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Four-photon subtraction from picosecond squeezed vacuum demonstrating Wigner negativity
without loss correction
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Multiphoton subtraction from a traveling squeezed vacuum is a standard route to non-Gaussian optical-state
engineering. High state-generation rates call for ultrashort optical pulses driven by high-repetition-rate lasers, but
combining higher-order subtraction with ultrashort pulsed light and full state reconstruction remains challenging.
Here we demonstrate up to four-photon subtraction from 10-ps squeezed-vacuum wave packets generated by a
broadband waveguide optical parametric amplifier. Using a Ti-Au transition-edge sensor for photon-number-
resolved heralding and homodyne tomography on the signal mode, we reconstruct the generated states up to
the four-photon-subtracted case. The reconstructed states exhibit clear parity-dependent structure and visible
Wigner-function negativity without loss correction. These results extend the experimentally accessible regime of
multiphoton subtraction in broadband traveling optical modes and establish a platform for non-Gaussian optical
resource-state engineering in continuous-variable quantum optics.

DOI: 10.1103/6tlg-7qgm

I. INTRODUCTION

Light has an exceptionally high frequency in the hun-
dreds of terahertz. It serves not only as a fundamental
carrier of information for ultrafast communication and data
processing, but also as a promising platform for quantum
technologies. Its ability to maintain quantum coherence un-
der ambient conditions has positioned it as a key candidate
for quantum computing [1–5], quantum sensing [6,7], and
quantum communication [8]. The realization of ultrafast
quantum processors by encoding quantum information into
the continuous-variable (CV) quadrature-phase amplitudes of
the electromagnetic field is a particularly promising direction
for future research.
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A major challenge in realizing fault-tolerant quantum com-
putation, however, lies in the generation of logical qubits,
which are necessary for error correction. In optical systems,
the Gottesman-Kitaev-Preskill (GKP) qubit, characterized
by a comblike wave-function structure in both quadratures,
has emerged as a strong candidate for logical qubits [9].
Gottesman-Kitaev-Preskill qubits offer a significant advan-
tage in that their fundamental operations, such as Clifford
gates, can be implemented using only linear optics. Further-
more, universal quantum computation becomes achievable
with these operations combined with ancilla GKP qubits
[5,10,11]. Therefore, the successful realization of GKP qubits
in optical systems is a key step toward fault-tolerant univer-
sal quantum computing. Several theoretical proposals have
outlined methods to generate GKP qubits [12–16], with non-
Gaussian resource states playing a central role. Among these,
Schrödinger-cat states, that is, quantum superpositions of
coherent states, have been widely studied as a versatile re-
source [17,18]. Different approaches have been proposed for
preparing non-Gaussian resource states relevant to GKP-state
preparation, including schemes that make use of multiple cat
states as well as approaches based on multiphoton detection
in integrated photonics. While proof-of-principle experiments
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FIG. 1. (a) Conceptual diagrams of cat-state generation by photon subtraction from squeezed vacuum. Also plotted are the simulated
Wigner functions W (x, p) of (b) the input squeezed vacuum (Ŝ(0.576)|0〉, that is, squeezing level of 5 dB) and (c) the three- and (d) the
four-photon-subtracted squeezed vacuum (proportional to â3Ŝ(0.576)|0〉 and â4Ŝ(0.576)|0〉 with R = 0.78, respectively).

have demonstrated the interference of two cat states [19],
generating resource states with sufficiently large amplitudes
and high rates remains experimentally demanding. Recent
integrated-photonics demonstrations of GKP-like resource
states using multiphoton detection [20] further underscore
the growing interest in diverse optical routes to GKP-state
preparation.

Photon subtraction [21] [Fig. 1(a)], a widely used method
for generating Schrödinger-cat states in optical systems, is
inherently probabilistic and thus subject to fundamental lim-
itations. Nevertheless, it remains the most viable route to
non-Gaussian state generation, as it requires only a deter-
ministically generated squeezed-vacuum source, linear optics,
and a photon-number-resolving detector, all of which are
experimentally mature. In this approach, a portion of a
squeezed-vacuum field is tapped by a beam splitter (BS), and
conditional photon detection by a photon-number resolving
detector (PNRD) in one output mode prepares a non-Gaussian
state in the other mode that approximates a cat state. Single-
photon subtraction has been studied extensively [22–25];
generating larger-amplitude states requires multiphoton sub-
traction, whose experimental realization remains challenging
owing to limited photon-number-resolving performance, op-
tical losses, phase instability, and rapidly decreasing count
rates. Achieving high generation rates requires operation in
picosecond or shorter optical wave packets together with high-
repetition-rate laser systems. In this regime, the requirements
for broadband operation and the management of optical losses
become increasingly important, making it more difficult to
preserve nonclassical features such as Wigner negativity. As a
result, in the ultrashort-pulse regime, observations of Wigner-
function negativity without loss correction have typically been
limited to up to three-photon subtraction [26,27].

