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P H Y S I C S

Deterministic storage and retrieval of telecom light 
from a quantum dot single-photon source interfaced 
with an atomic quantum memory
Sarah E. Thomas1†, Lukas Wagner2†, Raphael Joos2, Robert Sittig2, Cornelius Nawrath2,  
Paul Burdekin1, Ilse Maillette de Buy Wenniger1, Mikhael J. Rasiah1, Tobias Huber-Loyola3,  
Steven Sagona-Stophel1, Sven Höfling3, Michael Jetter2, Peter Michler2, Ian A. Walmsley1,  
Simone L. Portalupi2, Patrick M. Ledingham4*

A hybrid interface of solid-state single-photon sources and atomic quantum memories is a long sought-after goal 
in photonic quantum technologies. Here, we demonstrate deterministic storage and retrieval of light from a semi-
conductor quantum dot in an atomic ensemble quantum memory at telecommunications wavelengths. We store 
single photons from an indium arsenide quantum dot in a high-bandwidth rubidium vapor–based quantum 
memory, with a total internal memory efficiency of (12.9 ± 0.4)%. The signal-to-noise ratio of the retrieved light 
field is 18.2 ± 0.6, limited only by detector dark counts.

INTRODUCTION
Atomic ensembles are a powerful platform used to couple light to 
atomic degrees of freedom (1), playing a key role as processing nodes 
for quantum information protocols. Depending on the protocol, these 
nodes are required to store and recall (2), convert the frequency (3) 
and bandwidth (4), distill (5), or filter (4, 6) incoming photonic 
quantum states. A promising platform to deliver two useful classes of 
photonic quantum states are semiconductor quantum dots (QDs), 
emerging as high-performing on-demand sources of single (7, 8) and 
entangled photon pairs (9) at high operational repetition rates. QD 
sources of these states are typically several orders of magnitude 
brighter than heralded single photons or photon pairs from sources 
based on nonlinear spontaneous scattering. An important task there-
fore is to efficiently interface QDs and atomic ensembles as a first step 
toward hybrid light-matter interfacing and processing.

To build scalable quantum networks, it is necessary to operate at 
telecommunication-band wavelengths to exploit extensive existing 
telecom infrastructure of low-loss, cheap, and reliable optical compo-
nents and direct connectivity with commercial deployed fiber net-
works. One possible route is to use QD sources at other wavelengths 
such as those at 780 nm (10) or 925 nm (7) and then use quantum 
frequency conversion to telecommunication wavelengths (11, 12). 
However, the efficiency of quantum frequency conversion is not unity, 
can introduce noise, and requires additional experimental overheads. 
Alternatively, it is possible to use QD sources and quantum memories 
that operate directly at telecommunication wavelengths. Storing and 
actively recalling telecom QD light from an atomic ensemble quan-
tum memory constitute a pivotal first step in any hybrid quantum 
networking approach.

Achieving an efficient light-matter interface between single photons 
and a quantum memory requires matching both the central wavelength 
and the bandwidth between the systems. Parametric down-conversion 
sources can generate heralded single photons with wavelengths com-
patible with quantum memories by means of choosing the appropriate 
choice of pump and quasi-phase matching, providing stable and 
terahertz-wide photons that can be filtered (13, 14) or cavity-enhanced 
(15, 16) to achieve highly effective matching to memories with 
megahertz-gigahertz bandwidth. In contrast, it is much more challeng-
ing to match both the emission wavelength and bandwidth of QD light 
to atomic quantum memories. Substantial advancements have been 
made to design and fabricate QDs that emit light with wavelengths 
close to atomic transitions with a typical spread of several-nanometer 
fine-tuning of the emitted wavelength that can then be achieved 
through the application of external electric (17) or magnetic fields (18), 
strain via piezoelectric actuators (19–21), or by temperature (22). The 
next challenge arises from matching the quantum memory bandwidth 
to that of the QD emission. QDs emit photons with bandwidth on the 
order of a few gigahertz, but environmental effects such as strain, charge 
noise, and spin noise can cause emission wavelength inhomogeneities 
of order terahertz (23) and temporal instability such as blinking. Many 
of the leading memories are incompatible, having storage bandwidths 
in the near megahertz regime (24–26). A promising approach is to use 
two-photon absorption mechanisms in hot alkali vapors. Electromag-
netically induced transparency (16, 27) and the fast ladder memory 
(28) have pushed the operational bandwidth to the near-gigahertz re-
gime. The Raman (29) and off-resonant cascaded absorption (ORCA) 
memories have achieved bandwidths of 1 GHz (6, 14). Last, it is key that 
the memory does not introduce noise so that the quantum character of 
the input state of light in unchanged upon retrieval.

