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Entanglement swapping between photon pairs generated at physically separated nodes over telecom-
munication fiber infrastructure is an essential step toward the quantum internet, enabling applications such
as quantum repeaters, blind quantum computing, distributed quantum computing, and distributed quantum
sensing. However, successful networked entanglement swapping relies on generating indistinguishable
pairs of photons and preserving them over deployed fibers. This has limited most previous demonstrations
to laboratory settings or relied on sophisticated methods to maintain the necessary indistinguishability.
Here, we demonstrate a scalable entanglement-swapping experiment using naturally indistinguishable
entanglement sources based on warm atomic vapor cells. Without sharing lasers or optical frequency
references between nodes, nor the need for pulsing the sources, we achieve a swapping rate of nearly
500 pairs/s in a local configuration while maintaining the Clauser—Horne—Shimony-Holt (CHSH)
parameter above 2. Additionally, we demonstrate the scalability of our method by maintaining the quality
of the entanglement swapping on 17.6 km of deployed fibers in New York City, relying on commercially
available single-photon avalanche detectors at the spoke nodes, superconducting nanowire detectors at the
hub and standard time-synchronization techniques. Our work paves the way for the practical deployment

of large-scale hub-and-spoke quantum networks within cities and data centers.
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L. INTRODUCTION

Entanglement swapping is an important operation in
the quantum internet [1], critical in use cases such as
quantum repeaters [2], distributed quantum computing
[3-5], and quantum sensing [6]. All such use cases require
the entanglement-swapping process to be high-rate, stable,
scalable, and deployable across telecommunication net-
works or within buildings, such as quantum data centers
(QDCs) [7].

More specifically, entanglement swapping between
remote photonic entanglement sources is not only crucial
for creating long-distance quantum networks [8,9] but is
also required for blind quantum computing [10,11]
and enhancing the entanglement rate between quantum
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processors over a distributed quantum computing network
[12]. However, while many groups have reported progress
toward this goal in recent years, previous demonstra-
tions have proven that efficient entanglement swapping
between independent biphoton sources is a very hard task
to achieve [13,14]. In addition, the deployment of such
networks on the telecom infrastructure adds significant
practical challenges.

One major challenge with swapping is the requirement of
indistinguishability [15]. For this process to be successful,
not only must the photons from different sources be iden-
tical to one another but also fiber effects, such as polari-
zation drifts, must be mitigated to ensure high-fidelity
entanglement swapping. With sources such as spontaneous
parametric down-conversion (SPDC) [16], color centers in
diamonds [17], and quantum dots [15], producing identical
sources is a challenge. For sources that produce naturally
indistinguishable photons, such as atomic and ionic sys-
tems, preserving the degrees of freedom of the photons
across the network can be nontrivial [17,18].

Another challenge with entanglement swapping is
achieving high rates. Since the operation relies on the

Published by the American Physical Society
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simultaneous arrival of photons from two different sources,
probabilistic entanglement sources need to have high
spectral brightness. To date, most experiments using such
sources have resulted in rates below 1 event/s [13,14,19].
There are some exceptions, with the highest rate reported
at 108 pairs/s [20], with similar swapping fidelity to that
demonstrated here. Although impressive, this setup relied
on two SPDC sources being pumped using the same laser,
making it impractical to implement over a network. Deter-
ministic sources, such as trapped ions or neutral atoms, do
not necessarily have this timing issue because the photons
can be made to arrive simultaneously. However, there are
often issues with the collection efficiency of the photons
and a lack of native telecom compatibility, which limits the
distance over which swapping can be performed. Here, the
highest rates achieved using such platforms reach a rate of
182 events/s at 422 nm, separated by roughly 2 m [21].

