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Efficient synchronization of single photons that are compatible with narrowband atomic transitions is
an outstanding challenge, which could prove essential for photonic quantum information processing.
Here we report on the synchronization of independently-generated single photons using a room-
temperature atomic quantum memory. The photon source and the memory are interconnected by
fibers and employ the same ladder-level atomic scheme. We store and retrieve the heralded single
photons with end-to-end efficiency of Me2e = 25% and final anti-bunching of g}(f) = 0.023. Our
synchronization process results in over tenfold increase in the photon-pair coincidence rate, reaching
a rate of more than 1000 detected synchronized photon pairs per second. The indistinguishability
of the synchronized photons is verified by a Hong-Ou-Mandel interference measurement.

Multi-photon states are an important resource for pho-
tonic quantum information processing, with potential ap-
plications in quantum computation, communication, and
metrology [1-4]. Tt is beneficial that these photons inter-
act coherently with atomic ensembles, to enable the im-
plementation of deterministic two-photon gates [5] and
quantum repeaters for long-distance communication [6].
Efficient, well-established, room-temperature platforms
for generating such photons are based on parametric pro-
cesses such as spontaneous parametric down-conversion
(SPDC) and four-wave mixing (FWM) [7]. These pro-
cesses give rise to stochastic emission of photon pairs and
are therefore utilized as heralded single-photon sources
[8-11]. However, they are probabilistic, rendering the
construction of larger multi-photon states exponentially
slow [12]. At present, the demonstrated rate for gen-
erating a 12-photon entangled state from six stochastic
emission events is one per hour [13].

The exponential scaling of the rate with the number
of photons N can be mitigated by using quantum mem-
ories to synchronize the probabilistically generated pho-
tons [12]. Particularly, the quantum memory can sup-
port a time-multiplexing scheme, generating a string of
quasi-deterministic photons at pre-determined clock cy-
cles [14-16]. Alternatively, N stochastic photon sources
with NV — 1 memories can be used to generate a syn-
chronous N-photon state [12, 17]. Most works focus on
N =2, and we do so as well.

For N = 2, we identify several key metrics. The first
is the rate enhancement factor { = Rgync/Rstoc, Which
is the accomplishment of the synchronization, the ratio
between the detection rate of photon pairs after the syn-
chronization Rgyn. compared to the stochastic (acciden-
tal) pair detection rate before synchronization Rgtoc. The
second is Rgync, which should be high for practical ap-
plications. A third metric is the anti-bunching of the
synchronized photons g](f), which is the normalized au-
tocorrelation of the retrieved signal field conditioned on
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heralding. Ideally, g, = 0, and any undesired multi-

L 2
photon component, e.g., due to noise, increases g][(1 ).

There are two types of memories: those containing an

internal source [18-20], and input-output memories ac-
cepting photons from outside [21-23]. The natural ad-
vantage of input-output memories is that they can be
used to synchronize and delay photons that have already
undergone some processing, including photons that are
part of larger entangled states. Photon synchronization
has been demonstrated with cold [24-27] and hot [28]
atomic ensembles, employing internal-source memories
[24-26, 28] and input-output memories [27]. However,
all these demonstrations suffer from a low photon-pair
synchronization rate [Rsync < 1 counts per second (cps)]

and moderate photon antibunching (g}(f) > 0.15). For
a comparison of different photon synchronization experi-
ments, see Table S1 in Supplemental Material (SM) [29].

A successful, competing approach to atomic memories
uses all-optical setups, namely cavities [30, 31] and stor-
age loops [14-17, 32-34]. Cavity systems have achieved
good performance with narrowband photons, { = 25 and
Reync = 90 cps [31], but these are internal-source sys-
tems. Storage loops, which are input-output systems,
have reached ¢ = 30 and Rgync = 450 cps with broadband
SPDC photons [16, 17, 33] but inferior performance with
narrowband photons [32]. Notably, interfacing atomic
ensembles with broadband photons, such as those gener-
ated from SPDC without a cavity, remains an outstand-
ing challenge.

