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On-demand storage and retrieval of quantum information in coherent light-matter interfaces is a key
requirement for future quantum networking and quantum communication applications. Alkali vapor mem-
ories offer scalable and robust high-bandwidth storage at high repetition rates, which makes them a natural
fit to interface with solid-state single-photon sources. Here, we experimentally realize a room-temperature
ladder-type atomic vapor memory that operates on the Cs D1 line at 895 nm. We provide a detailed
experimental characterization and demonstration of on-demand storage and retrieval of weak coherent
laser pulses with an average of 0.06(2) photons per pulse at a high signal-to-noise ratio of 830(80). The
memory achieves a maximum internal efficiency of nijy = 15(1)% and an estimated 1/e storage time of
7, &~ 32 ns. Benchmark properties for the storage of single photons from inhomogeneously broadened
state-of-the-art solid-state emitters are estimated from the performance of the memory. Together with the
immediate availability of high-quality InGaAs quantum dots emitting at 895 nm, these results provide
clear prospects for the development of a heterogeneous on-demand quantum light interface.
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I. INTRODUCTION

Quantum communication with single photons as flying
qubits requires both quantum light sources and control over
the timing and synchronization of photons. The ability of
optical quantum memories to store and retrieve photons
on demand [1-4] allows for synchronization of probabilis-
tic photons [5,6], buffering, and entanglement swapping
in quantum repeater networks [7—10]. A coherent light-
matter interface is thus an integral part of future photonic
quantum communication networks [2,11]. Technological
applications will benefit from high bandwidths on the order
of gigahertz and large photon rates, while maintaining low
noise and high end-to-end memory efficiencies [1,2,4,11,
12]. A prominent host matter for an optical quantum mem-
ory is room-temperature alkali metal vapor contained in
an evacuated glass cell [1,2,4,13]. Large-scale [14] and
field applications [15], and air- and spaceborne opera-
tions of such memory devices [16,17] are under investi-
gation, enabled by the platform’s technological simplicity
compared to laser-cooled or cryogenic platforms.
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In room-temperature alkali vapors, coherent optical con-
trol over the light-matter interaction has been implemented
in various atomic three-level systems, notably in A-type
and ladder-type (E) configurations. A-type memories can
provide hundreds of milliseconds storage time [18], but are
typically prone to readout noise, and true single-photon
operation has been reached in only a few experiments
[19,20]. Because of the large energy separation between
the initial and storage states, the E-type configurations are
superior in this regard and provide storage times up to
about 100 ns [21].

In ladder-type level configurations, gigahertz-bandwidth
heralded single photons at 852 nm have been stored by
two-photon off-resonant cascaded absorption (ORCA) on
the D2 line of Cs [22]. A fast ladder memory (FLAME)
on the D2 line of Rb [21,23] enabled synchronization of
single photons at 780 nm stemming from identical, and
thus intrinsically well-matched, atomic vapors, resulting
in an enhanced photon coincidence rate [6]. Moreover,
the ORCA protocol in Rb has enabled a telecom C-band
quantum memory [24].

Semiconductor quantum dot (QD) single-photon sources
can emit deterministically, with high brightness and low
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multiphoton contribution [25], and are excellent building
blocks for photonic quantum information technology [26,
27]. Self-assembled InGaAs QDs typically exhibit an exci-
ton lifetime of about 1 ns, and the emission wavelength can
be tuned from the near-infrared [28] up to the telecom C-
band [29] by engineering the epitaxial growth conditions
and the material composition. This renders InGaAs QDs
particularly interesting in the context of this work because
they can be aligned to the memory’s operational wave-
length of 895 nm. Embedding such QDs into an optical
cavity, single photons have been generated on demand with
a probability of up to 57% and with an average two-photon
interference visibility of 97.5% at the output of the final
optical fiber [30].

