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We demonstrate the storage and retrieval of an on-demand single photon generated by a collective
Rydberg excitation in a low-noise Raman quantum memory located in a different cold atomic ensemble.
We generate single photons on demand by exciting a cold cloud of rubidium atoms off resonantly to a
Rydberg state, with a generation probability up to 15% per trial. We then show that the single photons
can be stored and retrieved with a storage-and-retrieval efficiency of 21% and a low noise floor in the
Raman quantum memory. This leads to a signal-to-noise ratio ranging from 11 to 26 for the retrieved sin-
gle photon, depending on the input-photon-generation probability, which allows us to observe significant
antibunching. We also evaluate the performance of the Raman memory as a built-in unbalanced temporal
beam splitter, tunable by varying the write-in control-pulse intensity. In addition, we demonstrate that the
Raman memory can be used to control the single-photon wave shape. These results are a step forward in
the implementation of efficient quantum repeater links using single-photon sources.
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I. INTRODUCTION

The development of quantum networks [1] is one of
the most active branches of quantum technologies. A
fundamental step toward long-distance quantum commu-
nications would be the realization of efficient quantum
repeaters [2–4] that would allow the distribution of entan-
glement over distances longer than is achievable with
direct photon transmission. Near-term quantum repeaters
are based on heralded entanglement between remote quan-
tum memories (QMs) that form an elementary repeater
link and on entanglement swapping between the elemen-
tary links to extend the entanglement distance. Various
platforms have been considered as quantum memories
for quantum repeaters, including single atoms [5,6] or
ions [7–10], cold atomic clouds [11–18] and solid-state
systems such as color centers in diamond [19,20] or rare-
earth-doped solids [21–26]. Ensemble-based approaches
are promising for reaching high-rate quantum repeaters
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because they enable large multiplexing, which increases
the rate of entanglement in elementary links proportion-
ately to the number of stored modes [17,25,27–31].

To date, most of the early demonstrations of quantum
repeater links with ensemble-based quantum memories are
based on probabilistic light-matter entanglement sources,
e.g., based on emissive quantum memories using sponta-
neous Raman scattering in atomic clouds [12–14,18,32],
following the Duan, Lukin, Cirac, and Zoller (DLCZ) pro-
posal, or by using read-write quantum memories combined
with spontaneous parametric down-conversion sources
[25,26]. However, these types of probabilistic sources lead
to limitations due to a trade-off between the excitation
probability and fidelity of the generated state. To keep
the errors due to the generation of multiple pairs low and
therefore the fidelity high, the generation probability must
remain low. This trade-off leads to low success probabil-
ity per trial (especially for multiple-link repeaters), which
limits the overall high-fidelity entanglement rate [4].

A quantum repeater architecture based on the use of
deterministic single photons and absorptive ensemble-
based quantum memories has been proposed to overcome
this limitation [33]. In this scheme, each node consists
of a deterministic single-photon source and a quantum
memory. The single photon is sent on a beam splitter
(BS) and one output of the BS is directed toward the
quantum memory while the other output is converted to
telecom wavelength and sent to a central station, where
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it is mixed with the photonic mode from another distant
quantum node. It has been shown that heralded single pho-
tons (generated from probabilistic sources) can be stored
in quantum memories [34,35] with up to 87% storage-
and-retrieval efficiency [16,36]. Hence, the main challenge
of this scheme compared to schemes using probabilistic
sources is to generate memory-compatible indistinguish-
able single photons on demand with high efficiency. In
addition, the quantum memory should feature very low
noise in order not to degrade the single-photon properties.

Several approaches have been demonstrated to gener-
ate on-demand single photons using single emitters such
as quantum dots, single molecules, and color centers in
diamond. However, most of these photons are not resonant
with quantum memories and have a bandwidth much larger
than that of long-lived quantum memories. While progress
has been made recently to interface photons from quantum
dots and molecules to atomic vapors or rare-earth-doped
solids [37–40], so far high efficiency and long-lived stor-
age of these photons has not been demonstrated. Single
trapped atoms can be used to generate directly resonant
and memory-compatible photons that have been inter-
faced with a Bose-Einstein condensate (BEC) quantum
memory [41]; however, efficient photon generation in a
single mode requires placing the atom in a high-finesse
cavity, which represents an experimentally complex task.
In recent years, several experiments have shown that
ensembles of Rydberg atoms could serve as a source of
on-demand narrow-band [42–45] indistinguishable single
photons [46–48]. This approach has the advantage that no
high-finesse cavity is required, due to the collective nature
of the single-photon generation.

