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Quantum computing has been pursued with various hardware platforms and an optical system is one
of the most reasonable choices for large-scale computation. In the optical continuous-variable computa-
tion scheme, the incorporation of Gaussian gates and a highly nonclassical non-Gaussian state enables
universal quantum computation. Although basic technologies for Gaussian gates and non-Gaussian state
generation have long been developed, these building blocks have not yet been integrated in a scalable
fashion. Here, we integrate them to develop a scalable and programmable optical quantum computing
platform that can sequentially perform an essential Gaussian gate, the squeezing gate, on a non-Gaussian
input state. The key enablers are a loop-based optical circuit with dynamical and programmable control-
lability and its time synchronization with the probabilistic non-Gaussian state generation. We verify the
deterministic, programmable, and repeatable quantum gates on a typical non-Gaussian state by imple-
menting up to three-step gates. The gates implemented are of such high quality that strong evidence of the
nonclassicalities of the states, the negativities of the Wigner functions, are preserved even after multistep
gates. This platform is compatible with other non-Gaussian states and can in principle realize large-scale

universal quantum computing by incorporating other existing processing technologies.
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I. INTRODUCTION

While various physical systems have emerged for
quantum computing [1-3], an optical system employing
the continuous-variable (CV) scheme has been attract-
ing much interest due to its strength in scalability [4].
The optical CV scheme, which utilizes the quadrature
amplitude of the light field for quantum computing, has
offered deterministic quantum gates [5—7], with its practi-
cal advantage lying in the unconditionally prepared ancil-
lary squeezed vacuum and the highly efficient homodyne
measurement. A promising idea to integrate the determin-
istic gates to build a scalable quantum computing platform
is to adopt the time-domain multiplexing approach unique
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to an optical system. In this approach, the quantum infor-
mation is encoded in sequential optical pulses on a single
(or a few) path(s) and the same optical components are
repeatedly used to process them at different times. This
approach, in fact, has recently led to the development of
several platforms able to perform programmable multi-
step quantum gates on a single- or multimode input state
[8—11].

However, these scalable platforms are currently lim-
ited to performing calculations within the Gaussian realm,
which can be efficiently simulated by a classical computer
[12]. This limitation implies a lack of the ability to per-
form universal quantum computation. The missing piece
for achieving universality is a non-Gaussian quantum state.
When a specific non-Gaussian ancillary state known as a
cubic phase state is injected, Gaussian platforms, which
consist of optical Gaussian gates and homodyne mea-
surements, enable universal computation including a non-
Gaussian gate [13]. Furthermore, fault tolerance is also
attainable on these platforms by injecting non-Gaussian
qubit states, specifically Gottesman-Kitaev-Preskill (GKP)
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qubits [14,15]. Nevertheless, the realization of scalable
Gaussian platforms compatible with non-Gaussian states
had long been obstructed by technical challenges arising
from the probabilistic generations of such states: non-
Gaussian states thus far had only undergone single-step
gates without electrical programmability in a nonscalable
fashion [16,17]. Only recently, time synchronization of a
dynamical optical circuit with a probabilistic non-Gaussian
source has been reported in a study of a scalable platform
[18].

