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Towards realizing the future quantum internet'?, a pivotal milestone entails the

transition from two-node proof-of-principle experiments conducted in laboratories
to comprehensive multi-node set-ups on large scales. Here we report the creation

of memory-memory entanglement in a multi-node quantum network over a
metropolitan area. We use three independent memory nodes, each of whichiis
equipped with an atomic ensemble quantum memory? that has telecom conversion,
together with a photonic server where detection of a single photon heralds the success
of entanglement generation. The memory nodes are maximally separated apart for
12.5 kilometres. We actively stabilize the phase variance owing to fibre links and control
lasers. We demonstrate concurrent entanglement generation between any two
memory nodes. The memory lifetime is longer than the round-trip communication
time. Our work provides a metropolitan-scale testbed for the evaluation and
exploration of multi-node quantum network protocols and starts a stage of quantum

internetresearch.

Quantum networks**operate differently to their classical counterparts,
as their nodes can store and process quantum information and are
linked through the sharing of entangled states. The non-local nature of
entanglementenables arange of disruptive applications such as quan-
tum cryptography*, distributed quantum computing® and enhanced
sensing®’. Quantum nodes within ametropolitan area can be entangled
through optical channels of a few tens of kilometres with a moderate
transmission loss (for example, 10 dB for 50-km fibre at 1,550 nm). For
entangling intercity nodes, quantum repeater protocols*® need to be
implemented to overcome the exponential growth in transmission
loss. Figure 1a shows an envisaged wide-area complex quantum net-
work, consisting of anumber of high-connectivity metropolitan-area
networks that are further interconnected via quantum repeater
channels.

The building block of a quantum network is the heralded entan-
glement between a pair of adjacent quantum nodes. This has been
successfully demonstrated across various physical platformsinclud-
ing atomic ensembles® ", single atoms™, diamond nitrogen-vacancy
centres™ ™, trapped ions', rare-earth-doped crystals”*® and quantum
dots®?°, among others. Currently, the maximum physical separa-
tion of heralded entanglement achieved is 1.3 km (ref. 14). Building
onthis progress, three-node quantum network primitives have been
established recently onalaboratory scale? %, opening opportunities
for multi-user applications, such as the creation of three-body entan-
gled Greenberger-Horne-Zeilinger (GHZ) states?*?, entanglement

swapping between two elementary links?? and qubit teleportation
between non-neighbouring nodes?. The next challenge is to extend
these laboratory or short-scale experiments to a metropolitan
scale, which needs the combination of several requirements: low
fibre transmission loss, independent quantum nodes and a scalable
network architecture. Owing to the great progress of the quantum
frequency conversion (QFC) technique®, platforms operating at
high-transmission-loss wavelengths are now able to access the fibre
network with minimal loss. This has enabled a series of works distrib-
uting local light-matter entanglement over up to a few-kilometre
fibres?3°. Furthermore, two seminal experiments demonstrated
heralded entanglement between two quantum nodes via long fibre
links, one using two single atoms and 33 km of fibre® and the other
using two atomic ensembles and 50 km of fibre*.. However, the
entanglement between two single atoms was generated at a low rate
of approximately 1 min™ and the entanglement between two atomic
ensembles was generated between two non-independent nodes, rais-
ing concerns about their scalability towards large-scale and multi-user
scenarios.

Here we overcome these challenges with a set of key innovations
and present a multi-node quantum network over ametropolitan area.
Our network consists of three quantum nodes (Alice, Bob and Char-
lie) and a server node arranged in astar topology (Fig.1d). The three
quantum nodes are located on the three vertices of a triangle with
sides of 7.9 kmto12.5 kminlengthin Hefei city, and runindependently.
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Fig.1|Networklayout and experimental set-up. a, Anenvisaged architecture
of awide-area quantum network. Most of the quantum nodes are located in
metropolitan areas (shaded in brown), forming numerous metropolitan-
areanetworks. Eachmetropolitan areahas aserver node that connects and
synchronizes all quantum nodes, facilitating remote entanglement generation
betweenany pair of quantumnodes onrequest. Quantumnodesin different
cities establish remote entanglement through quantum repeater links (orange
lines) that connect the metropolitan-areanetworks. b, Scheme of the quantum
node. A cloud of Rb atoms in a ring cavity works as a quantum memory, and
theatom-photon entanglementis generated with the DLCZ protocol. The
write-out photon, emitted through a partially reflective (PR) mirror, is shifted
tothe telecomwavelength witha QFC module and then sent to the server node.
Thedichroic mirrors (DMs), long-pass filters (LPs) and bandpass filters (BPs)
areused for noisefilteringin the conversion process. Alllasers are locked to a

