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Frequency-multiplexed quantum communication usually requires a single-shot identification of the frequency
mode of a single photon. In this paper, we propose a scheme that can identify the frequency mode with high
resolution even for spontaneously emitted photons whose generation time is unknown, by combining the time-to-
space and frequency-to-time mode mapping. We also demonstrate the mapping of the frequency mode (100 MHz
intervals) to the temporal mode (435 ns intervals) for weak coherent pulses using atomic frequency combs. This
frequency interval is close to the minimum frequency mode interval of the atomic frequency comb quantum
memory with the Pr3*-ion-doped Y,SiOs crystal, and the proposed scheme has the potential to maximize the
frequency multiplexing of the quantum repeater scheme with the memory.
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I. INTRODUCTION

The realization of quantum communication enables various
applications such as quantum key distribution [1,2], blind
quantum computing [3], and atomic clocks with unprece-
dented stability and accuracy [4]. Quantum repeaters enable
long distance quantum communication and are expected to
constitute the core technology for the future quantum in-
ternet [5]. For these reasons, extensive studies have been
conducted in recent years toward their realization. One trend
is frequency multiplexing which is necessary for improving
the entanglement distribution rate for quantum communica-
tion [6,7]. In frequency-multiplexed quantum communication,
the identification of frequency modes is usually necessary.
The frequency mode identification of single photons used in
quantum communication is more difficult than that of classical
light, mainly because it must be measured in a single shot,
unless nondestructive measurement of the photon is possible.

Recently, an impactful study on quantum repeaters was
reported by Lago-Rivera et al. [8]. The authors demonstrated
a quantum repeater scheme [9] that combines time-division
multiplexed absorptive quantum memories based on an atomic
frequency comb (AFC) scheme [10] and photon-pair sources.
The AFC is a comb-shaped absorption profile. It can be used
not only as a time-multiplexing but also as a frequency-
multiplexing memory [6,11,12]. Here, we consider frequency
multiplexing of the quantum repeater scheme [8,9]. In this
case, AFCs are required to store photons of multiple fre-
quency modes, and photon sources are required to generate
photon pairs of frequency modes corresponding to those of
AFCs. In Ref. [8], the AFC was tailored in inhomogeneous
broadening of the 3Hy < 'D, transition in the Pr3+-ion—doped
Y,SiOs crystal (Pr:YSO) by the hole-burning technique [13].
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In the case of the AFC in Pr:YSO, the upper bandwidth limit
of one frequency mode is about 4 MHz and the lower limit
of the interval between frequency modes is about 100 MHz
when used as a memory capable of reading out stored photons
on demand [14]. These limits are determined by the hyperfine
level spacing in Pr:YSO [14]. The region where AFCs are
created is limited to within the inhomogeneous broadening
of Pr:YSO. Therefore, in the case of a frequency-multiplexed
quantum repeater using AFCs in Pr:YSO, the upper limit of
the entanglement distribution rate can be increased by mak-
ing the frequency mode interval as narrow as possible. As
a frequency-multiplexed photon pair source, cavity-enhanced
spontaneous parametric down-conversion (cSPDC) [15-17],
which is also used in Ref. [8], would be promising. The
frequency mode interval of the photons generated by cSPDC
depends on the free spectral range (FSR) of the cavity. In
Ref. [8], where entanglement between quantum memories was
generated by single-photon interference, the pump laser for
¢SPDC was continuous wave (cw). In the case of cw excita-
tion, the time at which photon pairs are generated is unknown.
To summarize the above, for frequency multiplexing of the
quantum repeater scheme performed in Ref. [8], a method to
identify high-resolution frequency modes of narrow linewidth
photons without photon generation time information is
desired.

A frequency-to-time mode mapper (FTMM) [18-21] and
a frequency-to-space mode mapper (FSMM) [22,23] allow
frequency mode identification of single photons. Typical ex-
amples of FTMMs are wavelength dispersion [20] and chirped
fiber Bragg gratings [21]. In general, these are superior in that
they are easy to implement but face difficulties in achieving
resolution below GHz. An FTMM using AFCs is also pos-
sible [18,19]. In this method, the resolution is determined
by the homogeneous broadening width and the energy level
spacing used, and currently, high resolution below GHz has
been achieved [19]. However, the FTMM that can be adapted

