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Superradiance, characterized by the collective, coherent emission of light from an excited ensemble of
emitters, generates photonic signals on timescales faster than the natural lifetime of an individual atom. The
rapid exchange of coherence between atomic emitters and photonic fields in the superradiant regime
enables a fast, broadband quantum memory. We demonstrate this superradiance memory mechanism in an
ensemble of cold rubidium atoms and verify that this protocol is suitable for pulses on timescales shorter
than the atoms’ natural lifetime. Our simulations show that the superradiance memory protocol yields the
highest bandwidth storage among protocols in the same system. These high-bandwidth quantum memories
provide unique opportunities for fast processing of optical and microwave photonic signals, with
applications in large-scale quantum communication and quantum computing technologies.
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Photonic emission from a collection of identical excited
atoms under superradiant conditions is very different from
that of a single-atom in free-space [1]. Comprehensive
studies of superradiance [2–4] have led to the observation of
various quantum optics phenomena like quantum beats [5],
collective Lamb shifts [6,7], and novel cavity QED [8].
Initial studies focused on dense ensembles with sizes
smaller than the excitation wavelength, whereas recent
ones show that superradiance is also observable in large
and dilute systems [9,10]. Large atomic ensembles, provid-
ing a high degree of experimental control, are especially
amenable to superradiant effects: when an ensemble with
moderate optical density (d > 1) is coherently excited by a
temporally short (broadband) and weak probe, a subsequent
radiation burst is emitted along the forward direction of the
incident pulse [11–15]. The characteristic decay time
of this emission is inversely proportional to the medium’s
optical depth and, for d ≫ 1, can be much shorter than the
spontaneous-emission lifetime of a single atom [5,9,10,16–
20]. This optical-depth dependence of decay time is the
hallmark of superradiant emission, different from the free-
induction-decay (FID) of atomic dipoles among inhomoge-
neously broadened emitters [21,22].
Optical quantum memories [23–25] can take advantage

of this rapid superradiant emission for broadband operation
[21,26,27]. Here, we demonstrate a spin-wave memory
based on superradiance [4,28] in a cloud of laser-cooled
87Rb atoms featuring a homogeneously broadened optical
transition. The superradiance (SR) mediated memory
requires an initial excitation of the polarization coherence,
followed by a second (fast) storage step, realizing a distinct
memory mechanism that is inherently broadband and, in
our experiments, is demonstrated without contribution
from physical processes associated with other memory

protocols. We find that the SR memory offers the
most relaxed optical depth requirement for broadband
signals in systems where the absorption linewidths are
much narrower than the signal bandwidth to be stored. The
inherently fast storage capability of this memory paves
the way for bandwidth compatibility with conventional
single-photon sources and high-speed quantum networks
[29,30].
To understand the SR memory, consider an N-atom

ensemble whose energy levels form a Λ configuration,
where two ground-state spin levels jgi and jsi are optically
coupled to an excited level jei. We assume that all atoms
initially populate jgi, and that both jei ↔ fjgi; jsig tran-
sitions are homogeneously broadened, with Lorentzian line
shapes of characteristic width Γ and optical decoherence
rates γ ¼ Γ=2. A weak probe field (the optical signal to be
stored) is resonant with the jgi ↔ jei transition, and a
strong control field (to initiate probe storage or recall) with
Rabi frequency ΩCðtÞ drives the jei ↔ jsi transition.
Resonant interactions between the optical fields and
ensemble are described by the coupled Maxwell-Bloch
equations in terms of coherences in the photonic (Ê),
polarization (P̂), and spin-wave (Ŝ) modes [27,31–34]. For
the input probe, we consider an exponentially rising
temporal profile of the form IPðtÞ ¼ I0eðt−τÞ=TPuðτ − tÞ
(τ is the abrupt switch-off time); characteristic duration
TP ≪ 1=γ (Fig. 1); and bandwidth B ¼ 0.157=TP [34],
such that memory operation is broadband with 2πB ≫ Γ.
The SR memory protocol (Fig. 1) proceeds via three

