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We experimentally demonstrate a scheme for the preparation of high-dimensional hyperentangled photon
pairs with path degree of freedom (DOF) and orbital-angular-momentum (OAM) DOF using beam displacer
(BD) interferometers from a warm atomic ensemble. A strong Gaussian pump beam of fixed frequency passes
through the BD to produce a superposition state of two paths. The biphoton state is generated from two parallel
spontaneous four-wave mixing processes in the 85Rb vapor cell. We successfully detect the path entanglement,
two-dimensional OAM entanglement, and three-dimensional OAM entanglement by selecting the appropriate
measurement. Due to the advantages of the simplicity of our interaction system and high dimensionality of the
narrowband hyperentangled photons we generated, such hyperentangled source from an atomic ensemble can be
utilized to realize high-dimensional multiple-DOF quantum memory and quantum communication in the future.
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I. INTRODUCTION

Quantum entanglement is one of the essential resources
for quantum information [1]. Entanglement based on a single
degree of freedom (DOF) such as path [2–5], polarization
[6,7], frequency [8], photon number [9], and orbital angu-
lar momentum (OAM) [10–12] has been extensively studied.
Among them, path and OAM have the advantages of high
dimensionality [13,14], easy integration [15], and easy im-
plementation of the unitary operation [5]. Hyperentanglement
[16–18], consisting of two or more DOFs, has great potential
to largely improve the channel capacity of quantum commu-
nication and is attracting more and more attention.

The generated entangled photons from widely used non-
linear crystal [6,19] have the characteristic of wide bandwidth
(≈THz), leading to short coherence time [1]. Another promis-
ing way to generate entangled photons is to exploit the
spontaneous four-wave mixing (SFWM) process in the atomic
ensemble [7]. Generation of narrowband biphotons has been
realized in both cold and warm atom ensembles [20–22].
Recently, subnatural-linewidth (< 6 MHz) biphotons [23],
time-energy entanglement [24], and polarization entangle-
ment using Sagnac interferometers [7] from warm atomic
ensembles have been reported. OAM, one of the fundamental
photonic spatial properties, provides a discrete and unbounded
state space. It is a promising platform to test the foundations of
quantum physics and has great potential of carrying enormous
quantum information [10,14]. Up to now, based on hot atomic

*Corresponding author: jtjing@phy.ecnu.edu.cn

ensembles, many achievements related to OAM in the discrete
variable (DV) region have been reported, such as OAM en-
tangled photon pairs [25] and qutrits [26]. In the continuous
variable (CV) region, there are also some recent progresses,
such as OAM multiplexed bipartite entanglement [27], mul-
tipartite entanglement [28–30], and deterministic all-optical
quantum teleportation [31].

In this paper, we report the experimental generation of
path-OAM hyperentanglement with beam displacer (BD)
interferometers [32] in a Doppler-broadened warm atomic
ensemble, which is inspired by the idea of illuminating two
separate regions of a nonlinear medium to produce entangled
photons [33]. The generated signal (or idler) photons from two
parallel SFWM processes are merged into one path via the
BD, which ensures the long-term stability of the generated
state. By switching the flip mirrors (Flips), we detect both
path entanglement and two-dimensional OAM entanglement,
and even three-dimensional OAM entanglement. This is a
constructive step to create path-OAM high-dimensional DV
hyperentanglement from this double-� configuration system
in a quantum information study. Since the double-� config-
uration used in our scheme has found many applications in
the CV region [27–30,34–36], our results here pave the way
for exploring DV-CV hybrid quantum systems [37–39] from
a warm atomic ensemble.

II. EXPERIMENTAL REALIZATION

The experimental setup is sketched in Fig. 1(a). A Gaussian
laser beam with a frequency of 377 110 GHz is produced by a
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FIG. 1. Schematic for path-OAM high-dimensional hyperentanglement. (a) The experimental setup, including half-wave plate (HWP),
quarter-wave plate (QWP), beam displacer (BD), polarization beam splitter (PBS), folding mirror (Flip), spatial light modulator (SLM), and
temperature-controlled etalon (Etalon). (b) Direction b for measuring path entanglement. (c) Direction c for measuring OAM entanglement.
(d) Double-� energy-level diagram of 85Rb in SFWM. � one-photon detuning. δ two-photon detuning.

semiconductor laser. Two half-wave plates (HWPs) and a po-
larized beam splitter (PBS) are used to control its intensity and
polarization conveniently. By setting up the BD [32] appropri-
ately, two pump beams are prepared in two separate paths, and
the distance between them is about 4 mm. We obtain the initial
state of the path coding |ϕ〉0 = 1/