In this work, as a crucial step toward simultaneously
achieving scalability and universality, we develop an
optical quantum computing platform that can repeatedly
and programmably perform a fundamental Gaussian gate,
the squeezing gate, on a non-Gaussian input state. This
platform in principle provides arbitrarily many steps of
squeezing gates with a single setup and the gates are elec-
trically programmable step by step. This is achieved by
incorporating two major components. One is a scalable
and programmable loop-based processor [10]. The other is
a time-domain-multiplexed light-source unit that prepares
a train of optical pulses consisting of the non-Gaussian
input state (the Schrodinger cat state) and the ancillary
states for the gate, which is sent to the processor. Time
synchronizing these two components with the probabilistic
non-Gaussian state generation enables performance of the
gate known as the measurement-induced squeezing [19] on
that state. This is an essential gate that composes a univer-
sal gate set and also serves as the foundation for various
other measurement-induced gates. We verify the determin-
istic, programmable, and repeatable squeezing gates by
implementing various single- or multistep gates. In addi-
tion, the high qualities of the gates are supported by the
remaining negativities of the Wigner functions, which are
widely recognized criteria for the nonclassicalities of the
quantum states, even after two-step gates without any loss
correction. The squeezing gate can be combined with other
easier-to-implement gates to enable any single-mode or
multimode Gaussian gate, suggesting a versatile test bed
for quantum computing with a non-Gaussian input as a
near-term application of our platform. Moreover, since a
non-Gaussian gate, which completes the universal gate set,
can be realized through a similar measurement-based gate
protocol with an alternative non-Gaussian ancilla [10,13],
our work will lead to fully universal quantum computing.

II. RESULTS

A. Our platform for a multistep squeezing gate

Before describing our platform, we begin by briefly
introducing the measurement-induced squeezing gate [19]
in Fig. 1(a), which illustrates a typical schematic of a mul-
tistep gate. The single-step X squeezing is composed of
the following steps, where X and p represent the orthog-
onal quadrature operators of the light field: (1) an arbitrary

input state is coupled to an ancillary x-squeezed vacuum
at a beam splitter with reflectivity R and transmissivity
T (R+ T =1); (2) the p quadrature of one of the resul-
tant modes is measured by the homodyne detector (HD);
(3) the measurement outcome m is fed forward to displace
the p quadrature of the other mode by gm to cancel out
the antisqueezing component of the ancillary state, where
g = /T/R is called the feedforward gain. In the ideal
limit of infinitely squeezed ancilla, this gate transforms
the quadrature operators of the input state as % — ~/R%
and p — p/+/R in the Heisenberg picture. Note that this
input-output relation changes to % — +/Tx andp +— p/~/T
with g = —/R/T only for the first step in Fig. 1(a), due
to the inverse positioning of the input and the ancilla.
These transformations correspond to the squeezing gates
and the degree of squeezing depends only on the beam-
splitter reflectivity R. It is worth noting that the quadrature
being squeezed, X in the above example, can be controlled
by adjusting the phase of the ancilla with respect to the
input and, accordingly, changing the two quadratures being
measured or displaced.

In Fig. 1(b), we show a conceptual diagram of our
platform, which is markedly more scalable while having
exactly the same functionality as the circuit in Fig. 1(a).
In this architecture, the optical pulses are arranged in the
time domain and a single dynamical processing unit is
repeatedly used to sequentially process them in a resource-
efficient manner. This platform is composed of three parts:
the time-domain-multiplexed light source, the loop-based
optical circuit, and the HD. Their individual properties
or functionalities are as follows. The light source plays
the role of preparing the optical pulses arranged in the
time domain: the constituent optical switch sequentially
transfers either a probabilistically generated non-Gaussian
input state or a deterministically generated ancillary state
to the loop-based circuit with a time separation of t.
The loop-based circuit has an optical delay line with a
round-trip time of t, which makes the incoming two adja-
cent optical pulses coincide at a variable beam splitter
(VBS) for interference. At the downstream part of the
loop, the HD with a variable measurement basis ¢ (¢) is
placed to measure X cos¢(f) + p sin¢ () of the incident
beam. All the dynamical parameters—the switching status,
the VBS reflectivity R(#), and the homodyne measure-
ment basis ¢ (f)—are electrically programmable. Notably,
as a platform for a non-Gaussian input, these parameters
are integrally controlled in synchronization with an elec-
tric signal that heralds the generation of the non-Gaussian
state. A typical timing chart is shown in Fig. 1(c).

This platform performs an n-step squeezing gate in the
following way. When a non-Gaussian input state is gen-
erated, the optical switch sends it to the loop part with
neighboring ancillas, forming a pulse train in the order
in Fig. 1(b). In the loop part, the reflectivity of the VBS
is first set to zero [Ry = 0 in Fig. 1(a), which depicts an
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FIG. 1.

