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Experimental Preparation of Optical Cat States Carrying
Orbital Angular Momentum

Chenyu Qiao, Fengyi Xu, Meihong Wang, Rong Ma, and Xiaolong Su*

As an important quantum resource, optical cat state is successfully prepared
and applied in quantum information science. It is shown that optical quantum
states carrying orbital angular momentum (OAM) have wide applications in
quantum communication and quantum precision measurement. Here, optical
cat states carrying OAM are experimentally prepared with topological charges
𝓁= 0, +1, +2, +4 by changing the wavefront of the photon-subtracted
squeezed vacuum state with a combination of quarter-wave plate and q-plate.
To verify the prepared cat states, both Wigner functions and topological
charges of OAM are measured. It is shown that the fidelities and amplitudes
of optical cat states carrying OAM decrease slightly with the increase of
topological charges of OAM, although the spatial size of the optical beam is
increased. These results present a new kind of optical cat state carrying OAM,
which has potential applications in quantum precision measurement.

1. Introduction

Schrödinger cat state, as a typical superposition state,[1] has been
identified as an important quantum resource in both quantum
information[2–8] and quantum precision measurement.[9,10] Opti-
cal cat state, which is the superposition of two coherent states |𝛼⟩
and |−𝛼⟩, has attracted much attention in quantum information
processing due to the weak interaction with the environment.[3–6]

By subtracting photons from squeezed vacuum states,[11,12] opti-
cal cat states with 𝛼 ∼ 1 have been experimentally prepared.[13,14]

In addition, large-amplitude optical cat states are generated by
the techniques of ancilla-assisted photon subtraction[15] and sub-
tracting three photons from a squeezed vacuum state.[16] The
preparation of an optical cat state combines the Gaussian re-
source and the photon counting technique, which is a typical
hybrid continuous- and discrete-variable quantum information
processing.[17–19] Recently, remote preparation of optical cat states
based on the Gaussian entangled state[20] and the quantification
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of quantum coherence of optical cat
states in a lossy channel[21] have been also
demonstrated. Furthermore, squeezed
cat state has also been experimentally
prepared,[22–26] since it has potential ap-
plication in quantum error correction[8]

and slowing the decoherence of optical
cat states.[26–28] For the applications of op-
tical cat states, quantum teleportation of
cat states,[29] tele-amplification,[30] prepa-
ration of hybrid entangled states,[31–34]

and the Hadamard gate[35] have been
demonstrated experimentally based on
prepared optical cat states. Besides the
applications in quantum information,
optical cat states have potential appli-
cations in improving the sensitivity of
quantum precision measurement.[9,10]

It has been shown that the multimode spatial structure of
the quantum state is helpful in enhancing the performance of
quantum precision measurement. Orbital angular momentum
(OAM) of light with the transverse spatial distribution, which is
a special degree of freedom, has been applied in multiparameter
estimation,[36] rotating-angle measurements,[37] rotating-speed
measurements,[38,39] ultra-sensitive and superresolution angu-
lar measurement,[40,41] and the improvement of angular res-
olution of remote sensing.[42,43] Up to now, discrete-variable
quantum resources carrying OAM, such as NOON state,[40]

two-photon[43,44] and multi-photon quantum entanglement,[45,46]

multipartite quantum entanglement and quantum steering,[47]

have been generated successfully. In the continuous-variable sys-
tem, the OAM degree of freedom has been introduced to twin
beam,[48] bipartite entangled state,[49–51] hyperentanglement,[52]

multipartite entangled state[53,54] and quantum steering.[55] More-
over, because the characterization of inherent high dimen-
sions is helpful to increase the channel capacity in quantum
communication,[56] quantum resource carrying OAM has also
been applied in performing quantum teleportation,[57–59] quan-
tum dense coding,[60] building quantum networks,[61,62] and con-
structing a quantum memory.[63]

In the previous experiments, the transverse spatial distribu-
tion of optical cat states are limited to the TEM00 Gaussian beam,
where the OAM degree of freedom is not introduced. Inspired
by the potential application of both optical cat state and OAM of
light in quantum precision measurement, it is essential to pre-
pare the optical cat state carrying OAM degree of freedom, which
may further improve the precision of quantum measurement.
For example, it has been shown that higher sensitivity and reso-
lution in phase estimation could be achieved by combining OAM
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Figure 1. Principles of two methods to prepare optical cat states carrying OAM. a) The optical cat state carrying OAM is prepared by subtracting a
photon from a squeezed vacuum state carrying OAM. b) The optical cat state carrying OAM is prepared directly by changing the spatial distribution of
the photon-subtracted squeezed vacuum state. The filter system is used to filter out the nondegenerate mode of the squeezed vacuum state, and make
sure the degenerate modes reach the SPD. BS, the beam splitter used for photon subtraction; FS, filter system; SPD, single photon detector.

