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A source of hyper-entangled photons plays a vital role
in quantum information processing, owing to its high
information capacity. In this Letter, we demonstrate a
convenient method to generate polarization and orbital
angular momentum (OAM) hyper-entangled photon pairs
via spontaneous four-wave mixing (SFWM) in a hot 87 Rb
atomic vapor. The polarization entanglement is achieved
by coherently combining two SFWM paths with the aid of
two beam displacers that constitute a phase self-stabilized
interferometer, and OAM entanglement is realized by taking
advantage of the OAM conservation condition during the
SFWM process. Our hyper-entangled biphoton source
possesses high brightness and high nonclassicality and may
have broad applications in atom–photon-interaction-based
quantum networks. © 2020 Optical Society of America
https://doi.org/10.1364/OL.384567

An entangled photon source is crucial in quantum information
protocols such as quantum teleportation [1–4]. The preparation of entangled photon pairs has become a hot topic in
recent years, and biphoton entanglements have been reported
for various degrees of freedom (DOFs) such as polarization
[5–8], energy time [9–11], time bin [12], path [13], frequency [14], orbital angular momentum (OAM) [15,16],
and Einstein–Podolsky–Rosen position momentum [17,18].
Hyper-entanglement refers to simultaneous entanglement in
more than one DOF [19–21], which has the ability to coalesce
and fully exert the advantages of each DOF and at the same time
afford larger information capacity. Hence, hyper-entanglement
possesses greater superiority and can be extensively exploited in
superdense coding, Bell state analysis, quantum cryptography,
and so on.
The generation of hyper-entangled photons is, to date, based
mostly on a spontaneous parametric down-conversion (SPDC)
process in nonlinear crystals [21]. But SPDC photons have
a large bandwidth that cannot be utilized directly in atom–
photon-interaction-based quantum networks. An alternative
medium is the cold atom ensemble [22,23], which can generate
narrow-bandwidth entangled photons that are suitable for
0146-9592/20/071802-04 Journal © 2020 Optical Society of America

quantum memory. Hyper-entangled photons in polarization
and time–energy DOFs [24], and polarization and OAM DOFs
[25] from cold atoms have been reported. However, cold atom
systems are generally complex, bulky, and difficult to operate.
Photon pairs generated in hot atomic ensembles [26,27] or
optical fibers [28] by spontaneous four-wave mixing (SFWM)
have been well studied lately due to the ease of implementation
and low cost. But up to now, there is no work on generating
hyper-entangled photons from the hot atomic ensemble.
In this Letter, we demonstrate, to the best of our knowledge, the first experimental realization of polarization-OAM
hyper-entangled photon pairs in a hot 87 Rb atomic vapor
cell via a ladder-type SFWM process. In our scheme, polarization entanglement is obtained by coherently combining
bidirectional noncollinear SFWM photons via two beam
displacers (BDs) [29], while OAM entanglement is obtained
by the OAM conservation condition among input beams
and output biphotons during the SFWM process. The generation rate and nonclassicality of the photon pairs are very
high due to the collective two-photon coherence effect in the
Doppler-broadened ladder-type atomic system [30]. The
polarization-OAM hyper-entangled state is verified by conducting quantum state tomography, which shows high fidelity
compared to the ideal entangled state. Also, our biphoton
source naturally possesses time–energy entanglement [9] and
Einstein–Podolsky–Rosen entanglement [17]. Integrating
these with the polarization-OAM DOFs can achieve the
superhigh-dimensional hyper-entangled state, which may have
many potential applications in optical quantum information
processing.
The schematic experimental setup is shown in Fig. 1. A
20-mm-long rubidium cell heated to 60◦ C is used for generating hyper-entangled photon pairs via a ladder-type
SFWM process. The pump beam (780 nm, ω p ) having vertical polarization and 1 mW power is blue detuned from
|5S1/2 , F = 2i → |5P3/2 , F0 = 3i by 1 GHz, while the coupling beam (776 nm, ωc ) having vertical polarization and 9 mW
power is red detuned from |5P3/2 , F0 = 3i → |5D5/2 , F00 = 4i
by 1 GHz. The frequencies of these two lasers satisfy the
|5S1/2 , F = 2i → |5D5/2 , F00 = 4i two-photon resonant
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Fig. 1. (a) Energy level and (b) experimental setup for generating hyper-entangled photon pairs. SMF, single-mode fiber; FC, fiber collimator;
PBS, polarizing beam splitter; H, half-wave plate; Q, quarter-wave plate;
√ of f = 400 mm; VPP, vortex phase plate; Pa , Pb ,
√ f , lens with focal length
Pc , and Pd are the phase patterns of the VPP for measuring |Gi, |Ri, 1/ 2(|Gi + |Ri), and 1/ 2(|Gi − i|Ri) modes, respectively; BD, beam displacer.