stages: absorption, writing, and retrieval, which follow the
general principles of “fast Λ-type” storage and readout
[27,31], and can also be extended to the “ladder-type”
atomic configurations [35,36]. During absorption, the short
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incident probe builds up polarization coherence jPðz; tÞj2
[Fig. 1(c)] across the entire ensemble [34] on a timescale
much shorter than the excited-state decoherence, which can
therefore be neglected (e−γTP ≈ 1). Atomic polarization is
maximized at the conclusion of the input pulse, leading to a
subsequent superradiant re-emission [Fig. 1(a)]. Regardless
of the line broadening mechanism (homogeneous or
inhomogeneous), such re-emission occurs naturally when-
ever a broadband pulse is absorbed by a spectral feature
with a linewidth narrower than the bandwidth of the
incident pulse [21]. This absorption regime differs from
that of photon-echo and FID processes, where the probe
bandwidths must be smaller than or comparable to the
width of the inhomogeneously broadened emitters [37].
In the writing stage, storage is achieved by converting the

built-up polarization into a collective spin excitation via a
control field [Fig. 1(a)] before superradiant emission
proceeds. For efficient P̂ → Ŝ mapping, (i) the control
duration (TC) must be much shorter than the superradiant
decay time (TC ≪ TSR) ensuring minimum leakage, and
(ii) the control pulse area must be π, ensuring maximum
transfer [21,27,34,38]. Like all spin-wave memories, the
initial coherence remains stored up to a time limited by the
spin-wave decoherence. Finally, retrieval is implemented
by reapplying the π pulse to map the coherence from
Ŝ → P̂ → Ê, recovering the probe into the output photonic

mode [Figs. 1(b) and 1(d)]. Bidirectional emission, as
observed in some superradiance experiments [39–41], is
not a factor in this memory system. The phase pattern of
excited dipoles is imposed by the interference between
probe and control fields, and phase matching conditions
ensure that the retrieved probe is emitted into the desired
mode.
To experimentally demonstrate the SR memory, we use

an ensemble of NA ≈ 2 × 108 laser-cooled 87Rb atoms.
With 1=e2 Gaussian diameters of 2.5, 3.6, and 4 mm, the
cloud has volume density 7 × 109 cm−3 and peak optical
depth d ¼ 9 (along the longest direction). We form the Λ
configuration on the “D2” line, with levels jgi≡ j5S1=2;
F ¼ 1i, jsi≡ j5S1=2; F ¼ 2i, and jei≡ j5P3=2; F0 ¼ 2i.
The probe and control fields, resonant with the jgi ↔
jei and jsi ↔ jei transitions, are derived from two inde-
pendent, phase-locked lasers, and temporally shaped via
electro-optic (EOM) and acousto-optic (AOM) modulators,
respectively [Fig. 2(a)]. Depending on the mean photon
number per probe pulse ðn̄inÞ, the control field is oriented
either at θ ¼ 5° (high n̄in ∼ 103) or θ ¼ 50° (single-photon-
level probe with n̄in < 1, where the large angle permits
spatial filtering of scattered control noise [42]) relative to
the probe axis. The output probe is detected along the
forward direction using a single-photon detector (SPD) and
a time-to-digital (TDC) counter. An experimental sequence
begins with ensemble preparation, followed by 1000
measurement-and-detection events performed over 1 ms.
To begin, we characterize the superradiant behavior of

our cold Rb ensemble by sending short (TP¼20ns<1=γ¼
54ns) probe pulses with increasing-exponential profiles
and sharp switch-off [Fig. 2(b)]. The probe is almost
completely absorbed up to the switch-off time, and sub-
sequently re-emitted along the forward direction, as super-
radiance with characteristic time TSR ¼ 8 ns. The observed
superradiant decay time is shorter than both the input
duration and the spontaneous emission lifetime [5,9,10,43–
45], by factors of 2.5 and 3.5, respectively. A linewidth (Γ)
measurement of the probe transition confirms no inhomo-
geneous broadening [46,47], which together with the probe
bandwidth 2πB > Γ, shows the conditions for superra-
diance are satisfied [Fig. 2(b), inset].
Next, we verify the superradiant nature of re-emission by