While challenging, there has been considerable progress toward 
interfacing QD photons with atomic systems. Light from QDs has 
been shown to interact with hot rubidium (18, 30) and cesium va-
por (31–36) showing slow- and fast-light effects, or dispersion-
induced delay, at near-infrared wavelengths. Further, the temporal 
intensity profile of QD photons has been observed to be modified 
by fast electromagnetically induced transparency in a hot rubidium 
cell (37). Direct coupling of 935-nm QD light with a trapped Yb+ ion 
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facilitated by a high-finesse fiber-based optical cavity has been dem-
onstrated (38). Last, dispersive delay of 879.7-nm QD light in a cryo-
genically cooled Nd3+:YVO4 crystal has been achieved using the 
atomic frequency comb protocol (39). However, storage and active 
retrieval of light from a QD single-photon source in an atomic quan-
tum memory has not previously been demonstrated because of the 
challenge of having an on-demand memory that has high efficiency 
over a sufficiently large bandwidth and low enough noise. This feature 
of active retrieval, where the light is retrieved from the memory on-
demand is a strict requirement for any quantum memory protocol for 
applications in a future quantum network.

In this work, we experimentally demonstrate the storage and active 
recall of deterministic telecom light emitted from a semiconductor QD 
single-photon source in a hot rubidium vapor quantum memory. To 
address the challenge of bandwidth matching between the source and 
memory, we use the ORCA memory protocol, which offers gigahertz-
bandwidth storage and the lowest noise floor of any atomic ensemble–
based quantum memory with less than 10−6 noise photons per pulse, 
and can store telecom-band light directly (40). The single photons are 
delivered by a metal–organic vapor-phase epitaxy (MOVPE)-grown 
InAs QD (41) that has been specifically designed and fabricated to emit 
close to the operation wavelength of the ORCA memory (1529.3 nm) 
with gigahertz bandwidth. Some additional spectral and temporal 
shaping are used to further condition the light to match the properties 
of the memory. To our knowledge, this is the first demonstration of 
storage and active retrieval of light from a QD single-photon source 
in an atomic quantum memory—a hybrid quantum light-matter 
interface—all while operating at a telecommunication wavelength.

RESULTS
The quantum memory is based on the ORCA protocol in rubidium 
vapor, where a strong control pulse detuned from the 780.2-nm Rb 

D2 line (5S1/2-5P3/2) by ∆ dynamically induces the absorption of the 
QD photon at 1529.3 nm into the 4D5/2 excited state, as shown in 
Fig. 1A. The QD photon is then stored as a collective coherence be-
tween the ground and storage states. The ORCA memory protocol 
offers on-demand retrieval because the application of a second con-
trol pulse at a controllable later time actively maps this atomic coher-
ence back to an optical field.

The single-photon source is based on InAs QDs grown on top of 
a jump-convex-inverse InGaAs metamorphic buffer (MMB) (see 
Fig. 1B) that enables emission in the telecom band (41). The QDs are 
grown inside a cavity formed by a bottom distributed Bragg reflector 
(DBR) composed of 23 AlAs/GaAs pairs and a top DBR of 4 SiO2/
TiO2 pairs (see Materials and Methods). This planar cavity structure 
increases the QD light extraction, and the thickness is adapted for 
operation at 1529.3 nm. The QD is excited through quasi-resonant 
p-shell excitation using 3-ps laser pulses with a central wavelength of 
1505 nm and a repetition rate of 80 MHz. The single photons are 
separated from the excitation laser using three bandpass filters with a 
12-nm full width at half maximum (FWHM) bandwidth. A high-
resolution spectrometer is used to identify a QD that emits light at 
precise wavelength of the ORCA quantum memory, as shown in 
Fig. 2A. The output of the QD single-photon source is measured us-
ing superconducting nanowire single-photon detectors (SNSPDs), 
and the recorded count rate is 4 × 105 s−1. The second-order auto-
correlation of the collected light is measured in a Hanbury Brown-
Twiss setup and found to be g(2)(0) = 0.306 ± 0.002 (see Fig. 2B), 
which verifies nonclassicality and is consistent with a predominantly 
single-photon output.