Here, we demonstrate entanglement swapping with
polarization qubits that not only enables high-rate swap-
ping but is also highly scalable for larger spoke-and-hub
models, such as in QDCs and metropolitan networks.
Using two fully independent, highly bichromatic atomic
vapor-based entanglement sources, we achieve a swapping
rate exceeding 470 pairs/s when the sources are “local” to
the hub (all within the same building). The swapping is
performed at telecom wavelengths and occurs at a super-
conducting nanowire-equipped hub, whereas the entangled
photons are in the near infrared and detected with lower-
cost SPADs. This architecture allows for the easy addition
of more spokes, given the small size, weight, power,
and cost requirements of the spoke equipment. Additio-
nally, we demonstrate the scalability of our platform by
performing the swapping experiment on 17.6 km of
deployed fibers in New York City, placing the hub at a
commercial data center, quantum to digital (QTD) sys-
tems. Using this layout, we achieve the first Hz-level
polarization entanglement swapping over a commercially
deployed network.

II. EXPERIMENTAL DETAILS

Figure 1 shows a hardware schematic for the two spokes
(S1 and S2) and the hub (H) for the following experiments.
The two spokes have identical layouts and are designed to
be fully operational at room temperature. In contrast, the
hub is equipped with superconducting nanowire detectors
(SNSPDs) and therefore requires cryogenic cooling. This
layout allows for a low-cost, low-maintenance expansion
of the number of spoke nodes, all connected to the same
central hub, without the need for any additional cryogenic
SNSPDs.

At the spokes, there are fully independent entanglement
sources based on spontaneous four-wave mixing in a warm
rubidium vapor. Using a Qu-LSR to drive the vapor with
780-nm and 1367-nm pumps, the source generates bichro-
matic pairs of 795-nm and 1324-nm photons that are

entangled in a |®@, ) = %(|HH> +|VV)) Bell state [22].
In contrast to previous work, here the entanglement source
utilizes an enriched rubidium-85 vapor as opposed to
rubidium 87. This was done to provide biphotons that
are more temporally compatible with off-the-shelf SPADs.

From the entanglement sources, the 795-nm photons
pass through a free-space HWP followed by a polarizer,
allowing us to perform CHSH-like measurements between
the two spokes. Postpolarizer, 795-nm photons are coupled
into fiber and directed toward a SPAD (detection effi-
ciency ~65%).

The 1324-nm photons are coupled into the fiber and
directed toward the hub, where swapping occurs. At the
hub, the 1324-nm photons from the two spokes are passed
through a fiber-based BSM. This consists of a fiber-based
50:50 splitter followed by a pair of fiber-based polarizing
beamsplitter (PBS) cubes. We use a set of paddles between
the 50:50 splitter and one of the PBSs to allow us to orient
the axes of the two PBSs in the BSM to be the same. The
four output fibers of the BSM are coupled to the hub’s
SNSPDs (>80% and >93% detection efficiency for
detectors when the hub is local and remote, respectively).
The excess loss through the BSM setup is ~1.3 dB and
~1.9 for the local and networked experiments, respec-
tively. The difference is related to some additional fiber
optics that were required for remote control in the remote
case and could be neglected in the future.

For the local experiments, the fibers used are relatively
short and experience little polarization drift. As a result,
active polarization compensation is unnecessary, so the
Qu-APC is bypassed. For the city-wide experiment, we
see fiber drift similar to previous experiments [23-25],
and we similarly use the Qu-APC injector-compensator
pair to stabilize the fibers to the hub. These devices operate
as a pair and use time-division multiplexing, switching
between the 1324-nm photons from the source and a
classical laser at a similar wavelength to monitor the
fiber and compensate for any polarization drifts that may
have occurred. For the experiments shown, the Qu-APC
was operated to check for polarization drifts every 30 s.
When used, the uptime of the Qu-APC was in excess
of 99% and added an insertion loss of ~2 dB per link.
In both experiments, a set of paddles is used on the
fibers that go to the hub. These are used to correct for
the polarization rotation experienced by the photons
traveling down the fiber but are not adjusted during the
experiments.