Here we demonstrate for the first time single-photon
synchronization using an input-output memory that
combines substantial rate enhancement 10 < ¢ < 30,
high pair detection rates Rgync < 1200 cps, low-noise op-
eration with g}(f) = 0.023, and compatibility with atomic
ensembles. We achieve these at room temperature by em-
ploying the ladder orbital scheme |55, /5) — [5P5/2) —
|5D5/2) in rubidium vapor for the photon source [35-
37] and for the quantum memory [38, 39]. This scheme
has three main benefits. First, the all-orbital fast ladder
memory (FLAME) provides high-bandwidth operation,
low noise, and high end-to-end memory efficiency [38—
40] which are key for high-rate single-photon synchro-
nization. Second, the small wavelength mismatch within
the two-photon transition enables a nearly Doppler-free



operation and thus a long coherence time between the
ground and doubly-excited state. This provides a mem-
ory lifetime of over 100 ns [39] and single-photon gener-
ation with high rate and low noise [35-37]. Third, by
employing the same level scheme for the photon source
and quantum memory, the generated photons are inher-
ently compatible with the memory, enabling an end-to-
end memory efficiency of 7e2. = 25%. This also maintains
the indistinguishability of the synchronized photons, as
quantified by the Hong-Ou-Mandel (HOM) interference
visibility Viyne = 76%.

Synchronization scheme.— The synchronization ex-
periment comprises a spatially-multiplexed single-photon
source, a quantum memory, and electronic triggering of
the memory operation, as shown schematically in Fig. 1.
The photon source is based on FWM in rubidium va-
por with two continuous-wave pump fields [36, 37]. The
pump fields, at wavelengths of 780 nm and 776 nm,
counter-propagate through an isotopically purified 8"Rb
vapor cell and excite the |55, /o, F' = 2) — [5P3)9, F = 3)
and |5P3/5, F = 3) — [5D5,5, F' = 4) transitions, re-
spectively. The detection of a spontaneously emitted
idler photon heralds the generation of a collective state
comprising a single |5P;/5) excitation that is shared
among all atoms, and the signal photon emission to the
ground state is thus collectively enhanced into the phase-
matched direction [41]. We utilize the cylindrical sym-
metry of the phase-matching condition to set collection
channels on both sides of the optical axis, effectively re-
alizing two sources in the same vapor cell. We denote
the generated photons in channel j as idler-j and signal-
j (j =1,2). Additional details on the photon source are
given in SM [29] and in Refs. [36, 37].

The quantum memory is based on the FLAME scheme
in 8Rb vapor [38, 39]. Initially, the atoms in the
memory cell are optically pumped to the maximal spin
state. An input signal-1 photon, which couples to the
1581 /2, F = 2,mp = 2) = |5P5,9, ' = 3,mp = 3) tran-
sition, is stored on the doubly-excited state |5D5 /o, F' =
4, mp = 4) by sending the first (storage) control pulse.
At a controllable time later, a second (retrieval) control
pulse releases the signal-1’ photon from the memory (1’
marks post-memory). We use an auxiliary dressing field
(not shown in Fig. 1) that weakly couples the storage
state |5D5/2) to a high-lying orbital in order to counter-
act the residual Doppler broadening of the two-photon
transition [42] and prolong the memory lifetime [39]. The
overall transmission of the memory module from the in-
put fiber to the output fiber is T' = 71 +2%. Further de-
tails on the memory are given in SM [29] and in Ref. [39].

The detection of idler photons triggers digital delay
generators (DDG) that set off the control pulses for the
memory via free-space Pockels cells (PCs). DDG-1, trig-
gered by idler-1, sends a control pulse that stores the
heralded signal-1 in the memory. Subsequently, DDG-2,
triggered by idler-2, sends a second control pulse that
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FIG. 1. Photon synchronization scheme. (a) Sketch of
the experimental setup. Two pump fields continuously excite
the atoms in the source module, which then emit signal and
idler photons in two phase-matched directions via four-wave
mixing. Signal-1 photon in the first collection channel goes
to the memory module, while the detection of idler-1 triggers
the control storage-pulse in the memory [generated by Pockels
cells (PCs)]. Signal-2 in the second collection channel goes
into a fiber delay line, while the detection of idler-2 triggers
the control retrieval-pulse, which releases signal-1’ from the
memory synchronously with signal-2. (b) The photon source
and memory both employ the same ladder-type level system
of 8" Rb, which is nearly Doppler-free and enables high storage
efficiency and fidelity.

