeater protocol, serious problems will appear due to the
random entanglement preparation time between adjacent segments
and hence the random accumulated phase. Here, in our experiment, the two bases of the stationary qubit jLi and jRi are nearly
I spin–wave
I
identical, except the spatial orientation of the
vectors,
which have no influence on the phase14. Accordingly, our established atom–photon entanglement (equation (1)) in each node has
a time-independent phase ϕS (Supplementary Information), which
guarantees that the final entangled state after entanglement connection will have a constant phase no matter when the entanglements
are prepared in the two segments.
After the successful detection of two signal photons in steps I and
II, we connect the two segments through entanglement swapping
and entangle QN1 and QN4 (two signal photons) in a post-selected
way in step III. We coherently convert the spin–wave qubits in the
two memories to idler photons, which are further directed to the
middle station to perform the joint BSM in the photonic polarization basis (Fig. 1b). After the successful entanglement swapping
between QN2 and QN3, the two signal photons are projected into a
maximally entangled state
1
jΨ iS�S ¼ pﬃﬃﬃ ðjH i1 jH i4 þ eiðϕI þϕII Þ jV i1 jV i4 Þ
2

ð2Þ
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Fig. 3 | Entanglement connection of two quantum repeater segments. a, The protocol of the asynchronous generation and connection of entanglement.
b, The reconstructed density matrix of the signal–signal state after entanglement swapping. The fidelity of the reconstructed state to the nearest
maximally entangled state is 79.5 ± 4.8%. The density matrix shown here represents the average over all the entangled states from 1,000 trials. Although
the quality of the final entanglement depends on how long the heralded state is stored in QN2, this dependence is weak as the coherence loss in QN2 is
small in this experiment. The whole data acquisition time is 16 h for all the 16 measurement bases of the final QN1–QN4 state, and the total number for
the recorded four-photon coincidence count is 656. c, The atom–photon entanglement fidelity in segment I after storage times of 10 μs, 100 μs, 500 μs and
1,000 μs, and in segment II after a storage of 10 μs, together with the final signal–signal entanglement fidelity. Error bars represent one standard deviation.

where H(V)1(4) represents a signal photon in the horizontal (vertical) polarization basis at QN1(4), and ϕI + ϕII is a constant phase
including all the path phases in the write and read processes in
both segments. We perform quantum state tomography on this
signal photon entangled state by setting proper polarization measurement bases before detectors D5 and D6, and reconstruct the
density matrix with the maximum likelihood method (Fig. 3b).
With the atom–photon entanglement generation probabilities in
both segments I and II set to 0.1%, the fidelity of the reconstructed
signal–signal entangled state to a maximally entangled state is
measured to be 79.5 ± 4.8%, which is clear evidence of the generated entanglement between QN1 and QN4 and confirms the success of the whole protocol.
Finally, we investigate the scaling property of our protocol.
Suppose the success probability of generating atom–photon entanglement on both sides is set to p. If p > 1/n, where n is the maximally allowed trial number in the write process of segment II, the
atom–photon entanglement in segment II can be prepared nearly
deterministically. The expected number of trials to successfully generate the entanglement on both sides and to perform a successful
entanglement swapping is thus proportional to 2C/p, which is linearly dependent on 2/p, with a varying coefficient C(p,n) ∈ (1,1.42)
(Supplementary Information). By comparison, without the memory
enhancement, the successful entanglement connection will require
simultaneous entanglement generation on both sides and therefore
the number of trials scales as 1/p2. Here, we verify that the overall
success rate of entanglement generation and connection between
the two segments is linearly dependent on p (that is, the expected
time or trial number is O(1/p), where O(1/p) denotes the order of
Nature Photonics | VOL 15 | May 2021 | 374–378 | www.nature.com/naturephotonics

1/p) by measuring the four-photon coincidence rate with the two
signal photons in jH i1 and jH i4 and the two idler photons detected
in the BSM, whichI is one-half
I of the signal–signal entanglement
generation rate in our case (equation (2)). As shown in Fig. 4,
when p is varied, the signal–signal entanglement is generated at a
rate linearly dependent on the excitation probability p in each segment, which confirms the fundamental acceleration in entanglement connection from a quadratic scaling to a linear scaling for
the two-segment case. In Fig. 4, we also compare the four-photon
coincidence rates between this memory-enhanced protocol and a
corresponding entanglement swapping protocol without use of the
quantum memories (Supplementary Information), and we can see
that the advantage of the memory-enhanced protocol is more evident at a smaller p due to the improved scaling with O(p).

Discussion

In summary, we have demonstrated the entanglement connection of
two quantum repeater segments with improved scaling in efficiencies through enhancement by quantum memories. In the future,
this set-up may be combined with a frequency conversion set-up
to convert the photons on each side to the telecom wavelength so
that the communication length of each segment can be extended to
tens of kilometres15,34,35. The scaling change from a quadratic dependence on the generation rate of each segment to a linear dependence
can then be used to remarkably boost the overall communication
efficiency, which is a key advantage of the quantum repeater protocol compared with the direct communication scheme. This work
thus demonstrates an important primitive of the quantum repeater
protocol and provides a building block for the implementation of
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Fig. 4 | Memory-enhanced scaling of efficiencies for entanglement
connection. Four-photon coincidence counts in 20 min are measured
at an excitation probability of p varying from 0.15% to 0.8% (black
diamonds). Error bars represent one standard deviation. The blue solid
curve is the theoretical four-photon coincidence rate in our experiment
and the orange curve is the calculated four-photon rate of the same
entanglement swapping protocol but without use of the quantum
memories (Supplementary Information). For these two cases (with or
without use of the quantum memories), the fidelity of the final state should
be comparable, as the additional fidelity decay induced by the coherence
loss in the quantum memory, which is ~3% for the required maximal 1-ms
storage time from Fig. 3c, is much less than the overall infidelity of the
final state, measured to be around 20% and mainly from the contribution
of the technical noise in entanglement swapping and the addition of the
infidelities from the two-segment Einstein–Podolsky–Rosen (EPR) states.
However, the efficiency improves from a quadratic dependence (O(p2)) to a
linear scaling (O(p)) by use of the memory enhancement.

long-distance quantum communication and large-scale quantum
networks.
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Methods are included in the Supplementary Information.
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