In this paper, we demonstrate the storage and retrieval
of an on-demand single photon generated by collective
Rydberg excitation on a low-noise Raman quantum mem-
ory located in a different cold atomic ensemble. We show
that the single photons can be stored and retrieved with
a signal-to-noise ratio (SNR) up to 26, preserving strong
antibunching. We also evaluate the performance of the
built-in temporal beam splitter offered by the Raman mem-
ory. In addition, we demonstrate that the Raman memory
can be used to control the single-photon wave shape. These
results show that single photons generated on demand
by Rydberg atoms can be stored in an atomic quantum
memory, which is a potentially important step toward the
implementation of efficient quantum repeater links using
single-photon sources.

II. EXPERIMENTAL SETUP

Our experimental setup comprises of two ensembles
of cold 87Rb atoms situated in the same laboratory con-
nected via 12 m of optical-fiber cable. One of them is
used to generate single photons in a quasideterministic way
by exploiting the strong dipole-dipole interaction between

Rydberg states (the source). Another is used to store and
retrieve on demand the generated photons in an atomic
Raman memory.

In the first step of the generation protocol, we excite
the ensemble from its ground state |gs〉 = |5S1/2, F = 2〉
to a Rydberg state |r〉 = |90S1/2〉 [see Fig. 1(d)] via a
two-photon excitation. We send a weak coherent probe
pulse �p and a strong counterpropagating coupling pulse
�c ≈ 6 MHz [see Fig. 1(a)]. The 1/e2 beam radius is
6.5 μm for the probe and 13 μm for the coupling mode.
The probe light at a wavelength of 780 nm is red detuned
by −40 MHz from the transition to the excited state
|es〉 = |5P3/2, F = 3〉. The coupling light is tuned such that
the two-photon transition is resonant with the transition
|gs〉 → |r〉.

The number of generated Rydberg excitations is
strongly limited due to the dipole blockade [49]. The
blockade is a result of the strong dipole-dipole interaction
between Rydberg states, which prevents a simultaneous
excitation of two Rydberg atoms if they are closer than a
distance called the blockade radius. Then, if the interaction
region is smaller than the volume given by the blockade
radius, only one atomic excitation will be created in state
|r〉—this is called the fully blockaded regime. The Rydberg
excitation is shared between all the atoms in the block-
ade region, forming a collective quantum superposition,
termed a Rydberg spin wave.

With a delay of 1 ms, a second coupling pulse is sent
resonantly to the |r〉 → |es〉 transition, mapping the Ryd-
berg spin wave onto the excited state |es〉 and triggering
the collective emission of a single photon at 780 nm. The
photon is emitted in the input mode and in the forward
direction due to collective atomic interference. It is then
separated from the coupling light by a dichroic mirror and a
band-pass filter, before being collected into a polarization-
maintaining single-mode fiber. An electronic trigger is sent
to the memory to signal each photon-generation attempt.

The generated photon is guided to the second atomic
ensemble, the memory. The frequency of the photon is,
however, not compatible with the transitions used in the
memory, so it is shifted by −320 MHz with an acousto-
optic modulator (AOM). As a result, the photon is now red
detuned with respect to the |gm〉 → |em〉 transition.

The Raman memory relies on coherent adiabatic absorp-
tion of the incoming single photon [50]. A storage
attempt starts with sending a control write-in pulse �W
coupling states |s〉 = |5S1/2, F = 1, mF = 0〉 and |em〉 =
|5P3/2, F = 2, mF = +1〉 off resonantly by δ = −52 MHz
[see Fig. 1(e)]. The 1/e2 beam radius is 69 μm for the pho-
ton and 180 μm for the coupling mode. Assuming that the
|gm〉 → |em〉 transition is lifetime limited, the excited-state
coherence lifetime is 2τeg , with τeg = 26 ns the excited-
state population lifetime. Since the write-in pulse is in
two-photon resonance with the input photon, the incom-
ing photon field is transferred to a collective atomic spin
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FIG. 1. A scheme of the experimental setup, the relevant atomic levels, and the experimental sequence. (a) The source. The probe
(�p ) and the counterpropagating coupling beam (�c) are tightly focused in a cold cloud of rubidium atoms to generate the input
photon. (b) The memory. A write-in control-beam pulse (�W) maps the incoming photon to an atomic excitation in another cold cloud
of rubidium atoms. The excitation is retrieved with a readout control-beam pulse (�R) and filtered with a Fabry-Perot cavity (FPC).
(c) The retrieved photon is split in a fiber-based beam splitter (FBS) and detected with SNSPDs 1 and 2 performing, effectively, an
HBT measurement. (d),(e) The relevant atomic levels for the photon generation (d) and for the photon storage (e) are also shown. A
two-photon excitation (�p and �c) creates a Rydberg spin wave in |r〉 (1), which is later mapped to the first excited state |es〉 and
decays emitting a photon (2). The emitted photon is mapped with �W to a ground-state spin wave in |s〉 (3) and later retrieved with �R
(4). (f) The pulse sequence. The whole experiment is synchronized with TTLs sent by the source at the beginning of each generation
trial.

