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An optical quantum memory protocol has been implemented on the basis of the revival of silenced echo at
the telecommunication wavelength for signal light fields with a small number of photons. To this end, a long-
lived (>1 s) absorption line has been initialized and the orthogonal geometry of the propagation of the signal
and rephasing fields has been chosen. An efficiency of revival of (17 = 1)% has been reached for the orthog-
onal polarization components of a signal pulse at a storage time of 60 us. The input pulse contains ~38 pho-
tons on average, the revived echo signal includes ~6 photons, and the signal-to-noise ratio is 1.3.
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Optical quantum memory (OQM) is designed to
store quantum states of light with the subsequent
extraction of these states by demand at an arbitrary
time. The development of effective multi-qubit OQM
at the telecommunication wavelength (A ~ 1.5 um) is
one of the key tasks in optical quantum technologies
[1], primarily because it is of a great importance for
the development of a quantum repeater necessary for
long-distance optical quantum communications [2],
and it is also considered as an important unit for the
development of a quantum Internet network and a
universal quantum computer [3]. Various protocols
have been proposed during the last two decades to effi-
ciently write and read photon qubits from an OQM
cell [4, 5]. An OQM scheme based on an efficient
retrieved photon echo in an optically dense medium
[6] has been actively applied to the development of
some protocols for its implementation in the crystals
doped with rare-earth ions [7]. One of such protocols
is based on the revival of silenced echo (ROSE proto-
col) [8] and is developed in this work.

The ROSE protocol is close to the classical two-
pulse photon echo scheme, where the signal and
rephasing pulses are supplemented with the second
rephasing pulse, which recovers the primary echo sig-
nal, which is emitted in the already uninverted system
[9]. The ROSE signal reaches a maximum when
rephasing light pulses have a pulse area of m, which
coincides with the Carr—Purcell sequence known in
NMR studies [10]. At the same time, unlike echo sig-
nals in the Carr—Purcell sequence, primary photon
echo is completely suppressed in the ROSE protocol,
and almost the entire energy stored in atoms is emitted

in the ROSE signal at the exact implementation of the
protocol. The development of the ROSE protocol
under various experimental conditions is promising
because of a relative simplicity of its implementation
and a long quantum coherence time in it. Primary
echo is suppressed by different methods, e.g., by con-
trolling phase matching conditions through the choice
of the propagation direction of the signal and rephas-
ing laser fields, as shown in [8, 11, 12], or by means of
the additional control of the rephasing of atomic
coherence [13—15]. The ROSE protocol has been
recently implemented in a cavity in the impedance-
matching regime with the address record and the read-
out of signal pulses [16]. Experimental developments
of the ROSE protocol in integrated structures were
reported in [17, 18].

The authors of experimental works [8, 11, 12, 16—
18] used optical transitions in thulium (A ~ 793 nm)
and europium (A ~ 580 nm) non-Kramers rare-earth
ions; their application at the telecommunication

wavelength is very complicated. The */ 15/2 i 13,2 Opti-
cal transition in erbium ions is of great interest for
applications because its wavelength in the Y,SiO; crys-
tal is A ~ 1.5 um, which is in the transparency range of
the standard telecommunication optical fiber. The
ROSE protocol was implemented with a highest effi-
ciency of 40% in this crystal with the collinear geome-
try of propagation of light pulses [19, 20]. In those
works, pulses with amplitude and frequency modula-
tion were the most appropriate as rephasing pulses [ 16,
21]. However, even these pulses did not ensure a suffi-
ciently high degree of inversion of resonance transi-
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tions in the real experiment with an ensemble of two-
level atoms; as a result, very undesired spontaneous
emission occurred during the emission of the ROSE
signal. One of the ways to reduce luminescence-
induced quantum noise is the modification of the
absorption line of the inhomogeneously broadened
transition, which leads to the appearance of the resid-
ual population of excited atoms only in the spectral
range of the signal pulse [16]. To use the ROSE proto-
col in practice, the modified absorption line should
have a sufficiently long lifetime. It is noteworthy that
it is not difficult to create long-lived spectral holes for
non-Kramers ions (such as Eu®*, Pr’*, ...) with zero
electron magnetic moment because their hyperfine
sublevels have long lifetimes T}, e.g., T, = 23 day for
europium ions in the Y,SiOs crystal [22].

