PRX QUANTUM 6, 040336 (2025)

Scalable Optical Quantum State Synthesizer with Dual-Mode Resonator Memory
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Optical quantum computing is a promising approach for achieving large-scale quantum computation.
While Gaussian operations have been successfully scaled, the inherently weak nonlinearity in optics makes
generating highly non-Gaussian states a critical challenge for universality and fault tolerance. Here, we
propose and experimentally demonstrate a scalable method to generate optical non-Gaussian states with
a resonator-based quantum memory that supports continuous-time storage and retrieval, in contrast to
conventional loop-based memories. We introduce a dual-mode operation of the memory, enabling both
storage and entangling functionalities within a single device. By employing a time-domain-multiplexed
approach, we successfully demonstrate both cat and Gottesman-Kitaev-Preskill breeding protocols in a
scalable fashion, marking a key step toward quantum error correction. Our experiment also marks the first
full demonstration of an optical resonator memory performing writing, storage, and readout operations. We
validate the memory by storing squeezed single-photon states with up to 93% total efficiency, and measure
an energy relaxation time 77 = 2.3 s and dephasing time 7 = 0.96 ws. These results establish a scalable
pathway to generating complex non-Gaussian states required for fault-tolerant optical quantum computing.
Beyond computation, our techniques provide new tools for enhancing quantum communication, sensing,

and metrology.

DOI: 10.1103/ztgs-q4ql

I. INTRODUCTION

Quantum information processing with light is one of the
most promising avenues for achieving large-scale quantum
computing. While large-scale Gaussian operations have
already been demonstrated [1-3], the true breakthroughs
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required for fault-tolerance [4] and quantum supremacy
[5] rely on the generation of non-Gaussian states, such
as the Gottesman-Kitaev-Preskill (GKP) state [6]. How-
ever, generating optical non-Gaussian states with signif-
icant non-Gaussianity is challenging due to the inherent
small nonlinearity in optics. Breeding protocols, which
iteratively enhance non-Gaussianity by entangling multi-
ple non-Gaussian states and conditioning on a part of the
modes, have emerged as a potential solution. Various types
of breeding protocols have been proposed [7—9] and exper-
imentally demonstrated [10,11], showing enhanced non-
Gaussianity from initially weakly non-Gaussian states.
However, scaling up these protocols—critical for practical

Published by the American Physical Society
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FIG. 1.

Dual-mode resonator quantum memory and TDM breeding protocol. (a) Dual-mode operation of the resonator quantum

memory, modeled as an optical resonator with a variable beamsplitter (VBS) of tunable coupling y (f). In memory mode, an incoming
wavepacket (label “1”) is absorbed and later released; in beamsplitter mode, the input (1) interferes with the intra-resonator mode (2),
producing outputs (1’,2"). (b) Conventional breeding protocol requiring many parallel non-Gaussian sources and iterative beamsplit-
ters, without quantum memories. (¢) Time-domain-multiplexed (TDM) breeding protocol using a single source and the dual-mode

memory, sequentially implementing the equivalent circuit of (b).

quantum computing—is hindered by the probabilistic
nature of heralded state generation, which introduces
randomness and unpredictability in the timing of state
generation.

To address these challenges, we propose and demon-
strate a protocol for a scalable non-Gaussian state gen-
eration using an all-optical, continuous-time resonator
quantum memory, in a time-domain-multiplexed (TDM)
manner. By mitigating the timing randomness of state
generation through the use of a quantum memory, our
approach enables large-scale breeding circuits, equivalent
to Fig. 1(b), using only a single state generator and a sin-
gle quantum memory [Fig. 1(c)]. In a proof-of-principle
experiment, we successfully demonstrated both cat [7,10]
and GKP [8,11] breeding, and generated an approximate
GKP state with two Wigner-negative regions from a single
source of squeezed single-photon states, showcasing the
feasibility of our approach.

The core innovation lies in the dual-mode operation
of the resonator memory: the “memory mode” stores
quantum states in the intra-resonator mode, while the
“entangling mode” implements beamsplitter gates between
incoming wavepackets and the intra-resonator mode in a
TDM manner. This dual functionality eliminates timing
randomness and facilitates scalable, compact entangling
operations.

We further demonstrate, for the first time, the full opera-
tion of an optical resonator memory—encompassing writ-
ing, storage, and readout—using squeezed single-photon
states with varying squeezing levels. The measured mem-
ory lifetime and dephasing time are 7 = 2.3 s and
Ty = 0.96 ws, respectively.

These advances provide a scalable pathway for gener-
ating complex non-Gaussian states critical for quantum
information processing. Beyond its significance for optical
quantum computing, our protocol has broad implications,
potentially advancing quantum communication networks,
quantum sensing, and metrology.

II. DUAL-MODE OPERATION OF RESONATOR
MEMORY

Our quantum memory can be modeled as an optical res-
onator with a variable output coupling constant y (¢), phys-
ically implemented using a Pockels cell and a polarizing
beamsplitter (PBS). See Sec. V C for details. By adjust-
ing y (1), the system can switch between two operational
modes: memory mode and entangling mode [Fig. 1(a)].
In memory mode, the memory can absorb quantum states
with arbitrary wavepacket shapes, store them for a speci-
fied time, and release them at continuously arbitrary times
in an arbitrary wavepacket. In entangling mode, the system
implements a beamsplitter gate with a variable transmit-
tance between the intra-resonator mode and an incoming
wavepacket with an arbitrary shape. One output state
remains in the resonator, while the other is emitted as a
wavepacket with a shape determined by the input.