Because of this outstanding performance, it has been a
long-lasting goal to couple InGaAs QDs to atomic quan-
tum memories. Along this route, atomic vapor was used as
spectrally selective and tunable delay line for quantum dot
photons [31-33]. Also, quantum dot photons were delayed
by 5 ns using the strong dispersion between two hyperfine-
split excited-state transitions of the Cs D1 line [34]. More
recently, a coherent exchange of quanta between sin-
gle photons from a GaAs quantum dot and ¥ Rb vapor
has been shown [35], and photons from quantum dots

(a) (b)

embedded in semiconductor nanowires have been slowed
down in an atomic vapor [36]. Moreover, a bandwidth-
matched A-type memory has been demonstrated [37].
Recently, a landmark experiment demonstrated determin-
istic storage and retrieval of photons from an InAs QD
emitting at 1529 nm [38]. However, the characteristic stor-
age time of the memory was fundamentally limited to
1.1 ns, only a factor of 1.3 above the QD exciton lifetime.

Here, we present a ladder-type memory on the Cs
D1 line, allowing for low-noise storage and on-demand
retrieval of high-bandwidth photons at 895 nm, directly
compatible with quantum-dot-based single-photon sources
from Refs. [28,31-34]. The memory exhibits a 1/e stor-
age time 7, of tens of nanoseconds, an order of magnitude
longer than typical exciton lifetimes. These render the
memory ideal for the storage of single photons from QDs
with real-time electro-optic memory control.

II. MEMORY PROTOCOL

We operate the memory device with signal photons
slightly red-detuned from the D1 line of Cs, as depicted in
Fig. 1(a). A strong control field at a wavelength of 876 nm
couples the intermediate 6P, level to the 6Ds; level. The
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FIG. 1.

Overview of the experiment. (a) Reduced level scheme of Cs. Signal and control lasers in a ladder-type configuration with

single-photon detuning A and two-photon detuning §. (b) Experimental setup. Control pulses are generated with an electro-optical
amplitude modulator (EOM) and subsequently amplified by a tapered amplifier (TA). Spectral filtering is achieved with a bandpass
(BP) filter and a narrow-bandpass (NBP) filter. Doppler-free cesium (Cs) spectroscopy serves as a frequency reference for the signal
laser. Signal pulses are generated with an EOM and monitored using a fast photodiode (PD). The signal beam is attenuated to single-
photon level with neutral-density (ND) filters. Counterpropagating signal and control pulses overlap inside the heated vapor cell (Cs).
Signal photons are detected with a superconducting nanowire single-photon detector (SNSPD). Control leakage is suppressed by
spatial, polarization, and spectral filtering (BP, NBP). Programmable pulse generators (PPGs) drive the EOMs and are synchronized

with a digital delay generator (DG).
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memory operates in the crossover regime between the elec-
tromagnetically induced transparency and Autler-Townes
protocols [39]. Pulsed operation maps the signal field onto
a collective orbital coherence of the cesium atoms between
the ground state and the storage level 6D;,, the spinwave.
Reapplying the control pulse coherently retrieves the initial
signal photon.

In this memory scheme, the main source of decoherence
of the collective excitation is motional dephasing [40].
The wave-vector mismatch of the signal and control fields
determines the wavelength of the spinwave, here 43.5 wm,
and therewith the time scale of the spinwave decay. This
relation is depicted in Fig. 3 and further discussed in
Sec. IV A. In ladder-type memories the storage state is
effectively unpopulated in thermal equilibrium, and the
frequency mismatch between the signal and control tran-
sitions is very large compared to the Doppler-broadened
linewidths. These two facts lead to extremely high signal-
to-noise ratio (SNR). The storage time of the two-photon
ladder-type memory is ultimately limited by the lifetime of
the employed upper state. It has been shown that, in princi-
ple, the limitations of motional dephasing can be mitigated
by a continuous protection mechanism using additional
off-resonant optical dressing [6], or by velocity-selective
pumping [40] at the cost of reduced optical depth.

III. EXPERIMENTAL SETUP

The setup as depicted in Fig. 1(b) consists of the signal
generation, the control generation, and the memory unit.
We describe the individual parts and their synchronization
in the next sections.

