PHYSICAL REVIEW LETTERS 127, 010503 (2021)

On-Demand Storage and Retrieval of Microwave Photons Using a
Superconducting Multiresonator Quantum Memory

Zenghui Bao, Zhiling Wang, Yukai Wu, Yan Li, Cheng Ma, Yipu Song, Hongyi Zhang . and Luming Duan’
Center for Quantum Information, Institute for Interdisciplinary Information Sciences, Tsinghua University,
Beijing 100084, People’s Republic of China

® (Received 21 March 2021; accepted 9 June 2021; published 1 July 2021)

We realize on-demand storage and retrieval of weak coherent microwave photon pulses at the single-
photon level. A superconducting multiresonator system which is composed of a set of frequency-tunable
coplanar waveguide resonators is implemented as the quantum memory. By dynamically tuning the
resonant frequencies of the resonators, we achieve tunable memory bandwidth from 10 to 55 MHz, with
well preserved phase coherence. We further demonstrate on-demand storage and retrieval of a time-bin
flying qubit. This result opens up a prospect to integrate our chip-based quantum memory with the state-of-
the-art superconducting quantum circuit technology for quantum information processing.
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Quantum memory is regarded as a key element of
quantum communication and quantum computing systems
1,2]]. Optical quantum memory based on either solid state
system or laser-cooled ensemble of atoms can store
multiple qubit states [3], quantum entanglement [4,5],
coherent state and Fock state photons [6—10] with high
fidelity and high efficiency [11-13], which enables long-
distance quantum communication and the upcoming
quantum network [1,14,15]. Quantum memory in the
microwave regime has also been broadly investigated
aiming at realizing quantum interface between flying and
stationary qubits or integrating quantum storage in quan-
tum computing devices [16,17]. A fully functional micro-
wave quantum memory will be an integrated part of the
von-Neumann architecture for quantum computing systems
based on superconducting qubit processors [18,19].

Spins in solid state systems have been considered for
implementing a microwave quantum memory because of
their long coherence time. It has been demonstrated that an
ensemble of spins can be coherently coupled to microwave
photon field [20-25], hence realizing photon storage even
down to the single photon level with a long storage time
[18,25-27]. Microwave resonators with high quality factors
are a natural choice for the storage of microwave photons
[2,28-30], with storage times in the millisecond range for
three-dimensional (3D) superconducting resonators [29]. A
high efficiency interface between propagating photon field
and the resonator mode can be realized by tailoring the
coupling properties [31,32]. In addition, microwave reso-
nators can be strongly coupled to the qubits, like super-
conduting qubit and Rydberg atoms, which naturally forms
an effective quantum interface between the photons and the
qubit [19]. Moreover, carefully designed photon states in a
microwave resonator can be directly used as a qubit, which
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is known to be robust to noise and useful in quantum
computing and quantum metrology [33,34].

In order to realize broadband and multimode storage, an
intuitive way following the single resonator storage scheme
is to scale this up to an s series of resonators [35], while a
recent work proposes to use an array of spatially and
spectrally equally spaced resonators as a quantum memory
to store propagating microwave photons [36]. The basic
idea is akin to optical quantum memories based on photon
echo and atomic frequency combs (AFC) [37—41]. Photon
field stored in different resonator modes with a certain
phase difference will rephase into the commonly coupled
continuous mode as an echo signal. An initial implemen-
tation of this scheme has been recently carried out with 3D
resonators for classically strong microwave signals [42].

In this work, we report realization of a multiresonator
memory based on superconducting coplanar waveguide
(CPW) structures, which is capable of on-demand storage
and retrieval of microwave photons at the single photon
level, with a storage efficiency up to 6% simultaneously in
the transmission and reflection channels. We also show that
the device is capable of storing several input photon modes,
and thus suitable to store a microwave time-bin flying
qubit. One could therefore envision an on chip integration
of our device with a superconducting quantum processor to
facilitate complex computing sequences.