measuring its decay time as a function of optical depth
[Fig. 2(c)]. We control the optical depth between d ¼ 1.5 to
9 by varying the atomic cloud’s time-of-flight spatial
expansion before measurement. For each d, we extract
the 1=e decay time (TSR), shown in Fig. 2(c) inset, with
times fromTSR ¼ ð8.0� 0.1Þ ns toTSR ¼ ð18.8� 0.8Þ ns,
confirming emission’s superradiant behavior: the enhance-
ment of the decay rate with respect to optical depth is the
characteristic signature of superradiance [5,9,10,43–45].
This inset also shows SR emission efficiency: the higher
the d, the greater the energy contained within the emitted
signal and the shorter the emission timescale, suggesting that
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FIG. 1. SR memory protocol. (a) A short input probe (pink)
with duration TP ≪ 1=γ is absorbed by an ensemble with
d ≫ 1, and, absent the memory control, superradiantly reemits
(green) with decay time TSR ≪ 1=Γ. When a π control (gray) with
a duration TC ≪ TSR is applied, it suppresses superradiant
emission and induces photonic storage. (b) Reapplying
the π-pulse (gray) results in emission of the stored probe. (c) Time
evolution of (normalized) photonic (pink), polarization (orange),
and spin-wave (blue) coherences at the input face of the
medium, showing probe storage. (d) Coherences upon readout,
in backward recall. Simulation parameters [TP; d; TC; B;ΩC; η]
are [0.037=γ; 50; 0.0074=γ; 13.3Γ=2π; 207Γ; 0.79].
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high memory efficiency requires both large optical depth
(leading to an efficient polarization buildup) and fast
writing.
We demonstrate the distinct operation of the SR spin-

wave memory by storing an exponentially rising 10-ns
probe (containing n̄in ≈ 1.5 × 103 photons), and retrieving
it along the forward direction, using Gaussian write and
read control pulses of full-width-at-half-maximum duration
TC ¼ 20 ns and peak power 8 mW [Fig. 2(d)]. The write
control is applied 25 ns after the probe, ensuring the storage
process is activated only by the SR memory mechanism
[34]. By changing the time interval between write and read
stages, we observe an exponential decay of the memory
efficiency yielding a 1=ememory lifetime of ð4.2� 0.3Þ μs
[Fig. 2(e)], limited by the spin-wave decoherence induced
by ambient magnetic fields. At 200 ns storage time, the
efficiency is 3%, significantly lower than the maximum
achievable SR memory efficiency of 31%, calculated for
d ¼ 9 and forward recall. Achieving this efficiency requires
optimization of both probe and control fields.
An optimized probe is characterized by an exponentially

rising temporal shape with a duration that matches the
superradiant decay of our system, which makes it broad-
band, since B ∝ 1=TP ≈ 1=TSR > Γ. In our demonstration,
both the probe shape and duration [TP ¼ 10 ns ≈ TSR ¼
8 ns] adequately fulfill these optimal conditions [34], but

the efficiency is limited by nonoptimized control: even at
our maximum power, the shortest π pulse we can generate
exceeds TSR, violating the condition TC ≪ TSR. As a
result, a significant fraction of the polarization coherence
P̂ is lost via superradiant emission before it can be mapped
to the spin wave Ŝ. This loss could be eliminated by using
a nanosecond-long control, which would require 2 orders
of magnitude more intensity for the π pulse. Still, in the
absence of such intensity, the fast-writing process is evident
in these experiments. First, the temporal separation
between probe and write control ensures the storage
mechanisms from other protocols are suppressed [34];
second, when the system is prepared at a lower optical
depth (d ¼ 6) and consequently longer TSR (11 ns), the
maximum power acts over this longer TSR and transfers a
greater proportion of P̂ to Ŝ, increasing the memory
efficiency (from 3% to 5%) [34]. This counterintuitive
increase in efficiency for lower d under nonoptimal
conditions is characteristic of the SR mechanism, and
would not be found in alternate memory mechanisms.
Additionally, we find that under similar conditions, the
efficiency for longer probe pulses (lower bandwidths)
decreases, indicating that SR memory operates best for
shorter pulses, up to where TP is comparable to TSR [34].
Next, we investigate the compatibility of SR memory