A conceptual diagram of our platform and the experimental setup. (a) The typical implementation of a multistep

measurement-induced squeezing based on path encoding. Disp., displacement operation; HD, homodyne detector. (b) A conceptual
diagram of our platform. VBS, variable beam splitter. (c) The timing chart of each component for the third gate in Table II. Zero on
the horizontal axis corresponds to the rising of the heralding signal. (d) The experimental setup. EOM, electro-optic modulator; LO,

local oscillator; OPA, optical parametric amplifier; SSPD, superconducting nanostrip single-photon detector.

equivalent circuit of our platform] for the loop to take in
the ancilla. To avoid the fragile non-Gaussian state suffer-
ing excess loss in the loop, the ancilla should be injected
into the loop in advance for the first step out of the n
steps. The VBS reflectivity then sequentially takes n val-
ues (Ry,...,R,) to act as n different beam splitters. At
the same time, the HD continuously measures one of the
VBS outputs, with its basis ¢ (#) dynamically controlled
for the desired gate. This continuous measurement can be

split into multiple measurements (HD—1,...,HD—n) on
different time bins. Finally, the VBS is again made trans-
parent (R,+1 = 0) to let the output state exit the loop and
the HD measures it for state characterization. The full
outcome of the homodyne measurement is stored in a clas-
sical computer, on which all the displacement operations
are performed by numerical postprocessing. Owing to
the dynamical controllability and the loop-based structure
enabling sequential processing, our platform can perform
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TABLE 1. The working conditions and fidelities for the single-step squeezing gates. “x-sq.” (“p-sq.”) in the “Ancilla” column refers
to the x-squeezed vacuum (p-squeezed vacuum). Ry, ¢, and g| represent the VBS reflectivity, the measurement angle, and the feedfor-
ward gain, respectively. These symbols can be found in Fig. 1(a), which depicts an equivalent circuit of our platform. The definitions

.. h . . .
of the fidelities, Fieal, Fideal, and F. (t eory), are given in the text. The center values and the error ranges are estimated as averages and

ideal

standard errors when splitting the whole 36 000 data into five independent subsets, respectively. The same is the case for Table II.

Gate Working condition Experimental fidelities Theoretical fidelity

r Squeezed Ancilla R1 ¢1 &1 Freal Fideal Fi(élel:lory)
quadrature (degrees)

0.26 X X-sq. 0.40 90 —0.82 0.976(3) 0.956(2) 0.961

0.46 b X-sq. 0.60 90 —1.22 0.956(4) 0.907(3) 0.907

—0.26 p p-sq. 0.40 0 —0.82 0.9783(9) 0.959(3) 0.961

—0.46 p P-sq. 0.60 0 —1.22 0.979(3) 0.904(4) 0.911

arbitrarily many steps of squeezing gates with a constant
number of hardware components, offering scalability.

The physical setup is depicted in Fig. 1(d). Any non-
Gaussian input state is acceptable as long as the heralding
signal arises and we choose the Schrodinger cat state for
the demonstration. For state preparation with the photon-
subtraction scheme [20,21], a squeezed vacuum is pro-
duced by an optical parametric amplifier (OPA) and sub-
sequently injected into a fiber beam splitter (FBS), one
output of which leads to a superconducting nanostrip
single-photon detector (SSPD). Photon detection on the
SSPD generates the Schrédinger cat on the other output
of the FBS, in a specific wave packet defined by filtering
optics before the SSPD. The ancillary squeezed vacuum
is continuously produced from another OPA. Except for
these light sources, the whole optical system is constructed
in free space, including the loop-based circuit, most of
which is folded in the mechanically stable Herriott-type
delay line [22]. The output state of the gate is fully char-
acterized by the homodyne tomography [23] with neither
postselection nor loss correction. The timing controller
synchronizes the entire system with the photon-detection
signal from the SSPD on a nanosecond time scale. The
detail of the setup is described in Appendix A.