We consider a set of microwave resonators coupled to a
common waveguide, as illustrated in Fig. 1(a). The
resonators are periodically placed along the waveguide,
with a spatial separation of /2. Their resonant frequencies
are also equally spaced with a spectral separation of A and
centered at w. = 2zc/A. If a single photon field with a
center frequency at w. and spectral distribution of &, is
injected into the waveguide, the photon can be absorbed by
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the multiresonator as an collective excitation. Once being
absorbed, it cannot immediately leak out from the reso-
nators since the photon state in each resonator acquires a
relative phase e, depending on the detuning 5, = nA of
each resonator. The phase term leads to destructive inter-
ference, which makes the multiresonator system nonradia-
tive until the rephasing condition is satisfied, corresponding
to a time delay of t = 1/A [37]. Therefore, such a multi-
resonator structure can be used as a microwave quantum
memory. A detailed theoretical treatment can be found
in Ref. [36].

Here, we use a device containing four superconducting
coplanar waveguide (CPW) resonators coupled to a
common transmission line, as illustrated in Fig. 1(b).
The resonators are frequency tunable by embedding a
SQUID in the center conductor of each resonator, giving
rise to a typical tuning range of more than 200 MHz away
from the sweet spot and a tuning speed better than 1 ns [43].
The measured out-coupling rates of the resonators «./27x
range from 0.25 to 0.86 MHz, and the internal loss rates
k;/2m are on the order of 8 x 10* Hz at the sweet spot [44].
With a careful calibration on the flux line of SQUID, the
resonators can be spectrally positioned with a precision
better than 100 kHz [44], hence a frequency comb can be
readily realized. Since there exists an effective coupling
among the resonators, the resonator frequencies cannot be
precisely controlled when the periodicity of the frequency
comb A is small [44]. In this experiment we have realized
frequency combs containing four frequency components
with the center frequency w, = 4.91 GHz and the perio-
dicity A ranging from 3.5 to 18 MHz. Some examples can
be found in Fig. 1(c).
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FIG. 1. Sample illustration. (a) Cartoon illustration of the
multiresonator design. (b) Micrograph of the multiresonator
sample used in the experiment. Our sample contains four
resonators equally placed along the transmission line with a
separation of 12.08 mm. (c) Transmission spectra of the reso-
nators based frequency combs centered at w. = 4.91 GHz and
with a periodicity A = 6 or 12 MHz. The dashed lines mark the
correspondingly ideal spectral positions.

In order to characterize the photon echo process, we send
a Gaussian-shaped coherent pulse into the transmission
line, with an average photon number (n) ~ 1 and center
frequency of 4.91 GHz. Figure 2(a) shows transmission
output for A = 3.5 or 6 MHz. The first peak centered at
t = 0 ps is the directly transmitted signal that not being
captured by the resonators. The following echo signal
composes several peaks located at around m/A, where m is
a positive integer indicating the order of echo signal.
Theoretically, an ideal photon release process with only
one echo peak occurs when the impedance matching
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FIG. 2. Photon echo from the multiresonators. (a) Transmission
signal from the multiresonator with A = 3.5 and 6 MHz, when
sending a 4.91 GHz Gaussian enveloped pulse to the resonators.
The input pulse width is 230 ns with FWHM of 97 ns for
A = 3.5 MHz, and 190 ns with FWHM of 78 ns for A = 6 MHz.
The output signal is down-converted to 80 MHz and then
acquired by an analog to digital converter. The oscillating thin
lines are the absolute value of the output voltage. The thick lines
show amplitude envelope of the oscillating signal. The red and
black lines represent transmission of a frequency comb with A =
3.5 and 6 MHz, respectively. Inset of (a) shows storage efficiency
of transmission part as a function of FWHM of input pulse for
A = 3.5 MHz. The solid line shows numerical simulation result,
which agrees well with the experiment. (b) The best achieved
storage efficiencies for different A in the transmission channel.
The solid line gives result from numerical simulation. The inverse
of the smallest FWHM of input pulse to achieve the best achieved
storage efficiency for varied A is defined as bandwidth, which is
shown in the upper right inset of (b). The solid line is a linear fit
result. Lower left inset of (b) phase difference between the input
pulse and the first echo pulse, with varied phase of input pulse.
The dashed line is a linear fit. The error bars are given by a
standard deviation of the corresponding measurement results.
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condition between the periodicity A and the out-coupling
rate k. is met, which is given by A = zx./2. The imped-
ance matching condition leads to an optimized interference
effect among the resonators, which facilitates the best-
achieved photon echo from the multiresonator, and thus
the optimal storage efficiency [36,42]. For our sample the
impedance matching required A is about 1.5 MHz, and the
appearance of higher order echo peaks in Fig. 2(a) is thus
expected and also reproduced in our numerical simulation.

