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Abstract: We created high-resolution atomic frequency combs (AFCs) and optimized the pulse
sequence used in AFC memory to realize highly efficient AFC quantum memory using the
167Er3+:Y,Si05 hyperfine level system. As a result, the formation and relaxation times of AFCs
were revealed, and AFCs with a resolution of 800 kHz were created by using an appropriate
pump light intensity. An efficiency of 0.16% with a memory time of 0.5 ps was achieved even
under a zero magnetic field and a 10 ppm Er concentration sample. This result paves the way for
realizing highly efficient communication-wavelength AFC quantum memory.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The key to developing quantum repeaters, which are indispensable for realizing global quantum
information networks, is the rapid development of quantum memories (QMs) [1-3]. Rare-earth
ion-doped crystals are promising QM materials because they are solid-state materials with
good optical properties, and they are being actively studied [4—6]. Among them, Er’*:Y,SiOs
(YSO) has optical transitions within the communication wavelength band. The advantage of this
transition enables photon storage without wavelength conversion, which can be a bottleneck for
efficiency. In addition, '”Er®*:YSO crystals, which consists only of '’Er** with a non-zero
nuclear spin of I = 7/2 and hyperfine (HF) structure due to isotope purification, has a much longer
optical coherence time of 7,” ~ 10 us and HF coherence time of T;yp ~ 370 us under a zero
magnetic field [7,8]. Moreover, erbium electron spin relaxation due to the magnetic fluctuation of
yttrium ions via superhyperfine (SHF) interaction is suppressed by applying a high magnetic field.
As a result, coherence is improved by the frozen core effect, and homogeneous linewidths of
Iy, = 73 Hz [9], T;pt ~ 1.3 ms [10], and T;yp ~ 1.3 s have been obtained under a magnetic field
of 7 T [11]. Furthermore, QM protocols such as the electromagnetically induced transparency
[12], noiseless photon-echo [13], controlled reversible inhomogeneous broadening/gradient echo
memory [14-16], revival of silenced echo [17], and atomic frequency combs (AFCs) [18,19]
have been well studied on rare-earth doped materials. Among them, AFC QM protocols have
been actively studied, such as 1-hour AFC memory with 'Eu*:YSO with spin wave storage
[20] and 22% efficiency with 0.66 ps of storage in 50 ppm of '7Er3*:YSO under 7 T with proper
initialization of populations [21].

The bottleneck in achieving efficient and long-memory-time AFC QM protocols is the creation
of high-quality AFCs [21-23]. A superior AFC is characterized by a large comb finesse F,
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which means high resolution, and a large absorption depth (AD), which indicates high contrast.
These parameters, F and AD, determine the efficiency and memory time of an AFC, and they are
greatly affected by the frequency fluctuations of the light source and the intrinsic homogeneous
linewidth of the material. Compared with praseodymium and europium ions, '’Er’* has an
electronic spin S = 1/2, and the coupling to the nuclear spins of host crystal results in a relatively
large homogeneous linewidth of electrons. Therefore, AFC memory of light and single photons
in 'Er**:YSO has not been reported under a zero magnetic field. As it is mentioned above, the
SHEF interaction has been reported to be suppressed by applying a magnetic field. However, the
memory time and efficiency are still much smaller than those of Pr:YSO and Eu:YSO [21,22]. As
a result, achieving a long memory time and high efficiency with '®’Er3*:YSO is currently very
difficult, and the realization of QM in the communication wavelength band is a challenging task.