B. Single-step gate

For the certification of the programmable and deter-
ministic gates of our platform, we implement single-
step squeezing gates with various squeezing parameters.
A squeezing gate is characterized by an operator S'(r)
that transforms quadrature operators as ST38() = e’
and 37[33‘ (r) = €'p. We call r a squeezing parameter and
we choose r = +£0.26, +0.46 for the demonstration. The
working condition of the system for each gate is listed in
Table 1.

The experimental results are summarized in Fig. 2
and Table I. We have first measured the time-
domain-multiplexed input Schrédinger cat and the ancil-
lary squeezed vacuum by setting the VBS maximally

reflecting, before implementing the squeezing gates. The
reconstructed Wigner functions of the input cats for the
squeezing gates with positive and negative squeezing
parameters are shown in Figs. 2(a) and 2(d), respectively,
which are identical in principle. The squeezing levels
of the ancillas have been measured to be approximately
—4 dB (for more precise figures, see Appendix C). We then
present the output Wigner functions of the squeezing gates
in Figs. 2(b), 2(c), 2(e), and 2(f). Alongside each exper-
imental outcome, the theoretical outcomes derived from
the realistic or ideal model are shown with the correspond-
ing label attached. The realistic model involves the finitely
squeezed ancilla and the optical loss, whereas the ideal
model has the infinitely squeezed ancilla and no optical
loss (the detail is described in Appendix C). Graphically,
all the experimental outcomes agree well with the realistic
predictions.

For quantitative evaluation, we employ three different
figures of merit: quadrature variances representing the
degree of squeezing, Wigner negativity representing the
quality of the gate, and fidelities comprehensively rep-
resenting the circuit performance. We first present the
quadrature variances of the output states in Figs. 2(g) and
2(h). They are normalized by those of the corresponding
input state: in the specific form, A%g (¢ = x, p) is defined
as () — (Gow)*)/ (@) — {Gin)?), Where () denotes
the mean value and the subscripts “out” and “in” refer
to the output and the input states, respectively. For four
different target squeezing parameters, the experimentally
obtained variances have little deviation from the realistic
predictions, indicating that our platform performs squeez-
ing gates properly, in a programmable manner. Next, we
show the Wigner negativities of the output states, where
the negativity is defined as the value of (0, 0) for the out-
put Wigner function W(x,p), below the square panels in
Fig. 2. This value, in our case, represents the quality of
the gate. This is because, in general, the negative (0, 0)
signifies the nonclassicality of the state and is degraded
through the gate process, whereas the ideal squeezing
keeps it constant. All the experimental results show clear
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State characterizations for the single-step squeezing gates. (a),(d) The Wigner function of the input Schrédinger cat state for

the squeezing, with positive and negative squeezing parameters, respectively (in principle, they are identical). The convention / = 1
is adopted. (b),(c),(e),(f) The Wigner function of the experimentally obtained output state and the theoretically derived states. The
horizontal and the vertical directions of the inset square panel correspond to x and p, respectively. The figure below each inset square
panel represents the value of (0, 0). For the description of the theoretical predictions, see the text. (g),(h) The normalized variances
as a function of a target squeezing parameter. The solid and the dashed lines are derived from the realistic and the ideal models,
respectively. For the definitions of the normalized variances, see the text. For all items, the presented center values and the error ranges
are estimated as averages and standard errors when splitting the whole 36 000 data into five independent subsets, respectively. The

same is the case for Fig. 3.

negative values, revealing the high qualities of the gates
of our platform. Finally, as comprehensive indicators, we
present two fidelities, Fres and Figea, in Table 1. Fiey
(Figear) 1s the fidelity [24] between the experimental output
and the theoretical output derived from the realistic (ideal)
model described above. We also include the theoretical
fidelity Fi=™™ in the same table for reference. This value,
obtained numerically, represents the fidelity between the
theoretical outputs derived from the realistic and the ideal
models, predicting Fige,. For all gates implemented, both
Figeal and Fey; are reasonably high. Nonunity values of Fie,

can be attributed to deviations between the simple theoreti-
cal model and the actual experimental situation, such as the
spatial-mode mismatch at the VBS between the incoming
and the circulated beams.

