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Experimental Preparation and Manipulation of Squeezed
Cat States via an All-Optical In-Line Squeezer

Meihong Wang, Miao Zhang, Zhongzhong Qin,* Qiang Zhang, Li Zeng, Xiaolong Su,*
Changde Xie, and Kunchi Peng

The squeezed cat state, an essential quantum resource, can be used for
quantum error correction and slowing decoherence of the optical cat state.
However, preparing a squeezed cat state with high generation rate, and
effectively manipulating it, remain challenging. In this work, a
high-performance all-optical in-line squeezer is developed to prepare a
squeezed cat state and manipulate the phase of the quadrature squeezing.
This scheme has the advantages that the phase of the quadrature squeezing
of the squeezed cat state can be manipulated by changing the working
condition of the squeezer, and that a higher generation rate can be achieved
via the deterministic squeezing operation of the in-line squeezer. The
generation rate of squeezed cat states reaches 2 kHz, the same as that of the
initial cat state. The all-optical in-line squeezer proposed here removes the
requirements of electro-optic and opto-electric conversions necessary for an
off-line squeezer, thus enabling high-bandwidth squeezing operations on
non-Gaussian states. These results provide an efficient method to prepare
and manipulate optical squeezed cat states, which makes a step closer to
their applications in all-optical quantum information processing.

1. Introduction

The Schrödinger cat state plays an important role in explor-
ing the boundary between quantum and classical physics,[1–3]

quantum information science,[4–9] and quantum metrology.[10,11]

It has been prepared in diverse systems, such as cavity quan-
tum electrodynamics,[12] ion traps,[13] superconducting quantum
circuits,[14,15] and Rydberg atom arrays.[16] Free-propagating op-
tical Schrödinger cat states have attracted much attention due
to their weak interaction with the environment, which is ben-
eficial for quantum information processing.[4–9] An optical cat
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state is defined as a superposition of two
coherent states |𝛼⟩ and | − 𝛼⟩ with op-
posite phases and same mean photon
number |𝛼|2. The overlap between the
two coherent-state components is |⟨𝛼| −
𝛼⟩|2 = e−4|𝛼|2 , which decreases exponen-
tially with the increase of |𝛼|.
To prepare an optical cat state, a

frequently used method is subtract-
ing photons from a squeezed vacuum
state.[17–25] As a typical non-Gaussian
state of light, optical cat states have been
experimentally prepared by subtract-
ing one photon,[19–22] two photons,[23]

and three photons[24] from squeezed
vacuum states. Since a squeezed vac-
uum state is a continuous-variable
quantum resource and the photon
detection is a typical discrete-variable
technique, the preparation of an optical
cat state involves hybrid quantum in-
formation processing techniques.[26–28]

The prepared optical cat states have
been applied in quantum teleportation

of cat states,[21] tele-amplification,[29] preparation of hybrid entan-
gled states,[30–33] and the Hadamard gate.[34]

Besides optical cat states, squeezed cat (SC) states have also
been identified as valuable resources for fault-tolerant quantum
information processing. For example, it has been shown that SC
states have advantages in quantum error correction[7] and slow-
ing decoherence of optical cat states.[35,36] In quantum error cor-
rection, the SC code allows to correct the errors caused by pho-
ton loss, while at the same time improving the protection against
dephasing.[7] To slow decoherence of optical cat states in quan-
tum communication,[36] an optical cat state should be squeezed
along the superposition direction before the transmission, and
then squeezed orthogonal to the superposition direction after the
transmission. Up to now, only the SC state squeezed along the su-
perposition direction of coherent states has been prepared.[36–40]

How to prepare a SC state squeezed orthogonal to the superposi-
tion direction, as well as effectively manipulate the phase of the
quadrature squeezing of SC states, remain challenging.
Another challenge encountered in the current applications of

optical SC states is the low generation rate. In previous experi-
ments of preparing optical SC states, either a two-mode squeezed
state followed by photon detection,[36,37] or a two-photon Fock
state followed by homodyne heralding,[38] was used. In most of
these experiments, the generation rates of SC states are in the
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Figure 1. Principle for preparing optical SC states. a) The principle of preparing a p-SC state by an OPA working at the condition of amplification. b) The
principle of preparing an x-SC state by an OPA working at the condition of deamplification. OPA, optical parametric amplifier.