©2022 American Physical Society
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FIG. 1. (a) Schematic of mapping frequency mode to temporal mode. (b) Diagram of frequency mode identification combining a TSMM
and FTMMs. Temporal modes T1 and T4 are mapped to spatial mode S1, temporal modes T2 and T4 are mapped to spatial mode S2, and
temporal modes T3 and T6 are mapped to spatial mode S3 using a TSMM. The frequency mode is then mapped to the temporal mode by an
FTMM, which is provided for each spatial mode. From the combination of spatial and temporal modes after mapping, the frequency mode can

be uniquely determined.

to photons with narrow linewidths below 10 MHz has not been
realized. A common drawback of FTMMs is that they require
information about the generation time of the photon for which
the frequency mode is to be identified. In contrast, an FSMM
can identify the frequency mode without information about
the photon generation time since frequency is identified by
spatial mode. However, in general it is not easy to achieve a
high resolution of less than GHz.

In this paper, we propose a scheme that can identify
high-resolution frequency modes of narrow-linewidth photons
without photon generation time information by combining a
time-to-space mode mapper (TSMM) and FTMMs. We also
demonstrate a high-resolution FTMM using AFCs, which can
be applied to narrow-linewidth photons. The demonstrated
FTMM is capable of identifying frequency modes in the
100 MHz interval, which is close to the FSR of recent cSPDC
two-photon sources [8,17] and the lower limit of the frequency
interval of AFCs in Pr:YSO.

II. SCHEME

In this section, we initially propose a frequency mode
identification scheme that combines FTMMs and a TSMM.
Next, we describe FTMMs using AFCs.

A. Frequency mode identification

First, we consider frequency mode identification when only
an FTMM is used. A schematic diagram of this case is shown
in Fig. 1(a). By mapping multiple frequency modes, which
exist in the same temporal mode, it is possible to identify the
frequency mode from the observation time of the photon if
its generation time is known. In this case, however, to prevent
multiple frequency modes from existing in the same tempo-
ral mode after frequency-to-time mode mapping, the number
of temporal modes before mapping must be reduced. From
the view of the communication rate, reducing the number
of temporal modes is a disadvantage. Therefore, we propose

a frequency mode identification scheme combining FTMMs
and a TSMM. In this scheme, frequency modes can be iden-
tified even if the photon generation time is unknown. It also
eliminates the need to reduce the number of temporal modes
before FTMMs and a TSMM. The overview diagram is shown
in Fig. 1(b). Consider the case where the generation time of
the photon is unknown; i.e., the probability of the photon’s
existence is equally present at all times. The duration of the
temporal mode of the input photon is set to be A,. Here,
A is assumed to be sufficiently longer than the coherence
time of the photon. The TSMM converts each temporal mode
separated by A; into spatial modes S;, Sy, ..., Sng, Si, ...
with Ng being the total number of spatial modes. The FTMM
provided for each spatial mode converts each frequency mode
to a temporal mode at A[ intervals. At this time, A, < A]
must be satisfied to ensure that different frequency modes
do not exist in the same temporal mode. For the same rea-
son, if the total number of frequency modes is Ng, it must
satisfy NgA] < NgA,. In this way, the frequency mode can
be uniquely determined from the spatial and temporal modes
in which the photon was observed. Figure 1(b) shows the
case A; = A}, Np = Ns = 3. The frequency resolution of this
scheme depends on the resolution of the FTMMs. A promis-
ing candidate for a high-resolution FTMM is the AFC, which
we describe below. A promising candidate for the TSMM
could be an optical switch array using electro-optic modula-
tors (EOMs) [24].

B. A frequency-to-time mode mapper using an atomic
frequency comb

The AFC is an equally spaced comb-shaped absorption
profile as shown in Fig. 2(a). Photons absorbed in the
AFC are reemitted in the same spatial mode in the inverse
time of the comb spacing A (henceforth referred to as the
echo signal). Typically, AFCs are created by hole-burning
in inhomogeneous broadening of rare-earth-ion-doped crys-
tals. The AFC can also read out the absorbed photons on
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FIG. 2. (a) Schematic diagram representing the function of AFC.
The light pulse absorbed at time O is reemitted at time 1/A.
(b) Schematic diagram of B with AFCs. AFCs with different comb
spacing, A, A,, Ajz, are made for each frequency mode to be
identified. The light pulses are reemitted in different temporal modes
for each frequency mode.

demand by using another ground level with no popula-
tion [10,25,26]. In this study, frequency-to-time mode map-
ping was performed by AFC, which is used as a fixed-time
memory.