The server node is situated approximately in the centre of the tri-
angle and linked to each quantum node via optical fibres for both
classical and quantum communication. In each quantum node, a
cavity-enhanced laser-cooled rubidium atomic ensemble serves as
the long-lived quantum memory*, generating atom-photon entan-
glement using the Duan-Lukin-Cirac-Zoller (DLCZ) protocol®*. The
photon is sent to the server node for entangling, while the atomic
qubitisstored for subsequent applications. To reduce photonlossin
thefibre, each quantumnodeis equipped with a QFC module, which
coherently shifts visible photons at the rubidium resonance to the
telecom O band®. Quantum nodes are furthermore synchronized in
phase using a remote phase-stabilization method. Using this archi-
tecture, we demonstrated the generation of entanglement between
distant quantum nodes and the storage of entanglement exceeding
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reference cavity. The write and read lasers are furthermore synchronized using
an OPLL.PPLN, periodically poled lithium niobate; QWP, quarter-wave plate;
HWP, half-wave plate. ¢, Scheme of the server node. An optical switch controlled
by aQRNG routes two of the three inputs to the interferometer. Abeamsplitter
(BS) performs single-photoninterference and the results are measured by two
SNSPDs. A field-programmable gate array (FPGA) is used to analyse the phase-
probeinterference dataand compensate the phase to the electro-optical
modulator (EOM) onone armof the interferometer (see main text).d, Layout of
the multi-node quantum network studied in thiswork. Three quantum nodes,
labelled Alice, Bob and Charlie, and aserver node arelocated in four laboratories
inthe Hefeicity. The violetlines represent the fibre connections (lengths
indicated) and the black arrowsindicate the physical distance between quantum
nodes. Map data from Mapbox and OpenStreetMap.

the round-trip communication time. Furthermore, we extended the
remote entanglement generationto all three links in the network and
executed them concurrently.

Scheme and experimental set-up

We generate remote entanglement between a pair of distant quantum
nodes via a single-photon scheme?*. We start by preparing the light-
matter entanglement in each quantum node (Fig. 1b) using the DLCZ
protocol**. Aweak write pulse induces a spontaneous Raman-scattered
photon (write-out) with asmall probability y = 1%, whose presence and
absence is associated with that of collective excitation of the atomic
ensemble. This forms a Fock-basis light-matter entanglement
|®,,) =100) + ¥ [11) without normalization, where the subscript ‘a’
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Fig.2|Weak-field phase and frequency stabilization. a, Schematicand time
sequence of the phase-stabilization method. We probe the phase difference
oftwonodes by interfering two phase-probe pulses on the entanglement
generation facilities. An FPGA extracts the phase difference and applies the
feedback tothe EOM.In each trial, phase-probe pulses are sent before the
write process, and agap of 7, = Spsissecured toreduce the afterpulse-like
noise of the SNSPDs. Each phase-probe pulse lasts for 7,, =4 psand contains
about40 photonsuponarrival at the beamsplitter. The feedback takes up to
2 ps.Inpractice, the probe-feedback processis executed twice for better
phase-stabilization performance. b, Characterization of phase stabilization.
The two histograms show the detected phase distributions with (orange) and
without (blue) executing the phase stabilization. When running the phase
stabilization, we perform single-photoninterference by sending weak pulses

denotes the atomicstateinthefirst part, the subscript ‘p’ denotes the
photonic state in the second part, and O and 1 refer to the number of
atomic or photonic excitations. The atomic excitation can be stored
for up to 560 ps until it is retrieved for following operations®. The
write-out photon is down-converted from 795 nm at rubidium reso-
nance to 1,342 nm in the telecom O band in a periodically-poled-
lithium-niobate waveguide chip with the help of a strong 1,950-nm
pump laser. The photon attenuation is thus reduced from 3.5 dB km™
t0 0.3 dB km™under transmission through standard optical fibres (see
Supplementary Information for measured attenuation in our experi-
ments). The telecom photonthenis sent to the server node forinterfer-
ence. The QFCmodule, including the down-conversion, noise filtering
and fibre coupling, constitute an end-to-end efficiency of 46% and
noise of about 1.3 kHz. In the server node (Fig. 1c), abeamsplitter com-
bines the write-out photon from two quantum nodes and erases their
which-path information. A click from a superconducting nanowire
single-photon detector (SNSPD) heralds the maximally entangled states
between two ensembles

