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Efficient storage of telecom-band quantum optical information represents a crucial milestone for establishing
distributed quantum optical networks. Erbium ions in crystalline hosts provide a promising platform for telecom
quantum memories; however, their practical applications have been hindered by demanding operational conditions,
such as ultra-high magnetic fields and ultra-low temperatures. In this work, we demonstrate the storage of telecom
photonic qubits encoded in polarization, frequency, and time-bin bases. Using the atomic frequency comb protocol
in an Er**-doped crystal, we developed a memory initialization scheme that improves storage efficiency by over an
order of magnitude. The observed results were made possible by the deliberate selection of the pumping sequence
and the minimization of lattice interactions, to the extent possible without the use of dilution refrigerators or

superconducting magnets.
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1. INTRODUCTION

Optical quantum networks have numerous proposed applications
such as distributed quantum computing, blind quantum comput-
ing, secure communications, and distributed quantum sensing
[1,2]. Due to the exponential optical loss in optical fibers and
the fundamental inability of quantum information amplification,
quantum memory devices are sought to relay and synchro-
nize quantum information distributed over long distances [3-5].
To enable long-range networking, various quantum repeater
schemes have been proposed [4,6—8]. Quantum repeaters based
on absorptive quantum memories have the potential advan-
tages of long-life storage [9], multiplexed operations [10-13],
photonic integration [ 14], and interfacing with ubiquitous entan-
glement sources [15—17]. In addition, quantum memories have
other applications including, but not limited to, single-photon
generation [18], multi-photon synchronization [19,20], linear
optical quantum computing [21], quantum sensing [22,23], and
fundamental science in space [24].

Quantum memories with rare-earth ions in solids are under
active development [5,14,25]. Elementary quantum networks
have been demonstrated with rare-earth-ion ensembles in crys-
tals interfaced with entangling photon sources and wavelength
conversion to accommodate memory wavelength, which is
mostly outside the telecom band [15,16]. Typically, the atomic
frequency comb (AFC) protocol [26] is employed for stor-
age. Erbium ions, Er**, in solids have optical transitions in
the telecom C-band, an unparalleled property that is suitable
for integration with existing optical fiber networks. Over 1 s
coherence time of nuclear spin in a high magnetic field and
milliseconds in zero field has been reported with an Er**:YSO
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crystal [27,28], and memory-source integration has been demon-
strated as well [29]. Using Er**:CaWO, crystals, an electronic
spin coherence time of 23 ms has been observed [30], and sin-
gle spin-photon entanglement has been demonstrated [31]. The
practical deployment of Er-doped solids as quantum memories
enables advancements beyond passive memory elements [32],
significantly extending communication distances, while offering
a platform for deterministic entanglement and coherent control
of information.

The recent development in Er crystals has relied on dilution
refrigeration or high magnetic fields (approximately 7 Tesla)
to achieve certain memory milestones. The presence of a half-
integer spin in Er** ions demands both low temperatures and a
high magnetic field to freeze the coherence-degrading spin-flip
transitions [27]. Additionally, the low branching ratio, that is,
the electrons in the excited state tend to return to their origi-
nal ground state rather than other spin ground states, and the
presence of a large number of hyperfine states complicate the
spectral tailoring features in erbium [33] compared with other
ion candidates. For these reasons, the initialization and operation
of Er-based quantum memories has proved difficult posing limi-
tations on its practical deployment when it comes to multiplexed
processing.

A storage efficiency of up to 22% has been observed in
an '“Er:YSO crystal with a 7-T field at 1.5 K [34]. Other
approaches have used a moderate magnetic field in a dilution
refrigerator to achieve the same spin-freezing, but with a much
lower storage efficiency of 0.2% [35]. Multimode quantum
storage with erbium-doped fibers at 10 mK (dilution refrig-
erator) have been demonstrated [36]; however, it suffers from
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low storage efficiency and short storage time. Despite signifi-
cant advancements in telecom quantum memory development,
achieving a scalable solution for practical quantum optical net-
works requires overcoming the reliance on ultra-high magnetic
fields and dilution refrigerators.

