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Probing the indistinguishability of single photons generated by Rydberg atomic ensembles
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We investigate the indistinguishability of single photons retrieved from collective Rydberg excitations in
cold atomic ensembles. The Rydberg spin waves are created either by off-resonant two-photon excitation to
the Rydberg state or by Rydberg electromagnetically induced transparency. To assess the indistinguishability
of the generated single photons, we perform Hong-Ou-Mandel experiments between the single photons and
weak coherent states of light. We analyze the indistinguishability as a function of the detection window, and
we infer a high value of indistinguishability going from 89% for the full waveform to 98% for small detection
windows, for the case of photons generated by off-resonant excitation. In the same way, we also investigate the
indistinguishability of single photons generated by Rydberg EIT, showing values lower than those corresponding
to single photons generated by off-resonant excitation. These results are relevant for the use of Rydberg atoms

as quantum network nodes.
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I. INTRODUCTION

Collective Rydberg atomic excitations are an interesting
system for realizing quantum network nodes [1], due to the
strong long-range interaction between two Rydberg atoms [2].
These collective excitations constitute a nonlinear medium at
the single-photon level with a stronger light-matter interaction
than that of a single atom and therefore provide the capability
to generate quasideterministic light-matter entanglement and
to perform quantum processing between stored qubits [3] or
between single photons [4—6]. The use of electromagnetically
induced transparency (EIT) with Rydberg atoms provides
an efficient way to map photons onto Rydberg states [7,8],
therefore enabling photon-photon interactions. Peyronel et al.
[9] first demonstrated nonlinearity at the single-photon level
under Rydberg EIT conditions in 2012, and since then this
method has been exploited to generate single photons [10],
realize single-photon switches and transistors [11-13], de-
velop photon-photon gates with weak coherent states [14],
and demonstrate interaction between collective Rydberg ex-
citations stored in separate atomic ensembles [15], among
other work. In parallel, other experiments used off-resonant
(OR) two-photon excitation to a Rydberg state, where the
population of the intermediate state can be neglected, to gen-
erate single photons [16,17], perform deterministic generation
of ground-state spin waves [18,19], and pursue light-matter
entanglement [20,21].
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Future quantum networks would rely on the capability of
generating entanglement between remote nodes. In most of
the proposed quantum repeater architectures, including the
ones based on Rydberg interactions [22,23], the remote nodes
are entangled by a measurement-induced process which in-
volves interference of single photons emitted by the nodes
and a Bell state measurement. For this process to be suc-
cessful, the single photons must be indistinguishable, which
means the information about the path is erased. The stan-
dard method of probing the photons indistinguishability is
Hong-Ou-Mandel (HOM) interference [24], in which two
single photons impinge on a beamsplitter (BS) and if indis-
tinguishable exit bunched in the same output mode. So far,
only a few experiments have probed the indistinguishability
of single photons emitted by Rydberg spin waves [20,25,26].
In the work carried out by Li et al. (2013) the photon
indistinguishability was assessed by performing the HOM ex-
periment between the single photons emitted by the Rydberg
spin wave and a weak coherent state [20]. Craddock et al.
(2019) in a very challenging experiment interfered Rydberg
photons with photons emitted by a single ion [25] proving
indistinguishability between them. These two experiments,
however, investigated only a small part of the temporal wave-
form of the probed single photons. While this strategy allows
observing high-visibility HOM interference, it reduces the
available two-photon coincidences by a factor ~(At/T ),
where At is the detection window considered and T is the
total photon waveform duration, thus reducing the projected
entanglement generation rate. The work recently carried out
by Ornelas-Huerta et al. [26] showed high indistinguishability
by interfering two consecutive single photons emitted by the
same Rydberg ensemble. This work examined the whole pulse
duration; however, similar to the previous ones, it investigated
only single photons generated by off-resonant two-photon
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FIG. 1. (a) Schematic representation of the experimental setup. An input probe pulse (in red) is sent to the experiment with a spatial
distribution given by the probe beam (shadowed red). The control beam (in blue) is counterpropagated with the probe, and both are focused in
the center of the atomic cloud by two aspheric lenses. (b) The emitted single photon (SP) interferes with a WCS pulse in a HOM experiment,
consisting of a fiber-based beamsplitter and two single-photon detectors SPD1 and SPD2. (c) Level scheme and transitions used in the
experiment, where §, and . are the detuning of the probe and control beams with regard to the intermediate level. €2,,: probe Rabi frequency,

Q.: control Rabi frequency, DM: dichroic mirror.

excitation. The indistinguishability of single photons gen-
erated by Rydberg EIT, and the differences between both
processes, has to our knowledge not been experimentally in-
vestigated so far.