The most effective way to solve this problem is to suppress the homogeneous linewidth by
applying a magnetic field, but considering the actual construction of multiple quantum repeater
nodes, it is necessary to construct a system to apply a magnetic field to all nodes. In addition, if the
I67Er3+:YSO is to operate not only as a QM for entanglement swapping but also as a transducer
between microwaves and light, it should be under a zero magnetic field [8,24]. Therefore, it is
also important to eliminate other factors that degrade the quality of AFCs. For creation of AFCs,
a burn-back method [21,25] and a pulse-train method [26,27] are mainly used. In both methods,
optical pumping by spectral hole burning (SHB) is used. Hence, the loss in AFC resolution
due to power broadening and the loss of stored photons due to background absorption (BA) are
factors that degrade AFC quality. Here, BA represents the absorption not contributing to memory
by AFC and is caused by incomplete optical pumping. In the pulse-train method to create AFCs,
it leads to higher quality of AFCs that optimizing the pump light intensity to minimize the
effect of power broadening while maintaining a sufficient AD. In addition, optimizing the pulse
sequence in the memory protocol by revealing the AFC generation and relaxation time, i.e., the
time evolution of AD and BA, also leads to improve the efficiency. For higher efficiency AFC
QM, the optimization of the pulse-train shape [28,29] and initialization methods [21] for electron
populations in complex HF sublevels have been proposed and reported in various systems to
improve the preparation step of AFC. However, we believe that the detailed investigation of
the effects of power broadening and pulse sequences on efficiency of AFC in this study is very
useful for the production of high-quality AFC, and the findings will help many AFC QM studies
because the obtained knowledge can be used in different rare-earth-doped crystals.

In this paper, we demonstrate high-resolution AFCs with an optimized pulse sequence using
the '7Er’*:Y,Si05 HF level system. First, we explored the optimal optical pumping condition
that combines a large AD (i.e., small BA) and minimized power broadening by stabilizing the
frequency of the light source using a fiber laser comb. Following that, high-resolution AFCs were
created using the pulse-train method with an optimized light intensity. The duration of the AFCs
was determined using time-resolved (TR-)SHB, and the AFCs were used for optical pulse storage.
To improve the memory efficiency and avoid the spontaneous emission noise, we optimized the
pulse-train irradiation time and the interval until the photon to be stored is injected. As a result,
the efficiency was improved to 0.16% with a memory time of 0.5 ps, and by optimizing the AD,
an efficiency of more than 20% can be expected even under a zero magnetic field. Therefore, the
results reported in this paper indicate that high-efficiency and long-memory-time AFC QM can
be realized by selecting the appropriate pump intensity and optimizing the sequence.

2. Creating atomic frequency comb

The memory efficiency of AFC-based QM protocols is determined by the quality of the created
AFC. The important parameters are the comb finesse, F = A/y (A : comb spacing, y : comb
width), AD, and BA. M. Afzelius et al. reported that when AD is sufficiently large, a memory
efficiency of up to 54% can in principle be achieved with forward propagation by realizing
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d/F =2 (d: AD) [18]. Since the memory time of light by AFC is r = 1/A, it is essential to
create a high-quality AFC with a high resolution and high contrast. It indicates a large AD with a
small comb tooth width v, for long time storage while maintaining an appropriate F. Since AFCs
are created by frequency-selective optical pumping based on SHB with an inhomogeneously
broadened absorption spectrum, y depends on the width of the hole spectrum. This is determined
by the homogeneous linewidth on optical transitions, the power broadening effect, and the
frequency fluctuation of the light source, which must be suppressed to obtain high-resolution
AFCs. To obtain a high-contrast AFC with a large AD, it is necessary to increase the pump light
intensity. In contrast, an appropriate intensity must be selected to avoid the power broadening
effect when the intensity is increased. Specifically for the pulse-train method, the resolution of
the AFC depends on the intensity of the pump light, and the AD is greatly reduced when A is
small.

