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Broadband quantum memories hold great promise as multiplexing elements in future photonic quantum
information protocols. Alkali-vapor Raman memories combine high-bandwidth storage, on-demand
readout, and operation at room temperature without collisional fluorescence noise. However, previous
implementations have required large control pulse energies and have suffered from four-wave-mixing noise.
Here, we present a Raman memory where the storage interaction is enhanced by a low-finesse birefringent
cavity tuned into simultaneous resonancewith the signal and control fields, dramatically reducing the energy
required to drive the memory. By engineering antiresonance for the anti-Stokes field, we also suppress the
four-wave-mixing noise and report the lowest unconditional noise floor yet achieved in a Raman-type warm
vapor memory, ð15� 2Þ × 10−3 photons per pulse, with a total efficiency of ð9.5� 0.5Þ%.
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Quantum information technologies such as quantum key
distribution and random number generators are beginning to
transition into the commercial sphere, where key require-
ments are the ability to function at high speed, and in
nonlaboratory settings. The high carrier frequency of optical
signals enables photonic quantum devices to operate noise
free at room temperature while offering GHz-THz opera-
tional bandwidths. However, direct photon-photon inter-
actions are prohibitively weak, which has held back the
development of photonic quantum processors. One solution
to this problem has been to use probabilistic measurement-
induced nonlinearities [1], but the probability of success
decreases exponentially with system size, limiting the state
of the art to < 10 photons [2]. The further scaling of
photonic devices requires a multiplexing strategy.
Quantum memories capable of storing photons and re-
leasing them on demand provide the ability to temporally
multiplex a repeat-until-success architecture to achieve a
freely scalable photonic quantum information platform
operable at room temperature.
There are many types of quantummemory for light under

development: electromagnetically induced transparency [3],
the full atomic-frequency comb protocol [4,5], gradient-
echo memories [6,7], and the far-off-resonant Raman
memory [8–10]. Each of these protocols has advantages
and challenges; see Ref. [11] for a recent review. A helpful
metric for temporal multiplexing is the time-bandwidth
product B ¼ τδ, with δ being the acceptance bandwidth
and τ the memory lifetime. B is the maximum number of
time bins over which a memory can synchronize an input
signal. Time-bandwidth products of B > 1000 enable a
dramatic enhancement in the multiphoton rate from

parametric photon sources [12], as required to utilize
multiphoton interference for computational speedup (e.g.,
boson sampling [13]). Large time-bandwidth products have
been achieved with cold atom memories [14,15], cryogenic
rare earth ion memories [16], and room-temperature
Raman memories [8,17]. Cavity-enhanced light-matter
interactions with atomic ensembles have been demonstrated
in many systems—for instance, electromagnetically
induced transparency using cold atoms [18] and room-
temperature cavity-enhanced narrow band spin squeezing
[19], photon production, and memory operation [20] have
been shown. In this Letter we present an implementation of a
cavity-enhanced alkali-vapor broadband Raman memory,
operating at 75 °C, and show the lowest-noise floor dem-
onstrated in such a room-temperature memory to date.
In a Raman memory, an intense control field induces a

two-photon absorption feature far detuned from any atomic
resonance. The absorption linewidth of the field-dressed
atoms can be made broadband with a pulsed control [17],
enabling a large time-bandwidth product even with ∼μs
coherence times in a room-temperature vapor [8], and
allowing direct interfacing with pulsed heralded photon
sources [21,22]. Operation with temporally short and far-
detuned pulses also removes contamination of the retrieved
signals by collision-induced fluorescence [23]. However,
large control pulse energies are needed to drive the storage
interaction far from resonance, and the control can also drive
unwanted four-wave mixing, introducing noise which can-
not be filtered out either spectrally or temporally. Four-
wave-mixing noise has emerged as the last remaining
roadblock to the development of efficient Λ-type room-
temperature quantum memories [21,24–27]. We solve this
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problem by introducing a new cavity-enhanced Raman
memory protocol. We place the atoms inside a low-finesse
optical cavity that both enhances the strength of the Raman
interaction, reducing the power requirements on the control
field, and suppresses four-wave mixing.
To describe how the cavity enhances the memory, we

first introduce the standard Raman protocol, which we have
developed in cesium vapor at ∼70 °C [8,21,28–30], using
the Λ system of the Cs D2 line comprising the hyperfine
ground states 6S1=2, F ¼ 3 (j3i), F ¼ 4 (j1i), with a
hyperfine splitting of ΔHF ¼ 9.2 GHz and the 6P3=2