Here we demonstrate multiphoton subtraction by em-
ploying a broadband waveguide-based optical parametric
amplifier [28] pumped with picosecond pulses to generate
pulsed squeezed-vacuum fields with a wave-packet duration
of about 10 ps. Using a high-speed, high-energy-resolution
PNRD based on a Ti-Au superconducting transition-edge sen-
sor (TES) [29], we successfully subtract up to four photons.
The generation rate for three-photon subtraction was approxi-
mately 200 counts per second (cps), and even for four-photon
subtraction, the rate was 1.5 cps. The resulting states ex-
hibit clear nonclassical signatures, including Wigner-function
negativity without loss correction and parity changes corre-
sponding to the number of subtracted photons. Furthermore,

the experimentally obtained states are in close agreement
with theoretical simulations. While multiphoton detection us-
ing TES has been demonstrated in various contexts, this
work experimentally demonstrates four-photon subtraction in
picosecond optical wave packets together with directly ob-
served Wigner-function negativity without loss correction.
These results highlight an experimentally accessible regime
that combines ultrashort temporal modes with higher-order
non-Gaussian operations, extending the capabilities of optical
quantum state engineering beyond those achieved with spec-
trally narrowed or lower-rate systems.

The method established in this study is highly versatile
and can be readily extended to next-generation quantum state
engineering. By expanding the accessible regime of multi-
photon subtraction, this work provides a basis for ultrafast
non-Gaussian state preparation for applications in CV quan-
tum information processing.

II. PHOTON SUBTRACTION FOR CAT-
STATE GENERATION

A. Cat states

Coherent state superpositions hold particular significance
in quantum optics. These states are often referred to as
Schrödinger-cat states, in reference to the famous gedanken
experiment [30]. In this analogy, the states of an “alive cat”
and a “dead cat” correspond to the coherent states with
amplitudes of α and −α, respectively. The state vectors of
the cat state are expressed as | ± cat〉 ∝ |α〉 ± | − α〉, where
| + cat〉 means even cat and | − cat〉 means odd cat. While
GKP states offer stronger error-correction capabilities than
the two-component cat states demonstrated here, their real-
ization and practical use remain experimentally demanding.
In contrast, Schrödinger-cat states are more readily generated
and handled in current experimental platforms [31]. Owing to
these properties, cat states serve as an important intermediate
resource.

B. Photon subtraction

Approximate cat states can be generated by photon sub-
traction [21,26] as shown in Fig. 1(a). A squeezed-vacuum
state Ŝ(r)|0〉 is deterministically generated via an optical para-
metric process and split into two modes by a high-reflectivity
BS with reflectivity of R (usually R ∼ 1), where Ŝ(r) and r are
a squeezing operator and a squeezing parameter, respectively.
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FIG. 2. (a) Experimental apparatus for the four-photon subtraction: DM, dichroic mirror; WG OPA, waveguide optical parametric
amplifier; PD, photodetector; VBG, volume Bragg grating; BPF, optical bandpass filter; OC, optical chopper; TES, Ti-Au transition-edge
sensor; LO, local oscillator; and HD, homodyne detector. (b) Heatmap of TES signals over approximately 70 000 frames, where signals
corresponding to n = 1, 2, 3, 4 photons are observed. (c) Heatmap of HD signals at a fixed LO phase over approximately 70 000 frames when
photon detection was performed using the TES (n > 0). The quadrature-phase amplitudes were calculated based on the voltage values at the
timestamps indicated by the downward arrow in the figure. (d) Voltage histograms of the HD signal at the downward arrow (the blue curve is
for n = 0 and the orange for n > 0).

The transmitted mode is referred to as the idler mode, and the
reflected mode as the signal mode.

Next photon-number-resolving detection is performed on
the idler mode by a PNRD. When n photons are detected, the
signal mode collapses into the state ânŜ(r)|0〉 (â is an annihila-
tion operator), which serves as an approximation of a cat state.
Notably, the parity (even or odd) of the generated cat state
matches that of n, as the squeezed-vacuum state consists of
even-photon-number superpositions. This approach is referred
to as photon subtraction, since the conditional detection on the
tapped mode implements the subtraction of photons from the
squeezed-vacuum state. Figures 1(b)–1(d) show the relevant
Wigner function defined as

W (x, p) = 1

π h̄

∫ ∞

−∞
e2ip′x/h̄〈p + p′|ρ|p − p′〉d p′, (1)

where ρ is the density matrix of the state. Figure 1(b)
shows the Wigner function of a squeezed-vacuum state with
r = 0.576, and the Wigner function exhibits no negative
values. In Figs. 1(c) and 1(d), the Wigner functions of the sim-
ulated state generated by tapping the initial squeezed vacuum
with a beam splitter (R = 0.78) and detecting three and four
photons in the idler mode are presented. The Wigner function
exhibits negative values that are not achievable for the input
squeezed state, and the interference fringes in W (x, 0) near
the origin, together with the sign of W at the origin, reflect the
quantum coherence and parity of the cat state. Achieving such
negativity without loss correction is a key experimental goal,
as it signifies a high degree of nonclassicality.

