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Hybrid continuous-variable (CV) and discrete-variable (DV) entanglement is an essential quantum
resource of hybrid quantum information processing, which enables one to overcome the intrinsic limita-
tions of CV and DV quantum protocols. Besides CV and DV quantum variables, introducing more degrees
of freedom provides a feasible approach to increase the information carried by the entangled state.
Among all the degrees of freedom of photons, orbital angular momentum (OAM) has potential applica-
tions in enhancing the communication capacity of quantum communication and precision of quantum

Iéﬁ{glorlisr;em measurement. Here, we present the experimental preparation of hybrid entanglement carrying OAM,
Cat stgte which involves three degrees of freedom including polarization, cat states, and OAM. By converting the

wavefront of optical cat states with a g-plate, the OAM degree of freedom is introduced into the prepared
hybrid entanglement between a polarization-encoded DV qubit and a cat-encoded CV qubit. Based on the
measured topological charges I = 0, +1, +2 and reconstructed Wigner functions of the output states, the
hybrid entangled states carrying OAM with [ = 0, +1, +2 are confirmed with non-zero logarithmic nega-
tivities, respectively. Our work takes a crucial step towards extending the degree of freedom for hybrid
entanglement, which provides a new quantum resource for hybrid quantum information processing.

© 2025 Science China Press. Published by Elsevier B.V. and Science China Press. All rights are reserved,
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including those for text and data mining, Al training, and similar technologies.

1. Introduction

After decades of development, tremendous advances have been
achieved in both continuous-variable (CV) and discrete-variable
(DV) quantum information science and technology [1-7]. In the
CV quantum information processing, the quantum variable in the
infinite-dimensional Hilbert space, which has a continuum of
eigenvalues, is applied to encode information. In the DV quantum
information processing, the quantum variable in the finite-
dimensional Hilbert space, which is discrete in nature, is involved.
The advantage of the CV optical quantum information processing is
that the CV optical entangled state is prepared deterministically,
but the entanglement degree is limited by the squeezing level
[1,2]. The fidelity of CV quantum information processing decreases
with the increase of loss since CV entangled state has a limited
entanglement degree and is sensitive to loss. On the contrary, the
advantage of the DV optical quantum information processing is
that the maximum entanglement can be achieved, while the
preparation of the DV optical entangled state is probabilistic
[8,9]. The successful preparation probability of multi-photon
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entanglement decreases with the increase of the number of entan-
gled photons.

To overcome their own intrinsic limitations of CV and DV sys-
tems, hybrid CV-DV quantum information processing is developed
[10-18], which combines the resources and techniques of both CV
and DV systems. For example, the deterministic teleportation of
photon qubits (DV state) is demonstrated using CV entanglement
as resource [17], and the fidelity in the teleportation of CV state
can be increased to 1 using DV entanglement as resource [18].
Especially, hybrid entanglement, which is an essential quantum
resource in hybrid quantum information processing, has been
experimentally demonstrated, such as that between a single pho-
ton and coherent state (|0)|o) + |1)| — «)), single photon and cat
state (|0)|cat_) +e*?|1)|cat,)), and photon polarization and cat
state (a|H)|cat_)) + B|V)|cat,)) [19-21]. In these demonstrated
hybrid entanglement, the entanglement between a polarization-
encoded DV qubit and a cat-encoded CV qubit is more suitable
for quantum communication, because the polarization qubit is
insensitive to loss and beneficial to long-distance transmission
[21-24]. For example, the DV qubit of the hybrid CV-DV entangle-
ment can be used to mitigate the decrease of fidelity in the trans-
mission since it is insensitive to loss [22]. Recently, it has been
shown that the hybrid CV-DV entanglement can be used to con-
struct a heterogeneous quantum network [25].
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Towards the application of entanglement, it is essential to
extend the degrees of freedom of the entangled state, which
enables the entangled state to carry more information. Among all
the degrees of freedom of photons, the orbital angular momentum
(OAM) has attracted much more attention, since it has potential
applications in quantum communication [26-29] and quantum
precision measurement [30-32]. The OAM beam has a spatial
phase form of exp [ilg] (I = 0,+1,+2,...), where [ is the topological
charge number and ¢ is the azimuthal angle [33,34]. OAM beams
with different [ can be used to define a high-dimension Hilbert
space because they are intrinsically orthogonal and can be effi-
ciently separated. For instance, terabit free-space data transmis-
sion has been achieved by employing OAM multiplexing [35],
and the two-photon entanglement with high-dimensional OAM
have been prepared [36-40]. Besides the DV quantum states carry-
ing OAM, the OAM has also been introduced into the CV quantum
states, such as CV multipartite entanglement [41,42], quantum
steering [43,44], and hyperentanglement [45,46G]. Furthermore,
the quantum memory for various quantum states carrying OAM
has been demonstrated in an atomic ensemble or a solid-state sys-
tem [47-49].