excitation on |s〉. Careful tuning of the control write-in
pulse shape, power, and timing with respect to the input
photon is required to optimize the writing efficiency into
the memory. Experimentally, we find that the optimum
control write-in pulse closely resembles the input-photon
wave shape and impinges on the cloud shortly before the
photon, with �W ≈ 48 MHz.

To retrieve the stored excitation, after a programmable
delay, we send a readout pulse �R. The readout pulse is
in the same spatial mode as the write-in pulse with the
same frequency detuning δ. Owing to the collective atomic
interference, the photon is emitted in the input mode in the
forward direction and collected into a single-mode fiber.
The bandwidth and the shape of the output photon are gov-
erned by the temporal profile and the power of the readout
pulse and can be tuned arbitrarily (see Sec. III B).

The collected photons are guided to the detection setup.
Depending on the measurement, it is either a supercon-
ducting nanowire single-photon detector (SNSPD) or a
Hanbury Brown–Twiss (HBT) setup comprised of a fiber-
based beam splitter and two SNSPDs [see Fig. 1(c)]. We
use a HBT setup to measure photon autocorrelation.

For the source to produce single photons, it is neces-
sary for it to be in the fully blockaded regime or close to
it. Moreover, the coherence time of the Rydberg transition
should be much longer than the excitation-pulse duration,

to keep the photon-generation probability high. In our case,
this means that the ensemble needs to be cold to limit the
motional dephasing. Both are achieved in the preparation
stage when we first load the atoms into a magneto-optical
trap (MOT), later compress them, and subsequently apply
7 ms of polarization-gradient cooling. Finally the ensem-
ble is prepared by optical pumping to its initial ground
state |gs〉 = |5S1/2, F = 2〉. A one-dimensional dipole trap
is kept on during the whole process (with a beam waist of
34 μm at an angle of 22◦ with respect to the probe beam
and a trap depth of 0.3 mK). The whole process results
in a cloud with an optical density (OD) of 6 and a tem-
perature of 40 mK. Due to the dipole trap, the effective
interaction region, given by the overlap between the probe
beam and the atomic ensemble, is still larger but compa-
rable to the approximately 13 μm of the blockade radius.
The ensemble can be interrogated for 200 ms, limited by
the population lifetime of the dipole trap (400 ms), before
another MOT reloading cycle has to be performed. Dur-
ing its interrogation time, the source attempts to generate
a single photon every 4 μs with generation probability
pgen = 5 − 15%. The photon generation and the character-
ization of their indistinguishability are described in more
detail in Ref. [48].

For the memory, the OD of the ensemble and the
cloud temperature are the main parameters governing
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the storage-and-retrieval efficiency and the storage time.
To achieve a dense and cold ensemble, the atoms are
first loaded into a MOT for 10 ms followed by 1.5
ms of polarization-gradient cooling. Later, the memory
is optically pumped to its initial ground state |gm〉 =
|5S1/2, F = 2, mF = +2〉, in the presence of a homoge-
neous magnetic bias field oriented along the photon mode.
Optical pumping is helpful to avoid beating between spin
waves at different Zeeman sublevels. The whole process
provides us a cloud with an OD of 5 and a temperature of
30 mK. The OD starts dropping after 1.2 ms of interroga-
tion time and the trapping cycle has to be repeated.

One of the main challenges of this study is the long inte-
gration times, which require good stability of both setups.
This results mainly from two technical limitations. The
first one is the very different trapping cycles of the source
and the memory, making the overall duty cycle very low.
The resulting repetition rate of the whole experiment is
5 kHz. The second one is the passive loss in the photon
transmission, which affects the coincidence probability in
the HBT experiment quadratically. The total transmission
from the output of the source to the detection setup, in the
absence of atoms in the memory, is 10(1)%, limited by the
fiber coupling after the source (0.4), the frequency-shifter
AOM setup (0.62), the fiber coupling after the mem-
ory (0.83), the frequency-filtering cavity setup (0.65), and
miscellaneous optical and polarization-dependent losses
(0.75). The transmission from the output of the source to
the input of the quantum memory is 22%. The SNSPDs
have a quantum efficiency of approximately 85% and 3 Hz
of dark counts.