As a whole, Fig. 2 and Table I graphically and quantita-
tively demonstrate that our platform deterministically per-
forms high-quality squeezing gates on the non-Gaussian
cat state in a programmable manner. We have also
evaluated each gate with a different input state, the vac-
uum field, and confirmed that the experimental output is
again consistent with the theoretical prediction. The results
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are shown in Table S1 and Fig. S1 of the Supplemental

@ >

2: § Material [25].

Il |z TV oo —~

~ i iz |2 C. Multistep gate

-; 2 a ceeeeS For a demonstration of the ability of our platform to
% é perform multistep gates, we implement up to three-step
< squeezings. The squeezing parameters are chosen to be
= (r1,rp,r3) = £(0.33,0.14, 0.37), where r; refers to the one
E é 3 § i{: ::Q g g i‘: for the ith step. The working conditions are summarized in
S g€ |2EE3EE Table I1

2 = cocooo In Fig. 3 and Table II, we present the step-by-step
= £ results similarly to Fig. 2 and Table I. The output Wigner
© = SFasan functions in Figs. 3(b)-3(d) and 3(f)}-3(h), along with the
§ ‘g,‘ E Bg Slg’ § 5 8(3’ E quadrature variances in Figs. 3(i) and 3(j), show that, both
£ A5 = 222222 graphically and quantitatively, the experimental results
3 agree well with the theoretical predictions. Furthermore,
E’ the two fidelities, including Fjgea, in Table II remain at a
é T 3 relatively high level over the multiple steps. These results
) N - R Sl collectively demonstrate that our platform reliably per-
§ & KRSBR=E forms multistep squeezings while programmably changing
2 *2 T § 3« T § 3« the squeezing parameter. The preserved Wigner negativi-
= L 12 = 12 ties for up to two steps highlight the qualities of the gates.
3 U U In Figs. 3(k) and 3(1), we show the evolution of the neg-
= ativity as a function of the number of gates, along with
= . theoretical lines derived from the realistic and ideal mod-
g < ‘7 = S _a els, as well as models under improving system parameters.
% 2 & g S 2“ ss zﬁ = A detailed description of these additional models can be
< % s ) - s S) found in Appendix D 1, in the context of mitigating opti-
E,' i Bt ~ cal losses. It should be emphasized here that the available
5 g number of steps in our architecture is not restricted to three
2 5 o o but, in principle, is infinite.

3 = - oS oZ Similarly to the case of single-step gates, we have
% & § p i § p i applied the same gates to the vacuum field and presented
& X |g¥SscES the results in Table S2 and Fig. S2 of the Supplemental
2 < SEE - Material [25], which again proves the validity of the gates.
= e e

g

2 I11. DISCUSSION AND CONCLUSIONS

8 § GO oo o o In conclusion, we have developed an optical quantum
ko 3 |ELEEL j& (:-; computing platform that can repeatedly and programmably
S < perform a measurement-induced squeezing gate on a
= non-Gaussian state. We have verified the deterministic,
g - © programmable, and repeatable nature of the gates. Our
z S £ platform can deal with not only the Schrodinger cat state
g %?: G AR but also any other non-Gaussian states as long as the
g 2 heralding signal arises, including the cubic phase state
o [26] and the GKP state [27]. In addition to the squeez-
£= — ing gate on input non-Gaussian states, the current platform
§ :b Z has the potential to acquire another functionality when a
2 E e 1 specific non-Gaussian state, instead of the cat, is injected
&2 o XX as an ancilla. Notably, the ancillary cubic phase state,
- % - T 99 together with the already reported nonlinear feedforward
- = - _Ss ﬁ oo o system [28], enables the implementation of the cubic phase
3 2lel s |Mmtcses gate [10]. Further adding a phase shifter inside the loop
F8ll&lE [eeccelll evolves the platform to a single-mode universal one, since
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State characterizations for the multistep squeezing gates. (a),(e) The Wigner function of the input Schrddinger cat state for