condition [9]. The pump beam and coupling beam are collinear
and counter-propagating with each other. Horizontally polarized anti-Stokes photons (776 nm, ωas ) and Stokes photons
(780 nm, ωs ) are spontaneously generated from path 1 (P1 ) and
path 2 (P2 ) in the phase-matched direction and are collected
with a 1.5◦ angle relative to the pump and coupling beams. Two
half-wave plates H3 and H4 are set at 45◦ and put in P1 to convert the ωas and ωs photons into vertical polarization. Biphotons
from P1 and P2 are then perfectly overlapped by BD1 and BD2
after aligned in parallel propagation by means of two lenses ( f )
placed at distances of 400 mm relative to the center of the atomic
cell. This structure can form a phase-insensitive interferometer,
and there is no need to lock the phase between the two paths
[29]. With this setup, we successfully generate hyper-entangled
photon pairs in the polarization and OAM DOFs. The basic
principles are described in detail below.
First let us concentrate on the generation of polarization
entanglement. There are several common methods to generate
atomic-ensemble-based polarization entangled biphotons. For
instance, taking advantage of multiple spin angular momentum
(SAM) transition channels during the SFWM process [25] can
directly generate a polarization entangled state. But this method
generally generates a non-maximum entangled state due to the
asymmetric transition channels. Utilizing right-angle geometry
between pump lasers and SFWM biphotons [24] can generate
a maximum entangled state. However, large pump beam power
is needed, and the photons’ generation rates are relatively low in
such schemes. Combining two separate SFWM pathways with a
Mach–Zehnder interferometer [5,31] can efficiently generate a
maximum entangled state, but this scheme needs an additional
laser to retain phase stability, which adds to the system complexity. Recently, Yu et al. successfully generated polarization
entangled biphotons from the cold atomic ensemble by using
two BDs to combine two separate SFWM pathways. There is no
need to lock the phase between two SFWM biphoton propagation paths on account of the symmetrical structure [29]. In this
work, we adopt this method for the polarization entanglement
preparation.
As shown in Fig. 1, horizontally polarized photon pairs
transmit through the two polarizing beam splitters (PBSs),
while vertically polarized photons are reflected and filtered
by PBSs. The polarization DOF biphoton states after the
PBSs can be expressed as |ψi P1 = |Hias,P1 |His ,P1 and
|ψi P2 = |Hias,P2 |His ,P2 . We change both the ωas photons
and ωs photons in P1 to vertical polarization by setting H3 and
H4 at a 45◦ angle, then make P1 and P2 coherently superposed
by BD1 and BD2 . Thus, after the two BDs, the polarization
entangled state is generated as