AFC is considered to be used as a high-resolution FTMM.
A schematic diagram of frequency-to-time mode mapping us-
ing AFC is shown in Fig. 2(b). Multiple AFCs can be tailored
in inhomogeneous broadening [6,11,12]. If AFCs are tailored
with different comb intervals for each frequency mode, the
time at which the echoes are reproduced can be changed for
each frequency mode. However, it is not possible to create
multiple AFCs in arbitrary bands because creating a hole in
one band will create antiholes in other bands. The lower limit
of the interval between frequency modes is about 100 MHz
when used as a memory capable of reading out stored photons
on demand [14]. The spacing between adjacent AFCs should
be at least 100 MHz [14]. Therefore in this study, experiments
were conducted to map three frequency modes separated by
~100 MHz into temporal modes with A; ~ 435 ns spacing.

III. EXPERIMENTAL SETUP

The overall experiment setup is illustrated in Fig. 3. In our
experiment, multiple AFCs were created within inhomoge-
neous broadening of Pr:YSO which had a Pr’* doping rate
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FIG. 3. Experimental setup. Second harmonic generation (SHG)
of 1212 nm external cavity diode laser (ECDL) is used as pump,
probe, and input pulses. A neutral density filter (NDF) is used to
reduce the input pulse to a single-photon level. The input pulse is
coupled to a single-mode fiber and observed by an SPCM. When
observing AFCs, the NDF is removed and the transmitted light was
observed with a photodetector (PD1) instead of an SPCM. The other
photodetector (PD2) is used to monitor the probe laser intensity. BS,
beamsplitter; RM, removal mirror mount.

Probe or
input pulse

of 0.05% and dimensions of 3 mm x 3mm x 5 mm. A wide
modulation range is required for the laser beam to create an
AFC in multiple frequency modes by taking advantage of the
inhomogeneous broadening of Pr:YSO (about 10 GHz [13]).
In this study, we developed a frequency stabilization and
modulation system that can perform accurate GHz-order mod-
ulation using a dynamical phase lock technique [27] and
accurate and fast modulation of approximately 10 MHz using
an acousto-optic modulator (AOM) [28]. The absolute fre-
quency of the master laser (Toptica, TA pro) was stabilized
to an optical frequency comb phase-locked to the GPS signals
and the linewidth was narrowed using a reference cavity. The
slave laser (Toptica, TA-SHG pro) used for pump, probe, and
input pulses was stabilized against the master laser. We used
a closed-cycle cryostat (Montana Instruments, Cryostation) to
cool the Pr:YSO crystal to <3.3 K. Each AFC was created by
modulating the pump laser by 10 MHz using the AOM in the
double-path configuration [28]. After each AFC is created, the
laser itself is modulated by 100 MHz using the dynamic phase
lock technique, and a different AFC was created by modula-
tion with the AOM again. The time required for 100 MHz
modulation was approximately 10 ms in our setup. In this
way, three AFCs with different comb spacing were created
at 100 MHz intervals.

The probe laser for observing the created AFC can be
turned on and off by an AOM. It was turned off during AFC
creation and turned on only during observation. During AFC
observation, the probe laser was modulated by chirping the
reference rf signal for phase locking in the dynamical phase
lock technique [27]. The input pulse for observing the echo
signal of the AFC was the same path as the probe laser. The
input pulse was tailored by the AOM to be Gaussian with
full width at half maximum (FWHM) of 5 MHz. The echo
signal is coupled to a single mode fiber (SMF) and detected
by a single-photon counting module (SPCM; Perkin Elmer,
SPCM-AQRH-14-FC). The coupling efficiency of the SMF
was 59%, the detection efficiency of the SPCM was 59%, and
the dark count rate is ~150 Hz. The power of the pump laser
was set to ~2.6 mW, the probe laser to 1 uW, and the input
pulse to mean photon number p = 0.12 per pulse. The beam
diameter was set to ~500 um for the pump and ~100 pum for
the probe and input pulses. These polarizations were aligned
with the D2 axis of the Pr:YSO crystal.