Kramersions (such as Er**, Nd3*...) can be charac-
terized by the effective electron spin .S = 1/2. The fast
relaxation of the electron spin typical of these ions sig-
nificantly reduces the lifetime of hyperfine states in
them. At the same time, the authors of [23, 24] showed
that transitions between electron—nuclear sublevels of
the ground state of '’Er** in the Y,SiOs crystal can
have long lifetimes and spin coherence times (several
to several tens of seconds) under the additional sup-
pression of electron spin relaxation processes. Such a
suppression can be ensured by placing the crystal in
high magnetic fields (H > 3 T) at low temperatures
(T <1.5 K), at which the electron spin in the ground
state is almost completely “frozen,” so that relatively
fast spin relaxation weakly affects the relaxation of
nuclear spins [23]. Optical transitions of '’ Er** ions in
the Y,SiOj crystal at a wavelength of A ~ 1538.3 nm
(site 2) occur between the eight lowest hyperfine sub-
levels of the ground Kramers doublet and eight hyper-
fine sublevels of the optically excited doublet. In this
case, the absorption spectrum consists of three groups
of lines corresponding to optical transitions with a
change in the nuclear spin projection by Am ;= m,(g) —
mye) = —1, 0, +1. The hyperfine structure in the
observed absorption spectrum is quite well optically
resolved, which allows one to step-by-step transfer the
entire ensemble of ions to one long-lived hyperfine
state and to create a high nuclear spin polarization by
optical pumping [24]. This initial state in the ensemble
of '”Er3* ions provides rich possibilities of improving
the basis parameters of the ROSE protocol, which is
the aim of this work.

In this work, we experimentally implement the
ROSE protocol in the '“’Er3*:Y,SiOjs crystal using the

orthogonal geometry of propagation of signal and
rephasing pulses with the preparation of the initial

absorption spectrum on the 4I1 5 /2(0)—411 3,2(0) optical
transition in erbium ions in order to reduce quantum
noise in the studied OQM protocol. Compared to the
collinear geometry of propagation of signal and
rephasing pulses, orthogonal geometry has the follow-
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ing advantages. First, rephasing pulses are less dis-
torted in the process of propagation in an optically
dense medium because the signal beam can pass near
the edge of the crystal. Second, this geometry ensures
a better spatial isolation from scattered photons in a
rephasing beam. Third, orthogonal geometry is the
most convenient for the subsequent use of the cavity
for the signal beam.

The simplified scheme of the quantum transitions
in '”Er’* ions is presented in Fig. 1a. The sketch of the
experimental setup is shown in Figs. 1b and Ic. Fig-
ure 2 presents the time sequences of the used laser
pulses. The sources of laser radiation were two tunable
single-frequency diode lasers tuned to the wavelength
A =1538.35 nm of the used optical transition in
erbium ions (site 2). The population was redistributed
between hyperfine sublevels of the ground state in
erbium ions using a diode laser (New Focus TLB-
6700, Fig. 1c). The radiation of this laser was modu-
lated in frequency and was passed through an erbium-
doped fiber amplifier (Keopsys CEFA-C-PB-LP-
SM), where it was amplified to a power of about 80
mW in a continuous mode before entering the cryostat
with the '”Er3*:Y,SiO; crystal. The laser was tuned to
optical transitions in erbium with the nuclear spin flip