and non-Gaussian states.[41,64] Although an analogous cat state
encoded in OAM space is simulated by engineering the classical
OAM of light,[65] the preparation of the optical cat state carrying
OAM by subtracting photons from a squeezed vacuum state still
remains a challenge.
Here, we experimentally prepare optical cat states carrying

OAM by introducing OAM degree of freedom into the prepa-
ration system of the cat state directly. We propose two meth-
ods to prepare optical cat states carrying OAM, where a wave-
front converter is used to convert the spatial distribution of
the squeezed vacuum state before photon subtraction or that of
photon-subtracted squeezed vacuum state respectively. In the ex-
periment, optical cat states carrying OAM with 𝓁 = 0,+1,+2,+4
are obtained by converting the photon-subtracted squeezed vac-
uum state with a combination of quarter-wave plate (QWP) and
q-plate. The measured Wigner functions of output states and the
topological charges of OAM confirm the successful preparation
of cat states carrying OAM. Our work extends the degree of free-
dom of optical cat states by introducing OAM, which may have
potential application in high-precision quantum measurement.

2. The Principle

The optical cat state carrying Laguerre-Gaussian (LG) mode is
described as

||ΨLC⟩𝓁,p = 1√
2(1 + cos𝜙e−2|𝛼|2 )

(|𝛼⟩𝓁,p + ei𝜙|−𝛼⟩𝓁,p) (1)

where the subscripts of 𝓁 and p denote the azimuthal and radial
index of the LG mode, and the cat state is an even or odd cat
state in case of 𝜙 = 0 or 𝜙 = 𝜋. Each LG mode with 𝓁 ≠ 0 carries
a quantized OAM 𝓁ℏ and we refer to LG modes with p = 0 as

OAM.[66–68] Thus, the optical odd cat state carrying OAM is given
by

||ΨLC⟩𝓁 = 1√
2(1 − e−2|𝛼|2 )

(|𝛼⟩𝓁 − |−𝛼⟩𝓁) (2)

We propose two methods to prepare optical odd cat states car-
rying OAM shown in Equation (2). As shown in Figure 1, a
Gaussian beam is converted to a vortex beam by a wavefront
converter,[56] which transforms the planar wavefront into a helical
wavefront exp(i𝓁𝜃), where 𝜃 is the angular coordinate. In the first
method shown in Figure 1a, an optical cat state carrying OAM is
prepared by subtracting a photon from a squeezed state carrying
OAM. A squeezed vacuum state with 𝓁 = 0 is converted into a
squeezed state carrying OAM first by a wavefront converter, then
a photon is subtracted. The challenges of this method are that
the filter system needs to be updated to filter out the nondegener-
ate modes carrying OAM, which is less efficient than the normal
Gaussian mode (𝓁 = 0), and the generation rate of the optical cat
state carrying OAM may decrease.
In the second method shown in Figure 1b, by subtracting

a photon from squeezed vacuum state with planar wavefront,
the photon-subtracted squeezed vacuum state (approximate op-
tical cat state) with planar wavefront is prepared first. Then,
the photon-subtracted squeezed vacuum state with 𝓁 = 0 is con-
verted into an optical cat state carrying OAM by a wavefront con-
verter. When there is a click on the single photon detector (SPD),
a cat state carrying OAM is prepared successfully. Compared to
the first method, the advantages of the second method are em-
bodied in two aspects. At first, it is more convenient for the sec-
ond method, since the filter system before SPD does not need
to be updated for corresponding OAM modes. Second, the gen-
eration rates of cat states carrying OAM of the second method
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Figure 2. Experimental setup of preparing optical cat states carrying OAM. 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%. The wavefront converter consists of twoQWPs and a q-plate (vortex retarder).
SHG, second harmonic generator; HWP, half-wave plate; QWP, quarter-wave plate; PBS, polarization beam splitter; OPA, optical parametric amplifier;
IF, interference filter with 0.4 nm bandwidth; FC, filter cavity; FM, flip mirror; LO, local oscillator; APD, avalanche photodiode; HD, homodyne detector.

remain the same as the cat state in Gaussian mode. Thus, we
choose the second method to prepare the optical cat states carry-
ing OAM in our experiment.