For both sets of experiments, data is collected from the
various detectors using time-tagging devices local to those
detectors. A classical network, utilizing a separate set of
fibers from the ones that transmit the 1324-nm photons,
allows data to be collated between the three locations
using T7CP and IP. We use the White Rabbit protocol to
synchronize the time taggers at the three nodes, with
the White Rabbit devices operating over the same fibers
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Quantum Network Orchestrator

Experimental layout of a three-node entanglement-swapping experiment. Nodes S1 and S2 host the independent

entanglement sources, while H is where the entanglement swapping happens. Qu-LSR: Qunnect’s dual-laser systems for the
bichromatic sources. SRC: Atomic vapor cell sources. HWP: Half-wave plate. SPAD: Single-photon avalanche detector. TDC: Time-
to-digital converter (time-tagging device). Qu-APC: Qunnect’s automated polarization compensating devices (INJ: Injector. CMP:
Compensator). FBS: Fiber beamsplitter. FPBS: Fiber polarization beamsplitter. All three nodes are controlled by Cisco’s centralized

quantum network orchestrator.

as the TCP and IP network. Cisco’s quantum network
orchestrator facilitates network operation by centrally
controlling three experimental nodes. The integration of
such an orchestrating software suite with the quantum
layer is an essential step toward the expansion of such
demonstrations to many-node configurations.

For both demonstrations, S1 and S2 are in two separate
rooms (separated by ~30 meters) of the same building at
the Brooklyn Navy Yard in Brooklyn, New York. As
mentioned above, the two rooms are fully fiber-gapped
from each other. For the local experiments, the hub is
colocated with S1. As such, the fiber loss from S1 to the
hub is minimal, while the fiber loss from S2 to the hub
is ~1 dB.

For city-wide experiments, the hub is located in the
historic 60 Hudson building in the QTD systems data
center. The spokes are connected to the hub by fibers,
shown in Fig. 2, of length ~8.8 km, with a loss of ~5 dB
(measured by optical time-domain reflectometry at

1310 nm; the loss at 1324 nm is similar), bringing the
combined fiber distance between S1 and S2 to ~17.6 km.

III. LOCAL ENTANGLEMENT SWAPPING

As a benchmark of the swapping protocol between the
independent sources, we first run the experiment with all
the nodes located within the same building. Both entan-
glement sources are operated at a point where the peak
cross-correlation function between the 795- and 1324-nm
photons is ~80. Here, the measured pair rate of the two
sources at the detectors is ~1.7 M/s and ~1.3 M/s for S1
and S2, respectively, corresponding to a pair rate from the
source of ~4.1 and 4.0 M/s (the difference is attributed to
slight fiber coupling differences between the sources). We
optimize the paddles going from both S1 and S2 to the hub
to ensure that the 1324-nm photons arriving at the hub’s
BSM are still in the state |®, ) = %(|HH) +|VV)) with

the 795-nm photons at the spokes. For each set of angles
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FIG. 2. Path of fibers for network experiments. Inset shows hardware used at the three locations. WR: White Rabbit, TDC: time-
tagging device, SPAD: single-photon avalanche detector, SNSPD: superconducting nanowire single-photon detector, Qu-LSR:
Qunnect dual-laser pump system, SRC: Entanglement source, CHSH: apparatus for performing CHSH-type measurements, SWAP:
Bell state measurement (BSM) optics for swapping, and Qu-APC: Qunnect’s automated polarization compensating device.

for the spoke HWP’s, we record the relevant fourfold
coincidences for 60 s.

Figures 3(a) and 3(b) show the fourfold coincidences
vary as a function of the wave plate angles at S1 and S2
for one of the heralded Bell states. We observe the
interference fringes typical of a polarization-entangled
pair of photons. We note here that the differing visibility
for the curves in panels (a) and (b) is expected for
our system. For panel (a), the visibility is limited only
by the effective cross-correlation (the cross-correlation
averaged over the region of interest used for coincidence
measurements) of the entanglement sources. For panel (b),
the visibility is limited by the cross-correlation of the

sources and the Hong-Ou-Mandel visibility of the sources
(~80% for the data shown in Fig. 3).