Am,; = —1 (indicated by lilac arrows in Fig. la and by
the horizontal lilac square bracket in Fig. 3). The time
of population redistribution between hyperfine sub-
levels was set to 500 ms (Figs. 2a). To form sequences
of light pulses shown in Figs. 2b—2d, we used another
master laser (Toptica CTL-1500) whose frequency was
stabilized using a servo controller (Vescent Photonics
D2-125) by an optical reference with a high finesse
(F >1000) and a high thermal stability (<5 MHz/K)
of the resonance frequency. The sequences of signal
and probe pulses (shown in Figs. 2c and 2d, respec-
tively) were formed from the radiation of the master
laser using an acousto-optic modulator (AOM in
Fig. 1c¢). A fraction of laser radiation was additionally
amplified by the erbium-doped fiber amplifier (up to
180 mW in front of the cryostat). Amplified radiation
passed through the fiber acousto-optic modulator
(FAOM in Fig. 1d), which formed the sequences of
pulses used to modify the absorption line and to form
rephasing pulses (see Fig. 2b). The sequences of pulses
presented in Fig. 2 were repeated with a frequency
of 0.5 Hz.

The 3 X 3 X 5-mm rectangular parallelepiped
7Er*:Y,SiOs5 (¢ = 0.005%) crystal with edges paral-
lel to the D, x D, X b axes, respectively (shown in the
inset of Fig. 1b), was cooled to a temperature of 1.3 K
in a closed-cycle cryostat with a superconducting
magnet. A magnetic field of H = 3.39 T was directed
along the D, axis of the crystal. The signal light pulse
E, propagated parallel to the D, axis of the crystal
(E || D, | H, turquoise horizontal line in Fig. 1b) and
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Fig. 1. (Color online) Simplified sketch of the experimental setup. (a) Scheme of quantum transitions between the energy levels
of 107ET, (b) ]67Er3+:YZSi05 crystal in a cryostat at a temperature of 1.3 K in an external magnetic field of H = 3.39 T: (yellow
triangles) input/output of radiation to/from the optic fiber, (D1, D2, D3) detectors, (FBS) 50 : 50 fiber beam splitter. (¢) Unit
for the preparation of the signal and probe fields; a fraction of radiation is guided to unit (d) to modify the absorption line and to
generate rephasing pulses; (AOM) acousto-optic modulator of light. (d) Unit for the preparation of rephasing pulses using a Top-
tica CTL-1500 laser and laser radiation for the redistribution of erbium ions in the ground state using a New Focus TBL-6700:
(EDFA) erbium fiber optic amplifier and (FAOM) fiber acousto-optic modulator of light.
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Fig. 2. (Color online) Time sequence of light pulses. (a) Long radiation pulse (spin pumping) in the interval A—B ensuring the
redistribution of the population between hyperfine sublevels of the ground state of erbium ions. (b) Sequence of pulses for the
initialization of the initial absorption spectrum in the interval B—C and for the generation of rephasing pulses in the interval D—E.
(c) Time of the start of the signal pulse D and the time of the emission of the ROSE signal E. (d) Probe radiation in the interval

E—F probing the absorption spectrum in the working spectral range.

was polarized either along the D, (E || D,) or b (E|| b) To measure the input signal pulse and the emitted
axes of the crystal. Light pulses whose sequences are ROSE signal, we used a photodetector (D1 in Fig. 1a)
shown in Figs. 2a and 2b propagated along the 5-mm- based on an avalanche photodiode (Thorlabs
long edge of the crystal parallel to the b axis. Light APDI110C/M), a signal from which was fed to an oscil-
pulses were polarized along the D, axis of the crystal.  loscope (Tektronix DPO 7104C). In experiments with
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signal pulses with a small number of photons, a super-
conducting single-photon detector (Scontel SSPD)
was used instead of the avalanche photodiode. In these
experiments, a fiber filter (SKEO SK-CF55M) was
also added to the detecting channel in order to cut
radiation with wavelengths corresponding to lumines-
cence from the */,;,,(0) excited optical level to the
4115/2(11 = 1, 2) excited levels of the ground multiplet.
The wavelengths of luminescence to the other
4115/2(/1 > 2) erbium levels were beyond the working
spectral range of the detector. Thus, radiation with
frequencies corresponding to the resonance lumines-
cence line that are in the OQM frequency range
reached the photodetector D1.