We use input pulses with varied full width at half
maximum (FWHM) to evaluate storage efficiency [defined
as the power of the first echo (m = 1) divided by the
strength of the input signal] and bandwidth of the memory.
A typical result for A = 3.5 MHz is shown in the inset of
Fig. 2(a). The best-achieved storage efficiency for the
transmission echo is about 6% when FWHM of the input
pulse exceeds 100 ns, corresponding to a bandwidth of
10 MHz, which is close to the spectral range of the
frequency comb 3A. A shorter pulse that exceeds the
spectral range of the frequency comb cannot be effectively
captured by the multiresonator, leading to a degraded
storage efficiency. Such a feature is also confirmed in
our numerical simulation. It worth noting that transmission
and reflection is symmetric for our multiresonator design,
and thus we have almost identical storage efficiency for the
reflection signal (see more details in the Supplemental
Material [44]).

We further measure the best-achieved storage efficiency
and the corresponding bandwidth for different A in the
transmission channel, and the result is shown in Fig. 2(b).
With an increasing comb periodicity A from 3.5 to
18 MHz, the storage bandwidth increases almost linearly
from 10 to about 55 MHz, with a sacrificed storage
efficiency of transmission part to about 1.5% for
A =18 MHz. It is worth noting that the best-achieved
storage efficiency of our device can be further improved by
using an optimized A given by the impedance matching
condition. The effective coupling among the resonators
hinders us to have a well aligned frequency comb with
smaller A, but would not infect the optimal storage
efficiency, as discussed in the Supplemental Material
[44]. An improved way to determine the intrinsic resonant
frequencies of the resonators in the presence of the effective
coupling would help to achieve higher storage efficiency.

The heterodyne detection scheme used in our experiment
enables us to check phase coherence of the echo signal
[25,27,31]. As shown in the lower left inset of Fig. 2(b),
with varied phase from 0 to 2z of input signal, the relative
phase difference between the first echo and input signal
keeps unchanged, which clearly demonstrates a good phase
coherence of the storage and release process.

A prominent feature of our device is that the stored
photons can be retrieved on demand by dynamically tuning
the frequencies of the resonators, and thus realizing a
tunable storage time. By setting the resonant frequencies of

the resonators to the same value, photon exchange between
the multiresonator and the transmission line would be
“freezed” and the photon state would keep in the resonators
36]]. In turn, if the frequencies of the resonators are
restored to the original frequency comb, the stored photon
field would continue to evolve and emit to the transmission
line as a photon echo.

The flux sequence to realize on-demand retrieval is
illustrated in the top panel of Fig. 3(a). “Writing” the input
signal into the memory requires the multiresonator being
set to a frequency comb with suitable A. When the input
signal has been absorbed by the multiresonator, the
resonators are aligned to the same frequency to “close”
the frequency comb and temporally stop the rephasing
process among the photons in different resonators, where
the stored photons form a nonradiative dark state. After a
given time delay 7., once the initial frequency comb is
restored, the echo process continues to evolve and the
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FIG. 3. On-demand retrieval of the stored signal. (a) An

intensity map of the photon echo amplitude with varied close
time. Crosscuts at the corresponding close times show echo
intensity as a function of delay, which are plots with white solid
lines. The input pulse width is 250 ns with FWHM of 110 ns. The
top panel shows the sequence of the resonator detuning setting
with A = 3.5 MHz. Either the input pulse capture or the echo
signal release requires the multiresonator is set to a frequency
comb with a periodicity of A. The absorbed photons can be
controllably stored in the multiresonator by tuning resonators into
resonance. (b)The scattered plots are storage efficiency as a
function of the storage time in the transmission channel. The solid
line is an exponential fitting result, which gives a time constant of
about 0.51 us. The error bars are given by a standard deviation of
the measurement results.
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stored photons can be readily released to the transmission
line. The total storage time is thus given as 1/A + ¢,.

In the experiment, we use the periodicity A = 3.5 MHz
and varied close time from O to 1.2 us. As shown in
Fig. 3(a), the close stage postpones the revival of the stored
photon field, and the echo signal can be effectively
extracted once the frequency comb is recovered at the
readout stage. It is worth noting that the high order echoes
can be suppress by applying another close stage after the
first echo. We can therefore on-demand retrieve the stored
signal by appropriately setting the close stage. It can be
seen that the echo signal gets weaker with an increasing
close time. In Fig. 3(b), the normalized intensity of the first
echo is plotted as a function of storage time, which shows
an exponential decay with a time constant of about 0.51 us.
The storage time is mainly limited by the internal loss rate
of the resonators, which can be further improved with
optimized resonator fabrication process [50-52].