In Fig. 3(c), we reanalyze the collected data using differ-
ent regions of interest for the fourfold coincidence. We show
the relationship between the swapping fidelity (using the
Bell S parameter as a proxy) and the measured swapping
rate. As can be seen, S > 2 for the measured swapping rates
exceeding 200/s. Accounting for the SPADs’ detection
efficiency of 65%, our measurement corresponds to an
entanglement-swapping rate in excess of 470/s. Achieving
high rates using fully independent entanglement sources
paves the path toward deployed quantum repeaters and
hybrid distributed quantum computing systems.
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Experimental results for the local swapping experiment. Panels (a) and (b) show interference fringes as the HWP at S1 and S2

are rotated. From the data, we extract Bell’s S parameter and the swapping rate. We do this many times, changing the region of interest
used for analysis to obtain the plot in panel (c) of the S parameter as a function of the swapping rate.
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IV. ENTANGLEMENT SWAPPING OVER
DEPLOYED NEW YORK CITY FIBERS

Next, we demonstrate entanglement swapping over
deployed fiber in New York City. As discussed, here
the hub is connected to the spokes by ~8.8 km of fiber,
with the fiber route shown in Fig. 2. We operate the sources
in the same configuration used for the local experiments,
where the peak measured cross-correlation is &80. Due to
the increased losses from the spokes to the hub, we see
lower pair rates of ~240 k/s and ~180 k/s for S1 and S2,
respectively. Given that the sources operate nearly iden-
tically to the local experiment, we estimate an additional
loss of 8.3 and 8.6 dB for S1 and S2. Taking into account
the difference in detection efficiency between the experi-
ments and the differing loss in the BSM (used in these
measurements), this corresponds to a link loss of ~8.2 and
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FIG. 4. Single-spoke entanglement distribution stability re-
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the entanglement fidelity, parametrized by the Bell’s S param-

eter, as a function of time.

225 225

~9.5 dB for the S1-hub and S2-hub links, respectively. We
independently measure losses of ~7 dB for the deployed
fiber (=5 dB for the fiber itself and ~2 dB for the
Qu-APC), and we attribute the additional loss to those in-
curred in connecting the equipment at the spokes and hub
to the deployed fiber due to patch panels and connectors.

For this experiment, we again optimize the paddles so
that the 1324- and 795-nm photons of both spokes are in
the |, ) = %(|HH) +|VV)) state after fiber propaga-
tion. We operate the Qu-APC to check the fiber drift every
30 s and perform corrections if necessary.

Before performing the swapping experiment, we first
check the stability of the single-fiber entanglement distri-
bution. As shown in Fig. 4(a), the measured pair rate
through the network is stable to 5% over 30 h. More
importantly than the pair rate, for entanglement swapping
over the deployed fiber to be successful, we require that the
fidelity of the entanglement generated at the two spokes is
preserved upon arriving at the hub. To this end, we also
monitor the Bell S parameter over the same 30-hr period for
the two individual sources and observe relatively stable
behavior, as demonstrated in Fig. 4(b). We note that the
Qu-APC has some programmed tolerance threshold for
allowable fiber drift before it compensates. Therefore, some
small drift, such as that shown in the figure, is expected.