The photons emitted by the QD have an exponentially decaying 
temporal intensity profile with a 1/e decay time of 0.85  ±  0.01 ns. 
With the Doppler-limited characteristic 1/e lifetime of the memory 
being 1.1 ns (40), there is a high probability of input photons in the 
retrieval window of the memory, as shown in Fig. 2C. To ensure that 

A B

C

Fig. 1. Schematic of the experimental setup for the QD–quantum memory interface. (A) Energy level scheme for the telecom ORCA quantum memory protocol in 
rubidium vapor. (B) Scheme of the semiconductor QD sample with semiconductor bottom DBR, metamorphic buffer (MMB), and oxide top DBR. (C) Experimental setup 
of the hybrid interface to store photons from a QD single-photon source in a quantum memory.
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the input and retrieval signals are temporally well separated, we tem-
porally filtered the single photons to a Gaussian temporal mode shape 
with an FWHM of 300 ps before being sent into the memory, as 
shown in Fig. 2C. This is achieved using an Electro-Optic Modulator 
(EOM) intensity modulator that is driven by an arbitrary waveform 
generator (AWG). A retrieval time of 800 ps is chosen, representing a 
trade-off between the memory lifetime and fractional delay.

The 1-GHz control pulse bandwidth determines the operational 
bandwidth of the quantum memory. The homogeneous linewidth of a 
single photon emitted from the QD is around 200 MHz as estimated 
from the lifetime in Fig. 2C. However, because of charge noise and 
spin noise in the system, the central frequency of emission is inhomo-
geneously broadened with an estimated FWHM of around 12 GHz 
(see the Supplementary Materials) (23, 42). This spectral mismatch 
between the bandwidth of the memory and the total inhomogeneous 
bandwidth of the single-photon emission means that only a small 
proportion of the QD photons are on resonance with the memory, 
leading to a low memory efficiency (see the Supplementary Materi-
als). To increase the observed memory efficiency, we spectrally filter 

the photons from the QD single-photon source using a Fabry-Perot 
etalon with a bandwidth of 1.12 ± 0.02 GHz, which selects the pho-
tons that are on resonance with the memory. The transmission of the 
broadened QD emission line through the etalon is around 3%. The 
spectrum of the QD photons filtered by the etalon is shown in Fig. 2A, 
and the corresponding g(2) measurement is shown in red in Fig. 2B 
from which we extract g(2)(0) = 0.325 ± 0.008. This g(2)-measurement 
shows some blinking that originates from the spectral filtering of the 
emission line and therefore leads to artificial on-off times of the 
single-photon source (see the Supplementary Materials).

The loss introduced by both the temporal and spectral filtering 
substantially reduces the average photon number per pulse at the in-
put to the memory. The detected count rate of the single photons 
transmitted through the entire setup when the control field is turned 
off is (203.4 ± 0.8) s−1 (for a full loss budget, see the Supplementary 
Materials). While the telecom ORCA quantum memory has the low-
est noise floor of any atom-based quantum memory (40), a small 
amount of noise is generated by the interaction of the strong control 
pulses with the atomic ensemble (see the Supplementary Materials). 
The etalon is placed after the memory to further suppress this residu-
al noise. The etalon therefore has two purposes: to spectrally filter the 
QD photons that did not interact with the memory and to filter any 
noise from the memory that is not at the signal frequency. The tempo-
rally filtered photons from the QD source are sent through the quan-
tum memory, and the retrieved light on the output is filtered using the 
etalon and then sent to the detection setup. The full experimental 
setup is outlined in Fig.  1C, and details are given in Materials and 
Methods.