A. Cs cell and heating system

The cylindrical vapor cell is 25 mm in diameter and 25
mm in length. The requirement for a homogeneous opti-
cal field in the interaction area limits the Rayleigh range
to the length of the cell, and thereby the beam waists of
signal and control lasers as well. In this experiment, we
chose a signal beam diameter of 100(5) pwm and a control
beam diameter of 145(5) pm at the center of the glass cell.
The beam waists were measured using a CMOS camera
with a pixel size of 5 wm. Since the memory protocol is
faster than the time scale of decoherence due to cesium-
cesium collisions (150 ws [41]), the experiment does not
require a buffer-gas-filled cell. A customized heating sys-
tem made of a spring-loaded copper block with a heater
allows for uniform heating of the glass cell to a tempera-
ture of up to 120 °C while preventing condensation of Cs
on the entrance windows.

B. Lasers, pulse generation and timing controls

The signal beam is generated by a continuous-wave
(CW) 895-nm distributed-feedback (DFB) laser diode. A

fraction of the beam is used for Doppler-free spectroscopy,
which serves, in addition to a wavemeter with 100-MHz
resolution, as a wavelength reference. An electro-optical
amplitude modulator (EOM) generates signal pulses with
a rise time of 500 ps. After attenuation to single-photon
level with neutral-density (ND) filters, the signal beam
is directed into the memory cell. The control beam is
generated by a CW 876-nm external-cavity diode laser
(ECDL) with an output power of up to 50 mW. The con-
trol pulses are carved from the CW laser with an EOM
and subsequently amplified in a tapered amplifier (TA).
The high-power output of the TA is then frequency-filtered
with a 10-nm bandpass filter and a 1-nm narrowband fil-
ter to remove the amplified spontaneous emission (ASE)
background emerging from the TA. Pulse shaping with
the EOMs allows for 1-ns-long (FWHM) pulses. The elec-
tronic control signals for the EOMs are generated with a
512-bit programmable pulse generator (PPG) with a repe-
tition rate of 10 MHz and a resolution of 200 ps. The pulses
are synchronized using a digital delay generator with 10-
ps resolution. The shape of the pulses and the extinction of
the EOMs are monitored on additional photodiodes. The
setup allows for variable adjustment of pulse lengths and
timings of both the signal and control lasers independently.
The repetition rate of the experiment can easily be matched
to external single-photon sources.

C. Signal filtering and detection

The counterpropagating and orthogonally polarized sig-
nal and control pulses overlap inside the cesium cell. The
control pulses are separated in polarization and monitored
on a fast photodiode. After being stored in the memory
cell, the transmitted signal is also polarization-selected.
After a series of broadband filters and a 1-nm narrow-
band interference filter, the transmitted signal is coupled
into a polarization-maintaining optical fiber that is con-
nected to a superconducting nanowire single-photon detec-
tor (SNSPD) with a nominal detection efficiency of 0.85
and a temporal resolution of 50 ps.

IV. CHARACTERIZATION AND RESULTS

In this section we characterize the memory and evalu-
ate its performance regarding storage time and efficiency.
Additionally, we determine the spectral acceptance win-
dow of the memory and use the results to benchmark the
memory performance for the feasibility of storing single
photons from realistic quantum dot devices.

A. Optimization of efficiency and storage time

Figure 2 shows the histogrammed result of a typical
storage and retrieval experiment. The signal was attenu-
ated to an average of 0.06(2) photons per pulse, and the
integration time was 10 s using time bins of 100 ps. We