In this paper, we investigate the indistinguishability of pho-
tons retrieved from collective Rydberg excitations in a cold
atomic ensemble. The Rydberg spin waves are created either
by OR two-photon excitation to the Rydberg state or by Ry-
dberg EIT. To assess the indistinguishability of the generated
single photons, we perform HOM experiments between the
single photons and weak coherent states of light and observe
nonclassical HOM visibilities. We study the overlap between
the single photons and weak coherent states as a function of
the detection window, and we find that the photons generated
under Rydberg EIT conditions show lower overlap than the
ones generated by OR excitation. Finally, we discuss possible
reasons for the lower indistinguishability observed for EIT
photons.

II. EXPERIMENT

The experimental setup scheme and the relevant atomic
levels are shown in Fig. 1. A cold cloud of ¥’Rb atoms
is loaded in a dipole trap, with an atomic peak density of
~4 % 10'"" cm™ and a transverse size of 34 um. We start by
loading a magneto-optical trap (MOT) for 2 s, followed by
a compression of the MOT and further cool down by optical
molasses. The dipole trap of a focused laser beam of 852 nm,
which gives a trap depth of ~0.3 mK, is switched on 500 ms
after the beginning of the MOT and switched off during the
excitation of the atoms to the Rydberg state, to avoid losing
atoms and remove AC Stark shifts. This is done by modulating
the dipole trap with a period of 5.6 us, which gives 2.8 us
to perform one experimental trial. Each trial consists of the
generation of collective Rydberg excitations, by either OR or
EIT excitation, and further retrieval of the single photons. We
perform 37 000 experimental trials at a rate of 178 kHz during
200 ms within the trap’s lifetime.

The atoms are initially prepared in the ground state
lg) = 15812, F = 2) and coupled to the excited state |e) =

|5P3)>, F' = 3) by a weak probe field at 780 nm. The probe
beam is sent with an angle of 19° with respect to the dipole
trap beam [see Fig. 1(a)] and is focused to a beam waist of
w), ~ 6.5 um in the center of the atomic medium, which has
an optical depth (OD) ~6 for a resonant probe. The excited
state |e) is coupled to the Rydberg state |r) = [90S;,,) by
means of a counterpropagating control beam at 479.4 nm. The
one-photon transition detunings are defined as §, = w,, — w,
and §; = w., — @, Where w,() are the frequencies of the light
fields and wg,(ry the frequencies of the corresponding atomic
transitions [see Fig. 1(c)]. For all experiments, the two-photon
transition is sent on resonance so that §. 4 6, ~ 0.

To generate the single photons, we send both probe and
control fields into the medium to create collective atomic Ry-
dberg excitations that afterwards are retrieved in the form of
a single photon. We use two different techniques: the first one
is based on a two-photon OR excitation to the Rydberg state,
and the second one utilizes stopped light of Rydberg EIT. In
Fig. 2 we show the temporal profile of the input and output
pulses for both cases. For the OR excitation, we send a probe
pulse with average photon number n;, & 10 and a control
pulse with Rabi frequency Q2. ~ 27 x 6 MHz, both detuned
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FIG. 2. Representation of the probe and control optical pulses
used for the photon generation under (a) OR and (b) EIT conditions,
normalized to their maximum value. SP shows the retrieved photon
temporal distribution counts with respect to the input probe.
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from the |e) level by §, = —6, = 27 x 40 MHz. In the case of
a fully blockaded medium, the two-photon absorption creates
a single Rydberg collective excitation, also called a Rydberg
spin wave. In our case, since the two-photon Rabi frequency

Q= QIBQ“ is smaller than the combined laser linewidth y ~
»