A unique aspect of our system is its ability to store
quantum states in continuous time, unlike conventional
loop-based architectures [12—15], which are inherently
limited to discrete-time operation. This capability arises
from operating in the regime where the wavepacket dura-
tion is much longer than the resonator roundtrip time, so
the state is stored in a delocalized resonance mode rather
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than merely as a circulating pulse. In this regime, storage
and readout are implemented through resonant interfer-
ence effects. In the frequency domain, this corresponds to
storing information in a single resonance mode, whereas
loop-based memories are intrinsically multimode, relying
on multiple resonances. This feature of our memory offers
a natural compatibility with continuous-wave state gener-
ation, which typically achieves higher efficiency [16] and
rates [17] compared to pulsed regimes. Furthermore, this
approach aligns naturally with the large-scale cluster states
demonstrated in previous works [1-3], which were also
implemented in the continuous-wave regime.

Memory mode: In memory mode, the quantum mem-
ory stores an input quantum state with an arbitrary real
temporal mode function, gi,(f). During the writing pro-
cess, the coupling is dynamically adjusted according to the
following equation:

&in ([)2

_— 1
[ gn(®)?dr M

y() =

While the state is stored, the coupling is set to zero
(v (¥) = 0). The readout process retrieves the state in an
arbitrary temporal mode g, (f) by applying the following
coupling:

gout(l‘)2

L —
P T TS g dr

)

Entangling mode: In entangling mode, the stored quan-
tum state interacts with the input wavepacket, gi, (?), via a
dynamically controlled coupling, y (¢), given by

gin(l‘)2
. :
2 [l g dr

Y = 3)

This operation effectively implements a beamsplitter gate,
where T represents the transmittance of the gate. One of
the output states is stored in the memory, while the other is
emitted as a wavepacket gou (), whose form is determined
by gin(#) and 7.

The detail of the derivation of operational principles of
the dual-mode resonator memory is given in Appendix A.

III. WAVEPACKET ENGINEERING

Our scheme enables memory and entangling operations
for arbitrary shapes of input wavepackets by tailoring the
control pulses applied to the Pockels cell. This capability
is further enhanced by combining it with the quantum arbi-
trary waveform generator (QAWG) technique [18], which
allows precise control over the wavepacket shape of the
input wavepacket via optical filtering of the heralding
path. By engineering the wavepacket shape, the control

pulses can be designed to satisfy specific experimental
constraints.

In particular, rectangular control pulses taking two dis-
crete values, y(f) € {0,y}, can be implemented using
a fast electric switch and a high-voltage source. For
the memory writing operation, an exponentially rising
wavepacket can be employed [Fig. 3(b)]:

e?, <0
in(f) X ? - 4
&in () 0. -0 “
corresponding to the control pulse:
Yo, t=<0,
= 5
40) { 0. 10 6))

The idea of QAWG is that, given sufficiently broad-
band entanglement before detection, the wavepacket shape
in the signal mode is the time-reversal of the impulse
response of the filtering function in the idler mode. Hence,
the exponentially rising wavepacket in Eq. (4) can be real-
ized using a Lorentzian filter from a cavity (see Sec. V B).

For the memory readout operation, the control pulse is
given by

Yo, t=0,
= 6
y(®) {0’ <0, (6)
resulting in an exponentially decaying wavepacket:
,LOI

e 2 t>0
out (1) X o= 7
Zout(?) { 0, /< 0. (7

For the entangling operation, a time-bin wavepacket can
be employed [Fig. 4(b)]:

Yo
ezta Oitft()a

8in(1) { ®)

0, otherwise.

This wavepacket is generated by passing the idler through
an asymmetric interferometer introducing a delay equal to
the time-bin length [18]. The corresponding control pulse
and output wavepacket are

v, 0=<t=<t,
f) = 9
r(@® {O, otherwise, ©)
and
_n,

e 2 0<t<t
1) ’ - = 10
Zou (! {O, otherwise, (10)

respectively. To generate both types of wavepackets from
the same source, the idler path is split into two arms,
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each routed through a different path and detected by sep-
arate SNSPDs, enabling heralding of distinct wavepacket
shapes.

Combining the generation of quantum states in these
wavepackets using the QAWG technique, and the rect-
angular control electric pulses enabled by a fast electric
switch, both the memory mode and entangle mode oper-
ations can be performed in an experimentally feasible
manner.

IV. TDM BREEDING PROTOCOL

By combining the memory and entangling operations
of the resonator memory, an arbitrary-step TDM breeding
protocol can be implemented using a single state gener-
ator and a single resonator memory [Fig. 1(c)]. Multiple
wavepackets are sequentially stored in the memory, and the
breeding protocol proceeds by alternating memory-mode
and entangling-mode operations.

Note that the advantage of this scheme is two-fold.
First, the quantum memory synchronizes the wavepack-
ets from the non-Gaussian source, thereby enhancing the
success probability of the protocol, as a detailed analy-
sis is given in Appendix C. Although this could also be
achieved by adding multiple quantum memories to all
of the non-Gaussian source in the spatially multiplexed
system in Fig. 1(b), we step further, and eliminate the
necessity of multiple non-Gaussian state sources and quan-
tum memories by time-domain multiplexing. This enables
a hardware-efficient and scalable non-Gaussian state gen-
eration. Further details are provided in Appendix B.

As examples, we demonstrate both the cat breeding
[7,10] and GKP breeding [8,11] protocols, realized by
p- and x-quadrature homodyne detection, respectively.
Detailed derivations are given in Appendix B, which also
includes a two-memory scheme for generating a GKP state
from squeezed single-photon states.

