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Entanglement swapping over 100 km optical fiber
with independent entangled photon-pair sources
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Realizing long-distance entanglement swapping with independent sources in the real-world condition is important for
both future quantum networks and fundamental study of quantum theory. Currently, entanglement swapping over a
few tens of kilometers of underground optical fiber has been achieved. However, future applications demand entan-

glement swapping over longer distances in more complicated environments. We exploit two independent 1-GHz-clock

sequential time-bin entangled photon-pair sources; develop several automatic stability controls; and successfully im-
plement a field test of entanglement swapping over an optical fiber link of more than 100 km, including coiled,
underground, and suspended optical fibers. Our result verifies the feasibility of such technologies for long-distance

quantum networks and for many interesting quantum information experiments.
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1. INTRODUCTION

Entanglement swapping [1,2] is a unique feature of quantum
physics. By entangling two independent parties, which have never
interacted before, entanglement swapping has been used in stud-
ies of physics foundations such as nonlocality [1,3] and wave—
particle duality [4]. It is also a central element in quantum net-
works [5,6], appearing in the form of quantum relay [7-9] and
quantum repeater [10,11]. The integrity of an experimental reali-
zation of entanglement swapping is ensured only by satisfying the
following criteria: proper causal disconnection between relevant
events [12,13], and independent quantum sources without a
common past [3].

Driven by the application of future quantum networks, there
has been significant progress in experimental entanglement swap-
ping since its first experimental demonstration [2]. Quantum in-
terference with independent sources was addressed in a number of
experimental settings [14—18]. A quantum relay was simulated
with coiled optical fibers in a laboratory environment [19].
Recently, entanglement swapping and quantum teleportation
were realized in both free-space and optical fiber links over a
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distance of about 100 km [20-23], in which the quantum sources
shared a common past, the Bell state measurements (BSMs) were
performed locally, and the swapped (teleported) photonic qubits
were sent over a long distance afterwards for analysis. More re-
cently, several teams succeeded in entanglement swapping and
teleportation with high integrity over a fiber network (a few tens
of kilometers) in the real world, in which they overcame the chal-
lenge in removing the distinguishability between photons from
separate quantum sources by defeating the noise in the real world
[13,24-26]. To date, there is no report on entanglement swap-
ping with independent sources over optical fiber of 100 km nor
with suspended optical fiber, which is more susceptible to the
environment but unavoidable for applications in optical fiber
networks.

Here, we present an implementation of entanglement swap-
ping in an intercity quantum network, which is composed of
about 77 km of optical fiber inside the lab, 25 km of optical fiber
outside the lab but kept underground, and 1 km of optical fiber
suspended in air outside the lab to account for various types of
noise mechanisms in the real world.
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Fig. 1. Scheme of the entanglement swapping experiment. (a) Setup of sequential time-bin entangled photon-pair source. DFB, distributed feedback
laser; EOM, electro-optic modulator; EDFA, erbium-doped fiber amplifier; DWDM, dense wavelength-division multiplexing filter; DSF, dispersion-
shifted fiber. (b) Experimental realization. Two sequential time-bin entangled photon-pair sources, S1 and S2, are placed in nodes Alice and Bob,
respectively. Each of them keeps the idler photons in coiled fibers and distributes the signal photons to Charlie through a deployed optical fiber.
The yellow dashed lines represent the deployed fibers and the circles represent the coiled fibers. The total transmission loss of the 77 km coiled optical
fiber is about 16 dB, whereas those of the optical fiber deployed in the Alice—Charlie and Bob—Charlie links are 6 dB and 7 dB, respectively. To syn-
chronize the two sources, Charlie prepares 1 GHz laser pulses (Sync) and sends them to Alice and Bob through the deployed optical fiber (represented by
the purple dashed lines) to generate the driven signal for their EOMs. Setup: MZI, unbalanced Mach—Zehnder interferometer; EPC, electronic-controlled
polarization controller; FBG, fiber Bragg grating; SNSPD, superconducting nanowire single-photon detector. (c) Setup of synchronization signal gen-
eration. Charlie first generates laser pulses with a repetition rate of 500 MHz and then doubles them using an MZI with a path difference of 1 ns. MG,
microwave generator; PPG, pulse pattern generator; MWA, microwave amplifier. (d) Setup to generate the driven signal for the EOM in (a). VDL,

variable-delay line; PD, photodiode. (e) Satellite image of the experimental nodes.

