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Quantum memories for quantum communication need to be able to store photons for an extended time and
then to release them on demand. This can be achieved in atomic frequency comb ensemble-based quantum
memories by control pulses that transfer the excitation to and from long-lived spin states. However, such pulses
can give rise to coherent and incoherent noise due to their interaction with the memory ensemble. In this paper,
we experimentally demonstrate the ability to switch off the coherent noise from such control pulses during the
echo emission in a spin-wave quantum memory, using the linear Stark effect in rare-earth-ion doped crystals.
By applying an electric-field pulse, the echo emission was coherently switched off prior to the first spin transfer
pulse, and the stored data pulse was restored only when both an optical recall pulse and a rephasing electrical
pulse were applied, giving a high degree of control of both desired and undesired emissions. We estimate
the effectiveness of this technique by turning off the free-induction decay of a narrow ensemble of ions. This
technique can thus improve the noise performance of spin-wave storage at the single-photon level by quenching
coherent optical radiation created by strong control pulses. The method demonstrated here represents a proof of
principle that the spin-wave storage scheme can be combined with Stark control. The combined scheme serves

as an addition to the toolbox of techniques that can be used to realize a full version of a quantum repeater.

DOI: 10.1103/PhysRevA.109.012607

I. INTRODUCTION

Optical quantum memories are a key component for several
quantum information applications. For example, they are used
for synchronization of entanglement swapping in quantum
repeaters, which enables long-distance quantum communica-
tion [1-3]. They are also essential for signal synchronization
in linear-optics-based quantum computing schemes [4]. The
abilities to store single photons for long times and retrieve
them on demand are some of the key requirements for a
practical quantum memories [5,6].

Rare-earth ions are considered to be an attractive platform
to realize quantum memories. This is primarily due to their
excellent optical and spin-coherence properties at cryogenic
temperatures [7]. Furthermore, the inhomogeneously broad-
ened optical transition provides another resource that can
be spectrally tailored and used to realize strong light-matter
coupling [8,9]. The atomic frequency comb (AFC) is one of
the actively investigated quantum memory schemes used in
rare-earth-ion systems [10-14]. In the standard AFC scheme,
light is stored as a collective optical excitation in an inhomo-
geneously broadened ensemble of ions. The ions are spectrally
shaped into a series of narrow, highly absorbing peaks with
a predefined frequency separation. The retrieval time of the
stored excitation is predetermined by the frequency separation
between the peaks. In order to enable on-demand retrieval,
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the scheme is combined with two bright control pulses to
transfer the optical excitation to a spin level, and to recall
it back to the optical level, on demand, where it continues
to rephase [10,12,15]. It is, however, challenging to realize
spin-wave storage in the single-photon regime due to the
excessive optical noise created by emission from ions excited
by strong spin control pulses [16—19]. This emission could be
incoherent fluorescence from ions off-resonantly excited by
the control pulses. It could also be coherent emission which
can take the following forms: (i) free-induction decay (FID)
emitted due to resonant excitation of background ions on the
spin control pulse transition and (ii) undesired echo emission
due to off-resonant excitation of the AFC ensemble by the
control field [17]. Narrowband spectral and temporal filtering
schemes are often used to separate the stored photons from
optical noise [20].

In this paper, we demonstrate how all coherent noise
sources can be strongly suppressed, by combining electric-
field effects at the microscopic scale with spin-wave storage,
which has a potential to improve the single-photon storage
performance without the need for additional spectral filtering.
In a previous work, Stark control was combined with the
standard AFC scheme to realize a noise-free and on-demand
control without the need for spin transfer pulses [21]. Further-
more, the Stark effect has been previously combined with pho-
ton echoes and was used as a tool for ultrahigh-resolution opti-
cal spectroscopy [22-25]. The combination has also been used
as a low-noise photon echo quantum memory that does not
require ensemble preparation using spectral hole burning tech-
niques [26]. The latter has been adapted for spin echoes [27].