Both protocols use the cat state

~7 (i) = [—ir)) an

as input. In cat breeding, the output mode after the beam-
splitter gate is projected onto p = 0. The state in the
memory after the kth step is

livka) £ |—ivka), (12)

with amplitude increased to v/ka.

In GKP breeding, x-quadrature projection (x = 0) is
used instead, producing a GKP state with k41 peaks in
p:

k+1

Z( k;1 )sm|i(—k—1+2m)/ﬁca>. (13)

m=0

In our experiment, a squeezed single-photon state is
used as a good approximation of a small-amplitude cat
state [19], and we implement one step of both the
cat and GKP breeding protocols. Further details and
expected outcomes of the protocols are discussed in
Appendix B.

V. METHODS

A. Experimental setup

The full experimental setup is illustrated in Fig. 2.
A continuous-wave laser with a wavelength of 1545.32
nm is used to generate squeezed single-photon states,
which are subsequently stored in the quantum memory.
The output of the quantum memory is measured via a
single balanced homodyne detector, which is used for
both conditioning and state tomography. The details of
each component are described below. See Appendix D
for the details of the control sequences used in the
experiments.

B. Generation of squeezed single-photon states

Squeezed single-photon states are generated using the
generalized photon subtraction method [20,21]. Two
squeezed vacuum states are produced in type-0 period-
ically poled lithium niobate (PPLN) waveguides [22].
These states are combined at a beamsplitter to entangle the
signal and idler modes. The squeezing level and beamsplit-
ter ratio are chosen to ensure a low mean photon number in
the idler mode, with small multi-photon contributions [21].

The idler mode is detected using two superconduct-
ing nanostrip single-photon detectors (SNSPDs) made of
NbTiIN [23], which herald the generation of squeezed
single-photon states in the signal mode. To produce dif-
ferent wavepacket shapes (exponential-rise and time-bin),
the idler mode is processed using QAWG [18]. It passes
through a volume Bragg grating (VBG) with a half-width
half-maximum (HWHM) of 5.6 GHz, followed by filter
cavities with HWHMs of 87 and 1.5 MHz. These filters
reduce the idler photon frequency bandwidth to a single
peak with an HWHM of 1.5 MHz.

The filtered idler photon is then split and directed to
two SNSPDs (SNSPD1 and SNSPD2). The paths to these
SNSPDs are designed to herald different wavepackets in
the signal mode. For the exponential-rise wavepacket, the
idler photon is detected directly by SNSPD1. For the time-
bin wavepacket, the idler photon traverses an asymmetric
interferometer with a 7 m fiber delay before detection by
SNSPD2. The detection rates are approximately 1.0 x 10*
counts per second (cps) for SNSPD1 and 1.5 x 10 cps for
SNSPD2. The total efficiency of the signal path, including
the detection efficiency is estimated to be 70% from the
measurement of generated state without passing through
the quantum memory.
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FIG. 2. Detailed experimental setup. OPA, optical parametric amplifier; VBG, volume Bragg grating; PBS, polarization beam
splitter; QAWG, quantum arbitrary waveform generator [18]; SNSPD, superconducting nanowire single-photon detector.

C. Resonator quantum memory

The quantum memory consists of an optical resonator
equipped with a RbTiOPO4 (RTP) Pockels cell and a
polarizing beamsplitter (PBS) serving as the output cou-
pler. The round-trip length of the resonator is L = 4.35 m.
The effective coupling, y (¢), of the output coupler is con-
trolled by applying a voltage V(¢) to the Pockels cell
according to

_c { nV
J/(f)—z|: —COS<Z (Z)>i|,

where V; = 1.8 x 10° V is the half-wave voltage of the
Pockels cell and c is the speed of light. In the experiments,
square voltage pulses are applied using a high-voltage
switch, resulting in y (f) = Y = 27 x 1.5 MHz, matching
the input wavepacket bandwidth. See Appendix D for the
details of the control sequences.

(14)

D. Homodyne measurement and data analysis

A single homodyne detector with a bandwidth of 200
MHz is used for both conditioning in the breeding protocol
and quantum state tomography. For memory performance
characterization (Fig. 3), 10000 frames of data were col-
lected for each of the six measurement phases (0, 30, 60,
90, 120, 150°). The wavepackets of quantum states were
estimated via principal component analysis (PCA) [24].

In the TDM breeding experiment (Fig. 4), a waveg-
uide electro-optic phase modulator with a 10 GHz band-
width is used for rapidly switching the local oscillator
phase. This switching occurred after measuring the first
wavepacket, enabling quantum state tomography on the
second wavepacket conditioned on the first. A total of
2 x 10° data frames were recorded, with PCA performed
separately for the first and second wavepackets. Condition-
ing (|p| < 0.1) on the first wavepacket resulted in 2 x 10*
conditioned events. These data were used for maximum
likelihood state tomography [25].

VI. RESULTS

A. Storage of squeezed single-photon states

We first benchmarked the performance of our quantum
memory for the memory operation. A squeezed single-
photon state was generated via the generalized photon
subtraction (GPS) method [20], and was input into the
memory [Fig. 3(a)]. The state was stored for time #y and
then was readout and measured using homodyne detec-
tion [Fig. 3(b)]. Figure 3(c) shows the input and output
wavepackets experimentally obtained by performing PCA
of the homodyne signals for different storage times. The
reconstructed Wigner function of the measured state with-
out loss correction is shown in Fig. 3(d). Note that we use
the convention /i = 1 throughout this paper.
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FIG. 3.