2. EXPERIMENTAL IMPLEMENTATION

A schematic of the sequential time-bin entangled photon-pair
source [27-29] is depicted in Fig. 1(a). We carve the continu-
ous-wave (CW) output of a distributed feedback laser (with co-
herence time of 7. = 300 ps) periodically into pulses at a rate of
1 GHz with an electro-optical modulator (EOM). The sequential
laser pulses differ by =1 ns and a phase difference of
0 = 2zvt. After amplification with an erbium-doped fiber ampli-
fier and spectral filtering with dense wavelength-division multi-
plexing filters (DWDMs), the laser pulses (with a spectrum
bandwidth of about 8 GHz and pulse duration of about
60 ps) are fed into a 300 m dispersion-shifted fiber immersed
in liquid nitrogen to produce photon pairs via spontaneous
four-wave mixing [30-32]. The quantum state of a photon pair
fzk 0 ez’w|t/E )|24)» where £, =
k7 represents time bin 4, and 7 and s are for idler (1555.73 nm)
and signal (1549.36 nm) photons, respectively. We single out the
signal/idler photons with cascaded DWDM filters with pump
photons suppressed by 115 dB.

A schematic of the entanglement swapping experiment is
shown in Fig. 1(b), with(out) the gray shaded areas indicating
the indoor (outdoor) environment. The two quantum sources
are placed 12.5 km apart at nodes Alice and Bob, and BSM is
performed at the third node (Charlie) between them, as shown
in Fig. 1(e). Alice and Bob hold idler photons with coiled fibers
of 26 km while sending signal photons to Charlie. We specifically
keep an optical fiber cable of 1 km between Bob and Chatlie sus-
pended in air and exposed to sunlight and wind to face inclement
weather conditions. The rest deployed fibers are kept under-
ground. The total length of the optical fiber is 103 km with a
total transmission loss of ~29 dB. Upon detection, both idler
and signal photons are passed through 4 GHz fiber Bragg gratings
(the central wavelength is determined by the device temperature,

produced is given by |®) =

which is maintained with a stability of 0.01°C), which is about
half of the bandwidth of the pump pulses and is therefore suffi-
cient to eliminate the frequency correlation between the twin
photons [24]. To synchronize the operation of each node in
the quantum network, Charlie keeps a master clock, which sends
75 ps laser pulses to Alice and Bob at 1 GHz, which is used to
drive the EOM to synchronize independent quantum sources [see
Figs. 1(c) and 1(d), respectively].

In the BSM, it is critical that the signal photons sent by Alice
and Bob arrive at a 50:50 beam splitter (BS) simultaneously.
However, the arrival time changes drastically due to fluctuation
of the effective length of the optical fiber link, which is subjected
to the influence of the real world. As shown in Fig. 2, the typical
changes in peak-to-peak relative delays between the arrival times
of the photons from Alice and Bob are 200 ps, 500 ps, and
1000 ps on rainy days, cloudy days, and sunny days, respectively,
which are much larger than the coherent time of the signal pho-
tons (~110 ps). We use the difference between the arrival times
of the signal photons from Alice and Bob as error signals and feed
them into a delay line to suppress the relative delay to 6 ps under
all weather conditions, which is <110 ps to ensure high interfer-
ence visibility. In addition, for each channel, an electronic-
controlled polarization controller is used to compensate for the
polarization fluctuation caused by the optical fiber.