The Stark effect is also used in the controlled reversible
inhomogeneous broadening (CRIB) memory scheme, where
gradient electric fields are applied macroscopically along the
light propagation axes to coherently control the collective
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emission from a narrow ensemble of ions [28-31]. The
scheme presented here is based on using the linear Stark effect
to split the ion ensemble within the microscopic scale into
two electrically distinct ion classes that can be coherently
controlled using electric-field pulses. By applying an appro-
priate electric-field pulse, coherent oscillations of the two ion
classes are put 180° out of phase before applying the first spin
control pulse. This will consequently suppress any coherent
emission, including the photon echo. The echo emission will
stay quenched also after applying the spin control pulses until
a second electric-field pulse is applied. This second electric-
field pulse puts the stored collective excitation back in phase,
and simultaneously switches off any coherent processes ini-
tiated in the time between the two electric-field pulses, in
particular, coherent emission from the spin transfer pulses
which otherwise might interfere with the signal recalled from
the memory. The region between the two electric-field pulses,
where the coherent optical noise is suppressed, will there-
fore be referred to as the quiet region. To achieve spin-wave
storage in the single-photon regime with high signal-to-noise
ratio, it is important to prevent everything created during this
quiet region from extending beyond it.

In addition, the echo recall time after the second spin
transfer in the standard AFC scheme is dependent on the
separation between the AFC peaks, and needs to be taken
into account when designing the AFC structure. Using the
presented Stark control, the echo recall occurs after the second
electric-field pulse. This pulse can be delayed arbitrarily long
after the second spin transfer pulse, and thus making the echo
recall time less dependent on the AFC structure. This gives
more flexibility when designing the AFC memory, so it can
be optimized for more important parameters such as the stor-
age efficiency and bandwidth. Furthermore, the Stark control
provides timing flexibility for applying the spin control pulses
without risking an echo reemission during the spin transfer.
This could be useful in cases where the echo emission starts
before the spin transfer pulses are complete. By applying the
first Stark pulse, the echo emission is switched off, giving
enough time to apply the first spin transfer pulse. We then wait
until the second spin transfer pulse is done and then apply
the second Stark pulse to switch on the echo emission. This
additional control introduces one more degree of control to
the spin-wave quantum memory scheme.

II. THEORY

Part of the theory discussed in this section was already
presented in Ref. [21], and we repeat it here for convenience.
It should be noted that although we only describe how the
electric field can be used to control the phase evolution of the
memory part here, the theory can be generalized to include all
other parts that contribute to coherent emissions. The perma-
nent electric dipole moment of the ground state differs from
that of the excited state in Pr*. As a consequence, when an
external electric field, E, is applied across the crystal, it will
Stark shift the resonance frequency of the ions by a magnitude
A, which is given by
Ap- E

PR (D

where & is Planck’s constant, and Ay is the difference in
dipole moment between the ground state and the excited state.

AQ =

There are four possible orientations of A u for Pr3tin Y,SiOs,
all of them at an angle 6 = 12.4° relative to the crystallo-
graphic b axis as shown in Fig. 1(a) [24]. For an electric field
applied along the b axis, the ions will split into two electrically
distinct classes that experience the same magnitude of the
Stark shift (A€2), but with opposite signs. If the electric field is
applied as a pulse with a finite duration, it will induce a phase
shift of 4+¢ to one of the ion classes, and —¢ to the other ion
class, where ¢ is given by

¢ =2n / AQdt. )

The spin-wave scheme is based on a three-level configura-
tion for storage. An incoming photon resonant with the optical
transition |g) — |e) of the ions forming the AFC is stored as a
collective optical excitation. In light of the distinction between
the two electrically nonequivalent ions classes, the collective
excitation can be described as [21]

(1)) = “CAe? ) + e )] ()

| Ml
— e
it &
where M is the number of AFC peaks and w, = 2w AZ, with
A being the spacing between the peaks. |1ﬁf) are the wave
functions of the positive and negative electrically inequivalent
ion classes, which describe a delocalized optical excitation
across the ions forming the peak, written as
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Here Nf is the number of atoms in peak ¢ that experience
a £ frequency shift due to E, c[ij is the amplitude which

depends on the spectral detuning Seij from the center of peak

£, and on the position zfj of atom j in AFC peak ¢, and k
is the photon wave vector. The collective optical excitation
described by Eq. (3) initially dephases due to the frequency
separation of the AFC peaks, and rephases after times 1/A
due to the periodicity of the AFC, leading to an echo emission.
In the spin-wave scheme, a strong control pulse is applied
before the echo emission to transfer the collective optical
excitation to a spin level |s), converting it to a collective
spin excitation where each term in the superposition state is
written as [gi...S;... gnE)- This also freezes the dephasing
due to w; and §;;. A second strong control pulse is applied
on demand to reverse this process, after which the collective
optical excitation continues to rephase and eventually emits
an echo after a total storage time 7y 4+ 1/A, with T; being the
time spent in the spin state.