Figure 3 shows the arrival time histogram of photons at the output 
of the memory. When the control fields are present (red data), we see 
absorption of the photons into the memory. Active retrieval of the 
light is observed at the storage time of 800 ps due to the application of 
the read-out control pulse. To extract the efficiency of the storage and 
retrieval processes, we fit Gaussian wavepackets to the data—one 
Gaussian for the input signal and a sum of two Gaussians with a time 
separation for the transmitted (not stored in the memory) and re-
trieved signals (see the Supplementary Materials). From these fits, a 
read-in efficiency of ηin = (49.3 ± 0.4)% and a total (internal) memory 
efficiency of ηtot =  (12.9 ± 0.4)% is extracted, considering a 500-ps 
integration window. The detected count rate of light retrieved from 
the memory in that integration window is (22 ± 1) s−1. The gray data 
in Fig. 3 show the noise generated by the memory and detectors, mea-
sured with the control fields present and the input signal blocked. We 
note that the background count rate is the same regardless of whether 
the control field is turned on, which indicates that the noise is pre-
dominantly due to detector dark counts. We define the signal-to-
noise ratio (SNR) as the ratio of signal light retrieved from the 
memory compared to the number of noise counts in the output win-
dow, and we measure SNR = 18.2 ± 0.6. This is the first demonstra-
tion of storage and on-demand recall of light from a solid-state 
single-photon source in an atomic quantum memory.

While the count rate in the retrieval window is insufficient to ob-
tain statistically significant measurements of the g(2)(0) of the re-
trieved light within a reasonable experimental runtime, it can be 
inferred from the g(2)(0) of the input light and the SNR. We model the 
output of the memory as an incoherent admixture of the desired 
memory output with undesired detector dark count noise, treating 
both as independent fields with their own g(2)(0) values, with the mix-
ing ratio given by the SNR, S (29, 43, 44). Under the assumption that 

A

B

C

Fig. 2. Characterization of single-photon source. (A) Spectrum of photons from 
QD without (blue) and with (red) spectral filtering from the etalon, normalized to 
the maximum intensity. The dashed black line shows the target wavelength of the 
memory. (B) The second-order autocorrelation, g(2)(τ), of photons from the QD 
without (blue) and with (red) the etalon. The data are normalized to the height of 
the Poissonian coincidence peaks at long time delays. The etalon introduces blink-
ing that results in bunching (increased coincidences) at short time delays (see the 
Supplementary Materials). (C) Arrival time histogram of photons from the QD with-
out (blue) and with (green) temporal filtering through the EOM, normalized to the 
maximum intensity. The shaded regions indicate the input and retrieval windows 
of the quantum memory, with a chosen storage time of 800 ps.

D
ow

nloaded from
 https://w

w
w

.science.org on A
pril 24, 2024



Thomas et al., Sci. Adv. 10, eadi7346 (2024)     12 April 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A rt  i c l e

4 of 7

the g(2)
noise(0) = 1, the predicted g(2)

out(0) of the output is given by (see the 
Supplementary Materials)

With g(2)
in(0) = 0.325 ± 0.008 and S = 18.2 ± 0.6, we predict 

g(2)
out(0) = 0.393 ± 0.007. This indicates that the noise level of this 

memory is sufficiently low to allow for storage and retrieval of quan-
tum states of light well below the nonclassical threshold. This analysis 
does not take into account that the origin of g(2)

in(0) ≠ 0 could be, at 
least partially, due to insufficient suppression of the excitation laser 
that leads to additional unwanted photons in the input state that are 
distinguishable from the desired single-photon contribution. These 
unwanted photons would therefore not be on resonance with the 
quantum memory and would transmit straight through, and for that 
reason, the g(2)

out(0) of the light that is stored and then retrieved by the 
quantum memory could in fact be lower than the input state.