the squeezing, with positive and negative squeezing parameters, respectively. These are the same figures as in Fig. 2. The convention
h =1 is adopted. (b),(c),(d),(),(g),(h) The Wigner function of the experimentally obtained output state and the theoretically derived
states. n denotes the number of steps. (i),(j) The normalized variances as a function of the number of steps. (k),(1) The (0, 0) values
of the output W(x, p) as a function of the number of steps. The solid blue and dashed black lines are drawn using the realistic and ideal
models described in the text, respectively. The dash-dot orange line (dotted green line) is obtained with a model with 2 % (1 %) loop
loss and an ancilla of 7-dB (15-dB) squeezed vacuum, where “sq.” in the legend denotes “squeezed.” Parts (a)—(j) are shown in the
same manner as in Fig. 2, except that (i) and (j) are shown as functions of n.

an arbitrary single-mode gate is composed of displace-
ment, squeezing, phase shift, and the cubic phase gate
[29]. The main technical challenge, deterministic process-
ing of the non-Gaussian state in the time domain, has been
addressed in this work; the remaining task is the integra-
tion of these technologies. Furthermore, our platform can
be extended for multimode processing [30] and eventually
leads to fault-tolerant computing, which only necessitates
Gaussian platforms once the proper non-Gaussian qubit

states are supplied [14,15]. Therefore, our work represents
a fundamental milestone toward the realization of scalable,
universal, and fault-tolerant quantum computing.
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APPENDIX A: EXPERIMENTAL SETUP

The experimental setup, which is an extended version
of the one found in our previous work [18], is illustrated in
Fig. 1(d). For more information on the common part, see
Ref. [18].

We use a continuous-wave laser with a wavelength
of 1545 nm. Frequency-doubled beams pump two OPAs
[31,32] to produce squeezed vacua, from one of which
a photon is subtracted to obtain the non-Gaussian
Schrodinger cat state. A band-pass filter and two filtering
cavities before the SSPD define the temporal wave packet
f (v) of the cat state as

f () (eyl (t—=to) _ eVz(f—'o)) Oty — 1), (A1)
where y; and y, are the bandwidths (half width at half
maximum) of the cavities and ¢, is the photon-detection
timing on the SSPD. ® denotes the Heaviside step func-
tion. The configuration of the VBS is the same as those
in our previous works [10,11,18,33]: a Pockels cell and a
quarter-wave plate (QWP) sandwiched between two polar-
izing beam splitters. Another set of these optics forms the
optical switch, where the QWP makes the two incident
beams interfere when no voltage is applied to the Pock-
els cell. This is intended to make it possible to sense and
stabilize the phase difference between them. The structure
of the loop-shaped optical path and the configuration of the
homodyne-measurement part are the same as those in Ref.
[18].

A typical timing chart of the dynamical components is
shown in Fig. 1(c). All the components have a rise and
fall time of approximately 10ns, in some cases followed
by transient oscillations of approximately 20 ns around the
target steady values. The loop-shaped circuit is 18.2 m long

and has a corresponding round-trip time (7) of 60.8ns,
which determines the interval between the neighboring
optical pulses to be 60.8 ns. Consequently, each component
is controlled every 60.8 ns.

The phase conditions of the entire optical system are
stabilized using auxiliary classical beams. Injecting the
classical beams enables us to obtain the error signals and
stabilize the system by using the feedback controls. During
the main measurement, the auxiliary beams are chopped
and the whole system is kept in the stabilized state. The
phase of the ancillary squeezed vacuum with respect to
that of the input cat state is changed by inverting the
corresponding feedback polarity.