2.1. Sample and experimental setup

Figure 1 shows the measurement system used in this study. In this measurement system, the
external cavity laser diode (ECLD: RIO, Grande) was highly frequency stabilized using a
100 MHz repetition rate fiber laser comb, as described in detail in Ref. 30. For the AFC
spectrum, TR-SHB, and AFC echo measurements that are described in the next section, the
first-order optical sideband of the frequency generated by electro-optic modulators (EOMs:
iXblue, MX-LN) were used. The other sideband components were removed by band-pass filters
(BPF: Yenista, XTM-50). In these measurements, a pulse train for AFC, pump/probe pulses
for TR-SHB measurement, and input pulse for AFC echo measurement were created by pulse
shaping using acousto-optic modulators (AOMs: Gooch & Housego, Fibre-Q). To obtain a large
extinction ratio, two AOMs were used in each path. The sample was an isotopically purified
167Er3+:YSO bulk crystal ('7Er** purity: 96%, concentration: 10 ppm) cooled to 1.6 K in a zero
magnetic field [30,31], and the optical pump light and probe/input pulse were irradiated along
the b-axis of the sample in a counter-propagating arrangement. The spot diameter was 40 um. A
digital oscilloscope (Textronix, MSO64) was used to acquire the spectra, and superconducting
nanowire single photon detector (SNSPD, Single Quantum, 78% quantum efficiency) was used
to observe the AFC echoes. The AOM was inserted just before the detector to prevent the strong
reflected pump light from reaching the SNSPD. Figure 1(b) shows the HF levels of '*’Er’*:YSO.
Here, |ms) and |my) denote the quantum numbers of electron and nuclear spins. The HF levels
included in the transition between the Site 1 Stark levels of */;5 2 (Z1)-*113 2 (Y1) were used in
these measurements. To obtain a large AD, the frequency of the optical pumping was set to the
center frequency of the inhomogeneous broadening (195.116706 THz). In order to maximize the
absorption depth of the inhomogeneous broadening, we used linearly polarized light parallel to
the D, direction for both the pump and probe beams. Optical transitions with relatively large
dipole moments [10] |my, ms) = | = 7/2,+1/2)s — | = 7/2,+1/2). can occur, and the electron
populations in | —7/2, +1/2), can be pumped to the other levels. The subscripts g and e represent
the HF sublevels of the ground and excited levels, respectively. In fact, other Amy = 0, +1 optical
transitions can also occur, but we ignore them here because of their small branching ratios.

2.2. Properties of hole spectrum

We investigated the physical properties of the hole spectra formed by CW optical pumping
for the preparation of high-quality AFCs. Figure 2(a) shows the hole spectrum formed in the
inhomogeneous broadening of the s 2 (Z1)-*113 /2 (Y1) optical transition. The pump power
was set to 1100 nW to obtain a large AD, and the probe power was set to 2 nW. The homogeneous
width I, of this sample was 179 kHz [30], but the observed hole width I'oe Was broadened due
to the power broadening effect. The relation between [0 and pump intensity, described in Ref.
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Fig. 1. (a) Measurement system. (b) Hyperfine level system of 167E13+:YS0. Red arrows
indicate the transitions by optical pumping.

33, is as follows:

Thole = \/Erh\/ L+4/1+TPTQ2

21 (TPTPO? < 1) )

V2T TP (TP TPQ2 > 1)

where T{"'T;"' Q2 is the dimensionless intensity, 7,"" is the optical population lifetime, 75" is
the optical coherence time, and Q is the Rabi frequency. The above equation includes the effect
of absorption during propagation in a sample of finite thickness, and it shows the limit when
the absorption is large. Figure 2(c) shows the dependence of the hole width (FWHM) and hole
saturation on the pump intensity, respectively. The hole width is well fitted by Eq. (1). Since the
AD is small for low concentration samples, the AFC memory efficiency is mainly limited by the
AD. Therefore, to achieve a large AD (small BA), which is a requirement for high-contrast AFCs,
the hole spectrum needs to be saturated. However, as the pump light intensity increases, the
hole width gets broadened due to the power broadening, and the resolution of AFCs decreases.
Because of this trade-off, it is necessary to maintain the saturation condition while the intensity
of pump light must be kept low as possible. For this reason, we set the pump light intensity
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to 1100 nW. We estimated the appropriate pump light intensity and created AFC with a high
resolution of ~800 kHz while maintaining a large saturation (~88%).

