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Entanglement between stationary quantum memories and photonic channels is the essential resource
for future quantum networks. Together with entanglement distillation, it will enable efficient
distribution of quantum states. We report on the generation and observation of entanglement between
a 87Rb atom and a photon at telecom wavelength transmitted through up to 20 km of optical fiber. For
this purpose, we use polarization-preserving quantum frequency conversion to transform the wave-
length of a photon entangled with the atomic spin state from 780 nm to the telecom S band at 1522 nm.
We achieve an unprecedented external device conversion efficiency of 57% and observe an
entanglement fidelity between the atom and telecom photon of ≥ 78.5� 0.9% after transmission
through 20 km of optical fiber, mainly limited by decoherence of the atomic state. This result is an
important milestone on the road to distribute quantum information on a large scale.
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Introduction.—Quantum repeaters will allow for scalable
quantum networks [1,2], which are essential for large-scale
quantum communication and distributed quantum comput-
ing. In such networks, photon mediated entanglement is
distributed among quantum memories at stationary nodes.
Various candidates exist to serve as quantum memory,
which also provide the light-matter interface in these nodes,
for example, trapped neutral atoms [3,4], atomic ensembles
[5–7], trapped ions [8,9], nitrogen-vacancy (NV) centers
[10,11], quantum dots [12,13], or rare earth ions in
solids [14,15].
For single atoms, several critical capabilities required to

serve as a network node have recently been demonstrated.
This concerns, in particular, atom-atom quantum logic
gates [16–18], long qubit storage times [19], high-fidelity
heralded entanglement over hundreds of meters [20,21],
and scalability of the number of individually addressable
trapped atoms [22–24]. These achievements make single
trapped atoms a promising candidate to develop a first
quantum repeater link.
A capability not demonstrated for single atoms so far,

however, is the distribution of entanglement at telecom
wavelengths, which is indispensable for long, fiber-based
quantum network links. By employing quantum frequency
conversion (QFC) to the telecom wavelength [25–28], the
attenuation in fibers can be minimized while enabling the
use of existing telecommunication infrastructure to eco-
nomically realize network links. Recently, such concepts
have been used to demonstrate entanglement between a

telecom photon and an atomic ensemble [29–32], a trapped
ion [33,34], or a NV center [35].
Here we report on the generation and detection of

entanglement between a 87Rb atom and a photon at the
telecom wavelength over long fiber links. The scheme
starts with entangling the atomic spin state with the
polarization state of a spontaneously emitted photon
[3]. Subsequently, the wavelength of the photon is con-
verted to the telecom S band while preserving its polari-
zation state and transferred over several kilometers of
optical fiber [33]. The entanglement is analyzed by
measuring atom-photon state correlations in two bases.
Based on our results, we analyze the applicability of this
scheme for long-distance quantum links.
Methods.—The experimental setup consists of a single

atom trap with high-NA optics to collect the atomic
fluorescence, a polarization-preserving quantum frequency
converter in Sagnac configuration, and a polarization
analyzer which is connected via single mode fibers of
different lengths. For details, see Fig. 1.
The experimental sequence starts by storing a single 87Rb

atom in an optical dipole trap [3,20] and preparing it in the
initial state 52S1=2 jF ¼ 1; mF ¼ 0i via optical pumping.
Next, a short laser pulse (22 ns FWHM) excites the atom to
the state 52P3=2 jF0 ¼ 0; mF0 ¼ 0i (Fig. 1). In the sub-
sequent spontaneous decay, the atomic spin state becomes
entangled with the polarization state of the photon emitted
along the quantization (z) axis. This results in the following
maximally entangled atom-photon state
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jΨiatom-photon ¼
1
ffiffiffi

2
p ðj↓izjLi þ j↑izjRiÞ

¼ 1
ffiffiffi

2
p ðj↓ixjVi þ j↑ixjHiÞ; ð1Þ

where jLi and jRi denote left- and right-circular photonic
polarization states, jHi and jVi denote the horizontal and
vertical linear photonic polarization states, and j↓i and j↑i
denote the atomic qubit state which, e.g., for the quantiza-
tion axis z, corresponds to the states jF ¼ 1; mF ¼ −1i or
jF ¼ 1; mF ¼ þ1i, respectively.
A microelectromechanical systems (MEMS) switch is

used to either guide the atomic fluorescence to a silicon
avalanche photodiode (APD) during loading the trap or to
the frequency converter during the state preparation and
excitation cycles. These cycles are repeated until a single
telecom photon is detected at the polarization analyzer,
whereby the atom is cooled for 350 μs after each 40
excitations in order to minimize the thermal motion in
the trap. The excitation rate is limited mainly by the travel
time of the photon through the optical fiber, resulting in an
average excitation rate of 7.3 kHz for the 20 km fiber.
To obtain the necessary performance for the presented

