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A long-lived quantum memory is a firm requirement for implementing a quantum repeater scheme. Recent
progress in solid-state rare-earth-ion-doped systems justifies their status as very strong candidates for such
systems. Nonetheless an optical memory based on spin-wave storage at the single-photon level has not been
shown in such a system to date, which is crucial for achieving the long storage times required for quantum
repeaters. In this paper we show that it is possible to execute a complete atomic frequency comb (AFC) scheme,
including spin-wave storage, with weak coherent pulses of 7 = 2.5 £ 0.6 photons per pulse. We discuss in detail
the experimental steps required to obtain this result and demonstrate the coherence of a stored time-bin pulse.
We show a noise level of (7.1 & 2.3) x 1073 photons per mode during storage, and this relatively low noise level
paves the way for future quantum optics experiments using spin waves in rare-earth-doped crystals.
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I. INTRODUCTION

Quantum communication, if rigorously executed, provides
us with a provably secure method of communication [1]. How-
ever, inherently lossy channels limit the distance over which
the communication can be performed, which today is roughly
250 km [2-4]. A quantum repeater can in principle allow
quantum communication over longer distances [5—7], provided
that the required quantum memories are developed. Prime
candidates for quantum memories are atomic systems, which
are capable of maintaining the coherence of stored excitations
for long times. Atomic systems that are currently investigated
range from individual quantum systems [8,9], laser-cooled
atomic gases [10,11], and room-temperature atomic vapors
[12—14] to rare-earth-ion-doped crystals [15,16]. In Ref. [7] a
recent review can be found which compares different repeater
and memory protocols used in these atomic systems. A more
general review of quantum memories and their applications
can be found in Ref. [17].

Crystals doped with rare-earth-ion impurities have attrac-
tive coherence properties when cooled below 4 K; in particular,
hyperfine states can have coherence times which can approach
seconds [18]. This has provided a strong motivation for
developing quantum memories using such systems. Following
the first storage experiment at the single-photon level [19],
a succession of experiments demonstrated storage of single
photons [20,21] and generation of light-matter [15,16] and
matter-matter entanglement using crystals [22]. The quantum
memory performances have also been strongly developed,
particularly in terms of storage efficiency [23,24], multimode
capacity [25,26], and polarization qubit storage [21,27,28].

These experiments were performed for short storage times
(in the 10 ns to few us regime) using an optical coherence,
rather than exploiting long spin coherence times. Spin storage
experiments require strong optical control fields to convert the
initial optical coherence to a spin coherence. Photon noise is
induced by such an operation, which has been nonetheless
shown to work for alkali atomic systems [8-11,13,14].
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In rare-earth-ion-doped solids the task is complicated since
there is less spectral separation between the weak signal field
and the optical control field (roughly 100 times less). Scattering
from the control field is thus more likely as it propagates
through a dense solid-state crystal.

Two quantum memory schemes were specifically proposed
for solid-state ensembles; the controlled and reversible inho-
mogeneous broadening (CRIB) memory (see Ref. [29] and
references therein) and the atomic frequency comb (AFC)
memory [30]. The AFC has a particularly high multimode
capacity, which is the ability to store trains of single-photon
pulses [30,31]. This is crucial for speeding up quantum
repeater protocols [6].

The AFC scheme is based on an echo induced by a regular
spectral grating of periodicity A, in the absorption profile of
an inhomogeneously broadened sample. The pulse to be stored
in the memory is absorbed as a single excitation delocalized
over the entire ensemble. The periodic spectral grating means
that the affected atoms will rephase a time 1/A after the
initial storage and emit an echo (an AFC echo). The AFC
echo is only a delay line, unless combined with spin-wave
storage to achieve on-demand recall [30]. By this technique the
optical coherence is transferred (written) to a spin coherence
before the time 1/A has elapsed. This operation is performed
with a “control” pulse, essentially a  pulse over a particular
bandwidth. This action stops the phase evolution of the spectral
grating. Reversing the transfer, by applying the same control
pulse again, restarts the phase evolution and retrieves an optical
pulse as before (referred to as an AFC spin-wave echo). In
addition to on-demand recall, this scheme allows for longer
storage times due to longer spin coherence times. Yet, only a
few AFC spin-wave storage experiments have been reported,
all involving storage of bright classical pulses [32—34].