Before performing entanglement swapping, we characterize
the quantum source of Alice (Bob) after entanglement distribu-
tion using a Franson-type interferometer. At nodes Alice (Bob)
and Charlie, the idler and signal photons are fed into an unbal-
anced Mach—Zehnder interferometer (MZI) with an arm differ-
ence of 1 ns. The interference term in one output of the MZI
can be written as Y 7= 2#0(1 + @029 1) |2,),, where 0,
and 6; are, respectively, the relative phases induced by MZlIs
for single and idler photons (see Supplement 1 for details). The
outputs of the MZIs are detected by superconducting nanowire
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Fig. 2. Typical delay compensation (blue line) and relative delay between the arrival time of photons from Alice and Bob (red line) under different
weather conditions. Measured by a TDC with time resolution of 4 ps, the standard deviations of the relative delay in (a), (b), and (c) are 6.7 ps, 6.0 ps, and

6.5 ps, respectively.
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Fig. 3. Two-fold coincidence counts of the sequential time-bin en-
tangled photon pairs distributed by (a) Alice and (b) Bob as functions
of the temperature of the MZIs. The measurement results are represented
by squares and circles corresponding to Charlie’s MZI at temperatures of
20.425°C and 20.6°C, respectively. The error bars indicate one standard
deviation calculated from the measured counts assuming Poissonian de-
tection statistics. The visibility of the fitted sinusoidal curves for the
squares (circles) is (89.8 £0.6)% [(89.5+1.2)%] and (83.5 %
1.5)% [(82.3 & 0.8)%)] for (a) and (b), respectively.

single-photon detectors (SNSPDs, with 50%—65% detection ef-
ficiency, ~100 Hz dark count rate, and ~80 ps time jitter), and
the detection results are recorded by time-to-digital converters
(TDCs) with 4 ps resolution and analyzed in real-time. The
TDC:s are synchronized with 10 MHz clocks at Charlie’s node.

Figure 3 shows that the measured two-fold coincidence counts
between Alice (Bob) and Charlie change sinusoidally as functions
of phase (which is dialed by sweeping the temperature of the
MZI), with visibility of (89.8 & 0.5)% for Alice’s source and
(82.9 = 1.2)% for Bob’s source. Note that the device tempera-
ture is maintained with stability of about 0.005°C and no acci-
dental coincidence counts are subtracted.

3. EXPERIMENTAL RESULTS

In the entanglement swapping experiment, Charlie performs BSM
with signal photons sent by Alice and Bob by interfering them on a
BS. By detecting them with two SNSPDs and within a delay of 1 ns
(for the same time bin or adjacent time bins), the overall state of the
two entangled photon pairs, [I'), , = ("7 AR L)1) ®
(3272L €2%12;)54]#1) ;)5 can be cast into

n-1 4zk9
bio = = {Z 122 (19F) o+ [@7),0)

+Z (k20 |:7(|tk)lz|tk+l)21+ [FASIVIAPN]E SO W
k=0

s - |rk+1>1,-|rk>2j>|‘P>f,k] }

where  the four Bell state sets are given by
195)or = 5 (e0) ulzesn o £ [a1)1l5a)2)} and {|@F),, =

%(W)Mf/e)zs £ |t 1)1l ter1)20}

The Bell states |®@*), , correspond to cases in which the two
signal photons are output from the same port of the BS and in the
same time bin, which cannot be distinguished using linear optics.
The Bell states |[¥*),, and |¥"),, correspond to cases in which
the two signal photons are output in time bins with a delay of
1 ns, although from the same port and from different ports of
the BS, respectively. In our experiment, the recovering time
of the SNSPD is about 40 ns—much longer than the time delay
of two consecutive time bins, so only the Bell states {|¥}), ,}
are discriminated in the BSM. As a result, their twin photons
are projected to an entangled quantum state |[¥7);, =
f(|tk>1z|fk+1)2z |te+1)1512)2:). To verify the entanglement
swapping, both Alice and Bob use a MZI with a path difference
of 1 ns followed by SNSPDs and implement a conditioned
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Fig. 4. Four-fold coincidence count probabilities as functions of the
temperature of Alice’s MZI. The error bars indicate one standard
deviation calculated from the measured counts assuming Poissonian de-
tection statistics. Each data point is calculated by using ~100 four-fold
coincidence counts. The visibility of the fitted curve is (74.8 £ 8.7)%
and (71.7 & 7.2)% for the measured results with 73 = 20.175°C and
Ty = 20°C, respectively.