range of several Hz to 200 Hz.[36–39] Thus, it is urgent to develop
a more efficient method to improve the generation rate of optical
SC states.
It has been shown that an optical squeezer can be used to ef-

fectively and deterministically manipulate quantum states.[41–44]

There are two types of optical squeezers, namely the in-line
squeezer and the off-line squeezer, depending on whether the
input state is coupled into the squeezer directly or not. The
measurement-based off-line squeezer has been used to demon-
strate the conversion between a single-photon state and an opti-
cal cat state.[41] The all-optical measurement-free in-line squeezer
has been used to enhance the squeezing and entanglement of
Gaussian states.[42,43] Comparing with the off-line squeezer,[41]

the all-optical in-line squeezer does not require electro-optic and
opto-electric conversions, thus lifting the bandwidth limitation
imposed by the homodyne detectors and electro-optic modula-
tors. However, it remains a challenge to prepare a SC state with
the deterministic in-line squeezer.
Here, we develop a scheme to prepare an optical SC state

with a high generation rate and to manipulate the phase of the
quadrature squeezing via a high-performance all-optical in-line
squeezer. By optimizing the configuration and parameters of the
in-line squeezer, we achieve a highly efficient, broadband squeez-
ing operation on the input optical cat state, without losing its
non-classicality. The phase of the quadrature squeezing of optical
SC states is manipulated by changing the working condition of
the in-line squeezer. Thanks to the deterministic squeezing op-
eration of our in-line squeezer, the generation rate of optical SC
states only depends on that of the initial optical cat state, which is
about 2 kHz. The prepared SC state in our experiment matches
rubidium transition line, promising applications in quantum
memories based on atomic ensembles.[45–47] Our results provide
an all-optical method to prepare and manipulate SC states. This
constitutes a crucial step toward all-optical quantum information
processing based on SC states.

2. The Principle

To prepare a SC state, a squeezing operation needs to be per-
formed on a cat state. Here, an optical parametric amplifier
(OPA) is used as an in-line squeezer to implement the squeez-

ing operation, as shown in Figure 1a,b. The Wigner function of
an optical odd cat state, whose superposition direction is along
the x quadrature, is given by

Wcat =
[
e−(x−

√
2𝛼)2−p2 + e−(x+

√
2𝛼)2−p2

− 2e−x
2−p2 cos(2

√
2p𝛼)

]
∕𝜋N− (1)

where 𝛼 is the amplitude of the optical cat state, N− = 2 − 2e−2𝛼2

is the normalization factor, x and p are the phase-space ampli-
tude and phase quadratures (position and momentum parame-
ters), respectively.
A p-SC state that is, squeezed along the p quadrature (orthogo-

nal to the superposition direction by controlling the phase of the
quadrature squeezing to 𝜋∕2), is prepared when the OPA works
under the condition of amplification. TheWigner function of the
p-SC state is given by[48]

Wpsc =
[
e−

(x−
√
2er 𝛼)2

e2r
− p2

e−2r + e−
(x+

√
2er 𝛼)2

e2r
− p2

e−2r

− 2e−
x2

e2r
− p2

e−2r cos(2
√
2per𝛼)

]
∕𝜋N− (2)

where r is the squeezing parameter of the SC state. Since an in-
line squeezer is applied to prepare SC states, the squeezing pa-
rameter of the SC state can be controlled by changing the gain of
the OPA.
On the other hand, an x-SC state, that is, squeezed along the

x quadrature (along the superposition direction by controlling
the phase of the quadrature squeezing to zero), can be prepared
when theOPAworks under the condition of deamplification. The
Wigner function of the x-SC state is[48]