retrieves signal-1’. This protocol synchronizes signal-1’
and signal-2. We find that the memory efficiency is op-
timal when the control field is on resonance, indicating
that signal-1 is emitted from the source on resonance, as
expected [37]. As our PCs’ maximal average repetition
rate is limited to 3 x 10° operations per second, we devise
a logical scheme that operates them only if idler-1 and
idler-2 were both detected within a 100-ns time window,
set by the memory lifetime. Details on the electronic
triggering, timing sequence, and fiber routing are given
in SM [29].

Storage and retrieval of heralded single photons.—
We begin by characterizing the storage and retrieval of
signal-1. Figure 2(a) shows the count histogram [signal-
idler correlation Gyi(7)] for a storage time of ¢ = 20 ns.
We compare the histogram of signal-1 (i.e. directly after
the photon source) to that of signal-1’ (i.e. after storage
and retrieval in the memory, including the overall trans-
mission of the memory module). The 3.5-ns-long shaded
areas indicate the integration windows used for calcu-
lating 7ege, 9512)7 Rstocy Rsyne, and Viyne; This window
captures over 95% of the pulse energy.

The memory efficiency ne2e versus the storage time ¢
is shown in Fig. 2(b). Here, we directly measure the
end-to-end efficiency by connecting the optical fiber of
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FIG. 2. Storage of heralded single photons. (a) Raw histogram counts (signal-idler cross-correlation) without storage
(signal-1, red) and after storage and retrieval in the memory (signal-1’, blue). Here 7 = ts — t; is the time difference between
detections of the signal and idler photons. The shaded areas indicate the 3.5-ns-long integration window used throughout the
paper. (b) End-to-end memory efficiency versus storage time of heralded single photons. Circles are the measured data, and the
line is a fit to a model of exponential and Gaussian decays. The errorbars comprise the standard error of repeated measurements
and the uncertainty on the detection efficiencies of signal-1 and signal-1’ (see SM [29]). (c) The normalized auto-correlation of

signal-1’ conditioned on the detection of idler-1, g}(f), indicating the multi-photon component in the retrieved field. The g}(f) of
un-stored photons (signal-1) is shown in red for reference. The line is a fit to a model comprising the finite memory efficiency
and assuming that noise photons originate only from the source. In (b) and (c), blue indicates the range of storage times

t < 100 ns used in the synchronization experiment.

signal-1 either to the memory input fiber (98 4+ 1% cou-
pling) or directly to the detector input fiber (924+1% cou-
pling). Comparing between the detection rates of signal-1
and signal-1’, after correcting for the different couplings,
provides 7e2.. Note particularly that 79, includes all
fiber /free-space couplings. We measure 720 (t = 12 ns) =
24.3 +0.8%. By fitting the data to a decoherence model
n(t) = n(0)e~/275=1/7 with homogeneous (7,) and
inhomogeneous (7,) decoherence times, we extract the
zero-time memory efficiency 7e2.(0) = 26.2 = 0.5%. The
memory 1/e lifetime is 74 = 114 + 2 ns. Here the er-
rors are 1 standard deviation (s.d.) of the fit uncertainty.
Given the overall transmission 7', the memory internal
efficiency, comprising only the mapping of the light to
and from the atoms, is 7 (0) = 36.9 + 1.1%.

We verify that the memory preserves the quantum
statistics g}(12) < 1 of the stored single photons, as shown
in Fig. 2(c). For ¢ = 20 ns, the multi-photon compo-
nent of signal-1’ is g}?) = 0.023 = 0.001, which is higher

than g{* = 0.0126 + 0.0002 of signal-1 but still at the
few-percent level.