Here we demonstrate storage of an optical pulse containing
a few photons on average, using an AFC memory combined
with spin-wave storage in a europium-doped Y,SiOs crystal.
We apply a strategy of filtering in space, time, and frequency
in order to reduce unwanted emission from the crystal at the
moment the weak pulse is recovered from the crystal. To
quantify the degree of noise, we measure the unconditional
noise floor [13], which is the probability for the memory
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to produce a noise photon when the memory is read. We
report that the unconditional noise floor can be reduced to
(7.1 £2.3) x 107 by our filtering strategy, which is low
enough to allow for a range of quantum information schemes
that require manipulation of spin coherence. Using the ability
of the AFC memory to store multiple time bins, we also store
and analyze a time-bin pulse with higher photon numbers,
showing the high coherence of our memory.

This paper is organized as follows. We first describe
our experimental setup (Sec. II) and preliminary memory
properties in which bright optical pulses were stored (Sec. III).
The main result of our paper, storage of weak coherent pulses,
is shown in Sec. IV and coherence of the memory is shown in
Sec. V. Finally we discuss our results and conclude the paper
in Sec. VL.

II. EXPERIMENT SETUP

The crystal memory is europium-doped Y;SiOs crystal.
Europium is a promising candidate for quantum memories
due to its fine coherence properties at T below 6 K [35-37],
which ultimately could lead to an extremely long-lived [38]
and multimode memory [30]. In this work we use the optical
"Fy — °Dy transition at 580 nm. The crystal is isotopically
pure B'Eut:Y,Si05 (100 ppm). At a temperature of around
3 K we measure an overall absorption coefficient of o =
1.5cm™! and an optical inhomogeneous linewidth of 500
MHz. The relevant energy diagram is shown in Fig. 1(a). Our
input and control fields excite two optical-hyperfine transitions
separated by 35.4 MHz.

The schematic of the experimental setup [Fig. 1(b)]
shows only the optics around the cryostat containing the
STEu3*:Y,Si05 crystal of length L = 1 ¢cm. To reduce noise,
the strong laser beam used for optical pumping and for the
control pulses (control and preparation mode) is sent through
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FIG. 1. (Color online) (a) The atomic level scheme of the optical
transition 'F, —°D, in "'Eu?t:Y,SiOs. (b) A schematic of the
experimental setup around the memory; the rest of the experiment
has been suppressed for simplicity. The control and preparation beam
is in single pass (wide labeled arrow). The input mode (thin dashed
line) is in double pass, with the help of a Faraday rotator (FR) and
a polarizing beam splitter (PBS). On return from the crystal the
input mode passes through a Fabry-Perot (FP) cavity (bandwidth of
7.5 MHz). A classical detector (Sd) and 10 uW of horizontally
polarized light (thin dotted line) are used to actively and intermittently
stabilize the cavity to the frequency of the input mode. An acousto-
optical modulator (AOM) in double pass acts as a detector gate.
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the crystal with a small angle with respect to the pulse to be
stored and recalled (input mode). We estimate a spatial mode
overlap of 95%. The laser and the AOMs used for spectral
control are not shown in Fig. 1(b). The laser at 580 nm is a
commercially available system based on an amplified diode
laser at 1160 nm and a frequency-doubling stage. Before the
cryostat the intense control pulses had peak powers of up to
300 mW. The diode laser is stabilized to have a spectral
linewidth of approximately 30 kHz.

The AFC comb structures are created with frequency-
selective optical pumping techniques [32,39]. The maximum
optical depth we can achieve on the input transition is ¢ L =
2.4, in double-pass configuration.