Performance of the resonator memory. (a) Schematic of the experimental setup. (b) Pulse sequence applied during the

experiment. (c) Temporal-mode functions of the input and output wavepackets for different storage times #. (d) Wigner functions
of the input and output states for varying squeezing levels and storage times (axis range x,p € [—5, 5], with [X,p] = i). () Memory
efficiency and coherence, obtained from storing a single-photon state [first row of (d)] and a squeezed single-photon state [last row of
(d)], respectively; the solid lines are exponential fits, yielding a total efficiency of 93%, an energy relaxation time 77 = 2.3 us, and a

pure dephasing time 7;, = 0.96 ps.

From measurements with an (unsqueezed) single-
photon input, we estimated the total memory efficiency
to be 93% and the energy relaxation time 7} = 2.3 us
by fitting the decay of the single-photon component. For
the squeezed single-photon input, the pure dephasing time
Ty, = 0.96 ps was extracted from the decay of the nor-
malized coherence, obtained from the off-diagonal density
matrix elements. Appendix E provides the detailed defi-
nitions of these quantities and presents simulations of the
Wigner function evolution using the extracted parameters.

This marks the first demonstration of a fully functional
resonator-based memory, including the complete process
of writing to the memory, where previously, only stor-
age and readout had been shown, with quantum memory
directly integrated with the state generator [26].

B. TDM breeding

Next, we implemented the TDM breeding protocol
between two squeezed single-photon states from the same

source [Figs. 4(a) and 4(b)]. These squeezed single-photon
states can be treated as good approximations of small-
amplitude squeezed cat states [21]. The input wavepackets
were shaped using QAWG [18] into exponentially-rising
[Eqg. (4)] and time-bin [Eq. (8)] forms. These choices cor-
respond to rectangular control pulses [Egs. (5) and (9)],
as shown in Fig. 4(b). Figure 4(c) shows the experimen-
tally obtained input and output wavepackets. The first
wavepacket was stored in the memory while awaiting the
second heralding event. Here, the storage time #; var-
ied randomly depending on the heralding timing, and the
events satisfying 0 < #; < 200 ns were collected. Once the
second wavepacket arrived, the memory was operated in
the entangling mode, emitting one of the output wavepack-
ets. After the second storage period 7,, the intra-resonator
mode was released and measured. We performed quantum
state tomography on the state of the second wavepacket,
conditioned on the first wavepacket by homodyne mea-
surement. Depending on the measurement basis, both cat-
breeding and GKP-breeding protocols were implemented.

040336-6



SCALABLE OPTICAL QUANTUM STATE SYNTHESIZER. ..

PRX QUANTUM 6, 040336 (2025)

(a)

| State generator

Heralding

P S
P ey

Controller

---r
v

_—_—.

N

— g\

>

g s

~

—

(b)
Input

Output h

Write , BS
AN

()

(c)

o o
N oW

o o
o -
}

O Of
N oW

o

lo
(o
S
S

I
N
=1
S

-100

0 100

o
w

tQ =40 ns

Mode function (arb. units)
o

© o
= N

o
o

200 300 400

Time (ns)

(d)

0.1

T, = 0.0

Store (40ns)

FIG. 4.

Implementation of the TDM breeding protocol using the resonator memory. (a) Schematic of the experimental setup.

(b) Pulse sequence applied during the experiment. (c) Experimentally obtained temporal-mode functions: (first and second rows)
input wavepackets, and (third row) output wavepackets. The second output wavepackets are shown for two different storage times,
t, = 0 and t, = 40 ns. (d) Wigner functions of (left) the input squeezed cat state, (middle) output state of the breeding protocol with
t; = 0, and (right) output state with #, = 40 ns. Results for both cat and GKP breeding are presented.

We first characterized the generated quantum state
immediately after the breeding operation (#, = 0). In both
the GKP and cat-breeding cases, two Wigner-function
negativities were observed without any loss correction,
indicating the non-classicality of the states. We also inves-
tigated the storage of the bred states for #, = 40 ns. While
the Wigner negativity was almost lost after this delay, the
reconstructed Wigner function still retained the qualita-
tive features of the target states. Simulations of the Wigner
function evolution using the measured memory parameters

are provided in Appendix E. For the GKP state with #, = 0,
and defining the stabilizers S, = ¢¢* and S’p = 2TiPIE we
measured expectation values (|(Sx)|, [{S,)]) = (0.14,0.23)
with g = 2.46. The squeezing of the state, estimated by
following the procedure of Ref. [11] by maximizing the
fidelity to a finitely squeezed GKP logical state, was
1.6dB.

The successful interference rate was 20 cps. We define a
dimensionless parameter k as the storage time normalized
by the wavepacket duration. As discussed in Appendix C,
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k determines the scalability of the breeding protocol. In
our experiment, we obtain k = 3.8, representing a 102-fold
enhancement compared with & = 0.03 in the previous
GKP-breeding experiment without quantum memory [11].

VII. CONCLUSION AND DISCUSSIONS

We have proposed and experimentally demonstrated
a novel and scalable scheme for generating optical
non-Gaussian states using a resonator quantum memory
equipped with dual-mode operation. This architecture,
capable of both storage (“memory mode”) and beam-
splitter interactions (“entangling mode”), enables time-
domain-multiplexed cat- and GKP-state breeding proto-
cols using only a single non-Gaussian state source. In
our proof-of-principle experiment, we successfully gen-
erated Wigner-negative states from a single source. The
dual-mode functionality of the memory eliminates tim-
ing randomness in heralded state generation and pro-
vides a compact, resource-efficient platform for scaling
up optical quantum information processing. The quality
of the obtained GKP state, (|(S)I,[(S,)]) = (0.14,0.23),
is slightly lower than the state-of-the-art in optics
((0.17,0.22) for breeding [11] and (0.24,0.27) for multi-
photon measurement [27]) and significantly lower than
results from other physical platforms, such as motional
modes of trapped ions ((0.57,0.57) [28], calculated from
the effective squeezings) and superconducting resonators
((0.88,0.94) [29]). Further improvements in the quantum
memory’s performance and extension to multi-step breed-
ing will enhance the quality and scalability of the generated
states.