Figure 3 shows the experimental data on the kinet-
ics of population redistribution between hyperfine
sublevels of the ground state of '“’Er3* ions predomi-
nantly to the m;= —7/2 state in terms of the B—E time
delay between the redistributing (Fig. 2a) and probe
(Fig. 2d) pulses, which is indicated in seconds in the
legend in the upper right part of Fig. 3. The inset of
Fig. 3 shows the decrease in the absorption intensity
(state population) of the most intense line near 0 GHz
with increasing time delay of the probe radiation. The
presented experimental data on the kinetics of the
absorption decrease are described well by the sum of

—TBE

two exponentials oL(Tgr) = UL, + Ae"me 4 Ae
with the parameters Tp,gq. = (2.5 £ 0.3) s, Tyow =
(10.3+ 2) s, A, =1.42, A, =1.25, and aL,, = 1.67.
This approximation is represented by the red solid line
in the inset of Fig. 3. It is worth noting that the mea-
sured time T, coincides within a high accuracy with
the value obtained in [25] in the '’Er**:Y,SiOj; crystal
for the first impurity center at 7= 1.6 K in the absence
of the external magnetic field.

_TBE
Ts]ow

Further, we prepared the initial absorption spec-
trum on the optical transition with the selection rule
Am; = 0 between hyperfine sublevels of the ground
and m;= —7/2 excited states using the sequence of two
burning laser pulses presented in the B—C interval in
Fig. 2b. These pulses were amplitude and frequency
modulated [16, 21], and their electric fields €,(¢) and
carrier frequencies m,(7) had the form

g,(t) = gpsech (B(r - 1,)), (1)

o,() = o, , + uPtanh (B —1,)), )

where p = 1, 2 and the parameters 3 and W specify the
duration of the pulses B~! and their spectral width 2up.
Such pulses allow the efficient inversion of the ensem-
ble of atoms with resonance frequencies in the spectral
range 2Up. To take into account the nonlinear transfer
function of the acousto-optic modulator when forming
these pulses, we fed a compensated-shape pulse to the
input of the acousto-optic modulator in order to obtain
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Fig. 3. (Color online) Absorption spectrum of the

4115/2(0) - 4]13/2(0) optical transition in erbium ions
(type 2, A ~ 1538.35 nm, H = 3.39 T, E(| D | H, E|| D,)
at various B—E time delays between the pump pulse
(Fig. 2a) and the probe pulse (Fig. 2d) indicated in sec-
onds in the legend in the upper right part; the black solid
line is the spectrum obtained without pump pulse. The
population of hyperfine sublevels of the ground state is
redistributed predominantly to the m; = —7/2 sublevel for
shorter time delay. The inset shows the intensity of the
most intense line near 0 GHz versus the B—E time delay.
The spectral range of the pump laser is indicated by the

horizontal lilac square bracket with the label Am; = —1.

the output intensity 7,(t) ~ &,(t) = ggsech’B(t — 7,)).
The central frequencies of the burning pulses ®, , were
specified to the left (p = 1) and to the right (p = 2) of
the OQM working interval in the form

W,y = Oy + 0.5A(-1)", A3)

where , is the central frequency of the signal pulse
and A = 2 MHz is the distance between the centers of
the spectral dips, which exceeds the spectral width of
the pulse (dw = 2up = 1 MHz, = 2r x 50 kHz, and
W =10) corresponding to the width of the prepared
spectral dips. The action of the sequence of two pulses
took a time of 100 us and was repeated 5000 times.
Most of the Er ions immediately after the preparation
of the absorption spectrum were in the optically
excited state. The subsequent luminescence from this
state resulted in the appearance of quantum noise with
the simultaneous emission of the ROSE signal. To
suppress the luminescence, we introduced an addi-
tional waiting time t,, = 10 7} o, (Where T, ~ 10 ms
is the lifetime of the /5 2(0) excited state), during
which the overwhelming number of ions transit from
the excited to the ground states. In this case, the wait-
ing time T,, was 100 ms.
JETP LETTERS  Vol. 117
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Fig. 4. (Color online) (a) Absorption line prepared with the sequences of laser pulses shown in Figs. 2a, 2b, and 2d (black line)