044050-3



BENJAMIN MAASB et al. PHYS. REV. APPLIED 22, 044050 (2024)
—— signal . 1 (23 —X
120 1 9 0.30 g™
noise 2601 Lo
- 100 A read-ln ‘é 0.25 1 S % 40 A This work
S read-out S Y § H-me—
S g 0.20 201 l
3 o $° I =
b} i TN 0 50 100 150
Q 60 7 % 0 15 \-.\\ inhomogeneous dephasing time (ns)
" <
= © e .
< \"-_
£ » T o3 \~“\‘! =
201 oos4 * ° b o® 1
B ° o
o "% ° AN AN °
0 == - P et e * 0.0 .0
. . . : . : . 0.00 + . . , .
-5 0 5 10 . 15 20 25 30 35 10 20 30 40 50
time (ns) storage time (ns)
FIG. 2. Exemplary storage trace. Histogrammed storage and  FIG. 3. Measured dynamics of the internal efficiency. In every

retrieval of 800-ps-FWHM-long signal pulses attenuated to
0.06(2) photons per pulse at —200 MHz single-photon detuning
from the F = 4 to F’ = 3 transition of the D1 line. The control
pulses have a FWHM of 1 ns and yield a peak Rabi frequency
of Q = 2w x 900(30) MHz. At the retrieval time of 17.4(1) ns,
the memory achieves an internal efficiency of nj,; = 15(1)%. The
data were collected for an integration time of 10 s with a bin size
of 100 ps. The shaded areas mark the integration windows for the
efficiency calculations.

use these parameters in all measurements unless stated
otherwise. Leakage due to imperfect storage of incoming
photons produces the read-in peak (shaded red). This effect
can be attributed to imperfect mapping between the signal
field and the spinwave. The photons in the read-out peak
(shaded green) are retrieved from the atomic ensemble by
the second control laser pulse after a delay of 17.4(1) ns.
The shaded areas mark the integration windows for the effi-
ciency analysis which capture over 90% of the retrieved
signal while keeping the SNR high [42]. The noise curve
is taken with the input signal blocked, i.e., it contains both
the leaked control laser light and the integrated dark counts
from the detector. The noise floor stems from insufficient
suppression by the EOMs, electrical noise from the pulse
generation, and EOM bias drifts. A far-detuned (~ 6 GHz)
signal measurement without the control laser serves as a
reference for the signal input.

We calculate the internal memory efficiency as the ratio
of integrated counts within the retrieved signal peak and
the reference measurement, 7i, = Net/Nipn, and find a
maximum value of 9y, = 15(1)% at 17.4(2)-ns storage
time. Including the setup transmission (7)), we achieve
an end-to-end (e2e) memory efficiency of nee = Nint =
2.2(2)%. We expect an increased end-to-end efficiency by
straightforward improvements of the setup transmission,
e.g., using an antireflection-coated Cs cell in future experi-
ments. In a separate experiment with long integration time,
the low noise floor and an SNR of 830(80) are confirmed.

step, the pulse timings are optimized. The peak Rabi frequency
is estimated to 27w x 900(30) MHz. Errors represent fit uncer-
tainties and time resolution of the pulse generator. Integration
times long compared to the inverse repetition rate render statis-
tical errors negligible with respect to fit errors. The inset shows
the relation between the inhomogeneous dephasing time and the
1/e storage time as reported in the literature by Kaczmarek et al.
[22], Finkelstein et al. [23], and Thomas et al. [38]. The gray-
shaded area estimates the exponential envelope of the spinwave
oscillations.

The measured dynamics of the internal efficiency are
displayed in Fig. 3. We scan the storage time 7, by adapt-
ing the timing of the retrieval control pulse. The memory is
operated at 200-MHz single-photon red-detuning and the
cell temperature is optimized, as discussed later and pre-
sented in Fig. 4. The peak Rabi frequency of the Gaussian
control pulses is estimated to be 2z x 900(30) MHz, given
the measured CW laser power and the beam geometry as
described in Sec. I1I. Retrieval times 7, < 3 ns are inacces-
sible because of otherwise temporally overlapping read-in
and read-out control pulses.