Having established the stability of the network, we
move on to demonstrate entanglement swapping using the
deployed fibers. As in the local experiment, we again set
the HWPs at the two spokes to defined angles before
accumulating data for 60 s. We cycle through each set of
HWP angles 20 times so that each angle pair has data
recorded for 1200 s. Although we have noticed that the
entanglement distribution through the network is relatively
stable, we perform this method of data accumulation to
spread the effect of any small fluctuations in either the
source rate or fiber polarization drift over all the angle
pairs, so as not to bias the results. As we rotate the HWPs,
we again observe characteristic interference fringes con-
sistent with polarization-entangled photon pairs, as shown
in Figs. 5(a) and 5(b).
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FIG.5. Experimental results for the network swapping experiment. Panels (a) and (b) show interference fringes as the HWP at S1 and

S2 are rotated. From the data, we extract Bell’s S parameter and the swapping rate. We do this many times, changing the region of
interest used for analysis to obtain the plot in panel (c) of the S parameter as a function of the swapping rate.
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Similar to the local data, we reanalyze the swapping data
using different regions of interest to examine the relation-
ship between the swapping rate and fidelity, the results of
which are shown in Fig. 5(c). We observe values of S > 2
for measured swapping rates over 0.65/s. Accounting for
the SPADs’ detection efficiency of 65%, our measurement
corresponds to an entanglement-swapping rate in excess
of 1.5/s.

V. DISCUSSION AND CONCLUSION

High-rate, field-deployable entanglement swapping is
an important step in the development of the quantum
internet. Here, we have demonstrated entanglement swap-
ping in both a local setting and over a deployed 17.6-km
network on GothamQ, New York City. We show that by
adjusting the bin width used in the analysis, we increase
the swapping rate at the expense of reducing the entangle-
ment-swapping fidelity, which we parameterize by Bell’s
S parameter. In the local setting, we observe swapping
rates exceeding 470/s while maintaining S > 2, whereas
over the deployed network the rate is in excess of 1.5/s.

There are many near- and long-term applications for
scalable, deployed entanglement swapping. For metropoli-
tan scales, an important example is the use of swapping
to improve the practical security of entanglement-based
quantum encryption protocols [26]. While these protocols
are naturally source independent, entanglement swapping
adds the measurement device independent layer, bringing
the deployment much closer to full device independent
quantum key distribution (QKD) [27,28]. In the current
implementation, the achieved rates are likely too low for
practical implementation of device independent quantum
key distribution (DIQKD). However, with improvements
to the heralding efficiency of the entanglement source
(~20%), a reduction in the detection losses (of order
1-2 dB for each photon), and losses in the Qu-APC
(~2 dB for each fiber), we believe several orders of
magnitude increase in swapping rate are possible. A
similar application for which there are potential near-term
applications is bit commitment quantum position verifi-
cation [29]. In these protocols, entanglement swapping
and/or teleportation act as an equivalent of a quantum
nondemolishing measurement, allowing for the parties to
validate the arrival of photons without measuring them.
For the purposes of quantum repeating, the requirements
on the fidelity are less stringent. With the current system
rates over 10° /s “locally” and 10/s in the deployed setting
are currently attainable, while still being of sufficient
fidelity to perform entanglement purification [30].
Similarly, improvements to the system could increase the
rates by orders of magnitude.

In most swapping experiments with paired sources, the
photons used are near degenerate. Therefore, we empha-
size the use of atomic-based bichromatic entanglement
sources in this work. Not only do these sources eliminate

the need for using cryogenic detectors or input laser sharing,
but they also remove the need for frequency conversion
in many quantum repeating and distributed protocols. The
newly entangled 795-nm (or 780-nm) photons over the
telecommunication network are natively compatible with a
large variety of quantum memories, neutral atom quantum
computers, atomic clocks, and quantum sensors. More
importantly, we deploy a scalable “spoke-and-hub” network
in which the spokes do not require any sophisticated
or cryogenically cooled technology, including the single-
photon detectors. Such an architecture is essential for
scaling networks within cities or QDCs.

Finally, large-scale quantum networks require both scal-
able hardware and software to work seamlessly together.
Bringing together Qunnect’s Carina system with Cisco’s
orchestrator software for a quantum networking operation
at one of Manhattan’s busiest data centers aims to demon-
strate the readiness of quantum entanglement networks for
industrial deployments beyond point-to-point use cases.
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