with quantum signals by operating with probe pulses at the

FIG. 2. Demonstration of SR memory in cold 87Rb atoms. (a) Schematic of the setup. FC: fiber coupler, AOM: acousto-optic-
modulator, EOM: electro-optic-modulator, SPD: single-photon-detector, TDC: time-to-digital converter, BD: beam dump. (b) Super-
radiant emission following an exponential probe. Inset: probe spectral profile (solid red) with bandwidth B ¼ 1.23Γ=2π for linewidth
Γ ¼ 2π × 6 MHz (shaded blue). (c) Decay of the emission intensity (normalized to its own maximum) for optical depth 9 (red circles), 5
(blue squares), and 3.5 (green diamonds), with solid lines fit to the data. Black dashed line shows spontaneous-emission decay
(independent of d). Inset: superradiant decay time TSR and emission efficiency versus optical depth. Solid black line is fit of measured
TSR values using Eq. (1), which matches the probe duration for optimal storage via the SR protocol. (d) Storage and forward retrieval of
a TP ¼ 10 ns, B ¼ 12.7 MHz probe containing n̄in ≫ 1. Inset: SR emission without control. (e) Variation of memory efficiency with
storage time [34]. (f) Storage and recall at the single-photon level with n̄in ¼ 0.18. Inset: memory-retrieved signal intensity relative to
noise measured in four configurations (other colors) [34].
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single-photon level. In particular, we measure noise from
extraneously added photons during the memory opera-
tion and use this to predict fidelity for quantum state
storage. We measure an unconditional noise probability of
ð2.1� 0.2Þ × 10−4 [34], which corresponds to a stored-
and-recalled signal-to-noise ratio (SNR) of 12.4� 1.2 for a
10-ns probe with n̄in ¼ 0.18 [Fig. 2(f)]. If quantum states
were encoded in these pulses, this SNR indicates a
maximum quantum storage fidelity of F ¼ 1 − 1=SNR ¼
0.92� 0.09. Experimentally, memory efficiency remains
constant across different values of n̄in, yielding a linear
increase in SNR [34]. Importantly, SNR is limited only by
noise from scattered control beams and not by any physical
process linked to memory operation, suggesting that the SR
protocol will reliably store quantum signals, such as those
encoded in space, polarization, or time bins.
With these proof-of-concept results at hand, we consider

future implementations by examining optimality conditions
for the SR protocol. Independent of any memory approach,
the “optimality” criterion dictates that the maximum achie-
vable memory efficiency (ηopt) is universal and depends
only on the medium’s optical depth [27,31], and can be
satisfied by implementing protocol-specific optimizations
of both the probe and the control, under the backward-
recall configuration.
Probe optimization in the SR protocol relies on both

maximizing the polarization buildup and ensuring its
proper spatial distribution [PðzÞ] in the absorption stage,
which leads to an optimal spin-wave mode in the sub-
sequent writing and readout stages. This is achieved by an
input temporal profile that matches the time reversed
replica of the superradiantly emitted pulse, both in shape
and duration [22,26,48–50]. For a Lorentzian spectral
feature as in our cold Rb system, inset of Fig. 2(b), the
optimal shape of this probe is an exponentially rising
envelope with its duration given by [21,38]

Topt
P ≈

1

Γ

�
1

1þ d=4

�
; ð1Þ

which corresponds to the system’s TSR emission time, as
verified numerically and experimentally [solid fit in
Fig. 2(c), inset]. For optical depths d > 1, the pulse time
is shorter than spontaneous emission lifetime, and thus the
probe bandwidth exceeds Γ, rendering this protocol in-
herently broadband.
Control optimization requires write-and-readout π pulses

with durations TC much shorter than TSR. For square
control pulses, numerical simulations verify that Topt

C ≈
TSR=10 ≈ Topt

P =10 is sufficient for optimal efficiency, in
turn requiring ΩC ≫ γð1þ dÞ for fast writing and retrieval
[27,31]. For the Gaussian controls used in our experiments
(with d ¼ 9), this translates to a peak Rabi frequency
Ωopt

C ¼ 130γ, well above our experimental Ωexp
C ¼ 4.8γ,

accounting for the memory inefficiency.