The limiting factor for the quality of the single pho-
ton retrieved from the quantum memory is the introduced
technical noise, which affects its SNR. The main source
of noise is the leakage of the memory control pulses that
couple to the photon mode. An angle of 3◦ between the
photon mode and the coupling beam minimizes the spa-
tial overlap and noise introduced by directional forward
scattering. The noise is further removed with a home-built
narrow-band Fabry-Perot filter cavity of 43.4-dB suppres-
sion (at the control-pulse frequency). The remaining noise
is composed of light leaking through the filter, inelastically
scattered control light at the photon frequency, and the dark
counts of the detectors.

III. RESULTS

In this section, we study the single-photon properties of
the source photons, which, further on, are used as the mem-
ory input photon. Second, we discuss the performance of
the memory, commenting on its tunability.

A. Photon generation

The HBT setup is used to characterize the photons
generated by the source. The photon arrival times at each

SNSPD are recorded together with trigger times for each
experimental trial. We compute the second-order autocor-
relation function as

g(2)(k) = c1,2(k)
p1p2

, (1)

where p1 (p2) is the probability of detection per trial with
SNSPD 1 (2) and c1,2(k) is the probability of a coin-
cidence between detections separated by k trials (k = 0
means that detections are taken within the same trial). All
the probabilities are calculated within a detection time win-
dow at fixed delay after each trial trigger. We choose a
300-ns detection window, which includes more than 95%
of the photon. For perfect single photons, g(2)(0) = 0.
In practice, background noise or multiphoton components
increase the g(2)(0). The emitted light remains nonclassical
for g(2)(0) < 1 and g(2)(0) = 0.5 marks the limit between
single- and multiphoton states.

In our source, we can change the emitted photon g(2)(0)

within a range of 0.16 to 1 by varying the mean probe
photon number (see Fig. 2). For a smaller probe pho-
ton number, the increase of g(2)(0) is accompanied by an
increase of the photon-generation probability pgen, which
is defined as pgen = (p1 + p2)/α, where α = 0.21 is the
combined transmission and detection efficiency (of the
source only—in this characterization, we detect photons
right after the source). However, for a larger probe photon
number, pgen decreases in accordance with the Rabi cycle.
Yet, this is not accompanied by the g(2)(0), which contin-
ues to grow up to 1, indicating the presence of multiphoton
components. The reason for this behavior is still under
investigation and goes beyond the scope of this paper.

If not stated otherwise, for the following measurements
we fix g(2)(0) ≈ 0.23 and pgen ≈ 12%. The emitted photon
has a steep leading edge followed by a slower exponential
decay, with a full width at half maximum (FWHM) of the
entire photon of approximately 120 ns (see Fig. 3 at time
zero).
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the memory. The orange histogram is the input photon alone,
with no storage attempt. The red histogram presents a storage
attempt. The blue histogram shows the noise without an input
photon but with the atoms in the memory. The gray-shaded area
is the detection window for the input and transmitted photons and
the green-shaded area is the detection window for the stored pho-
ton (both windows include more than 95% of the respective wave
forms). The inset shows the storage-and-retrieval efficiency as a
function of the storage time with the corresponding Gaussian fit
e−t2/τ2

, where τ is the memory lifetime. The fit also includes an
oscillatory term accounting for spin-wave interference coming
from residual population in |5S1/2, F = 2, mF = 1〉 (as an effect
of imperfect Zeeman optical pumping) [51].

B. Photon storage

In this section, we demonstrate that the memory can
efficiently store the generated single photon. It also offers
tunability in the storage-and-retrieval process.

To characterize the memory performance, we first mea-
sure the temporal histogram of photon counts in three
different situations, as shown in Fig. 3. We first detect the
input single photon (orange histogram) when no storage
attempt is performed, i.e., with no atoms in the memory but
with control pulses. Then, a storage attempt is performed
(red histogram) and we can see two peaks—the transmitted
pulse, which is the part of the single input photon that is not
absorbed in the storage attempt (counts in the 300 ns gray-
shaded window), and the stored pulse, which is the exci-
tation retrieved from a successful storage attempt (counts
in the 100-ns green-shaded window). Finally, we measure
the noise (blue histogram) by blocking the input photon
while keeping all the control pulses on and the atomic
cloud present. This last measurement should contain all the
information about the noise present in the experiment; in
particular, the noise introduced by the control pulses. We
measure a corrected noise probability per trial at the out-
put of the quantum memory, within the storage window, of
pnoise = 2.3(3) × 10−4, which is derived from the detected
noise probability as pnoise = pdet