Wxsc =
[
e−
(x−√2e−r 𝛼)2

e−2r
− p2

e2r + e−
(x+√2e−r 𝛼)2

e−2r
− p2

e2r

− 2e
− x2

e−2r
− p2

e2r cos
(
2
√
2pe−r𝛼

)]
∕𝜋N− (3)
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Figure 2. Experimental setup of preparing and manipulating optical SC states. A photon click in APD heralds photon subtraction from the squeezed
vacuum state, which is realized by the beam-splitter with a transmittance of T = 5%. SHG, second harmonic generator; HWP, half-wave plate; PBS,
polarization beam splitter; OPA, optical parametric amplifier; IF, interference filter with 0.4 nm bandwidth; FC, filter cavity; LO, local oscillator; APD,
avalanche photodiode; HD, homodyne detector.

From the theoretical Wigner functions of the x-SC and p-SC
states in Figure 1, it is obvious that the cat state is squeezed along
the amplitude and phase quadratures, respectively.

3. Experimental Section

As shown in Figure 2, part of the laser beam from a continuous
wave Ti:Sapphire laser operated at 795 nm is sent to a second
harmonic generator to generate the pump beams at 397.5 nm
for two OPAs, and the rest of it is used as the seed beam of OPA1
and the local oscillator of homodyne detector. By subtracting a
photon from a nearly pure squeezed vacuum state with −3 dB
squeezing produced by OPA1, the optical cat state is condition-
ally prepared. Then it is seeded into an in-line squeezer OPA2
for preparing and manipulating the SC state. By controlling the
working condition of OPA2 to the condition of amplification or
deamplification of the seed beam, that is, locking the phase dif-
ference between the seed and pump beams of OPA2 to 0 or 𝜋,
the cat state is squeezed along the phase or amplitude quadra-
ture, respectively. Then, the prepared cat state and SC states are
measured by the homodyne detector, respectively. The Wigner
functions and density matrices of the cat state and SC states are
reconstructed by homodyne tomography[49] (see Section S1, Sup-
porting Information, for more details).
In our experiment, two technical challenges have to be solved.

One is that the bandwidth of the in-line squeezer should be broad
enough, otherwise the information of the cat state will be lost.[41]

In the experiment, the bandwidth of OPA2 is about 15 MHz,
slightly broader than that of OPA1 (13MHz), so that all the infor-
mation of the cat state can be amplified or deamplified by OPA2.
The other technical challenge is that the loss introduced by the
in-line squeezer should be as low as possible to avoid the decrease
of the non-classicality of the cat state. In our experiment, by op-
timizing the transmissivity of input (output) coupler of OPA2
(T = 14.7%), the transmission efficiency of OPA2 is improved to
91%, that is, the loss of OPA2 is reduced to 9%.

The results of the cat state, the p-SC and x-SC states, are shown
in Figure 3a–c, respectively. As shown in Figure 3a, the Wigner
function of the cat state shows two positive Gaussians of |𝛼⟩ and| − 𝛼⟩, together with a central negative dip Wcat(0, 0) = −0.16. A
p-SC state is generated when the in-line squeezer works under
the condition of amplification with a pump power of 40 mW, as
shown in Figure 3b. Comparing with Figure 3a, the p-SC state
is squeezed along the p quadrature, and the odd photon-number
terms are increased. In contrast, an x-SC state is generated when
the in-line squeezer works under the condition of deamplifica-
tion with a pump power of 20 mW, as shown in Figure 3c. Com-
pared to Figure 3a, the x-SC state is squeezed along the x quadra-
ture, and the odd photon-number terms are decreased. All results
are corrected for a 80% detection efficiency, including the trans-
mission efficiency and the homodyne detection efficiency (see
Section S1, Supporting Information for more details). Different
from the even SC states prepared in previous experiments,[36–40]

the odd SC states are prepared in our experiment, because the
in-line squeezer does not change the parity of an optical cat state.
The quality of the prepared cat states and SC states is

quantified by the fidelity. The fidelity of a cat state is ob-
tained by calculating the similarity between an ideal cat state

|cat−⟩ = +∞∑
n=0

e−|𝛼|2∕2 2𝛼2n+1√
N−(2n+1)!