experiment, the coherence time of the atomic state is
prolonged to hundreds of microseconds by suppressing
small (∼ milligauss) magnetic field fluctuations with a
42 mG constant magnetic field along the y axis. Currently,
the dominant decoherence effect is position-dependent
dephasing caused by longitudinal field components of

the strongly focused dipole trap [36,37]. On the efficiency
side, by implementing a custom designed high-NA objec-
tive, an overall efficiency of about 7.5 × 10−3 is achieved
without conversion for detecting a photon with the APD
(∼55% efficiency) after an excitation attempt.
The polarization-preserving QFC to the telecom S band

at 1522 nm is realized by difference-frequency generation
in a periodically poled lithium niobate (PPLN) waveguide.
To this end, the single photons at 780 nm are mixed with a
strong cw pump field at 1600 nm within a waveguide in a
Sagnac-type setup [31]. The input polarization is split into
two arms with a polarizing beam splitter (PBS), whereby a
half-wave plate (HWP) is introduced in one of the arms
such that the two counterpropagating beams have the same
polarization when entering the waveguide. The conversion
efficiency of both arms is set equal by fine-tuning the pump
field powers; see Fig. 2.
Various spectral filtering stages efficiently separate the

single telecom photon from the strong pump field and the
noise induced by the pump field via anti-Stokes Raman
scattering in the waveguide. For this purpose, we introduce
a combination of two short-pass filters (SPFs) with a cutoff
at 1560 nm, a bandpass filter (BPF) at 1535 nm with a
bandwidth of 30 nm FWHM, a volume Bragg grating
(25 GHz FWHM), and a Fabry-Perot filter cavity (FC) with
a finesse of 700 and a bandwidth of 27 MHz FWHM. The
latter is locked to the pump laser at 1600 nm while having a
further resonance at the telecom single-photon frequency.
See Sec. I of the Supplemental Material [39] for more
details about the QFC.
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FIG. 1. Experimental setup and entanglement generation scheme. A single 87Rb atom (upper left side), serving as quantum memory, is
stored in the focus of a dipole trap (850 nm wavelength, 2.05 μm waist, and 42 mW power), where a high-NA objective collects the
atomic fluorescence. The atom-photon entanglement is generated in the spontaneous decay following the excitation to the state 52P3=2
jF0 ¼ 0; mF0 ¼ 0i. The MEMS switch guides the emitted photons toward the frequency converter where the 780 nm single photons are
overlapped with 1600 nm pump light within a PPLN waveguide in a Sagnac-type interferometer to transfer the entanglement to 1522 nm
photons. In the polarization analyzer, the single photons are first spectrally filtered by a Fabry-Perot filter cavity (FC), volume Bragg
grating, bandpass filter (BPF), and short-pass filter (SPF). Next, after setting the analysis basis with a half-wave plate (HWP) and a
quarter-wave plate (QWP) and splitting the polarization components by a Wollaston prism, the single photons are detected with two
SNSPDs. Classical reference light, inserted along the readout path, can be coupled out with a flip mirror to analyze and compensate for
polarization drifts. Further abbreviations used are mirror (M) and dichroic mirror (DM).
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The external device efficiency of the frequency con-
verter, defined from the input fiber of the converter until the
first wave plate of the polarization analyzer and including a
50 m optical fiber, equals 57%. This is, to the best of our
knowledge, the highest external device efficiency reported
so far. The efficiency is limited by the transmission through
optical elements (82.6%), fiber coupling (87.8%), wave-
guide coupling (90.0%), and spectral filtering (90.7%),
which reduce the high internal conversion efficiency
of 96.2%.
The polarization state of the telecom photons is ana-

lyzed after propagating through up to 20 km of optical
fiber (Corning SMF-28). Single photons are detected by
two superconducting nanowire single-photon detectors
(SNSPDs) with efficiencies of 16% and 18% at 1522 nm.
Detection events are accepted within a hardwired interval
of 50 ns, which results in accepting approximately 2=3 of
the converted single photons. Polarization rotations in the
complete single-photon beam path are analyzed and can be
compensated for by using classical reference light and a fiber
polarization controller [21].
Following a successful photon detection event, the

atomic spin state is analyzed using a state-selective ioniza-
tion scheme. The state selectivity is controlled by the
polarization of the readout pulse; see Sec. II of the
Supplemental Material [39] for more details.
Results.—We analyzed the entanglement between the

atom and photon at the telecom wavelength after a 20 km
(A), 10 km (B), and 50 m (C) optical fiber. Furthermore, to
investigate possible noise induced by the QFC, a reference
measurement was performed without frequency conversion
(D). For measurementsC andD, we applied an atomic state
detection delay of 51 μs to make the loss in fidelity due to
atomic state decoherence comparable to measurement B.
All results are summarized in Table I.