noise/β, where β = 0.34 is
the combined transmission-and-detection efficiency after
the memory (at the photon frequency). This value is among

the lowest reported in ground-state spin-wave memories
and is comparable to other quantum memories based on
cold atoms or BECs [16,35,52–54]. We attribute this noise
to the control-pulse light leaking through the filter and scat-
tering resulting from residual population on the storage
transition. Four-wave mixing (4WM), which is an impor-
tant source of noise in hot-vapor memories, is not observed
experimentally: the noise floor remains constant as a func-
tion of the storage time, which would not be the case if
4WM introduced additional spin waves. The control beam
does not couple the atomic ground state |gm〉 to any excited
state, a necessary requirement for 4WM to occur. Further-
more, the angle of 3◦ between the control mode and the
photon mode is prohibitively large for the phase-matching
condition to be satisfied [54]. 4WM does not occur in the
photon source because of the ladder scheme.

The input and noise histograms serve as a reference to
calculate the storage-and-retrieval efficiency ηwr = ps/pin,
where ps and pin are the background-subtracted proba-
bilities of detecting a stored photon (within the 100-ns
detection window) and an input photon (within the 300-
ns detection window), respectively. We also calculate the
write-in efficiency, defined as ηw = (pin − pt)/pin, where
pt is the background-subtracted detection probability of a
transmitted photon (within the 300-ns detection window).
From these two quantities, we infer the readout efficiency
ηr = ηwr/ηw. We obtain a maximum storage-and-retrieval
efficiency ηwr ≈ 21% at a storage time of 1.2 μs. For
longer storage times, the motional decoherence and the
decoherence due to the stray magnetic field gradients limits
the efficiency with a characteristic 1/e decay time of 30 μs
(see the inset in Fig. 3).

For the measurement shown in Fig. 3, the SNR of the
retrieved photon is 24(4). For different input numbers of
photons, we measure a SNR of up to 26 (see Appendix A).
An interesting figure of merit is the μ1 parameter, defined
as μ1 = pnoise/ηwr, which expresses the input number of
photons required to have SNR = 1 at the output. In our
case, we find μ1 = 1.00(7) × 10−3 (see Appendix A),
which is more than 2 orders of magnitude lower than
similar ground-state quantum memories based on warm
atomic vapors [55–57], more than one order of magni-
tude lower than solid-state QMs based on rare-earth-doped
solids [34,58], and similar to other quantum memories
based on cold atoms [16,35,52–54].

A crucial requirement for a quantum memory is that
it preserves the statistical properties of the stored pho-
tons. To show that our memory fulfills this criterion, we
first adjust the mean probe photon number of the source
to low values, resulting in a photon-generation proba-
bility of pgen ≈ 3.0(3)% (see Fig. 2). With this setting,
we expect the emitted photons to be strongly nonclassi-
cal. To reduce the effect of experimental fluctuations, we
collect data for 63 h. We measure g(2)(0) of the input
(g(2)(0) = 0.20(2)), transmitted ((g(2)(0) = 0.22(3)) and
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stored photons (g(2)(0) = 0.34(7)) and obtain values well
below 0.5 (see Fig. 4). This shows that the memory pre-
serves the single-photon nature of the input photon. One
can see, however, that g(2)(0) of the stored photon is sig-
nificantly larger than the g(2)(0) of the input photon. We
expect that the main source of degradation of g(2)(0) is
the uncorrelated noise introduced by the memory con-
trol pulses. We develop a simple model, discussed in
Appendix D, to quantify the effect of uncorrelated noise on
g(2)(0). The model predicts g(2)

m (0) = 0.33(4) for a stored
photon, taking into account a measured SNR of 11(2) and
the measured input g(2)(0). For this data set, the model
is in agreement with the measured data, within the error
bars. We also perform several other measurements (see
Appendix D, with integration times of around 10–16 h per
data point) for different values of input g(2)(0). While the
model reproduces the trend qualitatively, there is a large
point-to-point fluctuation that we attribute to low statistics
and experimental fluctuations.

Our memory offers significant tunability in the write-in
process that may prove useful in future hybrid quantum
networks [59]. We start by showing that the memory
can adapt to the input-photon frequency. For that, we set
the input-photon detuning to δ = −52 MHz and we vary
the frequency of the control-beam pulse. The maximum
efficiency is observed for the two-photon resonance (see
Fig. 5), achieving optimum storage conditions for the input
photon.

