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Single photons coupled to atomic systems have shown to be a promising platform for developing quantum technolo-
gies. Yet a bright on-demand, highly pure, and highly indistinguishable single-photon source compatible with atomic
platforms is lacking. In this work, we demonstrate such a source based on a strongly interacting Rydberg system. The
large optical nonlinearities in a blockaded Rydberg ensemble convert coherent light into a single collective excitation
that can be coherently retrieved as a quantum field. We simultaneously observe a fully single-mode (spectral, temporal,
spatial, and polarization) efficiency up to 0.098(2), a detector-background-subtracted g (2) = 5.0(1.6)× 10−4, and
indistinguishability of 0.980(7), at an average photon production rate of 1.18(2)× 104 s−1. All of these make this sys-
tem promising for scalable quantum information applications. Furthermore, we investigate the effects of contaminant
Rydberg excitations on the source efficiency and observed single-mode efficiencies up to 0.18(2) for lower photon rates.
Finally, recognizing that many quantum information protocols require a single photon in a fully single mode, we
introduce metrics that take into account all degrees of freedom to benchmark the performance of on-demand
sources. © 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
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1. INTRODUCTION

Engineering single-photon sources with high efficiency, purity,
and indistinguishability is a longstanding goal for applications
such as linear optical quantum computation [1], boson sam-
pling [2], quantum networks [3], and quantum metrology [4].
Atomic systems have shown significant progress towards quantum
light–matter interfaces, including efficient quantum memories
[5], quantum networks [6], high-fidelity light–matter entan-
glement [7], atomic gates [8], and quantum simulators [9].
Atomic platforms require spectrally matched single photons that
can coherently couple with atomic processors, provided with
high-efficiency generation, purity, and indistinguishability.

Strongly interacting Rydberg atoms provide a particularly
promising system. They have proven to be versatile for engineering
strong interactions between photons, exhibiting nonlinearities
at the single-photon level [10–13]. Recent experiments using
Rydberg interactions have demonstrated on-demand single-
photon generation [14,15], as well as photon transistors [16–18],
photonic and atomic phase gates [19–24], high-visibility quantum
interference in hybrid systems [25], and quantum simulators
[26–29].

We describe here an efficient single-photon source based on
collective excitation and de-excitation of a cold, trapped ensem-
ble of atoms through a highly excited Rydberg state [14,15,30].
During two-photon excitation from the ground to the Rydberg
state via an intermediate state [see Fig. 1(a)], long-range van der
Waals interactions suppress multiple Rydberg excitations within
a blockade radius, rb [31]. The resulting single, collective atomic
excitation is coherently shared among N atoms as a spin wave
[30]. Due to the collective nature of the excitation, if the initial
phase coherence of the spin wave is maintained, the subsequent
coupling of the Rydberg state to the intermediate state can effi-
ciently map the excitation onto a single photon in a well-defined
mode [32]. Our system produces single photons with repeti-
tion rates up to 400 kHz, a generation probability up to 0.40(4),
g (2) = 5.0(1.6)× 10−4, and indistinguishability of 0.980(7).
We model the write and retrieval process, including the measured
spin-wave dephasing rate. We identify long-lived contaminant
Rydberg states [33] as a limiting factor on the source efficiency for
increasing production rates.

Given the requirements for most quantum information
applications, the single-mode efficiency, rate, and quality of
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Fig. 1. (a) Relevant atomic levels and setup for single-photon
generation. During the spin-wave writing stage, we set the single-
photon detuning 1p/(2π)≈ 50 MHz and the two-photon detuning
δ =1p +1c to Raman resonance, δ/(2π)≈−2 MHz. For retrieval,
1c/(2π)≈ 7 MHz. (b) Experimental setup schematic. There is a polari-
zation beamsplitter (PBS) to project the photons into a single-polarization
mode, followed by an acousto-optic modulator (AOM) that shutters the
incoming photons during the write pulse. All of the light is directed to the
polarization-maintaining fiber (PMF) to realize a purity measurement.
For the indistinguishability characterization, we split the light such that
the rate is roughly the same at both ports of the second beamsplitter
(BS). By rotating the half-wave plate (λ/2), we can control the relative
polarization of the photons coming from the PMF port and the long-delay
port. After each port of the final 50:50 BS, the photons are coupled to a
single-mode fiber (not shown) connected to a SPAD. (c) Photon temporal
envelope. Gray dashed lines indicate the gate window containing more
than 99.9% of the pulse. (d) Timing sequence for the generation of suc-
cessive single photons, the writing π pulse lasts for tw ≈ 370 ns. We use a
minimum storage time ts ≈ 350 ns to maximize the retrieval and vary tr to
change the repetition rate R = 1/tp .