The data show strong oscillatory spinwave dynamics
that can be attributed to multiple addressed hyperfine states
of the 6Dj3,, storage level. This results in a beating of the
generated spinwaves with the frequency splittings within
the hyperfine manifold. It has been shown that this beating
can be suppressed if only one hyperfine state is addressed
by the signal field when circularly pumping into a stretched
state [23]. The model introduced in Ref. [23] (solid line)
qualitatively reproduces the data.

The inhomogeneous dephasing time of the spinwave
Tinhom depends on its wavelength A, determined by the
wave-vector mismatch of signal and control lasers, and the
thermal velocity of the atoms vy Tinhom = As/ (ﬁnvth)
[43]. The inset of Fig. 3 depicts the relation between the
theoretical dephasing times and the measured 1/e stor-
age times that have been reported in previous ladder-type
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FIG. 4. Temperature dependence of the optimal working point
of the memory. The OD is increased by raising the tempera-
ture of the cell. The larger the signal detuning A, the more
OD is required to achieve the highest internal efficiency. For
large single-photon detunings A < —1000 MHz, the efficiency
is limited by the available control power.

memories [22—24]. For the level configuration in Fig. 1(a),
we expect a 1/e storage time of about t, & 32 ns, which
is consistent with the data. The gray-dashed line and
the shaded area estimate the exponential envelope of the
spinwave oscillations. The zero-time efficiency cannot be
faithfully determined from the data. All following data are
acquired at the maximum efficiency retrieval time of 17.4
ns. Future experiments will also shed light on additional
inhomogeneous decay mechanisms such as spin-exchange
collisions or atoms leaving the interaction area.

The influence of the cell temperature on the internal
memory efficiency is presented in Fig. 4. We find an opti-
mum working point that shifts to higher temperatures for
larger signal detunings A. The theory for optimal light
storage [44] suggests that the internal memory efficiency
increases monotonically with the optical depth (OD) of
the atomic vapor. In agreement with other experiments
[45,46], we observe a decrease in efficiency for a given
single-photon detuning if the OD is too high. Additional
leakage channels, such as four-wave mixing and Raman
scattering processes, are suggested as possible sources for
the observed decrease. However, this cannot hold as the
explanation in this case because the two-color ladder-type
configuration inhibits these types of mechanisms. More
likely, the efficiencies in the experiment are limited by
the Rabi frequency of 27 x 900(30) MHz. The role of
the control pulse shape should be the subject of further
investigations. Here, we have constrained the data evalu-
ation to red-detuned signal input because the efficiencies
are much lower in the blue-detuned regime. We attribute
this behavior to additional spinwave dephasing due to
increased coupling to the F’ = 4 intermediate state.
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FIG. 5. Spectral acceptance window. Internal memory effi-

ciency over two-photon detuning for different single-photon
detunings and 1-ns signal pulse lengths. We scan the signal fre-
quency keeping the control frequency fixed. The width of the
curve corresponds to the spectral acceptance window of the
memory convoluted with the input laser pulse. For A = —500
MHz we extract W, = 560(60) MHz.

B. Spectral acceptance window

Solid-state single-photon sources such as self-assembled
quantum dots usually suffer from an inhomogeneous
broadening of the emission linewidth due to spectral dif-
fusion [47]. It is thus important to quantify the spectral
region in which photons of a given bandwidth can be stored
efficiently. To estimate this spectral acceptance window
of the memory W,, we measure the internal efficiency
over a scan of the two-photon detuning § for a set of sig-
nal detunings, A = {—300, —500, —1000} MHz. This data
set emulates photon emission from spectrally broadened
quantum light sources.

Taking the Fourier-limited linewidth of the signal laser,
Yhom ~ 440 MHz, into account, we can infer the spec-
tral acceptance window of the memory from the data
presented in Fig. 5. We use this result to estimate the influ-
ence of inhomogeneously broadened signals on the internal
memory efficiency and SNR in the next section.