In this article, we report the development of an efficient and
multidimensional quantum storage in an AFC quantum memory
based on an Er**:YSO crystal, without using superconducting
magnets or a dilution refrigerator. We develop a simple but
efficient spectral hole pumping method to perform the spec-
tral tailing required for the AFC storage in the telecom band.
We demonstrate the storage and retrieval of single photons in
polarization, frequency, and time-bin basis. Memory fidelity was
evaluated using quantum process tomography for polarization
qubits and intensity noise estimation for frequency and time-bin
qubits.

2. EXPERIMENT

The 0.005% '’Er:YSO crystal dimensions are 2 mm X 3 mm
x 4 mm, with the b-axis aligned with the 4 mm edge. Both the
D, and D, axes are in the 2 mm X 3 mm plane, at a 45° angle
to the crystal edges. The magnetic field is orientated along the
3 mm edge, which gives a nearly maximum electron Zeeman
splitting [37]. Additionally, defects in the host YSO materials
produce fluctuations in the local crystal field, leading to inhomo-
geneous broadening of the ensemble transitions. For a dopant
concentration of 0.005%, this material has an exceptionally low
inhomogeneous linewidth of 390 MHz, and can reach a narrow
homogeneous linewidth of 73 Hz [38]

Each Er’* ion substitutes for a Y** ion in one of two sites
with C, rotational symmetry. Each of these two distinct sites
is then divided into four orientation subsites, corresponding to
the C, rotation and inversion symmetry. While, in general, these
subsites are magnetically inequivalent, by aligning the magnetic
field in the D;—D, plane of the crystal, the magnetic equivalence
can be restored [37]. The ground state *1;s,, and the first excited
state *1;; /o of Er** ions consist of eight and seven Kramers dou-
blets, respectively. These doublets become fully resolvable in
the presence of a magnetic field.

The laser wavelength at 1536.3 nm coincides with the *I;s,,
< 1,3, transition in Er’* for the first substitutional site of
YSO. A double-passed acousto-optic modulator (AOM) is used
to generate the pumping and input sequence. A fiber-coupled
electro-optic modulation (EOM) shifts the laser frequency, and
only the first-order sideband is transmitted through the subse-
quent etalon. A rapidly switchable neutral density filter (NDF) is
used to attenuate the input pulses into single-photon level. The
quarter waveplate adjacent to the crystal balances the absorption
of the two polarizations of light. Three half-wave plates outside
the cryostat compensate the phase error induced by the crystal
and the quarter-wave plate (see Fig. 1(a)).

3. EFFECTIVE SPECTRAL TAILORING WITH
PRACTICAL CONDITION

Some limitations of Er** ions in the communication band include
the 10-ms excited-state lifetime and the branching ratio of less
than 10% [33], which significantly reduce the performance
of spin initialization and state manipulation, compared with
other rare-earth ions [39]. Erbium-based quantum memories
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typically operate near the optical transition with the high-
est optical density—namely, the *I;5,, —* I;3, transition with
Am; = O—which also exhibits the strongest transition dipole
moment. This results in a near-unity branching ratio, ensuring
that most spontaneous emission returns the atom to its initial
ground-state manifold. Here, Z, is the lowest energy level of the
crystal field Hamiltonian for *I;5,, and Y, is the lowest energy
level of the crystal field Hamiltonian for /5, (see Fig. 1(b)). A
magnetic field is necessary to remove degeneracy, and improve
coherence time and hole burning performance [40]. However,
another challenge is that thermal phonons couple to electronic
spins greatly reducing the hyperfine lifetime. An effective solu-
tion is to lower the temperature and increase the splitting [27].
Here, we demonstrate efficient spectral tailoring using more
practical experimental conditions, i.e., using neither dilution
refrigerators nor superconducting magnets.