By applying an electric field with [ AQdt = 1/4, before
the first spin control pulse, the ions described by the two wave
functions |1p2t), given by Eq. (4), will accumulate a /2
phase shift with respect to each other. As a result of this
relative phase difference, the echo emission at 1/A will be
turned off, giving more flexibility in the timing and the dura-
tion of the the first spin control pulse without risking losing
part of the echo due to rephasing during the spin transfer.
After the second spin control pulse, the collective excitation
will continue to evolve without echo emission until a second
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FIG. 1. (a) The four possible static dipole moment orientations for Pr**. (b) Experimental setup used for spin-wave storage. The orange
solid line corresponds to light used for AFC preparation and for spin control pulses, all propagating in the backward direction. The red dotted
line represents the data pulses propagating in the forward direction. Both lights were overlapped within the crystal.

equivalent electric-field pulse is applied. The second electric-
field pulse removes the m relative phase difference between
the two ion classes |1ﬂf) in the AFC, and simultaneously adds
a  phase difference between the two classes of all other ions
that were excited by the spin control pulses. This leads to an
echo reemission after 7y + m/A, for m € N, and, at the same
time, a suppression of all coherent background created within
the quiet region due to excitation by the spin control pulses.

III. EXPERIMENT

The experiment was performed on a 0.05%-doped
Pr3*:Y,SiOs crystal cooled down to 2.1 K. The crystal had the
dimensions of 6 x 10 x 10 mm? for the b x Dy x D, crystal
axes, respectively. The top and bottom surfaces perpendicular
to the b axis were coated with gold electrodes, through which
the electric field could be applied across the crystal. The
AFC structure was prepared using the 34H — ',D transition
centered around 494.723 THz for Pr*"in site 1.

The optical setup used for the experiment is shown in
Fig. 1(b). The light source used was a frequency stabilized
coherent 699-21 ring dye laser, tuned to the center of the
inhomogeneous line of the 4H — ',D in site 1, and polar-
ized along the crystallographic D, axis. Light pulses were
generated through a combination of the double-pass AOM1
and the single-pass AOM?2 in series, through which the phase,
frequency, and amplitude of the pulses could be tailored.
The light was then split into two parts using a 90:10 beam
splitter, and the weaker beam was directly measured by the
photodetector (PD1) as a reference to calibrate for laser
intensity fluctuations. The rest of the light was split once more
by another 90:10 beam splitter, and the weaker beam passed
through the single pass AOM3, and propagated through the
crystal in the forward direction (red dotted line). This light
was used later to generate the data pulses to be stored. The
stronger light that was transmitted through the beam splitter
went through the double pass AOM4 setup, after which it

propagated through the crystal in the backward direction (or-
ange solid line). This light was used for the AFC preparation
and for spin transfer. The forward and backwards propagat-
ing beams were overlapped by maximizing the coupling of
both beams through the two ends of the short fiber before
the crystal. The memory output (propagating in the forward
direction) passed through AOM4 in a single pass, as the AOM
was turned off during the output. Furthermore, the output
was spatially separated from the control beams and instead
directed toward photodetector PD2. The crystal was mounted
inside a bath cryostat, cooling it down to 2.1 K. The light
was polarized along the D, axis and propagated through the
crystal along the D; axis for all storage measurements. In
this configuration, we can use the high optical depth along
D, which is necessary to achieve high storage efficiency. At
the same time, when the field is applied along the b axis, we
split the ions into two electrically distinct classes as discussed
earlier, which is necessary for our Stark control scheme to
work. As mentioned earlier, the storage was performed on the
3,H — ',D transition in Pr**. The level diagram of this tran-
sition is shown in Fig. 2(a). Both of the ground and the excited
states have three hyperfine levels at zero magnetic field. In
this experiment, the AFC is prepared in the |1/2g) level, and
the memory input is stored initially as an optical excitation in
the |3/2¢) level, and then transferred to the |3/2g) level as a
spin-wave excitation.