single-photon sources are of key importance since successful scal-
ing of these systems involves the detection of multiple identical
photons. Thus, we introduce metrics to describe the probability,
rate, and fidelity of producing a single photon in a fully single mode
(spectral, temporal, spatial, and polarization), which includes
contributions from the commonly used metrics: fibered efficiency,
purity, indistinguishability, and repetition rate [34].

2. EXPERIMENTAL APPARATUS AND
PROCEDURE

We start the experiment with a magneto-optical trap of 87Rb
atoms and further laser cool the atoms with a 3-gray molasses
down to ≈10 µK. We load the atoms into a 1003 nm wave-
length optical dipole trap. To write the spin wave, we couple the
ground state, |g 〉 = |5S1/2, F = 2,mF = 2〉 to the Rydberg
state |r 〉 = |139S1/2,m J = 1/2〉 via the intermediate state
|e 〉 = |5P3/2, F = 3,mF = 3〉 with an intermediate detun-
ing 1p/(2π)≈ 50 MHz, as shown in Figure 1(a). The probe
beam coupling |g 〉 to |e 〉 is focused into the atom cloud with a
waist of ≈3.3 µm, with a Rabi frequency �p/(2π)≈ 1 MHz.

The counter-propagating control beam coupling |e 〉 to
|r 〉 has a larger ≈19 µm waist and peak Rabi frequency
�c/(2π)≈ 7 MHz.

The van der Waals coefficient of the Rydberg state 139S1/2 is
C6/(2π)≈−2.5× 106 GHz µm6 [35], which results in a block-
ade radius rb ≈ 60 µm during the spin-wave writing. Since rb is
larger than the probe beam waist and the atomic cloud extension in
the propagation direction, σz ≈ 27 µm, the excitation volume is
blockaded, suppressing the storage of more than a single spin-wave
excitation in the medium. This is in contrast to other Rydberg
systems, where pair-spin-wave dephasing purifies a single-photon
excitation [14,15,36]. Furthermore, the effective two-photon Rabi
frequency, �2ph =

�p�c
21p

, is enhanced by a factor of
√

N ≈ 20

from the N atoms participating in the collective excitation [30,37].
After a spin-wave storage time ts > 350 ns [see Fig. 1(d)], we

turn back on the control field with a detuning1c ≈ 2π × 7 MHz
that maximizes the retrieval efficiency of the spin wave into
a single photon. We can vary the repetition rate of the write–
retrieval sequence up to 400 kHz, with interrogation times up
to 600 ms (0.6 duty cycle) before we need to reload the optical
dipole trap. The generated photons are detected by two single-
photon avalanche detectors (SPAD) with a quantum efficiency
of ≈70% and dark counts (plus background ambient light) of
≈90 s−1. The arrival of every event is recorded with an externally
triggered time-tagging device, which allows defining of gating
windows around the photon pulses and construction of correlation
functions off-line after data collection.

3. SINGLE-PHOTON SOURCE PURITY AND
INDISTINGUISHABILITY

We use Hanbury Brown–Twiss and Hong–Ou–Mandel
interferometers (HOMs) to characterize the purity and indis-
tinguishability of our single photons [see Fig. 1(b)]. The purity
of our single-photon source is defined as 1− g (2)(0), where
g (2)(τ ) is the second-order autocorrelation function. We apply a
1.4−µs-long gate window starting just before the photon rising
edge, as indicated in Fig. 1(c) (for more details on this procedure,
see Supplement 1). Coincidences at zero time delay are substan-
tially suppressed, as shown in Fig. 2(a), with strong antibunching
g (2)raw(0)= 0.0145(2), integrating the area around τ = 0 and
without background subtraction. The background coincidence
rate is dominated by coincidences involving photon events with
background counts unrelated to the single-photon generation,
coming from detector dark counts and room light leakage. The
independently measured background rate, photon shape, and
photon rate are constant throughout each experimental run,
from which we determine that the accidental coincidences con-
tribute to g (2)back(0)= 0.0140. The gray curve in Fig. 2(b) shows
the background coincidence profile within the gate window (see
Supplement 1 for details). After background subtraction, our
single-photon source has g (2) = 5.0(1.6)× 10−4.