|2n + 1⟩ and the experimentally re-

constructed density matrix 𝜌̂outc , that is,

Fcat = ⟨cat−||𝜌̂outc
||cat−⟩ (4)

The amplitude and fidelity of the prepared cat state are 𝛼 = 1.06 ±
0.02 and Fcat = 0.68 ± 0.01, respectively.
The fidelity between the experimentally obtained 𝜌̂outsc and an

ideal SC state |SC−⟩ is given by
Fsc = ⟨SC_|𝜌̂outsc |SC_⟩ = ⟨cat−||Ŝ†(𝜁 )𝜌̂outsc Ŝ(𝜁 )

||cat−⟩ (5)
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Figure 3. Results of cat state and SC states. a) Results of the cat state. b) Results of the p-SC state with 40 mW pump power for OPA2. c) Results of
the x-SC state with 20 mW pump power for OPA2. Top: experimentally reconstructed Wigner functions of cat state with 𝛼 = 1.06, the p-SC state with
𝛼 = 1.40 and r = 0.30, and the x-SC state with 𝛼 = 0.99 and r = 0.29, respectively. Bottom: projections of experimentally reconstructed Wigner functions
and corresponding photon-number distributions. All results are corrected for a 80% detection efficiency.

Figure 4. The fidelities between the experimentally obtained states and ideal SC states as a function of theoretical amplitude and squeezing parameter.
a) Fidelity of the p-SC state with 40 mW pump power for OPA2. b) Fidelity of the x-SC state with 20 mW pump power for OPA2.

where |SC_⟩ = +∞∑
n=0

Ŝ(𝜁 )e−|𝛼|2∕2 2𝛼2n+1√
N−(2n+1)!

|2n + 1⟩ represents the

odd SC state in the Fock state basis (see Section S2, Support-

ing Information, for more details). Here, Ŝ(𝜁 ) = e
𝜁∗ â2−𝜁 â†2

2 is the
squeezing operator with 𝜁 = −rei𝜃 ; â and â† are the annihilation
and creation operators, respectively. When the 𝜃 is controlled to 0
or 𝜋, the p-SC or x-SC state is obtained, respectively. The squeez-
ing parameter and amplitude of SC states are determined by the
maximum fidelity.
Figure 4a,b shows the fidelities of the p-SC state and the x-

SC state, respectively, in the parameter space of amplitude and
the squeezing parameter. The amplitude, squeezing parameter,
and fidelity of the p-SC state in Figure 3b are 𝛼 = 1.40 ± 0.03, r =
0.30 ± 0.02, and Fpsc = 0.61 ± 0.01, respectively. The amplitude,
squeezing parameter, and fidelity of the x-SC state in Figure 3c
are 𝛼 = 0.99 ± 0.01, r = 0.29 ± 0.01, and Fxsc = 0.65 ± 0.02, re-
spectively.

The generation rates of SC states in previous experiments are
limited by the multi-fold photon coincidence measurement or
homodyne heralding measurement.[36–39] The generation rate of
SC states in our experiment is around 2 kHz, which is the same
as that of the initial cat state, and is higher than that of previ-
ous experiments.[36–39] The improvement of the generation rate
comes from the fact that only one photon detection is involved
and the squeezing operation of the in-line squeezer is determin-
istic.
The squeezing parameter of the prepared SC states can be ac-

tively manipulated by controlling the pump power of the in-line
squeezer, enabling the preparation of SC states according to re-
quirements. The experimental results of the prepared SC states
at different pump powers of OPA2 are shown in Table 1. The am-
plitude and the squeezing parameter of p-SC states increase with
the increase of pump power of OPA2. When manipulating the
x-SC states, the squeezing parameters are increased whereas the

Laser Photonics Rev. 2022, 16, 2200336 © 2022 Wiley-VCH GmbH2200336 (4 of 6)
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Table 1. Experimental results of SC states at different pump powers of OPA2.