Before preparing the AFC peaks, an 18-MHz-wide trans-
mission window was prepared in the center of the inhomo-
geneous line using the sequence described in Ref. [32]. The
AFC was formed by coherently transferring back four narrow
ensembles of ions to the |1/2g) level in the transmission
window. This gave rise to four 140-kHz narrow absorption
peaks separated by A = 600 kHz for their |1/2g) — |3/2e)
transitions. As a result of those transfers, some unwanted
ions were burned back to the |3/2g) level, and had to be
cleaned away using frequency scan pulses with a scan range
8.5-14.5 MHz. The emptied |3/2g) level was used later for
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FIG. 2. (a) Level diagram of Pr*'showing the pulses used in
the storage scheme. The solid red line is the input pulse, the two
orange lines represent the 3-MHz FWHM control pulses used to
transfer to and from the |3/2g) state, and the dashed red line is the
echo. (b) A qualitative absorption measurement of the AFC structure,
which also shows the spectral location of the pulses. The readout was
distorted at the AFC peaks due to the high optical depth. The four
peaks around 6.2 MHz correspond to the transition |1/2g) — |5/2e).
(c) The pulse sequence in the time domain with signal and quiet
regions represented by the colored lines at the bottom. E1 and E2 are
the first and second electric-field pulses. C1 and C2 are the first and
second spin control pulses. The lines in the bottom show which ions
are affected by the electric-field pulses at different times. E1 turns off
coherent emission from ions excited at times < ¢1, represented by the
red line. E2 serves two purposes: it turns off all coherent background
emission from ions excited between #1 and 4 by the two spin control
pulses (orange line), and at the same time, E2 turns on emission that
was turned off by E1 (red line), i.e., the stored photon echo. The gray
line represents ions emitting incoherently, which is not affected by
the electric-field pulses.

spin-wave storage. Due to the high absorption depth of the
AFC peaks when propagating with light polarized along the
D, crystal axis, the weak frequency-scanned light used to
probe the peaks was heavily distorted, which hindered a clean
readout of the absorption structure. Therefore, the AFC prepa-
ration sequence was tested in a different Pr’*:Y,SiOs crystal
with a nominally equivalent praseodymium concentration, in
which it was possible to have the light propagating along the
b crystal axis with a polarization along the less absorbing
D, crystal axis. The crystal was 12 mm long along the b
axis. The absorption spectrum measured with light polarized
along the D; crystal axis is shown in Fig. 2(b). Despite the
lower absorption, the readout still has some distortions. The
pulse sequence used in the experiment is shown in Figs. 2(a)
and 2(b) in the frequency domain, and in Fig. 2(c) in the time
domain with the signal and quiet regions highlighted. A Gaus-
sian pulse with a 500-ns full width at half maximum (FWHM)
was used as a memory input. The pulse was resonant with the

center of the AFC, which coincides with the |1/2g) — |3/2¢)
transition of the ensemble. At time 0 < ¢1 < %, just after
the input was absorbed (at O = 0), and well before the first
control pulse (at r2), a Gaussian electric-field pulse, E1, with
an amplitude of 54 V and FWHM = 23 ns was applied
across the crystal through the gold-coated electrodes. This
pulse introduced a relative phase shift of /2 for the two
electrically inequivalent ion classes, which froze the echo ree-
mission. This allowed for considerable timing flexibility for
the application of the first spin transfer pulse without risking
the echo being reemitted during the transfer. The spin transfer
was performed using 2-us-long complex hyperbolic secant
(sechyp) pulses [33,34]. The first transfer pulse, C1, resonant
with the [3/2¢) — |3/2g), was applied at a fixed time ¢2 after
El. It was used to transfer the collective excitation into the
|3/2g) state, which froze the evolution of the atomic dipoles
and converted the optical excitation to a spin-wave excitation.
At 13 = T; + 12, a second spin transfer pulse, C2, was used to
bring the spin state back to the excited state. The dipoles then
continued to evolve as a collective excitation without emitting
the echo, due to the 7 phase difference introduced by the first
electric-field pulse. A second electric-field pulse, E2, was then
applied at 74 (T, + % <td <T;+ %). This pulse removed the
7 phase difference that was created by E1, and at the same
time added a m phase difference between the two classes of
ions excited within the quiet region by the spin transfer pulses,
C1 and C2. This led to an echo emission att5 = T, + % and a
suppression of coherent background created due to excitation
by C1 and C2. The total storage time for this scheme is given
by Ty + % for m € N, with T being the separation between

C1 and C2. Here, the second electric-field pulse was delayed
such that the echo is emitted at the second rephasing, i.e.,
using m = 2. The specific choice of T; + % was to temporally
decouple the recalled echo from the second 2-us-long sechyp
spin transfer pulse, which is a demonstration of the added
timing flexibility offered by our scheme. With the 600-kHz
spacing between the AFC peaks, the first possible retrieval
is at T, + %, which is 1.67 us after 7;. This means that the
echo emission would start before the second spin transfer is
complete if it is recalled at the first rephasing.