DISCUSSION
This first-of-its-kind demonstration of on-demand recall of QD light 
from an atomic memory is the first crucial step toward hybrid quan-
tum light-matter interfaces for scalable quantum networks. To in-
crease the overall throughput and efficiency of this interface, further 
improvements are needed to better match the temporal-spectral 
mode overlap between the source and memory.

To improve the spectral overlap, the inhomogeneous bandwidth of 
the solid-state emitters can be reduced using electrically contacted 
semiconductor devices that can decrease the charge noise (10, 45). 
Alternatively, the bandwidth of the memory can be increased by in-
creasing the control pulse bandwidth, although, to maintain low noise 
levels, it may be necessary to further detune from resonance requiring 
higher control pulse energies to maintain the same light-matter cou-
pling efficiency. In either of these cases, the requirement of spectral 
filtering could be relaxed leading to substantially higher end-to-end 
efficiencies.

Temporal mode filtering of QD emission was a requirement in this 
current demonstration due to the 1-ns Doppler-limited memory life-
time. One means to overcome this limitation is to generate tempo-
rally shorter QD photons through optimized QD microstructures to 
further Purcell-enhance the emission. Alternatively, increasing the 
storage time would not only remove the need for lossy temporal filter-
ing in this demonstration but also represent the ultimate goal of hav-
ing a network-ready memory device. Removing the Doppler-dephasing 
limit is the first step toward this goal, and we outline several ap-
proaches. One can eliminate the Doppler effect by removing the 
atomic velocity with a magneto-optical trap. Challenges arise here in 
obtaining large-enough atom numbers for efficient light-matter inter-
actions, as well as operating at a substantially reduced duty cycle lim-
ited by the loading and cooling steps of the trapping [e.g., 3% in (46)]. 
Instead of cooling and trapping, optical pumping can be used to tailor 
the velocity distribution of the atoms into a periodic structure to enact 
the atomic frequency comb protocol, i.e., a Doppler-rephasing ap-
proach, as demonstrated in alkali vapors in (47) by our team. This, in 
principle, allows for the ORCA coherence to be read out after any 
time multiple of the rephasing time (of order 10 ns is readily achiev-
able) up to the excited-state lifetime but still remains to be demon-
strated. As with the trapped atoms approach, sufficient optical depth 
and duty cycle will limit the operation.

A very promising approach is based on compensating for the Dop-
pler dephasing with controlled dynamic AC-Stark shifts (48). The 
idea is that the collective ORCA coherence is continuously dressed 
with some auxiliary state with an (ideally) enhanced but opposite sen-
sitivity to the Doppler shift. For our system, we identify the 8F7/2 ex-
cited state as a suitable candidate that connects to the storage state 
with a 792.7-nm optical field. To this end, we have implemented a 
proof-of-principle demonstration with our telecom ORCA memory 
(see the Supplementary Materials). Using weak coherent states of 0.1 
photons per pulse, we observe (8.69 ± 0.03)% total efficiency at a 2.3-ns 
storage time with the application of a 150-mW dressing field, repre-
senting a (279 ± 5)-fold increase in efficiency at that storage time, 
without a statistically significant increase in the measured noise. 
Much longer storage times up to the excited state lifetime could be 
achieved with higher power in the dressing field or appropriate tem-
poral or frequency modulation of this field, as in (48). Further details 
are provided in the Supplementary Materials. To reach even longer 
storage times beyond the limit of the radiative lifetime of the storage 
state (here, ~90 ns), it would then be necessary to map the coherence 
to longer-lived states such as the hyperfine ground states using addi-
tional optical fields at a later time, where coherence times up to one 
second in warm atomic ensembles have been observed (49).