States Pump power of OPA2 Fidelity Amplitude Squeezing parameter Wigner negativity

p-SC 20 mW 0.62 1.21 0.27 −0.14

p-SC 30 mW 0.62 1.31 0.29 −0.13

p-SC 40 mW 0.61 1.40 0.30 −0.16

x-SC 10 mW 0.62 1.04 0.24 −0.11

x-SC 15 mW 0.65 1.03 0.27 −0.11

x-SC 20 mW 0.65 0.99 0.29 −0.13

amplitudes are decreased a little bit with the increase of the pump
power of OPA2. The fidelities of the p-SC and x-SC states do not
decrease apparently as compared to that of the cat state. The ex-
perimental results of the p-SC and x-SC states apart from those
in Figure 3 can be found in Section S3, Supporting Information.
In principle, the squeezing operation on the cat state only

changes the squeezing parameter of the SC state, while its am-
plitude keeps unchanged as the cat state. However, it is clear that
the amplitudes of the p-SC and x-SC states increase and decrease
in our experiment, respectively. For the p-SC state, the overlap be-
tween the two component states is decreased, and their quantum
interferences are increased. In contrast, for the x-SC state, the
overlap between the two component states is increased, and their
quantum interferences are reduced. There are two possible rea-
sons for the variation of the amplitude. First, the quantum state
generated by subtracting one photon from a squeezed vacuum
state âŜ(r)|0⟩ is only an approximate cat state with amplitude 𝛼,
because the photon number distributions of the two states are
similar up to the 3-photon term, but are different for higher-order
terms. If an ideal cat state is squeezed along the superposition di-
rection (x quadrature), Ŝ(−r)|cat−⟩, an x-SC state with squeezing
parameter r′ = r and amplitude 𝛼′ = 𝛼 will be obtained. While if
squeezing photon-subtracted squeezed vacuum state by the same
squeezing parameter along the superposition direction, we have
Ŝ(−r)âŜ(r)|0⟩= sinh(r)|1⟩, that is, a single photon. If fitting it with
an x-SC state parameterized by an amplitude 𝛼′ and a squeezing
parameter r′, we have r′ → 0 and an amplitude 𝛼′ → 0. Thus, the
amplitude of the SC state obtained by squeezing the approximate
cat state is changed. Second, the antisqueezing level is larger
than the squeezing level because of imperfections of the in-line
squeezer. Themain imperfections come from the intracavity loss,
coupling loss of the in-line squeezer and the phase fluctuation.[50]

The amplitude of the p-SC state is increased, while the amplitude
of the x-SC state is decreased, when the antisqueezing level is
larger than squeezing level of the in-line squeezer.

4. Discussion and Conclusion

In previous experiments, postselection on different quadrature
homodyne heralding data is required to manipulate the phase
of the quadrature squeezing of an optical SC state.[38,39] Our ex-
periment allows for a much easier manipulation of the phase of
the quadrature squeezing, by simply changing the working con-
dition of OPA2. Moreover, conversions between electrical and
optical signals are required in the off-line squeezer to realize
measurement-based feedback on non-Gaussian states, such as
the single photon state and optical cat state.[41] Such conversions

inevitably limit the bandwidth of the prepared non-Gaussian
states. Instead, our in-line squeezer removes the requirement
of electro-optic and opto-electric conversions, allowing for high-
bandwidth squeezing operations on non-Gaussian states.
In summary, we present a scheme to experimentally prepare

an optical SC state and manipulate the phase of the quadrature
squeezing via an all-optical in-line squeezer. The phase of the
quadrature squeezing and the squeezing parameter of SC states
are manipulated by controlling the working condition and pump
power of the in-line squeezer. Since the squeezing operation is
deterministic, the generation rate of SC states in our experiment
is the same as that of the initial cat state. The parity of the pre-
pared SC states is maintained, as the squeezing operation is di-
rectly applied on an input cat state. Our results provide a deter-
ministic all-optical measurement-free approach to prepare and
manipulate optical SC states without losing the non-classicality,
that is, the negativity of their Wigner functions. This represents
a crucial step toward all-optical quantum information processing
based on SC states.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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