without rephasing pulses and with (blue line) one and (red line) two rephasing pulses in the 167Er3+:Y28i05 crystal (¢ = 0.005%,
T = 1.3 K). (b) Recovery of residual absorption in the frequency range of 1—2 MHz from panel (a) versus the additional waiting

time Ty,.

The spectrum of the resulting structure is shown by
the black line in Fig. 4a. The observed absorption peak
near the center of the line corresponds to the optical
density 0L, = 1.65, and the FWHM of the absorp-
tion peak is 250 kHz, which coincides with the spectral
width of the input signal pulse. The absorption inten-
sity at the translucence on sides of the central absorp-

tion peak decreases to the residual level ¢, determining

the optical density o, = 0.65, which noticeably
depends on the additional waiting time T,,. The depen-
dence of residual absorption d,, on the dependence of
the additional waiting time T, is shown in Fig. 4b,
where the red solid line is the approximation of the
behavior of d, by the sum of two exponentials with the
characteristic times 7} ,,, = 10 ms and 7} = 600 ms.
These times are in agreement with the relaxation times
presented in [25] for the first impurity center in the
7Er3*:Y,SiO5 crystal at a temperature of 7= 1.6 K in
the absence of the external magnetic field. The ratio of
the absorption intensity at the central frequency of the
signal pulse 0LL ., to the residual absorption level d, at
the edges of the peak OlL,.,/dy = 2.5, which allowed
one to reduce quantum noise induced by the lumines-
cence of ions with excited states that remain partially
populated and optical transitions from which have fre-
quencies beyond the spectral range of the signal pulse.
At the same time, the reduction of the residual absorp-
tion level is an important problem, particularly, with a
further increase in the efficiency of the input signal
recovery when the OQM cell is placed in the optical
cavity in the impedance-matching regime. To this
end, the sequence of light pulses proposed in [24] can
be used. Its experimental implementation is more dif-
ficult, but it ensures a quite low residual absorption
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level of about d,, = 0.1 without a decrease in the optical
density in the center of the absorption line 0L .

According to the ROSE protocol, two rephasing
pulses with the same carrier frequency coinciding with
the central frequency of the optical transition ®, were
fed to the crystal after the signal pulse. In our experi-
ments, the parameters of rephasing pulses were speci-
fied in the same form (Egs. (1) and (2)) with the
parameters f = 2mx50 kHz and pu = 10 so that the
range of variation of the frequency of probe pulses cov-
ers the spectrum of the signal pulse (250 kHz). After
the first rephasing pulse, a significant inversion of the
populations of the levels involved in the optical transi-
tion in the ensemble of erbium ions in the frequency
detuning range from -0.5 MHz to 0.5 MHz is
observed (blue line in Fig. 4a). After the second
rephasing pulse, absorption recovered to a level of
oL ~ 1.0 in the working spectral range of signal pulses
(~250 kHz) (see the red line in Fig. 4a). This absorp-
tion level corresponded to the translucence of the opti-
cal transition at which the inversion of the atomic
transition is absent. For this reason, the ROSE signal
propagating in such a medium was not enhanced and,
correspondingly, additional quantum noise generated
by the echo signal enhancement does not appear.