27 x 0.7 MHz, the blockade radius is determined by the
latter and leads to r, ~ 16.9 um, which is smaller than the
effective medium length in the probe propagation direction
(L ~ 104 pum). Therefore, more than one Rydberg excitation
can be created in the interaction volume, but the dephas-
ing of multiple Rydberg excitations during the storage time
ensures that most of the time only one excitation can be
retrieved collectively [16]. The imperfect single-photon emis-
sion, however, may cause lower photon indistinguishability
[27]. Highly pure single-photon sources with collective Ry-
dberg excitations have been recently demonstrated using a
Rydberg state with n = 139 that ensures a fully blockaded
atomic medium [26]. Finally, the retrieval is performed by
sending an on-resonant control pulse after a given storage
time, which triggers the emission of the photons in the original
mode of the probe.

The second method relies on stopping light propagating in
the medium under the EIT conditions. For that, we send a
weak probe pulse with average input photon number nj, ~
0.7 together with a control pulse with Q. ~ 27w x 6 MHz
into the atomic medium, both resonantly coupled to |e) level
(6c =68, =0). In the absence of Rydberg interactions, the
control pulse creates a narrow transparency window, allowing
the propagation of the probe photons as dark state polaritons
with a reduced group velocity v, < ¢ (slow light) [10,28,29].
The Rydberg dipole-dipole interactions, however, destroy the
EIT transparency for two probe photons propagating within
the blockade radius. As a consequence, strong scattering and
absorption associated with a resonant two-level medium oc-
curs. The blockade radius in this case is given by the EIT
linewidth, which leads to r, &~ 13 um. While the probe pho-
tons are inside the medium, the control field is turned off and
the Rydberg polaritons are mapped onto stationary collective
Rydberg excitations which can also undergo multicomponent
dephasing. After a controllable storage time, the control field
intensity is increased to its initial value, and the ideally single
remaining dark state polariton regains its photonic characteris-
tic and propagates until exiting the medium as a single photon.

The statistics of the photons emitted by the Rydberg spin
waves is measured in an Hanbury-Brown and Twiss setup,
composed of a fiber-based beamsplitter (BS) and two single-
photon detectors (SPDs). The photon arrival times at each
SPD, together with trigger times for each trial, are saved in
time-stamp files to perform analysis for different detection
windows. The second-order autocorrelation function within a
detection window of duration At is then measured as

2) _ Plz(At)
AT PHADP (AL

where Pj;(At) is the coincidence detection probability be-
tween both detectors and Pj(2)(At) is the detection probability
in the SPD1(2).

To probe the indistinguishability of the single photons, we
use the HOM effect [24]. We perform an interference mea-
surement between the photons emitted by the Rydberg spin

ey

waves (SP) and weak coherent state pulses (WCS) by sending
the WCS to the other input port of the fiber-based BS [30]
[see Fig. 1(b)]. The WCS is obtained by strongly attenuating
a beam derived from the same laser as the probe beam. The
visibility of the HOM interference is calculated as

V=1- Pind ’ (2)

Pd

where ping (pg) is the probability of a coincidence detection
when the two photons are made indistinguishable (distin-
guishable). To generate the indistinguishable input, we match
the polarization of the SP and the WCS and optimize the
WCS waveform and the delay time with respect to the SP to
maximize the overlap. For the distinguishable case, we apply
a delay to the WCS pulse such that it is sent in a different time
window than the single photon.

III. HOM BETWEEN A SINGLE PHOTON AND A WEAK
COHERENT STATE

To estimate the indistinguishability of the Rydberg photons
from the HOM visibility of Eq. (2), we follow the model
presented in [20]. If three-photon coincidence events are neg-
ligible, the probability pi,q can be computed as

Pind = P18

+glal* + 1 = mpilal, 3)
where the single-photon detection probability is 2p; and the
two-photon detection probability is pjg®, while |@|* is the
mean number of photons detected on the WCS and 7 is the in-
distinguishability factor. For completely distinguishable fields
(n = 0), we obtain

pa = pig® + lal* + pilal’. “
Therefore, we can express the visibility as

_ Pind _ npilal’

V=1 = .
pa  pig® + %I@l4 + pilal?