(a) gospr—— 1 (b)
0.8 S o6l ]
C Pump § o4 ]
- L & L . IYlll[llllllllllllllllllll
€ oef b 5ozt \/ - G T
S B ol Wi L |
c C 16.284 16.286 16.288 P L
8 0-4__ Frequency - 195100.021 (GHz) i ST all
g' [ hole ] r L 1
3 0z2r spectrum-] L g |
< ] -
0.0 (el - v 3| L |
N FEETEEEET] SRR RNET EARURRNET) © i I ) i
14 16 18 20 < o 50 00
Frequency - 195100.021 (GHz) & Decay time (ms)
c g |
( ) T T ™ H [}
' 4100 S
= 1.2} ] 2
= 1.0f 180 % L Ek
= r ] =
< 08f 190 g ¢
s gl J40 S T mddle = 358 + 66 ms
2 F 120 £ Tjow =112 +35s
041 ] 0.1 -
d vl vl s vl it 0 of I EPEPENE IR AT P
10° 10" 10° 10° 10* 0 1 2 3 4 5
Pump power (nW) Decay time (s)

Fig. 2. (a) Inhomogeneous broadening of *1,5 /2 Z)-*115 /2 (Y1) optical transition and
hole spectrum. Inset: magnified view of hole spectrum. Light blue dotted line is a Gaussian
fitting. (b) TR-SHB measurement results. The vertical axis is a log scale. Black solid
line is a double exponential fitting. Black dotted horizontal line represents zero-absorption
level. Inset: Fast relaxation component. (c¢) Dependence of hole width (left axis) and hole
saturation (right axis) on pump intensity. The solid yellow line is the fitting curve by Eq.(1).
The solid light blue line is the fitting result from the analytical solution representing the
saturation of the hole spectrum against the pump light intensity described in Ref. 32. Dotted
light blue (yellow) horizontal line represents 100% saturation (27},). Red solid line is the
pump light intensity used in this measurement.

Next, we investigated the dynamics of the hole spectrum, which is related to the duration
of the AFC, by means of TR-SHB spectroscopy. First, the pump light was irradiated into the
sample with a time width set to 50 ms. After a delay time, the probe light frequency was swept
within the +4-MHz band around the peak of the hole spectrum. The sweep time was set to 30 ms.
The peak intensity of the hole spectrum was plotted at each delay time, and the decay of the
spectral peak is shown in Fig. 2(b). The fast relaxation component [inset in (b)] was obtained by
monitoring the variation in the transmitted light intensity of the probe light using SNSPD. These
results indicate the existence of components with relaxation times of Tfa“ =945 = 0.25 ms,
T{“id‘ﬂe =358 + 66 ms, and Tfl"w = 11.2 + 3.5 s, respectively. The relaxation component
of TfaSt corresponds to the decay from the optically excited level since the optical population
lifetime reported by T. Bottger et al. has a similar value, 7" ~ 10 ms [34].