III. EXPERIMENTAL APPARATUS

The experimental apparatus is illustrated in Fig. 2(a).
For more details (detailed experimental setup, phase-locking
scheme, and loss budget), refer to Appendixes A–D and our
previous paper [27]. A 10-mm-long waveguide-type period-
ically poled lithium niobate crystal (WG OPA) was pumped
by a laser with a central wavelength of 772.66 nm, a pulse
duration of 10 ps, and a repetition rate of 5 MHz, generating
a pulsed squeezed-vacuum field at a central wavelength of
1545.32 nm.

Since this experiment is phase sensitive, a probe beam
with a wavelength of 1545.32 nm was introduced coaxially
through a dichroic mirror to measure the parametric gain in
the waveguide via a photodiode, thereby referencing the phase
of the squeezed-vacuum field to the probe beam. The squeezed
vacuum was split into two optical paths by a BS composed
of a half waveplate and a polarization beam splitter. When
measuring the input squeezed-vacuum state, the reflectivity
was set to R = 1, and for the photon subtraction experiment,
the reflectivity was set to R = 0.81. The transmitted light is
referred to as the idler, while the reflected light is referred to
as the signal.

A volume Bragg grating (VBG) used in the idler path has a
central wavelength of 1545.32 nm and a bandwidth of approx-
imately 30 GHz. This narrowband filtering is used to select a
portion of the broadband (terahertz-scale) squeezed vacuum,
thereby defining the temporal mode of the heralded signal
state to be on the order of 10 ps. While the VBG provides
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TABLE I. Quantitative characterization of the generated states. For each quantum state, the tomography was performed using the number
of data points listed in column 2. The Wigner negativity is the minimum value of the reconstructed Wigner function without loss correction;
the bracketed value is that of the ideal (lossless) squeezed cat target at the same phase-space point. Column 4 gives the deepest (maximal)
negativity attained by the ideal target. Here Fsim is the fidelity to the simulated state (F = Tr[(

√
ρexpttρsim

√
ρexptt )1/2], with ρsim and ρexpt the

simulated and experimental density matrices) and Fcat is the fidelity to an ideal squeezed cat state optimized over the cat amplitude |α| and
squeezing (parity fixed by n; the optimal |α| is listed). The

√
λmax is given by the largest eigenvalue λmax of ρexpt, and the purity is Tr(ρ2

expt ).
Uncertainties represent the standard deviation 1σ estimated from bootstrap samples.

Number of
State data points Wigner negativity Ideal Wmin Fsim Fcat

√
λmax |α| Purity

Input squeezed 600k 0.9881(4) 0.856(2)
n = 0 600k 0.9968(4) 0.824(2)
n = 1 60k W1(0, 0) = −0.017(4) [−0.318] −0.318 0.973(3) 0.713(4) 0.715(4) ≈0 0.449(3)
n = 2 60k W2(−0.9, 0) = −0.008(2) [−0.062] −0.078 0.984(3) 0.803(4) 0.804(4) 0.97(1) 0.524(5)

W2(1.0, 0) = −0.004(3) [−0.042]
n = 3 60k W3(0, 0) = −0.019(5) [−0.318] −0.318 0.980(2) 0.711(4) 0.713(4) 1.18(3) 0.456(3)
n = 4 28k W4(−0.8, 0) = −0.008(5) [−0.093] −0.164 0.951(3) 0.698(7) 0.712(6) 1.34(2) 0.428(5)

W4(0.5, 0) = −0.005(6) [−0.141]

a narrow spectral bandwidth and a high diffraction efficiency
(98%), its extinction ratio is limited to approximately 30 dB.
To further suppress unwanted spectral components, we in-
troduced an additional dielectric multilayer bandpass filter
(BPF) with a bandwidth of approximately 200 GHz and a
transmission of about 98%. Then the idler was coupled into
a single-mode fiber and detected by a Ti-Au TES-type PNRD
installed in an adiabatic demagnetization refrigerator, and the
TES was cooled down to 280 mK.

The signal of the TES was read out using a super-
conducting quantum interference device and acquired by a
high-speed digitizer. The overall idler detection efficiency,
including fiber coupling, spectral filtering (VBG and BPF),
the TES efficiency (89.2%), and the dominant joint-spectral-
amplitude–mode-mismatch contribution, is approximately
40%. The 10.8% listed in Table II refers to the loss of the
TES alone.

On the signal side, homodyne detection was performed
by combining the signal light with a local oscillator (LO)
beam and using a homemade balanced photodetector consist-
ing of a pair of high-efficiency photodiodes and a low-noise
transimpedance amplifier. The temporal waveform of the LO
beam was optimized using a waveform shaper. The phase
of the homodyne measurement can be determined by the

interference signal between the probe and the LO beam, and
it was locked to any desired angle using a waveguide phase
modulator. The results of the homodyne measurement were
acquired by the same digitizer.