1
|ψiPolarization = √ |Hs Has i + e 2ik1x |Vs Va s i ,
2

(1)

where k = 2π/λ, and 1x is the transverse optical path
difference between P1 and P2 . If we adjust BD1 or BD2
to set e 2ik1x to 1 or -1, |ψ + i = √12 (|Hs Has i + |Vs Vas i)
and |ψ − i = √12 (|Hs Has i − |Vs Vas i) can be generated.
Meanwhile, if we place H3 or H4 to P2 and alter the two BDs,
another two bell states, |φ + i = √12 (|Hs Vas i + |Vs Has i) and
|φ − i = √12 (|Hs Vas i − |Vs Has i), can be obtained as well.
To generate an ideal polarization entangled state, the bidirectional noncollinear SFWM paths should be overlapped perfectly
after the two BDs and the single mode fiber (SMF) coupling efficiencies for P1 and P2 should be the same. We achieve 65%
fiber–fiber coupling efficiency for both P1 and P2 and then
measure the two paths’ coincidence counts between ωas and ωs
photons separately. Figure 2 shows the coincidence counts in
40 s with time-bin width 1tbin = 196 ns for P1 and P2 . The
waveform likeness L [32] can be used to characterize
waveform
√
similarity and is calculated as L =

P

|

2

NP 1 (τ )NP 2 (τ )|
2 P √
2,
NP 1 (τ )| × | NP 2 (τ )|

P
|

√

where NP 1/P 2 (τ ) is the coincidence value at time τ . Biphoton
waveform likeness between Figs. 2(a) and 2(b) is L = 98.8%,
indicating that the amplitudes between the |H Hi and |V V i
components in Eq. (1) are balanced. The maximum crosscorrelation functions g s(2)
,as (τ ) for both paths are measured to
be 250 ± 16. Supposing the autocorrelation functions for
(2)
both ωs and ωas photons are g s(2)
,s (0) = g as,as (0) = 2 [5], we can
2
(2)
(2)
4
obtain [g s(2)
,as (τ )] /[g s ,s (0)g as,as (0)] = (1.56 ± 0.39) × 10 .
This value strongly violates the Cauchy–Schwarz inequal2
(2)
(2)
ity [g s(2)
,as (τ )] /[g s ,s (0)g as,as (0)] ≤ 1 and manifests the high

Fig. 2. Coincidence counts are measured with 40 s collection time
for path 1 (2) when path 2 (1) is blocked. τ represents the relative time
delay between anti-Stokes photons and Stokes photons. The crosscorrelation functions for both paths are 250 ± 16, which violate the
Cauchy–Schwarz inequality by a factor of (1.56 ± 0.39) × 104 , indicating the high nonclassicality of the biphoton source. The biphoton
waveform likeness between (a) and (b) is 98.8%.
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nonclassicality of our biphoton source. From the data, we
can also see that the photon pair’s generation rate is about
7000 pairs/s (considering the total collection efficiency of about
20% in our system). The high photon pair generation rate of
such a SFWM process is due to the superradiant effect in the
Doppler-broadened atomic ensemble [30].
After noting that the two paths’ biphotons are identical, we
adjust BD2 to set e 2ik1x = 1 or e 2ik1x = −1 in Eq. (1). Then we
can obtain two polarization entangled states:
1
|ψ + iPolarization = √ (|Hs Has i + |Vs Vas i) ,
2

(2)

1
|ψ − iPolarization = √ (|Hs Has i − |Vs Vas i) .
2

(3)

OAM entanglement of the photon pairs is illustrated in
the following. In general, a light beam carrying OAM can
be described by the Laguerre–Gaussian (LG P L ) function
under cylindrical coordinates. Here P (L) refers to the radial
(azimuthal) number. In our experiment, we consider only the
case of P = 0 (LG0L ). During the SFWM process, the total
OAM among input beams and output biphotons should be
conserved [16], i.e.,
m p + m c = m s + m as ,

(4)

where m p , m c , m s , and m as represent OAM values for pump
beam, coupling beam, ωs photons, and ωas photons, respectively. If m p = m c = 0, the biphotons generated by SFWM will
be in the OAM entangled state
+∞
X

|9i = C

γm |m s i|m as i,

(5)