C. Benchmarks for storage of single photons

By virtue of the spectral acceptance window, we can
estimate benchmark properties for true single-photon input
that are required for successful storage experiments. We
assume that the signal input is red-detuned from the signal
transition, A = —500 MHz, and that the memory accep-
tance window has FWHM of W, = 560(60) MHz. From
that, we can infer the percentage of emitted quantum dot
photons that can be stored and retrieved. Considering the
expected source efficiency, i.e., the probability of extract-
ing a single photon upon excitation 7., the fiber-coupled

044050-5



BENJAMIN MAAS et al.

PHYS. REV. APPLIED 22, 044050 (2024)

spectral FWHM of the input signal (MHz)

1000 2000 3000
0.05 : :
102

o 0.04

5 o
>

) =
< 0.031 2
2 o
i ]
% 10t g
o 0.021 §
o ()]
=

[e]

n 0.01

0.00 10°
2 4 6
Yinhom / Yhom

FIG. 6. Benchmarking the memory for single photons from

a semiconductor quantum dot source with 400-MHz homoge-
neous linewidth. Influence of the photon extraction efficiency of
the light source and the inhomogeneous linewidth yiphom of the
emitted photons on the expected SNR of the storage signal.

QD setup transmission nr = 0.01, and the polarization
losses due to filtering of a single exciton transition np =
0.5, we estimate the effective count rate of a quantum dot
light source. Assuming a constant noise floor that is dom-
inated by control field leakage, we can find values for the
expected signal-to-noise ratio in a quantum dot-memory
interface. We account for the temporal mode mismatch
between the quantum dot photon and the signal laser
by considering the benchmarking results from Ref. [48],
in particular the effective overlap between the dominant
quantum dot mode and the memory mode 7gp-mem = 0.66.

Figure 6 shows the estimated upper bound on the
expected SNRs for different source efficiencies and inho-
mogeneous linewidths Yiphom Of the input photons. Con-
sidering a typical InGaAs quantum dot sample [32], we
expect single-photon emission with a pulse length of about
I ns and a homogeneous linewidth of about 400 MHz,
which fits into the acceptance window of the memory.
Even in the case of inhomogeneously broadened emission
to a linewidth of about 2 GHz due to spectral diffusion,
we expect SNRs above 10. We want to point out that the
noise background in an experiment will be lowered further
by unfiltered background emission, i.e., from undesired
excitation of multiple emitters or collection of light from
additional relaxation paths, e.g., bi-excitons.

V. DISCUSSION

We have demonstrated on-demand storage and retrieval
of attenuated laser pulses with an average photon number
of 0.06(2) in a room-temperature vapor ladder-type mem-
ory on the Cs D1 line. The memory achieves a maximum
internal efficiency of 7y = 15(1)% and an end-to-end

efficiency of nee = 2.2(2)%. The high SNR of 830(80)
for ultraweak signals and the broad spectral acceptance
window of W, = 560(60) MHz promise compatibility of
the memory with state-of-the-art solid-state single-photon
emitters such as InGaAs quantum dots [28]. The variable
control and signal pulse lengths, timings, and pulse shapes
in the experiment offer unprecedented flexibility when cou-
pling the quantum dot single-photon source to the memory
setup.

VI. OUTLOOK

We see clear technological improvements that will
increase the efficiency of the optical memory in future
experiments. The implementation of optical hyperfine
pumping will significantly boost the memory perfor-
mance. The use of an antireflection-coated cell will further
increase the overall setup transmission and thereby the
end-to-end efficiency. An active stabilization of the EOMs’
DC-bias drifts will improve the pulse quality and the
long-term stability of the experiment. To obtain a more
homogeneous control field along the signal beam profile,
we will aim at a larger difference in beam diameters in
future experiments.

The results show that the memory is compatible with
state-of-the-art quantum light emitters. The interface of
an external single-photon source with the memory poses
a significant technological challenge, especially regard-
ing wavelength matching, bandwidth, spectral drifts of
the source, and synchronization. The aforementioned setup
improvements will further facilitate the construction of
a heterogeneous on-demand light-matter interface. The
study of such systems may contribute to the development
of optical quantum networks.
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