A photon detection time histogram and corresponding
atom-photon state correlations over 20 km of optical fiber
are shown in Figs. 3(a) and 3(b), respectively. In this
measurement, 11 335 events were observed within 360 min
with an overall efficiency of detecting a telecom photon
after an excitation attempt of 0.173 × 10−3. When opti-
mizing the experiment for efficiency, e.g., by employing
efficient single-photon detectors (> 85%) and replacing the
lossy MEMS switch (25% loss), we expect an improvement
of the overall efficiency by about 1 order of magnitude. The
event rate in all measurements is ∼35/min, mainly limited
by the atom loading time of about 1 s since the atom is lost
during the state readout process in approximately half of
the cases.
The signal-to-noise ratio (SNR) of the photon detection

is limited mainly by the QFC pump laser induced noise
and detector dark counts; see Sec. I of the Supplemental
Material [39] for details. For measurement A, these con-
tributions amounted to 128 and 18 cps summed over both
detectors, respectively. The SNR of 25.1 corresponds to our
expectation, taking into account the 50 ns photon accep-
tance interval and the overall efficiency mentioned above.
Variations in the SNR between measurements A, B, and C
originate from different fiber lengths as well as from slight
laser power fluctuations in the atomic state preparation and
excitation cycles.
To analyze the entanglement, the photonic polarization

was measured in the H=V (horizontal/vertical) and D=A
(diagonal/antidiagonal) basis, while varying the atomic
analysis angle (i.e., readout polarization). The visibilities
of the measured states are obtained by fitting the data with
sinusoidal curves. The average visibility (V̄) of the
entangled state is estimated by assuming that the visibility
in the third (unmeasured) basis is equal to the D=A basis.
This results in estimated average visibilities of
74.2� 1.0%, 81.2�1.1%, 85.6�0.9%, and 87.4� 0.6%
for measurements A, B, C, and D, respectively. Note that
the visibility of the detected photon state jVi [e.g., the red

FIG. 2. External device efficiency of the frequency converter.
The external device efficiency (η) of the two polarization
components depends on the pump power (P) in the respective
arm. The data are fitted with ηðPÞ ¼ ηmax sin2ð

ffiffiffiffiffiffiffiffiffiffiffi

ηnorP
p

LÞ [38].
The power in each arm is set to the operating point such that
both conversion efficiencies are equal and one efficiency is
maximized, 175 and 189 mW for the p- and s-polarization
arms, respectively. At this point, the external device efficiency
equals 57%.

TABLE I. Observation of atom-photon entanglement for differ-
ent experimental configurations. The measurement configura-
tions A, B, C, and D differ in optical fiber length, detection
wavelength, and/or atomic state detection delay. The fidelity is
obtained via Eq. (2), where the visibilities are fitted from the
measured correlation probabilities. The S parameter (CHSH) is
calculated directly from the measured Bell states.

(A) (B) (C) (D)

Fiber length 20 km 10 km 50 m 5 m
Wavelength 1522 nm 1522 nm 1522 nm 780 nm
Readout delay 102 μs 51 μs 51 μs 51 μs

Fidelity (%) 78.5� 0.9 84.3� 0.9 88.0� 0.8 89.7� 0.7
S (CHSH) 2.12� 0.05 2.37� 0.04 2.41� 0.03 2.49� 0.03
SNR 25.1 23.2 32.3 934.2
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curve in Fig. 3(b)] is significantly higher than the other
states since the resulting atomic state is insensitive to the
position-dependent dephasing of the atomic state, which is
the dominant decoherence effect for all other states.
To compute a fidelity based on the measured visibilities,

one needs to consider that the atom is a spin-1 system.
Hence, also a third atomic spin state can be populated (52S1=2
jF ¼ 1; mF ¼ 0i). Imperfections in the experiment, such
as small magnetic fields (∼ milligauss) in a direction not
coinciding with the quantization axis, can lead to a popu-
lation in this state. Accordingly, assuming isotropic dephas-
ing toward white noise in the 2 × 3 state space, a lower
bound on the fidelity of the entangled state is given by