√
2(|0〉p + |1〉p), where p

denotes the path DOF, and |0〉p and |1〉p correspond to the
top path and the bottom path created by the BD, respectively.
After that, we put two small HWPs after the BD to convert the
polarization of pump photons to vertical polarization. Then
the two beams with power of about 800 mW are injected
into a single warm 85Rb cell, where two parallel SFWMs
occur. The 85Rb cell is 12 mm long and its temperature is
stabilized at 70 ◦C. The waist diameters of pump beams are
both set to 700 μm at the center of the 85Rb cell. A double-�
energy-level diagram of 85Rb is shown in Fig. 1(d). The phase-
matched signal and idler photons are emitted at an angle of 7
mrad on both sides of the pump beam. The biphoton state of
path 0 after SFWM evolves into

|ϕ〉SFWM0 = |0〉s,p|0〉i,p = |0〉p|0〉p, (1)

where s and i correspond to the signal and idler photons.
Similarly, SFWM in path 1 produces the biphoton in the state
of |ϕ〉SFWM1 = |1〉p|1〉p. In order to select horizontal polariza-
tion of the generated photons and suppress the residual pump
beam, we put a polarizer behind the 85Rb cell. The entangled
state of the path can be written as

|ϕ〉p = 1√
2

(|0〉p|0〉p + |1〉p|1〉p). (2)

The polarization of the generated photons for each path can
be changed by putting in two small HWPs for later detection
of path information. By rotating HWP1 and HWP2 appropri-
ately, the polarization of generated signal and idler photons in
path 0 can be changed to vertical polarization. Similarly, the
polarization of the photons in path 1 are set to be horizontal
by rotating HWP3 and HWP4.

All of the signal and idler photons produced in our setup
are in Laguerre-Gaussian (LGl) states, where l denotes the
topological charge of the OAM state. OAM conservation [40]
ensures that if the state of the signal photon is |l〉, the state
of the corresponding idler photon will be | − l〉. The OAM
entangled state in our system can be expressed as

|ϕ〉l =
l=∞∑

l=−∞
αl |l〉 ⊗ | − l〉, (3)

where αl denotes the normalization coefficient. Here we study
the OAM states carrying topological charges of l = 1 and
−1, which can be denoted by |1l〉 and | − 1l〉. Hence two-
dimensional OAM entanglement can be written as

|ϕ〉OAM = α1|1l〉s| − 1l〉i + α−1| − 1l〉s|1l〉i

= α1|1〉l| − 1〉l + α−1| − 1〉l|1〉l. (4)

Combining Eqs. (2) and (4), we can get the biphoton hyper-
entangled state:

|ψ〉 = 1√
2

(|0〉p|0〉p + |1〉p|1〉p)

⊗ (α1|1〉l| − 1〉l + α−1| − 1〉l|1〉l). (5)

In other words, we can manage to obtain the path-OAM two-
dimensional hyperentangled state from two parallel SFWMs
with BD interferometers.

III. MEASUREMENTS AND RESULTS

A. Tomography of path-OAM hyperentanglement

To read out the hyperentangled information contained in
the generated photons, we select the appropriate measure-
ments. As shown in Fig. 1(a), we put four Flips on the paths
to lead the beams to travel along direction b or direction
c which correspond to the measurement of path or OAM
entanglement, respectively. In this way, we can detect the
entanglement of each DOF separately. When the Flips are
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FIG. 2. Results of quantum state tomography of path-OAM
hyperentanglement. (a), (b) Real and imaginary parts of path
entanglement, respectively. (c), (d) Real and imaginary parts of two-
dimensional OAM entanglement, respectively.

folded down as shown in Fig. 1(b), signal and idler photons
travel along their respective direction b to the apparatus of
quantum state tomography of the path state [41]. Each appa-
ratus is made up of a HWP, a quarter-wave plate (QWP), and
a PBS.