Here, we consider the origin of T{niddle and Tlsl"w. First, these relatively long lifetimes can
be attributed to the transitions within the HF sublevels within /15,5 (Z1). Also, relaxation
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mechanisms in rare-earth ion-doped crystals consist of the spin-lattice relaxation (SLR) and
the spin flip-flop mechanism. Under 1.6 K condition, the peak of the phonon density from the
Boltzmann distribution is ~60 GHz, while the frequency range of the HF sublevels is ~10 GHz,
which is relatively smaller than the former. Therefore, the contribution of SLR is small, and spin
flip-flop is expected to be dominant. This relaxation mechanism was reported in isotopically
purified YNd**:YSO crystals, which is Kramers ion with the same nuclear spin I = 7/2 as that
of 17Er3*:YSO [35]. In the reported model, the relaxing populations from the optically excited
levels return to the pre-excited |my, ms) level via either Amg = =1, Amy = 0 path (transition A)
or Amg = +1, Amy = £1 path (transition B). Here, the transition A represents electron-only
spin-flip relaxation and the transition B represents electron and nuclear spin-flip relaxation.
Transition B has a longer relaxation time than transition A because it also requires a nuclear spin
flip [36]. In addition, a relaxation with Amg = O (transition C) can also occur, however, in this
case, the relaxation time is determined only by the contribution of the SLR since it does not
involve electron spin flip-flop. In Ref. 11, this relaxation time is reported to be 60 s, which is
much larger than Tflow. Furthermore, the contribution of SLR is very small, and thus transition
C can be neglected. In Ref. 35, they reported that the relaxation times of transitions A and B are
75 ms and 1.72 s, respectively, depending on the irradiation time of the pump light. Although
the relaxation times are different between ' Nd**:YSO and '"Er**:YSO due to the different
parameters such as the HF sublevels spacings and the optical transition wavelength, our results
are qualitatively consistent in that they have two relaxation components, one on the order of
milliseconds and the other on the order of seconds. In addition, the relaxation time of the electron
spin flip-flop in non-purified Er**:YSO without nuclear spins under weak magnetic field is
129 ms [37], which corresponds to Transition A and is the same order of magnitude as T{“idd'e.
From these reasons, we assigned that T{“iddle and Tflow are the relaxation times corresponding to

transition A and transition B, respectively, which are referred to as T:lyp in other reports. Further
studies are needed to establish a clear origin and relaxation mechanisms of these hole lifetimes,
which is a future challenge.

These Tilyp ‘s are much longer than the reported '®’Er**:YSO (Ti‘ *P= 97 ms [38]) at 50 ppm
concentration. This is attributed to the fact that the Er concentration used in this study is 10
ppm, which greatly suppresses the spin flip-flop mechanism. Compared to Pr:YSO and Eu:YSO,
I67Er3+:YSO at 50 ppm has been difficult to create high-quality AFC under zero magnetic field
due to the short Tl;yp, which prevents sufficient preparation time of AFC and efficient optical
pumping. The present observations show that a lower concentration of '’Er®* is very effective
in improving the T?yp.

Finally, when storing single photons in the AFC QM protocol, it is necessary to leave a time
interval longer than the optical excitation lifetime between the creation of the AFC and the
injection of the single photon to be stored. The reason for this is to avoid fidelity reduction due to
spontaneous emission. Therefore, the results show that the BA increases by Ady = 0.05 (d) :
BA) when the time interval of 10 ms is used.

To summarize so far, we have estimated the appropriate pump intensity to produce high-quality
AFCs, and the relaxation time of the hole spectrum, which corresponds to the relaxation time of
the AFC, and the variation of BA, which increases as the AFC relaxes.

2.3. AFC quality

We used the pulse-train method to create an AFC by using a Gaussian pulse pair (Fig. 3). The
pulse width was 100 ns, and the memory bandwidth was 10 MHz. The pulse spacings were 0.5
ps and 1 ps, and the AFC spectra were then acquired with comb spacings of A = 2 MHz (red
curve) and 1 MHz (blue curve), respectively. As a reference, the hole spectrum (black curve) was
also depicted. The average power of the pulse train was 1100 nW, which is the optimal value and
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was estimated in the previous section. The BA of the AFC spectrum was increased compared
to the hole spectrum. Since the energy splitting of the SHF sublevels is ~1 MHz [22,38], the
generated anti-hole is included in the 10-MHz memory bandwidth of the pulse train. Therefore,
the BA is expected to increase unfortunately because the anti-hole is also excited at the same
time. Table 1 summarizes the parameters related to the quality of the AFC.
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Fig. 3. (a) AFC produced by pulse-train method. Black: hole spectrum. Red: 2-MHz comb
spacing. Blue: 1-MHz comb spacing. (b) Magnified view of AFC. Black dotted lines are
Gaussian fittings.