Besides the CV and DV quantum states carrying OAM degree of
freedom demonstrated in the previous experiments, it has also
been shown that a hybrid polarization-OAM entangled state can
be obtained by entangling the polarization and OAM of photons
[50-52]. Compared to the hybrid polarization-OAM entangled
state, it is more important to introduce OAM to the hybrid CV-DV
entanglement, since more degrees of freedom are involved in this
case. Although quantum state carrying OAM and hybrid CV-DV
entanglement have been demonstrated individually, how to pre-
pare the hybrid CV-DV entanglement carrying OAM is still unclear.

Here, we experimentally prepare the hybrid CV-DV entangle-
ment carrying OAM which is a hybrid quantum state involving
three kinds of degrees of freedom. We propose a scheme to intro-
duce the OAM degree of freedom to the hybrid CV-DV entangle-
ment by changing the wavefronts of the CV and/or DV photons.
Then, we experimentally prepare the hybrid polarization-cat
entangled state firstly, and then introduce the OAM degree of free-
dom by inserting a g-plate in the cat-encoded CV part, which con-
verts the Gaussian beam to the OAM beam. In the characterization
of the prepared hybrid state, we measure the OAM property in the
CV part, and the entanglement between the polarization-encoded
DV part and cat-encoded CV part carrying OAM, respectively. Based
on the reconstructed two-mode density matrix in the bases of
polarization and cat state, we quantify the entanglement of the
hybrid states carrying OAM with | = 0,+1,+2 by the logarithmic
negativities, which are 0.564+0.01, 0.52+0.01, and 0.5540.01,
respectively. The presented results demonstrate a hybrid state
involving polarization, cat state, and OAM degrees of freedom,
which has potential applications in quantum communication
between heterogeneous quantum nodes.

2. The principle

Fig. 1 presents the scheme of introducing OAM to the hybrid
CV-DV entangled state. Here we take the hybrid entangled state
between a polarization-encoded DV qubit and a cat-encoded CV
qubit a|H)|cat_) + ei’|V)|cat,) as an example, where |H) and |V)
represent the polarizations of a single photon, o and p are the prob-
ability amplitudes [53-56],

lcat.) = (Jioe,) + | —ior,))/y/2(1 + e2isl), "
jcat) = (fio) — | —ior))/(/2(1 — e 2P,
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Fig. 1. The schematic of hybrid CV-DV entanglement carrying OAM. The wavefront
of photons (DV part) and cat state (CV part) of the hybrid entangled state is
converted from Gaussian distribution to OAM mode by the wavefront converter
(WFC). The WEFC in the dashed box is removed in the preparation of the hybrid
entangled state carrying OAM in the CV part.

are the even and odd cat states respectively, and 0 is the phase dif-
ference between two terms in the entangled state.