excited state manifold (j2i), whose hyperfine structure is
unresolved; see Fig. 1(a). We initialize the memory by
optically pumping the atoms into j1i. Light storage and
subsequent retrieval are mediated by the application of
bright control pulses with bandwidth δ, time-dependent
Rabi frequency ΩðtÞ, and detuning Δs from resonance with
the j3i ↔ j2i transition. This adiabatically couples the
signal mode ŝ to a delocalized excitation of the storage
state j3i described by the spin-wave mode b̂, according to
the beam-splitter-like Hamiltonian HBS ∝ Csŝb̂

† þ H:c:,

where the Stokes coupling parameter is given by
Cs ¼

ffiffiffiffiffiffiffiffiffiffi

Wdγ
p

=Δs, with W ¼ R jΩðtÞj2dt proportional to
the control pulse energy E and d the resonant optical depth
of the j1i ↔ j2i transition, with linewidth γ [34]. The
origin of the unwanted four-wave-mixing noise is the
coupling of the control field to the ground-excited tran-
sition j1i ↔ j2i with detuning Δa ¼ Δs þ ΔHF, on which
it drives spontaneous anti-Stokes scattering in mode â,
producing anti-Stokes photons and spin-wave excitations in
pairs [35]. The interaction is, accordingly, described by a
two-mode-squeezing Hamiltonian HTMS ∝ Caâ b̂þH:c:,
with the anti-Stokes coupling given by Ca ¼ CsΔs=Δa.
If Δs ≳ ΔHF, the interactions described by HBS, HTMS are
of comparable strength, and the probability of spontane-
ously generating a spin-wave excitation approaches that of
mapping an incident signal photon into the spin wave. The
retrieved fields are then contaminated with thermal noise
(half of a two-mode-squeezed state), which destroys the
nonclassical statistics of stored single photons [21].
One way to prevent four-wave mixing is to use polari-

zation selection rules such that the control field only couples
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FIG. 1. (a) Energy level diagrams showing theD2 Λ level scheme in Cs. There are two major interactions: one, the Stokes scattering—
involving the signal field ŝ (the green arrow), the control field (the red arrow), and spin wave b̂ (the red loop), this is the desired memory
interaction; two, anti-Stokes scattering—involving the control field, anti-Stokes mode â (the blue arrow), and spin wave b̂. The third
diagram is the effective noise-process, anti-Stokes scattering followed by Stokes scattering, a four-wave-mixing interaction.
(b) Measured frequency response of the atom-filled cavity system. The top is for the signal and anti-Stokes polarization, and the
bottom is for the control polarization. The dashed lines are measured responses (see the Supplemental Material [31]) and the solid lines
are our theory model using measured values of the cavity parameters [33]. The grey solid areas represent the absorption in the cavity, and
they are an indication of our spin polarization, with ∼80% in the ideal F ¼ 4 state. The green pulse shows the location of the signal and
the blue the anti-Stokes, while the red is the control. (c) Scale diagram of the cavity Raman quantum memory. We operate the ring cavity
in transmission, where incoupling and outcoupling mirrors have the amplitude reflectivities r1 and r2, respectively. The curved mirror
has R ¼ 40 mm, and the small green rectangle represents the 200 μm-thick LiNbO3 birefringent crystal, which we tune with
temperature to reach the desired cavity conditions. (d) Experimental schematic; for more details see the main text and the Supplemental
Material [31] (SMF, single-mode fiber; MMF, multimode fiber; APD, avalanche photodiode; EOM, electro-optic modulator).
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to the j3i − j2i transition. However, for alkali atoms this is
not possible due to destructive interference between inter-
action pathways associated with different intermediate
excited states j2i [26]. Four-wave mixing can also be
suppressed in dispersive media where it is poorly phase
matched [9,22], but the Stokes shift ΔHF in alkali vapors is
not large enough to introduce a significant phase mismatch.
A third approach towards suppressing four-wave mixing is
the creation of a second Raman absorption feature at the
anti-Stokes frequency [36]. While promising, this method
requires the use of an atomic species with three ground
states, and it therefore cannot be implemented in 133Cs.
The cavity-enhanced Raman memory instead suppresses