The width of the curve depends on the spectral prop-
erties of the input photon. Bandwidth-limited photons
(i.e., photons that exhibit the minimum bandwidth for
a given temporal duration) are desirable because with
them one can achieve a high Hong-Ou-Mandel interfer-
ence visibility over the whole duration of the pulse [60,61].
Use of the whole duration of the pulse would result in
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FIG. 5. The storage-and-retrieval efficiency versus the fre-
quency detuning of the control write-in pulse for the single-
photon input (red) and a WCS (orange). The frequency detuning
is measured from the two-photon resonance of the input photon
and the write-in control beam.

higher entanglement-distribution rates. Therefore, in order
to benchmark the spectral properties of the input photon,
we repeat the measurement with a weak coherent state
(WCS) with the same wave shape, center frequency, and
mean number of photons. This WCS is derived from a laser
exhibiting a line width much smaller than the bandwidth of
the pulse. As can be seen in Fig. 5, the two spectra over-
lap very well, suggesting that the input photon is close to
bandwidth limited.

Using classical light pulses, we also perform storage at
detunings δ = −32 MHz and δ = −72 MHz (not shown
here). For these values, no significant change of storage
and retrieval efficiency is observed, suggesting that the
input-photon detuning can be varied within this range.
Eventually, the detuning will be limited by the proximity
to other atomic levels.

We also study the bandwidth of our memory by sending
WCSs of different durations (with FWHMs of 8 − 800 ns).
We show the results in Appendix B, suggesting that the
memory can accommodate pulses of very different lengths
without changing its efficiency.

Another interesting feature of the memory is that one
can control how much of the input photon is absorbed and
how much is transmitted. By varying the write-in control-
beam power, one can change ηw as shown in Fig. 6 (top).
This effectively changes the splitting ratio ps/pt between
the stored and the transmitted photon pulse. Our mem-
ory can therefore be used as a temporal beam splitter [62]
with a tunable splitting ratio, which may have applications
in the quantum repeater architecture mentioned in Sec. I
[33]. Substituting the BS + QM with only the QM and
guiding the transmitted light directly to the intermediate
station relaxes the requirements for the storage efficien-
cies to approach unity. To investigate this possibility, we
plot ps/pt (see Fig. 6, bottom). It peaks for intermediate
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FIG. 6. The storage efficiencies, survival probability, and split-
ting ratio as a function of the write-in control-beam power.

values of the write-in control-beam powers and decays for
higher values. This stands in contrast to the monotonically
growing ηw and is a result of ηr decreasing with the control
power. We attribute this behavior of ηr to the asymmetri-
cal distribution of the spin wave in the ensemble, when
large write-in control powers are used [50,63]. With an
increasing write power, the spin wave starts to have a more
asymmetric shape, being mostly created at the beginning
of the ensemble. This effect is known to limit the retrieval
efficiency, especially in the forward-retrieval configuration
[64–66].

In Fig. 6 (bottom), we also plot the survival efficiency
(ps + pt)/pin, the normalized probability of detecting a
transmitted or stored photon per trial. We observe that
it decreases with an increasing control power due to the
decrease of the readout efficiency. With current conditions,
the tunability range of ps/pt is limited but we expect that
backward retrieval should considerably improve the read-
out efficiency at high write power, which will increase
the survival probability [63]. As a first application of
the single-photon temporal beam splitter, we use the two
temporal output modes of the memory to measure the anti-
bunching parameter. For the measurement presented in
Fig. 4, we obtain a g(2)(0) = 0.28(2) with a significantly
increased count rate with respect to the case where we split
each output mode with a standard BS.

Our memory also offers shape tunability of the stored
photons [67]. In particular, one can retrieve photons with
very different lengths (with a FWHM of 25–900 ns) by
changing the readout control-beam power [see Figs. 7(a)
and 7(b)]. We read out the memory with a square-shaped
pulse, resulting in a steep leading edge of the retrieved
photon and a more slowly decaying trailing edge. We fit
the former with a Gaussian function and the latter with
an exponential and obtain the total FWHM of the photon.
One can also use more complex wave forms for the readout
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FIG. 7. The stored-photon wave-shape tunability. (a) The
dependence of the stored-photon duration on the readout control-
beam power. (b) Selected wave shapes of the stored photons
from (a) and their corresponding fits. (c) The stored-photon wave
shape (solid orange) exactly matching the input-photon wave
shape (dashed blue). (d) A stored photon shaped as a time-bin
qubit.

control pulse to shape the readout photon, e.g., reproduc-
ing the input photon or a time-bin qubit [see Figs. 7(c)
and 7(d)]. This capability would allow for matching dif-
ferently shaped photons emitted by different sources. We
do not observe significant reduction of ηwr for different
readout-pulse shapes, in agreement with the theory [68].