Last, the control pulses in the ORCA memory interaction act as 
time-nonstationary beamsplitters. First, this allows the interaction 
to be optimized to that of the input QD photon temporal mode, 
by temporal shaping of the control pulses, and, in principle, near-
unit memory efficiency could be reached (50). Second, this enables 
temporal-spectral mode filtering and conversion (6), a capability that 
is out of reach for passive slow light–type interactions or fiber loop–
based memories. The memory acts as a coherent mode filter, and, 
therefore, the indistinguishability of photons retrieved from the mem-
ory is predicted to be higher than the input (6). Furthermore, multiple 
quantum memories could be used to render the output of several QD 
photon sources to be indistinguishable by retrieving the photons into 
the same temporal-spectral mode, which would overcome a key chal-
lenge in the fabrication of many identical single-photon sources.

g
(2)

out
(0) =

1 + 2S + S2g
(2)

in
(0)

(1+S)2
(1)

Fig. 3. Storage and retrieval of QD photons in ORCA memory. Arrival time his-
tograms of QD photons through the ORCA memory for the input (blue), memory 
(red), and noise (gray) settings. The dashed lines are Gaussian fits to the data.
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In conclusion, we have demonstrated the storage and on-demand 
retrieval of light emitted from a semiconductor QD in a rubidium 
vapor–based quantum memory, with operation in the low-loss tele-
communication bands. This represents a key step toward the goal of 
an efficient hybrid interface between solid-state single-photon sourc-
es and atomic quantum memories, pivotal for developing future 
quantum network–ready devices.

MATERIALS AND METHODS
Experimental design
QD single-photon source fabrication
The QD sample structure follows the thin-film InGaAs MMB struc-
ture introduced by Sittig et al. (41). The MOVPE-grown sample fea-
tures 23 AlAs/GaAs DBR pairs on top of the GaAs wafer substrate, 
followed by the jump convex–inverse InGaAs MMB. The nonlinear 
variation of In content simultaneously allows for sufficient strain re-
duction, a smooth surface, and a low MMB thickness. The MMB 
changes the lattice constant, so the self-assembled InAs QDs emit at 
around 1550 ± 75 nm. The thin MMB and the InGaAs capping layer 
form a λ-cavity around the QDs to benefit emission at the desired 
1529.3 nm. The upper part of the sample consists of an oxide top DBR 
of four pairs of SiO2/TiO2 with a nominal thickness of 268 nm/168 nm 
and a 20-nm cap of SiO2, to protect the surface, which was fabricated 
using plasma-enhanced sputter deposition. The planar cavity was de-
signed with a strong asymmetry in the top DBR and bottom DBR re-
flectivities, such that the light will be guided predominantly upward. 
The bottom DBR has a calculated reflectivity of 99.2%, whereas the 
top DBR has a calculated reflectivity of 97.2%. To achieve a cavity at 
around 1529 nm, the thicknesses of the InGaAs MMB as well as the 
capping layer and the DBR layers have been decreased to shift the cav-
ity to the lower desired wavelength.
QD single-photon source operation
The QD sample is placed inside a low-vibration closed-cycle cryostat 
(Attocube attoDRY800) and cooled to 4 K. The sample is mounted on 
top of a piezo stack that allows for precision positioning along three 
axes. An objective lens with a focal length of 3.1 mm (Thorlabs) and a 
numerical aperture of 0.68 is mounted inside the cryostat directly 
above the QD sample, which focuses the excitation laser to a spot size 
of ~2 μm on the top surface of the sample. The pulses for exciting the 
QD are generated from an optical parametric oscillator (OPO) that 
frequency converts pulses from a titanium:sapphire (Ti:Sapph) laser 
at 810 nm to around 1505 nm using a nonlinear optical crystal. The 
output pulses of the OPO are around 200 fs in duration. We spectrally 
filter these pulses using a diffraction grating and a pinhole to narrow 
the spectrum to 0.9 nm or a pulse duration of 3 ps. The emission from 
the sample is separated from the excitation laser using three 12-nm 
FWHM bandpass filters (Thorlabs), each of which have a transmis-
sion of 95% at 1529 nm and a suppression of approximately 105 at 
1505 nm. The emitted light is coupled into a single-mode fiber and 
sent to a spectrometer with a resolution of 5.8 GHz per pixel and de-
tected using a InGaAs charge-coupled device camera (Oxford Instru-
ments Andor iDus). The wavelength of the QD emission is compared 
to the target wavelength of the quantum memory. We measure the 
count rate of the single-photon source on an SNSPD, which has an 
efficiency of ηdetector = 0.80. To measure the single-photon purity of 
the collected light, we use a 50:50 fiber beam splitter and send 
both outputs of the beam splitter to a SNSPD. We record the correla-
tions between the two detectors using a time tagger (TT; Swabian 