&)

From Eq. (5) we extract that the visibility is maximum
when % = p%g(z), i.e., when the probability to detect two
photons coming from the WCS is the same as from the single-

photon source, leading to Vi, = \/%_H . Therefore, even for
perfect single-photon sources (g — 0), HOM visibilities
close to one can be obtained only for n = 1 and very weak
WCS. Nevertheless, even for imperfect sources, one can infer
a value of n by measuring V for different values of |@|*> and
by fitting the results with Eq. (5).

IV. RESULTS
A. Single-photon generation

Figure 3(a) shows the results of the Hanbury-Brown and
Twiss experiment between different experimental trials, for
photons obtained via the OR scheme. The detection window
for this measurement is fixed to At = 500 ns, longer than the
retrieved pulse duration. The normalized coincidences at the
same trial give g(Azt) = 0.265 £ 0.005. The clear antibunching
feature is a proof of quantum behavior and single-photon
emission. One can see bunching between subsequent trials
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FIG. 3. Normalized coincidences between two dlfferent experimental trials, as a function of the number of trials between them, for (a) the
OR excitation case and (b) the EIT case. (c) Variation of g% A, as a function of the probability of generating a single photon on the output Psp,
for the OR case. Error bars correspond to one standard error. The behaviour with Psp in the EIT case is shown in Fig. 8.

(normalized coincidences larger than 1), which can be ex-
plained by the creation of long-lived pollutants [26,31], which
are nonretrievable Rydberg excitations that block the genera-
tion of retrievable Rydberg spin waves for several trials. These
can be generated, for example, by the decay to other Rydberg
states which are not coupled by the control field. Slightly
better antibunching is observed for the EIT excitation scheme,
with g% = 0.165 %+ 0.005 [see Fig. 3(b)].

The dependency of g(Azt) on the single-photon generation
probability is shown in Fig. 3(c) for the OR case. The pho-
ton generation probability Psp is defined as Psp = £~ where
€det = 0.068 = 0.007 is the detection efficiency, winch in-
cludes all the transmission losses from the atomic ensemble
to the first detector (0.16 £ 0.02) and the SPD efficiency
(0.43 £0.04). Here we are assuming that the photons are
emitted in the input mode, since we can study only the
indistinguishability of in-coupled photons. Psp is varied by
controlling the mean number of photons in the probe pulse ny,.
As one can see, the source preserves its quantum characteristic
with increasing number of photons with g At < 0.4 for all per-
formed measurements (with a maximal value of 0.35 4 0.04
for Psp = 0.18 4= 0.02). The behavior of photons generated by
EIT with increasing n;, is very different and will be discussed
in Sec. IV C.

B. Photon indistinguishability
1. Single photon obtained with OR scheme

We first analyze the case of excitation in the OR condition.
In Fig. 4(a) we show an example of the pulses when they
are made indistinguishable (top panel) and distinguishable
(bottom). In the latter, the SP and the WCS are detected in
well-separated time windows. From the distinguishable mea-
surement, we extract the values of |@|> and p; by counting
the photons arriving in the WCS and the SP windows, respec-
tively, and the second-order correlation function of the single
photons g(Azl) from the coincidences within the SP window
[see Eq. (1)]. For the analysis of these data, we consider two
different detection window durations: one with At = 500 ns,
which contains the full pulse, and another with At = 100 ns,
centered at the maximum amplitude.

In Fig. 4(b) we show the HOM visibility calculated from
Eq. (2) as a function of ';‘—'2, which was varied by changing
the mean number of photons in the WCS. In both cases, we
achieve a visibility higher than the 0.5, the classical value
expected for interference of two WCS [32,33], attesting the
quantum behavior of our source. The maximum visibility
achieved is 0.66 = 0.07 (0.58 £ 0.03) for At = 100ns (At =
500 ns). Finally, we fit Eq. (5) to the data to obtain the in-
distinguishability factor 7 (n is the only free parameter in the
fitting procedure, and g(Azl) is fixed and measured separately;
see the previous paragraph). For the full pulse, we find n =
0.887 &+ 0.017 and for the 100 ns window 1 = 0.984 £ 0.013.