m=−∞

As shown in Fig. 1, four wave plates (Q 1 , H1 , Q 2 , H2 ) and
two PBSs are placed at ωs and ωas collection paths to execute
quantum state tomography measurement in the polarization
DOF. We obtain 16 values (each value is from the total coincidence counts with 4 ns coincidence window in 30 s collection
time) by projecting
each photon into the four√bases: |Hi, |V i,
√
|Di = 1/ 2(|Hi + |V i), and |Ri = 1/ 2(|Hi − i|V i).
Figure 3 is the graphical representation of the reconstructed density matrix, where (a) and (b) show the real and imaginary parts,
respectively, of |ψ + iPolarization , while (c) and (d) are the real and
imaginary parts, respectively, of |ψ − iPolarization . From
reconp√ the √
structed density matrix ρ0 , the fidelity F = Tr(
ρ1 ρ0 ρ1 )2
compared to the corresponding maximally entangled state
ρ1 can be calculated. We obtain a fidelity of 95.8% (95.7%)
for |ψ + iPolarization (|ψ − iPolarization ) to the ideal Bell state
|9 + i = √12 (|H Hi + |V V i) (|9 − i = √12 (|H Hi − |V V i)).
The biphotons are entangled when the concurrence (C) value
satisfies the 0 < C ≤ 1 condition [33]. From the corresponding
density matrix, we obtain C = 0.925 ± 0.005 for |ψ + iPolarization
and C = 0.951 ± 0.004 for |ψ − iPolarization . From the results
above, we confirm that our biphoton source is polarization
entangled.
To verify OAM entanglement, we also perform quantumstate tomography by projecting each photon in different OAM
measurement bases with the aid of vortex phase plates (VPPs)
(VPP-1b, RPC Photonics Corp.) and SMFs.
√ The four measurement
bases
are
chosen
as
|Gi,
|Ri,
1/
2(|Gi + |Ri), and
√
1/ 2(|Gi − i|Ri). The phase patterns for measuring these
four bases are shown in Fig. 1 as Pa , Pb , Pc , and Pd , correspondingly [34]. The margin area of the VPP containing no phase
(Pa pattern) can be employed to measure the |Gi mode. The
center of the VPP (Pb pattern), where the phase singularity

where C is the normalized coefficient, and γm is the relative
weight of different OAM states.
In our experiment, both pump and coupling beams carry
zero OAM (m p = m c = 0). For simplicity, we consider only
m s = 0 and m s = 1 modes for the ωs photons and m as = 0 and
m as = −1 modes for the ωas photons. G, R, and L are used in
the following to represent the OAM states 0, ~, and −~, respectively. Thus, the two-dimensional OAM entangled state can be
written as
|ψiOAM = p

1
1 + α12

(|G s G as i + α1 |R s L as i) .

(6)

Because the ωs and ωas photons are counter-propagating, it is
more convenient to express the OAM state in two detectors’ reference frames, and then Eq. (6) can be rewritten as
|ψi0OAM = p

1
1 + α12

(|G s G as i + α1 |R s R as i) .

(7)

To sum up, the biphoton source in our scheme is therefore in
the polarization-OAM hyperentangled state
|ψi = |ψ

±

iPolarization ⊗ |ψi0OAM .

(8)

To completely characterize the entangled states, we conduct
quantum state tomography with the maximum likelihood
estimation method to determine the density matrices for both
polarization DOFs and OAM DOFs.

Fig. 3. Reconstructed density matrix for polarization entangled
states |ψ + iPolarization and |ψ − iPolarization . (a), (b) Real part and imaginary
part, respectively, of |ψ + iPolarization ; (c), (d) real part and imaginary
part, respectively of |ψ − iPolarization . The fidelity of |ψ + iPolarization
(|ψ − iPolarization ) to the ideal Bell state |9 + i = √12 (|H Hi + |V V i)
(|9 − i = √12 (|H Hi − |V V i)) is measured to be 95.8 % (95.7 %). All
experimental data are raw data without error corrections.
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Fig. 4.
Reconstructed density matrix for the OAM entangled state |ψi0OAM . The real and imaginary parts are shown in
(a) and (b), respectively. The√fidelity of |ψi0OAM to the ideal Bell
state |9i = (|G Gi + |R Ri)/ 2 is measured to be 91.9%. All
experimental data are raw data without error corrections.
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