Table 1. Important parameters of AFC

A y F d (AD) dy (BA)
2MHz 638 kHz 3.13 0.196 0.149
1 MHz 386 kHz 2.59 0.106 0.167

Table 1 shows that the AD and comb finesse F decreased as the comb spacing A decreased.
This is due to the resolution, which is determined by the hole width. In other words, it is due
to the spectral envelope of the pulse train being convoluted with the hole width of 800 kHz.
The effect of this resolution on the efficiency of the AFC echo is discussed in the next section.
Consequently, it is essential to suppress the hole width as much as possible to achieve a long
memory time. There are several ways to get narrower hole width even under zero-magnetic
fields. Firstly, further lowering the concentration of '®’Er’* would be effective. This should
result in narrower homogeneous linewidth owing to reduction of Er¥*-Er’* interactions [31].
Although this also reduces AD to some extent, as we mention later in this section, low AD
can be compensated with implementation optical resonators. Secondly, excluding nucleus in
host materials by isotopic purifications. For instance, it is technically possible to purify Si by
28g8j; Y,28 Si0s. This reduces magnetic fluctuation of 16783+ from the environment, leading to
narrower homogeneous linewidths.

Since the effect of power broadening is proportional to the homogeneous linewidth from
Eq. (1), the increase in the hole width due to power broadening can be suppressed by narrowing
the homogeneous linewidth itself. For example, if the homogeneous linewidth is suppressed
to 50 kHz, the hole width including power broadening becomes ~200 kHz, which enables the
creation of higher quality of AFCs. The improved resolution of the AFC is also expected to
increase the AD of the AFC up to the upper limit of the difference (dmax ~ 0.35 in this sample)
between the AD of the inhomogeneous broadening (diy, ~ 0.50) and BA (dy ~ 0.15). Because
the present measurement uses a low Er concentration sample of 10 ppm, the absolute efficiency
is severely limited by the small AD. The AD can be improved by introducing an appropriate
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population initialization process [39] or by fabricating an optical cavity to enhance the light-matter
interaction [40,41].

3. Observation of AFC echo

Next, we observed AFC echoes by inputting stored light pulses with a pulse width of 100 ns
and a peak intensity of 400 nW into the created AFC. Figure 4(a) shows the pulse sequence
used for the measurements. The sequence was optimized to maximize the efficiency of the
AFC echo generation as described below. The AFC was created by shaping the Gaussian pulse
train within a time range of 10 ps and repeating it 2000 times. After an interval of 10 ms to
avoid an increase in noise due to spontaneous emission, the stored input pulse was injected 2000
times, and the AFC echo was integrated. The memory efficiency was obtained by comparing
the AFC echo with the reference light passing through the transparent (non-absorbing) region
of '7Er**:YSO. The reference signal was obtained by decreasing the optical frequency of the
input pulse by 4 GHz. Figure 4(b) shows the observed AFC echoes for the AFC with the comb
spacings of A = 2 MHz (red) and 1 MHz (blue). The echo efficiencies were 0.16 + 0.01% and
0.05 + 0.01%, respectively, and the decrease in efficiency can be attributed to the decrease in the
contrast of the AFC. The inset of Fig. 4(b) shows the efficiency of the AFC echo versus memory
time. Here, we also plot the memory efficiency of AFCs created by varying the comb spacing A
from 0.25 to 4 MHz. The efficiency at memory times of 1/A = 0.25 us and 0.50 pys was almost
unchanged, but the echo efficiency decreased exponentially at memory times after 0.50 ps. This
can be attributed to the fact that the resolution of the AFC was 800 kHz, which caused a rapid
decrease in the comb finesse and AD with the inverse (1.25 ps) as the threshold. Figure 4(c)
shows the effect of the averaged power of the pulse train on the AFC echo intensity. The efficiency
increased up to around 2000 nW and then decreased. Compared with Fig. 2(c), this increase
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Fig. 4. (a) Sequence of pulse-train method. (b) Observed AFC echo; black solid line
represents input pulse to be stored, red (blue) solid line represents that for A=2 MHz (1 MHz)
AFC. AFC echo expands by factor of 100. Inset: memory efficiency vs. storage time. (c)
AFC echo efficiency versus averaged pulse intensity of pulse train used to create AFC. Red
line indicates the average pulse intensity used (1100 nW).
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reflects that in AD associated with the formation of the AFC. The subsequent decrease was
caused by the fact that the resolution of the AFC continued to decrease while the AD increased
more slowly as shown in Fig. 2(c). In other words, the effect of the decrease in AD in resolution
with increasing excitation intensity exceeds the effect of the increase in AD in AFC formation.