A schematic of the experiment is shown in Fig. 1(a). Two N52
cube permanent magnets with dimension of 3/4 x3/4 x3/2
inch, separated by 4.5 mm, generate a uniform magnetic field of
1.1 T. In the regime of 0.9 K and 1.1 T, the hyperfine relaxation
is mainly dominated by the one-phonon direct process [27]. The
density of a phonon with energy equal to the electronic spin
splitting fiw, = guyB follows the Planck distribution,

me'B 1

2H2,3  HBEB
m2h2c oo 1

u(B,T) = , (1)

where B and g are the magnetic field and the g-factor along
a specific axis, respectively; pp is the Bohr magneton, kp is
the Boltzmann constant, T is the temperature. The phonon dis-
tribution model in Fig. 1(c) reveals that the phonon density is
relatively low in our experiment.

The phonon-mediated relaxation is obtained by measuring the
lifetime of spectral holes. The spectral hole burning achieved
using multiple burning cycles each consists of a train of 1-MHz-
bandwidth pumping pulses, a pump-off duration (Af;,.16,) of 10
ms of each cycle. The delay after pumping cycle (Afouio0p) iS
also controlled to optimize the optical density and noise. The
spectral hole lifetime with varying pumping cycles is shown in
Figs. 2(a) and 2(b). During the hole-burning process, the excited
ions will mostly decay back to the original ground hyperfine state
[Fig. 1(b)] due to the small branching ratio. We have realized
that continuous pumping, as traditionally employed, results in
inefficient pumping. This is due to the reduced branching ratio
induced by stimulated emission.

By optimizing the pumping cycle, i.e., introducing optimum
delay times when the pump is switched off, we obtain an efficient
hole burning process. For a single hole, this is achieved using two
monochromatic square pulses with varying duration (0.05—1 ms)
and time separation (0—10 ms). Figure 2(a) presents experimen-
tal evidence of this process. The hole area is recorded using
two pump pulses of approximately 0.05-ms duration, separated
by varying time intervals. As the separation between the pulses
increases, the hole area grows, indicating improved pumping
efficiency, and eventually saturates at a time scale of approxi-
mately 10 ms, consistent with the excited-state decay time. We
then measure the pumping efficiency after applying between 1
and 300 pump pulses, followed by a delay period to allow the
excited atoms to decay (out-loop delay). Figure 2(b) shows the
resulting permanent spectral hole and quantifies its efficiency as
a function of the number of pumping cycles. Here, we define
hole depth as the difference in optical density (OD) before and
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Fig. 1. (a) Schematic of the experimental system. A 'S/Er3*:YSO crystal is situated in a uniform magnetic field of 1.1 T generated by
two permanent magnets, and placed within a 0.9-K cryostat. A double-passed acousto-optic modulator (AOM), a fiber-coupled electro-optic
modulation (EOM), and an Etalon generate the time and frequency entangled state. A series of half- and quarter-wave plates (HWP, QWP)
encode and decode the polarization information. A rapidly switchable neutral density filter (NDF) attenuates the input pulses down to single-
photon level. (b) Illustrations of hyperfine-level population relaxation mechanism. A spectral hole near the Z;:S,1, — Y,:S,1, (n = - 5, ety %

transition is burnt by a pump pulse (red). The hole is eliminated over time by spontaneous decay (blue) with a lifetime of approximately
12 ms, one-phonon direct relaxation (orange) of 3 s, and hyperfine cross-relaxation (brown), which is expected to be approximately 1 min.
(c) The theoretical model describes the thermal phonon distribution at the current experimental condition (blue solid) and the experimental

condition in Rancic¢ et al. (orange dotted) [27]. The magnetic field on the horizontal axis corresponds to the phonon energy matching the

ground electronic spin splitting.

after hole burning. The hole depth indicates the efficiency of the
optical pumping. After the hole burning process is done, the hole
decay is dominated by phonon relaxation between the hyperfine
levels. Two exponential fits to the spectral hole decay reveal that
the lifetimes of spontaneous decay (7;) and phonon-mediated
decay (1) are 12 ms and 3 s, respectively, and 92% ions are
well initialized into other hyperfine states [27]. The coherence
time of the optical transition is measured to be T, = 169 us by
the Hahn echo method. The effective spectral tailoring permits
a variety of memory protocols applied in C-band solid-systems
in a more practical experimental condition.