HTMS relative to HBS by engineering the density of
scattering states so that anti-Stokes scattering into the
fundamental cavity mode is forbidden by destructive
interference. That is, we arrange for the signal (Stokes)
field to coincide with a cavity resonance, while the anti-
Stokes field is antiresonant with the cavity. Setting the free-
spectral range (FSR) of the cavity accordingly, with
FSRm ¼ 4ΔHF=ð2mþ 1Þ, for an integer m, and a round-
trip optical path length lm ¼ c=FSRm, the spontaneous
generation of spurious spin-wave excitations by anti-Stokes
scattering via HTMS is then reduced relative to HBS by the
ratio of intracavity field amplitudes, parametrized by the
noise suppression factor x ¼ ð1 − μsÞ=ð1þ μaÞ ≈ 0.24,
where μs;a;Ω denotes the cavity–round-trip amplitude losses
for the intracavity fields for the Stokes (μs ¼ 0.6), anti-
Stokes (μa ¼ 0.6), and control (μΩ ¼ 0.4) frequencies.
Much greater noise suppression could be achieved with
a moderate increase in the cavity quality factor.
With a cavity around the atoms, the acceptance bandwidth

of the memory is now limited by the cavity resonance
linewidth, so that a broadband memory requires a low-
finesse cavity. However, unlike in single-atom cavity QED
[37], where very high cavity quality factors are required to
achieve the strong coupling regime and suppress sponta-
neous emission in any direction, here we require only the
suppression of on-axis spontaneous anti-Stokes scattering
since off-axis scattering couples to momentum-orthogonal
spin-wavemodes that are not phasematched [27] and do not
contribute noise. Cavity-enhanced ensemble Raman storage
is therefore technically less demanding than cavity-QED-
based storage, requiring only low tomoderate finesse, which
remains compatible with broadband operation (δ ∼ GHz).
The broadest acceptance bandwidth is obtained for a

zero-order cavity with FSR0 ¼ 36.8 GHz, but to achieve
l0 ¼ 8.1 mm would require a monolithic construction. For
our demonstration, we instead constructed a second-order
cavity with FSR2 ¼ 7.36 GHz and l2 ¼ 40.8 mm. We
chose a ring geometry instead of a linear one so as not
to produce a standing wave inside the cavity since atoms
diffusing into the field nodes during the storage time would
not interact at retrieval. To incouple the control field, which
is linearly polarized orthogonal to the signal and anti-
Stokes modes, we tune the cavity birefringence by heating

a thin sliver of LiNbO3 (see Fig. 1) to achieve simultaneous
resonance for the signal and the control fields. The cavity
length is stabilized with a Hänsch-Couillaud lock [38]: we
inject a HeNe laser into the cavity and feed back on the
polarization rotation of the beam by adjusting the cavity
length with a piezoelectric actuator (see Fig. 1). A micro-
controller (Arduino Due) provides both fast (kHz) [39] and
slow (mHz) feedback (see the Supplemental Material [31]).
In addition to suppressing four-wave-mixing (FWM)

noise, the double resonance configuration for the control
and signal fields reduces the control pulse energy required to
drive the memory by a factor of ∼F 2

sF 2
Ω=π

4 compared to an
equivalent free-spacememory,whereF s;Ω denotes the cavity
finesse for the signal and control modes. In our experiment
F s ∼ 7 and FΩ ∼ 4, combined with the slight imperfect
resonance of the control field [see Fig. 1(b)], we obtained a
reduction in energy of ∼10. A moderate increase in cavity
quality could achieve extremely low operating power.
As can be seen from Fig. 1(b), absorption and dispersion

around the atomic resonances significantly modify the
cavity mode structure [33]. The Cs vapor pressure depends
exponentially on temperature. So, to maintain the reso-
nance condition required for the memory, we developed
active temperature stabilization to within 0.1 °C; see
Supplemental Material for details [31].
The experimental setup for the memory is shown in