Furthermore, we optimized the pulse sequence to improve the efficiency of the AFC echo.
Figure 5(a) shows the dependence of irradiation time of the pulse train to form AFC, which
reflects the formation time of the AFC. It is suggested that the AD increases as the formation
of the AFC, and thus, the echo efficiency increases. The figure shows that sufficient optical
pumping can be obtained by irradiating for more than 20 ms, and we adopted this irradiation
time as the optimal pump duration in this measurement. Figure 5(b) depicts the efficiency as a
function of the interval duration between the creation of the AFC and the irradiation of the stored
input pulse. This reflects the relaxation time of the AFC, which is in good agreement with the
T!st and TM4de decay constants of the AFC revealed by the TR-SHB results shown in Fig. 2(b).
For the storage of single-photon-level optical pulses, an interval of Tfpt = 10 ms or more is
required, although the AD is reduced to avoid noise due to spontaneous emission. Then, we set
the interval to 10 ms to preserve the single photon level for future work. As a result, we obtained
an echo efficiency of 0.16% with a memory time of 0.5 ps.
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Fig. 5. Optimization of pulse sequences. (a) Echo efficiency versus irradiation time by
pulse train. (b) Echo efficiency versus interval after AFC creation. Red vertical lines are the
times used for echo measurement in Fig. 4(b). Memory time for measurement is 0.5 ps.

We performed the memory storage of optical pulses using a high-resolution AFC and clarified
the echo decay. To further improve the echo efficiency, we optimized the pulse sequence.
Furthermore, by varying the parameters of the pulse sequence for the echo efficiency, the
formation time of the AFC was newly clarified, and the relaxation time was found to be in good
agreement with the TR-SHB results.

4. Discussion

To evaluate the obtained memory efficiency for each memory time, we calculated the AD and F
dependencies of the efficiency of the AFC echo, as reported in Ref. 18, considering the effect
of BA described in Ref. 27. Here, the efficiency n can be expressed as follows, considering a
Gaussian-shaped AFC for simplicity:

n~ (dJFRe I . ¢TI o=, )

The first term is related to the absorbance of the photon according to Beer’s law. The second
term is the degradation in efficiency due to the decoherence that occurs between the times at
which a photon is absorbed and is emitted as an echo. The third term represents the loss of
photons due to BA during propagation through the material.
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The dependencies of the memory efficiency on the comb finesse and AD are shown in Fig. 6
with the parameters obtained in the measurement substituting into Eq. (2). Figure 6(a) shows that
measured comb finesses close to the maximum efficiency were obtained. It originates from the
fact that the resolution of 800 kHz is sufficient to obtain the comb finesses that maximizes the
efficiency when the comb spacings were set to 2 MHz and 1 MHz. If the resolution is further
reduced, the comb finesse decreases more when the comb spacing is reduced. Therefore, by
setting the pump light intensity so that the resolution is as large as possible, the efficiency of the
comb finesses was close to the maximum even at a comb spacing of 1 MHz. The experimental
values are slightly larger than the calculated one. This can be attributed to the efficiency being
very sensitive to the change in d. From Fig. 6(b), the current low memory efficiency was caused
by the small AD. This was due to the low Er concentration of the current sample (10 ppm) and
the short sample length (6 mm).
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Fig. 6. Memory efficiency versus comb finesse (a) and AD (b) using Eq. (2). Blue and red
markers represent efficiencies obtained from experiments with comb spacings of A = 1 MHz
and 2 MHz, respectively. Dashed lines in each color are theoretical curves calculated from
parameters in Table 1. Increase in BA due to decay of AFC (Ady = 0.05) was considered.
Inset: extended view of (b).