The digitizer measured the signal waveforms from both
the TES and the homodyne detector (HD), and the signals
were analyzed by the field-progamable gate array (FPGA)
embedded in the digitizer. Figure 2(b) shows a heatmap of
TES signals over approximately 70 000 frames, where sig-
nals corresponding to n = 1, 2, 3, 4 photons are observed.
Figure 2(c) shows a heatmap of HD signals over approxi-
mately 70 000 frames when photon detection was performed.
The quadrature-phase amplitudes were calculated based on
the voltage values at the timestamps indicated by the down-
ward arrows. Examples of voltage histograms are shown in
Fig. 2(d), where blue and orange lines represent the HD sig-
nals, when n = 0 and n > 0, respectively. The HD signal,
when the signal light was blocked, was also recorded as
the shot-noise level, and this information was used to nor-
malize the voltage values of the homodyne measurement. It
should be noted that the data shown in Figs. 2(b)–2(d) were
not used for actual tomography in the next section. All the
homodyne data used for the tomography can be found in
Appendix F.

TABLE II. Losses in the experimental setup. Values marked with an asterisk are estimated, while the others are directly measured.

Category Contribution Loss (%)

Light source Waveguide OPA 5∗

Signal mode Propagation loss 1
Spatial mode mismatch 2

Temporal mode mismatch 9∗

Photodiode inefficiency (HD) 2
Electronic noise (HD) 2

Idler mode Fiber coupling loss 10
VBG 2
BPF 2

TES efficiency 10.8
Mode mismatch (including joint-spectral-amplitude mismatch) 53∗
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FIG. 3. (a) Experimentally reconstructed photon-number distributions P(k) for the heralded states obtained after subtracting n = 0–4
photons from the squeezed vacuum. Each row corresponds to a state. The horizontal axis shows the photon number k in the heralded output
state, and each cell gives the probability P(k) for that state. (b) Simulated photon-number distributions P(k). (c) Mean photon numbers of the
heralded states (left axis) and the experimentally measured count rates (right axis). Blue circles with error bars show the experimental results
black circles the simulated values, and orange rectangles the measured count rates.

In this experiment, the probe beam used for phase ref-
erencing was chopped at a frequency of 500 Hz, and the
phase locking of each part of the system was achieved using
a sample-and-hold method. The phase was locked when the
probe beam was ON, and the state was held when the probe
beam was OFF. Photon detection with the TES and homodyne
measurements were performed when the probe was OFF to
prevent the classical probe light from interfering with the ho-
modyne measurement. Additionally, an optical chopper was
placed before the optical fiber to prevent the probe light from
saturating the TES output.

IV. RESULTS

A. Homodyne measurement and quantum state tomography

We performed homodyne measurements at six discrete LO
phases (θ = −45◦, −22.5◦, 0◦, 22.5◦, 45◦, and 90◦, where
θ = 0◦ and 90◦ correspond x and p, respectively). While con-
tinuous or more finely sampled phase scanning is in principle
possible, in the present experiment, the number of conditioned
events per phase becomes limited for higher-order photon-
subtraction events due to their low heralding probability. We
therefore used a discrete set of phases to ensure sufficient
statistics at each phase for stable maximum-likelihood re-
construction. For each quantum state, the tomography was
performed using the number of data points listed in Table I.

The phase spacing was chosen to be nonuniform. In par-
ticular, the sampling was made denser along the squeezed
quadrature, where the Wigner-function negativity and inter-
ference fringes are most pronounced, in order to better resolve
the non-Gaussian features of the reconstructed states.

The measured quadrature data were used to reconstruct
the density matrix in the photon-number basis by the
maximum-likelihood method [32], from which we obtained
photon-number distributions, Wigner functions, and other
derived quantities. The reconstructed states obtained from
this discrete-phase dataset are in good agreement with the
calibrated simulation model (see fidelities in Table I), in-
dicating that the chosen phase sampling provides sufficient
information for reliable state reconstruction under the present
experimental conditions. The simulations in Figs. 3 and 4 are
performed using the loss values listed in Table II.

B. Photon-number distributions and count rates

Figure 3(a) shows heatmaps derived from the photon-
number distributions P(k) for each state. In the absence
of loss, the input squeezed-vacuum state consists solely
of even-photon-number components. However, due to ex-
perimental losses, odd-photon-number components are also
present. Specifically, the initial squeezed state is measured
with R = 1, whereas the zero-photon state is measured with
the tapping beam splitter (R = 0.81). This difference is clearly
evidenced by the density-matrix elements: The two-photon
component P(2) decreases from 0.083 to 0.063, which quan-
titatively confirms the loss induced by the beam splitter. This
trend is also reproduced in the numerical simulation shown in
Fig. 3(b). Next, when one photon is subtracted, the photon-
number distribution shifts. This indicates that applying the
annihilation operator shifts the photon-number distribution by
one â|n〉 = √

n|n − 1〉 (n > 0). Moreover, the original zero-
photon component is truncated â|0〉 = 0, causing both the
maximum and mean photon number of the cat state to increase
as more photons are subtracted. This behavior is the same for
cases where two or more photons are subtracted. Figure 3(b)
shows heatmaps obtained by the simulation.

Figure 3(c) plots the simulated (black circles with dashed
lines) and experimental (blue circles with error bars) mean
photon numbers (on the left axis). The error bars for the ex-
perimental data represent the standard deviation 1σ calculated
using the bootstrap method. As can be seen from the results,
the experimental data agree very well with the simulation.