F ≥
1

6
þ 5

6
V̄; ð2Þ

which results in fidelities of ≥ 78.5� 0.9%, 84.3� 0.9%,
88.0� 0.8%, and 89.7� 0.7% relative to maximally
entangled states for measurements A, B, C, and D, respec-
tively. For measurement A, contributions to the loss in
fidelity are the imperfect atomic state readout (3%), atomic
state decoherence (11%), SNR in the photon detection (4%),
and experimental drifts (3%).
The influence of the QFC on the state fidelity is best

analyzed by comparing measurement C (88.0� 0.8%) and
D (89.5� 0.5%) since the experimental configurations
are most similar. For these measurements, the difference
in fidelity can be explained solely by their difference in
SNR (3%).
When comparing measurement B (84.3� 0.9%) and

C (88.0� 0.8%), the difference in fidelity is more than
what can be expected from the lower SNR alone (1%). We
attribute the additional fidelity loss (3%) in measurement B
to instabilities in the experiment, such as fiber polarization,

magnetic field, and laser power drifts. The difference
in fidelity between measurements A (78.5� 0.9%) and
B (84.3� 0.9%) originates primarily from atomic state
decoherence (5%).
All four measurements also include two setting combi-

nations for a Clauser-Horne-Shimony-Holt (CHSH)-Bell
test [47]. The CHSH inequality requires two measurement
settings for the photonic state (H=V and D=A) and two
measurement settings for the atomic state (22.5° or 157.5°
and 67.5° or 112.5°). The resulting S parameters, all
clearly violating the CHSH-Bell inequality, are listed in
Table I.
Outlook.—The next milestone toward large-scale quan-

tum networks is to distribute heralded entanglement at the
telecom wavelength between two distant atomic memories
via the entanglement swapping protocol [20]. For this
purpose, it is necessary to introduce frequency conversion
for a second atom trap and install a set of SNSPDs
optimized for 1522 nm.
The expected atom-atom entanglement fidelity for vary-

ing distance is estimated by Fa-a ≥ 1=9þ 8=9V̄, where the
average atom-atom visibility V̄ is estimated by squaring the
corresponding atom-photon visibility and taking into
account a 94% two-photon interference contrast [20].
Furthermore, we assume that the measurement needed
for the entanglement swapping is performed at a middle
station such that the atomic coherence time needed to
distribute atom-photon and atom-atom entanglement over
the same distance evens up.
Figure 4 shows the expected entanglement fidelities for a

range of distances between the quantum memories. Below
1 km, the performance is limited by imperfections in the
atomic state preparation and analysis. For longer distances,
the atomic state decoherence due to the position-dependent
dephasing will significantly reduce the fidelity [37]. A new

(a) (b)

FIG. 3. Observation of atom-photon entanglement over 20 km of optical fiber (A). (a) Detection time histogram of the frequency
converted photons. Within a hardwired acceptance window of 50 ns, indicated with dashed lines, approximately 2=3 of the converted
single photons were accepted. Note that the QFC does not influence the photon shape [25]; see Ref. [20] for an unconverted photon
shape. (b) The corresponding atom-photon state correlations in two bases (H=V and D=A) for varying atomic analysis angles (i.e.,
readout polarization, where 0° corresponds to vertical polarization). The sinusoidal fits give estimated visibilities of 73.4� 2.0%,
89.6� 1.1%, 72.5� 1.1%, and 68.6� 4.1% for horizontal jHi, vertical jVi, diagonal jDi, and antidiagonal jAi photonic linear
polarization states, respectively. This results in an estimated state fidelity of ≥ 78.5� 0.9%.
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trap geometry, involving a standing wave dipole trap,
promises to strongly reduce this decoherence effect. The
expected fidelities for this future setup are for large
distances eventually limited by detector dark counts.
Using the current trap geometry, we expect an atom-

atom entanglement fidelity of 65% over 20 km with an
event rate of 1=min. By improving the trap geometry, we
expect this fidelity to increase to 81%. Together with
entanglement distillation [11], this allows for an efficient
distribution of quantum states over long distances.
Conclusion.—Thanks to the record high external device

efficiency of 57% for the polarization-preserving QFC and
improved collection optics for the atomic fluorescence,
atom-photon entanglement was distributed and observed at
a high rate with a fidelity of at least 78.5� 0.9% over
20 km optical fiber. Implementing realistic improvements
and extrapolating to even longer distances shows that
entanglement distribution between atomic memories is
feasible with a fidelity of more than 80% over up to
100 km, thereby forming a valuable component for future
quantum-repeater-based quantum networks.
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