The experimental demonstration reported here repre-
sents the first complete operation of an optical res-
onator memory—including writing, storage, and read-
out—using squeezed single-photon states with varying
squeezing levels. The measured lifetime and dephasing
time, 71 = 2.3 us and Ty = 0.96 s, respectively, confirm
the practicality of our approach and its suitability for more
sophisticated non-Gaussian state generation protocols.

We have shown that the interference parameter
k—quantifying the rate of successful interference events—
achieves a 100-fold enhancement compared to the mem-
oryless case. Nevertheless, the actual interference rate
improves by only a factor of two, as the bandwidth
of state generation is constrained by the narrow opera-
tional bandwidth (~ 10 MHz) of the Pockels cell driver.
This restriction reduces the generation rate of squeezed
single-photon sources and increases the wavepacket dura-
tion, limiting this work to a single breeding step. This
is not a fundamental limitation and could be overcome
by employing faster optical switches, such as integrated-
optics Mach-Zehnder interferometers [30,31] or all-optical
switching [32], together with high-rate, broadband non-
Gaussian state generation [17] and multi-photon detection

[33]. Furthermore, as discussed in Appendix C, k can be
further increased by improving both the storage time 7
and the wavepacket bandwidth A, and values approach-
ing k ~ 10° are, in principle, attainable with state-of-
the-art architectures combining fast switching and high-QO
resonators [34].

A particularly promising aspect of our quantum memory
is its potential to handle arbitrary input wavepackets. The
ability to entangle wavepackets with different shapes, as
demonstrated in our current results, underscores this poten-
tial. Future refinements in controllability beyond simple
rectangular pulses could enable the memory to fully man-
age arbitrary wavepacket shapes, addressing challenges
such as mode-matching across multiple quantum sources,
including quantum dots [35]. This capability would signif-
icantly enhance the platform’s versatility and broaden its
range of applications.

The insights from our work are not limited to the
demonstrated system but can inform the development of
other types of quantum memories and extend to a vari-
ety of physical platforms. As we continue to refine these
technologies, the ability to generate and manipulate com-
plex quantum states on demand will be a cornerstone for
unlocking the full potential of quantum computing, com-
munication, and sensing. This research represents a critical
step toward scalable, fault-tolerant quantum technologies,
and the realization of universal quantum systems.
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APPENDIX A: THEORY OF RESONATOR
QUANTUM MEMORY

We describe the dual-mode operation of our resonator
quantum memory using input-output theory. Let a, b,
and by, denote the mode operators for the resonator,
input field, and output field, respectively. The power
transmittance of the output coupler, 7(¢), is made time-
dependent by controlling the voltage applied to the Pockels
cell. Assuming 7(f) < 1 and applying the rotating-wave
approximation, the resonator can be modeled as a single-
mode oscillator. The out-coupling rate is expressed as
y(f) = (¢/L)T(t), where c is the speed of light and L is
the round-trip length of the resonator. The time evolution
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of a(?) is governed by the Langevin equation:

a= —ma +Vy@®bin(?).

(A1)
The solution to this equation is
a(t) = F(tya(to) + / F(()) Sy Obu(tyd,  (A2)

where F(f) = exp(— ft;(y(z’) /2)dr).
By symmetry, reversing time in the Langevin equation
gives

1 = &a + V7 Dbou (1), (A3)
with the corresponding solution:
a() = ——alto) + f B @bty (ad)
F(1) F(1) o

Defining 7y = F(tr )?, we introduce the input wavefunc-
tion gin (¢) and its associated operator Bj, as

P 44 0)
gln(t) = 1— Tf F(l‘) s (AS)
By = / " en(Obn(0)d. (A6)
fo

Similarly, the output wavefunction g, (f) and its corre-
sponding operator By, are defined as

1
Gout() = \/1—7TF(1)V v (©, (A7)
-1
i
Bout :/ gout(t)bout(t)dt- (Ag)
fo
These satisfy the normalization conditions:
i i
/ Gin(1)’dt = / Gou(Ddt = 1, (A9)
o 0
[Bin, B},] = [Bow, Bl = 1. (A10)

Using the solutions above, we find the following relations:

a(f) = \/>a(fo) + Ty Bin, (A1)
Bow = —/1 = Tra(ty) + \/731n- (A12)

This shows that the resonator effectively acts as a beam-
splitter, coherently mixing the intra-resonator mode a(#)

with the input mode Bj, to produce the output mode By.
The transmittance of this effective beamsplitter is 7.
Conversely, for a given real temporal-mode function

gin(?), we find
LY _1-7 2
= in (¢ Al3
(F(t)z) T}’ gm() ) ( )
which leads to
L 2F /t (@)l (Al4)
F(t)2 - Tf N gln .