APPENDIX B: DATA ANALYSIS

We experimentally determine the three parameters yy,
y2, and 7y in Eq. (Al), representing the mode function
of the cat state. As described in Sec. 11 B, we acquire a
time series of homodyne data containing the generated cat
state before performing the squeezing gates. From the time
series, the three parameters are optimized to maximize the
quadrature variance, based on the core idea in Ref. [34].
The determined values for y; and y;, are 27 x 29.8 MHz
and 27 x 95.6 MHz, respectively.

Each temporal mode in the time-domain-multiplexed
processing is defined as f(r— (i— 1)r) (i=1,2,...),
where f () denotes the function of Eq. (Al) with the
above-determined parameters. The mode index i cor-
responds to that shown in Fig. 1(a). The raw volt-
age data from the oscilloscope are converted to the
quadrature amplitude by normalizing them by those of
the vacuum field obtained immediately before the main
measurement.

To fully characterize the gate outcome, we repeat the
gate and the measurement for the measurement basis from
90° to —75° at 15° intervals. 3000 independent data are
acquired for each basis. The Wigner function is recon-
structed from the 3000 x 12 quadratures by the maximum-
likelihood method [23].

APPENDIX C: THEORETICAL MODELS

To derive the theoretical-output Wigner functions
shown in Figs. 2 and 3, we employ two different models:
the realistic model with a finite squeezing level of the ancil-
las and optical loss, and the ideal model with an infinite
squeezing level and no optical loss.

The realistic model emulates the experiment as follows:
(1) the input cat state is coupled to the finitely squeezed
vacuum at the VBS; (2) one output of the VBS is imme-
diately measured at the HD with unity efficiency; (3) the
other output is subjected to the propagation efficiency of
0.96 in the loop and followed by the measurement at
the HD with unity efficiency. For a multistep gate, the
whole process is repeated with the input state replaced
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with the previous output. For the emulation of squeez-
ing gates with positive (negative) squeezing parameters,
we use the experimentally obtained Wigner function in
Fig. 2(a) [Fig. 2(d)] for the initial cat state and the ancillary
squeezed vacua are numerically reproduced by applying
an optical loss of 22 % (27 %) to the pure squeezed vacua
with a squeezing level of —6.8 dB (—7.0dB). The amount
of loss and the pure squeezing level have been estimated
from the measurement data simultaneously obtained with
those of the input cat. Note that in this model, the first-
step squeezing introduces another 4 % loss on the ancilla,
since its implementation obliges the state to pass through
the loop to interfere with the input. The effect of nonunity
efficiency of the homodyne measurement is assumed to be
reflected on the measured input cat and ancilla. The model
does not include other experimental imperfections such
as the nonideal phase difference between the cat and the
ancilla and the spatial-mode mismatch at the VBS between
the incoming and the circulated beams.

The ideal model has infinitely squeezed ancilla and no
optical loss, deriving the output Wigner function by simply
rescaling the experimentally obtained input Wigner func-
tion by e™" and ¢" along the x and p axis, respectively, with
the target squeezing parameter 7.

We also use these models to calculate the output-
quadrature variances from the experimentally measured
input variances.

APPENDIX D: CURRENT LIMITATIONS AND
FUTURE PROSPECTS

1. Optical loss

The intrinsic optical losses in the current system are
as follows. Based on a preliminary measurement of the
squeezing spectrum, we estimate the optical loss between
OPA-1 and the HD in Fig. 1(d) to be approximately 30 %,
comprising approximately 12 % internal loss in the OPA
module [31], approximately 8 % in-fiber propagation loss,
approximately 3 % free-space propagation loss, and other
unidentified losses. Similarly, the loss between OPA-2 and
the HD is estimated to be approximately 20 %, including
approximately 12 % (or less, due to the absence of fiber
coupling at the output) internal loss in the module and
approximately 7 % free-space propagation loss. The round-
trip loss in the loop is measured at 4 % and the readout loss
at the HD is approximately 3 %.