III. BRIGHT PULSE STORAGE

We first characterize our memory using bright input pulses
of many photons and detecting the pulses with a linear
photodiode. We observe AFC echo efficiencies of just over
5% for 1/A = 6 us and AFC spin-wave echo efficiencies of
1% for spin-wave storage time Ts of 18 us. The reduction
in efficiency is mostly due to imperfect control pulses. We
estimate the transfer efficiency per control pulse to be roughly
0.5. By measuring the decay of the spin-wave echo as a
function of Ty, we estimate the inhomogeneous spin linewidth
to be 8 kHz. This measurement will be further detailed in a
future publication. The 8-kHz linewidth is surprisingly low, a
factor of 8 less than for the '>*Eu’*:Y,SiO5 (100 ppm) sample
we previously used [33]. This results in a spin-wave memory
time of Ty = 50 us [defined as 1n(Ty) = n(0) exp(—1)], the
longest so far obtained in an AFC memory. By applying
spin-refocusing techniques we can expect to increase it further,
up to the spin coherence time of 15 ms [37].

IV. SINGLE-PHOTON-LEVEL PULSE STORAGE

We now turn to the main results of the this paper,
storage of light pulses in the memory at the single-photon
level. AFC spin-wave storage for weak coherent pulses with
average photon numbers between 7 =2.5+0.6 and 71 =
11.2 £ 0.6 are shown in Fig. 2. The input pulse is 2 us long,
and the memory parameters are 1/A = 6 usand Ts = 21 us,
leading to a total storage time of 27 5. The duration and shape
of the control pulses were optimized for the highest SNR; see
discussion below. These measurements are performed, as all
of the measurements shown in this paper, without the cryostat
switched on to reduce the effect of vibrations on the comb
structure [33].

There are two principal mechanisms which are responsible
for the noise created by the bright control pulses. One is
scattering of the laser light itself from optical surfaces. Another
is emission from the atoms which have been excited by
the pulses; this includes incoherent fluorescence, coherent
free-induction-decay (FID) type emission, and an unexpected
off-resonantly excited echo.

Spatial separation of the input and control modes is used
to shield the single-photon-counting detector from scattered
light, but this did not lead to sufficient suppression. A
double-pass AOM [shown in Fig. 1(b)] is used as a detector
gate in time, exploiting the temporal separation between the
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FIG. 2. (Color online) Storage of a weak coherent pulse with (a) 7 = 2.5 £ 0.6 and (b) 7 = 11.2 £ 0.6. The input mode recorded with no
comb, the position of the control fields (C1 and C2), and finally a magnified (x30) signal of the AFC spin-wave echo (blue dashed curve), the
associated noise without an input pulse (green dotted curve), and the detector dark counts (red curve) are shown. Note that the total measurement
time differs between the data sets in panels (a) and (b). (c) The same echo data of panel (a) with the temporally separated off-resonant echo
(OREO). (d) Signal-to-noise ratio (SNR) for different 7. Shown is also a fitted linear slope fixed to 1 at 7 = 0 by definition.

control fields and the emitted spin-wave echo and providing a
suppression of roughly 10°. This proved sufficient to prevent
detector blinding or significant afterpulsing.

However, the emission noise is also present in the temporal
mode of the output mode. A diffraction grating and a Fabry
Perot (FP) cavity are used to spectrally filter this noise. The
FP cavity is necessary in particular to reduce noise originating
from FID. Sharp spectral features about the control transition,
by-products of the spectral tailoring required to prepare the
AFC, cause the FID. We could reduce this noise by altering
our preparation sequence to increase the transparency window
around the control field transition. The frequency of this noise
is close to that of the control field, a fact which we observe by
changing the frequency at which we lock our FP cavity.