Fig. 1(d). The signal and control fields are derived from a
modelocked Ti:sapphire oscillator producing pulses with
320 ps duration (δ ¼ 1.2 GHz); details can be found in
Ref. [21]. The signal and control pulses are coupled into
the same single-mode fiber and directed towards the cavity
memory. After the memory we block the control pulses with
polarization and spectral filtering, with a rejection of 140 dB
and a transmission for the signal of ∼1%, necessary because
the control field and the weak-signal field are copropagating
and close in frequency. The frequency separation in units of
signal bandwidth is ∼9, making frequency filtering challeng-
ing. After many air-spaced etalons in series, we detect the
transmitted and retrieved signal photons with a Geiger-mode
avalanche photodiode (Perkin-Elmer SPCM-AQRH) and a
time-to-digital convertor with 81 ps resolution (qutools
quTAU). Figure 2(a) shows storage and retrieval with con-
secutive control pulses separated by 12.5 ns. The input signal
average photon number is 0.7� 0.1 and the memory effi-
ciency is ð9.5� 0.5Þ%, while the noise floor is hnnoisei ¼
0.015� 0.002 photons per control pulse in the readout time
bin, at the output port of the memory (see the Supplemental
Material [31]). This is the lowest noise floormeasured inwarm
vapor Ramanmemories to date.We also measure the effect of
memory efficiency with control pulse energy [see Fig. 2(b)].
We observe a maximum efficiency at E ∼ 1.5 nJ before the
memory efficiency is decreased due to the dynamical ac-Stark
effect. Nevertheless, the measured efficiency agrees with our
new theoreticalmodel; see theSupplementalMaterial [31] and
Ref. [40]. This effect can be compensated for by using
appropriate pulse shaping [24,28,41]. We also measured the
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memory lifetime to be τ ¼ 95� 7 ns, without any magnetic
shielding (see the Supplemental Material [31]). This agrees
with our previous measurements without shielding, and we
expect to easily extend this to > μs with magnetic field
shielding in the future [8].
The noise floor in our experiment contains contributions

from four-wave mixing and also from spontaneous emis-
sion. To compare this with the theory, we fit our measure-
ments and extract the FWM E2-scaling component of the
noise floor to find 0.006� 0.003, which agrees well with
the theoretical prediction of 0.005 (see the Supplemental
Material [31]). Furthermore, a convenient metric to deter-
mine whether we have suppressed the noise is the μ1
parameter [4], where μ1 ¼ hnnoisei=ηtot, a fair metric to
compare different devices because it includes both memory
efficiency and a noise floor. To determine this accurately,
we vary the coherent state amplitude and determine the
signal-to-noise ratio (SNR) for each, shown in Fig. 3. By
fitting this data, we determine a raw μ1 of 0.17� 0.02, a
considerable improvement compared to free-space Raman
memories, for which μ1

0 ∼ 0.5 [21]. This is a clear
demonstration of noise suppression in a far-off-resonant
broadband Raman memory for the first time.
In order to take full advantage of the cavity-induced FWM

noise suppression, it will be necessary to remove the
remaining sources of noise. This can be achieved by
improving the optical pumping efficiency and suppression
of counts arising from the pumping laser. The task at hand
therefore reduces to a readily solvable engineering challenge.

Once achieved, we can predict the expected performance of a
future cavity Raman memory with heralded single photon
inputs. Even at the current moderate memory efficiencies,
and using spontaneous parametric down-conversion sources
which have previously been shown to be compatible with
broadband Raman memories [21], interfacing them with our
newexperiment should enable nonclassical retrieval of single
photons [40]. A realistic route to increasing the memory
efficiency beyond 10% is to surpass the current maximum
cesium number density caused by light trapping; a process
that inhibits optical pumping at high temperatures. This can
be avoided by using quenching [42]. Furthermore, we can
further increase memory efficiency by compensating for the
ac-Stark shift using pulse shaping, or by increasing the
finesse of the cavity. Therefore, our new cavity-enhanced
Raman memory has laid the ground work for a true room-
temperature quantummemory for broadband heralded single
photons in the near future.
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FIG. 3. Measurement of μ1. To measure μ1, we operate the
memory with a control pulse energy of ∼1.4 nJ, corresponding to
our optimal SNR condition. We then measure the signal-to-noise
ratio for various input coherent state amplitudes. Where the fits
cross the horizontal-black dashed line (SNR ¼ 1) is the value of
μ1, with a smaller μ1 desirable. The blue circles are our measured
values; error bars are smaller than the marker dimension. The
lower-red dashed line represents the state-of-the-art using cavity-
free Raman memory experiments [21], with a μ1

0 ≈ 0.5. The
upper-blue dashed line is the expected performance from our
theoretical model, with μIdeal1 ¼ 0.005. We do not reach this ideal
noise floor due to experimental imperfections not included in the
model (see the Supplemental Material [31]). After fitting our data
with y ¼ x=μ1, we extract μ1 ¼ 0.17� 0.02. The error is
calculated using a Monte Carlo simulation.
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