Instruments) to perform a second-order autocorrelation. From the 
correlation histogram, we can extract g(2)(0) from the ratio of the co-
incidence peak at zero time delay compared to the Poissonian level at 
long time delays (see the Supplementary Materials). We measure the 
temporal profile of the photons by performing a coincidence mea-
surement between the SNSPD and the trigger from the OPO laser 
using the time tagger. The temporal profile of the photons is quite long 
compared to the maximum storage time of the quantum memory. We 
temporally filter the collected light using an EOM intensity modulator 
(iXblue), which has a continuous wave transmission of 45% and an 
extinction ratio of 20 dB. The EOM is driven by an radio frequency 
signal from an AWG (Tektronix). The trigger signal from the OPO is 
used as both an 80-MHz clock input and a trigger signal for the AWG, 
so that the intensity modulation is synchronized with the single-
photon generation. The AWG outputs a Gaussian radio frequency 
signal with an FWHM of 300 ps. The time-filtered temporal profile of 
the photons is shown in Fig. 2C.
Quantum memory
The quantum memory is based on the telecom ORCA protocol in an 
ensemble of warm rubidium atoms (40). The ORCA memory uses 
three atomic energy levels, |g⟩, |e⟩, and |s⟩ in a ladder configuration 
(see Fig. 1A). Two counterpropagating fields are both detuned from 
the intermediate transitions |g⟩ → |e⟩ and |e⟩ → |s⟩ by ∆ but are in 
two-photon resonance with the |g⟩ → |s⟩ transition. The strong con-
trol field maps the incoming signal onto a coherence between the 
ground and storage states (|g⟩ and |s⟩). On application of a second 
control pulse at a later time, the atomic coherence is mapped back to 
an optical field, and the signal is retrieved from the memory. The im-
plementation of the telecom ORCA memory uses an 8-cm-long cell of 
rubidium atoms that is warmed up to around 120°C, generating an 
optical depth of around 8500. The control pulses that drive the mem-
ory are generated from a mode-locked Ti:Sapph laser, which is syn-
chronized to the OPO that excites the QD via a Lock-to-Clock module 
(Spectra Physics). An unbalanced Mach-Zehnder interferometer is 
used to generate two pulses separated by 800 ps to act as the read-in 
and read-out pulses of the memory. The read-in pulses have an energy 
of 0.4 nJ, and the read-out pulses have an energy of 4 nJ. The fre-
quency of the control pulses is monitored using a high finesse 
wavemeter and is set to be 6 GHz red-detuned from the |g⟩ →  |e⟩ 
transition. The single photons and control pulses travel counterpropa-
gating through the vapor cell, and the two fields are combined and 
separated using dichroic mirrors (Semrock) that transmit 1529-nm 
light and reflect 780-nm light. The control pulses (single photons) are 
focused to a beam waist diameter of 250 μm (220 μm) at the center of 
the vapor cell, respectively. The single photons that are transmitted 
or stored/retrieved from the memory are coupled into a single-mode 
fiber, and a series of long-pass and band-pass filters (Thorlabs/
Semrock) before the fiber is used to suppress the control field by 
14 orders of magnitude. More details about the experimental setup of 
the memory are given in (40).

The light that is collected at the output of the memory is de-
tected using an SNSPD with 70-ps timing jitter (PhotonSpot). A 
time tagger (Swabian Instruments) is used to generate correlation 
histograms between the single-photon detector and the trigger of 
the OPO laser. An arrival time histogram is measured for three 
settings: (i) “Signal,” input photons only; (ii) “Memory,” input pho-
tons and control pulses; (iii) “Noise,” control pulses only. To mini-
mize the effect of any slow drifts in the experiment, data are 
recorded for each of the three settings for 60 s in a repeated cyclic 
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manner, until the total cumulative counts are sufficient to extract 
the efficiency and SNR.
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