In addition to the fluorescence and FID noise, we also
observed an unexpected noise source at the input frequency
[see Fig. 2(c)], which occurs a time 1/A after C2. These
two observations suggest that the echo is produced by an
off-resonant excitation of the comb by the control fields; we
thus call this an off-resonant echo (OREO). The application of
pulse C2 alone is enough to provoke this signal, but applying
C1 strengthens it. We explain this by supposing that the
off-resonant excitation of C1 is combined with transfer to the
spin state. C2 then reads out the excitation in the same manner
as it does the single-photon-level input pulse. Although the
OREDO is considerably larger than the AFC spin-wave echo
which we are seeking to retrieve, the two echoes occur in
temporally separated modes [see Figs. 2(a) and 2(c)]. We
could reduce the impact of temporal mode leakage by carefully
tuning the shape of the control fields, which is consistent
with an off-resonant excitation mechanism. Note that since the
FID and the OREO are coherent processes, the corresponding
emission should only be strong in the control mode. Scattering
inside the crystal, however, does introduce significant cross
talk between the spatial modes.

The temporal shape of the remaining noise that we observe
in Fig. 2(a) is indicative of FID noise. This gives us reason
to believe that a more efficient filtering system would permit
us to increase the power in the control fields, thus increasing
their efficiency. The remaining noise, in this particular mea-
surement, amounts to (5.1 & 1.3) x 10~3 photons per mode

emitted at the crystal. The SNR up to7z = 11.2 4 0.6 is shown
in Fig. 2(d). These measurements were taken on a range of
different days for the same experimental parameters. The SNR
follows a linear dependence within the experimental errors; see
the fitted linear slope in Fig. 2(d). Measurements carried out
for higher average photon numbers (not shown) confirmed this
behavior.

Averaging over all the measurements shown in Fig. 2(d), we
obtain a global memory efficiency of (3.8 + 1.5) x 10~ and
an unconditional noise floor of (7.1 £ 2.3) x 1073. This weak
pulse memory efficiency in the photon counting experiment
was significantly lower than for the bright pulse storage
(roughly 1%; see above). The optimization of the duration and
shape of the control pulses led to a lower transfer efficiency.
Furthermore, a photon-counting experiment requires time
averaging; for example, the measurement for 7 = 2.5 0.6
was taken over the course of 3 h. This challenges the
stability of the experiment; in particular, laser fluctuations
cause reduced quality combs, which negatively affect the AFC
echo efficiency. We later discuss methods for solving these
issues, which should lead to significantly higher SNR without
increasing the noise floor.

V. COHERENCE MEASUREMENT

Finally we show the coherence of the AFC spin-wave echo.
To do this we store a time-bin pulse in the memory where
we vary the phase of one of the time bins. We then self-
interfere the time-bin pulse using a temporal beam splitter
and examine the interference curve. The visibility of the curve
gives a measure of coherence preservation in the memory.
For the measurement shown in this paper, the temporal beam
splitter comes in the form of the control pulses. The scheme is
pictorially shown in Fig. 3(a).

To store and analyze the time-bin pulse, we need clean
temporal separation between the retrieved pulses and enough
time to see the triple pulse structure shown in Fig. 3(c) after
the final control field. To do this we extend the AFC time
from 6 to 8 us and reduce the pulse width of the input
pulses and the entire pulse length of the control pulses.
These measures further reduce the efficiency with which
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FIG. 3. (Color online) (a) The method used to measure the
coherence of the AFC spin-wave echoes. The single-write operation
of Figs. 2(a) and 2(b) (C1) is replaced by a double-write operation
(W1, W2). If the temporal separation (7') of the input mode is equal to
that of the double-write operation, the first echo of the second write
operation and second echo of the first operation interfere. (b) The
visibility curve for two pulses with 7 = 176 £ 8. (c) The signal of
a constructive and destructive case. The thick dashed lines show the
temporal window which was used to obtain the interference curve.
The detector gate has cut some of the first echo and the OREO is not
shown in this temporal slice.