W30 = (10D +e'? [10))//2, 60
wherethe+ signdependsontheheraldingdetector. Ap = Ag,, + A, + Ay
accounts for the optical phase difference accumulated during the
entangling process, including Ag, and Ag,, the phase difference of
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fromtwonodes. The pink data points show the interference visibility asa
function of their phase difference. The pink curve is asinusoidal fitting of the
datapoints. Theerrorbars represent one standard deviation. ¢, Interference
visibility of phase-probe pulses as a function of the frequency difference
between two nodes. The pink data points show the variationin visibility when
deliberately changing the frequency difference. Theredlineis alinear fitting
of thedata points within 5 kHz. The two histogramsin the insets show the
distribution of the counts of two SNSPDs (D, and D,) withina120-s timeslot,
withthe corresponding data points highlighted. d, Tracking of laser drift over
76 hours. Thegreen curve shows the detected frequency difference after
compensation. The orange curve shows the compensation value, which
approximates the original laser drift. We plot the temperature of Bobin blue,
whichshowsastrong correlation with the laser drift.

write lasers and of pump lasers in two nodes, respectively, as well as
Ag;, the phase difference of two fibre channels.

Thekey to the success of the single-photon schemeliesinaccurately
setting Ag to a known value. To this end, previous laboratory experi-
ments have typically used an ad hoc laser shared by separated nodes,
and locked the closed-loop interferometer composed of the laser split-
ting paths and the quantum channels®’?°?>*_In addition, the qubit
manipulation laser paths typically do not coincide with the laser split-
ting paths, so these two paths should also be locked to maintain the
coherence of the quantum states, which further adds the phase-locking
complexity?.

To address these challenges, we developed a network architecture
based on aweak-field remote phase-stabilization method. The method
relies on detecting the phase difference Aginsitu at the entanglement
generation facilities using weak-field phase-probe pulses and photon
counting, and compensating for itimmediately (see Fig. 2a for the
scheme and more details in Supplementary Information), similar to
thatrealized recently in quantumkey distribution experiments®. This
method has three critical requirements for the phase-probe pulses:
their frequency difference is much smaller than 1/7,, (where 7,,, is the
phase probe time), their linewidths are much narrower than1/7,,
and 1/7, (Where 7, is the time gap between the phase probe and the
write process), and they inherit the same laser phase as the write-out
photons. To meet these requirements, we lock all lasers in each node
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onto areference cavity and obtain a subkilohertz linewidth and drift
of a few kilohertz per day for all lasers. We perform a one-off fre-
quency calibration of the corresponding lasers in different nodes.
In addition, we synchronize the write and read lasers using an optical
phase-locked loop (OPLL). As aresult, each phase-probe pulse differs
from the corresponding write-out photon with a phase 6, leading to
aresidual phase A6 (the difference of 8 in two nodes) in equation (1)
after compensation. One can either remove A8 by synchronizing the
OPLLs in two nodes or choose A8 as the phase reference to observe
the entanglement. We choose the latter method in the following
experiments.

To characterize the stabilization performance, we send an additional
phase-probe pulse from each quantum node 5 ps after the feedback
and find a Gaussian phase distribution with a standard deviation of
17°, as shown in Fig. 2b. By changing the relative phase between the
additional pair of phase-probe pulses, we observe a sinusoidal oscil-
lation of their interference visibility (Fig. 2b), which confirms a good
phase correlation between two nodes.

Anadditional challenge in operations arises from the slow frequency
drift of the reference cavities, which can transfer to the lasers and
eventually to write-out photons. To avoid this, we use a continuous
frequency calibration using the phase-probe interference data. We
determine the minor laser frequency offset Aw by analysing the phase
evolution between successive entanglement trials over a duration of
tand compensate it to the pump lasers. Considering the long coher-
ence time of the lasers (about 1 ms) and the slow fluctuations in the
fibre, the phase evolves solely owing to Awt. We verify this by observ-
ing the interference visibility as a function of Aw, shown in Fig. 2c.
Through theimplementation of the calibration, we are able to maintain
Aw < 0.15 kHz over a span of 76 h, despite an observed drift of 5 kHz
(Fig. 2d).