IV. RESULTS AND DISCUSSION

The experiment was performed at varying storage times.
The first electric and spin transfer pulses were fixed for all
measurements. The second electric-field pulse was delayed
after the second control pulse such that the echo was emitted
at the second rephasing, i.e., after 7; + 2/A. This ensured
that no part of the echo was emitted during the first or the
second spin transfer pulses. By delaying the second electric-
field pulse, the recall of the echo can be further delayed after
applying the second spin control pulse, which can be used as
another degree of control. Here, both the second spin control
pulse and the second electric-field pulse were delayed in steps
of 1 us to obtain different storage times. The result of this
measurement is shown in Fig. 3(a), with the storage sequence
shown separately in Fig. 3(b) for the shortest storage time. It
is worth noting that the detection was performed in the for-
ward direction, i.e., opposite to the control pulse propagation.
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FIG. 3. Spin-wave storage with classical intensity input for (a) varying storage times and (b) the shortest storage time. The first pulse
marked by the solid red line is the part of the storage light transmitted through the AFC without being stored. The first electric-field pulse was
applied directly after absorption at the time marked by the green line. The second faint pulse marked by the solid orange line is scattering of
the first control pulse that leaked into the detection path. The second orange line (tilted) is scattering from the second control pulse applied at
varying times. This is followed by another electric-field pulse marked by the second green line (tilted). The dashed red line is the restored echo

after rephasing. The rest of the peaks are higher-order echoes emitted.

Nevertheless, reflection of the control pulses, C1 and C2, from
optical surfaces leaked into the detection path, and is marked
by the two orange solid lines shown in Fig. 3(a). There are
several ways to reduce this reflection of the control pulses,
for example using optical surfaces with antireflective coating,
or by having a small angle between the control beam and the
storage beam. The two green lines in the figure indicate the
times when the two electric-field pulses were applied. A recall
of the second-order echo as well as four other higher-order
echoes can be seen in the figure.

A challenge when implementing the spin-wave storage
scheme at the single-photon level is the optical noise created
due to the control pulses, which can be either incoherent
fluorescence or coherent collective emission such as FID and
off-resonant echoes. When applying the second electric field
to switch on the signal echo emission, it simultaneously shifts
the phases of all ions contributing to the coherent optical
noise, which consequently turns off the coherent noise con-
tribution from these ions.

The exponential decay of the echo intensity, which can also
be seen in Fig. 4, is attributed to the inhomogeneous broaden-
ing of the spin transition. This was confirmed by fitting the
echo intensity against the spin storage duration (7) to the

following Gaussian [35]:

(&)

- 2
I(T) = Iy p[ﬂ}

2In(2) /72

where [ is a constant, and y;s is the inhomogeneous spin
linewidth. From the Gaussian fit, we obtain an inhomoge-
neous spin linewidth of 26.8 £ 0.8 kHz, in agreement with
previous measurements in the same material [12,16]. We
see no contribution of any additional dephasing due to our
phase switching technique using the electric field. To further
comment on that, it should be noted that our AFC storage
experiment is affected by a combination of efficiencies: AFC
peak width, spin transfer efficiency, and spin dephasing. To
separate out these different contributions, one can consider the
less convoluted scenario of our previous work in Ref. [21],
where we found the electric-field pulses have no discernible
effect on efficiency. Experimentally separating the various
efficiencies in the present paper is challenging, but we do not
know of any likely physical effect that should differentiate the
present situation from the investigation in Ref. [21].
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FIG. 4. The circles are the maximum echo intensity at different
spin storage times 7;. The dashed line is a Gaussian fit to Eq. (5),
giving an inhomogeneous spin linewidth of 26.8 & 0.8 kHz.