We use a HOM to measure the photon indistinguishability. We
implement a fiber-based 4.92 µs delay in one arm to temporally
overlap adjacently produced photons. Additionally, there is a
polarizing beamsplitter (PBS) at the output of each fiber to account
for any polarization rotation due to the fibers. At the exit of the
short arm, there is a half-wave plate (HWP) to rotate the polariza-
tion and control the degree of distinguishability of the photons.
Figure 3(a) shows the normalized coincidences for orthogonal and
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Fig. 2. Measured coincidences for purity and characterization.
(a) Normalized coincidences for g (2)(τ ) with 5 µs cycle. (b) Normalized
coincidences for g (2)(τ ) around τ = 0, gray line represents the back-
ground coincidences with 20 ns bins. The shape of this profile arises from
the convolution of the photon pulse shape with a constant background
within the gate window, and the pedestal asymmetry is because the back-
ground rate is not the same for each channel. All∼2.4× 109 pulse cycles
for the data shown were taken with 60% duty cycle.

parallel polarizations. Integrating the number of coincidences in a
window around τ = 0 for the two cases, we measure a raw HOM
interference visibilityVraw = 1−C‖/C⊥ = 0.892(6). Accounting
for the accidental coincidences with background events and the
slight differences in the transmission and reflection coefficients of
our combining beamsplitter gives a mode overlap of 0.980(7) (see
Supplement 1).

4. SOURCE EFFICIENCY

We measure a peak fibered efficiency of 0.18(2) after polariza-
tion filtering and averaged for a 20% duty cycle. Accounting for
optical losses and assuming that the single photon has the same
spatial mode as the 780 nm write beam, we estimate a generation
probability of 0.40(4) immediately after the atomic ensemble. The
average fibered and generation efficiencies reduce to 0.14(1) and
0.31(2), respectively, for a 60% duty cycle.

We calculate Pth = ηwηs ηr as a product of the writing, ηw,
storage, ηs , and retrieval, ηr , efficiencies to estimate the theoreti-
cal probability of generating a photon. Referring the reader to
Supplement 1 for the details of the theoretical analysis, we sum-
marize it here only briefly. We simulate the writing of the spin
wave using a Lindblad master equation to estimate the writing effi-
ciency and storage efficiency. We calculate the retrieval efficiency
using the optical Maxwell–Bloch equations with the formalism in

(a)

(b)

Fig. 3. Measured coincidences for indistinguishability characteri-
zation. (a) Normalized coincidences for HOM characterization with
4.92µs cycle. Indistinguishable polarization states are represented in blue,
and distinguishable polarization states are in red. (b) Normalized coinci-
dences for HOM around τ = 0, the gray line represents the background
coincidences with 52 ns bins. All∼3× 108 pulse cycles for the data shown
were taken with 60% duty cycle.

Ref. [38]. Using independently measured experimental val-
ues as input parameters, we obtain a theoretical prediction
of Pth ≈ 0.42(3). This value is consistent with the measured
generation probability for the longest pulsing periods, tp .

We observed that the average photon production efficiency
decreased at higher repetition rates, as shown in Fig. 4(a). Here,
the photon probability is determined immediately after the atom
cloud by accounting for independently measured optical losses.
The initial pulse in a pulse series had higher efficiency; however,
the efficiency of subsequent pulses decreased exponentially to the
steady-state value on a≈60 µs time scale [see Fig. 4(b)].

These observations are consistent with the creation of contami-
nant atoms in other long-lived Rydberg states that are not removed
by the retrieval field. These states interact strongly with the tar-
get Rydberg state, affecting subsequent writing events. Similar
contaminant states have been observed in previous experiments
[33,39,40] and have been analyzed extensively [41–45]. Once a
contaminant is in the medium, it disables the writing of a spin wave
for the later pulses. Since contaminants have a finite lifetime in the
medium, the photon generation probability decreases for shorter
pulse periods.