Before the photons are collected by the single-mode
fibers, they have to pass through the homemade temperature-
controlled etalons. Each etalon has a linewidth of ≈100 MHz,
and its temperature can be controlled from 15 to 25 ◦C for
selecting signal and idler photons. The signal (idler) pho-
ton is redshifted (blueshifted) by 3.20 GHz from the pump
photon. These etalons largely suppress the unrelated photons
from pump scattering. Finally, the photons are detected by
the single-photon counting modules. Under the current ex-
perimental condition, the total photon collection efficiency is
about 10%, and the maximal photon rates for signal and idler
channels of our source are 75.2 and 68.8 kHz, respectively.
The corresponding linewidth is about 286 MHz. The Cauchy-
Schwarz inequality (CSI) [g(2)

s,i (0)]2/[g(2)
s,s (0)g(2)

i,i (0)] � 1 is
violated by more than four standard deviations. Such violation
is a binary test in the sense that violation of the CSI indicates
the presence of nonclassical correlations, which means the
system can only be quantum in nature. In order to obtain the
density matrix of path entanglement, the coincidence counts
are obtained from four sets of orthogonal projection measure-
ment bases on each path, i.e., |0〉p, |1〉p, |+〉p = 1√

2
(|0〉p +

|1〉p), and |i〉p = 1√
2
(|0〉p + i|1〉p). The density matrix is re-

constructed and shown in Figs. 2(a) and 2(b). As we can see,
this is the maximally entangled state of combination of |00〉p

and |11〉p. The bipartite entanglement can be quantified with
the concurrence [defined as max{0,

√
λ1 − √

λ2 − √
λ3 −√

λ4}, where λi are the positive eigenvalues of the matrix

ρ(σy ⊗ σy)ρ∗(σy ⊗ σy) in decreasing order and σy is the Pauli
matrix] [41] and concurrence = 1 corresponds to a maximally
entangled state. Based on our measurement results, the purity
(tr[ρ2]) of the state is 0.929 ± 0.013 and its concurrence
is 0.929 ± 0.010, confirming the path entanglement of the
photon pair. Another way to certify the entanglement of the
quantum state is to utilize the Clauser-Horne-Shimony-Holt
type of Bell inequality [42]. On the basis of local realism, the
Bell parameter S of the Bell inequality must obey S � 2. The
measured Bell parameter S for the above path entanglement
is 2.651 ± 0.039, violating the Bell inequality and confirming
the existence of path entanglement.

For measuring the entanglement of the OAM DOF, sig-
nal (idler) photons propagate directly to HWP6 (HWP5) and
the computer-controlled spatial light modulator (SLM) along
their respective direction c when the Flips are folded up as
shown in Fig. 1(c). Here we set HWP5 and HWP6 at 22.5◦
to ensure the horizontal polarized photons modulated by SLM
come from path 0 and path 1. By loading the hologram of
l = 1 onto the SLM, the generated photon carrying topo-
logical charge l = −1 can convert to Gaussian mode and
then enter the single-mode fiber. The measurement bases are
defined as |1〉l, | − 1〉l , |+〉l = 1√

2
(|1〉l + | − 1〉l ), and |i〉l =

1√
2
(|1〉l + i| − 1〉l). The coincidence counts are acquired and

the corresponding results of the density matrix are shown in
Figs. 2(c) and 2(d). Based on these results, the purity of the
state is 0.982 ± 0.017, the concurrence is 0.931 ± 0.012,
and the measured Bell parameter S of the two-dimensional
OAM state is 2.683 ± 0.049, indicating the existence of two-
dimensional OAM entanglement. Therefore, we have success-
fully detected both path entanglement and two-dimensional
OAM entanglement, confirming the existence of path-OAM
hyperentanglement.

B. Violation of high-dimensional Bell inequalities

Moreover, we have a further study in demonstrating
OAM entanglement in higher dimensions [13,14], which can
carry more quantum information and thus play a significant
role in quantum communication. By preparing the OAM
holograms of l = 0, 1, and −1 followed by the theory of
generalized Bell inequalities for arbitrarily high-dimensional
systems proposed by Collins et al. [43], the three-dimensional
OAM entangled state can be detected. The path-OAM
high-dimensional hyperentangled state can be expressed
as

|φ〉 = 1√
2

(|0〉p|0〉p + |1〉p|1〉p)

⊗ (α0|0〉l|0〉l + α1|1〉l| − 1〉l + α−1| − 1〉l|1〉l). (6)

Different from previous measurements, we use a relatively
convenient method to detect three-dimensional OAM en-
tanglement [14]. Reading out the entanglement of two
d-dimensional systems requires two observers, Alice and
Bob, on their respective subsystems, which correspond
to signal and idler photons from SFWMs. The mea-
surement bases of signal and idler photons are defined
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FIG. 3. The measured results of three-dimensional OAM entan-
glement. (a) The correlation matrix shows the measured coincidence
counts in the Bell measurement bases |n〉A

a and |m〉B
b . (b) The correla-

tion matrix shows the coincidence counts in the MUB |w〉.

as

|n〉A
a = 1√

d

d−1∑
j=0

exp

[
i
2π

d
j(n + αa)

]
| j〉A, (7)

|m〉B
b = 1√

d

d−1∑
j=0

exp

[
i
2π

d
j(−m + βb)

]
| j〉B, (8)

where a ∈ {0, 1}, b ∈ {0, 1}, α0 = 0, α1 = 1/2, β0 = 1/4, and
β1 = −1/4 while n and m both run from 0 to d − 1, where we
set d = 3.