By further increasing the magnetic field, for example,
using Halbach array or wedge-composed magnets, the phonon-
mediated relaxation can be fully suppressed and atomic polar-
ization can be achieved with nearly 100% efficiency, which
can result in a hole lifetime of 1 min limited by the hyperfine
cross-relaxation [27].

To model the effect of interleaved pumping, we consider a
three-level atomic system with ground states |1) and |2), and
excited state |3). The system is driven by a laser field on the
|2) < |3) transition, and decays spontaneously from |3) — |2)
at rate ys and from |3) — |1) at rate ;. The population
decay rate of |2) < |1) states is y,,. The time evolution of

the populations p;(f) is governed by the following differential
equations:

d
5;1 = y21(p2 — p11) + Y3103, (2
dpx _ 3
a Yau(pi1 = P22) + Yp3s + R ()33 — p),  (3)
dps
dr = —(y + ¥31)p3 — Roa(t)(p33 — p22), 4)

where the effective coupling rate R»;(f) due to coherent driving
is given by Ry3(¢) = 2Qu3(£)* /(Y21 + ¥32).

In the interleaved pumping scheme, the pump is switched off
periodically for approximately 10 ms (in-loop delay) allowing
atoms to decay with a higher probability to the shelved state.
The theoretical and experimental results in Fig. 2 show that,
for a fixed total pumping duration, interleaved pumping leads to
higher pumping efficiency compared with continuous driving.
The model prediction in Figs. 2 (c) and 2(d) obtained from Eqs.
(2)-(4) indicates that a continuous 50-ms pump is less effective
than a sequence of fifty 1-ms pulses, separated by 10 ms to allow
for atoms to decay before repumping. Ideally, continuous pump-
ing over an extended period—of the order of the ground-state
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Fig. 2. (a)Integrated area under the spectral hole, which is proportional to light transmission, as a function of the in-loop delay between two

pumping pulses, with an out-loop delay of 1 ms. Here, two pumping pulses of width 0.05 ms were used. Inset shows the hole burning sequence
for the hole lifetime measurement in panels (a) and (b). Error bars are derived from four data sets. (b) Hole depth (see text for definition)
reduces over time with varying hole-burning cycles. A double-exponential fit of the form f(¢) = ;™™ + aye™/™ + C is used to extract
lifetimes 71 = 12 ms and 7, = 3 s corresponding to spontaneous emission and phonon-mediated hyperfine decay. The ratio r = a,/(a; + az)
describes the atomic polarization fidelity. Theoretical plot of atomic populations as a function of time for (c) continuous pumping of 50 ms
and (d) interleaved pumping using fifty 1-ms pulses are shown. The rate R,3 is plotted above each graph. In this simulation, we consider a
ground state decay time ( 7} = 27/y,;) of 3 s, excited state decay time of 271/(7y3; + y32) = 10 ms, and branching ratio of y3,/y3; = 0.9.

lifetime ( 3 s)—can achieve high-efficiency population trans-
fer. However, such long-duration pumping introduces significant
pump-induced heating, leading to a noticeable increase in the
crystal temperature. When the total pumping time is limited, the
coupling rate Ry; can effectively drive stimulated emission from
the excited state back to the initial ground state, thereby reducing
the overall pumping efficiency.

4. EFFICIENT AFC PREPARATION

To efficiently create atomic frequency combs, a sequence of
pumping pulses with varying frequencies is employed as in
Fig. 3(a). Single or multiple AFC windows were created by
sweeping the pump frequency over the corresponding frequency
window. The pumping cycle consists of a set of complex hyper-
bolic secant pulses that exhibit a square frequency spectrum,
followed by an in-loop delay [41,42].