3. Experimental Section

As shown in Figure 2, a continuous wave single frequency Ti:
Sapphire laser operated at 795 nm, corresponding to the rubid-
ium D1 line, was used as a light source. The laser beam was split
into three parts, which serve as the input beam of the second har-
monic generation (SHG), the seed beam of the optical parametric
amplifier (OPA), and local oscillator for the homodyne detector
(HD), respectively. The output beam at 397.5 nm from the SHG
was used as the pump beam of the OPA. A squeezed vacuum
state with−3 dB squeezing was generated by the OPAwhich con-
tains a periodically poled KTiOPO4 (PPKTP) crystal with a pump
power of 25 mW. By subtracting a photon from the squeezed vac-
uum state through a beam-splitter with a transmissivity of 5%,
an odd optical cat state with 𝓁 = 0 was experimentally prepared
when a photon was detected by an avalanche photodiode (APD).
To pick out the degenerate longitudinal mode same to that de-
tected by the HD, the subtracted photon passes through a filter
system, which consists of an interference filter with 0.4 nm band-
width and two filter cavities with fineness of 1200, whose cavity
lengths are 0.75 and 2.05mm respectively. After the filter system,
an isolation ratio with −30 dB (0.1% rejection) for the nondegen-
erate modes was obtained.
To generate the OAMmodes, a wavefront converter containing

two QWPs and a q-plate (vortex retarder)[69,70] with the trans-
mittance of 98%, which only introduces 2% loss, was inserted
in the path of the photon-subtracted squeezed vacuum state. In
the wavefront converter, the linear polarization of a Gaussian
beam was turned into left (right) circular polarization by the

first QWP. Then, a vortex beam with the topological charge of
+𝓁 (−𝓁) was obtained after a q-plate and the left (right) circular
polarization is turned into the right (left) circular polarization.
Finally, the right (left) circular polarization of the output beam
of the q-plate was turned into linear polarization by the second
QWP to satisfy the requirement of HD. In this way, the optical
cat state carrying OAM with topological charge +𝓁 (−𝓁) was
obtained.
In order to characterize the generated cat states carrying OAM,

both Wigner functions and topological charges of output states
were measured. At first, quantum tomography was performed
to reconstruct the Wigner function of the cat state based on the
output of the homodyne detector.[71] In the homodyne measure-
ment, the local oscillator carrying OAM with the opposite topo-
logical charge as the cat state was needed, which was obtained
by inserting the same order wavefront converter into the path
of the local oscillator. Fifty thousand photocurrents were taken
from the homodyne detector to obtain the density matrix in Fock
basis with a photon number cutoff of 11 using the maximum-
likelihood algorithm.[71] According to the obtained density ma-
trix, the Wigner function of the cat state carrying OAM was re-
constructed.
Second, both spatial distributions and topological charges of

the prepared cat states were measured with the experimental
setup shown in the dashed box of Figure 2 to verify the prop-
erties of OAM. After the wavefront converter, the vortex beam
carrying OAM was reflected twice, and then enters into a CCD
camera to record its spatial distribution. In order to identify the
topological charge of the cat state, a tilted lens with R = 70 mm
was inserted in front of the CCD camera. A transverse intensity
profile with symmetric interference-like patterns, which charac-
terizes the information of topological charge, was recorded by the
CCD camera.
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Figure 3. Experimental results of cat states with different topological charges. a–d), Wigner functions of cat states carrying topological charges with
𝓁 = 0, +1, +2, +4, respectively, which are corrected with the corresponding detection efficiencies shown in Table 1. Left and right pictures in the orange
insets, spatial and intensity distributions of prepared cat states carrying OAM; the blue insets, the photon number distributions of the cat states carrying
OAM.

4. The Results

The reconstructed Wigner functions of prepared cat states carry-
ing OAM with 𝓁 = 0,+1,+2,+4, are shown in Figure 3a–d, re-
spectively. Optical cat states with center negative dip W(0, 0) =
−0.16 ± 0.003, −0.15 ± 0.003, −0.14 ± 0.004, −0.12 ± 0.005 are
obtained for topological charges 𝓁 = 0,+1,+2,+4, respectively.
Comparing theWigner functions of cat states with nonzero topo-
logical charge (𝓁 ≠ 0) shown in Figure 3b-d with that of 𝓁 = 0
Figure 3a, it is obvious that the properties of the prepared cat
states carryingOAMdonot change dramatically with the increase
of topological charges of OAM.
The measured spatial distributions and intensity distributions

with symmetric interference-like patterns of the cat states car-
rying OAM with different topological charges are shown in the
orange insets in Figure 3. Comparing the spatial distribution of
OAMshown in the left pictures of the orange insets, we show that
the beam size of the cat states increases with the increase of topo-
logical charges. Based on the measured intensity distributions
with symmetric interference-like patterns shown in the right pic-
tures of the orange insets, we confirm that the cat states carry-
ing OAMwith 𝓁 = 0,+1,+2,+4 are obtained, where the sign and
magnitude of the topological charge of OAM are determined by
the orientation of the stripes and the number of the bright stripes
n with the relation of |𝓁| = n − 1, respectively.[72]

To quantify the quality of prepared cat states carrying OAM,
we calculate the fidelity

F𝓁 =𝓁 ⟨ΨLC
||𝜌̂out𝓁

||ΨLC⟩𝓁 (3)

Table 1. Experimental results of different topological charges.