From this, we derive a simple expression for y (¢) to realize
a beamsplitter for the wavepacket gi, (¢):

1— Tf ! N2 /
[log (1 + / gin(?) dl/)} (A15)
Ty )

. 2
I ) | Al

T
T+ f gm()dr

v ()

When T, = 0, the input quantum state is fully trans-
ferred to the intra-resonator mode, corresponding to the
memory-mode operation. The condition for y (¢) in this
case is

gin(t)2

y(t) = —————.
o gn()?dt’

(A17)

By controlling y(f) according to this relation, one can
implement a memory for an arbitrary input wavepacket
2in(9). For the output wavepacket g,.¢(?), similarly because

(—F(®?) = (1 = T)gou(®)?, (A18)
we have
FO?=1-(1-Ty) / tgom(f)zdr’. (A19)
0
By defining
Gin(t) = / tgm(r/)zdt’, (A20)
!
Gou(t) = / g0 (A21)
0

we obtain an explicit relation between gi, () and gy (7):

1-T;
(1 maon Gin(t)) (1= =T)Gou®) = 1. (A22)
¥

Finally, we remark that loop-based quantum memo-
ries [12—15] superficially resemble our system but differ
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fundamentally in both spectral and temporal structure. In
the frequency domain, the resonator memory stores infor-
mation in a single resonance, while a loop memory is
inherently multimode, supporting multiple resonances. In
the time domain, a loop memory stores a pulse circu-
lating in the loop, whereas a resonator memory stores a
delocalized intra-resonator field. Our system operates in
the regime where the wavepacket length (~30 m in our
case) exceeds the round-trip length (4.35 m), whereas loop
memories operate in the opposite limit. This single-mode
description breaks down when 7(f) becomes too large,
making multimode effects non-negligible. We discuss this
effect in Appendix E2. A key advantage of the resonator
memory is the ability to store and retrieve quantum states at
arbitrary continuous times, in contrast to the discrete-time
operation of loop memories.

APPENDIX B: THEORY OF TDM BREEDING
PROTOCOLS

For non-Gaussian state generation protocols based on
photon-number measurement, the stellar rank of the gen-
erated state, which is an indicator of its non-Gaussianity,
is upper-bounded by the total number of photons detected
[37,38]. Generating useful non-Gaussian states typically
requires a high stellar rank. For example, fault-tolerant
GKP states require at least 20 photons [27,39]. In prac-
tice, this number varies depending on the protocol, e.g.,
42 in Ref. [40], 24 in Ref. [27], and significantly more for
near-deterministic schemes with higher success probabil-
ity [41,42]. The breeding protocol addresses this require-
ment by distributing the stellar rank across multiple modes

Figure 5(c) shows the “stair-case” form of the breeding
circuit, which is equivalent to the TDM implementation
in Fig. 5(a), as realized in this work. By choosing the
measurement basis (x or p), this architecture can imple-
ment both “GKP” breeding, which generates a GKP state
from cat states [8,11], and “cat” breeding, which increases
the amplitude of a cat state from multiple smaller cat
states [7,10].

The detailed derivation of the breeding protocol is given
in the Supplemental Material of Ref. [41]; here we provide
an overview in the context of our TDM structure.

1. Cat breeding

We consider the initial cat state

) +5|—ia)), (B1)

|
— (|1
N (I
where @ > 0 is the amplitude, s € %1 is the parity, and A/
is the normalization factor. At the kth step, the states inside
the memory and in the incoming wavepacket are

1) = /\Lfk (|i«/%a> +s"|—i«/%a>), (B2)
| .
1V )in = N (lia) + s |—ia)) . (B3)

Applying a beamsplitter with transmittance 7} = k/
(k+ 1) between these modes, followed by p-quadrature
projection |p = 0), yields

(p = 0| BS(TH) (1Y) ® [¥)i)

 |ivk + loo) + s =ik + 1a) (B4)

and combining—"breeding”—them via measurement and
conditioning. producing a cat state with increased amplitude /£ + lc.
(a) (d) -
pmmmmm This work _____ R Cat states
. S ' -
" ~ 0 -8 -

M4 - “Cat” measure p
.. * “GKP”": measure x

$

FIG. 5.

’

Fault-tolerant GKP

Implementation of the TDM GKP breeding protocol using resonator quantum memories. (a) Configuration with a single

quantum memory, as implemented in the main text. (b) Configuration with two quantum memories. (c) Schematic representation of a
protocol equivalent to that implemented by the system in (a). (d) Evolution of the Wigner function during the breeding protocols.

040336-10



SCALABLE OPTICAL QUANTUM STATE SYNTHESIZER. ..

PRX QUANTUM 6, 040336 (2025)

2. GKP breeding

For GKP breeding, the projection is onto x = 0 instead
of p = 0. The state after the kth step is

k

1
) :_Z< . )s'"|i(—k+2m)/\/%a>, (B5)
m=0

N

V) = 7 () 51 i) (B6)

After the conditioning, we obtain

(x = 0| BS(T)(1¥) ® |¥)in)

k+1

ocZ( k:f >SM|i(—k—1+2m)/J%a>. (B7)
m=0

The number of peaks in the p-direction increases from & +
1tok+2.

Figure 5(d) illustrates the evolution of Wigner functions
in both protocols. Cat breeding increases the amplitude of
the cat state, and the GKP breeding increases the number of
peaks. A fault-tolerant GKP state can be obtained by start-
ing from a sufficiently large cat state and applying multiple
GKP breeding steps. In this work, both breeding types
are demonstrated for small-amplitude cat states [Fig. 4(d)
in the main text]. Here note that a odd cat state with a
small amplitude can be well-approximated by a squeezed
single-photon state:

1 N
(i) — |—=ier)) ~ S(r) |1},

N (B8)

where S(r) = e/2@=i"  and  p = —cosh™! (1/2 +

Vo 4052/6)1/2 [19].

Instead of preparing a large-amplitude cat source, two
concatenated quantum memories can be used [Fig. 5(b)]:
cat breeding is first performed in the initial memory to
boost the amplitude, and the resulting larger cat state is
then used as the input for GKP breeding in the second
memory. This approach enables the generation of fault-
tolerant GKP states using only a single small-cat source
and two quantum memories.