We use a simple model to capture the effect of contaminants on
photon production (see Supplement 1 for details). We assume that
for any given pulse, there is a probability Pc of creating a contami-
nant. If the contaminant state has a lifetime τc , then the probabil-
ity Pn of having a contaminant in the nth pulse of a pulse series with
period tp is

https://doi.org/10.6084/m9.figshare.12616376
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Fig. 4. Effect of contaminants on single-photon generation. (a) Photon generation probability as a function of pulse period tp . Dark blue line is fitted
using Eq. (1) in the steady state for n→∞ using the values for Pc and τc in the main text, and we obtain Pmax = 0.35(2). Red band shows the generation
probability predicted by the theoretical model. (b) Normalized summed counts per pulse for a pulse train with 2.5 µs pulse period. Dark-blue line is fitted
with Eq. (1). (c) Pc versus peak atomic density ρ0 with a fixed storage ts = 350 ns. (d) Pc versus time ts with a density of ≈4× 1011 cm−3.

Pn = Pc
1− (e−tp /τc − Pc )

n

1− e−tp /τc + Pc
. (1)

For τc � tp , the average contaminant probability as n→∞ can
be significant, even if Pc is small. The probability Pg (n) of success-
fully generating a single photon on the nth pulse in the presence of
a contaminant is decreased according to Pg (n)= Pmax(1− Pn),
where Pmax is the probability of photon generation in the
absence of contaminants. The steady state efficiency is given
by Pg (n→∞). Fitting this equation to pulse sequence data,
as shown in Fig. 4(b), we determine Pc = 1.9(3)× 10−2, and
τc = 65(8) µs, which is in good agreement with the data in
Fig. 4(a).

We find that Pc increases linearly with atomic density ρ [see
Fig. 4(c)], which suggests that the source of contaminants is
ground-Rydberg interactions. For high principal quantum num-
ber n, collisionally produced contaminants were identified in Ref.
[42] to be Rydberg states with principal quantum number n − 4
and quantum angular momentum l > 2. Furthermore, we find
that Pc increases with storage time ts at a rate of ≈3× 10−2 µs−1,
which gives a contaminant generation time scale of ≈33 µs for a
density of ≈4× 1011 cm−3. Contaminants are not a fundamental
limitation since strong electric field pulses between writing pulses
could be used to remove them.

For interrogation times longer than 100 ms, atom loss due to
effects such as heating and atom depolarization from rescatter-
ing become more significant. For short tp, where this problem is
most prominent, the average probability of generating a photon
during 600 ms is ≈75% of the generation probability during the
first 100 ms. However, these effects can be mitigated by detuning
farther from the intermediate state.

We also note that there was no statistical difference in g (2)(0)
as a function of the pulse cycle tp (to the level of g (2) ∼ 10−3 for a
smaller set of measurements), supporting our hypothesis that con-
taminants only prevent the spin-wave writing but do not affect the
purity. Under the same argument, the indistinguishability should
not change with repetition rate, but we were not able to measure it
for different delay times.

5. FULLY SINGLE-MODE EFFICIENCY, RATE, AND
FIDELITY

There are many metrics used to quantify the various properties of
single-photon sources. Optical quantum information schemes are
susceptible to errors if they are not implemented with highly pure
and indistinguishable single photons. In addition, scaling up quan-
tum information protocols needs high-generation efficiency, since
any inefficiency will lead to an exponential decrease of the success
probability with system size. Finally, the rate of single-photon pro-
duction provides a limitation on the practicality of any protocol.
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To that end, we define three metrics that quantify these properties:
F , the single-photon fidelity, which is the fraction of emission that
consists of a single photon in a single spectral, temporal, polariza-
tion, and spatial mode; P sm

1 , the probability of generating a single
photon in the desired mode; and R, the fully single-mode rate,
which is the rate of photon production in the desired mode.