To prepare the hybrid entangled state carrying OAM, a wave-
front converter, which is composed of two quarter-wave plates
and a g-plate, is inserted in the path of the CV and/or DV parts to
transform the Gaussian beams with planar wavefront into an
OAM mode. After introducing the OAM to this state, the obtained
hybrid entangled state carrying OAM is given by

V) = alH),lcat ), +€"pIV)_[cat,) )

where the subscript Ip (Ic) denotes the topological charge of the
OAM mode carried by the horizontal polarization photons in the
DV part (cat states in the CV part). In this case, the topological
charge of the OAM mode carried by the vertical polarization pho-
tons in the DV part should be —Ip, because a g-plate introduces
opposite topological charges of the OAM mode for left- and right-
circularly polarized lights. It is obvious that various hybrid states
carrying OAM mode can be prepared when different Iy and Ic are
applied.

In our experiment, the photon in the DV part is directed to a sin-
gle photon detector through a single-mode fiber. Since the OAM
carried by the photon in the DV part is transformed to Gaussian
mode after the single-mode fiber, i.e., the helical wavefront is
erased, we only introduce the OAM to the CV part of the hybrid
entangled state. The obtained hybrid entangled state is given by

W), = oc|H)\cat,),+e”’ﬁ|V>|cat+>,. (3)

e

3. Experimental setup

Fig. 2 shows the experimental setup. A 795 nm continuous Ti-
sapphire laser, which corresponds to the storage band of rubidium
atoms, is used as the laser source. A part of the laser beam is
injected into a bow-tie ring cavity containing a periodically poled
KTiOPO4 (PPKTP) crystal for second harmonic generation (SHG)
[53]. The output beam at 397.5 nm is used as the pump beam of
the optical parametric amplifier (OPA), which is employed to gen-
erate the squeezed vacuum state. By locking the relative phase dif-
ference between the pump beam and the seed beam of the OPA to
7, an amplitude-squeezed state with squeezing of —1.9 dB for the
bandwidth of 13 MHz is prepared.
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Fig. 2. The experimental setup for preparing hybrid polarization-cat entanglement carrying OAM. An odd or even cat state is prepared in the CV part when a photon is
subtracted from the squeezed vacuum state by a HWP and PBS1 or not. The wavefront of the superposition of the even and odd cat states is transformed to OAM mode after
passing a q-plate and two QWPs. The subtracted photon and an attenuated coherent state are coupled on PBS2 and detected by an APD. The interference signal between the
output beam of OPA and the weak coherent beam is detected from the transmission port of PBS3 and is used for phase locking. Conditioned on the click of the APD the hybrid

polarization-cat entanglement carrying OAM is prepared. SHG: second harmonic generator, OPA: optical parametric amplifier, PPKTP: periodically poled KTiOPO,4, PBS:

polarization beam-splitter, IF: interference filter, FC: filter cavity, AOM: acousto-optic modulator, AM: amplitude modulator, HWP: half-wave plate, QWP: quarter-wave plate,
CCD: charge-coupled device, HD: homodyne detector, LO: local oscillator, APD: avalanche photodiode.
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Fig. 3. The results of the prepared hybrid state carrying OAM with [ = +2. (a) The measured spatial profile and (b) the interference-like patterns of the CV part of the hybrid
state. (c) The Wigner functions and corresponding contours of the CV part of the hybrid state, when projecting the DV part on different polarization bases. All results are
corrected for a detection efficiency of 80%. The fidelities of the reduced hybrid states are 0.76, 0.94, 0.69, 0.66, 0.73 and 0.74 for the projection bases |H),|V), |D), |A),|R) and |L),

respectively. The negativities of Wigner functions of the reduced hybrid states are —0.19, —0.07, —0.11, —0.10 and —0.08 for the projection bases |H),|D),|A),|R) and |L),
respectively.