we can store in the memory to 1, = (6.3 £0.1) x 10~* for
each mode, including the reduction in storage efficiency due
to the double-write operation. Ts was set to 21 us in this
experiment, yielding a total memory time of about 29 us. A
visibility curve for 7 = 176 £ 8 is shown in Fig. 3(b), where
we measure V = 0.87 £ 0.06. We suspect that laser phase
noise contributes negatively to our visibility curve. A simple
calculation shows that frequency noise with oy = 25 kHz
reduces the baseline to V = 0.95. Together with the noise level
this accounts for the visibility we measure. For 7 = 51 £+ 3
we observe a further drop in visibility to V = 0.71 £ 0.1.
This is due to the increasingly important role of noise in
determining the minimum of the visibility curve. We note that
with higher storage efficiency, it should be possible to obtain
high visibilities for lower photon numbers.

VI. DISCUSSION AND CONCLUSION

The unconditional noise floor achieved in our experiment
should in principle allow us to store a single-photon-level
optical pulse with high SNR. The limited SNR obtained at
a few photons is entirely given by the low overall memory
efficiency. This inefficiency is due to two major factors:
(1) imperfect comb preparation and (2) insufficient control
field transfer efficiency. (1) The optimal comb structure
has square-shaped teeth [15,40] with negligible background
absorption [19]. For our optical depth of 2.4, an AFC echo
efficiency of 20% is theoretically possible [40]. Currently we
are not able to create these high-quality combs due to the
laser linewidth of 30 kHz. Recent high-resolution hole-burning
experiments in Eu:Y,SiOs support that this is possible [41].
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To go beyond 20%, we would need to further increase the
optical depth, using for instance an impedance-matched cavity
configuration [24]. (2) The control field transfer efficiency can
most easily be improved by using longer adiabatic transfer
pulses [42], which in turn would require increased AFC
echo time (1/A). Increasing global efficiencies and achieving
multimode capabilities thus primarily rely on using a stable
laser with high spectral purity. It is important to note that
the creation of a comb with higher spectral resolution and
application of longer adiabatic control pulses is not likely to
increase the noise floor, since neither optical depth nor control
pulse power levels will need to be increased.

To conclude, we have demonstrated the first optical storage
as a spin wave in a solid-state memory, in the regime of a
few photons per input pulse. This was made possible by a
strategy of extensive filtering and by carefully shaping the
temporal envelope of the strong control pulses. The final
unconditional noise floor of (7.1 & 2.3) x 1073 is low enough
to allow for quantum schemes using spin-wave storage and
manipulation, such as the generation of quantum-correlated
spin-wave and photonic excitations using a variant of the
Duan-Lukin-Cirac-Zoller (DLCZ) [43] approach adapted to
the solid-state [44—46]. Indeed, in Ref. [45], the relatively
high unconditional noise floor (of around 1) prevented the
observation of nonclassical correlations. Our results suggest
that our filtering strategy could allow that, and similar
experiments, to reach the nonclassical regime, due to an
unconditional noise floor well below 1. These schemes will,
in turn, allow for generation of entanglement between light
and matter and entanglement of solid-state remote quantum
memories, a basic building block for quantum repeaters.
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APPENDIX: OREO PROPERTIES

We previously briefly described an unexpected noise source
we encountered as we attempted to perform a complete AFC
scheme with spin-wave storage at the single-photon level. The
noise mechanism came in the form an echo which arrived at a
time 1/A after the application of the final control field (C2). We
hypothesized that this echo was due to off-resonant excitation
of the comb by the control fields and named the effect OREO
(off-resonant echo). Here we present further data to support
these conclusions.

We emphasize that the OREO is temporally separated from
the AFC spin echo. Since it appears at time 1/A after the last
control fields, it will never directly interfere with any recalled
optical pulse. Still, temporal mode leakage may well result in

022324-4



SINGLE-PHOTON-LEVEL OPTICAL STORAGEIN A ...