Entanglement between a pair of distant nodes

We first generate remote entanglement between Alice and Bob. The
atomic qubits are encoded in the Fock basis of excitations, and are
difficult to measure directly without introducing interactions®®.
Instead we retrieve each atomic state to a photonic mode®and obtain
|l.Uf,p> =(|01y+e¢r |10))/-/2. To evaluate the photonic entanglement,
one needs the knowledge of coherence d = [10| W, }(¥},,|01)|. As itis
experimentally hard to perform qubit operations in the Fock basis,
previous experiments mostly inferred d by interfering two read-out
modes using a beamsplitter®”?, which is not favourable for spatially
separate cases. To overcome this challenge, we develop amethod based
on the weak-field homodyne measurement schemes* 8 that allows us
to witness remote Fock-basis entanglement through local operations
and measurements. In addition, our method effectively converts the
Fock-basis entanglement into a polarization maximally entangled
(PME) state**, making it accessible for entanglement-based commu-
nication schemes.

Our method starts by generating an entanglement-probe pulse from
thewritelaserineachnode.Itis aweak coherentlight field that hasthe
same frequency and profile (confirmed by the Hong-Ou-Mandel
experiment between the entanglement-probe pulse and the read-out
fieldinFig.3b) as theread-out field, but orthogonally polarized. When
choosing the phase reference of €%, one can find the joint state of two
entanglement-probe pulses |[EP), |EP),~|00) + a (]01) + el2?r |10)),
where a is the amplitude of the entanglement-probe (EP) pulse, isin
phase with |lﬂ§p). Next, we combine the read-out field with the
entanglement-probe pulsein every node using a polarizing beamsplit-
ter (PBS) and perform projection measurements under different
polarization bases (Fig. 3a). Initially, we measure the mixed field in
bothnodesinthe |H)/|V)basis, where Hand Vstand for the light field’s
horizontal and vertical polarization modes, respectively. On the detec-
tor corresponding to horizontal polarization, the entanglement-probe
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pulse is removed; thus we find poo, poi, P10 and p;; through statistical
analysis, where p; represents the probability of having i excitationsin
Alice andj excitations in Bob. When measuring in the superposition
basis, theread-out fieldinterferes with the entanglement-probe pulses,
resulting in remote correlation. Specifically, when the |H) £ |V) basis
is chosen, we have the correlation function

E. = Nt NC_-N -N,
£ NG HN NN

(2)

where N,,, represents the coincidence events between the m mode
inAliceand the nmodein Bob (m, ntakes + or —, referring to |H) + |V)
and |H) - |V}, respectively). In this case, we find |d| > (p,, + p,,+
2, [PooPy)El/2 (Supplementary Information). Now we can estimate
the degree of entanglement with the lower bound of concurrence
C=max(0, 2|d| - ZM). This measure ranges from O for aseparable
state to 1for a maximally entangled state.

Although being a good measure of entanglement, C does not indi-
cate how useful the entangled state is in entanglement-based com-
munication. To answer this question, we consider the mixed field
right after the combining PBS at each node, which can be approxi-
mated (with arbitrary phase factors and no normalization)

(ahytal ) ® (1+aa} ) ® (1+aaf ,)|0), (3)

where lis theidentity operator and a'is the photon creation operator
with the subscript indicating its node (Alice or Bob) and polarization
(H or V). Selecting at least one photon at each node, equation (3)
becomes

Wi = a (@) yag, y ) yag ) 10) +o(a?). 4)

Neglecting the higher-order term o(a?), equation (4) is a PME state
between two photonic modes. This allows local Pauli operations (X, Y
and Z2) and enables entanglement-based communication protocols.
More details about the weak-field entanglement verification method
are discussed in Supplementary Information.