Assuming that the probability of multi-photon events greater
than two is negligible, the only outcomes from a source are: single
photons in the desired mode with probability P sm

1 , single pho-
tons in an undesirable mode with probability P1′ , two photons in
any mode with probability P2, and null events with probability
P0. Experimentally, the following quantities are measured: the
detector-corrected fibered efficiency P ; the HOM visibility,V ; and
the second-order autocorrelation function, g (2). These are given by

P =
1− P0

ηdet
≈ P sm

1 + P1′ + (2− ηdet)P2, (2)

V =
P sm

1

P sm
1 + P1′

, (3)

(a)

(b)

Fig. 5. Performance of a sample from different single-photon sources.
Solid-state systems considered are spontaneous parametric down-
conversion (SPDC) [46,47], multiplexed-heralded-single-photon source
(MUX-HSPS) [48,49], and quantum dots (QD) [50–55]. Atomic sys-
tems considered are single atoms in free space [56,57], atoms in cavities
[58–61], and this work. The range indicated by the purple shaded area
is based on measured efficiencies P , with different pulse periods tp ,
assuming g (2) andV remain unchanged with tp . (a) FidelityF versus fully
single-mode single-photon efficiency P sm

1 . (b) Single-mode single-photon
rate R versus fully single-mode single-photon efficiency P sm

1 . (For details
on these sources, see tables in Supplement 1.)

g (2) ≈
2P2

(P sm
1 + P1′)

2 . (4)

Here, we have assumed that the measurements are taken with
standard non-number-resolving photon-counting detectors with
efficiency ηdet. As seen in Eq. (2), for ηdet < 1, the probability of
a detection event from two photons is (1− (1− ηdet)

2)P2 [62].
In Eq. (3), we have assumed that the visibility V is corrected for
multi-photon events (see Supplement 1).

Solving the system of equation for P sm
1 to the second order in

g (2), we get the fully single-mode efficiency:

P sm
1 = PV

[
1−

Pg (2)

2
(2− ηdet)

(
1− Pg (2)(2− ηdet)

)]
. (5)

This figure of merit characterizes the efficiency of a fully single-
mode single-photon source, including the spectro-temporal
coherence measured from the HOM visibility. For many quantum
information applications that demand pure indistinguishable
single photons, the success probability scales with P sm

1 rather than
other commonly reported metrics, such as the fibered efficiency P .

We report the source fully single-mode single-photon rate as
R= Reff P sm

1 , where Reff is the clock rate weighted by the experi-
mental duty cycle. Apart from source rate, the fraction of emission
in the desirable mode, the fidelityF , also matters for applications:

F = 1−
P1′ + P2

P
=

P sm
1

P
. (6)

In Fig. 5, we show P sm
1 , F , and R for a sample of different

single-photon sources. For this comparison, ηdet = 1 was assumed,
thus for sources with a non-negligible g (2), P sm

1 is an upper bound.
Narrow-bandwidth sources naturally compatible with coherent
atomic systems are indicated with filled symbols.

6. CONCLUSION

By using the quantum nonlinearities of strongly interacting
Rydberg states in a cold atomic ensemble, we demonstrated
a single-photon source, operating with a 60% duty cycle,
single-mode efficiency of P sm

1 = 0.098(2), a single-mode
rate of R= 1.18(2)× 104 s−1, and single-mode fidelity of
F = 0.980(7). This fidelity is the highest reported to our knowl-
edge for an atomic-based source. Furthermore, we investigated
the limitations of our current setup arising from nearby long-lived
contaminant states.

Implementing feasible improvements to the current exper-
iment, we estimate that we can achieve up to P sm

1 ≈ 0.4, and,
moreover, ionizing pulses after each write–retrieval pulse to
remove atoms in pollutant states may increase the rate up to
R≈ 1.2× 105 s−1 without decreasing the duty cycle or the fidel-
ity (see Supplement 1 for details). The efficiency could be further
improved if the ensemble were coupled to a cavity [63]. Given their
high efficiency, rate, and fidelity, we have shown that single-photon
sources based on Rydberg atomic ensembles provide a promising
platform for scalable quantum photonics, for example, boson
sampling and quantum networking. Furthermore, they are inher-
ently compatible with narrow-bandwidth atomic platforms that
have shown significant progress towards quantum information
applications [25].
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M. Endres, M. Greiner, V. Vuletić, and M. D. Lukin, “High-fidelity con-
trol and entanglement of Rydberg-atom qubits,” Phys. Rev. Lett. 121,
123603 (2018).

25. A. N. Craddock, J. Hannegan, D. P. Ornelas-Huerta, J. D. Siverns, A. J.
Hachtel, E. A. Goldschmidt, J. V. Porto, Q. Quraishi, and S. L. Rolston,
“Quantum interference between photons from an atomic ensemble and
a remote atomic ion,” Phys. Rev. Lett. 123, 213601 (2019).