25
--OREO area
—C1on

800 (@) FID area (b)
@ 600
[
3
O 400

200 g

-10 _0 10 20 30 0
Cavity frequency, MHz 202 T?,g.e (p?;) 048

4000 (© () *FWHME 0.5pus
o 1000 —~FWHM: 4 us
© 3000
5 a
8 2000 §
o O 500
o

1000

1 2 _ 3 4 0% 30 _31 32 33
FWHMC Time (us) Time (us)

FIG. 4. (Color online) Experimental data, showing some of the
main characteristics of the OREO. These include the emission
frequency (a), the effect of the application of the first control field
(C1) (b), and the relation between the magnitude of the OREO and
the FWHM of the control field (c). Finally, in panel (d), we show
the change in structure of the OREO, depending on the shape of the
control fields used. See text for more details.

this effect being a potential problem. Therefore, understanding
what causes this echo and how to reduce it is important for
future experiments.

In Fig. 4(a) we show the measured OREO area [see Fig. 2(c)
in the main text] where the filter cavity has been locked
to different frequencies, slightly detuned with respect to the
nominal frequency of the input-output pulses which we define
to be 0. The highest OREO amplitude is measured at frequency
0. The extreme point at around + 35 MHz corresponds to the
frequency of the control pulses. This clearly illustrates that the
OREQO is an off-resonant excitation effect. In the same exper-
iment we also looked at the amount of emission in a temporal
window including both the temporal mode of the output and
the FID signal appearing just after the detector gate was opened
[see Figs. 1(a) and 1(b) for timing]. We see that the noise in
this window increases significantly as the cavity frequency is
tuned to the control field frequency at about + 35 MHz. This
supports our claim that this noise stems from free induction
decay (FID) type emission caused by the control fields, where
atoms close to the control pulse frequency are excited.

The effect of the first control field (C1) on the OREO is
shown in Fig. 4(b). The second control field (C2) is present in
both data sets shown in Fig. 4(b). One can see that the amount
of OREO noise increases with the presence of both C1 and
C2. To explain this we suppose that pulse C1 simultaneously
excited the input frequency (off-resonantly) while transferring
the excitation to the spin state. Such bichromatic excitation
of spin coherences are actually used for spin-echo-type
experiments [47]. In our case the excitation must be weak,
since the bandwidth of pulse C1 is one order of magnitude
smaller than the spin resonance frequency (35.4 MHz). The
spin excitation is then read out with pulse C2. Note that both
mechanisms, pulse C2 alone or pulses C1 and C2 combined,
cause an echo a time 1/A after pulse C2. One might think
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FIG. 5. (Color online) Experimental results showing the signal-
to-noise (SNR) ratio as a function of the FWHM of the control pulse
(see text for details). The average number of photons in the input
pulse was 4.5 + 0.5.

that the bichromatic excitation by C1 cannot be completely
instantaneous, but that the atoms spend a finite time as an
optical coherence. This might explain why we observe a slight
shift of the OREO emission toward earlier times when C1 is
applied [compare curves in Fig. 4(b)].

We also observe that the shape of the control field has
an effect on the magnitude of the OREO. We show this in
Fig. 4(c). It should be pointed out that all pulses are defined
within a fixed time slot, in this case of duration 2 us. This is the
time during which the AOM used in the control beam is turned
on. Centered within this time slot we create a Gaussian pulse
with a FWHM that is varied [x scale in Fig. 4(c)]. Note that
the FWHM given here is that of the Gaussian pulse programed
into the memory of the arbitrary function generator controlling
the AOM. The actual FWHM will be slightly different due
to the finite rise time of the AOM (300—400 ns) and the
nonlinear response of the AOM system. For 0.5 us FWHM
the pulse is a smooth pulse, roughly Gaussian shaped, while
for 4 us FWHM the pulse closely resembles a square pulse.
In Fig. 4(c) we observe a clear increase of the OREO noise
as the pulse become more square, presumably due to stronger
off-resonant excitation due to the sharp edges which give rise to
high-frequency components. We also observe that the temporal
shape of the OREO follows the shape of the control pulses. In
Fig. 4(d) we show the OREO echo for the extreme cases of the
control pulse FWHM; 0.5 us (Gaussian) and 4 us (square).
We see that reducing the FWHM of the control fields yields a
Gaussian-shaped OREO which is much smaller in magnitude.