When the photons are selected to travel along direction c,
SLMs load holograms according to Eqs. (7) and (8). The mea-
sured results detected by 36 measurement bases are shown in
Fig. 3(a). The expression for the generalized Bell parameter
can be written as

Sd =
[d/2]−1∑

k=0

(
1 − 2k

d − 1

)
{[P(A0 = B0 + k)

+ P(B0 = A1 + k + 1) + P(A1 = B1 + k)

+ P(B1 = A0 + k)] − [P(A0 = B0 − k − 1)

+ P(B0 = A1 − k) + P(A1 = B1 − k − 1)

+ P(B1 = A0 − k − 1)]}, (9)

where Sd (local realism) � 2, for d � 2. P(Aa = Bb + k) is
the probability that the outcome Bb differs from Aa by k,
modulo d; it is expressed as

P(Aa = Bb + k) =
d−1∑
j=0

P[Aa = j, Bb = ( j + k) mod d ]. (10)

Similarly,

P(Bb = Aa + k) =
d−1∑
j=0

P[Bb = j, Aa = ( j + k) mod d].

(11)

From Eqs. (9)–(11), we can obtain the Sd value of the three-
dimensional OAM state. Based on our measurement, the
corresponding Bell-type parameter S3 is 2.339 ± 0.038, which
violates the limit of local realism Sd � 2 and thus is sufficient
to verify the quantum nonlocality of the three-dimensional
system in our experiment. The experimental violation of the
Bell inequality of path entanglement, two-dimensional OAM,

FIG. 4. Violation of high-dimensional Bell inequality. The blue
(circular) points represent the experimental values of path, two-
dimensional OAM, and three-dimensional OAM in sequence, and
experimental errors are derived from the Poisson statistic. The red
(block) points represent the theoretical values obtained for the maxi-
mally entangled states.

and three-dimensional OAM entanglement are plotted as the
blue circular points in Fig. 4. It is clear that they are all higher
than the classical bound of 2 (plotted by the gray line). The
corresponding theoretical values are shown as the red block
points.

Additionally, based on the theory proposed by Bavaresco
et al. [44], we can acquire the fidelity of high-dimensional en-
tanglement through measurements in mutually unbiased basis
(MUB) |w〉 [45], which can be constructed from the LG bases
| j〉:

|w〉 = 1√
d

d−1∑
j=0

exp

(
i
2π

d
jw

)
| j〉. (12)

The measured photon coincidence counts are shown in
Fig. 3(b). Genuine d-dimensional entanglement can be con-
firmed if the calculated state fidelity Fd > Bd−1 = (d − 1)/d
[44]. From the measurements in the constructed MUB, we
obtain a fidelity F3 of 71.57 ± 1.39%, which is above the
bound of B2 = 2/3 ≈ 66.7%. Thus, we certify the existence
of genuine three-dimensional OAM entanglement in our ex-
periment.

IV. CONCLUSIONS

In conclusion, we have experimentally generated a high-
dimensional hyperentangled state from two parallel SFWM
processes with BD interferometers. The results of concurrence
and purity confirm the presence of both path entanglement
and two-dimensional OAM entanglement. In addition, three-
dimensional OAM entanglement is confirmed by Bell-type
inequalities and fidelity. Due to the reason that the path
has infinite dimensions theoretically like OAM, the path is
a potential degree of freedom to apply to future quantum
technologies and fundamental tests as a source of high-
dimensional entanglement [46,47]. Hyperentanglement has
been realized as a promising resource to significantly increase
channel capacity, improve robustness, and provide better
security [48]. By introducing high-dimensional hyperentan-
glement, our system will directly reduce the attack probability
for the eavesdropper, which is smaller than that of the schemes
using two-dimensional entangled states as quantum channels
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[49]. Since our system has already found many applications in
the CV region, such as quantum images [34,35], tunable delay
of entanglement [50], heralded generation of single photons
[36], and large-scale quantum networks [29,30], our results
here pave the way for exploring DV-CV hybrid quantum sys-
tems [37–39] from a warm atomic ensemble.
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