The generated squeezed vacuum state is used to approximate
the even cat state |cat,) with amplitude of o, = 0.5 since the fide-
lity between the even cat state and the prepared squeezed vacuum
state is about 0.97. By subtracting a photon from the squeezed vac-

uum state, which is implemented by a combination of a half-wave vertical polarization are coupled on the PBS2 and the output of it
plate (HWP) and a polarization beam-splitter (PBS1) with a trans- serves as the DV part of the hybrid entanglement.
mittance of 4.5%, an odd cat state |cat_) with amplitude of o_ =

= In the preparation of the hybrid CV-DV entanglement, the most
0.86 is obtained (see the Supplementary material for more details). technical challenge comes from the mismatch of the bandwidth

The reflected optical beam from the PBS1 serves as the CV part of
the hybrid entanglement, which is a superposition of the even
and odd cat states. The subtracted photon with horizontal polariza-
tion and a photon from the attenuated weak coherent beam with
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Fig. 4. The results of the hybrid entanglement carrying OAM with [ = 0, +1, +2. (a) Wigner functions associated with the reduced density matrices (m|p|n) with m,n € {H,V}.
(b) Reconstructed density matrices for prepared hybrid entangled states in the basis of {|H), |V)} ® {|cat.),,|cat_),}. The real and imaginary parts are shown in top and bottom

rows, respectively.

between the subtracted photon and the approximated single pho-
ton in the DV part, which are 13 and 2.5 MHz, respectively. To solve
this problem and ensure these photons are indistinguishable, we
extend the bandwidth of the weak coherent beam by using two
acousto-optic modulators (AOMs). After passing the AOMs, the
coherent state is shaped into a pulse with the bandwidth of about
12 MHz by applying a square wave with the duration of 134 ns. To
obtain an approximated single photon, these two AOMs with
diffractive efficiency of 10% and three amplitude modulators
(AMs) are applied to attenuate a 5 pW coherent beam for 90 dB
(see the Supplementary material for more details). In this case,
the attenuated coherent state spectrum is shaped to optimal over-
lap with the subtracted photon spectrum, so that the spectral part
of the single photon quantum state factors out from the polariza-
tion part. When a photon in the DV part is detected, it means that
the generation of the hybrid CV-DV entanglement.

To introduce the OAM degree of freedom to the hybrid CV-DV
entanglement, a wavefront converter with the transmittance of
98% that consists of two quarter-wave plates (QWPs) and a g-
plate (VR-780, Ibtek) is inserted in the path of the CV part. After
the first QWP, the Gaussian beam with vertical polarization in
the CV part is changed to left-circular polarization, which is the
requirement of the g-plate. The wavefront of the Gaussian beam
is transformed to OAM mode after the g-plate, and then the polar-
ization of the OAM mode is changed from circular polarization to
vertical polarization after the second QWP. In order to measure
the CV part carrying OAM with a homodyne detector, a wavefront
converter is also inserted in the path of the local oscillator (LO) to
make sure the OAM with the opposite topological charge is carried
by the LO. After the 50:50 beam-splitter (BS), the topological
charge —I of OAM carried by the reflected beam is changed to [,
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which is the same as that of the transmitted beam. In this case,
the efficient interference between the CV part of the hybrid state
and the LO is guaranteed in the homodyne detection. The interfer-
ence efficiency between the CV part and the LO decreases with the
increase of the topological charge of OAM mode, which leads to the
decrease of the fidelity of the measured hybrid entangled state. The
interference efficiencies exceed 97% for OAM with [ = 0, +1, +2 are
obtained in our experiment.

In order to characterize the prepared hybrid state carrying
OAM, we measure both topological charge of OAM and entangle-
ment of the hybrid state. In the verification of topological charge
of OAM, we measure both spatial profile and interference-like pat-
terns of the prepared hybrid state carrying OAM with a charge-
coupled device (CCD) camera and a tilted lens, as shown in the
dashed box in Fig. 2. After the twice reflection, the output beam
of the wavefront converter enters into a CCD camera to record spa-
tial distribution. To identify the topological charge of OAM, we
insert a tilted lens with R = 70 mm in front of the CCD camera,
where a transverse intensity profile with symmetric interference-
like patterns is presented [57].