Figure 3(c) also plots generation rates on the right axis
with orange rectangles. As evident from this figure, the gener-
ation rate decreases exponentially with the increase in photon
number. In previous studies [26,27], the event rate for three-
photon subtraction ranged from a few events per minute to
a few events per second, rendering four-photon subtraction
experiments impractical. In this study, leveraging a broadband
squeezed light source, a PNRD, and other advanced experi-
mental techniques, we achieved an event rate of 200 cps for
three-photon and 1.5 cps even for four-photon subtraction.

The n-photon heralding rate scales as Rn ∝
frep(T sinh2 r ηi )n. Within the present scheme the rate can
be improved along three independent directions. (a) The
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FIG. 4. Wigner-function representations of the (a) input squeezed-vacuum state and (b)–(f) states corresponding to zero- to four-photon
subtraction. The top row shows the experimentally reconstructed Wigner functions (without loss correction), while the bottom row shows the
corresponding simulated results. The top panels display the cross section W (x, 0), where the red solid line denotes the experimental data and
the black dashed line denotes the simulation.

repetition rate is currently 5 MHz, set by the TES timing
of approximately 50 ns; since the source laser operates
at 100 MHz, a faster detector would provide up to
a 20-fold increase. (b) The dominant idler loss is the
joint-spectral-amplitude–mode-mismatch contribution (53%,
Table II); reducing it raises the idler efficiency ηi, which
enters the rate as ηn

i . (c) The squeezing level can be increased,
as the similar waveguide OPA has produced more than 10 dB
[33]. For reference, optical quantum computation requires a
logical clock at the megahertz level; because GKP synthesis
from cat states is probabilistic and consumes several cats
per qubit, the practically required cat-generation rate is
well above the megahertz range, to be compared with the
200 cps achieved here for three-photon subtraction. We also
note that complementary measurement schemes that are
not constrained by a weak tap, such as generalized photon
subtraction [25], provide a further route.

C. Wigner functions

The experimentally reconstructed and simulated Wigner
functions are shown in Fig. 4. The top panels display the cross
section W (x, 0), where the red solid line denotes the experi-
mental result and the black dashed line denotes the simulation.
Figure 4(a) shows the input squeezed-vacuum state measured
with the beam-splitter reflectivity set to R = 1, for which the
Wigner function exhibits a Gaussian profile. In contrast, Figs.
4(b)–4(f) correspond to the cases where the beam-splitter
reflectivity is set to R = 0.81 and zero to four photons are
subtracted, respectively. The sign of the Wigner function at
the origin indicates the parity of the state: positive for even n
and negative for odd n. Remarkably, the negative values in the
Wigner function persist even after four-photon subtractions,
demonstrating the action of the annihilation operator four
times without the need for loss correction.

For n � 1, the minimum values of the Wigner function
were evaluated with statistical uncertainties estimated using
a bootstrap resampling method. The extracted minimum val-
ues at representative phase-space points and the purities are

shown in Table I. In all photon-subtracted states, at least
one region with negative values is observed. Ideally, for two-
and four-photon subtraction, the Wigner function is expected
to exhibit pairs of negative regions located symmetrically in
phase space. In the experiment, this symmetry is partially
broken due to experimental imperfections. In particular, for
the four-photon-subtracted state (n = 4), the limited num-
ber of data points leads to larger tomographic uncertainties,
and only a single statistically significant negative region is
observed.

In addition to the persistence of Wigner-function negativ-
ity, we observe that the visibility of the interference fringes
remains high even as the separation between the two peaks
increases with photon subtraction. In particular, the cross
sections W (x, 0) show pronounced oscillatory features for
higher photon numbers, indicating that the coherent interfer-
ence between the two components of the cat state is preserved
as the state amplitude grows. Although additional negative
regions are not always resolved with statistical significance for
higher-order subtraction, especially for n = 4, the maintained
fringe visibility demonstrates that the cat state continues to
grow without a substantial loss of coherence in the Wigner
representation.

In general, higher-order photon-subtracted states are more
sensitive to loss, and therefore metrics such as Wigner-
function negativity and purity are typically expected to be
optimal for single-photon subtraction. However, in the present
results, the case of n = 1 does not exhibit the best perfor-
mance. This is likely due to the photon-number-resolving
detection with the TES, where electrical noise can trigger
false detection events. As a result, the heralded n = 1 state is
partially contaminated by contributions from the n = 0 state,
effectively forming a mixed state.

To clarify what type of non-Gaussian states are produced,
we additionally compare each reconstructed state with an
ideal squeezed cat state of optimized amplitude and squeez-
ing. As listed in Table I, the fidelities Fcat reach 0.71–0.80 and
saturate the upper bound

√
λmax imposed by the state purity,
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confirming that the generated states are squeezed cat states
limited only by loss-induced mixedness.

For completeness, we also analyze the reconstructed states
in the quadrature-basis density-matrix representation, which
provides a complementary view of the coherence structure
(see Appendix F).