Next, we verify the remote entanglement generated between Alice
and Bob using the weak-field method. In the first experiment, we verify
the entanglementin adelayed-choice fashion®. The atomic states are
retrieved 5 ps after the atom-photon entanglementis created, earlier
thanthe entanglementis heralded. Figure 3c,d summarizestherecon-
structed density matrices between the read-out fields and the corre-
sponding C.C> Ofor both |(.U;p> and |¥ ) indicates the existence of
remote entanglement. By deducting the loss during retrieval and detec-
tion, we infer the density matrices between two atomic ensembles and
their corresponding concurrence C to two atomic ensembles and show
themin the same figures. Meanwhile, we find the fidelity 7= 0.672(32)
for |Wpye and F= 0.666(31) for | W5y, tothe corresponding maximally
entangled state, both above 0.5 to certify the entanglement (Fig. 3e,h).
In the second experiment, we create the remote entanglement in the
same fashionbut storeitfor107 ps, exceeding the round-trip transmis-
siontime between the quantum and the server nodes. We get aslightly
lower concurrence result for each case, as summarized in Fig. 3f,g. In
terms of fidelities, we get 7= 0.643(40) for |Wpye> and F=0.637(40)
for |Wyup, which are on par with that of the former experiment
(Fig.3e,h). Comparingthe variation of Cand F between the two exper-
iments, we confirm thatalarge portion of noise in the generated entan-
gled states is the vacuum component and can be effectively filtered
out using our weak-field method and other protocols®. The measured
heralding probability is 6.9 x 10™*and 8.0 x 10™*for the first and second
experiments, respectively, which corresponds to an entangling rate
of 1.93 Hz and 0.83 Hz, considering the experiment repetition rate of
2.76 kHzand 1.03 kHz. Inboth experiments, 25% of the heralding events
come fromthe dark counts or the noise photons, and the left part comes
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Fig.3|Entanglementbetweena pair of distant nodes. a, The experimental
set-up for entanglement verification. Ineach node, aweak entanglement-probe
(EP) pulsethat has the same frequency and profile as the read-out field but is
orthogonally polarized assists in the verification process. We combine the
entanglement-probe pulses and the read-out fields using PBSs, perform the
polarization measurementin eachnode, and detect the remote entanglement
by analysing the correlation between two nodes (see main text). b, Measured
correlation functiong? (results of the Hong-Ou-Mandel experiment) between
aread-outfield and an entanglement-probe pulse as afunction of their detuning.
Theorangelineshows a Gaussian fitand the black dashed line indicates the

from the write-out photons, which corresponds to a signal-to-noise
ratio of 3inthe server node. The PME-state generation rateis 0.013 Hz
and 0.0037 Hz for the two experiments, which is the product of the
entanglement heralding rate, the retrieval efficiency and the average
photon number of the entanglement-probe pulse.

Concurrent entanglement generation in the network

Now we complete the network architecture by including the third
quantum node, Charlie, and concurrently generate entanglement
|W5p, |WHgc and | W), on three links, Alice-Bob, Bob-Charlie and
Alice-Charlie, respectively. To thisend, the server nodeis equipped
withamulti-input-two-output optical switch and assigns two of the
three users to the detection uponrequest. In our demonstration, we
assign a 5.8-s timeslot for each pair of users and dynamically switch
user pairsaccording to aquantum random number generator (QRNG),
simulating unknown requestsin real-world applications. As different
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thermal-coherentinterference limit (see Supplementary Information for more
details). c,d, Reconstructed density matrices of |lﬂ;p) (c)and (L (d) after S ps
of storage. f,g, Reconstructed density matrices of |}, ) (f) and |¥ ) (g) after
107 ps of storage. In the density matrix figures, blue bars are the tomography of
theread-outfieldsand the transparent bars are the tomography of the atomic
states by deducting the loss during retrieval and detection. e,h, Correlation
measurements of |Wp) (€) and |Wpye (h). The blue and orange bars are the
results for the 5-pus and 107-ps storage cases, respectively. The transparent
barsarethetheoretical correlators. The error barsrepresent one standard
deviation.

links are frequently switched, a‘hot swapping’ featureis crucial, that
is, the entangling conditions are met immediately after switching.
In our architecture, the phase stabilization is executed for every
entanglement trial and is unaffected by switching. The good laser
stability guarantees an ignorable relative frequency drift although
a one-third effective calibration time is assigned for each pair of
nodes. Furthermore, we track the polarization drift of each fibre
and immediately apply the compensation (see ref. 32) during
switching.