Multiple pumping parameters including the power, bandwidth
and duration of pump pulse, in-loop delay, and pump loops
were scanned to optimize storage efficiency. Figure 3(b) shows
the integrated hole area, indicating the efficiency of the hole
burning, for different in-loop delays, as an example. At the end
of the pumping cycle, an out-loop delay is applied to allow
excited atoms to decay prior to the input qubits. As shown in

Fig. 3(c), the spontaneous emission noise is negligible after 50
ms. The storage efficiency up to 6.1% and 5.0% for a classical
and single-photon pulse, respectively, is observed with an out-
loop delay of 100 ms. This represents an enhancement of more
than an order of magnitude compared with previous work, where
a low magnetic field was used [43,44].

For atomic frequency combs with square comb profiles cre-
ated by adiabatic pulses, the storage efficiency can be estimated
using the following equation [42,45]:

2

d d . ,
N = Trexp(—)sinc? (exp(—dy), (5)
where d is the optical depth (OD) of the atomic medium before
optical pumping, F is the finesse of the combs, and d, is the
OD corresponding to the background absorption after spectral
tailoring.

Considering a fixed optical depth d, different pumping proto-
cols can affect the background absorption and the AFC finesse.
In our case, the OD is approximately d ~3.3 at an out-loop
delay of approximately 50 ms. The interleaved pumping returns
a comb finesse of approximately F' ~3 and a background absorp-
tion OD of d, ~1.3. The theoretically estimated efficiency is
approximately 7.5%, which aligns with the measured efficiency
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the delay time between each batch of pulses At;,_j,,,. After preparation, the system simultaneously stores two qubits encoded on multiple
degrees of freedom for a time 7. (b) By varying the in-loop delay, an efficient optical pumping cycle, measured by the area under the hole,
is obtained. Choosing an optimal set of pumping parameters maximizes the spectral tailoring, which improves storage efficiency. (c) Blue,
the AFC memory efliciency with interleaved (diamond) or continuous (circle) pumping versus waiting time, Af,,;—;y0p, after pump. Orange,
average noise photon counting due to the spontaneous emission from the excited state. For Afgy_100p>50 ms, the spontaneous emission noise
is found to be negligible (shaded region). Here, the AFC bandwidth used is 16 MHz. Dashed lines in (b) and (c) are double-exponential fits.
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Fig.4. Memory performance at the single-photon level. Coherent control over the storage of photons with two degrees of freedom, frequency,
and time is shown. By burning spectrally separated AFC structures with varying parameters (right column), independent modulation of the
storage time of each photon is achieved (left column). By storing qubits of varying frequency for different durations, we perform pulse
processing, including (a,e) FIFO storage, (b,f) FILO storage, and (c,d,g,h) frequency-dependent delay. I and II refer to the first and second

time-bin of input and echo light pulses.

of 6%, considering the uncertainty in the OD estimation. Exper-
imentally, we observed [see Fig. 4(c)] that interleaved pumping
results in an approximately 8-fold enhancement in efficiency
compared with the traditional continuous pumping method.

5. MULTIDIMENSIONAL QUANTUM STORAGE

To demonstrate the compatibility of multiple degrees of free-
dom (DOFs) of photonic qubits with the memory, we performed
multidimensional storage experiments encoded with frequency,
time, and polarization qubits. The time and frequency qubit
is encoded by the AOM and EOM in Fig. 1(a). A 1-GHz-
wide etalon selects the desired sideband of the EOM. Optical
pulses with two orthogonal polarization states interact sym-
metrically with the ions in the crystal, facilitated by QWP2
and the mirror behind the crystal, which retroreflects the light