D. Cat states as resources for GKP preparation

To assess the generated states as resources for GKP-
state preparation, we consider one step of cat breeding
[13], in which two of the generated cats are interfered
on a balanced beam splitter and one output is homodyne
projected, and quantify the bred state by the GKP effec-
tive squeezing seff [16,34] [	q =

√
−(2/|αq|2) ln |〈D̂(αq)〉|,

seff = −10 log10 	2
q (seff in decibels) with |αq| = √

2π for the
square-lattice code]. Using the even-parity cats generated
here, one breeding step yields seff ≈ 4.7 and 2.7 dB for n = 2
and 4 at the present loss (6.9 and 4.2 dB in the lossless
case). The n = 2 amplitude is close to the single-step optimum
(|α| ≈ 1), while the larger-amplitude n = 4 cat is better suited
to larger lattices or to multistep breeding. These values con-
firm that the generated cats already act as GKP resources; the
effective squeezing is presently limited by loss, and reducing
the optical loss together with employing multistep breeding is
the natural route toward the fault-tolerance regime, which is
left for future work.

V. CONCLUSION

In this work we successfully demonstrated photon sub-
traction of up to four photons from a squeezed-vacuum state
using a broadband OPA and a high-efficiency TES. Despite
the system’s sensitivity to residual optical losses and phase
instability, the experimental results showed excellent agree-
ment with simulations, confirming the nonclassical nature of
the generated states in the picosecond optical wave packet
through Wigner-function negativity, all obtained without any
data correction.

This achievement extends the accessible regime of multi-
photon subtraction in traveling optical modes and contributes
to the generation of higher-amplitude non-Gaussian states,
which are valuable resources for quantum information pro-
cessing. The scalability of the experimental setup enables
future extensions to photon addition [35–37], generalized
photon subtraction [25], quantum state synthesizers [38], and
GKP-state preparation schemes [16]. These techniques offer
pathways toward the high-quality and high-rate generation of
Schrödinger-cat states in the ultrashort wave packet and GKP-
like resource states relevant to CV quantum technologies.

By advancing the generation of complex optical quantum
states, this work supports future developments in quantum
sensing, quantum communication, and high-speed optical
quantum-state engineering.
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DATA AVAILABILITY

The reconstructed density matrices, Wigner functions ob-
tained from the experiment, and the simulation codes used
in this study are openly available [39]. The raw homodyne
measurement data (quadrature-phase amplitudes) are avail-
able from the corresponding authors upon reasonable request.

APPENDIX A: DETAILS OF THE WG OPA

We use a periodically poled lithium niobate (PPLN)
waveguide as the OPA for squeezed light generation. The core
of the waveguide consists of ZnO-doped LN and is directly
bonded to a lithium tantalate substrate. The periodic poling
structure for quasi-phase-matching (QPM) is fabricated using
an electrical poling method [40]. The poling cycle is approxi-
mately 18 µm, and the structure is designed as a type-0 PPLN.
The waveguide is 10 mm long, and its core has a width of
about 9 µm and a thickness of about 8 µm. The waveguide
structure is fabricated using a mechanical dicing saw. More
details on the fabrication can be found in Ref. [41]. Both
the input and output end faces of the waveguide are coated
with antireflective coatings for both 1545.32-nm and 772.66-
nm light. The temperature of the waveguide is controlled to
maintain the QPM condition.

APPENDIX B: DETAILS OF THE TI-AU TES

The TES device was fabricated at the superconducting
quantum circuit fabrication facility at AIST. The supercon-
ducting TES film comprises bilayers of titanium and gold,
deposited by dc magnetron sputtering to thicknesses of 20
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FIG. 5. Setup for the pump, probe, and LO light preparation: SHG, second-harmonic generation; FSDL, free-space delay line; PZT, piezo-
electric transducer; FDL, fiber delay line; FS, fiber stretcher; EOM, electro-optic modulator; DL, delay line; and VOA, variable optical
attenuator.

and 10 nm, respectively. To enhance detection efficiency, an
optical cavity structure was adopted, in which the TES films
are embedded between a high-reflection mirror and antire-
flection coatings. The TES is patterned into a square with
dimensions of 5 × 5 µm2. Superconducting niobium leads
were fabricated on two opposite sides of the TES, and the
resulting resistance changes are read via these leads using a
superconducting quantum interference device–based current
amplifier.

To deliver photons, a high-numerical-aperature (high-NA)
optical fiber (UHNA7, Nufern) with a mode field diame-
ter (MFD) of 3.2 µm was coupled to the TES device. The
fiber-coupled TES module was installed in an adiabatic de-
magnetization refrigerator and cooled to below 280 mK.
Inside the refrigerator, the high-NA optical fiber was spliced
to an SMF28 fiber (Cornig) to convert the MFD to 10 µm, with
an MFD conversion loss of less than 0.2 dB.