Topological
charge

Amplitude Fidelity Negativity Visibility Detection
efficiency

0 1.05 ± 0.01 0.69 ± 0.01 −0.16 ± 0.003 98.5% 80%

+1 1.01 ± 0.02 0.67 ± 0.01 −0.15 ± 0.003 98% 79%

+2 1.03 ± 0.01 0.66 ± 0.01 −0.14 ± 0.004 97% 78%

+4 0.90 ± 0.03 0.65 ± 0.02 −0.12 ± 0.005 95% 75%

which is defined as the overlap between an ideal odd cat state car-
rying OAM ||ΨLC⟩𝓁 and the experimentally reconstructed quan-
tum state 𝜌̂out𝓁 . In the case of 𝓁 = 0, an approximate optical cat
state with amplitude of 𝛼0 = 1.05 ± 0.01 is experimentally ob-
tained with the fidelity of F0 = 0.69 ± 0.01. When the topological
charge of the OAM increases to 𝓁 = +4, an optical cat state with
the fidelity of F4 = 0.65 ± 0.02 and amplitude of 𝛼4 = 0.9 ± 0.03
is experimentally prepared. The details of the experimental re-
sults are listed in Table 1. All these results confirm the successful
generation of optical cat states carrying different OAM. The gen-
eration rates of the cat states carrying different OAM are all ≈ 2
kHz, which are the same as that of the cat state with 𝓁 = 0.
In principle, the fidelity, amplitude, and negativity of prepared

cat states carrying different topological charges should be iden-
tical. Comparing the results of cat states carrying OAM with dif-
ferent topological charges in Table 1, we show that the ampli-
tudes and fidelities of the prepared OAM cat states only decrease
slightly with the increase of topological charges. This is because

Laser Photonics Rev. 2024, 2400174 © 2024 Wiley-VCH GmbH2400174 (4 of 6)
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the visibilities and detection efficiencies between signal and lo-
cal oscillator of the homodyne detector decrease slightly with the
increase of the beam size, which may be improved by an OAM
shaped local oscillator.[73]

5. Discussion and Conclusion

In our experiment, optical cat states carrying OAM with a fixed
topological charge are prepared, which are limited by the property
of the q-plate. By combining the non-Gaussianity of cat states and
OAM in quantum precision measurement,[64] cat states carrying
OAMmay be applied to improve the precision of quantum mea-
surement. More importantly, OAM multiplexed quantum states
havemore advantages than quantum states carrying a fixed OAM
sincemoreOAMdegrees of freedomare involved. In order to pre-
pare the OAM multiplexed cat states, a spatial light modulator,
instead of a q-plate, should be used. Furthermore, it is interest-
ing to prepare cat states with variously spatial distributions, such
as Hermite-Gaussian mode,[36] Laguerre-Gaussian mode,[37] and
hypergeometric-Gaussian mode.[69,70] And it is worthwhile to ex-
tend the applications of cat states carrying OAM.
In summary, we propose two methods to prepare cat

states carrying OAM, which are subtracting photons from
the squeezed vacuum state carrying OAM and converting the
photon-subtracted squeezed vacuum state with 𝓁 = 0 into the cat
state carrying OAM by a wavefront converter, respectively. In our
experiment, we successfully prepare optical cat states carrying
OAM with 𝓁 = 0,+1,+2,+4 respectively by inserting a combi-
nation of QWP and q-plate on the path of the photon-subtracted
squeezed vacuum state. The prepared cat states carrying different
OAM are confirmed by themeasuredWigner functions and topo-
logical charges of OAM. Comparing the Wigner functions of cat
states carrying different OAM, we show that the fidelities, ampli-
tudes, and negativities decrease slightly with the increase of the
topological charges of OAM. Our work demonstrates the feasibil-
ity of preparing cat states carrying OAM, which introduces a new
degree of freedom to optical cat states, and provides a quantum
resource for quantum-enhanced precisionmeasurement with cat
states carrying OAM.
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