back into the medium. The HWP3 and HWP4 align the light’s
polarization to the crystal axis which is birefringent. A tilted
0° HWP2 compensates the phase difference of the two polar-
izations. Then, the two PBS—-HWP-QWP combinations enable
generation and projection measurement of polarization on the
{lH), |V), ID) = H(IH) +|V)), IR) = 5(|H) —i|V))} basis.
The frequency and time-bin storage is shown in Fig. 4. Two
AFC windows of bandwidth 8 MHz and 16 MHz separated by 50
MHz are prepared near the central peak of the absorption spec-
trum. The storage times are 0.5 us and 1 us, which are modest
for an input pulse of 100 ns. The input pulses at the two time-bins
have different center frequencies matching those of two AFCs,
each containing five spectral holes (combs). The delay can be
designed for each AFC to retrieve the two time-bin data in either
first-in—first-out (FIFO) or first-in—last-out (FILO) order. The
frequency bins can be coherently separated (interfered) when
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Fig. 5. Time-resolved frequency-dependent memory. Two weak
coherence pulses with single but different frequency are injected
to an AFC memory as shown in Fig. 4(g). The mean photon count
shown on the figure for different time bins corresponding to different
frequency bins exhibit a time-bin and frequency storage fidelity of
99.7% and 97.5%.

they enter the memory at the same (different) time-bins. This
frequency-dependent delay can be used to coherently process
qubits with a frequency difference indistinguishable by gratings
or other conventional frequency processors. The slightly broad-
ened echos with 1 us storage time in Figs. 4(b) and 4(c) are due
to the narrower corresponding AFC bandwidth. The imperfect
input interference fringes in Fig. 4(c) are caused by the etalon
leakage (0.9%) of the 4-GHz EOM sideband.

The intensity noise of time and frequency qubits is evalu-
ated by designing a time-resolved frequency-dependent memory,
where an AFC as shown in Fig. 4(g) is created and a single-
frequency input pulse is injected to the memory. The result
is shown in Fig. 5. Since the single-photon detector cannot
distinguish a multi-photon event, the mean photon count 7 is
deduced from the measured count n’ using the Poisson dis-

n gk

tribution: n’ = ¥,_, <", where the summation is over photon
numbers k>0. Fidelities of 99.7% and 97.5% obtained from
the intensity measurements demonstrate excellent time-bin and
frequency performance, indicating low noise, negligible second
AFC echo, and absence of frequency cross talk.

To evaluate the performance of the memory for storage of
an arbitrary polarization state, we performed quantum pro-
cess tomography of the quantum memory. The goal of process
tomography is to find the map that corresponds to an arbitrary,
unknown process. Generally, this corresponds to determining
some coefficient of matrix y for a specified set of basis operators
{A,}, representing a map as

E(P) = ) XmAipA), (6)

To determine y from the experimental data, we employ a stan-
dard minimum-value optimization procedure [46] for both a
photodiode and a single-photon measurement. In the case of the
photodiode measurement, input pulses are similar in amplitude
to the pump field to produce the AFC. For the single-photon
operation, the input pulses are attenuated to fewer than one
photon per shot. We perform sixteen measurements for four
orthogonal polarization states: {|H), |V), |D), |R)}. Three half-
wave plates are used to compensate the phase difference between
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2 polarizations caused by the crystal. To evaluate the accu-
racy of the memory process, we compute the process fidelity
of the resulting map as ¥ = Tr(y/y/ ey Xizeary Xewp)*- FOr a mem-
ory process, the input state should remain unchanged, so the
ideal y matrix has a unit value for the identity term and zero
elsewhere, corresponding to the map &E,.,.(p) = Ipl’, where we
choose an operator basis of Pauli operators {1, o, —ioy, 0} [47],
or a matrix with yy = 1 and zeros elsewhere.