2. Single photon obtained with EIT

The indistinguishability of EIT photons is obtained fol-
lowing the same method as in the OR excitation scheme.
Figure 5(a) shows the selected detection window of At =
600 ns, containing the whole pulse, and Ar = 100 ns, also
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FIG. 4. Hong-Ou-Mandel measurements with photons generated
with the OR scheme. (a) Temporal distribution of counts for the in-
distinguishable (top panel) and distinguishable (bottom panel) case.
For the indistinguishable case, the single-photon (SP) and WCS
pulse overlap in time, while for the distinguishable case, a delay
between them is introduced. Two detection windows are selected
with duration At = 500 ns (blue shaded region) and At = 100 ns
(orange shaded region). (b) Visibility obtained by varying the mean
number of photons in the WCS, for both observation windows. The
shaded areas correspond to the error bars of 7.
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FIG. 5. Hong-Ou-Mandel measurements with photons generated
with the EIT scheme. (a) Temporal distribution of counts for the in-
distinguishable (top panel) and distinguishable (bottom panel) case.
(b) Visibility obtained by varying the mean number of photons in the
WCS, for a time observation window of Ar = 600 ns (blue points)
and Ar = 100 ns (red points). The shaded areas correspond to the
error bars of 1.

centered around the maximum. Note that the observation win-
dow of Ar = 600 ns is not centered at maximum amplitude,
but optimized to include a larger portion of the pulse, because
in contrast to the OR excitation, the pulse is less symmetric.
Figure 5(b) shows the measurement of HOM visibility as a
function of % We observe that the visibility achieved is
lower than for the OR case. For the measurement with a de-
tection window of Ar = 600 ns, it remains mostly below 0.5,
with a maximum value of V = 0.54 £ 0.03. For the smaller
window of Ar = 100 ns, it reaches values slightly over 0.5
with a maximum of V = 0.67 £ 0.09. Those visibility values
lead to the indistinguishability factor n = 0.88 £ 0.04(0.72 &
0.03) for Ar = 100(600) ns, significantly smaller than what
we observe for the OR case [see Fig. 4(b)]. Note that for
this experiment, there was a small frequency shift of 380 kHz
between the WCS and the retrieved single photon (a poste-
riori realized experimental imperfection), which is expected
to cause a decrease of 3% in the indistinguishability, and
therefore, it is not enough to explain the mismatch. Even
though the HOM visibilities are lower for the single photons
generated under EIT conditions, the values of g(At are better
than in the OR excitation case, as presented in Sec. IV A.

3. Time-resolved HOM measurements

It is relevant to mention that reducing the window of
observation leads to higher visibilities and higher indistin-
guishability factors, which are in accordance with previous
observations [20,25]. This is due to the fact that restricting the
window of observation to values smaller than the coherence
time of the retrieved photons can decrease the distinguishabil-
ity between photons and therefore increase the visibility. This
effect is investigated further in Fig. 6, for both the EIT and the
OR case. Although the probability to generate a photon Psp
increases with increased observation window, the decrease in
the indistinguishability factor and increase of the autocorre-
lation function is clear, implying a statistical decrease in the
quality of the single photon. This decrease could be explained
by the finite laser linewidths, which limits the coherence time
of both the WCS and the single photon [34-36]. Another
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FIG. 6. Variation of the indistinguishability factor n between the
WCS and SP (top panel), variation of the generation probability Psp
of a single photon (second panel), and variation of the g(Azt) (bottom
panel) as a function of the detection window Az, for OR excitation

and EIT conditions.

reason could be the temporal waveform mismatch between
the single photons retrieved from the Rydberg ensemble and
the WCS. However, we infer a temporal indistinguishability
factor for the whole pulse above 98% for OR excitation and
about 97% for the EIT case, showing that this contribution is
small. If the frequency shifts between WCS and SP central
frequency in the EIT case is considered, the overlap for the
whole pulse decreases to 94%. We point out that this decrease
in the overlap should be lower for shorter detection windows.

Accounting for the imperfect balance (47/53) of the BS
[37] results in slightly higher indistinguishability factors that
are well inside the error bars. We also did an evaluation of
the accidental coincidences due to dark counts, and they do
not have a detrimental impact in our observations, i.e., a
background correction of the data leaves results inside the
error bars of the noncorrected values. Therefore, neither cor-
rection of BS imbalance nor subtraction of background was
performed in the data presented here.