During the squeezing-gate process, the input cat state
suffers propagation loss in the loop, which degrades the
gate quality, as indicated by the reduction in the negativity
of the Wigner function and the fidelity Fige,. In addi-
tion, the losses on the ancillary squeezed vacuum constrain
its squeezing level to approximately —4 dB, introducing
excess noise with the corresponding variance into one of
the quadratures of the gate output state [see Eq. (2) in Ref.

[19]]. This effect also contributes to the degradation of the
gate performance.

Let us now discuss the strategy to mitigate these losses
in future experiments. For the light source, the loss of the
OPA module could be reduced by improving the fabrica-
tion technique of the waveguide nonlinear crystals or by
eliminating extra optical components within the module
[31,32]. Regarding the measurement system, the use of an
OPA followed by a broadband HD could enable low-loss
and high-bandwidth measurements [35]. Such broadband
measurements would reduce the optical pulse length. This
reduction would eventually shorten the loop and conse-
quently reduce the optical loss in it, since the minimal loop
length is limited by the optical pulse length as well as the
electric switching time of the VBS.

In Figs. 3(k) and 3(l), we present two theoretical
lines illustrating potential improvements in gate quality
achieved by reducing the loop loss and enhancing the
squeezing level of the ancillary squeezed vacuum. The
dash-dot orange line reflects the effect of approximately
halving both the loop loss and the ancilla noise from their
current amounts described above. The dotted green line
depicts an outcome under a quarter of the current loop
loss and 15-dB squeezed ancilla noise, which is the high-
est recorded squeezing level to date [36]. In this latter
scenario, if the loss during non-Gaussian state prepara-
tion is also reduced to 13 %, as achieved in a similar
state-generation experiment yielding the minimum Wigner
negativity [37], a squeezing gate with a squeezing parame-
ter of » = 0.1,0.2,0.3,0.4 could be iterated up to 18, 10,
7, and 5 times, respectively, while preserving the nega-
tive region of the output Wigner function. This level of
scalability is realistically anticipated in our system.

2. Clock frequency

Here, we discuss the practical temporal limitations of
our architecture. The current system has an optical pulse
interval of 60.8ns or a clock frequency of 16 MHz. This
interval is limited by the sum of the optical pulse length
of approximately 20 ns and response time of the dynamical
components, of approximately 30 ns. The latter is currently
limited by the response of the VBS, which includes a rise
and fall time of approximately 10ns and a subsequent
oscillation lasting approximately 20 ns [see Fig. 1(c)] and
demands a buffer time of a few nanoseconds to compensate
for the electric jitter.

The pulse length is currently restricted by the band-
width of the HD, approximately 200 MHz. This length
can be reduced by adopting highly broadband measure-
ments leveraging an OPA, enabling a bandwidth exceeding
10 GHz [35]. The response rate of the VBS can also be
improved to several tens of gigahertz by using a waveg-
uide modulator in place of the current bulk Pockels cell.
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Therefore, with these enhancements, a clock frequency of
10 GHz or higher is feasible with our architecture.

3. Scalability with probabilistically generated
non-Gaussian states

Even if a platform can process non-Gaussian states in a
scalable manner, the probabilistic nature of non-Gaussian
state generation often limits the overall efficiency of com-
puting protocols involving these states, thereby hindering
scalability. However, a methodology has been reported that
enables scalable computing with probabilistically gener-
ated non-Gaussian states, as long as the generation rate
exceeds a certain threshold [38]. The generation rate can
be enhanced by broadening the bandwidth of the state,
employing a more sophisticated generation scheme [39], or
multiplexing the non-Gaussian light source [40,41]. There-
fore, our platform has the potential to eventually achieve
true scalability.
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