A. Suppression of free-induction decay

In order to investigate the capacity of this technique to
suppress coherent FID noise, a single 140-kHz peak was
burned back in an empty 18-MHz wide transmission window.
A Gaussian pulse with FWHM of 4 us resonant with the peak
was sent through the crystal. After absorbing the pulse, the
ions in the narrow peak oscillate in phase and emit a coherent
FID for a duration defined by the peak width. By applying
an electric-field pulse, the two electrically inequivalent ion
classes were put out of phase, which consequently lead to a
suppression of the FID emission. This was performed using
classical light intensities to demonstrate the effect, and the
result is shown in Fig. 5. The integrated emission during the
time interval between 6 and 25 us is reduced by a factor
of ~44 when the electric-field pulse was applied compared
to no pulse. In theory, the suppression of coherent emission
is only limited by the electric-field inhomogeneity across
the light propagation path in the crystal. Although we only
show the switching of the FID here, the same can be ex-
pected for all other kinds of coherent noise. This includes
coherent off-resonantly excited echo emitted at the same fre-
quency as the input, referred to as OREO in Ref. [17], and
caused by off-resonant excitation of the comb structure by the
spin control pulses. In addition, a two-pulse photon echo is
another possible noise source that can be switched off by this
technique, which is created due to the two spin control pulses,
and emitted at time 7; after the second pulse.

Since the presented technique only affects coherent optical
noise, it would be most effective when used in materials
where the majority of the optical noise is coherent, and thus
can be quenched electrically without recourse to complicated
spectral filtering.

It should be noted that the FID switching technique pre-
sented here is different from the one discussed in Ref. [36],
where an electric-field gradient dephases atoms on a macro-
scopic scale along the light propagation direction. It is also

—
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FIG. 5. FID quenching using an electric-field pulse. The blue line
is the Gaussian pulse before propagating through the crystal. The
yellow dashed line is the transmission after going through the narrow
peak, with an extended FID emission. The delay on the transmission
is caused by the slow light effect due to the strong dispersion across
the transmission window. The green line shows the electric-field
pulse applied to switch off the FID emission. The red solid line shows
the FID when it is turned off, also delayed due to dispersion.

different from the one discussed in Ref. [26], where field
gradients spectrally broaden the ensemble to the point that
it is optically thin while in the excited state, and thus
reduce the noise level at the frequency window of the echo.
In contrast, the control is achieved here by switching groups
of ions out of phase on the microscopic scale using discrete
homogeneous electric-field pulses. This is an essential differ-
ence, since microscopic cancellation may turn off unwanted
coherent emissions in all directions. Furthermore, the precise
timing of the second electric-field pulse after all optical pulses
ensures that only the stored input is turned on, while all other
undesired coherent emissions are turned off, regardless of how
it originated.

B. Fluorescence estimation

Spin state storage at the single-photon level is challenging
and will be strongly affected by both coherent and incoherent
fluorescence noise as mentioned earlier. Using the present
technique, all sources of coherent noise can be reduced to such
a high degree that fluorescence from off-resonant excitation
will be the main limiting factor. The current experiments were
performed with the Pr**ion due to experimental availability,
although it is not an ideal choice. We measured the optical
noise by applying the AFC sequence, described in Sec. III,
but without a storage pulse. The emission after the second
electric pulse was collected with an optical collection effi-
ciency of 40%, and was detected using a Laser Components
Count 50N avalanche photodiode with a quantum efficiency
of 0.69 at 606 nm and a dark-count rate of 26 Hz. A Chroma
bandpass filter (ET590/33m) was mounted before the detector
to block light at wavelengths above 610 nm. In our attempt
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to do single-photon storage, we experimentally measured an
optical noise level of 0.064 photon per shot within a 1-ys time
window, which dropped to 0.044 photon per shot when the
electric-field pulses were used. This noise, which is mostly
attributed to incoherent fluorescence, was measured directly
without additional narrowband spectral or temporal filtering.
In addition, we observed a temporally localized coherent noise
in the form of two-pulse photon echo which was likely gen-
erated by the two spin transfer pulses in the forward direction
and observed in the backward direction, after being reflected
by the cryostat window. The level of this coherent noise
dropped from 1.29 photons per shot within a 2-us time win-
dow to 0.098 when the electric-field pulses were applied. The
remaining noise level we have when the field was switched on
can be mostly attributed to incoherent noise from off-resonant
excitation which was roughly 0.05 photon per 1-us temporal
window. A detailed discussion of the noise characterization
can be found in the Appendix. Taking into account the ~1 %
memory efficiency, limited by the AFC preparation and the
spin transfer efficiency, this noise level is significantly higher
than the signal level we expect from the storage of a single
photon.