To further evaluate how the indistinguishability varies in-
side the photon wave packet, we perform a time-resolved
analysis, as shown in Fig. 7(a). We take a detection window of
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FIG. 7. Top: time-resolved coincidences for (a) OR excitation
and (b) EIT excitation, for a bin size of 20 ns, covering the whole
extension of the pulse. Bottom: corresponding visibilities. For those
measurements |&|?/2p; ~ 0.5 and the measured g(Azf are 0.27 £ 0.01
for OR and 0.17 £0.01 for EIT.
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10 ns inside the pulse and vary its position independently for
both photodetectors to measure the coincidence profile with
respect to the delay time of two-photon events. We observe
that the visibility is higher around t =~ 0 and decreases on the
wings, which confirms the measurements of Fig. 6. However,
the decrease is small, and the visibility, and therefore the
indistinguishability, remains high over the full single-photon
pulse. This is in contrast to, e.g., single photons emitted by
single trapped ions in cavities [38] or by most solid-state
systems and shows that single photons emitted by Rydberg
spin waves are well suited for quantum communication tasks,
as shown previously [26]. Then the possibility of using an
extended detection window results in increased efficiency in
the generation of entanglement between remote nodes. The
lower indistinguishability in EIT conditions is also confirmed
by the time-resolved HOM measurement [see Fig. 7(b)],
where we observe a similar behavior to the OR photons, but
with lower visibility.

C. Further investigation of the photon indistinguishability
under EIT conditions

We think that the significantly lower overlap n for the
EIT photons stems from the fact that the input photons can
interact with the intermediate excited state. This effect was
theoretically studied by Gorshkov et al. [39]. They concluded
that for a fully blockaded medium under ideal Rydberg EIT
conditions, the photon purity P (which is an upper bound for
the indistinguishability n) decreases monotonically from 1 to
0.5 with increasing n;,. In the ideal case, for a large number of
input photons, only the first photon is mapped onto a Rydberg
polariton, at the same time blocking within a blockade radius
the transmission of subsequent photons, leading to photon
scattering. The scattered photons carry information about the
location of the Rydberg polariton, effectively lowering the
purity of the polariton state.

To investigate the impact of the multiphoton scattering
inside the probe pulse we performed the HOM measurements
varying the number of input photons. The results are shown in
Fig. 8. We observe that the indistinguishability n lies between
0.7 and 0.8 for n;, varying between 1 and 20. Our results seem
to contradict the model presented in [39]; however, our exper-
iment does not fulfill some of the theory’s assumptions. The
model studies propagation of highly compressed slow light
polaritons, while we perform a storage of much more weakly
compressed pulses. Nevertheless, the experiment performed
in Fig. 8 reaches a regime where strong scattering is present,
as witnessed by a decrease in the transmission efficiency when
observing pulse propagation under EIT conditions without
storage [9]. Therefore, effects coming from the scattering-
induced decoherence should be present in our system.

The discrepancy can also be explained by the fact that
Ref. [39] did not take into account the effect of filtering due
to the finite-width EIT transparency window, which was later
studied in [40]. The photon-scattering events project the Ryd-
berg polariton onto a mixture of localized spin waves shorter
than the blockade radius, effectively broadening its frequency
spectrum. For larger input photon number the broadening is
larger, and the spectrum can potentially exceed the EIT trans-
parency linewidth. This effect leads to a frequency filtering
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FIG. 8. Results of the HOM measurement under EIT conditions
as a function of the mean number of input photons. Top pannel:
Variation of the indistinguishability factor 5 between the WCS and
the emitted photon. For that measurement, there was a frequency
shift of 320 kHz between the WCS and the single photon. Middle
pannel: Variation of the generation probability of a single photon Psp.
Bottom panel: Variation of the second-order autocorrelation function
¢%%). Note that the error bars on the x-axis are mainly due to the error
in detection efficiency, given by the systematic error of the power
meter.

which could increase the indistinguishability of the transmit-
ted photons and explain why 1 does not drop with n;;,.