It is also noteworthy that absorption in the spectral
range of signal pulses is almost constant when con-
trolled laser pulses with amplitude and frequency
modulation are used, which ensures the conservation
of the shape of the echo signal. The edges of the spec-
trum include residual translucence regions, which
slightly affect the spectral dispersion but contribute to
the optical quantum noise induced by the lumines-
cence of ions in the same spectral range. At the same
time, owing to the prepared structure of the absorp-
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Fig. 5. (Color online) (Blue and red lines) ROSE signal in
the '”Er*":Y,Si05 crystal (¢ = 0.005% , A ~ 1538.35 nm,
H =339 T, T =1.3 K) at t = 60 us for the (blue line)
horizontal (Eg | Dy || H, E || b) and (red line) vertical
(Eq || Dy | H, E || D,) polarization of signal radiation. The

efficiency of echo revival is 15 and 17% in the case of hor-
izontal and vertical polarization for a storage time of 60 s,
respectively. The black solid line at # = 0 is the input pulse
and the blue and red solid lines are its part unabsorbed in
the crystal in the case of horizontal and vertical polariza-

tion, respectively.

tion line, the ratio of integrated absorption in the
residual translucence regions in the spectral range of
the signal pulse [—0.25 MHz; 0.25 MHz] and in the
spectral edges [—0.75 MHz; —0.25 MHz] and
[0.25 MHz; 0.75 MHz] (see Fig. 4a) is a factor of
3 larger than a similar ratio in [20].

Figure 5 presents experimental data on the imple-
mentation of the ROSE protocol for the signal pulse
that has the vertical (E, | D,) or horizontal (E || b)

polarization and contains about 10® photons. The sig-
nal pulse had a Gaussian profile and a duration of 4 s
(black line at = 0 in Fig. 5). The red and blue lines in
Fig. 5 are the unabsorbed part of the signal pulse with
the vertical (E; || D,) and horizontal (E || ) polariza-
tion at the input of the OQM cell, respectively. The
rephasing pulses were applied at the times 7 = 15 and
45 us (blue line in Fig. 5). The efficiency of signal
recovery 1 is defined as the ratio of the energy of the
echo signal to the energy of the input pulse. The recov-
ery efficiency of the signal pulse with the vertical and
horizontal polarization in our experiments at a storage
time of 60 us is 17 and 15% (see red and blue line in
Fig. 5), respectively. The coherence time of the optical
transition was Ty, = 123 ps (x = 1.35), where T\, is the
phase memory time determined within the Mims
phase relaxation model [26]. The efficiency of signal
recovery in the implemented ROSE protocol for the

identical area 0, of rephasing pulses can be estimated
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using the equation for the pulse area of the ROSE sig-
nal [17]. The solution of this equation in the consid-
ered case of the orthogonal propagation of signal and
rephasing pulses has the form

21

_Z(T_jx s6 2
nLl,0.)=e ™ sin ?CF((XL,GC) , 4)

where the function F(ol,0) = oL ——————=X

( l+cos? 0.)oL
e 4 characterizes the emission of the echo sig-
nal with the phased component of the resonance
polarization whose maximum amplitude in the

&

given by Eq. (4) in the limit 8, — 1 (ideal rephasing
pulses) describes the known case of the maximum

possible efficiency of ROSE ), (0L) = (aL)’e " x

medium is proportional to e sin4%- The solution

2
e [TMJ [27], which does not exceed 25% at oL = 1.65,
Tyv = 123 ps (x = 1.35), and T = 30 ps because of the
reabsorption of the echo signal in the medium. The

analysis of Eq. (4) shows that a small deviation of 0,
from 7 slightly affects the efficiency of the protocol.
The efficiencies of ROSE obtained experimentally for
two orthogonal polarizations of light pulses are

N(ol,0,) = 0.15 and 0.17, which correspond to the

area of control pulses 6, = 0.7%. To verify this value,
we independently estimated the efficiency of rephas-
ing pulses from the absorption measured with probe
radiation (Fig. 4a), which was fed to the crystal after
the first and second control pulses. The corresponding

estimate is 0, = 0.667, which indicates that the results
obtained are reliable, the basis parameters of the
ROSE protocol can be further improved, and its appli-
cation for the efficient storage of polarization states of
light is promising [28, 29].