26. P. Schauß, M. Cheneau, M. Endres, T. Fukuhara, S. Hild, A. Omran, T.
Pohl, C. Gross, S. Kuhr, and I. Bloch, “Observation of spatially ordered
structures in a two-dimensional Rydberg gas,” Nature 491, 87–91
(2012).

27. J. Zeiher, J.-Y. Choi, A. Rubio-Abadal, T. Pohl, R. van Bijnen, I. Bloch,
and C. Gross, “Coherent many-body spin dynamics in a long-range
interacting Ising chain,” Phys. Rev. X 7, 041063 (2017).

28. V. Lienhard, S. de Léséleuc, D. Barredo, T. Lahaye, A. Browaeys, M.
Schuler, L.-P. Henry, and A. M. Läuchli, “Observing the space- and time-
dependent growth of correlations in dynamically tuned synthetic Ising
models with antiferromagnetic interactions,” Phys. Rev. X 8, 021070
(2018).

29. H. Kim, Y. Park, K. Kim, H.-S. Sim, and J. Ahn, “Detailed balance of ther-
malization dynamics in Rydberg-atom quantum simulators,” Phys. Rev.
Lett. 120, 180502 (2018).

30. M. Saffman and T. G. Walker, “Creating single-atom and single-photon
sources from entangled atomic ensembles,” Phys. Rev. A 66, 065403
(2002).

https://doi.org/10.6084/m9.figshare.12616376
https://doi.org/10.1126/science.aab3642
https://doi.org/10.1103/PhysRevLett.123.250503
https://doi.org/10.1126/science.aan3211
https://doi.org/10.1038/s41566-017-0011-5
https://doi.org/10.1038/s41566-019-0368-8
https://doi.org/10.1038/s41586-020-1976-7
https://doi.org/10.1038/s41467-018-04341-2
https://doi.org/10.1103/PhysRevLett.117.060504
https://doi.org/10.1126/science.aal3837
https://doi.org/10.1038/nature11361
https://doi.org/10.1103/PhysRevLett.110.103001
https://doi.org/10.1103/PhysRevLett.110.103001
https://doi.org/10.1038/ncomms13618
https://doi.org/10.1103/PhysRevX.7.041010
https://doi.org/10.1126/science.1217901
https://doi.org/10.1126/science.aau1949
https://doi.org/10.1103/PhysRevLett.113.053601
https://doi.org/10.1103/PhysRevLett.113.053602
https://doi.org/10.1038/ncomms12480
https://doi.org/10.1126/sciadv.1600036
https://doi.org/10.1038/nature20823
https://doi.org/10.1038/s41567-018-0313-7
https://doi.org/10.1103/PhysRevA.92.022336
https://doi.org/10.1103/PhysRevLett.119.160502
https://doi.org/10.1103/PhysRevLett.121.123603
https://doi.org/10.1103/PhysRevLett.123.213601
https://doi.org/10.1038/nature11596
https://doi.org/10.1103/PhysRevX.7.041063
https://doi.org/10.1103/PhysRevX.8.021070
https://doi.org/10.1103/PhysRevLett.120.180502
https://doi.org/10.1103/PhysRevLett.120.180502
https://doi.org/10.1103/PhysRevA.66.065403


Research Article Vol. 7, No. 7 / July 2020 / Optica 819

31. M. D. Lukin, M. Fleischhauer, R. Cote, L. M. Duan, D. Jaksch, J. I. Cirac,
and P. Zoller, “Dipole blockade and quantum information processing in
mesoscopic atomic ensembles,” Phys. Rev. Lett. 87, 037901 (2001).

32. N. Sangouard, C. Simon, H. de Riedmatten, and N. Gisin, “Quantum
repeaters based on atomic ensembles and linear optics,” Rev. Mod.
Phys. 83, 33–80 (2011).

33. E. A. Goldschmidt, T. Boulier, R. C. Brown, S. B. Koller, J. T. Young,
A. V. Gorshkov, S. L. Rolston, and J. V. Porto, “Anomalous broadening
in driven dissipative Rydberg systems,” Phys. Rev. Lett. 116, 113001
(2016).

34. M. D. Eisaman, J. Fan, A. Migdall, and S. V. Polyakov, “Invited review
article: single-photon sources and detectors,” Rev. Sci. Instrum. 82,
071101 (2011).
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