The critical temperature and normal resistance of the TES
are 308.6 mK and 2.653 
, respectively. The TES exhibits
an energy resolution of 	E = 0.176 eV, corresponding to an
E/	E ratio of 4.54 for a single-photon energy of 0.8 eV at a
wavelength of 1.5 µm, thereby demonstrating sufficient capa-
bility to resolve individual photon states. The system detection
efficiency of the TES was carefully calibrated using an evalu-
ation system traceable to the National Metrology Institute of
Japan at AIST, yielding an efficiency of 89.2% at a wavelength
of 1.5 µm. The decay time constant of the observed signals
was 107 ns, enabling a repetition frequency of up to 5 MHz.

APPENDIX C: PUMP, PROBE, AND LO
BEAM PREPARATION

As shown in Fig. 5, a femtosecond mode-locked fiber laser
(M-Comb-ULN, Menlo Systems) with a center wavelength of
1550 nm, a spectral bandwidth of over 40 nm, and a repetition
rate of 100 MHz was employed as the light source in this
experiment. Since the timing resolution of the TES used in our
experiment was limited to approximately 50 ns, we reduced
the pulse repetition rate to 5 MHz via pulse picking with
acousto-optic modulators (AOMs) and then applied bandpass
filters to restrict the optical spectrum, thereby preparing a
non-Gaussian state with a temporal width of about 10 ps.

Likewise, the probe light for monitoring the squeezed light
phase during the parametric process and the LO light for
homodyne detection were also pulse picked and spectrally
filtered. Details are provided below.

1. Pump and probe lights

One of the multiple output ports of the mode-locked
laser was used to generate both the pump and probe lights.
All optical fibers used in this experiment were polarization-
maintaining (PM) fibers. First, the spectrum of the output
light was limited by an optical bandpass filter to a center
wavelength of 1545.32 nm and a spectral width of 1.0 nm,
and it was then amplified by a homemade erbium-doped fiber
amplifier (EDFA1) using an Er80-8/125-PM fiber (nLight)
as the gain medium. Next a fiber-coupled AOM (AOM1)
[SGTF400-1550-1P(H), Chongqing Smart Science & Tech-
nology Development] driven at 400 MHz was used for pulse
picking, thus lowering the repetition rate to 5 MHz. The
driving and gating signals for this AOM were obtained by
frequency dividing the repetition rate of the mode-locked
laser [42]. The pulses were subsequently amplified again by
EDFA2 (HPP-PMFA-22, PriTel) and then emitted into free
space. The beam was then focused into a fan-out periodically
poled MgO-doped near-stoichiometric LiTaO3 crystal (fan-
out PPMgSLT, OXIDE), generating second-harmonic light at
a center wavelength of 772.66 nm and a spectral width of
0.5 nm. The second-harmonic and fundamental lights were
separated by a dichroic mirror and used as the pump and
probe beams, respectively. To suppress unwanted spectral
components, we applied a homemade wave shaper (WS1).
To match their timing, a free-space delay line was used for
temporal adjustment, followed by a half waveplate (HWP)
and a polarization beam splitter (PBS) to adjust the pump
power. Subsequently, the pump light was coupled into a PM
single-mode fiber. Part of the fundamental light was split off
by a HWP and a PBS and directed to a photodiode for trigger
signals, while the remaining fundamental light was used as
the probe beam. The probe beam was modulated by two free-
space AOMs (AOM2 and AOM3; AOM3080-1912, Gooch &
Housego) at 500 Hz for the sample-and-hold phase-locking
method. In addition, for heterodyne beat locking, AOM2 and
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FIG. 6. Scatter plots and histograms of the measured quadrature data (input squeezed state).

AOM3 were driven at −80.0 and 80.1 MHz, respectively,
creating a difference frequency of 100 kHz. A mirror with
a piezoelectric transducer was placed in the beam path for
phase locking, and the beam was then coupled into a PM
fiber.

2. LO light

The LO beam was obtained from a different output port of
the mode-locked laser. In most pulsed-light experiments, the

LO and pump beams are generated from the same port [26,43–
45]; however, in that case the squeezed pulses after the OPA
typically exhibit a shorter duration and broader bandwidth
than the LO [26,46] and experience dispersive effects in the
second-harmonic generation and OPA processes [47], making
it difficult to realize high-level squeezing and large Wigner
negativity without pulse shaping [26,46]. Here we used light
taken from a separate output port and employed a commer-
cial waveform shaper (WS2; WaveShaper 1000A, II-VI) to
achieve more flexible waveform control of the LO beam.

FIG. 7. Scatter plots and histograms of the measured quadrature data (n = 0).
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FIG. 8. Scatter plots and histograms of the measured quadrature data (n = 1).