Franson-type measurement for a time-bin entangled state. The
experimental result without subtracting accidental coincidence
counts is shown in Fig. 4. The four-fold coincidence counts show
a clear interference fringe and the average visibility of the fitted
curves is (73.2 £ 5.6)%. If we assume that the two photons are in
a Werner state, we can show that the lower bound of visibility to
demonstrate entanglement is 1/3 [33]. The visibility achieved in
our experiment clearly exceeds this bound.

4. DISCUSSION

In our experiment, the total transmission loss of the optical fiber
link is about 20 dB higher than that in previous field tests with
independent sources [26]. By setting the interval between adja-
cent coherent pump laser pulses equal to that of a conventional
time-bin entangled photon-pair source, the event rate of an ex-
periment with a sequential time-bin entangled photon-pair source
can be increased three times. The four-fold coincidence count in
our experiment is about three counts per hour and each data point
is accumulated for more than 30 h. The added coiled fibers also
caused a delay drift and polarization fluctuation of the idler pho-
tons. We correct the delay drift of the idler photons automatically
every 1 s so that the detection results can be recorded in the cor-
rect time window. In addition, automatic polarization compensa-
tion is used in these channels. Therefore, even the coiled fiber is
replaced with the deployed fiber, the system can still work.
The relative low visibility of the entanglement created in en-
tanglement swapping is mainly due to the imperfect sequential
time-bin entangled photon-pair sources, which upper bounds
the visibility to ~74% (product of the visibility of two entangle-
ment sources). In our experiment, the average photon-pair num-
ber per time bin is y & 0.023 for both sources. The multipair
events and the noise photons can decrease the visibility to
~93.4% and ~94.4% for Alice’s and Bob’s sources, respectively
(see Supplement 1 for details). The wavelength of the CW laser is
controlled with stability of 0.18 pm, resulting in a fluctuation of
the relative phase in the entangled state. Assuming the temper-
ature fluctuation follows a Gaussian distribution, it can decrease
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the visibility to ~96%. The distortion of the driven signals can
also decrease the visibility. The main reason for distortion is the
limited bandwidth of the photodiode (PD), which is 45 GHz and
10 GHz for Alice and Bob, respectively. Therefore, by employing
a 45 GHz PD in Bob’s source, it is possible that the visibility of
the swapped entanglement can be increased to ~80% so that
it can be used to demonstrate quantum key distribution [26].
Note that both the event rate and visibility can be improved when
entanglement swapping is used in conjunction with quantum
memory and entanglement distillation, i.e., a2 quantum repeater
[10,11].

5. CONCLUSION

In summary, we have demonstrated entanglement swapping with
two independent sources 12.5 km apart using optical fiber of
103 km. Compared with previous experiments with independent
sources, we have increased the length of the optical fiber from
metropolitan distance to intercity distance. Specifically, sus-
pended optical fiber is used in our experiment. The transmission
loss and stability of the optical fiber channel in our experiment are
enough to match those of typical underground deployed optical
fiber of more than 100 km [34]. To increase the event rate,
we updated the sources to 1 GHz sequential time-bin entangled
photon-pair sources. In addition, we improve the polarization and
delay compensation system. Our results show that realizing en-
tanglement swapping between two cities is technically feasible,
even if more suspended fiber is used (see Supplement 1 for more
discussion). Moreover, the configuration in our experiment allows
a space-like separation between any two measurements of those
performed in the three nodes, and various time-space relations can
be achieved by combining both a coiled optical fiber and a de-
ployed optical fiber. This distinguishing feature together with
the independent sources makes our setup a promising platform
for many interesting fundamental tests.
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