From the studies of the OREO shown in Fig. 1, it is clear
that to minimize it one should work with the smallest FWHM
of around 0.5 us, but it is also evident that the area of the
pulse decreases as the FWHM is reduced, resulting in a strong
decrease of the efficiency of the control pulses. It follows that
one should measure the SNR of the output signal as a function
of control pulse FWHM, in order to find the optimal value. This
measurement is shown in Fig. 5. We see that for a FWHM of
1 us, the optimum is reached. This particular control pulse
was used for all experiments shown in Fig. 2 in the main text.

It should be emphasized that two additional parameters
affect the SNR: (1) the bandwidth of the control pulse
as a function of FWHM and (2) the FID-type emission
noise. (1) As FWHM of the control pulses is increased, the
bandwidth over which it is efficient is modified. Below we
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present some numerical simulation of the transfer efficiency
for parameters close to our experimental ones. (2) We have
not discussed the FID noise, which is the dominant noise in
the input-output temporal mode, for the optimum FWHM of
1 pus. The FID noise is much weaker than the OREO, making
it difficult to make systematic studies of the FID noise [an
exception being the study shown in Fig. 1(a)]. We simply want
to point out that the optimum SNR found for a FWHM of 1 us
cannot be understood by considering only the OREO noise.

Finally we show some theoretical calculations of the control
pulse efficiency and the off-resonant excitation probability,
as a function of the FWHM of the control pulses. The
calculations were done by numerically solving the standard
two-level optical Bloch equations. The time slot of the control
pulse was 2 us, as in the experiment. The control-pulse
Rabi frequency was set to 250 kHz, consistent with our
experimental values. In order to calculate the global transfer
efficiency, we take the Fourier transform of the input pulse of
duration 2.2 us and we multiply its power spectrum with the
population transfer function of the control pulse. The global
transfer efficiency is then obtained by integrating the resulting
spectrum in frequency space. This takes into account the
bandwidth mismatch between the input pulse and the control
pulse. The off-resonant excitation probability is given by the
population transfer function evaluated at 35.4 MHz and the
frequency separation between the control and input-output
frequencies.

In Fig. 6 we show the results of these simulations. They
show the same behavior that we quantitatively predicted using
simple arguments above. Between 0.5 and 4 s FWHM there

PHYSICAL REVIEW A 88, 022324 (2013)

(a) (b)

o
)

o
i

Transferred fraction
o
(o))
Excitation probability

o
[}

o

4 1 2 3 4
FWHM_ (')

2

FWHM_(u's)

FIG. 6. (Color online) Simulations using a two-level Bloch

equation simulator. Panel (a) shows the calculated transfer efficiency

of a single control field. Panel (b) shows the off-resonant excitation

probability, +35.4 MHz away from the carrier frequency. The

horizontal scale shows the FWHM of a Gaussian pulse defined with

the time slot of 2 us. The thick (green online) line shows the optimal
experimental FWHM.

is clearly a trade-off between control field efficiency (thus also
global memory efficiency) and the amount of off-resonant
excitation. The exact value of our experimental FWHM is
shown by the thick line (green online). We again emphasize
that the optimal SNR cannot be estimated solely with this
model, since not all noise sources are included. It gives,
however, theoretical support to our observations. We also
emphasize that the maximum transfer efficiency of around
0.6 in Fig. 3(a) is not a fundamental limit. It is simply a result
of the fact that in the simulations we have fixed the duration
of the input pulse to 2.2 us, the time slot of the control pulse
to 2 us, and the control field Rabi frequency to 250 kHz.
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