Similar to the AFC, the multiresonator device is capable
of storing multiple input modes. Considering two tempo-
rally distinguishable modes separated by &t being sent to
the multiresonator, the two photon modes are absorbed
sequentially by the frequency comb, and have the same
time evolution only with different starting times. Ideally,
the echo signals of the two modes would refocuse sepa-
rately with an interval of 6¢. Applying the close stage would
“freeze” both of the two stored modes, and thus possibly
achieve on-demand retrieval of a multimode input signal.
Remarkably, the maximum number of modes that can be
stored in the memory depends on the number of the
resonators [36,37].

To characterize the performance of multimode storage,
we send two identical Gaussian-shaped coherent pulses,
both with FWHM of 50 ns, to the transmission line and
measure transmission from the multiresonator. The storage
and retrieval flux sequence is illustrated in the top panel of
Fig. 4. The multiresonator is set to a frequency comb with
A = 3.5 MHz to capture the input pulses or release the
stored photons. Other than that the resonators are always
tuned to resonance. As shown in Fig. 4, the two stored
modes can be separately retrieved in accordance with the
flux sequence, with a fixed echo time for the first input
mode and a controllably delayed echo time for the
second mode.

Our device can be used to store a time-bin flying qubit,
taking the form |y) = a,|e) + a;e'?|l), where |e) and |I)
are weak coherent states at the early and late time bin,
respectively [13,53,54]. ¢ is the relative phase between the
two coherent states and a2 + a7 = 1. The time-bin qubit is
known to be particularly robust to propagation losses,
which is a major issue for microwave circuits. We take
a,=a; = \/5/2 and vary ¢ from 0 to 2z to define the
input quantum states. We measure the amplitude and
relative phase between echo signals of |e) and |lI) to
characterize the output state.
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FIG. 4. Multimode storage and on-demand retrieval. Two input
modes, which are defined as two Gaussian shaped input pulses
separated by 150 ns with FWHM of 50 ns, are sent to the
multiresonator. The two modes can be separately extracted from
the memory, which is manifested by phase correlation between
input pulses and echo signals. On demand retrieval of the two
modes is manifested by using two close stages of the memory,
with the first close time fixed as 455 ns for the first mode, and a
varied second stage close time ranging from 510 to 950 ns for the
second mode. The white solid lines are crosscuts showing the
echo intensity as a function of delay in transmission channel. The
white dashed line is a guide to the eye indicating the echo signal
of the second input mode. The top panel shows sequence of the
frequency comb setting, where W and R represent the write stage
and the readout stage, respectively.

The fidelity of |e) and |l) can be defined as
Foqy = (S+N)/(S+2N), where N represents the noise
and S is the signal strength excluding the noise [54]. The
noise mainly comes from nonideal signal leakage and can
be determined by only sending in |e) and measuring signal
strength at the expected echo position of |/), and vice versa.
By choosing an appropriate storage time, the fidelity of |e)
and |/) can be above 99%. For the current setup we are not
managing to perform a coherence measurement on the
output state [53,54]. Instead, we measure the relative
amplitude and phase between echo signals of |e) and |I)
with varied storage time, which yields a deviation from the
ideal values less than 10%, showing a good preservation of
the input state. Detailed results can be found in the
Supplemental Material [44].

To sum up, we have realized on-demand storage and
retrieval of microwave photons at the single photon level
with a set of frequency-tunable CPW resonators with a
storage efficiency up to 6% simultaneously in both trans-
mission and reflection channels. A further improvement of
storage efficiency could be realized by improving the
impedance matching condition, or by using modified
schemes based on multiresonator system [55-57]. By
dynamically tuning the resonator frequencies, microwave
photons can be stored in the resonators for a given time and
later retrieved on demand. We have also shown that our
device is capable of storing more than one input modes,
which directly enables on-demand storage and readout of

010503-4



PHYSICAL REVIEW LETTERS 127, 010503 (2021)

flying quantum states defined by a time-bin qubit. This
work provides opportunities to integrate chip scale multi-
mode quantum memory into superconducting circuits for
quantum information processing.
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