The increase in 91(12) is due to noise photons originat-
ing in either the memory or the source. In our sys-
tem, the former is negligible: the memory generates
only v = (1.7 £ 0.2) x 1075 noise photons per oper-
ation. These photons govern the short-time signal-to-
noise ratio SNR = np7e2.(0)/v = 3100 £ 400, where
nn = 20% is the heralding efficiency of the source, and in-
deed SNR™! < gflz). Therefore, we attribute the increase
in 91(12) predominantly to noise photons arriving from the
source at the time of retrieval and detected in coinci-

dence with signal-1’. The dominant contribution comes
from photons that scatter directly from the continuous,
off-resonant, 780-nm pump field, which are transmitted
well through the memory module. Further increase of
g}(f) (t) at larger ¢ is explained solely by the decrease of
Neze(t). Our model of this mechanism, shown in Fig. 2(c)
and detailed in SM [29], agrees well with the data.

Photon synchronization.— We now turn to demon-
strate the synchronization of photon pairs using the
memory. Figure 3(a) shows temporal profiles of the
retrieved signal-1" photons (signal-1’-idler-2 correlation
conditioned on memory operation, Ggi/i2) in compari-
son to the profile of signal-2 (signal-2-idler-2 correlation,
Ggoi2) for varying timing settings. Note that the data do
not correspond to a specific memory time ¢ but rather
represent an average over 0 < t < 100 ns, stochastically
‘sampled’ by the regular operation of the synchroniza-
tion protocol. We control the exact relative timing At
between signal-1’ and signal-2 by electronically tuning
the trigger delay, which controls the memory retrieval
time. Figure 3(a) demonstrates, for arbitrary 500-ps in-
tervals, our capability of on-demand, continuous tuning
of the retrieval time.

To optimize the relative timing and to characterize the
fidelity of the synchronized photons, we perform HOM
interference measurements [43]. These measurements at-
test to the indistinguishability of the synchronized pho-
ton pair. Figure 3(b) shows the HOM correlation of
signal-1’ and signal-2 for varying triggering delays. The
HOM visibility (the interference contrast), quantifying
the indistinguishability, is Viyne = 76 £ 2%. We use the
position of the minimum to define At = 0 and to set the
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FIG. 3. Photon synchronization. (a) Histograms of

signal-2-idler-2 correlation (red) and signal-1’-idler-2 corre-
lation (blue), demonstrating the synchronization of signal-
1" with signal-2. The curves with different shades of blue
correspond to different controlled retrieval times of signal-1’
with 500 ps intervals. The solid-blue curve corresponds to
the synchronized signal-1’. (b) HOM interference between
photons originating from the two source channels. Green:
signal-1-signal-2 (without the memory), where At is the time
difference between idler-1 and idler-2. Blue: signal-1’-signal-
2 (with the memory and synchronization), where At is con-
trolled by tuning the electronic delay between idler-2 (trigger)
and signal-1’ (memory retrieval). The inset shows a schematic
of the detection scheme.

optimal delays in the system. For reference, we show in
Fig. 3(b) the HOM measurement of accidental pairs with-
out the memory, exhibiting Vi, = 884:2%. Notably, the
acquisition time per data point for synchronized pairs is
100 times shorter than for accidental pairs, illustrating
the importance of synchronization for efficiently manip-
ulating multi-photon states.

Finally, we show the merit of synchronization in terms
of the enhanced two-photon coincidence rate Rgync in
Fig. 4(a). We study Rsync as a function of the heralded
single-photon rate R;, which we control by tuning the
strength of the pumps in the source module. We cover
the range 50 < R; < 440 kilo-cps (kcps), for which the
accidental coincidence rates are 1.4 < Rgioc < 115 cps.
Here, we consider an accidental coincidence if idler-1 and
idler-2 are detected within 4300 ps of each other. This
time interval is chosen based on the HOM correlation
measurement, which exhibits Vo > 75% within £300
ps around the minimum, comparable to Viyye. As shown

~—~
&

Memory downtime [%)]
7 3% 50 64

103F
8% 102
s O
Lo
o w® 1
T =10t ¢ AccidentalsRy
. / ¢  Synchronized RSync
10 — - - -
0 100 200 300 400 500
Rl [keps]
(b) Memory downtime [%0]
7 34 50 e
30r
8 Ay
& 2207
Q
58
= N 10 L
|

