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Abstract: We propose and demonstrate a scheme to strongly suppress four-wave mixing
noise on the output of a Raman quantum optical memory. We show that heralded single-
photon states can be recalled nonclassically using our device. © 2018 The Author(s)
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Single-mode broadband quantum memories provide unique capabilities that can enhance and expand the perfor-
mance of future quantum networks. On the one hand, they facilitate the temporally multiplexed generation of pure
single photons at high clock rates, which can dramatically increase photon generation rates [1]. On the other hand,
their single mode nature allows for operation as a broadband beam splitter that can operate on novel bases for in-
formation encoding. Their usefullness within quantum architectures hinges on the ability to preserve and retrieve
the non-classicality of the input quantum state, thus requiring low-noise operation for any quantum applications.
Our quantum memory system of choice operates using a Raman transition in the A energy level system of warm
caesium vapour to store an input signal. Applying a strong control field, together with the input signal creates
a 2-photon transition, storing the signal as a coherence between long-lived spin states, across the entire ensem-
ble [2]. The Raman memory combines high-bandwidth storage, room-temperature operation, mode-selectivity,
and moderate storage times. This memory offers large time-bandwidth products in excess of 1000 making it a
very promising candidate for synchronisation of probabilistic operations.
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Fig. 1. a) Energy level diagram showing the fields involved in the Raman memory, the input signal
is stored as an atomic coherence or spin-wave across the ensemble. b) The fields involved in the
four-wave mixing noise process whereby spurious signal is produced via anti-Stokes scattering. c)
The field arrangement in the absorptive noise suppression scheme where the signal and control are
chosen such that the anti-Stokes is resonant with the atomic transition. d) Transmission spectrum of
warm caesium vapour in a nitrogen buffer gas. The arrows show the frequency of the signal, control
and anti-Stokes fields for the absorptive (left) and standard (right) Raman protocols. The anti-Stokes
field is on resonance with the atomic transition in the absorptive scheme.

Of utmost importance to any memory protocol is the requirement of noise-free operation. Previous implementa-
tions of the Raman memory have suffered from four-wave mixing noise (Figure 1b) where the control couples to
the populated state to produce a noise photon, and corresponding noise spin-wave by anti-Stokes scattering. This
noise contaminates the retrieved fields with thermal noise, destroying the non-classical statistics of stored quantum
states. This has been identified as the key limiting factor in reaching quantum level operation [3].

In the past, the inclusion of a cavity around the memory [4] (which is limited by intra-cavity loss), or a weak
two-photon absorption process to another isotope [5], have been used to achieve noise-suppression. Here, we
arrange the Raman memory interaction such that the anti-Stokes field is resonant with the populated transition



(|1) — |3) in Figure 1d) of the same caesium isotope, thereby undergoing strong absorption and dispersion, and
thus suppressing the noise.

To test the effect of this suppression method we conduct storage of weak coherent states under the two schemes by
looking at how the noise level scales with the memory lifetime (Figure 2 left). For the standard Raman memory,
the noise in the input time-bin is constant, but the noise in the retrieval time bin decreases with storage time.This
indicates that the noise process involves an atomic coherence which decays over a similar timescale as the memory
efficiency — consistent with four-wave mixing noise. For the absorptive memory the noise is independent of the
storage time, indicating that we have suppressed four-wave mixing and and observe a constant background from
residual technical noise such as spontaneous scattering due to imperfect optical pumping and fluorescence. These
would generate the same amount of noise photons on every application of the control pulse.

To test the quantumness of the memory, we measure the second order autocorrelation function of the retrieved
light as a function of coherent state amplitude. By developing a model for the output g(?) we are able to predict the
statistics for the retrieved state, given a single photon input. We are able to show that this method could retrieve
a non-classical state from a single-photon with this noise-suppression scheme, providing the heralding efficiency
was greater than 27%.
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Fig. 2. Left: The measured noise photons per pulse, Npoise, retrieved from the memory as a function
of storage time for the absorptive (red) and standard (blue) Raman memory. Right (Upper): The
measured g(z) of the retrieved state from the memory as a function of the retrieved photon number,
Nout for the absorptive and standard Raman memory. The solid lines are the fit to data using the
model we have developed, and the shaded regions indicate the 95% confidence intervals on the fit.
(Lower): The predicted g(()?t for a single photon input with gl(f ) = 0.02 as a function of the input
photon number or heralding efficiency, 1y, using the parameters from the fit above.

(Note: error bars are within marker size)

With the potential elimination of this noise pathway, the Raman memory is a technically simple broadband and
single mode memory capable of manipulating and storing an arbitrary and user-chosen quantum state in the tem-
poral mode basis. This has many future applications including the re-shaping of the temporal wavepacket from
solid state systems, such as atoms and quantum dots, for more efficient interfacing in hybrid quantum architec-
tures. Therefore, with further engineering, the Raman memory is a promising candidate for room-temperature
temporal-mode manipulation and multiplexed photon generation in future quantum networks.
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