IV. CONCLUSIONS

We demonstrate the storage and retrieval of an on-
demand single photon generated in one Rydberg-based
atomic ensemble in another cold atomic ensemble through
a Raman memory protocol. We achieve a 21% memory
efficiency and a SNR of up to 26 for the retrieved pho-
ton, leading to a μ1 of 1.00(7) × 10−3. This allows us to
observe only a moderate degradation of the single-photon
statistics. We show the adaptability of our memory in
frequency and bandwidth. Moreover, we evaluate the per-
formance of the built-in temporal beam splitter offered by
the Raman memory. Lastly, we show that we can shape
the temporal wave form of the retrieved photon by shaping
the readout-pulse power and wave form. These results are
a step forward in the implementation of efficient quantum
repeater links using single-photon sources. In that context,
one interesting advantage of having the source and the
memory residing in different ensembles is that they can be
optimized independently. This allows for efficient single-
photon generation and storage and facilitates the use of
multiplexed quantum memories [17,30], which would sig-
nificantly improve repeater entanglement-generation rates.

Several improvements should be applied to our exper-
iment before it can become a practical alternative. The
generation efficiency of the single photon from the Ryd-
berg ensemble could be increased by increasing the OD
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of the ensemble and/or by embedding the ensemble in a
low-finesse cavity [69]. The quality of the single photon
(as measured by the autocorrelation function g(2)(0)) could
also be improved by addressing a slightly smaller ensem-
ble and by reaching a higher principal quantum number
level to increase the Rydberg blockade radius, as has been
shown in Ref. [47], where g(2)(0) values smaller than 10−3

have been measured. Regarding the Raman quantum mem-
ory, higher storage-and-retrieval efficiencies could also
be reached by increasing the OD of the ensemble [16]
and using backward retrieval [65], or with an impedance-
matched cavity. Backward retrieval will also improve the
survival probability and the performance of the temporal
beam splitter. Finally, a longer storage time of up to 1 s
could be achieved by using magnetically insensitive tran-
sitions and by loading the ensemble into an optical lattice
to suppress motion-induced dephasing [70].
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APPENDIX A: ESTIMATION OF µ1 PARAMETER
(WITH SINGLE-PHOTON INPUT)

An important figure of merit for a quantum memory is
the parameter μ1, which is defined as the minimum mean
number of input photons to have a SNR of 1 for the stored
photon.

In Fig. 8, we show a measurement of the SNR in the
readout (stored) detection window by varying the mean
number of single photons at the input of the Raman mem-
ory. This is achieved by varying the Rydberg probe power
(see Fig. 2). From a linear fit that passes through zero, we
estimate a μ1 parameter of 1.00(7) × 10−3.
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FIG. 8. The mean number of single photons at the input of the
memory as a function of the readout SNR. The orange dashed
line is a linear fit that passes through zero. The slope of this line
corresponds to μ1.

APPENDIX B: ACCEPTANCE-MEMORY
BANDWIDTH (WITH WEAK COHERENT

STATES)

To understand whether the memory efficiency is limited
by its acceptance bandwidth, we measure the storage-and-
retrieval efficiency for input pulses with variable duration.
The maximum duration of the single photons generated at
the source is limited by the dephasing rate of the collective
Rydberg excitations. Moreover, the minimum duration is
limited by the coupling beam power, leading to a FWHM
greater than approximately 90 ns. Therefore, we instead
send WCS pulses with mean number of photons well
below 1. The duration of the WCS pulses is controlled
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FIG. 9. The storage-and-retrieval efficiency ηwr as a function
of the temporal duration (FWHM) of WCS input pulses with
a Gaussian shape. The gray horizontally shaded area represents
the mean (0.225) and standard deviation (0.008) of the efficiency
for input pulse durations above 25 ns. The blue dashed vertical
line represents the minimum duration of the single photon gener-
ated by the Rydberg-based source (approximately 90 ns FWHM).
For each data point, the write-in control-pulse power, shape, and
delay are optimized.
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by an AOM, achieving pulses as short as 8 ns (FWHM).
We send Gaussian-shaped pulses because the conversion
to bandwidth is straightforward.

The results are shown in Fig. 9. For pulse durations
between 25 ns and 750 ns, the storage-and-retrieval effi-
ciency ηwr remains constant and is in agreement with
the efficiencies measured for the single-photon input. It
is only for pulse durations below 25 ns, corresponding
to a bandwidth of approximately 17.6 MHz (assuming
transform-limited Gaussian pulses), that the storage-and-
retrieval efficiency drops. We attribute this drop to limited
control power and a finite AOM rise time, resulting in
a smaller pulse area. For input pulses much longer than
750 ns (not characterized here), the efficiency is expected
to be eventually limited by the lifetime of the memory
[67]. We estimate the bandwidth of the single photon
to be approximately 4 MHz, assuming bandwidth-limited
Gaussian pulses.