Tomography was completed for the simultaneous storage of
two pulses at different time bins, separated in frequency by 50
MHz and stored for 0.5 ps, as shown in Fig. 4(a). The tomog-
raphy of the classical echos showed a process fidelity of 94.9%
for the first pulse and 97.6% for the second pulse. Figure 6
shows the y matrix elements for the single-photon tomography;
in this case, the first echo demonstrated a process fidelity of
92.3%, while the second echo had a slightly improved fidelity
of 95.5%. The difference in fidelity of storage in these two
cases is due to the decreased interaction strength between the
atoms and optical pulses of varying frequencies. The largest non-
identity component for the two pulses was the ZZ-component
for the first echo, with a magnitude of 0.032. However, both
maps had small but non-negligible complex components asso-
ciated with the off-diagonal elements IX, IZ (largest amplitude
0.1237§). These components were matched with the conjugated
values for the X/ and ZI components, which suggests that the
angled quarter-wave plate was insufficient to remove all phase
effects. In particular, the magnitude of these components varies
between the first and second echo, with the first echo having a
more pronounced rotation.

6. DISCUSSION

There exist a number of avenues by which the performance of the
system can yet be improved. Adjusting the optical path through
the cryostat can improve polarization-qubit storage fidelity by
removing dielectric-induced birefringence from the mirrors. By
better aligning the magnetic field with respect to the D, and
D, axes or using site 2 ions of Er:YSO, a larger magnetic g-
factor can be achieved [37], leading to an enhanced ground-state
lifetime and spectral tailoring. Furthermore, the magnitude of
the magnetic field may be improved by focusing the field through
a set of wedges composed of a magnetic material. Such elements
could be incorporated directly into the mounting system for the
crystals inside the cryostat. In addition, host crystals with low
densities of nuclear spins such as CaWQO, can be used to further
increase the ground-state lifetime and optical coherence time of
erbium ions.

The spin polarization initialization method [34] can be incor-
porated with the interleaved pumping scheme developed here to
further enhance the memory performance [48]. With the ground-
state lifetime being extended to 10 s, more efficient spectral
tailoring can be achieved to reduce background absorption OD
below 0.2, which can further increase the storage efficiency,
exceeding 30%. Due to the inhomogeneous broadening of the
optical transitions of erbium ions in a YSO crystal, a memory
bandwidth of 500 MHz can be created, which can be inte-
grated with entangled photon pairs generated by spontaneous
parametric downconversion or four-wave-mixing processes to
form an efficient light-matter interface [29]. At higher mag-
netic fields (produced by superconducting magnets), coherence
times over one second have been demonstrated [27]. A simi-
lar regime can be accessed by engineering stronger permanent
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Fig. 6. Real and imaginary components of the reconstructed process matrix for time-bin 1 (blue) and time-bin 2 (yellow) after a 0.5-pus
storage. The real components of the process matrices in panels (a) and (c) are near unity for both echos, demonstrating high polarization
stability during storage. The imaginary components of the process matrix contains nonzero elements, indicating the system acquires an

uncompensated phase during the storage process.

magnets. When combined with spin-wave storage [49], such
conditions will enable the realization of long-lived quantum
memories. Both directions are the focus of ongoing and future
work. Moreover, the quantum memory devices with two fre-
quency windows can be used for coherent processing of time-
and frequency-bin qubits as well as storage of hyper-entangled
photons with frequency, polarization, time, and number basis.
In addition, multiple frequency windows can be created to store
photons encoded with high-dimensional frequency-bins [50],
by doping erbium ions into silica fibers or LiNbO;, with much
larger inhomogeneous broadening above 10 GHz [12,36].

7. CONCLUSION

In conclusion, we have developed the interleaved pumping
scheme to effectively and efficiently prepare atomic frequency
comb in a telecom compatible erbium-doped crystal. Impor-
tantly, we demonstrate efficiency enhancement by more than
an order of magnitude compared with previous work in sim-
ilar experimental conditions. We illustrate this effect with an
Er:YSO crystal under a moderate temperature and magnetic field
environment from a table-top cryostat and monolithic rare-earth
magnets. Moreover, we demonstrate storage of multidimen-
sional qubits in frequency, time, and polarization basis with
high fidelity.
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