0 100 200 300 400 500
R, [keps]

FIG. 4. Rate enhancement by synchronization. (a) Pair
coincidence count rate with the memory (Rsync, blue) and
without the memory (Rstoc, green) versus the single-photon
count rate R;. (b) The enhancement factor {( = Rsync/Rstoc
of pair coincidence rate. Circles are measured data, and the
lines are calculations based on independently-measured pa-
rameters of the source and memory with no fit parameters.
The top-horizontal axes show the relative downtime of the
memory, during which it cannot handle photons for synchro-
nization due to technical limitations. This downtime quanti-
fies the technical saturation of the system, responsible for the
degradation of ¢ with R;.

in Fig. 4(a), the coincidence rates after synchronization
grow to 44 < Rgyne < 1200 &= 10 cps, a substantial en-
hancement compared to Rgtoc.

The rate enhancement ( = Rgync/Rstoc is shown in
Fig. 4(b). The maximal enhancement ¢ = 28.6 + 1.8 is
obtained at low R;. As R; increases, the system is trig-
gered more often, and each triggering event is followed
by ~ 1 ps during which the memory cannot handle ad-
ditional photons (see SM [29] for details). This leads
to technical saturation of the system, which we quantify
by the relative memory downtime, shown as top axes in
Fig. 4. A second issue occurring at high R; is a moder-

. 2 .
ate increase of g}(1 ) and a corresponding decrease of Viync

(see SM [29]), due mainly to the higher gﬁz) directly after
the photon source and to the saturation of the memory.
Nevertheless, even at the highest rate, we obtain a tenfold

increase in the pair coincidence rate and a non-classical
HOM visibility Viyne > 50%.



The rates of accidental and synchronized photon pairs
and their dependence on the rate of single photons can
be calculated from the parameters of the source, mem-
ory, and electronics, all of which we have independently
characterized. Our model, based solely on these parame-
ters without fitting (see SM [29] for details), is presented
by the solid lines in Fig. 4. The model correctly predicts
Rgyne and Rgioc and confirms that the decrease of ¢ with
R; is due only to the memory downtime. We attribute
the slight deviation of the model from the data at large
R; to a degradation of the amplitude of the pulses gen-
erated by the PCs at a high triggering rate. This pulse
degradation also partially contributes to the increase in
g}(lz) and decrease in Viyn noted above.

Discussion.— There are several factors limiting the in-
crease of the two-photon coincidence rate. The main ones
are the end-to-end efficiency of the memory, the limited
operation rate of the PCs, and the heralding efficiency of
the photon source. All these factors can be improved.

First, as discussed in Ref. [39], practicable technical
improvements of the memory module can increase the
internal memory efficiency to 65%. This, in addition to
raising the setup transmission by anti-reflection coating
of the optical fiber-to-free-space interfaces, will substan-
tially raise the end-to-end efficiency. Second, the herald-
ing efficiency of the photon source can be increased by
using etalon filters to block the direct scattering of pho-
tons from the pump fields into the idler modes. Third,
the PCs can be replaced by an amplitude electro-optic
modulator seeding a tapered amplifier [23]. This will en-
able both a higher repetition rate and a higher memory
efficiency by optimizing the control temporal shape to
that of the signal photons [44, 45].

Our scheme can also be used to synchronize N > 2
photon states by increasing the number of sources and
memories. With the current performance, a three- (four-
) photon state can be generated with a rate greater than
10 (0.1) cps, and with the improvements discussed above,
a six-photon state can be generated with a rate greater
than 0.1 cps (see SM [29]). The main limitation for large
N-photon states becomes the heralding efficiency of the
photon source which may be enhanced by employing a
cavity around the signal and idler modes.

In conclusion, we demonstrate synchronization of sin-
gle photons with a high rate and low noise using a quan-
tum memory and a photon source, both based on a
ladder-level scheme in rubidium vapor. Our synchro-
nized photons are well-suited for quantum information
protocols requiring efficient interaction with atomic en-
sembles, such as Rydberg-mediated deterministic two-
photon gates.
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