To characterize the entanglement of the hybrid state, we project
the DV part of the state to six polarization
bases [IH).|V),|D) = (|H) + |V))/v2,|A) = (H) = |V))/V2,|R) =
(|Hy+ i|V))/V2,|Ly = (|H) — i|V))/v2] by a polarization projection
system, and implement the quantum tomography on the CV part
to reconstruct the corresponding Wigner functions, respectively.
The output photon from the polarization projection system, which
consists of a HWP, a QWP, and PBS4, is coupled into an avalanche
photodiode (APD) through a single-mode fiber. To obtain a hybrid
entangled state with maximum entanglement, the intensity of the
weak beam is adjusted to warrant equal probability for having |H)
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or |V) after PBS2. In this case, the probability amplitude
o= f=1/+2 in Eq. (3) is obtained for the prepared hybrid entan-
gled state.

4. Results

The measured spatial profile and interference-like patterns of
the hybrid state carrying OAM with [ = +2, are shown in Fig. 3a
and b respectively, which confirms the OAM mode is generated
after the wavefront converter. In the measured symmetric
interference-like patterns of the intensity distribution, the orienta-
tion of the stripes (+45°) and the number of the bright stripes n
(n=3) indicate the sign and magnitude (|/| = n — 1) of the topolog-
ical charge of OAM, respectively. As shown in Fig. 3b, it is obvious
that the topological charge [ = +2 of OAM is carried by the CV part
of the hybrid state.

When the topological charge of OAM is set to [ = 0, +1, +2, we
reconstruct the corresponding Wigner functions of the CV part of
the hybrid state by projecting the DV part on six polarization bases,
respectively. Using the maximum-likelihood algorithm [58], the
Wigner functions are obtained from the reconstructed density
matrices in Fock basis, which are presented in Figs. S2-S4 (online).
The reconstructed Wigner functions for the reduced hybrid state
carrying OAM with [ = +2 are shown in Fig. 3c. When the DV part
is projected on |H) and |V) bases, the CV part is collapsed to a
photon-subtracted squeezed vacuum state (an approximate odd
cat state) with negativity of W(0,0) = —0.19 and a squeezed vac-
uum state (an approximate even cat state), respectively. When
the DV part is projected on a superposition of [H) and |V) bases,
the CV part is collapsed to a corresponding superposition of the
squeezed vacuum state and the photon-subtracted squeezed vac-
uum state. Specifically, projecting the DV part onto |D) and |A)
bases, the Wigner functions of the CV part exhibit two approximate
Gaussian peaks with opposite displacement along phase-
quadrature in phase space. Projecting the DV part onto |R) and
|L) bases, the positive peaks of the Wigner functions are observed
along amplitude-quadrature respectively, which is consistent with
the theoretical prediction. The detailed experimental results of the
hybrid state carrying OAM with [ = 0, +1 can be found in Figs. S5
and S6 (online).

In order to visually characterize the prepared two-mode entan-
glement between polarization-encoded DV qubit and the cat-
encoded CV qubit, we show the Wigner functions associated with
the reduced density matrices pm, = (m|p|n) in a matrix form for
the hybrid state carrying OAM with [ = 0, +1, +2 in Fig. 4a, where m
(n) denotes the polarization basis |[H) or |V). In this case, the diagonal
elements in Fig. 4a represent the Wigner functions of the squeezed
vacuum state and the photon-subtracted squeezed state, respec-
tively, which are reconstructed from the measured pyy and pyw in
Fig. 3c in the bases of |H) and |V). The off-diagonal terms are the
Wigner functions corresponding to pyv and pyy, which are obtained
from the measured reduced density matrices ppp , Paa, Prg and py; in
Fig. 3caccording to puy = plyy =1 (Ppp — Paa + ipuL — ipre). The non-
zero off-diagonal terms represent the coherence of superposition of
|cat_), and |cat, ), in the hybrid state.