In addition to the indistinguishability, we also measured the
probability to generate a single photon Psp as a function of ny,
as shown in Fig. 8(b). We observe that Psp decreases with in-
creasing numbers of input photons, particularly for n;, > 10.
This behavior is qualitatively consistent with the EIT filtering
effect mentioned above. Another effect potentially causing
the decrease of Psp is the reabsorption of scattered photons
[31] which can generate Rydberg excitations if they occur
outside the blockaded region (one should remember that the
coupling beam mode is significantly larger than the probe
mode). These excitations form pollutants causing dephasing
of the already existing excitation inhibiting its retrieval. One
can also see excitations that are filtered out in the EIT filtering
as pollutants: they block the medium and cannot be retrieved
in the desired output mode. We expect both types of these
pollutants to be short-lived, quickly removed by the control
beam or the dipole trap. We comment on this later in this
section.

The decrease in efficiency is accompanied by a strong
degradation of the single-photon quality, witnessed by a large
increase in g(Azt), up to gAt) =0.63 +0.02 for n;, ~ 20 [see
Fig. 8(c)]. This degradation may be explained partly as an
effect of pollutants. Detection of photons in a given trial is
possible only if there is no pollutant in the medium, which
happens with probability (1 — P,), where P, is the probability
of having a pollutant in the medium. One can observe that the
denominator of Eq. (1) scales quadratically with the proba-
bility of not having a pollutant in a given trial [26] while the
numerator scales only linearly. This results in an increase of
g(Azt) of the retrieved photons by a factor 1/(1 — P,). Another
effect to consider is that the stored and retrieved pulse is
longer than the blockade time 1, = r;,/v,, such that when n;,
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increases, there is an increasing probability of having more
than one photon in the retrieved pulse.

To our knowledge, a proper theory describing the effect
of pollutants on the indistinguishability and quality of sin-
gle photons generated by Rydberg spin waves has not been
proposed yet. One relevant open question is about the effect
of the optical trap on pollutants. Since most Rydberg atoms
experience an antitrap potential with the common dipole trap
wavelengths used, we expect pollutants to experience a re-
pulsive force each dipole trap cycle. The exact acceleration
acquired depends heavily on n [41]. Consequently, atoms ca-
pable of generating larger blockades should be expelled from
the interaction region faster, while lower lying Rydberg atoms
block a smaller region, but can stay longer in the interaction
zone. A detailed study of this effect has not been performed
yet to the best of our knowledge.

In summary, the study of the indistinguishability factor
with the number of input photons could not fully explain
the cause of the lower indistinguishability of the photons
generated under EIT conditions, and therefore further studies
should be carried out. For nj, & 0.7 (corresponding to the
results of Fig. 5) we estimate ~0.1 photons within a blockade
radius at a time, so the probability of a scattering event is
already quite low. Therefore, we do not expect lower ny, to
give higher indistinguishability factors. Although a interesting
next step would be to repeat this measurement in a regime
where we do not observe filtering due to the narrow EIT
transparency, this regime is extremely difficult to achieve ex-
perimentally [40]. Another possibility would be to study the
behavior of the indistinguishability as a function of the detun-
ing with respect to the intermediate excited state §,, so that
we could see how the characteristics of the emitted photons
change when we move from the EIT conditions towards the
OR excitation regime.

V. CONCLUSION

We conducted an extensive study of indistinguishability
for single photons generated by cold ensembles of Rydberg

atoms. We performed HOM interferometry between single
photons and weak coherent states and compared two excita-
tion schemes, OR and EIT storage, providing the figures of
merit for the single-photon generation and characterization in
each of those schemes.

We concluded that the OR scheme generates single photons
with a higher degree of indistinguishability than those gener-
ated through stored Rydberg EIT, despite the fact that the latter
exhibit a lower g(Az,. Moreover, the quality of the single pho-
ton generated under EIT conditions degrades faster with n;j,.
These effects may be due to the presence of scattering-induced
decoherence and generation of pollutants. However, more
measurements and a full model of decoherence in Rydberg
EIT storage would be needed to quantify the consequences of
the two effects.

For the OR scheme, we obtained a high degree of in-
distinguishability up to 89% for the full pulse, and up to
98% of indistinguishability for a smaller detection window,
in the case of OR excitation. We discussed the impact of
extending the window of observation and concluded that, de-
spite higher values of indistinguishability being achieved for
smaller detection windows, the single photons remain highly
indistinguishable for the whole duration of the pulse. These
observations are specifically interesting for applications in
quantum communications, where extending the window of
observation implies a gain in efficiency and distant entangle-
ment rate.
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