IV. EXPERIMENTAL RESULT

The three AFCs were observed by chirping a weak probe
laser at a chirp rate of 5.2 MHz/ms. The optical depth shown
in Fig. 4 was the average of 16 measurements. It can be seen
that AFCs with different comb spacings were created. In this
experiment, the comb spacing was set to A; = 1.533 MHz,
Ar =920 kHz, and Az = 657 kHz, respectively, in order
from the low-frequency side. This means that the expected
echo times are t{ = 652 ns, t, = 1087 ns, and 3 = 1522 ns.

In this experiment, for each frequency mode created with
multiple frequency modes, 10 000 Gaussian pulses were in-
put. By repeating this procedure, the total number of pulses
input for each frequency mode was Ny, = 7.5 x 10°. The
observed results are shown in Fig. 5. It can be seen that
the echoes appear in the expected temporal mode for each
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FIG. 4. An overall view of the three AFCs and an enlarged view
of each AFC.

frequency mode. Table I shows the expected temporal mode
of detection for each frequency mode, echo efficiency necho,
and probability e Of Observing a photon in the other two
expected temporal modes. 7echo 1S the ratio of the number
of counts within the expected temporal mode (corrected for
SPCM detection efficiency and fiber coupling loss) to the
total number of photons input (NipiL). Nerror 1S the ratio of the
number of counts within the other two temporal modes that
are not expected (corrected for SPCM detection efficiency and
fiber coupling loss) to Nj, .

V. DISCUSSION

In this study, three frequency modes at 100 MHz inter-
vals were successfully mapped in different temporal modes.
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FIG. 5. Echo signal observation results. The bin size is 4.096 ns.
The gray shaded area surrounded by dashed-dotted black lines is the
temporal mode in which each echo is expected to appear. The second
echo caused by reabsorption of the echo signal was also observed,
and the third echo caused by AFC3 was sufficiently small and was
considered negligible.

would help in resolving these problems.

We consider the limits of the number of frequency modes
for an FTMM using AFCs. Factors that determine the limit in-
clude the modulation range of the pump laser, inhomogeneous
broadening, linewidth of the pump laser, and the creation time
of the AFC. In our system, the laser was directly modulated,
but the modulation range is limited by the mode-hop range,
which is about 15 GHz. Alternatively, the inhomogeneous
width of the Pr:YSO doping rate of 0.05% that we used is
10 GHz [13]. Therefore, if we were to create an AFC with
different comb spacing every 100 MHz, the limit would be
about 100 modes. In fact, if we assume a time width of
435 ns for one temporal mode and try to create an AFC with
different comb spacing in 100 modes, the comb spacing of
the AFC with the smallest comb spacing will be 20 kHz, and
the linewidth of the pump laser must be sufficiently narrowed.
In the current system, the lower limit of the comb spacing
that can be stably produced is about 500 kHz, and to achieve
even smaller comb spacing, it is necessary to use an ultralow
expansion cavity or self-heterodyne method for narrowing the
linewidth of the pump laser [30,31]. The upper limit of the
allowable AFC creation time is determined by the relaxation
time between hyperfine levels, since the comb structure de-
grades after the AFC is created. In this experiment, the time
to create one AFC was <50 ms and the time for frequency
mode modulation was ~10 ms. Therefore, the time required
to create an N mode AFC is <60N ms. The extent to which
the creation time is acceptable will depend on the system to
which the AFC is applied.

This scheme is expected to be applied not only to mul-
tiplexing for quantum communication but also to various
spectroscopic measurements. However, when AFC is used
as an FTMM, frequency conversion is required to perform
frequency mode identification of photons in various frequency
bands. Coupling of AFC in Pr:YSO with telecommunica-
tion wavelength photons using frequency conversion has been
achieved [32,33]. In contrast, an FSMM using a virtually
imaged phased array (VIPA) [23] or gratings [22] is also ex-
pected as a frequency mode identification method. Compared
to our scheme, they are superior in terms of ease of imple-
mentation and frequency band extension. The superiority of
our scheme is that it allows for high-resolution frequency
identification.
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VI. CONCLUSION

In this study, we achieved frequency mode identification at
100 MHz intervals, which is close to the frequency multiplex-
ing limit of AFC in Pr:YSO, a promising quantum memory
for quantum repeaters. Since the FSR of a cSPDC source with
high coupling to quantum memory has been demonstrated to
be about 100 MHz [8,17], this spectroscopic system not only
achieves the upper limit of discrete mode spectral resolution
with Pr:YSO, but also shows promising results for improving
the quantum entanglement generation rate.
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