We first observe the local manipulation of non-local states. For
instance, when applying a unitary operationlocally at one of the quan-
tumnodes (for example, Charlie), its relevant non-local states (|¥*) AC
and |¢*), ) changein form while the entanglement is preserved. The
irrelevant non-local states |@*) Ap Feémain unchanged. In practice, we
vary the phase 6 at Charlie and measure the {XX) correlation of each
pair of entanglement. As shown in Fig. 4a,b, we observe sinusoidal
oscillations in the expected pairs |¢*), and |¢*), ., while |¥*) ,,
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correlation (XX) of |¥*) (a)and |¥") (b) onthree links when changing the phase
fat Charlie. Blue, orange and green data points refer to the results of the Alice—

Bob, Alice-Charlie and Bob-Charlie links, respectively. The curves show the

contributes a constant in this measurement. A /2 delay between the
oscillations of |¢*), and |¥*) , - arises from the phase-stabilization
mechanism (Supplementary Information).

In the end, we characterize the generated remote entangled states
on three links in the delayed-choice fashion. Table 1 summarizes the
concurrence results Cand C and Fig. 4c,d shows the correlation meas-
urement results of the PME states and gives the fidelities as well. For
allthreelinks, we find C> O to confirm the presence of atomic entangle-
mentand 7> 0.5 indicates the entanglementin the corresponding PME
state. The entangled states between Alice and Bob are comparable to
that generated in the fixed connection case, indicating no extradeco-
herencebeingintroduced inthe switching process. The lower entangle-
ment quality in other links arises from experimental imperfections
(Supplementary Information). The entangling rates of all three links
are roughly one-third of that measured in the fixed connection case,
asexpected. Some simple upgrades to the server node willimmediately
improve the networking performance, such as parallel (rather than
concurrent) creation of multiple entanglement pairs with the help of
wavelength division multiplexing technique*® and genuine three-body
entanglement creation using a modified interferometer?#42,

Table 1| Summary of the concurrence results in the
concurrent entanglement generation experiment

Alice-Bob Alice-Charlie Bob-Charlie
C [172) 0.086(14) 0.074(14) 0.032(12)
¥ 0.086(14) 0.063(13) 0.048(13)
C [172) 0.38(5) 0.35(5) 0.17(5)
2] 0.38(5) 0.30(5) 0.23(5)
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sinusoidal or the linear fit of data with corresponding colours. ¢,d, Correlation
measurement of [¥pe) (c) and |Whyp (d) onthreelinks. The colour codeis the
sameasinaandb. Thetransparentbarsrefer to the theoretical correlators. The
error barsrepresent one standard deviation.

Discussion and outlook

In this work, we present the implementation of a metropolitan-area
entanglement-based quantum network. With this facility, we have
successfully demonstrated the heralded generation of remote entan-
glement between two quantumnodes separated by 12.5 km and stored
it longer than the round-trip communication time. We also showed
the concurrent generation of multiple entanglement pairs within
the network. The high entangling rate in our network is enabled by
the single-photon scheme®, which provides an entangling rate pro-
portionalto y./n (xis the single-photon probability and nis the chan-
nel transmittance), superior to that of the two-photon scheme* (y’n)
and the serial-network scheme** (yn7). We overcome the technical
challenges in the single-photon scheme using a series of methods,
two of which are crucial. First, the remote phase stabilization guar-
antees the basis toimplement the single-photonscheme. Inaddition,
it provides a flexible and scalable network infrastructure that can
accommodate more quantum nodes within the metropolitan area.
Second, the weak-field method simplifies the verification of remote
Fock-basis entanglement. It removes the necessity to interfere two
remote Fock-basis photons, and instead requires only local linear
optics operations and measurements. Moreover, using this method,
one can effectively convert Fock-basis entanglement to the polariza-
tion maximally entangled state, making entanglement-based com-
munication within reach. These methods promise the scalability of
our network onlarger scalesand more complex topologies. Adapting
these methods to other physical platforms will accelerate their net-
working process.

Further advances of the network performance will happen in four
main aspects, increasing the entangling rate by shifting the wavelength



to telecom C band®* and by adapting multiplexed atomic quantum
memories®; decreasing the entanglement infidelity by suppressing

unwanted higher-order atomic excitations with the help of aRydberg

blockade mechanism?®*; realizing a better entanglement verifica-

tion by filtering out the vacuum componentsin the remote entangled
state'®** or by using nonlinear atomic-state detection techniques®**’;
and prolonging the entanglement storage time to the second scale by
further limiting atomic thermal motion with an optical lattice tech-
nique*®. With these improvements, we expect to realize quantum
repeater links onanintercity scale and merge several metropolitan-area
quantum networks into a wide-area complex network, as envisaged
inFig.1a.

Online content

Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
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