Under optimized probe-and-control conditions, we
investigate the optical-depth dependence of probe duration
(bandwidth) in terms of the adiabaticity parameter (Topt

P dγ).
Using Eq. (1) and for d ≫ 1, Topt

P dγ ≤ 2, which represents
the “fast” operating regime opposite to that of adiabatic
memories, which instead are characterized by Topt

P dγ ≫ 1
[27,31,33]. Clearly, SR memory falls into the class of
nonadiabatic memories [37,51], which are inherently suit-
able for optimal storage of broadband signals (2πB > Γ).
We note, however, that in homogeneously broadened
media, the bandwidth of the SR control fields is ultimately
limited by the spacing between ground levels. For example,
storage of a one-nanosecond probe would require control
fields with gigahertz spectral width, comparable to the
ground-state hyperfine splitting of alkali atoms. Such broad
control fields may off-resonantly excite atoms in jgi,
creating spurious spin waves that can add photonic
noise at the memory output via four-wave mixing (FWM)
[25,52–55].
Finally, we make a performance comparison (in terms of

efficiency, optical depth, bandwidth, and control power)
between SR and other memory approaches, including
Autler-Townes splitting (ATS) [42,56–58] and electromag-
netically induced transparency (EIT) [59–61], which are
examples of nonadiabatic and adiabatic protocols, respec-
tively. We base this comparison on typical adiabaticity
parameters, corresponding to TPdγ ¼ 2 (SR); TPdγ ¼ 14
(ATS); and TPdγ ¼ 60 (EIT), for a broadband, exponential
probe with TP ≪ 1=γ. For a given bandwidth (probe
duration), the optical depth required for optimal SR
efficiency is 7 times lower than in an ATS memory and
30 times lower than in an EIT memory [Fig. 3(a)].
Equivalently, for a given optical depth, the bandwidth that
can be optimally stored using the SR protocol is higher than
the corresponding bandwidth in the ATS and EIT protocols
by the same factors, showing that SR protocol is the fastest
among all protocols that are suitable for homogeneously
broadened transitions [Fig. 3(b)]. Furthermore, Fig. 3(c)
shows scaling of the optimal peak control intensity (∝ Ω2

C)
as a function of probe bandwidth B, with ΩATS ¼ 2πð2BÞ;
ΩEIT ¼ 2πð6.6BÞ; and ΩSR ¼ 2πð31.2BÞ, implying orders
of magnitude larger control power is required for the SR
protocol. In sum, SR memory operates optimally at sub-
stantially lower optical depths, but its demand on control
power is significantly larger. A protocol’s resource depend-
ence (on d and ΩC) plays a crucial role in determining the
impact of fundamental noise processes on the storage
fidelity. In particular, photonic four-wave-mixing (FWM)
noise bears an exponential and quadratic scaling to the
optical depth and control power, respectively [54,62,63],
and as such, the FWM strength associated with an optimal
SR memory can be a factor of 3–7 times lower than that for
an adiabatic memory [34,42].
In conclusion, we experimentally demonstrated a broad-

band spin-wave memory based on the superradiance effect
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in a cold Rb gas. This memory approach offers the shortest
pulse storage in systems with transition linewidths nar-
rower than the signal bandwidth. Besides conventional
platforms like atomic gases and solid state systems, a
high-performance SR memory could be implemented using
Bose-Einstein condensates in the originally conceived
superradiant regime with large density and dimensions
comparable to the excitation wavelength [1], and other
interesting effects may emerge by considering subwave-
length structured arrays when applied to memory [64,65].
Beyond broadband quantum memories, our results may
find use in the realizations of fast and efficient heralded
single photon sources [38], atom-based optical processing
[66], and superradiance-mediated dipole blockade effects
[67,68].
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