APPENDIX C: DISCUSSION ON INTERFERENCE
RATE IN THE BREEDING EXPERIMENT

In this section, we explain the criteria for evaluating
the interference rate in the breeding experiment. Let 7y
denote the heralding rate for generating a single quan-
tum state, and let A represent the frequency bandwidth
of the wavepackets, with 1/A corresponding to their tem-
poral width. Although the precise definition of A may
vary depending on the wavepacket shape, we consistently

define A as the FWHM of the Lorentzian spectrum, which
applies to the exponential wavepackets employed both in
our experiment and in previous work [11]. We assume
Poissonian statistics for the heralding events, which is a
reasonable approximation in the relevant regimes.

For two wavepackets to interfere successfully, they must
overlap in time with sufficiently high fidelity. Let £ < 1
be a dimensionless parameter characterizing the required
degree of temporal mode matching. We post-select events
such that two wavepackets arrive within a relative delay
of k/A. For each wavepacket, the probability of observ-
ing another heralding event within this temporal window
is rok/A. Consequently, the expected rate of successful
interference is given by

_ 0
I'Bs = K

(CD)
The parameter k reflects the requirement for temporal-
mode overlap and is fundamentally limited in the absence
of a quantum memory. With a quantum memory, how-
ever, the first quantum state can be stored until the
second wavepacket arrives. Therefore, & can be effec-
tively increased, beyond the restriction k£ < 1 and thereby
enhancing the interference rate. More precisely, k scales
with the storage time relative to the wavepacket duration,

ko ThA. (C2)

In the previous GKP breeding experiment without quan-
tum memory [11], the reported parameters were ry =
2 x 10° ¢cps, A = 120 MHz, and rgs = 10 cps, yielding
k = 0.03. In our experiment, we have ry = 4 x 10° cps,
A = 3 MHz, and rgg = 20 cps, corresponding to k = 3.8,
as noted in the main text.

From these values, the probability of detecting one pho-
ton within the temporal width of a single wavepacket is
calculated as

o

pr= (C3)

This p; corresponds to the heralding probability in the
single-mode picture. In our experiment, we obtain p; =
1.3 x 1073, Theoretically, p; can be enhanced up to 0.25
using photon-number-resolving detectors [43,44]. Cur-
rently, our p; is limited by the lack of photon-number-
resolving capability and losses in the idler mode.

We now consider the scaling of the GKP breeding pro-
tocol initiated from squeezed single-photon states (see
Appendix B). In an (n — 1)-step breeding protocol involv-
ing n wavepackets, at least n heralding events must occur
within a temporal window of k/A. The success probability

040336-11



FUMIYA HANAMURA et al.

PRX QUANTUM 6, 040336 (2025)

(a)
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[

FIG. 6.

B 100
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— w/ QM (k=3.8)
w/ QM (k=1)
— w/ QM (k=10)

— w/ QM (k=100)

(a) Illustration of interference of two wavepackets. A: frequency bandwidth of the wavepacket, k/A: the maximum time

difference between two wavepackets for a successful interference. (b) Theoretical success probability p, for n round breeding for
different value of k reflecting different storage time. The black dashed line (k = 0.03) corresponds to the previous experiment without
quantum memory [11], while the black solid line (k = 3.8) reflects our present experiment.

of such event, per wavepacket duration 1/A is given by

1 = Gp)"
pn—m<1—ZT6 1. (C4)

n'=0

The corresponding success rate is p,A. Figure 6(b) plots
pn as a function of n for various values of %, assuming
the ideal value p; = 0.25. Consistent with the physical pic-
ture, p, remains nearly constant at p,, ~ 1/kup ton ~ kpy,
beyond which it decays rapidly. For the case n = 20, which
is required for fault-tolerant GKP state generation [27,39],
our experimentally achieved £ yields a more than 40 orders
of magnitude improvement in success probability com-
pared to the case without a quantum memory. Although the
resulting pyo remains as low as 1072°, the curves for k =
1,10, 100 illustrate that further enhancement of & could
push the protocol into a practically viable regime even
for large n. In particular, £ = 100 would already be suf-
ficient to achieve fault-tolerant GKP state generation with
the success probability entering a feasible regime.

From Eq. (C2), achieving higher k£ requires improv-
ing either the storage time 7} or the wavepacket band-
width A. In the present experiment, although our 7} is
already comparable to the level achieved in state-of-the-
art high-Q resonators, the main bottleneck lies in A, which
is limited by the ~10 MHz bandwidth of the Pockels
cell operation. Possible routes to overcome this limita-
tion include integrated-optics [30,31] or all-optical [32]
fast switching, which are compatible with broadband non-
Gaussian state generation at A =1 GHz [17]. High-Q
on-chip resonators [34] have also demonstrated storage
times comparable to our free-space setup (77 ~ 3 Ws).

Combining these advances could, in principle, enable &
values approaching 103.

We note that the probability shown here does not include
the effect of homodyne conditioning, which is known to
be near-deterministic [45]. Additionally, the use of Poisso-
nian statistics may introduce a constant-factor discrepancy.
Finally, we remark that multi-photon detection schemes
such as those in Refs. [40,41] fundamentally follow the
same scaling as memoryless protocols, while schemes [27]
using pulsed inputs with intrinsically discretized timing
correspond to £ = 1 in the absence of quantum memory.