Then we calculate the fidelity of the prepared state in the bases
of polarization and cat states {|H), |V)} ® {|cat. ), |cat_),} to verify
the similarity between the prepared state and the theoretical pre-
dicted hybrid state. The density matrices in the cat-state basis
{|cat.), |cat_),} are obtained by transforming the diagonal ele-
ments (pyy and py) and the off-diagonal terms (pyv and pyy) pre-
sented in Fig. 4a into the cat-state basis (see the Supplementary
material for more details). The reconstructed density matrices of
the hybrid states carrying OAM with [ = 0, +1, +2, in the basis
{|H),|V)} ® {|cat,),,|cat_),} are shown in Fig. 4b. The fidelity of
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the hybrid state with ideal state |yj4,) is evaluated by
F = (Yigea| PIVicear)) Where the ideal state is |Yigea) =
(|Hy|cat_), — |V)|cat,),)/v2 (see the Supplementary material for
more details). For the prepared hybrid states carrying OAM with [
=0, +1, +2, the fidelities of them are 0.71 + 0.01, 0.69 + 0.01, and
0.70 4 0.01, respectively. All fidelities exceed the classical limit of
0.5, which indicates the existence of entanglement in the prepared
hybrid states carrying OAM.

Furthermore, to quantify the entanglement of the hybrid state,
we calculate the logarithmic negativity of the prepared hybrid
state carrying OAM by Ex(p) = log,||p™||;, where p'+ is the partial
transpose of p with respect to DV part [59]. The trace norm of p is
[1™]]; = 2N(p) + 1, where N(p) is the absolute value of the sum of
negative eigenvalues of p's. By transposing density matrices
shown in Fig. 4b, we obtain the logarithmic negativities of the pre-
pared hybrid states carrying OAM with [ = 0, +1, +2, which are
0.56 +0.01, 0.52 +0.01, and 0.55 + 0.01, respectively. The non-
zero logarithmic negativities confirm the successful preparation
of the hybrid entanglement carrying OAM in our experiment.

5. Discussion and conclusion

By introducing the OAM degree of freedom to the CV part of the
hybrid entangled state, more information can be carried compared
to the traditional hybrid CV-DV entanglement. Besides introducing
the OAM degree of freedom to the CV part of the hybrid entangle-
ment, it can also be introduced to the DV part of the hybrid entan-
glement. In this case, various hybrid entangled states carrying
OAM can be prepared as predicted in Eq. (2), where much more
information can be encoded with such states. To measure the pho-
tons carrying OAM in the DV part, the single photon detection sys-
tem has to be updated to match the OAM modes. More
interestingly, a hyperentangled state in three degrees of freedom
can be prepared by introducing OAM into the hybrid CV-DV entan-
glement, which is a challenging project and worthwhile for further
investigation.

In summary, we propose a scheme to introduce the degree of
freedom OAM to a hybrid CV-DV entangled state and experimen-
tally demonstrate the hybrid entanglement carrying OAM with
topological charges of [ = 0, +1, +2. The OAM property in the CV part
of the hybrid state is verified by measuring the spatial profile and
interference-like pattern. The entanglement of the hybrid entan-
gled state carrying OAM is quantified by logarithmic negativity,
which is obtained from the density matrices in the bases of polar-
ization and cat states. We show that logarithmic negativities of
0.56+0.01, 0.52+0.01, and 0.5540.01 are obtained for the hybrid
entangled states carrying OAM with [ = 0, +1, +2, respectively,
which confirm the successful preparation of the hybrid entangle-
ment carrying OAM in our experiment. The prepared hybrid entan-
glement has potential applications in increasing the information
capacity of quantum communication in the heterogeneous quan-
tum network [25]. Our work demonstrates the feasibility of intro-
ducing OAM degree of freedom into the hybrid entanglement and
takes a crucial step towards hybrid quantum information process-
ing with multiple degrees of freedom.
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