Specifically, the spectrum of the output beam was restricted by
an optical bandpass filter (center wavelength of 1545.32 nm
and bandwidth of 12 nm), and then the pulse was prechirped
(stretched) using a 32-m fiber delay line to mitigate distortion
caused by subsequent fiber amplification. A fiber stretcher
using a cylindrical piezoelectric transducer (PT140.70, PI)
was also inserted for long-term phase stabilization. The beam
was then amplified by EDFA3 (EDFA100P, Thorlabs), af-
ter which it was pulse picked by a fiber-coupled AOM
[AOM4; SGTF400-1550-1P(H), Chongqing Smart Science

& Technology Development] to reduce the repetition rate to
5 MHz. Subsequently, it was sent through a waveguide phase
modulator (EOM; MPX-LN-0.1-00-P-P-FA-FA, iXblue) for
phase stabilization in the feedback control loop. An optical de-
lay line (DL; ODL-600-11-1550-8/125-P-60-3A3A-1-1-600,
OZ optics) was used to fine-tune the optical path length. The
beam was amplified again by EDFA4 (EDFA100P, Thorlabs),
and then the spectral amplitude and phase were controlled by
the WS2. Finally, the beam passed through variable optical
attenuators (VOA1, MMVOA-1-1550-P-8/125-3A3A-1-0.5,

FIG. 9. Scatter plots and histograms of the measured quadrature data (n = 2).
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FIG. 10. Scatter plots and histograms of the measured quadrature data (n = 3).

OZ optics; VOA2, NVOA-325125333-D0601, Agiltron) to
stabilize and modulate the LO power and was emitted as free-
space light through a collimator for homodyne detection. In
this experiment, the WS2 was programed to produce a Gaus-
sian waveform at a center wavelength of 1545.32 nm with a
spectral width of 0.8 nm, to which a second-order dispersion
of about −0.7 ps/nm was added to compensate for dispersion
introduced by the optical elements. Autocorrelation measure-
ments revealed an 8-ps pulse duration, corresponding to the
transform-limited pulse width.

APPENDIX D: LOSS BUDGET

Here we summarize the losses in the experimental setup
in Table II, including those discussed in the main text. The
values listed here are used in the numerical simulations.

Among these contributions, the loss associated with the
joint-spectral-amplitude mismatch on the idler side is partic-
ularly significant. This originates from the imperfect mode
overlap between the broadband signal-idler correlations and
the spectral-temporal mode selected by the filtering process,
which effectively reduces the heralding efficiency.

FIG. 11. Scatter plots and histograms of the measured quadrature data (n = 4).
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FIG. 12. Experimentally obtained density matrices in the photon-number basis [Re(ρn,m ) and Im(ρn,m )].
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FIG. 13. Experimentally reconstructed density matrices in the position and momentum bases (Re[ρ(x, x′)], Im[ρ(x, x′)], Re[ρ(p, p′)], and
Im[ρ(p, p′)]). The columns correspond, from left to right, to the input squeezed-vacuum and the zero- to four-photon-subtracted states.

APPENDIX E: SIMULATIONS

The simulations were performed using strawberryfields
[48,49]. The loss parameters were taken from the loss budget
summarized in Table II. The input squeezed-vacuum state was
assumed to have a squeezing level of 6.5 dB (before loss).
Throughout this paper, we use units with h̄ = 1.

APPENDIX F: SUPPORTED DATA

1. Measured quadrature data

We summarized the measured quadrature-phase ampli-
tudes obtained by homodyne detection into scatter plots and
histograms, as shown in Figs. 6–11. Based on these results,
we estimated the density matrix of the quantum state via a
maximum-likelihood method without applying any loss cor-
rection.

2. Density-matrix representation

a. Density matrix in the photon-number bases

The density matrices reconstructed by homodyne tomogra-
phy are presented in the photon-number basis in Fig. 12.

b. Density matrix in the quadrature bases

In the main text, we primarily discussed the reconstructed
states using the Wigner function W (x, p), which provides an
intuitive visualization of the phase-space structure. Here we
additionally present the density matrix in the quadrature basis
ρ(p, p′), which offers a complementary perspective on the
same states.

The density matrix in the momentum representation is ob-
tained from the photon-number basis ρn,m as

ρ(p, p′) =
∑
n,m

ρn,m〈p|n〉〈m|p′〉. (F1)

Figure 13 shows the real and imaginary parts of the
density matrices in both position (x) and momentum (p) rep-
resentations. While these representations contain the same
information as the Wigner function, they highlight different
aspects of the state, in particular the coherence between dif-
ferent quadrature components.

For the input squeezed-vacuum and the zero-photon sub-
traction case [Figs. 13(a) and 13(b)], the density matrices
exhibit a single peak along the diagonal. The off-diagonal
components are relatively narrow, reflecting a limited coher-
ence length in the presence of loss.

In contrast, for one- to four-photon subtraction
[Figs. 13(c)–13(f)], the diagonal components develop a
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FIG. 14. Calculated marginal distributions from the experimental data. The columns correspond, from left to right, to the input squeezed-
vacuum and the zero- to four-photon-subtracted states. The top row displays data ranging from −90◦ to 90◦, while the bottom row presents a
magnified view of the range from −30◦ to 30◦.

two-peak structure, corresponding to the two coherent-state
components of a Schrödinger-cat state. Pronounced
off-diagonal components are observed between these peaks,
indicating coherent superpositions rather than statistical
mixtures. The sign structure of these off-diagonal elements
alternates depending on the number of subtracted photons,
consistent with the expected parity of the generated states.

Overall, the density-matrix representation provides a com-
plementary visualization of the coherence structure.

3. Marginal distributions

Figure 14 shows the marginal distributions calculated from
the experimental data.
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