Then, we implemented the ROSE protocol for
OQM with the input signal pulse, which contained
~38 photons on average. Figure 6 presents histograms
of counts of the single-photon detector averaged over
a storage time of 17 min. The black line at = 0 corre-
sponds to the input signal pulse. After the application
of two rephasing pulses at the times 7 = 15 and 45 Us,
the ROSE signal was observed, which contained about
6 photons on average (see the red line at the time
t=60 us). The efficiency of ROSE is 15%, which
coincides with the efficiency of recovery of intense
pulses (see Fig. 5). Quantum noise in the duration of
the echo signal (4 Us) contained 4.5 photons on aver-
age. These experimental data show that appearing
optical quantum noise is due only to the spontaneous
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Fig. 6. (Color online) Histogram of counts of the single-
photon detector. The gray histogram at 7 = 0 is the input
pulse E¢ || D; || H, E | D, (38 photons on average per 4 [is),

the red histogram at # = 0 is the unabsorbed part of the
input signal containing about 9 photons, and the red histo-
gram at 7 = 60 ps is the ROSE signal containing 6 photons
on average per 4 Uus. The efficiency of echo revival is 15.9%.
Spontaneous emission noise in an echo signal duration of
4 us contained 4.5 photon on average. In the case of one
rephasing pulse, noise consisted of about 9.3 photons per

4 us.

emission from ions remaining in the excited state after
the action of two imperfect rephasing pulses. The effi-
ciency of input signal recovery in this work is smaller
than that in [20] primarily because of a shorter coher-
ence time of the optical transition and a smaller area of
rephasing pulses. At the same time, the proposed
preparation of the initial state of erbium ions allowed
us to reduce quantum noise in the ROSE protocol by
an order of magnitude, which open new possibilities of
its further improvement.

To summarize, we have experimentally imple-
mented optical quantum memory based on the modi-
fied revival of silenced echo (ROSE protocol). The
initialization of the initial absorption line and the
orthogonal geometry of the propagation of signal and
rephasing pulses have reduced optical quantum noise
induced by spontaneous emission from excited ions by
almost an order of magnitude compared to the results
obtained in [20] for the ROSE protocol. The imple-
mented optical quantum memory scheme also allows
the conservation of an arbitrary polarization of the sig-
nal pulse. Several methods can be proposed for the
further improvement of the basis parameters in the
conservation of the signal pulse, in particular, an
increase in the signal-to-noise ratio. First, the coher-
ence of the optical transition can be rephased on
depleted levels involved in the optical transition using
additional light pulses (e.g., at the transition between
the |—5/2), and [-5/2), states). The authors of [30]
showed that the rephasing of coherence on the transi-
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tion adjacent to the signal one in the Eu®*:Y,SiO;
crystal and the use of the selective filter in this crystal
reduce quantum noise during the emission of the
ROSE signal by a factor of more than 600; in this case,
the coherence time between hyperfine states of erbium
ions can reach several seconds [23]. Second, the appli-
cation of a sequence of radio-frequency dynamic
decoupling pulses on these transitions [31—33] will
allow a significant increase in the storage time of opti-
cal quantum memory necessary for use in the quan-
tum repeater. Third, the efficiency of initial signal
recovery can be increased by using a higher quality
I67Er3*:Y,SiO5 crystal ensuring an increase in the
coherence time of the optical transition. In particular,
the authors of [23, 34] demonstrated that the coher-
ence time of the optical transition under similar exper-
imental conditions is 7, ~ 1 ms. The efficiency can be
further increased (m > 64%) by placing the crystal in
an optical cavity in the impedance-matching regime.
We also note that integrated structures were formed in
this crystal, in particular, a photonic crystal cavity [35,
36] and waveguide structures fabricated by femtosec-
ond laser printing with both ends of the waveguide are
directly connected with fiber arrays [37]. These wave-
guide structures can be considered as actual integrated
optical quantum memory devices because transmis-
sion losses are less than 50%. These devices can be
successfully integrated into the existing quantum com-
munication channels.
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