To explore the potential of our technique, we here make an
estimate of the fluorescence noise in other more suitable ma-
terials. In order to benchmark materials where the presented
technique would be effective, we look into parameters that
would lead to negligible incoherent fluorescence emission.
Sangouard et al. investigated the fluorescence noise gener-
ated in the three-pulse photon echo scheme and found the
noise level to be proportional to the number of ions in the
ground state [37]. In other quantum memory protocols, such
as the AFC protocol used in our presented paper, the ensemble
and the control pulses are designed to minimize undesired
transfers to the excited state. In particular, the transmission
window we created prior to the AFC creation ensures that
ions resonant with the spin transfer pulses are pumped away.
Nevertheless, such transfer pulses can off-resonantly excite
ions outside the spectral transmission window. The noise level
due to this excitation is expected to be proportional to the
number of the off-resonantly excited ions.

To estimate the fluorescence noise, we look at the
remaining absorption at the center of a spectral transmission
window due to the Lorentzian tail of the ions outside. The total
off-resonant absorption () at the center of the transmission
window can be written as [38]

2T
U = ;XO{O' (6)
Here I'), is the homogeneous linewidth of the ions, A is the
width of the transmission window, and «g is the absorption
outside the transmission window. For a crystal of length L,
the noise will be proportional to the power absorbed (Pyys) by
the off resonant ions, which can be written as

Pabs = Pm[l - eiacLL (7)

where P, is the input power. Without any assumptions about
the system used, Eqs. (6) and (7) show that materials with
narrow homogeneous linewidth and in which wide spectral
transmission windows can be created are favorable to reduce
noise due to off-resonant excitation. It would be useful to use

this model to get some experimentally realistic estimations
of fluorescence noise. Here, we look into Eu’T, which has
an optical homogeneous linewidth of 122 Hz in site 1, an
excited-state lifetime of 1.9 ms [39], and a branching ratio
of ~11% to the "yF zero phonon line, calculated from the
lifetime of the excited stated and the dipole moment of the
transition [40,41]. For a 1% doping concentration in Y,SiOs,
the absorption depth of Eu’* along the D; crystal axis is
3.9 cm~! [42]. For a given input power, the part that will
be off-resonantly absorbed by the ions outside a 40-MHz wide
spectral transmission window in Eu®* is ~20 ppm of the
input. All off-resonantly absorbed photons are assumed to be
reemitted as fluorescence. Out of the total isotropic fluores-
cence, only the part that is overlapping with the spatial mode
of the echo emission contributes to the optical noise. Here we
assume that a diameter of 1 mm of the fluorescence light is
collimated 20 cm after the crystal, which is only 1 ppm of the
total isotropic emission. Furthermore, fluorescence photons
are emitted at different times with some decay constant given
by the excited-state lifetime. Only photons emitted during the
same time bin as the stored signal photon will contribute to
the optical noise. For a 1-us time bin at the beginning of the
fluorescence decay, the probability of photon emission will
be 20.1%. Assuming a 1-us-long control pulse with 100-mW
power, this will lead to an average of ~10~* incoherent fluo-
rescence photon emitted in a 1-us time bin. At such low level
of incoherent noise, our presented technique can quench the
other coherent noise emissions such as FID and off-resonant
echoes, allowing for single-photon storage without the need
for additional spectral filtering. The lower optical depth in
Eu** can be compensated by a cavity to enhance the memory
efficiency as has been demonstrated in Ref. [15]. For com-
parison, doing the same calculation for the Pr’* ions used in
the experiment, we estimate = 0.03 incoherent fluorescence
photon in a 1-us time bin, taking into account experimental
parameters, such as collection and detection efficiencies as
well as control pulses with 10-mW power. This noise level is
very close to the measured background mentioned earlier, and
shows that our model gives reasonable predictions. It should
be noted that the model presented here assumes perfect optical
pumping that removes all resonant atoms from the spectral
transmission windows such that all optical noise only comes
from off-resonantly excited atoms. Such optical pumping can
however be challenging to achieve experimentally, and thus
the optical noise level can be higher than what is estimated
here. A noise level of 7.3 x 1072 to 11 x 1073 photon per
short in a 1.56-us time widow has been reported by Ortu
et al. in Eu*:Y,Si05 with spectral filtering and rf dynamic
decoupling [43]. The excess noise was likely a contribution
from remaining atoms due to imperfect optical pumping.