APPENDIX D: CONTROL SEQUENCE FOR
POCKELS CELL

Figure 7 shows the control sequences used for each mea-
surement discussed in the main text. The Pockels cell is
equipped with two electrodes, each of which can assume
one of two voltage levels, 0 or V), depending on the states
of the switches. The coupling constant y (¢) is determined
by the voltage difference V(f) across the electrodes, as
described by Eq. (14) in the methods section of the main
text. In each sequence, the switches are controlled by a
pulse generator (Quantum Composer 9528), which is trig-
gered by heralding signals from single-photon nanowire
detectors (SNSPDs).

APPENDIX E: DISCUSSION ON THE
IMPERFECTION

We discuss here the main imperfections affecting the
performance of the resonator quantum memory.
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FIG. 7. (a) Control sequence of Pockels cell for the memory experiment (Fig. 3 in the main text). (b) Control sequence of Pockels
cell for the TDM breeding experiment (Fig. 4 in the main text).

1. Loss and dephasing where the dissipator is defined as

During storage, the dominant errors are energy relax-
ation and pure dephasing. The evolution of a bosonic mode 1
with energy relaxation time 7; and pure dephasing time 7, D[L]p = LpL" — 3 (L'Lp + pL'L). (E2)
is described by the Lindblad master equation

dp 1 1 + In the Fock basis, the density matrix elements p, , () =
7 FID["]P + T_¢D[“ alp (ED) (n| p(¢) |m) evolve as
e8] n—+ k m—+ k —t/T} k —ﬁ(n—)—m) —T, ~(n7m)2
Pam(® =) Prrims O, [ B e O (E3)
k=0

For the single-photon state input, the diagonal elements decay as

pl,l(t) X eit/Tl . (E4)
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Thus, T can be extracted experimentally by fitting this
decay.

To estimate T, we focus on the (n, m) = (0,2) element
and define the normalized coherence

o2l )"
Rty = [ —=2200 ) (ES)
v £0,0(H) p2,2(2)
This isolates the dephasing factor:
__r
R() =R(0)-e o, (E6)

By fitting R(?) to an exponential decay, we obtain 7.

In the experiment, we find 71 =2.3 ps and Ty =
0.96 ws, as shown in Fig. 3(e). Figure 8(a) shows numer-
ical simulations of storage with these parameters, while
Fig. 8(b) shows simulations of breeding protocols under
the same conditions. Figure 8(c) compares the measured
and simulated fidelity between the retrieved state and the
input, showing good agreement.
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©o0o0
©o0o0
©o0o0
lo oo

o}
0

S| &
o

storage time (ns)

(c)

1.0 ==
I e e T VIR
%~~~)6__~x o *
~

S~

- X
S~ X X

o
©
1

X inputl (expt.)
X input2 (expt.)
input3 (expt.)
inputl (sim.)
input2 (sim.)
input3 (sim.)

Fidelity F

o
oo
1
X

0.7 T

0 50 100 150 200 250

storage time (ns)

FIG. 8.
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2. Multi-modeness

As described in Appendix A, the resonator quantum
memory operates in a regime where it can be treated as
a single-mode oscillator, enabling continuous-time writ-
ing and retrieval. Here, we quantify the validity of this
approximation at finite finesse.

We consider the write and readout processes where
y () # 0. The dynamics of the storage mode can be written
as

ap = —gao + VY @Obin(2).

However, for low resonator finesse, the contributions from
neighboring modes become non-negligible:

(E7)

a, = _&an + v V(t)bin(t) + inQay,.

> (E8)

To quantify this effect, we adopt a more convenient,
yet equivalent, time-domain description. We consider the
readout of an exponentially decaying wavepacket. Suppose

[
®

(b)

(d)

1.0
0.8 A

1.000
0.6 1 0.999 A

= 0.998 ~

0.4_ 0.997_

0.996 A
0.2

0.995 T T T

0.0 0.1 0.2 0.3 0.4
OO T T T T
0.0 02 04 06 08 1.0

To

(a) Numerical simulation of storage of squeezed single-photon states, including loss and dephasing, corresponding to

Fig. 3(d). (b) Numerical simulation of the breeding protocol under the same imperfections, corresponding to Fig. 4(d). (c) Fidelity
between the retrieved and input states. Inputs 1, 2, 3 correspond to the upper, middle, and lower rows in both Figs. 3(d) and 8(a).
(d) Mode overlap M between the readout wavepacket predicted by single-mode and multi-mode treatments, as a function of the output

coupler transmittance Ty.
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the coupler transmittance is fixed at 7 = T from ¢ = 0.
The output wavepacket is then

where Ry = 1 — T and t = L/c is the round-trip time. In
the single-mode limit, this is approximated by

—logR 1 t
gien (1) = | —— exp (E(IOgRo);) . (E10)
L/l
goul® = A —R)tyRy ", (E9)
|
The mode overlap between goys and gigear 1S
o0
VM = / Sou (DGideat (1)t (E11)
(n+1)r 1 t
= 1 — Ro) logR VRo —(log Ry)— | dt E12
=v/~( 0) log OZ/ 0 exp(z(og o)r) (E12)
) 1 1

=\/_(1—Ro)logROZ\/RT)TgR0 exp ( 5 (Iog Ro)n ) — exp - (log Ro)(n + 1) (E13)
= /= (l—Ro)logROZR lgRo (1—\/170) (E14)
=/—( —Ry)logR ! 2 (E15)

- 0) 108 014—\/R_—10gR0
- To 2 (E16)

\ —log(1 —Tp) 1 + /1= T,
P R

=1-24+01 E17
9% (70)- (E17)

This mode overlap M represents the write and readout
efficiency accounting for multimode effects. Figure 8(d)
plots M as a function of 7y. The mode overlap remains
high for small 7}; in our experiment 7y = 0.3, correspond-
ing to a mode overlap of 99.7%.
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