APPENDIX C: MEMORY PERFORMANCE WITH
OPTICAL DEPTH (WITH WEAK COHERENT

STATES)

It is instructive to analyze the memory performance
when varying the OD, since the OD governs how effi-
ciently the incoming light pulse is absorbed and reemitted.
For that, we vary the trapping laser power during the
magneto-optical trap stage and use the shortest interroga-
tion time possible to be able to scan the full range of ODs
available.

The OD value is obtained by measuring the transmission
of a continuous coherent beam around resonance with the
|gs〉 → |es〉 transition. The results are shown in Fig. 10.
The storage efficiencies are measured for WCS pulses as
input, shaped to mimic the temporal profile of the single
photons generated in the Rydberg-based source.

We observe a saturation of the storage-and-retrieval effi-
ciency ηwr = ηw · ηr for an OD around 6.5. However, the
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FIG. 10. The storage efficiencies ηw, ηr, and ηwr as a function
of the OD of the ensemble for weak coherent input pulses with a
mean photon number of 0.077. For each data point, the write-in
control-pulse power and the delay are optimized.

write-in efficiency ηw still seems to profit from a higher
OD, while the readout efficiency ηr is already at the maxi-
mum. One possible explanation for this behavior is reemis-
sion followed by reabsorption, which limits the maximal
retrieval efficiency in forward retrieval (i.e., when the pho-
ton field is retrieved from the medium copropagating to the
input) [72,73].

Data in the main text are taken for an OD around 5,
which constitutes a compromise between achieving a high
ηwr while at the same time maintaining an acceptable duty
cycle for data acquisition.

APPENDIX D: EFFECT OF THE NOISE IN THE
MEASURED AUTOCORRELATION FUNCTION

OF SINGLE PHOTONS

Noise originating either from the control beam or its
interaction with the ensemble can lead to uncorrelated
coincidences that affect the measured single-photon statis-
tics of the transmitted or stored photons. In the absence of
a control field and atoms, the unperturbed autocorrelation
is measured as

g(2)

in (0) = c1,2

p1p2
, (D1)

where p1 (p2) is the probability of detection per trial on
detector 1 (2) and c1,2 is the probability of coincidence
detection per trial between both detectors. When a storage
attempt is performed, the noise introduced by the control
pulses and the atoms alter the probabilities for detection
and coincidences as follows:

c̃1,2 = c1,2 + p1pn,2 + p2pn,1 + pn,1pn,2, (D2)

p̃1 (2) = p1 (2) + pn,1 (2). (D3)

Here, pn,1 (pn,2) is the noise probability for detector 1 (2).
The autocorrelation is therefore

g(2)
out(0) = c̃1,2

p̃1p̃2

= p12 + p1pn,2 + p2pn,1 + pn,1pn,2

p1p2 + pn,1p2 + pn,2p1 + pn,1pn,2
, (D4)

which can be rewritten in terms of SNRs as

g(2)
out(0)= g(2)

in (0)+ 1/s1 + 1/s2 + 1/(s1s2)

1 + 1/s1 + 1/s2 + 1/(s1s2)
, (D5)

where s1 (2) = p1 (2)/pn,1 (2) is the signal-to-noise ratio for
detector 1 (2).
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tons as a function of the input g(2)(0). The dashed black line
shows the autocorrelation after the memory equals the input. The
shaded areas show the autocorrelation for the transmitted and
stored photons as expected from Eq. (D6), taking into account
the uncertainty in g(2)

in (0) and the SNR.

Assuming that the SNR is the same for both detectors,
this expression finally simplifies to

g(2)
out(0) = g(2)

in (0) + 2/s + 1/s2

1 + 2/s + 1/s2 . (D6)

In Fig. 11, we characterize the effect of noise on the
g(2)(0) of the stored and the transmitted photons for dif-
ferent values of g(2)(0) of the input photon (i.e., with no
storage attempt). The input g(2)(0) is scanned by vary-
ing the mean number of photons in the probe (see Fig. 2
in the main text). We can see that, in general, the output
g(2)(0) degrades compared to the input g(2)(0) and that
the autocorrelation of the transmitted photon is better than
that of the stored photon. Therefore, we can conclude that
the model qualitatively reproduces the expected trend. We
attribute the imperfection in the quantitative analysis to
low statistics and experimental fluctuations.
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