This material enables us to suppress Er3*-Er** interactions, which are one of the sources of
decoherence. In addition, the lower concentration improves Try P and extends AFC preparation
time. Furthermore, the optical pumping efficiency is also improved, resulting in smaller BA
under zero magnetic field [39]. For these reasons, we use a 10 ppm concentration of '*’Er3*:YSO
instead of the 50 ppm concentration used in Refs. 21 and 22.

AFC QMs with efficiencies of 10~22% using '’Er**:YSO under the magnetic field have
already been reported [21,42]. Achieving such a high efficiency under zero magnetic field is a
challenging task. The current memory efficiency is very small (0.16%), but it was found that it
can be improved to 12~22% by optimizing AD (d =5~7). At this stage, we believe that it would
be valuable and important to try to make a breakthrough to reach the theoretical limit of 54%
under zero magnetic field. We are currently exploring ways, including stabilizing the optical
frequency and reducing BA using appropriate initialization methods as shown in Ref. 39.

To realize practical QMs that can operate under zero magnetic field, it is essential to use
materials with a narrow homogeneous linewidth, and therefore, low-concentration, high-purity
167Er3+:YSO is a desirable platform. The current challenge is to improve the low memory
efficiency, which, as shown above, is greatly limited by AD. However, this can be improved
by introducing an appropriate population initialization process or by fabricating the optical
cavity. Increasing the '7Er3* concentration and interaction length will improve AD, but will also
increase BA. By using an initialization process, only AD can be increased without increasing BA.
The optical transition frequencies of the HF sublevels overlap under zero magnetic field, and a
proper initialization process under zero magnetic field is a challenge to overcome. In addition, if
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an optical cavity is used, AD can be increased by improving the light-matter interaction and Tfp ‘

can be reduced due to the Purcell effect. As a result, optical pumping efficiency is improved,
and BA is reduced. By calculating the dependence of the memory efficiency on the AD, it was
shown that an efficiency of 22% can be achieved at a memory time of 0.5 ps by optimizing the
AD. To achieve an even higher efficiency and longer memory time, it is essential to achieve an
even higher finesse by suppressing the homogeneous linewidth. For this purpose, it is essential to
suppress the power broadening effect by optimizing the pump light intensity, as we have shown,
as well as stabilizing the frequency of the light source. This is also the case when AFCs are
created by the burn-back method using an anti-hole.

The present results are only a fixed delay line optical memory using AFC, and it is necessary
to introduce spin-wave storage for on-demand readout and memory time extension. These have
been well demonstrated in Eu:YSO and Pr:YSO, but require conversion and inverse conversion
of optical coherence to nuclear spin coherence, which reduces memory efficiency. According to
[43], these conversion efficiencies are approximately 60%, so if spin-wave storage is introduced
with improved AD, the memory efficiency is expected to be 4~8%.

5. Conclusion

We investigated the quality of AFCs from the view of their resolution and pulse sequences, which
has a significant impact on the efficiency of AFC QM. As a result, we achieved frequency-selective
optical pumping with a resolution of 800 kHz by using an appropriate pump light intensity to
create a high-quality AFC using the '’Er’*:Y,SiOs hyperfine level system. In addition, by
optimizing the pulse sequence used for memory, a 0.5-ps memory of optical pulses was achieved
with an efficiency of 0.16%. Although the efficiency was low due to the low Er concentration,
it was shown that a high memory efficiency of over 20% can be achieved even under a zero
magnetic field by further improving the resolution by introducing an appropriate initialization
process and improving the AD with the cavity-QED effect.
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