V. CONCLUSION

We used the linear Stark effect to coherently control the
emission of the echo in the spin-wave storage scheme using
electric-field pulses. The first electric-field pulse was used to
switch off the echo emission after the absorption of the storage
pulse, giving more time flexibility for applying the first spin
control pulse. Then after the second spin control pulse, we
used another electric-field pulse to turn on the echo emission.
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FIG. 6. (a) The pulse sequence used for optical noise characterization. The storage pulse shown in the reference trace around —7.3 us was
omitted, and only the two control pulses were used. See the legend for description of different traces. (b) Counts measured after the second
control pulse with (blue) and without (orange) electric-field pulses to switch off the coherent noise. The control pulses used were sechyp with a
Rabi frequency of 1.53 MHz. The first spike is due to detector saturation effect. The peak centered at 6.2 us is a two-pulse photon echo created
by the two control pulses. The noise was characterized in the two time windows marked by the green and the red lines.

We also showed that this technique can turn off the FID
emission, and could therefore be used to quench the coherent
optical emissions induced by the strong spin control pulses
when performing the spin-wave storage at the single-photon
level. If used in Eu®* :Y,SiOs, this technique has potential to
enable spin-wave storage of single photons without the need
for additional spectral filtering, which would substantially
simplify noise-free quantum memory experiments.
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APPENDIX: OPTICAL NOISE CHARACTERIZATION

In order to assess the effectiveness of the Stark phase con-
trol in suppressing the coherent optical noise created by the
transfer pulses in the spin-wave scheme, the sequence shown
in Fig. 6(a) was used without including the storage pulse. The
background was measured after the second spin transfer pulse
using the same single-photon detector described in the paper,
with and without applying electric-field pulses.

Figure 6(b) shows the results of this experiment when a
sechyp control pulse with a Rabi frequency of 1.53 MHz was
used for excitation. This Rabi frequency is required for an
efficient spin transfer, and was used for the storage presented
in the main text. The measured counts were accumulated over
25 000 shots. The blue (orange) trace represents the measured

(b) I
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FIG. 7. Measured optical noise counts in two time windows at a range of Rabi frequencies with (blue) and without (orange) electric-field
pulses. In (a), the counts were summed over a 1-us time window, from 4 to 5 us marked by the green line in Fig. 6(b). In (b), the counts were
summed over 2 us, from 5.3 to 7.3 us marked by the red line in Fig. 6(b). The coherent echo noise is significantly suppressed when the electric

field is enabled for all Rabi frequencies.
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counts with (without) electric-field pulses. The initial spike
in both traces is due to detector saturation effect caused by
the second spin transfer pulse. A strong coherent emission
in the form of an echo can be seen at 6.2 us. The timing
at which it was emitted, after the second spin transfer pulse
by the same duration as the separation between the two spin
transfer pulses, suggests that it is a two-pulse photon echo.
This photon echo is likely generated by the two spin transfer
pulses in the forward direction and observed in the backward
direction, after being reflected by the cryostat window. This
photon echo, which is considered as a noise source here,
was efficiently suppressed when the electric-field pulses were
used, which demonstrates the effectiveness of the Stark con-
trol in suppressing coherent noise which is usually localized
in time.

The overall reduction in the background was measured
by repeating the measurement in Fig. 6(b) using a range of
Rabi frequencies for the spin transfer pulses. As the Rabi
frequency increased, more ions were excited by the control
pulses, which led to an increase in the optical background.

Figure 7 shows the result when comparing the total number
of counts, with and without electric-field pulses, during two
time windows: First, a 1-us time window, marked by the green
line in Fig. 6(b), in which the noise is expected to be mostly
incoherent fluorescence. Second, a 2-us time window where
the localized coherent echo noise is emitted, marked by the
red line in Fig. 6(b).

A slight reduction in the noise can be seen in Fig. 7(a)
when the electric-field pulses were enabled at all used Rabi
frequencies, with a factor of ~1.4 attenuation obtained at the
highest Rabi frequency of 1.53 MHz. This indicates that the
noise in this 1-us time window is mostly incoherent fluores-
cence that is not affected by the Stark pulses. In Fig. 7(b),
the coherent echo noise is strongly suppressed for all Rabi
frequencies when the electric-field pulses were enabled. When
using spin transfer pulses with 1.53-MHz Rabi frequency, the
echo emission was attenuated by a factor of ~13.5, which
clearly demonstrates the effectiveness of our scheme in sup-
pressing coherent noise. It should be noted that coherent noise
is usually localized in time.
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